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ABSTRACT 

Growth rate in electricity supply industry (ESI) is not commensurate with growth in 

demand, leading to energy deficit and can even jeopardize the stable system 

operation. Among the various power system stability issues, voltage instability is a 

major challenging problem attracting focused investigation by researchers all over the 

world. Moreover, the customers at the far end of the distribution system suffer from 

severe voltage instability. 

Rapid depletion, environmental impacts, increasing demand and the escalating cost of 

fossil fuel, etc. necessitates the search for other alternatives. Integration of renewable 

energy based distributed generation (DG) systems; particularly of wind and solar 

photo-voltaic (SPV) based systems to the grid can offer viable solutions to address 

these problems. Ongoing deregulation of the electricity energy market and global 

concerns of reducing greenhouse gas emissions result in high rate of penetration of 

renewable energy (RE) based DG systems. High rate of penetration of RE has 

resulted in increasing the awareness of power quality (PQ) issues such as voltage sag, 

voltage swell etc., which are concerned by both the electric utilities and end users of 

the electric power. A group of sophisticated power electronics based equipment called 

Custom Power Devices (CPDs) can be used to enhance the quality and reliability of 

power delivered to the customer. Increase in risks of under voltage/overvoltage 

caused by DG can be reduced or even be mitigating using CPD.  

In this background, a Thevenin's equivalent model of the radial network has been 

developed incorporating a wind-based DG and a CPD, in PSCAD environment. 

Capability of the model in mitigating voltage sag under different fault conditions has 

been assessed. Developed model could successfully restore pre-fault condition with 

the integration of CPD. 

The non-optimal allocation of DG systems adversely affects the voltage stability in terms 

of increase in system losses and voltage profile lower than the allowable limit. In many 

cases, power injection from a single point by DG may not be sufficient to improve the 

voltage profile, which necessitates power injection from multiple DGs at different 

locations. An optimization algorithm is proposed to identify the possible optimal 

locations and sizing of DG/DGs within the boundaries, for maintaining the voltage 

stability in the radial distribution network. Genetic algorithm (GA) based backward 
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forward sweep algorithm (BFSA) has been developed for IEEE standard radial network 

to secure the position of renewable energy sources (RES) within the constraints. Results 

showed a significant reduction in power loss and improved voltage profile. Optimal 

utilization of DG power results in enhanced voltage stability and considerable reduction 

of operating cost. Effectiveness of the algorithms is validated by implementing it on 

IEEE 15 bus radial distribution system (RDS) and other practical systems. 

In certain circumstances, the impact of voltage instability becomes a root cause of 

voltage collapse or black out. Voltage stability indices help to precisely locate the 

origin of the crisis, through which active/reactive power support can feed for ensuring 

the reliability and optimum quality of power at customer end. Various stability 

indices are used to identify the weakest bus in the IEEE 15 bus RDS at which the 

voltage collapse starts first. Effectiveness has been demonstrated using different case 

studies. 

Increased penetration of nonlinear loads results in PQ problems, which can cause 

economic impacts on utilities, consumers and suppliers of load equipment. Important 

PQ issues such as voltage sag and voltage swell can be effectively mitigated with the 

restructuring of existing radial network integrated with CPD. Restructuring of the 

system with CPDs is an effective technique to restore the voltage at the point of 

common coupling (PCC), for enhancing the quality of power, subject to the technical 

and financial constraints. Application of the BFSA gave a better voltage profile by 

optimally placing reactive power support in the IEEE 15 bus radial network. 

Combined effect of DG/DGs and CPD in the IEEE network, to reduce the power 

losses and improve the voltage profile has been demonstrated. 

An integrated model of IEEE 15 bus system with DG and CPD are developed in 

MATLAB environment and observed the impacts of improving voltage profile and 

mitigating PQ issues. The BFSA developed in the present work for voltage stability 

analysis can be effectively utilized by the utilities for assessing the impact, in case of 

addition of any type of devices to the existing structure of the radial network. 

The research work presented in the thesis demonstrates that, if the DG is properly 

coordinated with the CPD, proper voltage regulation can be maintained. Further, the 

negative impact of DG on voltage stability can be mitigated with proper integration of 

CPDs. 
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CHAPTER 1   

INTRODUCTION 

1.1 BACKGROUND 

A planned and effective radial distribution network is the main key to cope up with an 

ever growing demand such as domestic, industrial and commercial load. The 

distribution network experience an unpredictable change in the load levels every day. 

The high rate of total demand for electricity affected by the economic growth and rise 

in per capita electricity consumption makes an imbalance in energy supply-demand. 

Severe environmental impacts caused by the fossil fuel based power plants and the 

escalating fuel costs are the major challenges faced by the ESI. Rapid depletion of 

fossil-based oil, coal and gas reserves and its greater demand day by day necessitates 

the search for other alternatives. Due to increasing air pollution, global warming 

concerns, diminishing fossil fuels and their increasing cost has made it necessary to 

look towards RES as a future energy solution. To address the global energy crisis, the 

RES system has attracted significant attention in the recent years. Due to increase in 

load demand, RES with power electronic converters, named DG, are increasingly 

integrated at the distribution level.  

Rise or fall in voltage, deviation in system frequency due to demand-supply 

mismatch, injection of harmonics by power electronics based DG are the major issues 

in DG integrated grid system. These issues cause a high degree of PQ problem which 

results in poor voltage regulation at the customer end [1]. Most of the PQ issues in the 

power system are due to the non-linear characteristics and the fast switching of the 

power electronic equipment. The power electronics based electrical loads at the 
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various distribution ends like the adjustable speed drives, process industries, printers, 

domestic equipment, computers, microprocessor-based equipment, etc. have become 

intolerant to voltage fluctuations, harmonic content, and interruption [2]. Almost all 

the PQ issues are closely related to power electronic devices used in almost every 

aspect of the commercial, domestic and industrial application.
 

Voltage instability is a major issue faced in a distribution power system due to the 

unpredictable change in load demand. The ability of the power system to provide 

reactive power or the uniform consumption of reactive power by the system itself is 

named as voltage stability [3]. The voltage collapse first occurs at the most sensitive 

bus and then spreads out to other sensitive buses. Voltage stability index is an 

indicator to the operator about the severity of the voltage collapse, and it helps to 

monitor and take the initiative for the remedial action. The non-optimal location of 

active/reactive support can result in a wide variation in the voltage profile, with an 

increase in the system losses.  

1.2 LITERATURE REVIEW 

Distribution system is the main part of the power system network since it keeps a 

main link between the electricity suppliers and customers. Effective planning and 

restructuring of existing distribution network with some additions can make a balance 

between energy supply-demand. A properly designed and operated distribution 

network should support the energy supply at the minimum cost of operation and 

maintenance. To maintain the quality of service offered by ESI, the power supply 

should meet the specific standards such as regulated voltage, constant frequency and 

reliability. Distribution networks are classified as ring main distribution system and 

radial distribution system. Most of the distribution networks are radial in nature. 
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Load flow studies in RDS have not yet received appreciable attention unlike in 

transmission systems. Load flow analysis is very essential for the continuous 

evaluation of the stability of the existing power system and effective planning of 

other alternatives such as system expansion or DG to meet the increased load demand 

in future. Addition of any devices or equipment to the existing radial distribution 

system needs the load flow analysis, which gives real and reactive power losses and 

the voltage at different nodes of the system, subject to the system constraints. If the 

power system consists of a large number of buses, the computation is difficult and the 

voltage stability can be analyzed only with the help of simulation tools such as Power 

System Computer Aided Design (PSCAD), MATLAB, etc.
 

Generally, the radial distribution system is too long and its high R/X ratio causes a 

high voltage drop which results in low voltage stability. The efficient and reliable 

traditional load flow solution techniques such as Gauss-Seidel (GS), Newton-

Raphson (N-R) and Fast Decoupled Load Flow (FDLF) methods cannot be used to 

analyze the voltage profile and computation of the losses, as discussed in the various 

literature [4-10]. Due to the poor convergence in the performance of these methods in 

RDS, a modified conventional N-R method is proposed in [11] and [12], which is 

quite time-consuming and complex. A ladder network based technique has been 

developed in [13], which appears to be complicated. In contrast to this, the algorithm 

in [14] is very fast, but both did not guarantee any convergence. A new 

compensation-based power flow method proposed in [15] and [16] used for solving 

radial and weakly meshed distribution networks are more efficient than the Newton-

Raphson power flow technique, but needs a rigorous data preparation. Another 

method is presented in [17] in which only voltage magnitudes are computed, without 
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the bus phase angles, but both are computed in [18]. A direct method for solving 

radial and meshed distribution networks is demonstrated in [19] in which the node in 

the network is not a junction of more than three branches. This method has no 

convergence problem, guarantees an accurate solution for any distribution system but 

difficult in numbering the nodes and branches. A new and efficient method is 

presented in [20] for solving both radial and meshed networks with more than one 

feeding node. In [21], the voltage dependency of static loads and line charging 

capacitance are taken into account.   

Fuzzy based method for weakly meshed balanced and unbalanced distribution 

systems are presented in [22] and based on branch-injection to the branch-current 

matrix (BIBC) is presented in [23]. Another method proposed in [24] for the load-

flow solution of radial distribution networks with minimum data preparation in which 

node and branch numbering is not sequential like other available methods. A simple 

and efficient branch-to-node matrix-based power flow method is demonstrated in [25] 

in which any presence of sub-laterals complicates the matrix formation. In [26], a 

method has been proposed for the analysis of radial or weakly meshed distribution 

systems supplying voltage-dependent loads. In [27], a load-flow technique is 

proposed for solving radial distribution networks by calculating the total real and 

reactive power fed through any node, using power convergence with the help of 

coding at the lateral and sub lateral nodes for the large system, which increased the 

complexity of computation. In this method, the voltage of each receiving end node is 

calculated using the forward sweep, taking initial power loss as zero for solving radial 

distribution networks. It can solve the simple algebraic recursive expression of 

voltage magnitude and all the data can be easily stored in vector form, thus saving an 
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enormous amount of computer memory. In continuation of [27], this method is 

revised in [28] which is based on the technique with nodes beyond the branches using 

voltage convergence. Flat voltage start has been considered. The incorporation of 

charging admittances reduces the losses and improves the voltage profile. Even 

though the proposed method is computationally very efficient and provides fast 

convergence, it suffers from the drawback of storing nodes beyond each branch. Two 

new efficient load flow algorithms along with a couple of new schemes for network 

reconfigurations are investigated in [29]. In [30], new method of load flow analysis for 

radial distribution system is discussed by considering voltage independent loads and 

voltage dependency loads. Based on network topology, basic circuit laws and power 

summation technique, a ZIP model has been proposed for load flow analysis in radial 

and mesh distribution systems [31]. 

Most of the researchers have applied the widely used tools such as evolutionary 

computational techniques like Hereford Ranch Algorithm (HRA), Genetic Algorithm 

(GA), Simulated Annealing (SA), Evolutionary programming (EP), Decision Theory, 

Fuzzy systems, Ant Colony Optimization (ACO), Particle Swarm Optimization (PSO), 

Tabu Search (TS), Differential Evolution, Immune Algorithm based Optimization (IA) 

and Bee Colony Optimization algorithm (BCO) etc. for solving optimal DG allocation 

problem. An analytical approach is presented in [32] to determine the proper location of 

DG units on the power grid concerning the system losses. The same problem 

demonstrated in [33] is based on the rules of thumb methods and Bus Injection Branch 

Current – Branch Current Bus Voltage (BIBC-BCBV) matrices in [34]. HR algorithm 

is proposed in [35] to optimally locate the dispersed generation in a meshed network 

and [36] in the radial network. A Monte Carlo based power flow algorithm is proposed 

in [37] that integrates the deterministic and the stochastic natures of the new structured, 
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electrical distributed generation systems. GA method is proposed in [38] and [39] to 

determine the optimal site and size of DG in radial distribution feeders. Optimal 

proposed approach (OPA) is proposed in [40] to determine the optimal siting and sizing 

of DG with multi-system constraints to achieve a single or multi-objectives using a 

genetic algorithm (GA). A combination of GA and SA methods are demonstrated in 

[41] and quantum-inspired evolutionary programming (QIEP) in [42] to find the 

optimal allocation of distributed generation resources in distribution networks.  The 

other methods such as Fuzzy-GA method is presented in [43], tabu search algorithm 

(TS) in [44], Immune Algorithm (IA) based optimization approach in [45] and heuristic 

BCO in [46] are demonstrated as a solving tool for determining the optimal position of 

DG for loss reduction and line capacity improvement. Further, optimal allocation and 

sizing of DG in a radial system using whale optimization algorithm, K-means 

clustering method, and Cuckoo search algorithm are discussed in [47]-[49]. 

Some of the researchers have developed voltage indices for finding the weakest bus 

which is the first origin of voltage collapse. An algorithm for voltage stability 

enhancement based on voltage stability index is proposed in [50] and the new sensitivity 

matrix L-index in [51]. In [52], the different criteria for voltage stability index is 

demonstrated which is helpful for voltage stability assessment. Loadability enhancement 

based reactive power margin can be used to identify weak buses which need reactive 

power [53]. Critical line and the weakest buses for the placement of D-STATCOM are 

identified using FVSI in [54]-[58]. A unique& novel voltage stability indicator (VSI) can 

identify the condition of load buses with voltage collapse point of view [59]-[62]. In [63], 

a framework that uses the ratio of standard deviation to mean of the magnitude of the 

voltage at load buses has been proposed to identify weak buses. 
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The economic and social developments like deregulation demand new concepts and 

technologies to exploit the existing power system resources to the maximum without 

compromising, system stability. Earlier, the shunt capacitor was considered as a good 

solution for correcting poor power factor due to unbalanced, harmonic current drawn by 

the load. Tuned filters are used to bypass harmonic currents with power electronic loads 

[64]. In the past, various methods like motor-generator sets (to confront interruptions) 

and Ferro resonance transformers (to confront voltage sags of large loads) have been 

proposed to confront the most widespread type of power quality disturbance such as 

voltage sag and interruptions [65][66]. The problem of long-term voltage changes is 

solved with devices such as load tap changing transformers, line voltage drop 

compensators and shunt capacitors. Surge arrestors are applied to protect against transient 

over voltages. Passive filters are used to reduce the harmonic distortion level of current 

flow and network voltage. The power quality mitigation device called custom power 

devices (CPD) [67]-[69] is used to control the power flow through the line and hence to 

attain stability and reliability within the limit with minimal infrastructure investment. The 

concept of custom power was first introduced by N.G. Hingorani [2], the term custom 

power pertains to the use of power electronic controllers for distribution systems. The 

currently used CPDs are described in [70]. The first category of such devices contains 

solid state breakers (SSBs) which do not need DC energy storage sources and most 

widely used solid-state transfer switches (SSTS) usually located to back up sensitive 

loads according to the type and sensitivity of load, in addition to the primary and 

secondary feeders which requires DC energy storage sources. The second category 

consists of reactive power compensation devices such as shunt connected distributed 

static compensator (D-STATCOM), series connected dynamic voltage restorer (DVR), 
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series-shunt connected unified power quality conditioner (UPQC). It plays a crucial role 

in the power quality improvement, power factor correction and maintaining constant 

voltage distribution in the distribution network.  

The improper location and size of DG result in high degree of voltage instability 

problems in the radial network. These problems can be solved with the use of CPDs. 

Many of the researchers have developed algorithms to allocate the optimized CPDs in 

radial system. Some of the algorithms are GA, Particle Swarm Optimization (PSO), 

Artificial Immune System (AIS), Differential Evolution (DE), etc.  Optimal placement 

and sizing of Static VAR Compensator (SVC) can be done using Improved Harmony 

Search Algorithm [71], and a hybrid Bee Colony Optimization and Harmony Search 

algorithms [72], and the optimal placement of UPFC can be solved using Shuffled Frog 

Leaping Algorithm [73]. In [74], an artificial neural network control algorithm is 

developed for the control of D-STATCOM for the improvement of power quality. The 

different formulations and methodologies based on a heuristic, artificial intelligence or 

hybrid techniques have been proposed to solve the optimum location of CPDs [75], 

[76]. The objective functions of these proposed methodologies were mostly formulated 

based on the cost considerations, while some limits such as bus voltage and harmonic 

distortion levels are considered as the constraints to control variables [77],[78]. Optimal 

placement of FACTS devices can be done using PSO [79] and DG [80] to improve 

power quality in transmission and distribution systems, but its effectiveness for optimal 

placement of DVR and D-STATCOM has not been investigated[81]. GA-based 

optimal placement approach was proposed to reduce voltage sag cost in the distribution 

system using power electronic controllers including SVC, STATCOM, and DVR [82]. 
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Another GA-based optimization approach was proposed to optimally select and 

allocate CPDs in a distribution network to minimize the number of voltage sags [83]. 

The goal attainment method [84],[85] is applied to convert the multi-objective function 

to a single function for simplification of the optimization problem. Finally, Simulated 

Annealing is applied to solve the DVR optimal placement problem and mitigate voltage 

sag. Gravitational search algorithm (GSA) is an optimization algorithm inspired by the 

law of gravity [86]. Another method was proposed to enhance reliability and mitigate 

voltage sag propagation in power distribution systems by optimal placement of D-

STATCOM using GSA [87]. A binary version of gravitational search algorithm 

(BGSA) is applied as a heuristic computational optimization tool to solve the 

optimization problem. An approach was proposed to optimally allocate DVR in 

distribution networks to minimize the number of voltage sags using the bottom-up 

approach and Dynamic Programming technique [88]. An ANN-based optimization 

approach was proposed to optimally locate the D-STATCOM in distribution systems to 

mitigate voltage sag [89]. A stochastic-based assessment using the weighted sampling 

method and GA was proposed to optimize the cost of placing series compensation 

devices including DVR and a new type of CPD named Thyristor Voltage Regulator for 

voltage sag mitigation in distribution systems [90]. The goal attainment method [90] is 

applied to convert the multi-objective function to a single function for simplification of 

the optimization problem.  

Severe impacts of voltage sags and swells on nonlinear loads and sensitive loads are 

described in [91]. In an isolated power system, a series compensator (SC) is used to 

improve power quality [92]. In [93], a method is proposed to establish that electrical arc 
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furnace is a major flicker source to make power quality problems. The author [94] has 

formulated the derivation of an analytical model and simulation for the unified series 

shunt-compensator for investigating power quality in power distribution system. A new 

combination of a three-phase Shunt Hybrid Power Filter (SHPF) and a Thyristor 

Controlled Reactor (TCR) for compensating harmonic currents and reactive power are 

proposed in [95]. D-STATCOM for balancing source currents, power factor correction 

and harmonic mitigation in three phase, three wire distribution system supplying delta 

connected load under various source voltage conditions are demonstrated in [96]. 

According to [97], different methods for voltage sag source location (upstream or 

downstream) based on various criteria such as energy, impedance, voltage or current is 

simulated and compared with each other. In [98], a new current mode controller is 

proposed to overcome the mentioned problem. The approach uses a fixed frequency 

current controller to maintain voltage levels in voltage sags (dips). The mitigation of 

power quality disturbance in the low voltage distribution system due to voltage swells 

using DVR is discussed in [99]. A method is proposed in [100] to show the effect of 

power system deregulation on the power quality problems. In [101], proposed a 

technique in which FACTS devices and their switching control schemes are used for 

improving the power flow in the transmission network and hence improve the power 

quality and reliability of the low voltage distribution network.  

Optimization techniques are needed to determine the optimum location, type, and size 

of DG/CPD. For the combination of different devices with different characteristics, 

the objective function has to be multi-objective, nonlinear, non-continuous, and non-

differentiable [102]. In other words, it is very difficult to solve such type non-
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deterministic polynomial problem due to the exponential increase of its problem size 

[103]. Recently, several heuristic optimization techniques have been applied to solve 

these kinds of multi-objective combinatorial optimization problems in power systems 

[104]-[106]. The searching space is limited for these algorithms because it searches 

for the solutions within a subspace of the total search space to find the optimum 

solution within a reasonable computation time [107],[108]. Since the solutions are not 

limited by restrictive assumptions, these algorithms give the solution near to the 

global optimum [109],[110]. Therefore, many researchers have concentrated on 

various types of heuristic optimization techniques to determine the optimal location 

and size of DG and CPDs in distribution systems [111].  

The optimal allocation of D-STATCOM and DG in radial distribution systems using 

exhaustive search method to reduce the power loss and improvement of the voltage 

profile has been discussed [112]. The minimization of annual energy loss cost and 

maximization of total economic savings cost with the allocation of DSTATCOM has 

been carried out in [113]. In [114], the harmonic analysis has been carried out in a DG 

and D-STATCOM integrated radial distribution system. An effective analytical-

heuristic approach has been proposed for solving optimal placement and sizing of 

multiple distributed generation to achieve a high loss reduction in the large-scale 

distribution network [115]. Determination of optimal location and sizing of DG along 

with D-STATCOM in the distribution network using Cuckoo Search optimization 

algorithm has been discussed [116]. Hardware implementation of three-phase three-

level inverter based D-STATCOM has been presented to reduce the THD [117]. 
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1.3 RESEARCH FOCUS 

From the literature review, the following points observed that: 

1. Load flow analysis used in [27] and [28] is superior to other methods. 
 

2. The computational steps required for GA is much less than other optimization 

tools and it gives guaranteed convergence and less computation time.
 

3. The voltage stability indices have a role in finding the origin of voltage collapse.  

4. High penetration of DG results in PQ issues so that CPDs can be used to attain 

better voltage stability. 

Computation of power losses and voltage profile at all the nodes using BFSA for the 

determination of possible locations and sizing of DG has not been found attempted in 

literature. Even though several researchers made use of different stability indices to find 

the position of DG/CPD in the radial network, its position has never been confirmed with 

the help of case studies. Based on CPD, most of the research works are carried out by 

modeling and simulation of DG/CPD in two bus system (Thevenin’s equivalent model) 

using the MATLAB/SIMULINK to mitigate the power quality issues. Effectiveness of 

CPDs in IEEE RDS using optimization algorithm has not yet seen in the literature. In this 

background, the research objectives identified are: 

 Devise and implement a Thevenin's equivalent model of the test system to 

investigate the performance of DG and CPDs under different fault 

conditions.
 

 Develop and propose a GA based BFSA to find the possible locations of the 

optimal size of DG/DGs in IEEE standard radial distribution system. Restrictive 

assumptions are made to get the solution near to the global optimum. 

 Perform case studies using different stability indices to reaffirm the size and 

position of DG in RDS.  
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 Develop and propose a GA based BFSA to find the optimized size of D-

STATCOM with proper placement in the same system. 

 Compare the size and location of CPD from GA based BFSA with the 

analytical method using stability index.
 

 Model and analyze the effectiveness of CPD on DG integrated IEEE standard 

test system and its Thevenin’s equivalent model.  

1.4 OUTLINE OF CHAPTERS 

A brief description of the work reported in the thesis is given below: 

Following Chapter 1, Chapter 2 presents the description of the radial distribution 

system and custom power devices.
 

In Chapter 3, Thevenin’s equivalent model of the test system modeled in PSCAD and 

the effects of the wind farm as well as the effectiveness of CPDs in voltage sag 

mitigation under different fault conditions are investigated. 
 

In Chapter 4, GA based BFS algorithm applied in various IEEE standard test systems and 

practical systems to find the best locations and optimum size of DG/DGs are presented. 

The technical benefits of DG in these systems are accounted with the help of two indices 

named Voltage Profile Improvement Index and Line Loss Reduction Index.  

Chapter 5 presents various stability indices to find the most sensitive bus and position 

which is reaffirmed based on case studies.  

Chapter 6 discusses the attempt made to find the position and corresponding optimum 

size of CPD alone and locations of DG and CPD together in a radial system.  
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In Chapter 6, IEEE radial distribution system, wind turbine system, DVR and D-

STATCOM modeled in MatLab/Simulink are presented. Voltage stability analysis and 

PQ issues are carried out in the wind integrated radial system. As a part of this work, 

the equivalent circuit of the IEEE 15 bus test system is modeled in Simulink. The 

analysis is carried out with the integration of wind system, DVR, and D-STATCOM. 


 

 

 

 



CHAPTER 2 

IMPACT OF DISTRIBUTED GENERATION ON GRID 

2.1 INTRODUCTION 

Power system is a large interconnected network which comprises of generating stations, 

transmission lines and distribution systems. It is a complex system which includes 

different types of linear and nonlinear loads. The generators produce electrical power in 

sinusoidal form but due to nonlinear electrical loads, the waveform is distorted. The 

voltage distortion caused by these loads is a function of both the system impedance and 

the amount of harmonic current injected [118], [119]. Induction motor load is an 

important component in the voltage stability assessment of a power system. The 

proximity of generation capacity to the regions of demand gives many advantages such 

as reduced transmission losses, increased network robustness, good quality of power 

and greater network flexibility. It also gives the environmental benefits such as reduced 

usage of fuel, lower emissions of CO2 and other pollutants and increased utilization of 

renewable power [120]. It is necessary to integrate the RES based systems like wind, 

SPV, etc. to the grid to meet the ever-increasing energy demand of the customers. The 

present electrical energy scenario reveals that the grid-connected wind power system 

can contribute to a significant part of power generation in future [121].  

2.2 DISTRIBUTED GENERATION  

Renewable energy is the energy, which is harvested from the natural resources like 

sunlight, wind, tides, geothermal heat, etc. DG refers to power generation at the point of 

consumption or produces electricity at a site close to customers or that are tied to an 

electric distribution system. These resources are naturally replenished for all practical 
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purposes so that it can be considered to be limitless, unlike the tapering conventional 

fossil fuels. The global energy crunch has provided a renewed impulsion to the growth 

and development of clean and renewable energy sources. Clean Development 

Mechanisms (CDMs) [122] are being adopted by organizations all over the world. The 

main advantages of using RES are the elimination of harmful emissions, significant 

reduction in the level of pollution and in-exhaustible resources of the primary energy.  

DG refers to small-scale (typically 1 kW – 50 MW) electric power generators. 

Distributed generators include synchronous generators, induction generators, 

reciprocating engines, micro turbines, combustion gas turbines, fuel cells, SPV system 

and wind turbines, etc. It can increase power reliability as a back-up or stand-by power to 

customers and also offers the customers, a choice in meeting their energy needs. Some of 

the RE sources are:  
 

2.2.1 Wind Power:   

Wind power is one of the main sources of RE which is a major part of the electrical 

power that is available abundantly. In India, the major part of the electrical power, 

i.e., 60% is from wind power. In wind power system, the wind turbine captures the 

wind's kinetic energy in a rotor which consists of two or more blades mechanically 

coupled to an electrical generator that is mounted on a tall tower to enhance energy 

capture. The two types of configuration currently used for a wind turbine are vertical-

axis configuration and horizontal-axis configuration. The horizontal axis 

configuration is widely used for commercial wind power generation. The wind power 

available at the shaft depends on both wind speed and turbine blade’s swept area 

[123]. The power output increases rapidly with an increase in the available wind 

velocity. 
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2.2.2 Solar power: 

Solar power can be employed in such a way that the captured heat can be used as 

solar thermal energy with important applications in space heating. In another way, it 

can also be converted into electrical energy with the use of SPV cell [124]. 

2.2.3 Biomass: 

Biomass refers to organic matter that has stored energy through the process of 

photosynthesis. It is one of the most plentiful and well-utilized sources of renewable 

energy in the world. The chemical material, organic compounds of carbon are used to 

generate energy. Wood from trees is the most common biomass which is widely 

utilized as a source of energy, probably due to its low cost and indigenous nature. It 

accounts for almost 15% of the world's total energy supply and 35% in the 

developing countries, mostly for cooking and heating. It works as a natural battery to 

store the sun’s energy that can yield when required. 

2.2.4 Geothermal: 

Geothermal energy is the thermal energy which is generated and stored within the 

layers of the earth. The gradient thus developed brings about an uninterrupted 

conduction of heat from the core to the surface of the earth which can be utilized to 

heat water for producing superheated steam. The steam is used to run steam turbines 

for the generation of electricity. The primary failure regarding geothermal energy is 

that it is usually limited to the regions near tectonic plate boundaries, although recent 

progress has led to the multiplication of this technology.  
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2.3 NEED FOR DISTRIBUTED GENERATION 

Both electric utilities and end-users of electrical power are concerned about the 

quality, stability and reliability of electric power. With the increasing demand, 

electrical energy suppliers cannot fulfill the everyday requirements of customers. And 

also, due to increasing air pollution, global warming concerns, diminishing fossil 

fuels and their increasing cost have made it necessary to look towards RES and DG as 

a future energy solution. 

2.4  CHALLENGES ASSOCIATED WITH DISTRIBUTED GENERATION 

SYSTEMS  

Challenges to integrating DG into distribution network are [125]: 

2.4.1 Power quality  

Integration of DG may support the system or deteriorate power quality. Hence, 

integration of DG is a challenging task, and every possible way needs to be developed 

to counter PQ problems.
 

2.4.2 Protection scheme  

Protection selectivity must be re-evaluated for each connection of DG in the 

distribution system. The research need is in finding the solution of nuisance tripping 

of breaker and issues related to fuse saving. 
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2.4.3 Stability  

When the DG size is small, the impact on power system dynamic performance is 

negligible. Investigation shows that the effects of DG on the dynamics of a power 

system and stability strongly depend on the technology of the distributed generators. 

Large penetration of DG may lead to instability of the voltage profile due to the 

bidirectional power flows and complicated reactive power equilibrium arising when 

insufficient control is introduced. The voltage throughout the grid may fluctuate. The 

situation deteriorates if DG includes variable renewable energy sources. Therefore 

maintaining the stability of power system is a challenging task after integration of DG 

and in increased penetration.   

2.4.4 Regulatory  

Most of the DGs are owned by the customer. Some form of incentive schemes is in existence in 

many countries in the world for renewable DGs. But surveys indicate that at present 

situation, the majority of the countries do not have well-defined regulation and 

security standards. Many countries have no common guidelines for the connection of 

DG units to the utilities in their region. The rules for connection of DG are defined 

individually by the local utilities. 

2.5 TECHNICAL BENEFITS OF DG 

The technical benefits of DG are reliability, flexibility and upgradability, the 

economy of scale, diversity, and efficiency [126]. 
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2.5.1 Reliability 

Sometimes, the customers are affected by way of power failure for a long time due to 

the grid failure because of the storm, falling tree branches, brownouts etc. DG can 

localize the impact of these failures and can reduce the number of affected customers. 

2.5.2 Flexibility 

Big power plants such as hydel, nuclear, renewable etc. are very expensive to build. 

The payback period of big power plants is very high as compared to small power 

plants. Hence, to reduce the cost, it is better to build several small plants based on 

renewable sources adopting the new technologies. 

2.5.3 Upgradability 

The existing technology adopted in the turbine is not easy for a change. Hence, a new 

technology-based smaller wind farms can be used in more locations, thereby 

gradually increasing production without making a major investment in equipment. 

2.5.4 Economy of scale 

The building cost of large power plants is very high. Therefore small power plant 

with appropriate technology drives down the cost of mass production. 

2.5.5 Diversity 

DG allows a variety of power generating technologies which in turn decreases the 

dependence on any one resource. The strength in diversity lies in the stock portfolios, 

organizations, and energy.
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2.5.6 Efficiency     

The transmission loss depends on the distance. As the grid continues to deteriorate, 

energy demands keep on rising. The corporation focuses on short-term profits and 

therefore the need for DG increases. Electricity grids in the developed markets expect 

losses below 15%, but the losses by India's state utilities, over the past five years, were as 

high as 30% equal to about 1.5% of the country's GDP. The World Resources Institute 

estimates electricity transmission and distribution (T&D) losses in India to be 27 percent 

- the highest in the world. The T&D losses occur due to a variety of reasons such as 

substantial energy sold at low voltage, sparsely distributed loads over large rural areas, 

inadequate investment in the distribution system, improper billing and high pilferage.
 

2.6 POTENTIAL BENEFITS OF DG 

The implementation of a DG system offers some significant economic benefits as 

well as imposes source limitations [127]. The various potential benefits are: 

2.6.1 Economic 

Transmission and distribution (T&D) costs can be dramatically reduced. It is one of 

the most benefits obtained with the introduction of the additional capacity closer to 

the consumer [128]-[131].   

2.6.2 Environmental 

DG promises a reduced fossil fuel consumption and lowers CO2 emissions [131]-[134].  



22 

2.6.3 Social Benefits 

Job growth is another potential benefit, and the various estimates suggest that nearly 

five times as many jobs will be created from investment in DG than for the equivalent 

level of additional conventional utility capacity. DG offers significant benefits to the 

developing countries. The development of rural communities serviced by 

household/community scale renewable sources such as SPV and wind power etc. 

avoids the prohibitive costs of ambitious transmission based networks [128], [135]. 

2.6.4 Operational Benefits 

Transmission systems are currently operating closes to their stability limits due to the 

congestion. The network reliability is a major concern in modern power industry 

[131]. The enhanced operational flexibility of a DG network with the use of custom 

power devices offers improved power quality, which is a premium commodity for the 

growing electro-technology intensive commercial sector.  

2.7 LIMITATIONS OF DG 

Not all of the technologies that can be adopted in a distributed network offer improved 

performance in air emission. The move to DG sites dispersed throughout the consumer 

community would also mean that the emissions are released in closer proximity to the 

local community. The placement of electric generation units within the community 

could face significant community resistance from poor public perception. One could 

speculate that public awareness of greenhouse and energy-related issues must be 

fostered, particularly if the general community is to embrace the need to change 
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infrastructure and energy use to minimize global warming effects. Land prices for 

situating units within the consumer community may be prohibitive.  However, this 

should be alleviated to a degree by the compactness of the proposed units.
 

2.8 APPLICATIONS OF DISTRIBUTED GENERATION SYSTEMS   

i. DG can be used to meet or generate a customer’s entire electricity supply or 

for increased reliability.  

ii. In some remote locations, DG can be used as a standby or emergency 

generation.  

iii. DG can be used to support the critical loads having very less starting time. 

2.9 MEASURES OF RENEWABLE ENERGY 

Over the years, RE sector in India especially wind and solar have emerged as an 

integral part of the grid-connected power generation capacity. It supports the growth of 

sustainable energy sources to meet the ever-increasing energy needs and acts as an 

essential player for energy access. It has been realized that RES based systems have to 

play a much deeper role in achieving energy security and reliability in the years ahead. 

Hence, it has to be incorporated as an integral part of the future energy planning 

process [136]. 

2.9.1 Energy Security:   

In the present era, around 69.5 per cent of India's power generation capacity is based 

on coal. India's increasing dependence on imported oil is leading to the import of 

around 33 per cent of India’s total energy needs. India's coal imports have tripled 
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since 2010, thus making India, the world's second-largest coal importer after China. 

On the demand side, the coal is of strategic importance for the country, accounting for 

56 per cent of the primary commercial energy supply and 76 per cent of power 

generation. The coal imports in the financial year 2014-15 were at 212.103 MT, an 

increase of 27 per cent over the previous year, the provisional coal statistics of 2014-

15. The share of electricity generated from coal worldwide declines from 40% in 

2012 to 29% in 2040 [137]. Renewable energy sources offer viable option to address 

the energy security concerns of the country. India has one of the highest potentials for 

the effective use of renewable energy. India is the world’s fifth largest producer of 

wind power after Denmark, Germany, Spain, and the USA. There is a significant 

potential in India for generation of power from renewable energy sources such as 

small hydro, biomass, and solar energy.  

2.9.2 Electricity shortages: 

Indian power scenario reveals that over the past 62 years even though the increase in 

installed capacity is more than 110 times, India is still not in a position to meet its 

peak electricity demand as well as energy requirement. The peak power deficit during 

the financial year 2001-02 was 12.2 per cent, approximately 9252 MW. However, at 

the end of the financial year 2014-15, the peak power deficit decreased to the order of 

2.4 per cent, and in absolute terms, peak deficit was at 6103 MW. Similarly, the 

shortage regarding the energy availability was around 7.5 per cent at the end of the 

financial year 2001-02 (39,187 MU), whereas, at the end of the financial year 2015-

16, it was reduced to around 1.8 per cent (89,402 MU). The planned and un-planned 

load-shedding measures were required to be undertaken by most of the utilities to 

bridge this demand-supply gap at a fallout situation.
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2.9.3 Energy Access: 

In any situation, India faces a challenge to ensure availability of reliable and modern 

forms of energy for all its citizens. Almost 85 per cent of rural households depend on 

solid fuel for their cooking needs and only 55 per cent of all rural households have 

access to electricity. However, most of the rural households face issues with quality 

and consistency of energy supply. Lack of energy access for rural lighting is leading 

to the large-scale use of kerosene. Such usages need to be reduced because it leads to 

increased subsidies, importing dependence and consequent pressure on other reserves. 

2.9.4 Climate change: 

India has taken a voluntary commitment to reducing emission intensity of its GDP by 20-

25 percent from 2005 levels by 2020. In recently concluded 20th Conference of the 

Parties to the United Nations Framework Convention on Climate Change (UNFCCC) 

held at Lima, Peru, all parties to the Convention were invited to communicate Intended 

Nationally Determined Contributions (INDCs) towards climate change mitigation. The 

increased share of RE in the coming years will contribute towards achieving this goal.  

2.10 BENEFITS OF WIND POWER AS A DISTRIBUTED RESOURCE   

The various surveys reveal that high potential locations are available to harness the 

wind power than any other renewable source [138].  

 No fuel cost 

 Renewable and can be tapped 
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 Environment-friendly and pollution free
 

 Potential exists to harness wind energy 

 Lowest gestation period and capacity addition can be in modular form 

 Cost of generation reduces over a period
 

 Low O&M Costs 

 Limited use of land 

 Accommodation of other land uses 

 Avoid energy losses in T&D lines 

 Cleaner, quieter operation — reduced environmental impacts 

 Potential to free up transmission assets for increased wheeling capacity 

 Greater market independence and consumer choice — empowered customers 

 Mitigation of energy price risks - costs are predictable, unlike fossil fuels 

 Avoid fuel transportation costs  

 Additional capability to meet peak day and night time power demands 

 Enhanced power quality and reliability 

2.11 LIMITATIONS OF WIND POWER 

 low energy density  

 Available at selected geographical locations away from cities and load centers  

 Variable, irregular, unsteady and erratic 

 Turbine design complex  
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 Large units less capital cost per kWh 
 

 small units are more reliable 

 Requires storage batteries-environment pollution 

2.12 IMPACTS OF GRID INTEGRATED DG  

The use of renewable power generation sources as DGs is increasing rapidly all over 

the world. Apart from environmental advantages, the DGs result in the reduction of 

power losses, improvement of bus voltages, increased system reliability, stability, 

power quality and ease of operation. There are various issues results from the 

integration of DG with the distribution system and utility grid [125]. 

2.12.1 Voltage Level 

The improper location and coordination of DG results in a rise or drop in the voltage 

level from the permissible limit. Hence voltage control is an issue when DG is 

integrated into the distribution grid. 
 

2.12.2 Reactive Power 

Most of the DG technologies use induction generators. Even though it is meant for 

generating active power, it acts as a reactive load and draws more reactive power 

from the grid. Low power factor in induction machines results in large fault current. It 

is necessary to use DG with power electronic converters to inject the required amount 

of reactive power for the distribution line.
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2.12.3 Reverse Power Flow 

The improper location and increased size of DG may cause power flow from the LV 

distribution grid to the HV grid. Hence, the system requires well-functioning 

protection scheme to resist the reverse power flow.
 

2.12.4 System Frequency 

The frequency may deviate from the rated value in the case of an imbalance between 

electrical energy demand and supply. The system frequency is affected by the 

increase in the size of DG which leads to grid failure. In this regard, the system 

operators and regulatory body should take the preliminary steps to avoid such serious 

issues.  

2.12.5 Protection Scheme 

When the fault occurs in a DG integrated distribution system, the location of the DG 

affects the magnitude, duration, and direction of the fault current occurring in a line. 

Hence, it is necessary to select the appropriate type of relay to protect the entire system. 

2.12.6 Islanding Protection 

A portion of the utility system containing DGs and some loads remain energized 

while isolating from the main utility system is called islanding. In such situations, the 

DG may energize a certain portion of the network which may cause risk to repair the 

faulty parts of the system. Hence, the suitable protective scheme should be placed to 

avoid such situations.
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2.12.7 Power Quality and Reliability 

The improper location and size of DG result in a rise or fall in the voltage level. The 

deviation in the system frequency due to demand-supply mismatch, injection of 

harmonics by power electronics based DG are the major issues in DG integrated into the 

grid system. These issues cause a high degree of PQ problem which results in poor 

voltage regulation at the customer end. CPDs can be adopted to mitigate the PQ problem. 

2.13 GRID CODE OVERVIEW    

In recent years, more and larger wind farms have been connected to the transmission 

networks. Each of these network levels has specific requirements when connecting to 

wind power generation units. The connection issues for the network are related to grid 

stability which is influenced by power flows and wind farm behavior in the case of 

network faults. Grid operators (transmission, distribution) develop rules or grid codes 

(GC) for connecting generators. This GC aims to ensure that wind farms do not 

adversely affect the power system operation concerning the security of supply, 

reliability, and PQ [121][139]. Essential grid code requirements are related to 

frequency, voltage and wind turbine behavior in case of grid faults. The most 

common requirement concerns: 

 Active power control: Several grid codes (GCs) require the active control of 

the wind farm output power to participate in the energy dispatch as 

conventional power plants and prevent overloading of lines.  

 Frequency control: Some GCs require wind turbine types (WTs) to participate 

in the frequency control as conventional power plants. The frequency is kept 

within acceptable limits to ensure the security of supply, prevent the 

overloading of electric equipment and fulfill the power quality standards.  
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 Frequency and voltage ranges: Range of voltage amplitude and frequency are 

provided for the continued operation in case the system is in trouble (i.e., 

voltage and frequency stability problems). 
 

 Voltage control: Some GCs require WTs to perform the voltage control as in 

conventional power plants. This is performed by controlling the reactive 

power.  

 Voltage quality: A whole set of different requirements are included in national 

GCs concerning rapid changes, flicker, and harmonics. 
 

 Tap-changing transformers: Some grid codes require that wind farms are 

equipped with tap-changing grid transformer to vary the voltage ratio between 

the wind farm and the grid when needed. 
 

 Fault ride-through capability: Some GCs require WTs to remain connected 

and, in some cases, to support the power system by injecting the sufficed 

reactive power to ensure the system stability. 
 

 Wind farm modeling and verification: Some GCs require wind farm 

owners/developers to provide models and system data, to enable the 

transmission system operator to investigate the interaction between the wind 

farm and the power system through simulations. They also require the 

installation of monitoring equipment to verify the actual behavior of the farm 

during faults and to check the model.  

 Communications and external control: Most GCs require that the wind farm 

operator provide an on-line measurement of some important variables for the 

system operator to enable proper operation of the power system (i.e., voltage, 

active and reactive power, operating status and wind speed). Only in few 

cases especially in Denmark, it is required to connect and disconnect the wind 

turbines externally.
 

The application of custom power devices such as DVR and the D-STATCOM is 

proposed as an effective way for improving the fault ride-through capability of wind 

turbines connected to the grid. These devices allow the compensation of voltage dips 

at the wind farm side of the coupling transformer (DVR) or helping the wind turbine 

to withstand the dip (D-STATCOM) by controlling the active and reactive power 

injected to the grid. 
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Traditionally, wind turbines are disconnected from the grid when an abnormal grid 

voltage occurs at the wind farm terminals. In some areas, the concentration of wind 

turbines is getting so high that it is not possible to disconnect an entire wind farm 

without affecting the system stability. Electrical utilities and system operator have 

specified in their recent requirements that wind turbines have to offer ride-through 

capability under severe voltage dips. Instead of disconnecting from the grid under 

fault conditions, wind turbines should be able to follow the characteristic shown in 

Fig 2.1. When the grid voltage goes below the curve, then only the turbine is allowed 

to be disconnected. In any other case, the turbine should remain connected to the grid 

without consuming active or reactive power during the disturbance. 

If wind farms are unable to withstand voltage drops for a limited time, they will be 

disconnected from the system. This may cause a cascading voltage fall and the break-

down of part or all in the power system. To contribute to the system stability, it is 

necessary that the wind turbine restores to the normal operation. A solution to this 

problem is to use a CPD such as D-STATCOM, DVR, etc.
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Fig 2.1: Voltage time curve during fault condition  
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2.14   INDIAN GRID CODES 

Special technical requirements for connectivity of renewable energy generating 

station to the grid are [140]: 

1. A generating station of renewable sources can be connected at the distribution 

level (below 33 kV) or transmission level (at or above 33 kV) of the state 

depending upon policies of the State Electricity Regulatory Commissions. A 

generating station of renewable sources can also be connected to the inter-

state transmission system (ISTS). 

2. Wind farms shall have the ability to limit the active power output at the grid 

connection point as per system operator’s request.  

3. The grid-connected wind farms shall have the ramp up/ramp down capability. 


 

4. The reactive compensation system of wind farms shall be such that wind 

farms shall maintain power factor between 0.95 lagging and 0.95 leading at 

the connection point.  

5. The wind generating machines shall be equipped with fault ride through 

capability.  

6. Wind turbine generator protection:  

a. All the grid-connected wind farms must have protection systems to 

protect the wind farm equipment as well as the grid, such that no part 

system shall remain unprotected during faults. 
 

b. The protection co-ordination for the wind farms shall be done by the 

SEB/STU and RPC.  

c. The following are the minimum protection schemes that shall be 

installed for wind farm protection:  

i) Under/over voltage protection  

ii) Under/over frequency protection  
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iii) Over current and earth fault protection  

iv) Load unbalance (negative sequence) protection  

v) differential protection for the grid connecting the transformer 
 

vi) Capacitor bank protection  

vii) Tele-protection channels (for use with distance protection) 

between the grid connection point circuit breaker and user 

connection point circuit breaker  

7. Wind farms shall have communication channel which is continuously 

available to the system operator. 
 

8. Data Acquisition System facility shall be provided for transfer of information 

to the concerned SLDC and RLDC  

9. Lightning protection of WTG system shall be according to IEC TR 61400-24 

―Wind turbine generator systems – Part 24: Lightning protection.‖  

10. Wind turbine grounding systems shall follow the recommendations of IEC TR 

61400-24 (section 9).  

11. The grid connecting transformer configuration shall be designed to provide:  

i) A favorable circuit to block the transmission of harmonic currents.  

ii) Isolation of transmission system side and wind farm side ground 

fault current contributions  

2.15 SUMMARY 

Integration of RES based distributed generation in the radial system can make a 

balance in power generation and customer demand. The different challenges to be 
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faced by the electrical supply industry in the case of DG integration, are discussed in 

this chapter. An overview of the technical benefits as well as potential benefits and its 

limitation are also presented. Wind power shares a major part of the electrical power 

generated in India. Global installed capacity of renewable energy sources in 2016 is 

673GW. Out of which, wind power shares 432.419 GW, and it accounts for 64.25% 

of the renewable energy sources. DG based wind power becomes competitive or even 

cheaper than the fossil fuel based power generation. Grid codes are to be followed 

when renewable energy generating stations are connected to the grid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 3 

POWER QUALITY ISSUES AND MITIGATION MEASURES 

3.1 INTRODUCTION 

With the ever increasing integration of wind-based DG system and proliferation of 

power electronic nonlinear loads, there exists a high degree of PQ problems in the 

distribution systems. When the wind turbine is connected to the grid, it cannot 

perform voltage control on its own, and it is very sensitive to wind fluctuations [141]. 

And also, the faults in the power system cause voltage dips at the connection point of 

the wind turbine. This voltage dip will increase the stator current which leads to the 

destruction of converters. The only way to avoid the problem is to disconnect the 

system when the fault occurs and reconnect after the fault is cleared. Wind generators 

have to cope up with grid disturbances without disconnection, and they should supply 

active and reactive power after the fault has been cleared. 
 

Due to the ongoing deregulation of the electrical supply industry almost all over the 

world, supplying reliable power complying appropriate PQ standards, has become a 

major challenge faced by the electrical utilities. They are mainly concerned about 

supplying reliable power with proper PQ standards [142]. PQ problems increasingly 

affect the supply performance to the electricity consumers and power suppliers at all 

levels of usage.  Quality is a relative term often based on customer perception or the 

degree to which the supplier meets the customer expectations. IEEE standard 1159 

defines PQ as "a concept of powering and grounding sensitive equipment to function 

within its electrical boundaries to extend their efficacy". In other words, the power 

quality problem is defined as "any power problem manifested in voltage, current or 
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frequency deviation that results in failure or misoperation of customer equipment" 

[143]. Hence, "Power Quality" broadly refers to maintaining a nearly sinusoidal 

voltage and current at rated magnitude and frequency. The issue of power quality 

problems is not confined to only energy efficiency and environment but more 

importantly on quality and continuity of supply or power quality and supply quality.
 

Customers and suppliers have equal responsibility in the mitigation of power quality 

problems. Public awareness towards the quality of power among different customers gets 

boosted up with the introduction of deregulation of the electric power system. During the 

last decade, various power filtering technology such as passive filters, active filters, 

hybrid filters, etc. have been applied from time to time, for giving a solution to users 

power quality problems. Lossless passive filters (LC tuned) are widely used to suppress 

harmonics. Even though it has advantages such as low initial cost and high efficiency, it 

has some disadvantages like instability, fixed compensation, resonance with supply as 

well as loads and utility impedance.  To overcome these drawbacks, active filters are used 

in various configurations such as shunt, series, and hybrid. Current based distortion and 

voltage based distortion are compensated using shunt type filter and series type filter 

respectively. Hybrid type filter is used to eliminate the higher order harmonics. However, 

the customers face power disturbance problems since their ratings are very close to the 

load in typical applications [144].  

The PQ problems can be resolved in three ways, 

(i) Reducing the power supply disturbances 

(ii) Improving the load equipment immunity to disturbances 

(iii) Inserting corrective equipment between the electrical supply and the 

sensitive loads 
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To increase the reliability of the distribution network and to overcome the above 

difficulties, the concept of power electronic based corrective device called custom 

power device are used, and flexible AC transmission device (FACTs) are also used in 

the transmission system[145]. The custom power devices are preferred for PQ 

improvement because of the advantage like lower cost, greater flexibility, an increase 

of system security, etc.
 

3.2 NEED OF CUSTOM POWER DEVICES 

The increase in the use of automated equipment like adjustable speed drives, 

programmable logic controllers, switching power supplies, arc furnaces, automated 

production lines are far more vulnerable to disturbances, so that the network comprising 

of such equipment are mostly affected with PQ issues such as voltage sag, voltage swell, 

harmonics, etc. The customers require reliability as well as the quality of power for 

optimal performance of their equipment. Custom power device can be used to 

compensate PQ issues and maintain voltage stability in the distribution network. 

3.3 POWER QUALITY ISSUES 

Most of the PQ issues created in power systems are due to the non-linear 

characteristics of loads and fast switching of PE equipment. The most sophisticated 

equipments have become intolerant to voltage fluctuations, harmonics, and 

interruption [118]. Renewable energy based systems are increasingly integrated at the 

distribution level to meet the increase in load demand, which utilizes PE converters 

for grid integration. The PQ issues can be detected from one of the following several 

symptoms depending on the type of problem involved.  
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i) Lamp flicker  

ii) Frequent blackouts  

iii) Sensitive-equipment frequent dropouts  

iv) Ground problem  

v) Locations  

vi) Communication interference  

vii) Overheated elements and equipment.  

PQ issues encompass a wide range of disturbances such as voltage sags/swells, 

flicker, harmonics distortion, impulse transient and interruptions.  

i) Voltage dip: A voltage dip is used to refer to a short-term reduction in 

voltage of less than half a second. 

ii) Voltage sag: Voltage sag can occur at any instant of time with amplitudes 

ranging from 10 – 90% and a duration lasting for half a cycle to one minute. 

iii) Voltage swell: Voltage swell is defined as an increase in rms voltage or 

current at power frequency for durations from 0.5 cycles to 1 min. 

iv) Voltage 'spikes', 'impulses' or 'surges': These are the terms used to describe 

the abrupt very brief increase in voltage value.
 

v) Voltage transients: They are temporary undesirable voltages that appear on 

the power supply line. Transients are high over-voltage disturbances (up to 

20KV) that last for a very short time.
 

vi) Harmonics: The fundamental frequency of the AC electric power distribution 

system is 50 Hz. A harmonic frequency is any sinusoidal frequency which is 

a multiple of the fundamental frequency. Harmonic frequencies can be even 

or odd multiples of the sinusoidal fundamental frequency. 

vii) Flickers: Visual irritation and introduction of many harmonic components 

in the supply power and their associated ill effects. 

viii) Notch:  A switching disturbance of the normal power voltage waveform, 

lasting less than 0.5 cycles, which is initially of opposite polarity than the 

waveform and is thus subtracted from the normal waveform regarding the 

peak value of the disturbance voltage.
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3.4 VOLTAGE SAG 

The most common recurrent power quality disturbance in the distribution system is 

the voltage sag which is a momentary decrease in rms voltage magnitude in the range 

of 0.1 to 0.9 per unit (pu). Due to power loss occurring in the distribution network, 

the actual voltage available at the consumer end gets reduced. As the length of 

distribution line increases, the problem gets aggravates and the resulting low voltage 

can affect the working of equipment connected at the user end. Voltage sag occurs 

mostly due to system faults, drastic change of heavy loads, starting of large motors, 

etc. The increase in the intensity of fault at a point on distribution level may decrease 

the bus voltage in the entire system or a large part of it [141],[143].  

The percentage of voltage sag can be calculated by using the Equation (3.1) 

Voltage sag  100%
ref pcc

ref

V V

V


    (3.1) 

where, refV  is the reference voltage normally taken as 1 pu and pccV is the voltage at 

Point of Common Coupling in pu.   

3.5 CUSTOM POWER DEVICES 

Several compensating devices are used to mitigate/improve the voltage sag and voltage 

swell. Such devices can be placed at three different parts in the distribution systems: 

i.    Utilities 

ii.   Customers 

iii.  Equipment 
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The custom power devices are divided into two groups [146]. 

 Network Reconfiguring type 

 Solid State Current limiter (SSCL) 

 Solid State Circuit Breaker (SSCB) 

 Solid State Transfer Switch (SSTS)  

This category does not contain dc energy storage sources which play the role of ordinary 

circuit breakers. The advantage of these static key switches over conventional mechanical 

switches is their high switching speed. Among these devices, the most widely used type 

is the solid state transfer switches (SSTS) which are usually located to back up sensitive 

loads in addition to the primary feeder and secondary feeder.   
 

 Compensating types 

 Distribution Static Compensator (D-STATCOM ) 

 Dynamic Voltage Restorer (DVR) 

 Unified Power Quality Conditioner (UPQC) 

These types of devices need dc energy storage sources that may be employed in 

applications such as compensating active and reactive power, eliminating harmonics 

and compensating for the unbalanced voltage, etc. The various issues such as sag, 

swell, harmonics, power flow control, etc. are to be improved to a great extent with 

the help of power electronic based voltage source inverter. It can be connected to the 

system in series (DVR), parallel (D-STATCOM) or both (UPQC)[147].    
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3.6 CONVERTER TOPOLOGY OF CUSTOM POWER DEVICES  

The selection of compensating or custom power device is based on the application for 

which it is used. The compensation method is classified into three. 

3.6.1 Current Based Compensation 

The current based compensation is applied at which the current has to be injected. For 

this purpose, the power electronics based shunt device named D-STATCOM is 

connected at the customer side. It is widely used for power factor correction, reactive 

power compensation, and load balancing/load compensation when connected to the 

load. It can also perform voltage regulation, mitigation of voltage sag/swell, voltage 

dip, voltage flicker and voltage fluctuations, when connected to a distribution bus.  

3.6.2 Voltage-Based Compensation 

For voltage-based compensation, the voltage is injected to balance the source and 

load voltage. A series device named DVR is used for this purpose. It is used for the 

harmonic compensation, improving voltage regulation, voltage balancing, voltage 

flicker reduction, and removing voltage sags, swells, and dips. Apart from voltage 

harmonic compensation, DVR finds its application for reactive power compensation, 

voltage regulation, mitigation of voltage sags/swells, voltage dips and flicker. 

3.6.3 Voltage and Current-Based Compensation 

Many applications require a combination of both so that a combination of series with 

shunt device named UPQC forms an ideal choice. In dual control mode of operation, 
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it is considered as a versatile device, since it can inject both current (shunt) and 

voltage (series) simultaneously. Apart from the current and voltage based harmonic 

mitigation, it can perform load compensation/load balancing, reactive power 

compensation, power factor correction, voltage regulation, mitigation of voltage 

sag/swells,  voltage dip and voltage flicker at the same time [148]. 

The mitigation techniques chosen for analysis in this project are: 

i. Solid State Transfer Switch (SSTS) 

ii. Distribution Static Compensator (D-STATCOM) and 

iii. Dynamic Voltage Restorer (DVR) 

3.7 SOLID STATE TRANSFER SWITCH (SSTS) 

One of the effective ways to avoid the overloading at a critical time in the densely 

populated area is the rescheduling of the load from one feeder to another with the 

help of Solid State Transfer Switch (SSTS).
 

The SSTS offers continuity in the electric flow even at a critical peak time and in the 

case of sensitive loads. It protects the customer loads from the power quality issues 

by sharing the load at a critical time without service interruption.  
 

3.7.1 Basic Configuration of SSTS 

The basic configuration consists of a combination of two feeders, one the main feeder 

and the other one a backup feeder, connected to a common bus through two SSTS 

[149].  The sensitive loads are connected to this bus. The SSTS are a parallel 

combination of two back-to-back connected thyristors as shown in Fig.3.1. 
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Load

Wind

Thyristor

Thyristor

source 1

source 2

MAIN FEEDER

BACKUP FEEDER

100MVA

100MVA

0.23kV

0.23kV

 

Fig. 3.1:   Schematic diagram of SSTS 

Under normal operating conditions, the control logic will only trigger the thyristor 

switch1 connected to the main feeder. At the time of any fault in the main feeder, the 

control logic triggers the gate signals to switch2 by removing it from switch1 and 

thereby transferring the load to the backup feeder. It will check whether the peak 

value of the voltage at every fraction of a cycle is within the prescribed limit. If an 

abnormal condition is detected, the control logic will give the gate signal accordingly. 

The control scheme will ensure that the quality of power supply in the healthy feeder 

by changing the load from faulted feeder to the healthy one. When the fault is cleared, 

and sufficient voltage is recovered, the only load is transferred back to the healthy 

feeder through the action of the control logic [150],[151].  

3.7.2 Control logic of SSTS 

The control logic will monitor the peak value of the voltage waveform every half 

cycle at the point of common coupling where the load is connected. At the time of 

fault detection, the control logic will reverse the gate signal from the faulty feeder to 

the healthy feeder. The maximum value of the voltage is set as 1 pu. It can be seen 

that the voltage at the faulty feeder is not restored by generating/absorbing reactive 
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power with the help of SSTS but deactivate the faulty feeder in favor of the healthy 

one within a fraction of a cycle. With the proper fast action of SSTS control, it 

provides effective protection to the sensitive loads against the power quality issues. 
 

3.7.3 Applications of SSTS 

a. It provides seamless uninterruptable power to customers and also rapid load 

transfer between independent feeder systems. 

b. The ability to transfer seamlessly between feeders where direct interconnection 

is not allowed enables the device to perform load shedding easily. 

3.8 DISTRIBUTION STATIC COMPENSATOR (D-STATCOM)  

The main components of CPD are the voltage source converter (VSC), a dc link and a 

filter circuit. The various issues such as sag, swell, harmonics, power flow control, 

etc. are to be improved to a great extent with the help of the voltage source inverter. It 

is connected to the system in parallel for reactive power compensation, voltage 

regulation and harmonic reduction in distribution network [152],[153]. In the context 

of sustaining, flexible, low cost, uninterrupted standard power, suitable sensitive 

equipment such as D-STATCOM is proposed. 

3.8.1 Basic Configuration of D- STATCOM 

D-STATCOM is basically a controlled reactive source, and the operating principles 

are based on exact equivalence of the conventional rotating synchronous 

compensator. A Voltage Source Converter (VSC) is a power electronic device which 

generates a sinusoidal voltage of required magnitude, phase angle, and frequency to 

match the source and load voltage. The VSC helps to eliminate the harmonics and 

fluctuations by injecting the missing voltage between the source and load voltages. 
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Fig. 3.2:   Schematic diagram of D-STATCOM 

Figure 3.2 shows the schematic representation of D-STATCOM connected in a 

distribution system. It shows that VSC is connected to the PCC between source and 

load through a filter or leakage inductance of the coupling transformer. The reactive 

energy storage element, a dc capacitor, carries the input ripple current of the 

converter, which is connected to the input of the converter. This capacitor is either 

charged by a battery source or recharged by the converter itself. If the output voltage 

of the VSC, cV is equal to PCC voltage, pccV  then no reactive power is delivered to the 

system. If cV  is greater than pccV , D-STATCOM is in the capacitive mode of operation 

and if it is less than pccV , it is in the inductive mode of operation. The amount of 

reactive power absorbed or injected is proportional to the difference between pccV and 

cV . It is to be noted that voltage regulation at PCC and power factor correction cannot 

be achieved simultaneously. For a D-STATCOM used for voltage regulation at the 

PCC, the compensation should be such that the supply currents should lead the supply 

voltage; whereas, for power factor correction, the supply current should be in phase 

with the supply voltage.  
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3.8.2 Applications of D-STATCOM 

The various applications of D-STATCOM are listed below [146]. 

a. To regulate the voltage at PCC in the distribution system.
 

b. To improve power factor to unity. 

c. To mitigate harmonics in the distribution system. 

d. For load balancing. 

3.9 DYNAMIC VOLTAGE RESTORER (DVR) 

DVR is one of the most effective series equipment connected before load in series 

with the mains using a transformer to compensate the reactive power and to improve 

voltage regulation [145], [154].  It is smaller in size, low cost and gives a fast 

dynamic response to the disturbance. Fig. 3.3 shows the schematic diagram of DVR. 

It consists of a two-level voltage source converter, a DC energy storage device, a 

coupling transformer connected in series with the ac system and the associated 

control circuits.  

3.9.1 Basic Configuration of DVR 

When the source voltage increases or decreases, the DVR injects a series voltage 

through the transformer so that the desired load voltage magnitude can be maintained 

[155], [156]. The VSC switching strategy is based on sinusoidal PWM technique. The 

VSC converts the DC link voltage dcV , on the capacitor to a set of 3-phase ac output 
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voltages of adjustable magnitude and phase. These voltages are in phase and coupled 

with the ac system through the reactance of the coupling transformer. 

 

Fig. 3.3:   Schematic diagram of DVR 

During normal operation, the capacitor receives energy from the main source. When 

the voltage sag is detected, the capacitor starts to deliver energy to the inverter 

proportional to the missing voltage. A suitable capacitor size is required to store the 

energy to mitigate the voltage sag [157]. 

Adjusting the magnitude and phase of the DVR, the output ac voltage allows the 

effective control of active and reactive power exchange between DVR and the ac 

system. For this, a suitable modulation technique has to be used.  

3.9.2 Applications of DVR 

a. To protect against sags to 50% for durations of up to 0.1 seconds. 
 

b. To mitigate the damaging effects of voltage swells, voltage unbalance and 

other waveform distortions. 



48 

3.10 CONTROL STRATEGY OF D-STATCOM AND DVR 

Two basic control strategies of DVR are in-phase compensation and minimum energy 

injection strategy [158]. In in-phase compensation, during voltage sag condition, the 

injected voltage is in the same phase with that of the supply voltage. During swell 

condition, the injected voltage will be in quadrature with the supply voltage. The 

main advantage of this technique is that the magnitude of the injected voltage is 

minimum. 
 

The custom power devices DVR and D-STATCOM consists of two-level voltage 

source converter (VSC), dc energy storage device, coupling transformer connected in 

series or shunt at the load end and the associated control circuits. The VSC switching 

strategy is based on sinusoidal PWM [159], [ 160].  

The control system measures only the rms voltage at the load [121], but no reactive 

power measurement is required. The VSC switching strategy is based on a sinusoidal 

PWM technique which offers simplicity and good response. Since custom power is a 

relatively low-power application, PWM methods offer a more flexible option than the 

fundamental frequency switching (FFS) methods favored in FACTS applications. 

Besides, high switching frequencies can be used to improve the efficiency of the 

converter without incurring significant switching losses. 
 

The VSC converts the DC link voltage dcV on the capacitor to a set of 3-phase ac 

output voltages of adjustable magnitude and phase. These voltages are in phase in 

DVR and out of phase in D-STATCOM, coupled with the ac system through the 
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reactance of the coupling transformer. In both DVR and D-STATCOM, dc capacitor 

delivers/absorbs energy to the inverter proportional to the missing voltage [147][161]. 

Adjusting the magnitude and phase of the DVR or D-STATCOM, output ac voltage 

allows the effective control of active and reactive power exchange between converter 

and ac system. For this, suitable modulation technique such as sinusoidal pulse width 

modulation is used. The control scheme is used to maintain constant voltage 

magnitude at the load point under fault condition [160]. If cV is the inverter voltage, 

pccV is the voltage at the load point and  is the angle of pccV wrt cV , then, 

Active power  

Sin
pcc cV V

P
X




  (3.2)
 

Reactive power 

 Cospcc pcc cV V V
Q

X


   (3.3) 

If pccV less than or greater than cV , then the error signal is obtained by comparing 

reference voltage refV (normally taken as 1pu) and rms value of pccV .  This error signal 

is processed by PI controller shown in Fig.3.4 to generate the required angle  to 

drive the error to zero. Then pccV  is brought back to the reference voltage, refV . 

If Vpcc ~ Vc is positive, then the current flows from the ac system to the converter. The 

converter thereby absorbs the voltage equal to the difference between pccV and cV  or 
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absorbs the inductive reactive power thereby the capacitor is charged. In D-

STATCOM, if Vpcc ~ Vc is negative, then the current flows from the converter to the 

ac system. The reactive power flows from the converter to ac system by injecting the 

current.  If   Vpcc ~ Vc is zero, then there is no exchange of reactive power. As long as 

the injected current maintains the in phase quadrature relationship with the line 

voltage, the converter supplies or consumes the reactive power. Any other 

relationship causes the flow of active power as well. But in DVR, if Vpcc ~ Vc ,then the 

missing voltage is injected by DVR which is in phase with the ac voltage.   

Figure 3.4 shows the controller scheme implemented in PSCAD/EMTDC for DVR 

and D-STATCOM. An error signal is obtained by comparing the reference voltage 

refV with the PCC voltage, pccV , then inV  is measured at the load point. An advantage 

of a proportional plus integral controller is that its integral term causes the steady-

state error to be zero for a step input. 

 

Fig. 3.4:   Schematic diagram of a typical PI Controller 

The PI controller processes the error signal and generates the required angle   to 

drive the error to zero. Then the rms load voltage is brought back to the reference 

voltage. In PWM control, the converter switches are turned on and off several times 

during a half cycle. The modulated angle   is applied to the PWM generators in 

phase A as shown in equation (3.3). The angles for phases B and C are shifted by 
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120
o
 and 240

o
 respectively as given in equations (3.4) and (3.5). In this PI controller, 

only the voltage magnitude is taken as a feedback parameter in the control scheme. 

The sinusoidal signal controlV  is phase-modulated e mploying the angle and the 

modulated three-phase voltages are given by
 

 SinaV t     (3.4) 

2
Sin

3
bV t


 
 

   
 

  (3.5) 

2
Sin

3
cV t


 
 

   
 

  (3.6) 

The modulated signal controlV  is compared with a triangular (carrier signal) signal, carrierV  

to generate switching signals for the VSC. The exchange of reactive power between the 

ac system and VSC can be controlled by varying the magnitude of VSC [160], [153]. 

Amplitude modulation index ma of the signal controlV  is taken as 1pu to obtain highest 

fundamental voltage component at the control output. 

1control
a

carrier

V
m pu

V
          (3.7) 

The frequency modulation mf is taken as 9 by selecting switching frequency as 

450Hz. 

1

450
9

50

s
f

f
m

f
          (3.8) 
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3.10.1 Advantages of PWM based switching power converter  

i. Easy to implement and control 

ii. Compatible with today’s digital microprocessors 

iii. Lower power dissipation 

iv. It allows linear amplitude control of the output voltage/current  

3.10.2 Disadvantages of PWM based switching power converter 

i. Attenuation of fundamental component of PWM waveform
 

ii. Drastically increased switching frequencies 

iii. Generation of high-frequency harmonic components
 

The major concerns of PWM technique in this analysis are  

a. Low switching losses 

b. Good utilization of DC power supply to give a higher output voltage  

c. Good linearity in voltage/current control [153] 

3.11 SUMMARY 

Power quality issues are a major problem faced by the electrical power supply 

industry. The ultimate goal of EES is to provide good quality of reliable power to the 

end users. But in the radial network, the increased use of DG, as well as nonlinear 

loads, makes a high degree of PQ problem. Proper placement of custom power 

devices is a viable solution to mitigate the PQ issues. Different types of CPDs used in 

distribution network are discussed in this chapter. 



Chapter 4 

IMPACT OF CPDS IN DG INTEGRATED NORMAL 

DISTRIBUTION TEST SYSTEM 

4.1 INTRODUCTION 

Energy demand in agriculture, industrial, commercial and household sectors has 

increased tremendously and has placed enormous pressure in search for other 

alternatives [118]. Depleting resources and increasing pollution of environment due to 

energy use have necessitated the optimum use of its resources, which in turn requires 

proper energy planning to achieve energy security. There exists a wide gap between the 

supply and demand of crude oil in India leading to increased dependence on the 

imports. The Energy Policy pursued in the country encourages the promotion of RES, 

particularly wind and SPV based system to reduce the import of fossil fuels.   

The most common type of PQ disturbance like voltage sag and voltage swell is the 

crucial problem faced by the ESI with the improper integration of RE sources. The 

PQ issues can be solved by the use of PE devices like D-STATCOM, DVR, UPQC 

etc. connected to the load [141]-[143], [162]. In the normal radial system, the effects 

of the wind farm as well as the effectiveness of CPDs in voltage sag mitigation under 

different fault conditions are discussed in this chapter.   
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4.2 DISTRIBUTION TEST SYSTEM 

In this work, normal distribution test system is taken for PQ analysis. System 

parameters of the test system are shown in Table 4.1 and its schematic diagram is 

shown in Fig. 4.1. It is represented by its Thevenin’s equivalent, feeding into the 

primary side of a 3-winding distribution transformer. Load, wind farm and CPDs are 

connected to the secondary side of the transformer at PCC.  

Simulations are carried out on the test system shown in Fig. 4.1, to show the 

effectiveness of CPDs in mitigating the voltage sag.  

Table 4.1:   System parameters of distribution test system 

System Parameters 
Power Supply  230 kV, 50 Hz 
Transformer 230/11 kV 
Load R= 412.1 Ω and L= 0.1926 H 
Feeder resistance R= 0.1 Ω and L= 0.758 H 

 
Fig. 4.1:   Schematic diagram of CPD in wind integrated normal distribution test system 
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PQ analysis for the system has been carried out in the following cases:  

i. NO fault applied to the test system   

ii. Different faults applied to the test system 

iii. Sag compensation with DVR 

iv. Sag compensation with D-STATCOM 

v. Sag compensation with SSTS 

4.2.1 Test System with NO fault 

Figure 4.2 shows the Thevenin’s equivalent circuit of the normal distribution test 

system implemented in PSCAD. The system consists of voltage source of 23 kV step 

down to 11 kV using transformer. The linear load is connected at the secondary side 

of the transformer. The simulation is carried out in the test system without applying 

any fault. The rms voltage ( )rmsV at PCC is measured and compared with the reference 

voltage ( )refV . The reference voltage is taken as 1 pu. 
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Figure 4.3 shows that rmsV  at PCC in the distribution test system is equal to the 

reference voltage, refV . 

 

Fig. 4.3:   Load voltage at PCC without fault 

4.2.2 Test System with different faults 

Various faults occurring in the distribution systems are the line to ground fault (LG), 

line-line to ground fault (LLG), line-line-line to ground fault (LLLG), line-line fault 

(LL), line-line-line fault (LLL).  Most frequently occurring fault is the LG fault and 

the most severe fault is the LL fault. The simulation is carried out with the test system 

for which the fault is applied for 0.1 to 0.15 seconds via a fault resistance of 1Ω. 

Figure 4.4 shows the variation in load voltage, rmsV  from refV  at PCC. This is referred 

as voltage sag.  
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(a)    LG fault  

 

 
(b)   LLG fault 

 
(c)    LLLG fault     
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(d)   LL fault 

 

 
(e)    LLL fault 

Fig. 4.4:   Load voltage at PCC under different fault condition 
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4.2.3 Test system with DVR 

To mitigate the voltage sag, the compensating device, DVR is connected in series 

with the distribution line. Figures 4.5(a) and (b) show the schematic diagram and 

PSCAD modeling of test system integrated with DVR and its control logic. In the 

PSCAD simulation, the DVR will be in operation only during the fault period, 

analogous to a practical situation. The coupling transformer of DVR is connected in 

the delta in the DVR side, with a leakage reactance of 10%. The transformer turns 

ratio of unity was used i.e., no booster capabilities exist. The capacity of the dc 

storage device is 5 kV. A 750 µF capacitor on the dc side provides the DVR energy 

storage capability.   

 
Fig. 4.5 (a):   Schematic diagram of normal distribution test system integrated with 

DVR 
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From Fig. 4.6, it is observed that the PCC voltage is improved from 0.901 pu to 0.995 

pu with the help of DVR under LG fault condition. 

 

    
(a)    LG fault 

 

 

 
(b)   LLG fault 
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(c)    LLLG fault 

 
(d)   LL fault 

 
(e)   LLL fault 

Fig. 4.6:   Recovered voltage at PCC under different fault condition with DVR 
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4.2.4 Test System with D-STATCOM  

To study the mitigation of the voltage sag, simulation is carried out with the use of D-

STATCOM connected in parallel with the distribution line. The schematic diagram and 

PSCAD model of normal distribution test system integrated with D-STATCOM are 

shown in Fig. 4.7 (a) and (b). A two-level D-STATCOM is connected to the 11 kV 

tertiary winding to provide instantaneous voltage support at the load point. A 750 µF 

capacitor on the dc side provides the D-STATCOM energy storage capabilities.  

 
Fig. 4.7 (a):   Schematic diagram of normal distribution test system integrated with 

D-STATCOM  

 



65 

 

Fi
g.

 4
.7

 (b
):

   
PS

C
A

D
 m

od
el

 o
f n

or
m

al
 d

is
tri

bu
tio

n 
te

st
 sy

st
em

 in
te

gr
at

ed
 w

ith
 D

-S
TA

TC
O

M
 



66 

D-STATCOM is expected to be in operation only at the moment of occurrence of the 

fault. In a practical situation, during LG fault, the voltage sag is 0.901 pu which is 

improved to 0.996 pu with the use of D-STATCOM is shown in Fig.4.8. With the 

reactive power compensating property of D-STATCOM, the PCC voltage is 

recovered to nearly refV  under this fault. The PWM technique controls the magnitude 

and the phase of injected or absorbed voltage provided by VSC to restore the rms 

voltage at the load point very effectively. 

 
(a)    LG fault  

 
(b)   LLG fault 
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(c)    LLLG fault 

 
(d)   LL fault 

 
(e)   LLL fault 

Fig. 4.8:   Recovered voltage at PCC under different fault condition with D-
STATCOM 
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4.2.5 Test System with SSTS 

The schematic diagram of test system connected with SSTS is shown in Fig.4.9. The 

system parameters are given in Table 4.2. The simulation is carried out on the test 

system comprising two identical feeders feeding to bus bar to which a sensitive load 

is connected through Y/Y 3-winding transformer. The effectiveness of the control 

scheme proposed in SSTS is analyzed under the various fault conditions [163]-[166]. 

Table 4.2:   Parameters of test system with SSTS 

System Parameters 
Power supply 230 kV, 50 Hz 
Load (412.1 + j60.5) Ω 
Transformer 100 MVA, 230/11 kV 

The PSCAD model of SSTS and its control scheme are shown in Fig. 4.10 (a) and 

(b).The control logic will monitor the peak value of the voltage waveform every half 

cycle at PCC where the load is connected. At the time of fault detection, the control 

logic will reverse the gate signal from the faulty feeder to the healthy feeder [167]. 

The maximum value of the voltage is set as 1 pu. It can be seen that the voltage at the 

faulty feeder is not restored by generating/absorbing reactive power with the help of 

SSTS, but the faulty feeder is deactivated in favor of the healthy one within a fraction 

of a cycle. With the proper fast control action of SSTS, effective protection is 

provided to the sensitive load against the power quality issues.  
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Fig. 4.10(b):   Control mechanism of SSTS in PSCAD  

Fig. 4.11 shows the result of simulation carried out on the test system without 

applying any fault. Under the normal operating condition, the PCC voltage at which 

the load connected is same as that of refV .  

pu rms voltage at PCC with NO fault and NO ssts
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Fig. 4.11:   Load voltage at PCC without fault 

The simulation is carried out on the same system with NO SSTS and the different 

faults such as LG, LLG, LLLG, LL and LLL are applied for 0.2 to 0.5 seconds via a 

fault resistance of 1 Ω.  From Fig. 4.12, it is observed that the voltage sag is 0.916 pu 

during LG fault. 
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pu rms voltage at PCC with LG fault and NO ssts
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(a)    LG fault     (b)   LLG fault 

pu rms voltage at PCC with LLLG fault and NO ssts
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(c)    LLLG fault    (d)   LL fault 

pu rms voltage at PCC with LLL fault and NO ssts
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(e)   LLL fault 

Fig. 4.12:   Load Voltage at PCC under different fault condition 
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The simulation is carried out on the same scenario by connecting SSTS. The pu rms 

load voltage at the load point or PCC under LG fault condition is recovered by SSTS 

as it is shown in Fig. 4.13. It is found that the load voltage is raised to 0.975 pu under 

LG fault condition when SSTS are under operation. In this case, the control scheme 

provides proper and effective control on the SSTS switches to drive back to the pre-

fault voltage. Meanwhile, SSTS transfers the load from the unhealthy feeder into the 

healthy feeder within a fraction of half cycle.  
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(a)    LG fault     (b)   LLG fault 

pu rms voltage at PCC with LLLG fault
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(c)    LLLG fault   (d)   LL fault 
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pu rms voltage at PCC with LLL fault
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(e)    LLL fault 

Fig. 4.13:   Recovered voltage at PCC under different fault condition with SSTS 

4.3 WIND INTEGRATED DISTRIBUTION TEST SYSTEM 

In normal distribution test system, a wind farm of 2 MVA at a nominal voltage of 11 

kV is connected at PCC, as shown in Fig. 4.1. The simulation is carried out on the test 

system in which CPD is connected in series or parallel to the wind farm. The 

simulation is carried out first without any fault and with different faults applied 

during 0.2-0.25 sec. The reference voltage at PCC is set to be 1 pu. 

4.3.1 Test System with NO fault 

The simulation is carried out on the wind connected distribution test system without 

applying any fault. The circuit modeled in PSCAD is shown in Fig. 4.14. The result of 

simulation shown in Fig. 4.15 shows that rmsV at the PCC is equal to refV (= 1 pu). 

 



75 

 

Fig. 4.14:   PSCAD model of wind integrated normal distribution test system  

 
Fig. 4.15:   Load Voltage at PCC without fault 
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4.3.2 Test System with different faults 

The simulation is carried out on the same system in which different faults are applied 

for 0.2 to 0.25 seconds via fault resistance of 1 Ω. The voltage sag under LG fault 

which is given in Fig.4.16 shows that the voltage is reduced to 0.93 pu. 

 

   
(a)    LG fault   

   
(b)   LLG fault 
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(c)    LLLG fault  

 

(d)   LL fault 

 
(e)   LLL fault 

Fig. 4.16:   Load voltage at PCC under different fault condition 
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4.3.3 Test system with DVR 

Integration of DVR in the radial network is shown in Fig. 4.5(a) to which a wind farm 

is connected at PCC. PSCAD model of this system is shown in Fig. 4.17, in which 

DVR is connected in series with the wind system at PCC. To compensate the missing 

voltage, a suitable capacitor connected at the input of VSC [160].  

The DVR does not inject reactive power when there is no fault in the system. During 

fault condition, the terminal voltage at the load side decreases or increases depends on 

type of fault. The DVR is in active mode only when the fault is cleared. During sag 

condition, DVR injects the required amount of reactive power to get the normal voltage 

and in swell condition, it absorbs the reactive power to maintain the normal voltage. 

 

Fig. 4.17:   PSCAD model of wind integrated normal distribution test system with 
DVR 
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During LG fault condition, Fig. 4.18 shows that the PCC voltage is improved to 0.95 

pu when DVR is connected.  

 

 
(a)    LG fault 

 

 
(b)   LLG fault 
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(c)    LLLG fault  

 
(d)   LL fault 

 
(e)   LLL fault 

Fig. 4.18:   Recovered voltage at PCC under different fault condition with DVR 
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4.3.4 Test system with D-STATCOM 

The schematic diagram of radial network incorporated with D-STATCOM is shown 

in Fig. 4.7 (a) to which wind farm is connected at PCC. PSCAD model of wind 

integrated distribution test system with D-STATCOM is shown in Fig. 4.19. D-

STATCOM is capable of maintaining load voltage at any instant.  

 

Fig. 4.19:    PSCAD model of wind integrated normal distribution test system 
with D-STATCOM 
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The result of the simulation is shown in Fig. 4.20. It is seen that the load voltage at 

PCC is recovered from 0.93 to 0.967 pu with the help of D-STATCOM. The PWM 

technique controls the magnitude and the phase of injected or absorbed voltage 

provided by VSC to restore the rms voltage at the load point very effectively. 

 
(a)    LG fault  

 

(b)   LLG fault 



83 

 
(c)    LLLG fault 

 
(d)   LL fault 

 
(e)   LLL fault 

Fig. 4.20:   Recovered voltage at PCC under different fault condition with D-STATCOM 
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4.3.5 Test system with SSTS  

A wind system of 2 MVA, 230 kV integrated with the distribution test system is 

shown in Fig. 4.9. The simulation is carried out to assess the effectiveness of the 

control scheme proposed in SSTS under various fault conditions. The circuit modeled 

in PSCAD is shown in Fig. 4.21. 

 

Fig. 4.21:   PSCAD model of wind integrated normal distribution test system with 
SSTS 
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The simulation is carried out on the wind integrated distribution system without 

applying any fault. rmsV at PCC is measured and is nearly equal to refV i.e., 1 pu as 

shown in Fig 4.22.  
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Fig. 4.22:   Load voltage at PCC in wind integrated system without fault and NO SSTS 

The simulation is carried out with the same system with NO SSTS and different faults 

such as LG, LLG, LLLG, LL and LLL are applied for a duration of 0.2 to 0.5 seconds via 

a fault resistance of 1 Ω. Figure 4.23 shows the variation of the load pu rms voltage at 

PCC under LG fault condition. It is observed that pu voltage at PCC is reduced to 0.978 

pu voltage. 
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pu rms voltageat PCC with LG fault - Wind system
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(a)    LG fault     (b)   LLG fault 

 

pu rms voltageat PCC with LLLGfault - Wind system
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(c)    LLLG fault    (d)   LL fault 
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pu rms voltageat PCC with LLL fault - Wind system
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(e)   LLL fault 

Fig. 4.23:   Load voltage at PCC under different fault condition 

The simulation is carried out with the same system by connecting SSTS and the pu 

rms voltage at load side is shown in Fig. 4.24. The pu rms load voltage at load point 

or PCC under LG fault condition is recovered from 0.978 pu to nearly 1 pu by SSTS, 

as shown in Fig.4.25. 

pu rms voltage at PCC with  wind and ssts
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Fig. 4.24:   Load voltage at PCC with SSTS and NO fault 
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pu rms voltage at PCC with LG fault-wind with ssts
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pu rms voltage at PCC with LLG fault-wind with ssts
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(a)    LG fault     (b)   LLG fault 

pu rms voltage at PCC with LLLG fault-wind with ssts
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pu rms voltage at PCC with LL fault-wind with ssts
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(c)    LLLG fault    (d)   LL fault 

pu rms voltage at PCC with LLL fault-wind with ssts

 time(... 0.00 0.20 0.40 0.60 0.80 

0.00 

0.20 

0.40 

0.60 

0.80 

1.00 

1.20 

Vo
lta

ge
(p

u)

Vrms

 
(e)   LLL fault 

Fig. 4.25:   Recovered voltage at PCC under different fault condition with SSTS  
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4.4 RESULTS AND DISCUSSION 

The results obtained as a result of the simulation carried out on normal and wind 

integrated distribution test system with and without DVR, D-STATCOM and SSTS 

are explained in this section.  

4.4.1 Normal Distribution Test System 

In normal distribution test system, various simulation studies are carried out to 

understand the effect of voltage sag by applying different faults in the system and its 

mitigation using custom power devices. Without applying any fault in the test system, 

it is observed that load voltage at the point of common coupling (PCC) is equal to the 

reference voltage, 1 pu. The voltage sag occurs, when LG, LLG, LLLG, LL and LLL 

faults are applied in the test system via a fault resistance.  Table 4.3 shows the effects 

of faults in the test system. It is observed that during LG fault, the voltage is reduced 

from reference voltage 1 pu to 0.901 pu with voltage drop or percentage sag of 9.9%.  

Table 4.3:   Load voltage under different faults with and without DVR 

WITHOUT DVR WITH DVR

Types of
faults

Voltage min
(pu)

Voltage
max
(pu)

RMS
voltage

drop (%)

Voltage
min
(pu)

Voltage max
(pu)

RMS
voltage

drop (%)

LG 0.901 1 9.9 0.995 1 0.5
LLG 0.857 1 14.3 0.973 1 2.7

LLLG 0.829 1 17.1 0.967 1 3.3
LL 0.789 1 21.1 0.92 1 8

LLL 0.485 1 51.5 0.801 1 19.9
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Table 4.4:   Load voltage under different faults with and without D-STATCOM 

WITHOUT D-STATCOM WITH D-STATCOM

Types of
faults

Voltage min
(pu)

Voltage
max
(pu)

RMS
voltage

drop (%)

Voltage
min
(pu)

Voltage max
(pu)

RMS
voltage

drop (%)

LG 0.901 1 9.9 0.996 1 0.4
LLG 0.857 1 14.3 0.989 1 1.1

LLLG 0.829 1 17.1 0.983 1 1.7
LL 0.789 1 21.1 0.98 1 2

LLL 0.485 1 51.5 0.929 1 7.1
 

Fig. 4.26 shows the voltage sag during LG fault. The voltage at PCC is 1 pu without 

any fault, which is reduced to 0.901 pu under LG fault condition. Meanwhile, the 

voltage sag and percentage sag for other faults are shown in Table 4.3.  

 
Fig. 4.26:   Voltage sag during LG fault condition without D-STATCOM/DVR 

 
Sag Compensation with DVR 

When LG fault is applied during a period of 0.1-0.15 sec, a reduction of 9.9% occurs 

in the voltage. With DVR, the PCC voltage is raised to 0.995 pu and it is found that 

the percentage reduction in voltage is only 0.5%. This means that about 94.94%  of 

sag is compensated by the use of DVR. The effectiveness of DVR for other faults are 
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recorded in Table 4.3. The details of voltage mitigation capability of DVR under LLL 

fault is demonstrated in Fig. 4.27. 

 

Fig. 4.27:   Voltage sag during LLL fault condition without and with DVR 

Sag Compensation with D-STATCOM 

With the use of D-STATCOM, the PCC voltage at 0.901 pu is raised to 0.996  pu 

under LG fault condition. The percentage sag is reduced from 9.9% to 0.4%. Hence, a 

percentage sag of 95.95% is recovered The voltage sag and recovered voltage with 

and without the use of D-STATCOM is shown in Fig. 4.28. The effect of different 

faults and the effectiveness of D-STATCOM are shown in Table 4.4. 
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Fig. 4.28:   Voltage sag during LG fault without and with D-STATCOM 

Sag Compensation with SSTS 

Under the normal operating condition, the rms voltage at the point of common 

coupling (PCC) at which the load point is normally taken as reference voltage 1 pu. 

When different faults are applied via a fault resistance in the system, the voltage sag 

occurred. During LG fault, its value which was at 0.916 pu rose to 0.975 pu with the 

use of SSTS with its effective control. Hence, the sag of 9.9% is reduced to 6.05%. 

The recovery in percentage voltage sag is found to be 38.88%. The voltage sag and its 

percentage sag for different fault conditions are measured and the tabulations are 

given in Table 4.5. The voltage sag under LG fault condition with NO SSTS is 

compared with SSTS in operation as can be seen in Fig.4.29. In the case of SSTS in 

operation, the control scheme provides proper and effective control on the SSTS 



93 

switches to drive back to the pre-fault voltage. Meanwhile, SSTS transfers the load 

from the unhealthy feeder to the healthy feeder within a fraction of half cycle so that 

the voltage at PCC is nearly equal to the reference voltage.  

Table 4.5:   Load voltage under different faults with and without SSTS 

WITHOUT SSTS WITH SSTS

Types of
faults

Voltage min
(pu)

Voltage
max
(pu)

RMS
voltage

drop (%)

Voltage
min
(pu)

Voltage max
(pu)

RMS
voltage

drop (%)

LG 0.916 1 8.4 0.975 1 2.5
LLG 0.831 1 16.9 0.961 1 3.9

LLLG 0.745 1 25.5 0.945 1 5.5
LL 0.841 1 15.9 0.942 1 5.8

LLL 0.621 1 37.9 0.878 1 12.2
 

 

 
Fig. 4.29: Voltage sag during LG fault without and with SSTS 
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Fig.4.30 shows the PCC voltage in pu for different fault conditions and its mitigated 

voltage with the use of DVR and D-STATCOM.  

Fig.4.31 shows the percentage voltage sag at PCC with respect to the reference 

voltage, for different fault conditions, with and without DVR or D-STATCOM. It is 

seen that the percentage voltage sag under LG fault condition is 9.9. By making use 

of DVR, the voltage sag is improved and the percentage voltage sag is found to be 

0.5. It clearly shows that the percentage voltage recovery from fault condition to the 

recovered condition is 9.44.   

The use of D-STATCOM gave an improvement in percentage voltage sag to 0.04. 

Hence, the percentage recovery in voltage sag from fault condition to the recovered 

condition for LG fault condition is 9.5. This means that the voltage sag occurring 

under LG fault condition is found to be compensated effectively. The capability of 

DVR and D-STATCOM for other faults is shown in Fig. 4.30 and 4.31.   

 
Fig. 4.30:   Voltage at PCC in normal distribution test system without and with 

DVR/D-STATCOM 
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Fig. 4.31: Percentage voltage sag in normal distribution test system without and 
with DVR/ D-STATCOM 

The load voltage at PCC with and without the use of SSTS is shown in Fig.4.32. 

From Fig. 4.33, it is found that, under LG fault condition, the percentage sag 

concerning pre-fault voltage is 8.4 which is reduced to 2.5 with the effective use of 

SSTS. It is found that the percentage sag improvement from fault condition to the 

recovered condition is 6.05.   
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Fig. 4.32:   Load voltage at PCC in normal distribution test system without and with 

SSTS 

 

Fig. 4.33:  Percentage voltage sag in normal distribution test system without 
and with SSTS 
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4.4.2 Wind integrated Distribution Test System 

In the wind integrated normal distribution test system, the voltage sag occurring at 

different fault conditions and its mitigation using DVR and D-STATCOM are 

presented in Fig.4.34. It is observed that the PCC voltage is much improved with the 

use of DVR and D-STATCOM.  

 

Fig. 4.34:   Load voltage at PCC in wind integrated normal distribution test system 

without and with DVR/D-STATCOM 

Fig.4.35 shows a comparison of percentage sag obtained by DVR, D-STATCOM 

with NO DVR/D-STATCOM. Under LG fault condition, the percentage sag which 

was found to be 7.0, is reduced to 5.0 with the integration of DVR and to 3.3 with the 

use of D-STATCOM. Details of other faults are shown in Fig. 4.35.   
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Fig. 4.35:  Percentage voltage sag in wind integrated normal distribution test 

system without and with DVR/DSTATCOM 
 

The voltage sag under different fault conditions with and without SSTS is shown in 

Fig. 4.36. It is seen from Fig.4.37 that the percentage sag under LG fault condition is 

2.2 which is completely compensated with the use of SSTS. It is observed that the 

control scheme of SSTS effectively mitigated the sag for faults except for LLL fault.  
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Fig. 4.36:   Load voltage at PCC in wind integrated normal distribution system 

without and with SSTS 

 

 
Fig. 4.37:  Percentage voltage sag in wind integrated normal distribution test 

system without and with SSTS 
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With the integration of wind as well as SSTS, the rms voltage is maintained at PCC in 

fault conditions. SSTS only deactivate the faulty feeder in favor of a healthy feeder 

but the wind system regulates the voltage by absorbing or generating reactive power. 

4.4 SUMMARY 

Power quality issues such as voltage sag in a normal distribution test system as well 

as in the wind integrated distribution test system analyzed using PSCAD is presented. 

In the wind connected system, the voltage at the load side is not much reduced than 

the normal system under different fault conditions. Essentially, it is due to the 

reactive support given by the wind generator. In this work, it is found that D-

STATCOM gave a better improvement in PCC voltage than DVR with an effective 

PWM control. D-STATCOM is mainly meant for voltage regulation at the customer 

side and DVR helps to reduce the interference on the source side. From the analysis, 

it is found that the voltage sag that occurs at different fault conditions in both systems 

is mitigated by DVR and D-STATCOM, since it injects reactive power to maintain 

voltage level within limits. Simulation results show that the voltage regulation in 

wind connected system is less compared to the normal distribution system, under 

different fault conditions. Even though SSTS does not mitigate the voltage drop, it 

helps to transfer the power from faulty feeder to the healthy feeder at a very high 

speed. 

 



CHAPTER 5 

OPTIMAL ACCESS POINT AND SIZE OF DG IN RADIAL 

DISTRIBUTION SYSTEM 

5.1 INTRODUCTION 

Electrical supply industries are facing some crucial problems to satisfy their 

consumers against the violation of voltage limits, unscheduled power interruptions, 

poor power quality and reliability. The uninterrupted power with sinusoidal voltage 

and frequency within the tolerable limit allows the end user equipment to function in 

its intended manner. The distribution feeder with uninterrupted power makes use of 

industry to meet their targeted production which results in profit generation. The 

present scenario reveals that the consumption of electrical energy is sharply 

increasing in an unpredictable manner [168]. In the recent years, ESI cannot cope up 

with the customer’s requirements at peak hours because the energy consumption is 

not in step with the possible capacity of generation. The ultimate goal of energy 

suppliers is to plan and maintain reliable power with proper power quality standards 

demanded by the end user. One of the effective ways to meet the customer's demand 

is the integration of distributed generation such as wind, SPV based systems etc., to 

the grid. A viable option to avoid overloading at the critical time in the densely 

populated area is, to reschedule the load from one feeder to another with the help of 

solid-state transfer switch (SSTS) [169], [170].  
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Addition of DG, CPD etc. to the existing system requires the detailed load flow 

analysis. In contrast to the transmission system, LF studies in radial distribution 

system have not yet received the appreciable attention of the researchers. Load flow 

analysis is very essential for the continuous evaluation of the stability and reliability 

of the existing power system and effective planning of other alternatives such as DG 

or system expansion to meet the increased load demand in the future. Because of some 

peculiarities, the radial system is categorized in a state of ill-condition.  

The special features of the distribution network are as follows: 

i. Radial or weakly meshed networks 

ii. Too long 

iii. High R/X ratio 

iv. Multi phase, unbalanced operation 

v. Unbalanced distributed load 

Advantages of the radial distribution system are [171]:  

 Minimum initial cost  

 Planning, design, and operation are simple. 

Its disadvantages are: 

 Low reliability factor 

 Poor voltage regulation. 
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Traditional load flow methods such as Gauss-Siedel and Newton-Raphson technique 

cannot be used to analyze the voltage profile and to compute the losses [172], [173]. 

And these algorithms do not guarantee any convergence and a chance to give an 

inaccurate result. Hence a fast and efficient load flow algorithm is required to fulfill 

the objectives of the load flow analysis. Backward and Forward Sweep Algorithm 

(BFSA) [171], [174] is proposed for conducting load flow analysis in the radial 

distribution network and hence to find the voltage at each bus. This method is 

computationally more efficient since it involves only algebraic equations of the 

magnitude of the voltage. Also, it saves a lot of computer memory by storing all the 

necessary data in the vector form. 

Since almost 90% of distribution systems are radial, the customer at far end suffers 

from high voltage regulation. Integration of Distributed Generation (DG) having 

optimum size at proper location helps in improving voltage profile as well as a 

reduction in system losses [62]. Deployment of DG has led to the emergence of new 

concepts like hybrid and smart grid technology. In this regard, it helps in achieving 

highest reliability and efficiency [175], [176]. 

Voltage stability is the ability of the power system to maintain steady, acceptable 

voltages at all buses in the system under normal operating conditions and after being 

subjected to a disturbance. An unacceptable voltage level leads to instability which may 

be a cause for the voltage collapse or even blackout [177]. In DG integrated radial 

distribution system, one of the major challenges faced by electrical supply industry 

towards system stability is the islanding operation of DG [178]. The improper location 

and size of DG make a high degree of PQ problem in DG integrated grid system.  
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Several optimization techniques such as Particle Swarm Optimization (PSO), Genetic 

Algorithm (GA), Immune Algorithm [179] etc. are used to solve the multi-objective 

problems like the position and size of multi DG in the radial system [180], [181]. The 

determination of the possible locations and sizing of DG, to reduce the power losses and 

to improve voltage profile using BFSA, has not been found attempted in the literature. In 

this background, a Genetic Algorithm based BFSA is proposed, to find the optimal size 

of single DG with proper placement in a radial distribution system which alleviates the 

adverse effect such as the deployment of losses and degradation of voltage profile. 

5.2 DISTRIBUTION SYSTEM 

The distribution system is the final stage of electrical power system network which 

carries electrical power from the secondary transmission system to the individual 

customers. The feeders carry medium voltage up to 11 kV from secondary transmission 

transformer to distribution transformer located near the customer’s premises.  

Distribution networks are classified into two: 

i. Ring main distribution system 

ii. Radial distribution system 

5.2.1Ring Main Distribution System 

Ring main distribution network made in a way that one ring network of distributors is 

fed by more than one feeder. It starts at the substation and is connected to the 

customer area serving one or more distribution transformers or load centers. The 

conductor of the system returns to the same substation. In this system, the fault or 
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maintenance of the feeder will not affect the other feeders since the ring distributor is 

still energized by other feeders connected to it. Generally, the ring main system is not 

preferred in low voltage generation side or distribution side because its construction 

requires more switches and conductors. The construction cost is very high and hence 

it is more expensive than radial distribution system. 

5.2.2 Radial Distribution System 

Single substation feeding power to one end of the distribution network is called radial 

system. Power is delivered from the main branch to the sub-branches, and then it is split 

out from the sub-branches.  Radial distribution systems are classified into main feeder 

type and main and lateral feeder type. Systems without sub-branches are called main 

feeder type and with sub-branches are named as main and lateral feeder type. The radial 

network is cheapest and reliable because this configuration has no loops. Each bus is 

connected to the source via exactly one path and hence it is widely used in thickly 

populated areas. The main advantage of the radial distribution system is its simple 

construction, low initial cost and useful when generation is at low voltage. But the 

major drawback is that in case of any feeder failure, the power supply of end users is 

interrupted.  The radial network is preferred when the substation is located in the centre 

of the load. 

5.3 METHODOLOGY 

The electrical equivalent circuit of 15 bus, 11 kV balanced radial distribution system 

is shown in Fig.5.1. Line shunt capacitance is negligible at the distribution voltage 

level. Consider a two bus network having sending end voltage i iV   and receiving 
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end voltage 
j jV  . Load at bus ‘j’ is 

j jP jQ and ( )iI is the current flowing from the 

bus ‘i’ to bus ‘j’ [171]. The impedance of the feeder line is ( ) ( )R k jX k . 

 

Vi i Vj j

Bus j

R(k) + j X(k)

I(i)

 Load

Pj + j Qj

Bus i

 

Fig. 5.1:   Schematic diagram of radial distribution system with two buses 

( )
( ) ( )

V V ji i j
I i

R k jX k
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Also, 

j j

j

P - j Q
I(i)=

*V
        (5.2)  

from the above equations (1) and (2) 

1
21

2 2
2 222 2 20.5 ( ) ( ) 0.5( ) ( )( ) ( ) j j ij j j i jjV P Q P R k Q X k VR k X k QPR k X k V

 
  
                        

 
 

    
 (5.3) 

where 
jP and 

jQ  are total real and reactive power loads through node j   

jP   =  sum of real power loads of all the nodes beyond node ‘j’ plus  real power 

load of  node j  itself plus the sum of real power losses ( ndg

lossP )of all the 

branches beyond node j   

jQ   =  sum of reactive power loads of all the nodes beyond node j plus reactive 

power load of node ‘j’ itself plus the sum of reactive power losses ( ndg

loss
Q ) 

of all the branches beyond node j . 
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Real and reactive power losses in branch ‘k’ is 

2 2

2
( )

j j
ndg

loss

j

P Q

R kP
V



    (5.4) 

2 2

2
( )

j j
ndg

loss

j

P Q

X kQ
V

 


      (5.5) 

For MATLAB simulation, the nodes and branches beyond a particular node have to 

be identified which helps in finding the exact load feeding through that particular 

node. If all the nodes and branches are identified, it is very easy to calculate voltage 

magnitudes at nodes with the help of equation 5.3. In successive iterations, the 

solution gets converged, if the difference between real and reactive power delivered 

from the substation is less than 0.1 kW and 0.1 kVAr [182]-[185]. The above 

algorithm is used to find the voltage at different nodes and active and reactive power 

losses at different branches. Active and reactive supports are given to the branch 

having high active and reactive power loss employing DG and Custom Power 

Devices to maintain the voltage stability [186], [187].  

5.4 FORWARD BACKWARD SWEEP ALGORITHM (BFSA) 

Backward and Forward Sweep Algorithm (BFSA) is a simple, efficient and accurate 

algorithm that can be implemented to find the voltage profile and hence total real and 

reactive power losses of a radial distribution system. It converges very fast since node 

voltages are evaluated directly from Kirchhoff’s Voltage Law [171]. Backward/forward 

sweep method for the load-flow computation is an iterative method in which, two 
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computational stages are performed in every step of the iteration. Load flow of a single 

source network can be solved iteratively from two sets of recursive equations. First set of 

recursive equations for the calculation of power flow through branches starting from the 

last branch and proceeding in the backward direction towards root node. It starts from the 

branches in the last node and moves towards the branches connected to the root node. 

The updated effective power flows in each branch are obtained by considering the bus 

voltages of the previous iteration. Hence, the bus voltages obtained in the forward path 

are held constant during the backward propagation and updated power flows in each 

branch are transmitted backward along the feeder using backward path.   

The other set of recursive equations are used to calculate the voltage magnitude and 

angle of each node starting from the root node and proceeding in the forward 

direction towards the last node. In this case, Forward Sweep is used for updating bus 

voltages starting from branches in the first node to the last node. The feeder 

substation is to be taken as the first node and the voltage of this node is set to 1 0  pu. 

The effective power in each branch is held constant to the value obtained in the 

backward path. Since radial system consists of main feeders as well as lateral feeders, 

it is necessary to identify the nodes and branches beyond a particular node. BFS 

algorithm helps in finding the net load feed through each node. IEEE 15 bus radial 

distribution test system has been taken for the application of BFS Algorithm. 
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5.5 ALGORITHM FOR LOAD FLOW ANALYSIS 

The steps for computing power loss and bus voltages are: 

Step 1 :  Read the system Data. 

Step 2 :  Identify the nodes and branches beyond each node. 

Step 3 :  Calculate the exact load feeding through each node. 

Step 4 :  Assign bus with larger capacity as Slack. 

Step 5 :  Assign flat start profile 1pu (per unit).   

Step 6 :  Perform BFSA to find node voltage.  

Step 7 :  Check for convergence of node voltage. 

Step 8 :  If not converged, replace node voltage with updated value, 

otherwise go to step 8. 

Step 9 :  Set node voltage. 

Step 10 :  Calculate net Real and Reactive power losses.  

Step 11 :  Store net Real and Reactive power losses. 

Step 12 :  Print the result. 
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5.6 FLOW CHART OF LOAD FLOW ANALYSIS 

Flow chart of load flow algorithm is shown in Fig. 5.2. 

Read line data and load data

Identify the nodes and branches beyond

each node

Calculate the exact load

at each bus

Assign largest

bus as slack bus

Perform BFSA to compute and

update node voltage

Assign flat start

profile with 1 pu

Compute branch real and reactive

power losses

check for convergence of

node voltage

Print voltage, real and reactive

power losses

Compute net real and reactive

power losses

store  the result

Compute net real

and reactive power

losses

 

Fig. 5.2:   Flow Chart for finding bus voltage and power loss  

5.7 GENETIC ALGORITHM 

Genetic Algorithm (GA) is one of the computerized search and optimization 

algorithm in problem-solving, that has inspired from the natural reproduction in fresh 

life based on Darwinian’s principle of evolution “survival of the fittest”[188]-[190]. 

So GA maintains a population of chromosomes associated with fitness values. It 
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provides a global optimal solution rather than local optimum for nonlinear problems. 

GA depends entirely on the responses from its environment and operations such as 

selection, cross over and mutation, which starts with no knowledge of the real 

solution. It considers the population is having a number of chromosomes that 

represent candidate solution [191]. Chromosomes are composed of genes, 

representing binary strings of fixed length to optimize the various characteristics. 

Each chromosome is as n - dimensional real values vector where m ,the number of 

optimized parameter and therefore each optimized parameter represents the 

dimension of searching space. 

Parents are selected to mate by their fitness, producing offspring via a reproductive 

plan. Consequently, highly fit solutions are given more opportunities to reproduce, so 

that offspring inherit characteristics from each parent. GA processes a number of 

solutions simultaneously. 

In the first step, make population having n individuals or chromosomes that are 

generated by pseudo-random generators whose individuals represent a feasible 

solution. This is a representation of solution vector in a solution space and is called 

initial solution. Then individual members of the population are evaluated to find an 

objective function value. Finally, the objective function is mapped into a fitness 

function that computes a fitness value for each member of the population. 

 5.8 ALLOCATION OF DG ON RADIAL NETWORK 

The rating of Distributed generation (DG) ranges from 100 kW to 1500 kW. It can be 

connected at the substation or any point on the feeder or the load point of the 

customer. Integration of DG improves the system stability and reliability by reducing 

feeder loading and thereby lowering energy costs in high demand periods. 
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The feeder point at which the DG is to be connected can be assigned with the help of 

power loss minimization or using various indices. In this work, both methods are used 

for identifying the location of DG. BFS algorithm is adopted to compute bus voltage 

and power losses. DG is modeled as a negative load so it is independent of the 

terminal voltage. It is connected in parallel to the load point of the feeder. 

Real power at node j  with DG,           dg dg

j jP P P   

Reactive power at node j  with DG,   dg dg

j jQ Q Q   

where, 
jP  and 

jQ  is the real and reactive power of the load connected to thj  node and 

dgP  and dgQ  are the real and reactive power of the DG connected to thj node. In this 

work, dgQ  is taken as 0 kVAr. 

5.8.1 Objective Function  

The power loss is computed for different ratings of DG placed at each feeder point. 

To find the optimal size of DG, power loss minimization is taken as the objective of 

the problem. GA is used to optimize the size of DG. 

1

1

2 2

2
( )

j jN
ndg

loss

jk

P Q

R kP
V







 

 

 (5.6) 

where, ndg

lossP is the power loss without DG. Then, the objective function is: 

Minimize: 

( )

( )

dg

x ndg

loss

loss xP
g

P



 

 (5.7) 
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where, x  represents the chromosome value, that is, size of DG in kW. 
( )

dg

loss xP  is the 

total system real power loss with DG of x kW rating. 

5.8.2 Constraints 

The active power generated by each DG ( dgP ) is restricted by lower and upper limits 

(
min

dg
P and 

max
dgP ). It is based on the total connected load of the system network. 

So the constraints used for the optimization of the DG capacity is  

min max

dg dg dgPP P  (5.8) 

min maxV V V     (5.9) 

5.8.3 GA Parameters 

Binary type coding is used to represent the capacity of DG. It is taken as 0000 to 1111 

where 0000 represents NO DG unit and 1111 represents 15 DG units of 100 kW 

(1.5MW). The decoding of GA solution is based on the same idea by translating a 

number in the chromosome into the respective DG unit. 

GA parameters used are 

1. Selection :  Roulette wheel selection 

2. Cross over :  one point cross over with a cross over rate of 0.95 

3. Mutation :  Bitwise mutation with a mutation rate of 0.05 

4. Population Size :  30 individuals 
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5.8.4 Flow Chart 

Flow chart for finding size and location of DG is shown in Fig. 5.3. 

start

Read System data

Run load  flow for base case

Generate initial population

 DG location (node 1)

N = No. of iterations

Generation,M = 0

create chromosome

Generation = Generation + 1
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update and read necessary data

Run load flow

satisfy the
constraints
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Compute Fitness function
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Is M<N

Compute Fitness function

for all chromosomes and

choose minimum one

Is it less
 than base
 case

Stop
solution

Yes

No

No
Yes

Yes

No

K=K+1

 

Fig. 5.3:   Flow Chart for finding size and position of DG 
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5.9 MAIN FEEDER TEST SYSTEMS 

In main feeder type RDS, the first feeder is originated from the substation and each 

subsequent feeder is connected to its previous feeder. It is mainly used for bulk 

consumers. The voltage profile of the customers at the far end is not seriously affected. 

The primary feeder takes power from the distribution substation and feeds it to the 

loads connected to it through other feeders. For a group of customers, only one 

substation is acting as a power source. 

In this work, IEEE 10 bus and IEEE 12 bus are taken as main feeder type test systems 

[190], [192]-[197]. There are no lateral branches in these systems. The base voltage 

and base MVA of IEEE 10 bus and 12 bus are 23 kV, 100 MVA and 11 kV, 100 

MVA respectively. In 10 bus system, there are 9 main feeders and 10 buses, and 11 

main feeders and 12 buses in 12 bus system. In both systems, bus 1 is taken as a slack 

bus or substation bus and its voltage is 1 0 .  

5.9.1 IEEE 10 bus and 12 bus Test Systems 

The single line diagram of IEEE 10 bus and 12 bus test systems are shown in Figures 

5.4 and 5.5. In 10 bus test system, the total connected active and reactive loads are 

found to be 12.368 MW and 4.186 MVAr respectively and in 12 bus system, it is 

found to be 0.435 MW and 0.405 MVAr respectively. 

1        2        3         4         5        6         7         8        9        10

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

Substation

   23 kV,100 MVA

 
Fig. 5.4:   Single line diagram of 10 bus main feeder test system 
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1        2        3         4         5        6         7         8        9

L1 L2 L3 L4 L5 L6 L7 L8 L9

11kV, 100MVA

      Substation

  10       11       12

L10 L11 L12  

Fig. 5.5:   Single line diagram of IEEE 12 bus main feeder test system 

Simulation is carried out on both systems to find the voltage profile and power loss 

with and without DG. The first step is to compute the power loss and voltage profile 

with no integration of DG. Then, the different size of DG is placed at each bus and 

the power loss and voltage profile are computed. Both results are compared to 

observe whether the integration of DG is beneficial or not.    

5.9.2 Power Loss and Voltage Profile  

From the analysis of 10 bus system without DG, it could be observed that: 

i. Bus voltage is 1 pu (23 kV) at node 1(substation), and 0.8424 pu (19.38 kV) is 

the lowest voltage occurring at node 10 is shown in Fig. 5.6. The voltage at 

load terminal is limited to 23 6%  (22.94 kV). But, it is seen that the 

customers at the far end suffer from severe voltage shortage. 

ii. Active power loss and reactive power loss are found to be 0.80729 MW and 

0.9689 MVAr respectively. It means that 6.527% of connected active load and 

23.146% of connected reactive load are found to be as total active and reactive 

power loss in the system. 

iii. The network requires active or reactive power support to maintain the voltage 

stability in the system. 

From Figures 5.6 to 5.8, it is seen that the integration of suitable size of single DG at 

proper location gave a positive impact on voltage profile and power loss. It is 

observed that the power loss decreases first and then increases as the size of DG 

increases.  
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Fig. 5.6:   Voltage profile of IEEE 10 bus RDS without and with DG  

 

Fig. 5.7:   Power loss of IEEE 10 bus RDS when different size of DG placed at bus 6  

 

Fig. 5.8:   Comparison of power loss without and with DG in IEEE 10 bus RDS 
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In 10 bus system, by adding DG of size 6 MW at node 6, it is seen that: 

a. Voltage profile is improved because the voltage at node 10 is increased from 

0.8424 pu to 0.8783 pu (20.2 kV). But this voltage does not lie in the 

permissible limit (± 6%). Installation of multiple DGs can improve the voltage 

to these limits. 

b. Active and reactive power losses are reduced to 0.54846 MW and 0.70745 

MVAr respectively with a loss reduction of 32.06% and 26.98% respectively. 

c. Loss reduction with single DG is computed as 0.25883 MW. 

Simulation results of 12 bus system are shown in Figures 5.9 to 5.11. The following 

observations are noted. 

i. Improved voltage profile is obtained with the integration of 0.3 MW size of 

DG at bus 5. The lowest voltage observed is at bus 12 and it is improved from 

0.9434 pu to 0.9527 pu. This voltage is within the permissible limit. 

ii. Active and reactive power loss is reduced from 0.02069 MW to 0.01761 MW 

and 0.00806 MVAr to 0.006786 MVAr respectively. Hence, it can be seen 

that a single DG can reduce 14.88% of active power loss and 15.8% of 

reactive power loss. 

iii. Loss reduction with single DG is computed as 0.00308 MW. 

 

Fig. 5.9:   Voltage profile of IEEE 12 bus RDS without and with DG 
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Fig. 5.10:   Power loss of IEEE 12 bus RDS when different size of DG placed 

at bus 5  

 
Fig. 5.11:   Comparison of power loss without and with DG in IEEE 12 bus RDS 

5.10 MAIN AND LATERAL FEEDER TEST SYSTEMS  

Main and lateral feeder type radial network consists of lateral feeders which are 

connected to the main feeder so that the far end customers suffer from poor voltage 

regulation. The main feeder type radial systems have no lateral feeders. 
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5.10.1 IEEE 15 bus Test System  

In this work, 15 bus, 11 kV radial distribution system connected to the substation is 

taken as main and lateral feeder type test system is shown in Fig. 5.12. This system 

consists of 4 main feeders and 10 lateral feeders and the total load connected to this 

system are 1.2264 MW and 1.251 MVAr respectively. The power factor of the load is 

treated as 0.7. Loads are represented as constant power and the shunt capacitances are 

neglected. It is assumed that the three-phase radial distribution networks are balanced 

and loads are assumed to be constant. The substation consists of a step down 

transformer with voltages 230/11 kV [171], [198]-[200]. The substation is taken as 

the slack bus, and its voltage is taken as 1 pu. It is assumed that the slack bus 

generates the real and reactive power required for meeting distribution losses.  

 
Fig. 5.12:   Single line diagram of IEEE 15 bus distribution feeder  
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5.10.2 Power Loss and Voltage profile 

The effectiveness of GA based BFS algorithm has been demonstrated for an 11 kV, 

15 bus radial distribution system with constant load condition. In this analysis, DG is 

to act as a source of active power. 

From the analysis of radial network without DG, it was observed that: 

a. Bus voltage is 1 pu (11 kV) at node 1(substation voltage) and 0.9445 pu 

(10.38 kV) is the lowest voltage occurring at node 13 with a drop of 5.55% is 

shown in Fig. 5.13. The bus having a maximum voltage of 0.9713 pu (10.68 

kV) is bus number 2 with a drop of 2.87%. It is observed that the voltage at 

lateral feeder buses is not within a permissible limit. 

ii. Active power loss and reactive power loss are found to be 0.06179 MW and 

0.05729 MVAr respectively. It means that 5.038% of connected active load 

and 4.58% of connected reactive load are found to be total active and reactive 

power losses in the system. The power loss exceeds the permissible limit (± 4 

- 5% of connected load).  

In normal operation, the power flow is from generating station to distribution line and 

it acts as a passive network. Integration of DG changes this scenario with the 

conversion of the passive distribution network to active network. DG provides power 

locally to the loads which reduce the current flow in this part of the network. 

Consequently, there is a considerable reduction in line losses which are dependent on 

line current through the respective branches. Similarly, the location and size of DG 

affect the voltage drop in the lines due to the change in line current. DG with power 

electronic converters provides sufficient amount of reactive power required by the 

line. The positive impact of DG on voltage profile and power loss is acquired by 

avoiding the flow of reactive power over large distances. The far end buses 

experience low voltage due to voltage drop in the lines. The locations of DG near to 



122 

the load counter the poor voltage regulation. Hence, the integration of proper size of 

DG at suitable location increases the overall energy efficiency and system reliability.  

To assess the impact of DG on bus voltage, power loss in each branch and total power 

loss, DG of size 100 kW to 1500 kW with a step size of 100 kW have been placed on 

individual nodes in a sequential manner. The size of DG is selected in such a way that 

the maximum size of DG that can be placed in the system is its total active power 

load plus total power loss in the system. The variations in the above mentioned three 

parameters have been observed during the placement of one DG at each node 

individually from node 2 to node 15. Further, for each individual node, the capacity 

of DG has been varied in the above manner to reach an optimal rating. 

It can be seen from Figures 5.13 and 5.14 that the power loss in some branches, 

particularly 1-2, 2-3 and 2-6 decreased with the integration of DG. This means that the 

DG reduces the current flow through these branches and hence decreases the power loss. 

 

Fig. 5.13:   Active power Loss in branches without and with DG 
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Fig. 5.14:   Reactive power loss in branches without and with DG 

The impact of the different size of DG at bus 6 on power loss can be seen from Fig. 

5.15 and it is observed that as the size of the DG increases, the power loss decreases 

initially and then increases. Results show that, when DG of size 0.4MW is integrated 

at bus 6, then the power loss is minimum. The impact of 0.4 MW size DG at each 

individual node on power loss is shown in Fig. 5.16. Power loss at bus 2 and bus 3 are 

considerably low compared to bus 4 and bus 6, but these buses are near to the 

substation; hence it doesn't require any active power support. Moreover, the size of 

DG obtained is comparatively large and not economical. The analysis showed that 0.4 

MW size DG placed at bus 6 and bus 4 provide a power loss of 0.05738 MW and 

0.059 MW respectively. On comparing the results shown in Figures 5.17 and 5.18, it 

is concluded that more reduction in power loss can be attained with the integration of 

0.4 MW size DG at bus 6 than at bus 4.  
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Fig. 5.15:   Power loss of IEEE15 bus RDS when different size of DG placed at bus 6 

 

 

Fig. 5.16:   Power loss of IEEE 15 bus RDS when 0.4 MW size of DG placed at 

different buses 
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Fig. 5.17:   Active power Loss when different size of DG placed at bus 4 and bus 6 

 

Fig. 5.18:   Reactive power loss when different size of DG placed at bus 4 and bus 6 

The voltage profile of IEEE 15 bus test system without DG integration and placing of 

0.4MW DG at bus 4 and bus 6 are shown in Fig. 5.19. It can be seen that the 

integration of 0.4MW DG placed at bus 4 and bus 6 gave a positive impact on the bus 
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voltage. Variation in power loss with the integration of different size of DG at 

individual nodes is tabulated (shown in Appendix). Further, it is observed that the 

integration of DG at some nodes may result in considerable reduction in the voltage 

profile and also an increase in the power loss. Hence, it is inferred that improper 

location and size of DG can give negative impact on the grid in terms of increased 

power loss and voltage instability of the whole network.   

 

Fig. 5.19:   Voltage profile of IEEE 15 bus RDS without and with DG  

It is seen from Fig. 5.19 that when 0.4MW DG is integrated at bus 4, the voltage gets 

improved at some buses. When integrated at bus 6, voltage improvement takes place 

at some other buses. 
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Adding DG of size 0.4 MW at node 6, it was seen that: 

a. Active power loss is reduced from 0.06179 MW to 0.059 MW and reactive 

power loss from 0.05729 MVAr to 0.05458 MVAr with the integration of 0.4 

MW DG placed at bus 4. Active power loss is reduced to 0.05738 MW and 

reactive power loss to 0.05385 MVAr with the integration of same capacity of 

DG placed at bus 6. The reduction of active power losses is about 4.52% and 

7.13% for buses 4 and 6 respectively. The corresponding reductions in 

reactive power losses are found to be 4.73% and 6.0%.  

b. Voltage profile is improved and the voltage at node 13 is increased from 

0.9445 pu to 0.9452 pu (10.4 kV). This voltage lies in the permissible limit (± 

6%). The percentage reduction in voltage is 5.48% and 2.82% respectively. 

Hence, it is clear that the minimum and maximum voltages at bus 2 and 13 are 

recovered with 0.074% and 0.05%.  

c. It is seen that the integration of 0.4 MW size of DG placed at 6 gives an 

improved voltage profile than the same capacity of DG placed at node 4. 

d. Loss reduction with single DG is computed as 4.41 kW. 

5.10.3 Line Loss Reduction Index and Voltage Profile Improvement Index 

The objective of the integration of DG is to improve the voltage profile in the way of 

reducing power losses. Technical benefits of DG are evaluated and quantified with 

the help of two indices named Line Loss Reduction Index (LLRI) and Voltage Profile 

Improvement Index (VPII) [191]. The value of these indices should be below unity. 

Both indices can also be considered for the identification of optimal location and 

sizing of DG in radial system.  

Line Loss Reduction Index 

With the integration of DG, the line current is reduced, which helps in reduction of 

system losses. So the proposed index LLRI can be defined in terms of total losses 

with and without DG. Line loss reduction index is: 
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dg

loss

ndg

loss

P
LLRI

P

           (5.10) 

The benefits can be evaluated by this index shown in Equation 5.8 as: 

LLRI < 1, Line losses are reduced with the integration of DG 

LLRI = 1, No change in line losses with the integration of DG 

LLRI > 1, Line losses are increased with the integration of DG 

Voltage Profile Improvement Index 

This index quantifies the improvement in the voltage profile with the integration of 

DG. It can be defined as: 

dg

ndg

VPVPII

VP

     (5.11) 

Equation 5.9 is used to show the impact of DG on voltage profile of radial network.  

VPII < 1, Voltage profile is improved with the integration of DG 

VPII = 1, DG has no impact on voltage profile  

VPII > 1, Not beneficial 

Voltage Profile, 

1

N

j ref

j

VP V V



  , where jV and refV  are the magnitudes of thj bus 

voltage and slack bus voltage ( = 1 pu) and N is the total number of buses.  
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Both indices for 10 bus, 12bus and 15 bus test systems are computed and found that 

its value is less than unity, as shown in Table 5.1. The improvement in voltage profile 

and reduction in power loss are attained with the integration of DG to the utility grid. 

This implies that the net power loss reduction is maximized by minimizing LLRI.  

Table 5.1:   VPII and LLRI of DG integrated 10 bus, 12 bus, and 15 bus RDS  

 

5.10.4 Power Loss Reduction  

The most important objective of DG integration is to reduce the power loss and 

improve the voltage stability, by giving active or reactive support at the proper 

location. The active power loss reduction in 10 bus, 12 bus, and 15 bus are found to 

be 32.06%, 14.88%, and 7.33% respectively and that of reactive power loss reduction 

are 26.98%, 15.8% and 6% respectively. Hence, it can be seen that computation of 

reduction in power loss also yielded encouraging results. 
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5.10.5 Penetration level of DG 

The penetration level of DG [201] in a distribution network can be calculated using 

equation 5.12. 

Penetration level of DG =  100%
dg

tl

P

P
    (5.12) 

where, dgP and tlP are the size of DG and total active power load connected to the 

system. The penetration level of DG in 10 bus, 12 bus, and 15 bus radial systems are 

shown in Table 5.2. 

Table 5.2:   Penetration level of DG in 10 bus, 12 bus and 15 bus RDS 

Test System Penetration level (%) 
10 bus 48.51 

12 bus 68.96 

15 bus 32.61 

5.10.6 Total Operating Cost 

Integration of DG can minimize the operational cost. To compute total operating cost, 

the two components, cost of real power supplied from the substation and cost of real 

power supplied by the installed DG have to be considered. It can be obtained in terms 

of total power loss of the system and the amount of real power drawn from DG [195]. 

Hence the total operating cost is 

1 2
dgdg

loss
TOC C C PP   (5.13) 
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where 1C and 2C are the cost coefficient of real power supplied by the substation and 

DG in $/kW. The cost components are taken as 1C  = 4 $/kW and 2C = 5 $/kW 

respectively. The net operating cost of DG can be reduced as 

2 max
dg

TOC
OC

C P
 

 

 (5.14) 

max

1

0.6
N

dg

j

j

PP


    (5.15) 

where j  is the bus number. Total operating cost and net operating cost of 10 bus, 12 

bus, and 15 bus are given in Table 5.3. 

Table 5.3:   Operating cost of 10 bus, 12 bus, and 15 bus RDS  

Test System TOC ($) OC ($) 
max
dgP  (kW) 

10 bus 5193.84 0.14 7420 

12 bus 1570.44 1.203 261 

15 bus 2236 0.6077 735.84 

 

5.11 OTHER IEEE TEST SYSTEMS USED IN CASE STUDIES 

The effectiveness of proposed algorithm has been tested on 13 bus, 28 bus, 33 bus, 69 

bus and 85 bus IEEE test systems. These buses are main and lateral feeder type test 

systems which are feeding on single substation only. 
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5.11.1 Power Loss and voltage Profile 

Voltage profile for these buses is shown in Figures 5.20 to 5.24 and power loss in 

Figures 5.25 and 5.26. Analysis of power loss of the radial network with DG gave 

confirmed reduction in power loss as compared to that in the radial network without 

DG. Further, this helps to improve the voltage profile with the injection of active 

power by DG. 

 

Fig. 5.20:  Voltage profile of IEEE 13 bus RDS without and with DG 

 
Fig. 5.21:   Voltage profile of IEEE 28 bus RDS without and with DG 
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Fig. 5.22:   Voltage profile of IEEE 33 bus RDS without and with DG 

 
Fig. 5.23:   Voltage profile of IEEE 69 bus RDS without and with DG 

 
Fig. 5.24:   Voltage profile of IEEE 85 bus RDS without and with DG 
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Fig. 5.25:   Active power loss of different IEEE test systems without and with DG 

 

 

Fig. 5.26:   Reactive power loss of different IEEE test system without and with DG 
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5.11.2 LLRI and VPII 

Line loss reduction index and voltage profile improvement index of IEEE test 

systems used for the case studies are shown in Fig.5.27. Indices of test systems are 

seemed to be less than one. This means that the penetration of DG provides a positive 

impact on voltage profile and power loss of radial test system. 

 

Fig. 5.27:   LLRI and VPII of different IEEE test systems 

5.11.3 Power Loss Reduction 

The active and reactive power loss reduction of IEEE test systems is shown in Table 5.4. 

Table 5.4:   Percentage reduction of power loss in IEEE test systems 

Test System % reduction( dg

lossP ) % reduction in ( dg

loss
Q ) 

13 bus 3.7835 3.8322 

28 bus 17.991 16.0848 

33 bus 18.6865 21.7124 

69 bus 13.5973 10.1502 

85 bus 26.1292 27.7745 
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5.11.4 Penetration Level of DG 

The penetration level of DG in IEEE test systems is shown in Table 5.5. 

Table 5.5:   Penetration level of DG in IEEE test systems  

Test System Penetration level (%) 
13 bus 37.9651 

28 bus 36.8421 

33 bus 56.5276 

69 bus 26.2889 

85 bus 82.8402 

5.11.5 Total Operating Cost 

Computed values of TOC for IEEE test systems are shown in Table 5.6. 

Table 5.6:   Operating cost of DG in IEEE test systems 

Test System TOC ($) OC ($) 
max
dgP  (kW) 

13 bus 20675.44 0.6541 6321.6 

28 bus 3576.252 0.6274 1140 

33 bus 11159.16 1.0013 2229 

69 bus 5703.404 0.4998 2282.334 

85 bus 11430.24 1.503 1521 

 

5.12 PRACTICAL RADIAL FEEDERS 

The proposed approach has been applied on three practical power systems for voltage 

stability analysis.  

i. 18 bus: 

 Name of the Feeder  : Kondaparthy  
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Name of the Substation to  

which it is connected  : Mamnoor (33/11kV)  

Length of the Feeder  : 10.55 Km  

ii. 22bus: 

 Name of the feeder  : Raghavpur  

 Name of the Substation to  

 which it is connected  : Ghanpur (33/11 kV)  

Length of the Feeder  : 9.74 Km  

iii.  34 bus : 

 Name of the feeder  : Madarmaddi, Dharwad district  

 No. of tappings  : 2 

 Length of the Feeder  : 0.23121 Km and 0.506 Km  

The bus data and line data of these feeders are given in the Appendix. BFS algorithm 

has been applied on these radial feeders to find the voltage profile and power loss. A 

genetic algorithm is used to find the position and size of DG to be integrated into the 

grid for maintaining the voltage stability. 

5.12.1 Power Loss and Voltage Profile 

Voltage profile and power loss of practical systems are shown from Figures 5.28 to 

5.31. It is seen that integration of DG improves the voltage profile and reduces the 

power loss. 
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Fig. 5.28:   Voltage profile of Kondaparthy feeder without and with DG 

 

 

Fig. 5.29:   Voltage profile of Raghavpur feeder without and with DG 
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Fig. 5.30:   Voltage profile of Madarmaddi feeder without and with DG 

 

 

Fig. 5.31:   Power loss of practical feeders without and with DG 
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5.12.2 LLRI and VPII 

LLRI and VPII of the practical systems are shown in Fig. 5.32 

 
Fig. 5.32:   LLRI and VPII of practical systems 

5.12.3 Power Loss Reduction 

The active and reactive power loss reduction of IEEE test systems is shown in table 5.7. 

Table 5.7:   Percentage reduction of power loss in practical feeders 

Test System % reduction lossP  % reduction in lossQ  

18 bus 25.1 24.06 

22 bus 12.05 12.05 

34 bus 29.42 29.41 

5.12.4 Penetration Level of DG 

The penetration level of DG in practical systems is shown in Table 5.8. 
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Table 5.8:   Penetration level of DG in practical feeders 

Test System Penetration level (%) 
18 bus 80.183 

22 bus 90.592 

34 bus 71.839 

5.12.5 Total Operating Cost 

Operating cost of practical systems is shown in Table 5.9. 

Table 5.9:   Operating cost of DG in practical feeders 

Test System TOC ($) OC ($) 
max
dgP  (kW) 

18 bus 2542.384 1.359 374.1444 

22 bus 3062.152 1.5411 397.3866 

34 bus 1716.4 1.3701 250.5588 

5.13 MULTIPLE DGs IN RADIAL DISTRIBUTION SYSTEM 

Integration of single DG is insufficient to make a positive impact on the radial 

network and its installation cost is very high compared with multiple DGs. In this 

regard, the best way to do something in improving voltage stability of RDS is to 

allocate the optimized size of multiple DGs at proper places [174], [176], [202]-[204]. 

Integration of multiple DGs at different locations reduces the current flow in branches 

near to its location so that the net power loss is reduced. In this way, the voltage 

profile of the whole system can be improved. In IEEE 15 bus test system, it is proved 

that the active power loss reduction is 7.13% with the integration of 0.4MW size of 

DG at the 6
th

 bus. When the same DG is placed at the 4
th

 bus, it is found to be 4.52%. 

From these results, it can be inferred that there exists scope for integration of multiple 

DGs at various locations for further reduction in power loss and improvement in 
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voltage profile. Improvement in voltage profile and reduction in power loss are 

quantified in terms of indices, VPII and LLRI.  

From the literature survey, analytical methods for DG allocation which follow two-

step procedures may not lead to optimal solution which is a major disadvantage. 

Further, each DG is added one by one, in case of multiple DG allocation, which may 

result in missing the optimal solution. Most of the existing meta-heuristic methods 

considered optimization of DG locations and corresponding sizes sequentially which 

may not lead to the optimal solution. Even in some methods where sizes and locations 

were optimized simultaneously, all the buses of the network were considered which 

increases the search space for locations leading to sub-optimal solutions. Hence, a 

novel method is required to optimize both DG sizes and locations simultaneously 

with a reduced searching space. 

The algorithmic steps used for multiple DGs in this system are: 

1. Run the base load flow  (with NO DG) 

2. Find the size and location of single DG using BFSA based GA 

3. Place DG at the above location and run the load flow  

4. Repeat the procedure. 

Four cases are considered to show the effectiveness of multiple DGs in improving the 

voltage stability of IEEE 15 bus radial system. 
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Case 1: NO DG 

Case 2: One DG 

Case 3: Two DGs 

Case 4: Three DGs 

5.13.1 Power Loss and Voltage Profile 

Power loss and voltage profile of single DG in comparison with NO DG are discussed 

in section 5.10.4. From the simulation results shown in Figures 5.33 to 5.35, 7.33% 

and 25.63% reduction in active power loss, and 6.1% and 25.47% reduction in 

reactive power loss were obtained with the integration of single DG and two DGs 

respectively. In this network, integration of three DGs reduced the power loss and 

improved the voltage profile as shown in Figures 5.33 and 5.34 and Table 5.11. Even 

though it attains 50% reduction in active power loss, it is seen that the total size of 

DG exceeds the total connected load. It violates the constraints so that only two DGs 

can be allocated in this system. Table 5.11 shows the % loss reduction in active and 

reactive power loss with the integration of multiple DGs. 

 

Fig. 5.33:   Power loss in IEEE 15 bus RDS with multiple DGs 
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Fig. 5.34:   Voltage profile of IEEE 15 bus RDS with multiple DGs 

 

 

Fig. 5.35:   Active power loss reduction with multiple DGs 
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5.13.2 LLRI and VPII 

Technical benefits of DG in practical feeders are shown in Table 5.10. 

Table 5.10:   VPII and LLRI of IEEE 15 bus RDS integrated with multiple DGs 

Number of DG VPII LLRI 

One DG 0.9444 0.9266 

Two DG 0.8195 0.7437 

5.13.3 Power Loss Reduction 

Percentage reduction in a power loss of IEEE 15 bus is shown in Table 5.11. 

Table 5.11:   Percentage loss reduction in IEEE 15 bus RDS with multiple DGs 

Number of 
DG 

DG size 
(MW) Location 

Total size 
of DG 
(MW) 

lossP  
(MW) 

lossQ  (MV 
Ar) 

lossP  
reduction 

(%) 

lossQ  
reduction 

(%) 
NO DG NO DG   0.061794 0.057297 0 0 

One DG 0.4 6 0.4 0.057259 0.53768 7.33 6.1 

Two DGs 
0.4 6 

0.8 0.045959 0.42701 25.63 25.47 
0.4 4 

Three DGs 
0.4 6 

1.3 0.030347 0.027471 50.89 52.06 

0.5 3 

 

5.13.4 Penetration Level of DGs 

The penetration level of DG is computed and recorded in Table 5.12. The penetration 

level exceeds 100% since the integration of three DGs violates the constraint of the 

maximum size of DG. 
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Table 5.12:   Penetration level of multiple DGs in IEEE 15 bus RDS 

Number of DG Total Size of DG 
(MW) 

Connected 
Load (MW) 

Penetration 
level (%) 

No DG  

1.2264 

0 

One DG 0.4 32.62 

TWO DGs 0.8 65.23 

5.13.5 Total Operating Cost 

Total operating cost and net operating cost are tabulated in Table 5.13. 

Table 5.13:   Operating cost of multiple DGs in IEEE 15 bus RDS 

Number 
of DG 

Total Size 
of DG 
(MW) 

Ploss (with 
DG) MW TOC Connected 

load (MW) PDCmax OC 

One DG 0.4 0.057259 2.229 

1.2264 

0.73584 0.6058 

Two DGs 0.8 0.045959 4.184 0.72584 1.1372 

5.14 OVERALL FINDINGS  

From the analysis, the impact of DG on various systems is concluded as follows: 

1. Bus voltage and power loss of radial network are computed with the help of 

backward forward sweep algorithm.  

2. Optimum size and proper location of DG is found out using a genetic 

algorithm. 

3. Computed the power loss and voltage profile by placing the different size of 

DG at different locations. The results obtained were compared with a genetic 

algorithm. 

4. Considerable reduction in active and reactive power loss was obtained with 

the integration of single DG. 

5. Technical benefits of DG accounted in terms of LLRI and VPII are less than 

one. Hence, it proved that the location and size of DG in the radial network 

are optimized. 
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6. Less searching space and reduced computation time. 

7. Computation of penetration level gave an idea about how much active power 

that can be injected into the network. 

8. The maximum size of DG that can be integrated on the network is computed. 

9. Total operating cost and net operating cost are calculated. 

10. Integration of multiple DG on 15 bus network increases the capacity of overall 

system so that chance for voltage collapse reduced 

5.15 SUMMARY 

A novel fast and efficient approach is proposed and presented to identify the suitable 

location of optimum sized DG/DGs based wind system in an electrical power 

distribution system for voltage stability enhancement. The proposed approach has 

been tested on IEEE test systems and practical power systems for illustration purpose. 

Results obtained for IEEE 15 bus with the proposed approach are compared with 

those reported in the literature which verifies the applicability and robustness of the 

proposed method. It offers the benefits of less computation time and storage space. 

The versatility of the algorithm lends it effectively to computer automation 

applications in distribution systems. Technical benefits, penetration level and total 

operating cost are computed. Improvement in voltage stability using multiple DG is 

also investigated for the IEEE 15 bus test system. 

 

 

 



 



Chapter 6 

WEAKEST BUS IDENTIFICATION USING STABILITY 

INDICES 

6.1 INTRODUCTION 

The evaluation of voltage stability assessment experiences an increasing attention in 

the safe operation of the power system. With the restricted amount of power sources 

and snowballing of power demand of consumers make the existing system to operate 

at its optimum efficiency [205]. Due to economic and environmental restrictions, 

distribution networks are not adequately enlarged with increasing loads. Owing to the 

voltage stability problem, sporadic black outs are occured in several countries. 

Voltage collapse is the outcome of voltage instability which is the direct cause of 

black outs. Voltage instability stems from the attempt of load dynamics to restore 

power consumption beyond the capability of combined transmission and generation 

systems [206]. Therefore, a detailed study has to be carried out to determine 

maximum capacity limit just before the system experiences voltage collapse, so that 

necessary precaution can be taken to avoid system capacity violation.  

6.2 VOLTAGE STABILITY 

Voltage instability is the major issue faced by a distribution power system due to 

unpredictable changes in load demand. As the distance between the substation and 

buses increases, bus voltage reduces which increases power loss. Hence, the system 

requires active/reactive power compensation to improve voltage profile. Voltage 
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stability is defined as, "the ability of the power system to provide reactive power or 

uniform consumption of reactive power by the system itself" [206]. Voltage collapse 

starts at the most sensitive bus first and then spread out to other sensitive buses. The 

sensitive bus exhibits some characteristics such as: 

 highest critical point 

 lowest reactive power margin 

 greatest reactive power deficiency 

 highest percentage change in voltage 

6.3 VOLTAGE STABILITY INDICES 

Voltage regulation is the important factor in maintaining the voltage between two 

buses. Ideally, the drop in the line between two nodes should be zero. In overhead 

RDS, there is a voltage drop due to the peculiarity of high R/X ratio and hence 

voltage instability and increased power loss are the major drawbacks. In this system, 

there is no anti-resistance element to reduce this drop to zero or to improve the 

voltage regulation. To enhance voltage profile and increasing system efficiency, 

supporting devices have to be added to the system so that the line current and losses 

could be significantly reduced and improves the system efficiency [207]. 

Voltage stability assessment is a major issue in monitoring the power system stability. 

Voltage stability indices (VSI) are powerful tools to evaluate the stability limit by 

gauging the proximity of a given operating point to voltage instability. These indices 

are used to precisely predict the proximity of voltage instability of the electric power 
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system. Different VSI has been proposed in the literature for voltage stability 

assessment which can identify the weakest bus or most sensitive bus. It is an indicator 

which helps the operator to understand the severity of voltage collapse and to initiate 

remedial measures to prevent it.  

Power quality is a major issue in the wind integrated distribution system, so that 

additional alternative is needed to provide reactive support. Improper integration of 

DG adversely affects the voltage stability and hence the performance of customer 

equipment. VSI can be used for the placement of DG/CPD, detecting the weakest 

lines and buses and triggering the countermeasures against voltage instability. The 

main objective is to quantify the closeness of a particular point to the steady state 

voltage stability margin. These indices are very useful in designing and planning 

operations or to help the operators in real time operation of power system. In the case 

of integration of DGs or CPDs to the utility grid, these indices help in reducing of 

search space for the optimization process [206]. 

Important features of stability indices are: 

 Easily identify the position at which real or reactive power support needs 

 Less computation time 

 Less computer memory required 

Researchers have developed various indices for identifying the weakest node at which 

the voltage collapse starts first [208]-[211].  
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Important voltage stability indices discussed in the literature are:
 

1. Voltage stability Indicator (VSI)  

2. Bus Voltage Stability Index (BVSI) 

3. Fast Voltage Stability Index (FVSI) 

4. Sensitivity Analysis Factor (SAF) 

5. Loss Sensitivity Factor (LSF) 

In this work, backward-forward sweep algorithm (BFSA) based stability index 

methods are used for determining the suitable location of active/reactive support. 

These indices were tested on IEEE-15 bus test system to verify the performance of 

the proposed indices. Results showed that stability indices are very good indicators in 

predicting the occurrence of system collapse and hence necessary action can be taken 

to avoid such incident. Effectiveness has been demonstrated using different case 

studies on IEEE 15 bus radial distribution test system. 

6.4 V OLTAGE STABILITY INDEX (VSI) 

Consider a two bus network having sending and receiving end voltages are i iV   and 

j jV  respectively, shown in chapter 5 (Fig. 5.1). Load at bus j is
j jP jQ  and ( )iI is 

the current flowing from bus i to bus j .  

If line shunt admittances are neglected, the current flowing from thi bus to thj  bus is 

( )
( ) ( )

j
i i j

V V
I i

R k jX k

   


  

 (6.1) 
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Also, 

j j

j

P - j Q
I(i)=

*V
 

 (6.2) 

Equating (6.1) and (6.2), 

( ) ( )

j
i i j j j

j

V V P - j Q

*R k jX k V

   



 

j ji i j j j j[ V V ] * [ V ] = [ P - j Q ][R(k)- jX(k)]      
  (6.3) 

Equating real and imaginary parts of (6.3), 

cos( )i ji j j jj
2V V δ   - P R(k) +Q X(k)V       (6.4)

 

 

sin( )i ji j j jV V δ   - P X(k) -Q R(k)   

 
 (6.5) 

In the radial distribution system, the angle of sending end voltage and receiving end 

voltage is almost equal. Hence, 
 

0
i j   . 

Then equation (6.4) becomes 

 

i j j j j
2V *V   -  = P  * R(k)+Q X(k)V    (6.6) 

 

j j

j

P - j Q
I(i)=

*V
 

 (6.7)

 

From (6.6) and (6.7) 

        

j
i j jj

j

2
2 R(k)*Q
 -V  *V  +P  * R(k)+   =0V

P
 (6.8) 

jj

i jj

j

2
2

2

R(k)* +QP
 -V  *V  +   =0V
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 (6.9) 
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The real roots of the equation (6.9) 

jj

i
j

22

2

4 R(k)* +QP
 -   0V

P

 
   

 

 (6.10) 

1
jj

j

2
2

2

4 R(k)* +QP
  

PVi

 
    

  

 (6.11)

 

Voltage Stability Index is defined as:    

VSI     =    
jj

j

2
2

2

4 R(k)* +QP

PVi

 
   

  

 (6.12)

 

The node is highly unstable if its VSI is near or greater than unity [212]. So the value 

of VSI should be less than unity for good stability which means that the particular 

node is a healthy one.  

6.4.1 ALGORITHM FOR VSI 

The algorithm for finding the position of DG/CPD in the radial system is explained 

below.
 

Step 1:  Read the system Data. 

Step 2:  Identify the nodes and branches beyond each node. 

Step 3:  Calculate the exact load feeding through each node. 

Step 4:  Assign bus with larger capacity as Slack. 

Step 5:  Assign flat start profile 1 pu (per unit).   

Step 6:  Perform BFSA to find node voltage.  
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Step 7:  Check for convergence of node voltage. 

Step 8:  If not converged, replace node voltage with updated value, otherwise go to 

step 6. 

Step 9:  Set node voltage. 

Step 10:  Compute VSI of each branch  

Step 11:  Identify the branch having maximum VSI 

Step 12:  Print the result. 

6.4.2 Voltage Stability Index Profile 

The best optimal location is found out using voltage stability index (VSI) which ranks 

the priority list of buses having high voltage instability. As the load at the bus 

increases above a certain limit, there occurs a greater chance of becoming a weak bus. 

The concept of VSI has been applied, to verify the correctness of the location of 

DG/CPD determined from GA based BFS algorithm. VSI reduces the search space 

and makes the node identification easy. Figure 6.1 gives VSI analysis of 15 bus radial 

system. By arranging the rank of sensitivities of each node in descending order, the 

bus having highest VSI gives the highest priority which needs active/reactive power 

support. From this analysis, it is found that bus 2 has the first priority and second 

priority for bus 6. Since the bus 2 is near the substation, it does not require any active 

power supplementation. Bus 6 having second priority and hence, it is considered as 

the best location requiring active power support. 
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Fig. 6.1:   Voltage stability index of IEEE 15 bus RDS 

6.4.3 Case Study Analysis Based on VSI 

The authenticity of the location of the weakest node is assured with the help of VSI. 

Four cases are considered to select the optimal size and location of DG. 
 

Case 1: Radial Distribution System without DG 

Load flow analysis is conducted in an IEEE-15 bus test system, to obtain voltage 

profile and power loss. The active and reactive power losses are computed as 0.06179 

MW and 0.05729 MVAr respectively. From the voltage profile shown in Fig. 6.2, it is 

found that the far end buses suffer from voltage instability.  

Case 2: Connecting optimum size of DG at location for minimum power loss 

The optimized size of DG and its location in the radial network is presented in 

Chapter V. It is seen that 0.4 MW size of DG placed at node 6 reduces the power loss 

and improves the voltage profile. Obtained active and reactive power losses are 

0.057259 MW and 0.53768 MVAr respectively.   
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Case 3: Connecting optimum size of DG at the weakest branch of the RDS 

From the analysis of VSI, the branch connecting bus 6 and bus 8 is found to be the 

weakest. If bus 8 is treated as weakest bus and when 0.4 MW size of DG placed at 

this bus, the active and reactive power losses are increased to 0.06137 MW and 

0.05691 MVAr respectively. 

Case 4: Connecting a size of DG with minimum power loss at weakest branch   

Load flow analysis is carried out by placing the different size of DG at the weakest 

node 8; then, it is found that power loss is minimum with placing a size of 0.1 MW of 

DG. It is observed that active and reactive power loss are not much reduced and 

found to be 0.06016 MW and 0.05576 MVAr respectively. 

Case 5: Connecting the DG at the optimal location of the RDS  

In this case, DG of 0.1 MW placed at optimal location node 6 and power loss are 

computed. It is found that active and reactive power losses are 0.058807 MW and 

0.054812 MVAr respectively.  

6.4.4 Voltage Profile 

Voltage profile and power loss obtained from the case studies are presented in Fig. 

6.2 and Fig. 6.3 respectively. From the voltage profile, it is seen that voltage is 

reduced in the main feeder and lateral feeder buses concerning substation voltage (1 

pu) when DG is not placed. The analysis shows that the two locations for placing DG 

are either bus 6 or bus 8 of the weakest branch 6-8. Further, it is observed that when a 
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single DG of size 0.4 MW is placed at node 6 gave a positive impact on voltage 

profile of lateral feeder buses 6, 7, 8, 9 and 10 which are nearer to the substation. If 

the same size of DG placed at the other end of branch 6-8, the voltage is not much 

improved. Hence, it is clear that a considerable improvement in voltage profile can be 

attained only when 0.4 MW size of DG placed at bus 6 in the lateral feeder.
 

 

Fig. 6.2:   Voltage profile of IEEE 15 bus RDS based on case study analysis using 

VSI 

6.4.5 Power loss 

From Fig. 6.3, the power loss is high when DG is not placed. When 0.4 MW DG is 

placed at either bus 6 or bus 8, the power loss gets reduced. Further, it is observed 

that considerable reduction in power loss could be obtained by placing 0.4 MW size 

of DG placed at bus 6 than at bus 8. Hence, it is inferred that power loss cannot be 

reduced if the location is not optimal.   
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Fig. 6.3:   Power Loss of IEEE 15 bus RDS based on case study analysis using VSI 

6.5 BUS VOLTAGE STABILITY INDEX (BVSI) 

One of the searching methods to find the weak node is bus voltage stability index 

(BVSI). The node at which the DG is to be located can be easily identified by 

reducing the searching space. This index gives a priority list of buses suffering from 

voltage stability. Hence, BVSI is a good indicator of the weak bus. It is calculated by 

integrating each bus at a time by a DG of 20% size of maximum feeder loading 

capacity. After putting DG at individual nodes one at a time, voltage profile is 

obtained and BVSI of each node is calculated using equation 
 

Bus Voltage Stability Index is defined as: 

1

2(1 )

BVSI

N

j

j

V

N





        (6.13)
 

 

where jV  is the voltage at thj the node and N is the number of nodes. The sensitivity 

indices are ranked in ascending order to form priority list. Select the node with the 
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least BVSI is the best location for DG placement. Load flow analysis has to be carried 

out by placing the different size of DG's with small increments at the above-said 

node. From the load flow analysis, the DG corresponds to minimum losses and 

maximum voltage profile has to be taken as the optimized size of DG.   

6.5.1 Algorithm for BVSI 

Step 1:  Run load flow for base case 

Step 2: Calculate BVSI of each node by penetrating DG of size 20% of maximum 

feeder loading capacity. 

Step 3: Rank the sensitivities of all nodes in descending order 

Step 4:  Select the bus with the highest priority and place the DG at that bus
 

Step 5: Change the size of DG in small steps and calculate power loss for each by 

running load flow 

Step 6: Store the size of DG that gives minimum loss 

Step 7:  Compare the loss with the previous solution. If the loss is less than the 

previous solution, store this solution. 
 

Step 8: Repeat the steps 5 to 8 for all buses in the priority list 

Step 9: Print the result 

6.5.2 Bus Voltage Stability Index Profile 

As the load at the bus increases above a certain limit, there occurs a great chance of 

becoming a weak bus. The concept of BVSI has been applied to establish the 

authenticity of the optimal location of DG in radial system. The total connected load 

in the IEEE-15 bus radial distribution system is 1.2264 MW. The index, BVSI is 

computed by placing 0.245 MW size of DG (20% of connected load) at all nodes. 
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Figure 6.5 gives BVSI analysis of 15 bus radial distribution system. By arranging the 

rank of sensitivities of each node in descending order, the bus having high BVSI 

gives the highest priority which needs active power. From this analysis, it is found 

that bus 2 which is very near to the substation has the first priority and it does not 

require any active power supplementation. The next priorities for bus 3, 6, 11, 12 and 

goes on as per priority list in the descending order.  

 

Fig. 6.4:   Bus voltage stability index of IEEE 15 bus RDS 

6.5.3 Case Study Analysis based on BVSI 

Load flow analysis has been carried out in the radial network by placing 0.245 MW 

DG at different nodes. It can be seen from Fig. 6.5 that the minimum power loss 

occurs at bus 3 and bus 6 if the bus near to substation (bus 2) is ignored.    
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Fig. 6.5:   Power loss when 0.245 MW size of DG placed at different buses 

Power losses are computed by placing the different size of DG's with small 

increments at nodes 3 and 6, as shown in Fig.6.6 and Fig.6.7 respectively. It is 

observed that power loss is minimum when 0.7 MW size DG placed at node 3 and 0.4 

MW DG placed at node 6. On comparison with DG at node 6, the power loss is found 

to be slightly less at node 3, but the large size of DG is required. Then, bus number 6 

has the third priority which needs active power support. It is clearly shown in Fig. 6.7 

that the power loss first decreases and then increases as the size of DG increases. It 

results that the DG of size 0.4 MW placed at node 6 gives minimum power loss and 

maximum voltage profile.  
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Fig. 6.6:   Power loss at bus 3 for different size of DG 

 

 

Fig. 6.7:   Power loss at bus 6 for different size of DG 

Voltage profile of these two cases is shown in Fig. 6.8. It clearly depicts that 

integration of DG improves the voltage of its nearby nodes.  
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Fig. 6.8:   Voltage profile when 0.7 MW placed at node 3 and 0.4 MW placed 

at node 6 

6.6 FAST VOLTAGE STABILITY INDEX (FVSI) 

FVSI is used to indicate the stressfulness of a line in the distribution system. The 

advantage of this method lies in the simplicity of numerical calculations and 

expressiveness of the results. FVSI is derived from the voltage quadratic equation at 

the receiving bus on a two-bus system [213]. 

2
2 ( ) ( )

sin cos ( ) 0
( ) ( )

ij ij i j jj
R k R k

V V X k QV
X k X k

 
  
  
    

        (6.14) 

To obtain the roots of jV , the discriminate is set greater than or equal to zero. 

Therefore, 
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Since ij i j     is normally very small, then  

0ij  ,   ( )sin 0ijR k    and ( )cos ( )ijX k X k   

Hence, Fast Voltage Stability Index is defined as: 

FVSI =
2

2

4 ( )

( )

j

i

QZ k

X kV
        (6.17)  

As the value of FVSI of a particular line reaches to unity, it indicates that the line is 

insecure and close to instability point which may lead to voltage collapse in the entire 

system. Therefore, the value of this index should be less than unity for a stable 

condition.
 

6.6.1 Algorithm for FVSI 

Step 1: Read input data 

Step 2: Perform load flow  

Step 3: Compute the node voltages and Power losses 

Step 4: Compute FVSI of each branch 

Step 5:   Identify the branch having maximum FVSI 

Step 6: Sort in descending order 

Step 7: Find bus number having high FVSI 

6.6.2 Fast Voltage Stability Index Profile 

The location in the radial system at which voltage collapse starts first is found out 

with an index named fast voltage stability index (FVSI), which ranks the priority list 

of buses having high voltage instability in descending order. FVSI of each line is 

computed and shown in Fig. 6.9.
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Fig. 6.9:   Fast voltage stability index of IEEE 15 bus RDS

 

From the Fig. 6.9, it found that bus 6 has the first priority when bus 2 is ignored so 

that the best location of DG can be selected as bus 6.
 

6.6.3 Case Study Analysis Based on Connected Load  

The size of DG can be computed by connecting DG of size varies from 10 – 100% of 

the total connected load at the node from BVSI analysis. It is seen that when 30% of the 

connected load placed at node 6, then active and reactive power losses are found to be 

0.057342 MW and 0.053824 MVAr respectively, and when 60% of the connected load 

placed at node 3, then active and reactive power losses are found as 0.054588 MW and 

0.050277 MVAr respectively. It is shown in Fig. 6.10. Total connected load in this 

network is 1.2264 MW. Even though the power loss at node 3 is less than that of node 

6, the size of the DG is double to that at node 6. Hence, it is compromised that the 

suitable size of DG is 30% of connected load, i.e., 0.36792 MW and location is node 

6.
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Fig. 6.10:    Power loss when 10-100% connected active load placed at node 6 

and node 3 

Voltage profile of the case study is shown in Fig. 6.11 

 

Fig. 6.11:   Voltage profile when 30% and 60% of connected active load placed 

at node 6 and node 3 
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6.7 SENSITIVITY ANALYSIS FACTOR (SAF) 

An index named sensitivity analysis factor (SAF) is derived for finding the optimal 

location of DG in a radial distribution system. This index is calculated for each 

branch and sorted from highest to the smallest value. It gives the priority list for the 

location of DG. The DG should be placed at the end of the branch having highest 

SAF. Under stable operation, its value should be less than unity. This indicates that 

the maximum voltage instability occurs at the bus having highest index [182].  

For the bus having sending end node i  and receiving end node j ,   

2( ) ( )ndg

loss
I iP R k  
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j

j
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(6.18)  

where    eff

jP   =  total effective active power supplied beyond thj the node 
 

 eff

j
Q

 
=  total effective reactive power supplied beyond thj node 

 ( )R k  =  resistance of thk branch 
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For the system loss reduction to be maximized, the rate of change of lossP with respect 

to the injected power becomes zero.  From this, the Sensitivity Analysis Factor (SAF) 

is derived as  

2

2 ( )

eff

l

j

oss

j

eff
j

P V

P R kP  



 

 (6.19) 

The SAF is computed for all the nodes and ranked in the descending order so that the 

candidate buses for the DG placement can be detected in the order of highest SAF. Fig. 

6.12 shows the SAF of IEEE 15 bus radial system from which it is understood that the 

bus 6 is having the highest SAF. It is meant that bus 6 is the weakest bus at which the 

maximum active/reactive power support can be given to avoid the tendency for the start 

of voltage collapse. 

 

Fig. 6.12:   Sensitivity analysis factor of IEEE 15 bus RDS 
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The maximum load that is possible to be connected to this weakest bus to maintain 

stability before the system reaches its bifurcation point is computed. For computing 

the maximum reactive power that can be injected into this bus, the reactive power is 

increased by a step size of 0.1 MVAr in addition to the connected reactive load. 

Variations in voltage at this node are observed. The bus voltage at any node should be 

within 1 0.5 pu. System violation will be experienced if the load at this bus exceeds 

the maximum load. The increase in voltage at bus 6 versus an increase in reactive 

power at this bus is shown in Fig. 6.13. It is observed that the maximum load that can 

be applied to bus 6 to maintain the voltage stability is 3.8 MVAr. Voltage violation 

results if the injection of reactive power is beyond 3.8 MVAr.  

 

Fig. 6.13:   Injected reactive power versus bus voltage at bus 6 

6.8 LOSS SENSITIVITY FACTOR (LSF) 

Loss Sensitivity Factor (LSF) helps in finding the weakest bus for which the priority 

has been aimed at giving the real power support. The first priority is identified as the 

prime location of single DG. The priority list of LSF reduces the searching space for 

the optimization procedure [214].  
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Consider, eff eff
j j

QP  is the effective load connected at the receiving end j of 

distribution line. The active power loss and reactive power loss in the line between i  

and j can be expressed as  

2
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Then LSF can be obtained from the above equations, 
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Loss Sensitivity Factor for each node are calculated with the help of load flow 

analysis and arranged in descending order to get the priority list for placing the DG or 

CPDs in the radial system. From the priority list, the end bus of the lines which have 

less than normalized voltage is considered as the weakest nodes which need real or 

reactive power support to improve the voltage at that locations. LSF of each node is 

shown in Fig. 6.14. From Fig. 6.14, it can be observed that bus 6 has the highest 

priority while omitting the buses 2 and 3. 
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Fig. 6.14:   Loss sensitivity factor of IEEE 15 bus RDS 

6.9 SUMMARY 

The work presents a successful analysis of the weakest bus identification in IEEE 15 

bus radial distribution system. Different voltage stability indices are used to 

determine the origin of voltage collapse. Identification of weakest node is assured 

with the help of case studies using stability indices. SAF helps in finding the weakest 

bus at which maximum load is possible to be connected to maintain stability. The 

violation of the system is in terms of exceeding the voltage limit at this particular bus 

is also observed.  



CHAPTER 7 

PLACEMENT OF D-STATCOM IN RDS 

7.1 INTRODUCTION 

In an electrical power system, the reactive power is vital for reliability, power quality, 

power loss and voltage stability. The rapid technology advancements in industrial or 

domestic areas make more stresses on power system so that it adversely affects the 

voltage profile and power loss. Under this circumstance, the generator could not 

generate sufficient reactive power to meet the consumer requirements and losses in 

the system [215], [216]. Power system operators are constantly striving to give 

guaranteed sufficient security margin to the power system network. But it is a 

difficult task for the operators considering uncertainties in demand-supply level.    

The term PQ has become one of the widely discussed topics in the electrical power 

industry. The large use of nonlinear loads gives rise to PQ problems. PQ issues such 

as voltage sag, voltage swell etc. may have an impact on customer devices causing 

malfunction of devices and cost on the loss of production [217]. Voltage sag is one of 

the severe power quality issues that affect industrial equipment [218], [ 219].  

Voltage stability covers a wide range of long term and short term, small signal and 

large signal effects. Under long-term small disturbance, voltage stability is a major 

issue in wind power applications [220]. In such cases, the dynamic compensation 

device is a solution for exchanging the reactive power between wind farms and 

distribution networks. 
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The literature review [221], [222], [143]-[148] show that power system stress is 

relieved by injecting adequate reactive power. PE-based CPDs such as DVR, D-

STATCOM, UPQC are prevalently used to address PQ problems in power 

distribution networks. In this work, GA based BFSA is used to optimally place the 

reactive power compensation device in a distribution network. The result is validated 

using BIBC-BCBV based stability index method. 

7.2 OPTIMAL ALLOCATION OF D-STATCOM 

The total electrical power generation is equal to the customer power demand plus the 

distribution losses. The customer requires active and reactive power based on the load 

characteristics. The reactive power also accounts for a portion of the total losses. The 

wind farm contributes a major part of the power in RES integrated distribution 

systems. DFIG type and squirrel cage induction generators are widely used for wind 

power generation. It consumes reactive power from the grid. It tends to slow down 

the voltage restoration after a voltage collapse, leading to voltage and rotor instability 

[221]. Hence, CPDs have been applied in distribution networks to regulate the bus 

voltage by providing an adequate amount of reactive power. D-STATCOM or DVR 

is predicted to play a significant role in the radial system only through proper 

allocation and sizing. Optimal placement of such devices helps to maximize the 

loadability, power loss minimization, stability enhancement, reactive power 

compensation and PQ enhancement such as voltage regulation, voltage balancing, and 

flicker suppression. In this chapter, GA based BFS algorithm has been applied on 

IEEE 15 bus radial distribution network for finding the size and location of reactive 

power support. 
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7.3 METHODOLOGY 

Since it is assumed that D-STATCOM gives only the reactive power support, the 

optimization algorithm is based on minimization of total reactive power loss in the 

system. 

7.3.1 Objective Function 

Power loss is computed for different ratings of D-STATCOM placed at each feeder 

point. Since it is assumed that the D-STATCOM gives reactive power supply only, 

the optimization algorithm is based on minimization of total reactive power. To find 

the optimal size of D-STATCOM, the reactive power loss minimization is taken as 

the objective of the problem. GA is used to optimize the size of D-STATCOM.  

The objective function: 

( )

( )

dst

x ndst

loss

loss x
Q

g
Q

   (7.1)  

where, x  represents the chromosome value (size of D-STATCOM in kVAr).   

( )

dst

loss x
Q -  Total system reactive power loss with D-STATCOM of x  kVAr rating  

ndst

loss
Q -  Total system reactive power loss without D-STATCOM 
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7.3.2 Constraints 

The reactive power injected by each D-STATCOM is restricted by lower and upper limits 

min

dstQ and
max

dstQ . It is based on the total connected reactive load of the network system. 

So, the constraints used for the optimization of D-STATCOM capacity are:  

min max

dstdst dstQQ Q
 

 (7.2) 

min maxV V V 
 

 (7.3)
 
 

7.3.3 Algorithm for finding size and location of D-STATCOM 

Step 1: Read input data 

Step 2: Perform load flow analysis without D-STATCOM and compute node 

voltages, net real and reactive power losses 

Step 3:  Set the bus number (j) of D-STATCOM as one 

Step 4: If bus number is greater than total no. of bus (N), then find the minimum 

reactive power loss, otherwise, set the size of D-STATCOM dstQ  as zero 

Step 5: If dstQ   is greater than the net reactive load, bus number is incremented by 

one. Otherwise, run power flow and calculate active and reactive power 

loss 

Step 6: D-STATCOM size is incremented with a step size of 100 kVAr 

Step 7: Check the node voltage within 1± 0.05 pu  

  Otherwise, reject unsuitable values and go to step 3  

Step 8: For minimum reactive power loss, find optimum location (j) and size dstQ  

of D-STATCOM 

Step 9: Conduct load flow by placing dstQ at the optimal location 

Step 10: Print the results 
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7.4 D-STATCOM IN IEEE 15 BUS RADIAL SYSTEM 

Load flow is carried out to find voltage profile and power loss with and without D-

STATCOM. Initially, power loss and voltage profile are found with no integration of 

D-STATCOM. Then, size of D-STATCOM is varied from 0.1 MVAr to 1.2 MVAr 

and placed at each individual bus. The power loss and voltage profile are computed.  

Power Loss and Voltage Profile 

Table 7.1 showed the variation in power loss when 0.4 MVAr size of D-STATCOM 

integrated at bus 4 and bus 6. It can be seen that the power loss is considerably 

reduced with the integration of D-STATCOM at bus 4 than at bus 6.  

Table 7.1:   Power loss on IEEE15 bus RDS with and without D-STATCOM 

System Ploss (MW) Qloss (MVAr) 

NO D-STATCOM  0.06179 0.05729 

0.4 MVAr at bus 4 0.044956 0.04087 

0.4 MVAr at bus 6 0.048081 0.0448 

It is computed that the active power loss reduction is 27.243% and reactive power 

loss reduction is 28.661% respectively when 0.4 MVAr placed at bus 4 and 22.18% 

and 21.8% respectively at bus 6. The proper amount of reactive power at the far end 

of the main feeder reduces the power loss in the main feeders as well as in the lateral 

feeders. Power loss reduction in 15 bus network with and without D-STATCOM is 

shown in Fig. 7.1. 
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Fig. 7.1:   Power loss without and with D-STATCOM 

In comparison with DG, it can be seen that the integration of 0.4 MVAr at bus 4 

reduces the power loss to a large extent than 0.4 MVAr at bus 6 and 0.4 MW DG at bus 

6. It explicitly shows that the D-STATCOM is preferable in this test system for 

reducing the power loss and improving the voltage profile. The effect of D-STATCOM 

installation on voltage profile of main feeders and lateral feeders are investigated. 

Voltage is minimum at bus 13 which is improved from 0.9445 pu to 0.9535 pu with the 

use of 0.4 MVAr at bus 4 and found that the buses with under or over voltage problem 

are completely recovered. But, the integration of 0.4 MVAr at bus 6 improved this 

voltage to 0.9493 only and can be seen that buses with under or over voltage problem 

are completely recovered except at this bus. Voltage profile of 15 bus system with and 

without D-STATCOM is shown in Fig. 7.2. It is seen that when 0.4MVAr D-

STATCOM is integrated at bus 4, the voltage gets improved at some buses. When 

integrated at bus 6, the voltage improvement takes place at some other buses. 
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Fig. 7.2:   Voltage profile without and with D-STATCOM 

7.5 D-STATCOM IN DG INTEGRATED RDS 

IEEE 15 bus radial system integrated with DG is taken as the test system. The 

algorithm used in Section 7.3.3 has been applied in this test system. Size and location 

of D-STATCOM are computed to reduce the power loss and enhance the voltage 

stability.  

Power Loss and Voltage Profile 

Table 7.2 shows the impact of D-STATCOM on power loss in DG integrated test 

system. Different DG-D-STATCOM combinations are taken for the analysis of 

power loss.  
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Table 7.2:   Power loss on 15 bus RDS with combination of DG and D-STATCOM 

  System lossP  (MW) lossQ  (MVAr) 
Case 1 NO D-STATCOM  0.06179 0.05729 

Case 2 0.4 MVAr D-STATCOM ( 4) & 0.4 MW DG (6) 0.041664 0.03795 

Case 3  0.4 MVAr D-STATCOM (6) &0.4 MW DG (6) 0.051063 0.04645 

Case 4 0.4 MVAr D-STATCOM (4) &0.4 MW DG (4)  0.045153 0.041073 

Case 5 0.4 MVAr D-STATCOM (6) & 0.4 MW DG (4) 0.045629 0.04241 

When 0.4 MW size DG integrated at bus 6 is taken as the test system, then 0.4 MVAr D-

STATCOM integrated at bus 4 and bus 6 reduces the active power loss by 32.57% and 

17.36% respectively and reactive power loss by 33.76% and 18.92% respectively. When 

the same DG is integrated at bus 4, 0.4 MVAr D-STATCOM at bus 4 and bus 6 reduces 

the active power loss by 26.93% and 26.15% and reactive power loss by 28.31% and 

25.97% respectively. The percentage reduction in the power loss for the above four cases is 

clearly shown in Fig. 7.3. It can be inferred that the integration of 0.4MVAr D-STATCOM 

at bus 4 in the DG integrated test system gives considerable reduction in the power loss.  

 

Fig. 7.3:    Percentage power loss reduction Index for different combinations of 

DG and D-STATCOM 
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Impact of DG-D-STATCOM combination on the voltage profile is shown in Fig. 7.4. 

It can be seen that the integration of 0.4 MVAr size D-STATCOM at bus 4 and 0.4 

MW size DG at bus 6 results in a comparatively high impact on the voltage profile 

than other D-STATCOM-DG combinations. 

 

Fig. 7.4:   Voltage profile with different combinations of DG and D-STATCOM 

7.6 D-STATCOM IN MULTIPLE DG INTEGRATED RDS 

In Chapter 5, the location and size of multiple DGs are already discussed. Then, the load 

flow is carried out to obtain the size of D-STATCOM in multiple DG integrated radial 

system. The impact of DG and D-STATCOM on the voltage profile and power loss is 

computed.   

The four cases taken to enhancing better voltage stability and power loss reduction in 

the radial system are: 
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Case 1: NO DG and D-STATCOM  

Case 2: One DG and D-STATCOM 

Case 3: Two DGs and D-STATCOM 

Case 4: Three DGs and D-STATCOM 

Power loss, power loss reduction index and voltage profile are shown in Figures 7.5 to 7.7.  

Power Loss analysis 

From Fig 7.5, it is observed that the total loss is minimum when three DGs and D-

STATCOM are integrated with the radial distribution system. The total active power loss 

of the system without DG/D-STATCOM is 0.061794 MW and it is reduced to 0.010735 

MW with three DGs and D-STATCOM. The results are tabulated in Table 7. 3. 

Table 7.3:   Reduction in power loss with combination of DGs and D-STATCOM 

 

Number 
of DG 

Size and 
location of 
DG (MW) 

Total 
size of 

DG 
(MW) 

 Size and location of 
D-STATCOM 

(MVAr) 
lossP  

(MW) 
loss

Q  

(MVAr) 

 lossP  
Reduction 

(%) 

loss
Q  

Reduction 
(%) 

NO DG  - -  -  
NO D-

STATCOM 
-  0.061794 0.057297 0 0 

One 

DG 
0.4 6 0.4 0.4 4 0.041664 0.03795 32.57 33.76 

Two 

DGs 

0.4 6 
0.8 1 3 0.012885 0.010447 79.15 81.76 

0.4 4 

Three 

DGs 

0.4 6 

1.3 0.9 4 0.010735 0.008379 82.63 85.37 0.4 4 

0.5 3 
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Fig. 7.5:   Power Loss with multiple DGs and D-STATCOM 

Power Loss Reduction Index 

Active and reactive power loss reduction index with multiple DGs and single D-

STATCOM are shown in Fig. 7.6. From this, it can be seen that the power loss reduction 

index is high with the integration of multiple DGs and D-STATCOM at proper places. 

 
 

Fig. 7.6:   Power Loss reduction Index with multiple DGs and D-STATCOM 
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Voltage analysis 

Voltage profile improvement of all the nodes in the radial network with the 

integration of multiple DGs and D-STATCOM is shown in Fig. 7.7. It is found that 

the voltage at bus 13 is improved from 0.9445 pu to 0.9887 pu with the integration of 

three DGs and D-STATCOM with the objective of minimization of total loss. And 

also, it is seen that the voltage at all nodes is found to be within the constraints (1.05 

pu). This means that under/over voltage problem can be completely recovered with 

the integration of multiple DGs and D-STATCOM. 

It is inferred that better voltage stability enhancement can be achieved with the help 

of properly allocated optimized multiple DGs combined with D-STATCOM.  

 

Fig. 7.7:   Voltage profile with multiple DGs and D-STATCOM 
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7.7 STEADY STATE MODELING OF D-STATCOM  

To find the size of D-STATCOM and its impact on the voltage profile of radial 

network, steady-state modeling is used [223][224]. Consider two bus systems in 

which one bus is taken as reference bus and the other bus having bus voltage less than 

the reference voltage. D-STATCOM is connected to this bus for improving its bus 

voltage. Single line diagram of two bus network and its phasor diagram are shown in 

Figures 7.8 and 7.9.  

 

V0 i V0 j

R X

Distribution line

Bus i Bus j

I0 L

PLi+jQLi PLj+jQLj

 

Fig. 7.8:   Single line diagram of two bus network 
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V 0j

-jX.I 0L

-R.I 0L
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Fig. 7.9:   Phasor diagram of voltage and current of two bus network 
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Generally, bus voltages are less than 1 pu and it can be increased with the help of D-

STATCOM. From Fig. 7.9, the relationship between voltage and current can be 

written as   

0 0 0 0 0 0( )j i LV V R jX I              (7.2) 

where   

0 0jV   : voltage of bus j  before compensation  

0 0iV   : voltage of bus j  before compensation 

R jX  : line impedance between buses i  and j  

0 0LI       :     line current before compensation 

The voltage at bus i  and j  and current are computed from load flow calculations. 

D-STATCOM is used for voltage regulation in the steady-state condition by injecting 

reactive power to the system. The current through D-STATCOM dstI must be kept in 

quadrature with the voltage of the system. In the steady-state condition, the 

integration of D-STATCOM makes changes in the bus voltages, especially 

neighboring buses of its location and branch currents of the network. The schematic 

diagram of two bus network connected with D-STATCOM and its phasor diagram is 

shown in Figures 7.10 and 7.11. Integration of D-STATCOM changes the voltage of 

bus j  from jV  to new
jV . 
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Fig. 7.10:   Single line diagram of two bus network with D-STATCOM 
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Fig. 7.11:  Phasor diagram of voltage and current of two bus network with D-

STATCOM 

For the sake of simplicity, the angle  of sending end bus is assumed to be zero. 

From Figures 7.10 and 7.11, it can be seen that   

2
dst newI


   ,     0new         (7.3) 

( ) ( ) ( )
2

new
new i L newj dstV R jX I R jXV I


                (7.4) 

where, ( )
2

dst newI


   is the injected current by D-STATCOM. 

new
newjV    :  voltage of bus j  after compensation by D-STATCOM 

iV    :  voltage of bus i after compensation by D-STATCOM 
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LI   : line current after D-STATCOM installation 

Voltage iV   and current LI   are computed from load flow calculations.  

Separating real and imaginary parts of eqn. 7.4, 

cos

Re ( ) Re ( ) cos( ) sin( )
2 2

new
newj

i L dst new dst new

V

al V al ZI RI XI



 
   



      
  (7.5) 

and 
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Im( ) Im( ) cos( ) sin( )
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Let  

1 Re ( ) Re ( )i Lal V al ZIa       

2 Im( ) Im( )i LV ZIa       

new
jb V  

1

2

1

2

dst

new

Rc

Xc

x I

x 

 

 





 

2 1 1 1 2 2 1 2cos sin cosb x a c x x c x x         (7.7) 

2 2 2 1 2 1 1 2sin sin cosb x a c x x c x x         (7.8) 

where 1 2 1, ,a a c  and 2c are constants, 1x and 2x are variables and b is the magnitude of 

the compensated voltage at the thj bus (1 pu) are to be determined. Rearranging the 

equations 7.7 and 7.8, then 
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2 2
1

1 2 2 2

cos

sin cos

b x a
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c x c x



 

       (7.9) 

and  

2 2
1

2 2 1 2

sin

sin cos

b x a
x

c x c x



 

       (7.10) 

By equating equations 7.9 and 7.10, then 

1 2 2 1 2 1 1 2 2 2 1( )sin ( )cos 0a c a c x a c a c x bc          (7.11) 

Take 2sinx x  and squaring both sides of eqn. 7.11, then the following equation is 

derived. 

1 1 1 21 2
2 2 2 22 2( ) (2 ) ( ) 0k bc xx ck k b k          (7.12) 

Where  

1 1 2 2 1

2 1 1 2 2

k a c a c

k a c a c
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B
x
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        (7.13) 

where 

2

1 1

2 2
1 2

2 22
1 2

4ACB

B k bc

A k k

C cb k

  



 

 

 

After computing  x , then, 2 newx  .  

It can be written as 1
2 sinx x       (7.14) 

Thus,  1 dstx I  

Injected reactive power by D-STATCOM can be written as: 
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newdst
j dstjQ V I

 


        (7.15) 

Where 

new new
newjj VV  


        (7.16)

 

( )
2

dst dst newI I


  


       (7.17)
 

7.8 BIBC-BCBV METHOD 

A direct approach named bus injection to branch-current (BIBC) matrix and branch 

current to bus-voltage (BCBV) matrix [225], [226] has been used for the load flow 

analysis of radial distribution network. In this method, the formulation of time-

consuming Jacobian matrix or admittance matrix, required in conventional methods is 

avoided. 

Equivalent current injection 

Complex load jS at thj node can be expressed as  

j j jS P jQ         1,2...........,j n       (7.18) 

Equivalent current injection at thk iteration is computed as 

( ) ( )
j j

k r k i k
j j j j j

k
j

P jQ
jI I V I V

V


 

    
 
 

     (7.19) 

Where,  

jS  :   complex power at thj the node. 

jP   :  real power at the thj node. 
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jQ  : reactive power at thj
 
node 

k
jV

  
 :

  
bus voltage at thk

 
iteration for thj the node. 

k
jI   : equivalent current injection at thk iteration for the thj node. 

r
jI   : real parts of equivalent current injection at thk iteration for thj

the 
node. 

i
jI   :  imaginary parts of equivalent current injection at thk iteration for thj

the 
node. 

Formulation of BIBC matrix  

Formulation of Bus-injection to Branch-current (BIBC) matrix is explained with the 

help of simple distribution system shown in Fig. 7.12. 

Bus 1 Bus 2
Bus 3

Bus 4 Bus 5

Bus 6

B1 B2

B5

B3 B4

I2

I6

I3

I4

I5

 

Fig. 7.12:   Single line diagram of radial distribution system  

Power injections at each bus can be converted to the equivalent current injections 

using Eqn. 7.19 and a set of equations can be written by applying KCL at each node. 

From Fig. 7.12, the branch currents can be expressed as:  
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        (7.20)

  

The general form as of Eqn. (7.20) can be expressed as: 

B BIBC I        
        (7.21)

 

Formulation of BCBV matrix  

The Branch-Current to Bus voltage (BCBV) matrix summarizes the relation between 

branch current and bus voltages. The relationship between the branch currents and 

bus voltages is given as, 

2 1 1 12

3 2 2 23

4 3 3 34

5 4 4 45

6 3 5 36

  

  

  

  

  

V V B Z

V V B Z

V V B Z

V V B Z

V V B Z

 

 

 

 

 

 

According to KVL, the voltage of bus 4 is given by, 

4 121 1 2 3 3423V B BV Z ZZ B          (7.22) 

Similar procedures can be utilized for other buses, and the BCBV matrix can be 

derived as: 

1 2 112

1 3 212 23

1 4 312 23 34

1 5 412 23 34 45

1 6 512 23 36

0 0 0 0

0 0 0

0 0

0

0 0

V V BZ

V V BZ Z

V V BZ Z Z

V V BZ Z Z Z

V V BZ Z Z

      
      
      
      
      
      
      
      

      

 

    (7.23) 
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The general form of Eqn. (7.23) can be expressed as: 

V BCBV B         
       (7.24)

 

By replacing off-diagonal elements of BCBV matrix with zeros, we get the diagonal 

impedance matrix ZD. 

Taking the transpose of BIBC matrix, 

12

23

34

45

36

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

Z

Z

ZD Z

Z

Z

 
 
 
 

    
 
 
 
 



     (7.25)
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1 1 0 0 0

1 1 1 0 0

1 1 1 1 0

1 1 0 0 1

T
BIBC

 
 
 
 

    
 
 
 
 



      (7.26)

 

Multiplying Eqn. (7.25) and Eqn. (7.26) gives, 

12

23

34

45

36

1 0 0 0 0 0 0 0 0

1 1 0 0 0 0 0 0 0

. 1 1 1 0 0 0 0 0 0

1 1 1 1 0 0 0 0 0

1 1 0 0 1 0 0 0 0

Z

Z
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BIBC ZD Z

Z

Z

   
   
   
   

         
   
   
   
   

  

12

12 23

12 23 34

12 23 34 45

12 23 36

0 0 0 0

0 0 0

0 0

0

0 0

Z

Z Z

BCBVZ Z Z

Z Z Z Z

Z Z Z

 
 
 
 

    
 
 
 
 

 

     (7.27)

 

So,[𝐵𝐶𝐵𝑉] matrix is the product of transpose of [𝐵𝐼𝐵𝐶] and diagonal impedance 

matrix [𝑍𝐷]. 
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.
T

BCBV BIBC ZD         
      (7.28)

 

Substituting Eqn. (3.20) in Eqn. (3.17) gives, 

. .
T

V BIBC ZD B             
      (7.29)

 

Combining Eqn. (7.28) and Eqn. (7.29) gives,  

. . .
T

V BIBC ZD BIBC I                 
     

 (7.30) 

Distribution Load Flow (DLF) matrix is obtained as the product of BCBV and BIBC 

matrices. 

. . .
T

DLF BCBV BIBC BIBC ZD BIBC                     
   (7.31)

 

So, Eqn. (7.30) can be expressed as, 

.V DLF I           
       (7.32)

 

For the ( 1)thk iteration, 

1 .k kDLFV I        


       (7.33)
 

Where, 

j j
k

j
k

j

P jQ
I

V


 

  
 
 

 

From Eqn.(7.33) , 

1 0 1k kV V V      
     

 
       (7.34) 
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So,  

1 0 1k kV V V      
     

  
       (7.35)

 

The solution for the load flow can be obtained by solving eqns. (7.33) and (7.35) 

iteratively.  

The total power loss can be expressed as a function of the bus current injections 

22

1

. .
nb

loss k k

k

T
P B R R BIBC I



         
     (7.36) 

where, kR  is the resistance of thk branch and nb is the number of branches. 

7.9 SIZE OF D-STATCOM USING ANALYTICAL METHOD 

In IEEE 15 bus test system, an attempt is carried out to find the size of D-STATCOM 

using the analytical method. D-STATCOM is placed at bus 4 and load flow analysis 

has been carried out based on BIBC-BCBV method. Algorithm for finding the size of 

D-STATCOM is given in Section 7.9.1. 

7.9.1 Algorithm for finding size of D-STATCOM 

Step 1: Read line data and bus data.  

Step 2: Perform load flow algorithm    

Step 3: Find voltage profile and power loss 

Step 4:  Assume voltage profile of candidate bus as 1 pu 

Step 5: Calculate injected reactive power and phase angle of D-STATCOM  

Step 6:  Update reactive power of candidate bus  
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Step 7:  Perform load flow with the updated reactive power of candidate bus.   

Step 8: Print voltage profile and power loss 

7.9.2 Power Loss and Voltage Profile 

Based on BIBC-BCBV method, the power loss and voltage profile are computed 

without the integration of D-STATCOM. Then, the size of D-STATCOM is 

computed using the analytical method. The power loss and voltage profile are 

observed by placing this D-STATCOM at bus 4. It is seen that 0.3650207 MVAr size 

of D-STATCOM reduces the active power loss from 0.0550069 MW to 0.0416316 

MW and reactive power loss from 0.0509702 MVAr to 0.0378962 MVAr 

respectively which is depicted in Table 7.4. The reduction in the active and reactive 

power loss is found to be 24.32% and 25.65% respectively. Further, the same size of 

D-STATCOM placed at each node for computing the power loss is shown in Fig. 

7.13. It is seen that the power loss is minimum at bus 4.  

 

Fig. 7.13:  Voltage profile of IEEE15 bus RDS when 0.365 MVAr D-

STATCOM placed at each node 
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Table 7.4:   Power loss in IEEE 15 bus RDS with and without D-STATCOM  

Power loss System without D-STATCOM System with D-STATCOM 
lossP (MW) 0.0550069 0.0416316 

lossQ  (MVAr) 0.0509702 0.0378962 

From Fig. 7.14, it is found that the integration of 0.3650207 MVAr size of D-

STATCOM improves the voltage profile when it is placed at bus 4. And also, it is 

seen that the size of D-STATCOM computed using BIBC-BCBV based analytical 

method is comparable to that of GA based on BFS algorithm. While comparing these 

two methods, it is observed that both voltage profiles are following the same pattern 

(Fig. 7.2 and Fig.7.14) 

  

 

Fig. 7.14:    Voltage profile of IEEE15 bus RDS without and with 0.365 

MVAr  D-STATCOM at bus 4 
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7.10 SUMMARY 

Optimal allocation of DG and D-STATCOM has been significant in the present 

scenario where integration of DG has increased due to the growing demand. The 

increase in demand resulted in more DG sources being included in the system like a 

wind farm, solar panels that have, in turn, affected the reactive power requirement of 

the system. Hence, it has necessitated the need for D-STATCOM in DG integrated 

systems. In this work, BFS algorithm has been applied to find the location and size of 

D-STATCOM in IEEE 15 bus test system. It is inferred that the total loss is minimum 

when 0.4 MVAr size of D-STATCOM is placed at bus 4. The voltage of all the nodes 

are improved, particularly the nearby nodes 5, 14 and 15 and thereby the system 

became more reliable. Further, the position and size of D-STATCOM in multiple DG 

integrated radial network have been computed for observing the enhancement in 

voltage profile. BIBC-BCBV based analytical method is used to affirm the size and 

location of D-STATCOM in this radial network. From the results obtained, it is seen 

that better enhancement of voltage stability is achieved with the proper placement of 

optimized DG and D-STATCOM. Hence, it is inferred that the location and size of 

DG/D-STATCOM is a prime factor for achieving better voltage stability enhancement. 



CHAPTER 8 

MODELING OF DG AND CPD INTEGRATED RADIAL 

DISTRIBUTION SYSTEM 

8.1 INTRODUCTION 

Power supply system, transmission, and distribution networks have to be expanded to 

meet the increase in demand. Integration of DG based systems is a viable option to 

meet the growing demand and helps to operate the system within security limits, 

ensuring the stability. CPDs can be used for solving PQ issues caused by an increase 

in the use of nonlinear loads. In this work, IEEE 15 bus radial distribution network 

has been taken for voltage stability as well as PQ analysis. 

8.2 THEVENIN’S EQUIVALENT CIRCUIT MODEL OF RDS 

The practical distribution network of IEEE 15 bus can be reduced to an equivalent 

single line network for the investigation related to PQ issues. Thevenin's equivalent 

circuit model of IEEE 15 bus radial network is taken as the test system which is 

shown in Fig. 8.1. The total connected active and reactive load in the test system are 

1.2264 MW and 1.251 MVAr respectively. From BFSA based load flow analysis, the 

active and reactive power losses are found to be 0.061791 MW and 0.057295 MVAr 

respectively. Using these values, the equivalent resistance and inductance of 15 bus 

test system are computed.  
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2 2 22

0.061791
0.0201345

1.2264 1.251

loss
eq

tltl

P
r

QP

   
  

 (8.1) 

2 2 22

0.057295
0.01867

1.2264 1.251

loss
eq

tltl

Q
x

QP

   
  

 (8.2) 

From Equations 8.1 to 8.2, the equivalent resistance and inductance for 23.2 km 

length of distribution feeder are computed as 0.0201345 Ω and 0.01867 Ω 

respectively. A test load of 1.2264 1.251j is connected at PCC of the test system.  

  Source    distribution Feeder

Load

PCC

 

Fig. 8.1:   Thevenin’s equivalent circuit model of IEEE 15 bus radial network  

In the Thevenin’s equivalent test system, distribution feeder is connected between the 

voltage source and test load such as linear, nonlinear and unbalanced load. The 

parameters are given in Table 8.1. The test system is modeled in SIMULINK.
 

Table 8.1:   System parameters of Thevenin’s equivalent circuit of IEEE 15 bus RDS 

System Parameters 

Source 11kV, 50 Hz 

Test load 1.2264 1.251j  

Feeder impedance 0.0201345 0.01867j   

To understand the performance of the test system, simulations are carried out on the 

system with different loads, wind farm and CPDs. Effects of the wind farm as well as the 

effectiveness of D-STATCOM and DVR on the test system are discussed in this chapter.  
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8.2.1 Linear Load Condition 

Test system with distribution feeder of resistance 0.0201345 Ω and inductive 

reactance of 0.01867 Ω is connected to a voltage source of 11kV and a test load of 

1.2264 1.251j  is shown in Fig. 8.2. Simulation is carried out on the system to 

observe the parameters, voltage, and current at the source and load side.  

 

Fig. 8.2:   Simulink model of test system connected to test load 

Voltage and current waveform at the source and load side are shown in Figures 8.3 

and 8.4. While comparing the voltage and current spectra of source and load, it is 

seen that the voltage and current at both sides are equal in magnitude and sinusoidal. 

Since the test load connected at PCC is acting as a linear load, the harmonics were not 

present in source and load side.  
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Fig. 8.3:   Voltage and current at source side under linear load condition 
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Fig. 8.4:   Voltage and current at load side under linear load condition 

Figure 8.5 and Figure 8.6 shows the active and reactive power waveforms at the 

source and load side. It is understood that the active and reactive power demand of 

linear load is fully supplied by the source. 



203 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
1.225

1.23

1.235

1.24

1.245

1.25

1.255
x 10

6

Time

S
o
u
rc

e
-A

c
ti
v
e
 a

n
d
 r

e
a
c
ti
v
e
 p

o
w

e
r

Active and Reactive Power at source side

Active power

Reactive power

 

Fig. 8.5:   Active and reactive power at source side under linear load condition 
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Fig. 8.6:   Active and reactive power at load side under linear load condition 

8.2.2 Nonlinear Load Condition 

A nonlinear load is connected to the test load at PCC through a breaker. Simulation 

results are shown in Figures 8.7 and 8.8.  Comparing the voltage spectra at the source 

and load side, it is found that they are equal in magnitude and are sinusoidal.  
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Fig. 8.7:   Voltage and current at source side under nonlinear load condition 
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Fig. 8.8:   Voltage and current at load side under nonlinear load condition 

But, the current spectra are distorted due to the presence of harmonics under nonlinear load 

condition. It is clear that the harmonics in the load currents affect the source and 

therefore the system requires a harmonic current compensator. 
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8.2.3 Unbalanced Load Condition 

Simulation is carried out on the test system connected to an unbalanced load on which 

R, Y and B phases are open for 0.1-0.5 sec. The voltage and current waveforms were 

observed at the source and load side. It is found that the current is distorted for this 

duration which is shown in Figures 8.9 and 8.10. It is due to the unbalanced system 

which draws an unbalanced current from the source.  
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Fig. 8.9:   Voltage and current at source side under unbalanced load condition 
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Fig. 8.10:   Voltage and current at load side under unbalanced load condition 
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8.2.4 Combined Load Condition 

Simulations are carried out in the system in which all types of loads are connected at 

PCC, and then, the voltage and current waveforms are monitored. Simulation results 

are shown in Figures 8.11 and 8.12. It is found that the voltage waveform is 

sinusoidal but, the current waveform is distorted at both sides.  
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Fig. 8.11:   Voltage and current at source side under combined load condition 
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Fig. 8.12:   Voltage and current at load side under combined load condition 

Simulation results showed that the harmonic currents present in the test system due to 

nonlinear and unbalanced loads at PCC appears as an unbalanced linear load to the 
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grid. Effect of different types of fault on the radial network is already discussed in 

Chapter 4. In both the cases, it is observed that PQ issues can crop up either due to 

system faults or due to the presence of nonlinear loads. Shunt connected grid 

interfacing inverter can be used as the shunt active filter for compensating current 

harmonics and reactive power injection/absorption device for improving the voltage 

sag and voltage swell. DVR and D-STATCOM are used as a mitigating device in this 

work. 
 

8.3 IMPACT OF DVR ON TEST SYSTEM  

The model of DVR connected with test system is shown in Fig. 8.13. It is connected 

in series with the distribution line at PCC to which the test load is connected. Voltage 

sag occurs mainly due to LG fault and overload problem and, voltage swell occurs 

mostly when a heavy load turns off. In this section, the compensation of voltage sag 

and voltage swell with the use of DVR is demonstrated.  

8.3.1 Voltage Sag Compensation  

Model of the system consists of a programmable source, distribution line, test load 

and DVR. Voltage sag and voltage swell are created using the programmable device. 

DVR consists of voltage source converter (VSC), dc link, passive filter and boosting 

transformer. The output of VSC is connected to the grid through a transformer. The 

primary side of the transformer is connected in series with the distribution line and 

the output of VSC is connected to the secondary of the transformer. 
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In normal condition, DVR did not inject or absorb any reactive power to the system. 

It is meant that there is no voltage distortion at the load side and source side and 

hence both voltages are found to be 1 pu, shown in Fig. 8.14. Then, system voltage is 

reduced to 0.8 pu from 1pu for 1-3 sec. Reflection of sag in source side on the load 

side is shown in Fig. 8.15. From Fig. 8.15, it is seen that the voltage at the source and 

load side are 0.8 pu. 
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Fig. 8.14:   Voltage at source and load side without sag 
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Fig. 8.15:   Voltage at source and load side with a voltage sag of 20% 
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To mitigate the voltage sag, a discrete PWM based control scheme is used. The load 

voltage at PCC ( pccV ) is first sensed, and its magnitude is compared with the 

reference voltage ( refV ). If pccV is less than refV , then DVR injects sufficient voltage to 

compensate the missing voltage. In self-supported DVR, the injected voltage is in 

quadrature with the line current. The power absorbed or supplied is zero under steady 

state condition and the voltage injected by DVR is in quadrature with feeder current. 

The voltage injected by DVR ( cV ) is used to maintain pccV  at 1pu. It has direct axis 

component ( cdV ) in phase with the current used to meet the power losses in VSC of 

DVR and thereby regulate the DC bus voltage and quadrature axis component ( cqV ) 

is used to regulate the PCC voltage at a constant magnitude. 
 

The control is based on synchronous rotating frame theory [227]. Fig. 8.16 shows the 

control scheme of DVR. The synchronous reference frame method is used for 

estimation of refV , which is based on the transformation of voltage in the 

synchronously rotating d-q frame. The source voltage or pccV  is converted to rotating 

reference frame using abc-dq0 conversion called Parks Transformation. 

The components of voltages in d-axis and q-axis are 

dc acd d dV V V       (8.3) 

dc ac
q q qV V V    (8.4) 

The low pass filter is used to eliminate the harmonics and oscillatory components. PI 

controller is used to maintaining dc bus voltage across the capacitor of DVR.
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1 11 1( )n n n ncap p icap de de deV K KV V V V
      (8.5) 

where n n
de dc dcV V V   which is the error between the reference and sensed dc voltage 

at thn the sampling instant. pK  And iK  is the proportional and integral gain of PI 

controller. The reference d-axis voltage,  

dc capd d VV V     (8.6) 

To maintain the amplitude of load voltage to 1pu, another PI controller is used.  The 

output of this PI controller is considered as the reactive component of voltage ( )q rV which 

is used to regulate the load voltage. The amplitude of load voltage (PCC voltage), 

     
2 2 22

3
a b cl l l lV V V V      (8.7)  

where a
lV , b

lV  and c
lV are ac voltages.  

1 1
( ) 2 2( ) ( )n n n n

q r p iq r pe pe peV K KV V V V       (8.8) 

where n n
pe l lV V V  is the error between the reference and actual PCC voltage at the 

thn sampling instant.  

The reference load quadrature axis voltage  

( )
dc

q rq q VV V    (8.9) 

The reference voltage a
lV

, b

lV

and c

lV

in the a-b-c frame is obtained by inverse 

parks transformation, dq0 to a-b-c. 
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The error between sensed load voltage, pccV  and refV  is used to generate a pulse for 

VSC of DVR. PWM generator generates pulses for carrier-based PWM converters 

using two-level topology. The pulses are generated by comparing a triangular carrier 

waveform to a reference modulating the signal. 
 

 

Fig. 8.16:   Control scheme of self-supported DVR
 

Voltage sag improvement achieved with the help of DVR is as shown in Fig. 8.17.  It 

is seen that the voltage at load side or PCC is raised from 0.8 pu to 1 pu with the 

effective control of DVR on the test system. This means that VSC injects sufficient 

amount of reactive power at PCC. The voltage across the capacitor is found to be 

150V. 
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Fig. 8.17:   Voltage sag mitigation using DVR and capacitor voltage. 

8.3.2 Voltage Swell Compensation  

In this work, the system voltage is increased to 1.2 pu for 1-3 sec. Swell in source 

side reflection on the load side is shown in Fig. 8.18. It is seen that the voltage at 

source and load side is 1.2 pu. 

If the pccV  is greater than refV , then DVR absorbs the reactive power to minimize the 

effects of the voltage at PCC. The voltage swell compensation is shown in Fig. 8.19. 

The voltage at load side is reduced from 1.2 pu to 1 pu with the effective control of 

DVR. The capacitor voltage is found to be 150V.
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Fig. 8.18:   Voltage at source and load side with a voltage swell of 20% 

 

Fig. 8.19:   Voltage swell mitigation using DVR and capacitor voltage. 

8.4 IMPACT OF D-STATCOM ON TEST SYSTEM   

Model of D-STATCOM integrated with the test system is shown in Fig. 8.20. The 

mitigating device D-STATCOM is connected in parallel with the test load at PCC. 

Another load is connected to the PCC through the circuit breaker to create voltage sag 

at the load side. The control scheme of D-STATCOM is shown in Fig. 8.21.  
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Fig. 8.21:   Control scheme of D-STATCOM 

When D-STATCOM is not connected to the test system, then the voltage at PCC is 

found to be 1 pu as is shown in Fig. 8.22. The circuit breaker is used to make a fault 

on the load side for 0.06-0.14 seconds. It is seen from Fig. 8.23 that the voltage is 

reduced from 1 pu to 0.95 pu. During this period, D-STATCOM provides sufficient 

amount of reactive power to meet the missing voltage and thereby the voltage at PCC 

is improved as it is evident from Fig. 8.24.  
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Fig. 8.22:   Voltage at PCC without D-STATCOM  
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Fig. 8.23:   Voltage sag under fault condition 

 
 

Fig. 8.24:   Mitigated voltage at load side with D-STATCOM 

8.5 DG ON TEST SYSTEM 

Model of 400 kW size of DG on the test system is shown in Fig. 8.25. The wind-

based system acts as the active power source so that the reactive power injection to 

the grid is zero. DG and test load are connected at PCC. 
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Figure 8.26 shows the output of 400 kW wind system. The terminal voltage of the 

wind system is found to be 1 pu. DG provides active power only so that the active 

power output obtained from the wind-based system is 400 kW and reactive power 

output is zero. 
 

 
Fig. 8.26:   Voltage, active and reactive power output of 400 kW wind system 

Results obtained from integration of DG on the test system are shown in Fig. 8.27. 

The terminal voltage at PCC of this system is found to be nearly equal to 1pu. The 

active power of load connected at PCC is 1226.4kW. Active and reactive power 

output at PCC is then found to be nearly equal to 826kW and 0kVAr respectively.   
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Fig. 8.27:   Voltage, active and reactive power at PCC in DG integrated test system 

8.6 DG AND D-STATCOM ON TEST SYSTEM 

Figure 8.28 shows that the load, DG, and D-STATCOM are connected at PCC. If 

there is no disturbance in the system, then there is no voltage drop at the source side 

and load side. Therefore, the load voltage is found to be 1pu as shown in Fig. 8.29. 

Active and reactive power at wind side was found to be 0.4 pu (400kW) and 0 pu 

(0kVAr) respectively as shown in Fig. 8.30. Active and reactive power at source side 

is shown in Fig. 8.31.  
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Fig. 8.29:   Source voltage and load voltage of DG integrated test system 

 

 
Fig. 8.30:   Active and reactive power at PCC when DG of 400 kW connected 

at load side 
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Fig. 8.31:   Active and reactive power at source side when DG of 400 kW 

connected at load side 

When a disturbance occurs for 0.3-0.5 seconds, then the effect of disturbance will 

reflect on both source and load side. The disturbance at source and load side for this 

period is shown in Figures 8.32 and 8.33. D-STATCOM will act as a mitigating 

device during the period of disturbance so that the voltage is recovered at load side. 

Figure 8.34 showed the source and load voltage under fault condition with D-

STATCOM. The capacitor voltage is found to be 350V as shown in Fig. 8.35. 
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Fig. 8.32:   Source power in DG integrated system under fault condition 

 

 
Fig. 8.33:   Load power in DG integrated system under fault condition 
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Fig. 8.34:   Source and load voltage with D-STATCOM 

 

 
Fig. 8.35:   Capacitor voltage of D-STATCOM 
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In DG integrated radial network, the effectiveness of DVR and D-STATCOM in 

mitigating voltage sag at load and source side are demonstrated. It is seen that the 

integration of DVR or D-STATCOM is a better choice to provide reactive power 

compensation in the normal test system as well as DG connected test system. 
 

8.7 PRACTICAL RADIAL DISTRIBUTION SYSTEM 

An attempt has been made to investigate the effectiveness of DG, D-STATCOM 

combination for voltage compensation in a practical IEEE 15 bus test system. In 

Chapter 5, the optimal location and size of DG in various practical test systems such 

as 15 bus, 28 bus, 33 bus etc., have been investigated.  

8.7.1 IEEE 15 BUS RDS 

Simulink model of IEEE 15 bus RDS test system is shown in Fig. 8.36. Simulation is 

carried out on the system to obtain the voltage profile. It is observed that the voltage 

profile is followed almost the same pattern as that is obtained from MATLAB 

programming using BFS algorithm. Comparison of voltage profiles is given in Fig. 8.37.  
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Fig. 8.37:   Voltage profile of IEEE 15 bus RDS – A comparison between    

Matlab programming and Simulink modeling  

8.7.2 DG integrated IEEE 15 Bus RDS 

Load flow analysis using BFS algorithm provided an improved voltage profile with 

the integration of 400 kW size of DG placed at bus 6. It is obtained that when the 

same size of DG is placed at bus 4, then the voltage at far end buses, particularly 4, 5, 

14 and 15 are improved more than DG at bus 6. IEEE 15 bus system is modified in 

two ways in such a way that 400 kW wind-based system is connected with load at bus 

6 which is shown in Fig. 8.38 and at bus 4 that is shown in Fig. 8.39. Simulation is 

carried out on these two modified systems for finding the impact of DG on the 

voltage profile. Voltage profile of these two systems is shown in Fig. 8.40. Voltage 

profile obtained from modeling follows almost the same pattern to the result obtained 

from simulation, shown in Fig. 5.19. On comparing these two voltage profiles, it is 

observed that when 400 kW size of DG placed at bus 6 and bus 4 together gave an 

improved voltage at far end buses.    
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Fig. 8.40:   Comparison of voltage profile of IEEE 15 bus RDS with integration 

of 0.4MW DG at bus 4 and bus 6
 

 

8.7.3 D-STATCOM integrated IEEE 15 Bus RDS 

Simulation results showed that the bus voltage at far end bus 14 is 0.9543 pu, as seen 

from Fig. 8.41. In this radial network, a fault is created at far end bus 14 for 0.3-

0.5sec so that the voltage at bus 14 comes down to 0.82 pu. Integration of D-

STATCOM provides sufficient reactive power to meet the missing voltage thereby 

increasing the voltage to 1 pu. The voltage sag and its mitigation are shown in Figures 

8.42 and 8.43.  
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Fig. 8.41:   Load voltage at bus 14 without fault   
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Fig. 8.42:   Load voltage at Bus 14 with fault 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

Time (sec)

V
ol

ta
ge

 (
pu

)

Voltage mitigation at bus 14 with D-STATCOM

 
Fig. 8.43:   Load voltage at bus 14 with D-STATCOM 
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From the various analysis conducted on the radial network, it is observed that the 

integration of the suitable size of DG at the proper place gave an improved voltage 

profile. Moreover, multiple DGs at suitable locations can enhance better voltage 

stability in the system. Results showed that the disturbance on the system could be 

reduced with the use of D-STATCOM.  

8.8 SUMMARY 

In this chapter, the Thevenin's equivalent model of IEEE 15 bus test system has been 

presented and performance of the model for various types of loads like linear, nonlinear 

and unbalanced is demonstrated. On measuring the voltage and current at PCC, it is 

observed that the nonlinear loads can introduce PQ issues in the test system. The 

effectiveness of DVR and D-STATCOM in the improvement of voltage sag and voltage 

swell is established through investigations to observe the enhancing capability of CPDs at 

the terminal of the linear load. The test system is modified with integration of 400 kW 

wind-based system, in which D-STATCOM is used as the mitigating device to enhance 

PQ issue at PCC. Further, the performance of D-STATCOM is tested through 

SIMULINK model of IEEE 15 bus radial distribution network integrated with 400 kW 

wind-based system. It can be inferred that DVR and D-STATCOM perform accurately 

for PQ issues, particularly voltage sag and voltage swell in linear load condition.  

   

 

 
 



 



CONCLUSIONS  

9.1 Conclusions 

Growth rate of power sources is not comparable with the power demand in the 

existing system, leading to energy deficit particularly in peak time, makes it necessary 

to use all the available energy sources to its maximum capacity. Increased demands 

on electric power and absence of long-term planning cause security concerns and 

impair the quality of supply. Due to the economic and environmental restrictions, 

radial distribution networks are not adequately enlarged with increasing loads. Gas, 

fossil fuels and other energy alternatives collectively pose a threat to power plant 

operators and end users. In recent times, renewable energy sources have been getting 

prominence in power generation as their costs decline while the price of oil and gas 

continue to fluctuate.  

In power systems where, RE based system delivers a significant proportion of power, 

voltage stability and power quality are important issues which require serious 

attention. Increase in usage of nonlinear loads, particularly in the industrial sector is a 

major cause for power quality issues which may even lead to voltage collapse and 

subsequently partial or full system blackout. To ensure a reliable supply of quality 

power, effective operational strategies have to be adapted by the utilities.  

In the case of normal distribution test system as well as wind integrated test system, 

simulation results demonstrated the feasibility and effectiveness of the custom power 

devices in mitigating voltage sag under different fault conditions. Due to the reactive 
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support is given by the wind generator at the customer or load side, the terminal 

voltage is not much reduced in wind integrated system. On comparison, D-

STATCOM provides excellent performance than DVR in voltage sag mitigation 

during a fault condition. SSTS helps to transfer the power from unhealthy feeder to 

the healthy feeder at a very high speed particularly in the wind integrated system. 

Integration of renewable energy based distributed generation (DG) systems, 

particularly of wind and solar photo-voltaic (SPV) based systems have attained wide 

acceptance in many countries, as the cost of power generation has come down and it 

is comparable with that of electricity generated from fossil fuels. In this context, the 

determination of optimal size and location of renewable energy based DGs have 

become a very crucial issue. To enhance the voltage stability, an algorithm is 

formulated for optimizing the size of DGs within the constraints with an objective of 

minimizing the active power loss.  

The applicability and robustness of BFS algorithm have been tested in different IEEE 

test systems as well as practical power systems. In IEEE 15 bus radial system, the 

voltage stability enhancement is attained with the integration of 0.4 MW size of DG 

placed at bus 6. Power loss reduction index and voltage profile improvement index 

quantifies the effectiveness of optimized DG in the radial network. Moreover, the 

maximum capacity of DG/DGs that can be added to the existing system to improve 

the voltage stability is also computed. Simulation results showed that the proper 

location of optimized DG/DGs in different radial network reduces the power loss and 

thereby improves the voltage stability. 
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Severe voltage instability in the network results in sudden voltage crisis which can 

seriously affect the end users. To facilitate timely intervention by the operator to 

alleviate the crisis, adequate knowledge of the root cause is an essential pre-requisite. 

Stability indices help the operators to take the initiative to address the impeding 

problems and in turn facilitate improvement in voltage stability. Effectiveness of 

various stability indices have been tested on IEEE 15 bus radial distribution system 

and demonstrated further with the help of case studies. Theses indices show the close 

agreement and are comparable as an early warning tool to voltage collapse. From the 

various stability indices analysis, bus 6 is identified as the weakest bus so that it 

requires active/reactive support. While comparing the GA based BFS algorithm and 

voltage stability indices analysis, the position of active/reactive power injected is 

found to be same. Maximum amount of reactive power that can be injected into this 

bus to maintain the voltage stability within the limit is also calculated. 

To find the location and size of reactive power support, an algorithm is developed 

with an objective of minimizing reactive power loss. Further, this algorithm has been 

tested in multiple DG integrated radial network for observing the enhancement in 

voltage profile. Results are verified using BIBC-BCBV based analytical method to 

affirm the size and location of D-STATCOM. From the GA based BFS algorithm, the 

size of reactive power support is found to be 0.4 MVAr at bus 4. The power loss and 

voltage profile are computed with the integration of multiple DGs by placing 0.4 

MVAr at bus 4. From the results obtained, it is inferred that no buses having 

under/over voltage problem. From the obtained results of the BIBC-BCBV method, 

the size of D-STATCOM is found to be 0.365 MVAr which gives minimum power 

loss. The size and location are reaffirmed by this method. 
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An integrated model of DG and custom power devices have been developed and 

applied in Thevenin's equivalent model of the radial network and IEEE 15 bus test 

system to assess the effectiveness of mitigating voltage sag. Simulation results 

depicted that the DVR and D-STATCOM perform accurately in the normal radial 

system as well as wind integrated radial system for PQ issues, particularly voltage sag 

and voltage swell in linear load condition. 

9.2 Suggestions for Future Research 

 Optimum size and location of different DG systems like wind, solar photo-

voltaic (SPV), small hydel, etc. in a radial network using multi-objective 

programming can be attempted. 

 Development of optimization model of DG systems incorporating DG 

systems integrating with energy storage can be explored.  

 Rescheduling of power at peak time with the help of proper coordination 

technologies can be attempted.  

 Based on this model, the impact of custom power devices on power quality 

can be assessed, and possible remedies can be suggested. 

 Hardware implementation of this model can be attempted for real-time 

validation. 

 Demand side management can be offered to the prompt application of 

renewable energy sources. 
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