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ABSTRACT 

Distribution networks face several problems such as power loss, low voltage profiles, frequent 

and prolonged power interruptions at customer sites, and lowest level of voltage at system 

nodes. Awash Melkasa Distribution Feeder similarly faces this kind of problems. Major issues 

of the feeder are high frequency of interruptions, power losses, and voltage drops. In order to 

mitigate power loss and voltage deviation, the optimal sizing and placement of distribution 

static compensators (D-STATCOM) and solar-based distributed generation (DG) in the Awash 

Melkasa distribution system, Dera (F-5) distribution feeder, were used in this thesis. Dera (F-

5) distribution feeder on Awash Melkasa distribution system has 117 branches and 118 buses. 

The load flow analysis of the distribution feeder has been simulated in MATLAB using the 

backward/forward sweep algorithm to determine power loss and voltage deviation. The existing 

system real and reactive power losses are 1298.84 KW and 987.991KVAr respectively and 

forty-five and 12/100 (45.12%) buses have below standard voltage levels. An optimization 

problem has been formulated as multi-objective functions comprising total real power loss, 

total reactive power loss, and voltage deviation for optimal siting and sizing of DG and D-

STATCOM using Whale optimization algorithm. The simulation results were tested by 

considering base case (scenario -I), Only DG integration (scenario -II), only D- STATCOM 

integration (scenario-III), and simultaneously DG and D-STATCOM integration (scenario-IV) 

scenarios. The simulation result indicates that active power loss reduction percentages were 

44.5578%, 26.456%, and 79.117% for scenario-II, scenario-III, and scenario-IV best-case, 

respectively. Similarly, reactive power loss reduction percentages were 44.6838%, 26.497%, 

and 79.218% for the same scenarios. Additionally, the minimum voltage level in the base case 

improved from 0.8689 p.u. to 0.95 p.u., 0.955204 p.u., and 0.972127 p.u. Therefore, based on 

the results, scenario IV is the preferred option for reducing power loss and enhancing voltage 

profile. The optimal simultaneous placement and sizing of DG and DSTATCOM were 

determined to be at buses 55 and 105 of the F-five feeder, with the DG rated at 1,049 MW and 

the DSTATCOM rated at 1,214 MVAr, respectively. Furthermore, the payback period of the 

proposed solution indicates four year and three months. 

 

Keyword: Backward/Forward Sweep Algorithm, DG, D-STATCOM, Power Loss, Voltage 

profile, and Whale Optimization Algorithm.
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CHAPTER ONE 

1. Background of the study 

A power system is a complex interconnection of various electricity-carrying utility systems. The 

distribution system, transmission system, and generating system are the three subsystems which 

make together the electric utility system. Lower voltage and more concentrated power distribution 

to customers occur at the substation level. The number of transmission lines in distribution system 

larger than the transmission system.  The majority of customers are only involved in one of the 

distribution system's three phases. As a result, each line has a separate power flow, and the system 

is usually unbalanced. Lateral distributors and primary or main feeders are used in distribution 

circuits. The main feeder travels across the main load centers after leaving the substation. The 

individual load is connected to the lateral distributors. The distribution transformers at the ends of 

the lateral distributors are used to link each individual load point to the main feeder. A single 

circuit main feeder with a wide range of resistance and reactance values is seen in many practical 

distribution systems. A radial distribution network, thus, consists of a primary feeder and several 

laterals that branch out of its nodes (Talukdar, 2019). 

The distribution system's main problems are power outages, low voltage profiles, frequent and 

long-lasting interruptions, distorted voltage and current at the customer's end, and unstable voltage 

at the system node. Each of the mentioned problems has a unique source; for instance, there can 

be technical and non-technical causes of power loss. The feeder's length and loading state are the 

causes. One unwanted phenomenon that happened in the power system was loss in the distribution 

and transmission systems. Ethiopia now has an overall power loss of 18.66% (Alyu, 2022). 

Distributed Generations position in distribution systems to decrease phase unbalancing and power 

loss and mitigate the profile of voltage. A decreasing the power losses and mitigation of voltage 

profile at common point of coupling in a real distribution system. Placement of DG did not 

outcome the requirement of reactive power for the network, ensuing in under voltage at various 

buses. This under voltage issue was resolved through the optimal position of DSTATCOM 

(Muquthiar, Gadana, & Visali, 2022). 

The study area of this thesis is located in the Central Oromia Region of Ethiopia. Awash Melkasa 

located in the East Shewa Zone southeast of the capital, Addis Ababa and 9.29mi from Adama. 

Awash Melkasa substation has 132 kV incoming feeder from Awash hydropower generation . 
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There are two transformers a capacity of 25MVA and 31MVA which steps down the incoming 

voltage to 15kVand 33kV respectively. Two transformers operate independently to the feeders. 

Distribution feeder voltage sô further steps dawn by distribution transformer to supply the customer 

loads. Awash melkasa substation has eight outgoing feeders to deliver electrical energy to industry 

load, commercial load and domestic loads (Report, 2013-2015).   

Demographics 

Zone: East Shewa   

Region: Oromia 

Location: 08Á24ǋ0ǌN 39Á19ǋ59ǌE 

Lat/long (dec): 8.4,39,33333 

 Site selection 

Specific site location is an important factor for the selection of power loss and voltage drop 

problem mitigation of Awash Melkassa distribution feeder. A good location can increase both the 

economy of Ethiopia Electric Utility and customer. Crucial points that need to be considered for 

reduce power loss and mitigate the voltage profile to improve power quality of this site. Site 

selection for power loss and voltage profile problems in a distribution system involves identifying 

the locations where these issues are occurring (Report, 2013-2015).  

The most problems in this site are: 

ü Power loss 

ü Voltage drops 

ü High power interruption rate 
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Figure 1.1: Location of the site (Awash Melkasa, Ethiopia) Ethiopia) (www.Maps.com, 2023) 

1.1. Statement of problem 

The electrical energy demand of the Awash Melkasa distribution system has been rapidly growing 

due to the expansion of industries and the high growth rate of commercial and residential load and 

also, consumers at the end of the Feeder have been experiencing low voltage levels due to extended 

line. As a result, the distribution feeders which transfer power from substation to the customers 

have poor power quality.  

Distribution feeders that travel long distance have high resistance to reluctance ratio (R/X) which 

is causes high power losses and voltage deviation. The coverage area of Dera (F-5) distribution 

feeder from the Awash Melkasa distribution system spans 163.95 km. This feeder supplies power 

to several small towns, including Koshim, Sire Megbiya water pump, and Sire Golo water pump, 

which operate at voltage levels of 3x289V, 3x340V, and 3x337V, respectively. This indicates that 

the feeder faces significant challenges, including a high frequency of interruptions, power losses, 

and voltage drop. 

These issues result in economic losses for utilities and customers. This regard, finding loss 

reduction and voltage profile enhancement mechanisms for the distribution networks is a critical 

issue. Integration of D-STATCOM and solar-based distributed generation (DG) in Awash Melkasa 

distribution substation, Dera (F-5) distribution feeder is proposed to solve the problem. The 
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significance of this thesis lies in enhancing the utility's economic efficiency, improving customer 

satisfaction, and increasing power quality and sustainability. 

1.2.  Objectives 

1.2.1 General objective: 

To enhance the efficiency and reliability of Awash Melkasa Distribution Feeder by mitigating 

power loss and voltage profile through the optimal integration of Distribution Generation (DG) 

and Distribution Static Compensator (DSTATCOM). 

1.2.2 Specific objectives: 

The specific objectives of this thesis are: 

V Analyzing and modeling of distribution feeder to determine power loss and voltage 

deviation using backward/forward sweep algorithm. 

V Formulate a multi-objective function for optimal placement and sizing of DG and D-

STATCOM using whale optimization algorithm. 

V Improve voltage profile of Awash Melkasa distribution feeder (F-5). 

V Reduce power loss of Awash Melkasa distribution feeder. 

V Increase economy of utility and customer. 

1.3. Scope and Limitation of the study  

The scope of the thesis covers, studying distribution network voltage profile mitigation and power 

loss reduction for the Awash Melkasa distribution feeders. The study focused on reducing power 

loss, and improving voltage profile for distribution systems by optimal DG and D-STATCOM 

placement and sizing using whale optimization algorithm.  

The scope of the thesis is to analyze, modeling, simulate and evaluate the performance of the 

distribution network with or without DG and D-STATCOM in order to minimize the power losses 

and mitigate bus voltage profile of the selected case study using MATLAB software. 

The thesis is limited to investigating only the impact on power losses and voltage profile mitigation 

using software tools. This study does not include the investigation of the impacts of harmonics and 

protection levels on the distribution network. 

1.4. Significant of the study 

This thesis work has several significant aspects, including: 

ü Reduction of power loss in the distribution network 
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ü Maintaining the voltage profile within a standard voltage range 

ü Motivating consumers and utilities to use renewable energy resources 

ü Reducing environmental pollution and minimizing the cost of transmission 

Additionally, this work has made a substantial contribution to the application of whale 

optimization algorithm in power system applications. 

1.5. Organizations of the Thesis 

The organization of the thesis has been made in such a way that the reader finds an introduction, 

literature review of different methods for mitigating voltage deviation and power loss reduction, 

results of the simulations, conclusion and future work. The layout of the thesis is as follows: 

Chapter one gives an introduction background, statement of the problem, objectives of the study, 

scope, methodology followed in the thesis work and finally it provides the thesis outline. 

Chapter two gives the detail of theoretical background and review of different literatures related 

to voltage profile and power loss mitigation in the distribution network and optimization 

techniques used to solve voltage drop and power loss reduction in the distribution network. 

Chapter three describes modeling and analysis of Awash Melkasa distribution feeder. Data 

collection process, the type of data collected for Dera (F-5) distribution feeder and modeling of 

the distribution network. 

Chapter four presents simulation studies using MATLAB software and analysis of the results. 

Chapter five includes the conclusions, recommendations and suggestions for future work to further 

investigate the research work carried out in this thesis with the whale optimization algorithm to 

find the best location and the size of DG and D-STATCOM. Finally, the base case is compared 

with that the compensated system and economic analysis has performed for the selected 

mechanism. 
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CHAPTER TWO 

2. Theoretical Background and Literature Review 

2.1. Introduction  

This chapter examines the study's literature reviews and relevant theoretical basis. The electric 

power distribution system is dealt with in Section 2.2, and the voltage drop and power loss in the 

radial distribution network are addressed in Section 2.3. Methods for reducing power loss and 

improving voltage profile are covered in section 2.4. The distribution of static synchronous 

compensators is reviewed in Section 2.5. The solar-based distribution generation is presented in 

Section 2.6. DG and D-STATCOM modeling is discussed in Section 2.7. In section 2.8, the 

literature review is discussed. 

2.2. Electric power distribution system 

Power distribution systems comprise essential electrical components and infrastructure that 

facilitate the delivery of electrical energy from a power transmission system to end users. 

Typically, the topology of distribution systems is radial, so that power goes from substations to 

end users through main lines or feeders (Pareja, Lezama, & Carmona, 2023).  

A distribution system originates at a distribution substation and includes the line, poles, 

transformers and other equipment needed to deliver electric power to the customer at the required 

voltage level. Transport energy from the transmission system to end user customer, industry, 

transport center and power-dependent infrastructure (Daware, 2018). 

 Ethiopia electric power system voltage level at primary transmission system is 400kv, 230kv, 

and 132kv.Sub-transmission systems voltage is 66kv and 45kv and 33kv and 15kv as distribution 

system voltage. Distribution substation is used to step down the voltage to 33kv and 15kv and 

distribute with outgoing feeders connected in a radial structure (Alyu, 2022). 
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Figure 2.1: Electric power distribution system (Singh, 2018) 

2.3. Power Loss and Voltage Drop in Radial Distribution Network 

Power losses and voltage drops are the most prevalent issues in the Awash Melkasa radial 

distribution network. In the network, a high R/X ratio results in massive voltage drop and power 

loss. At the low voltage side with the load, especially Awash Melkasa(F-5) feederôs voltage drop 

is 290V at the Koshim site. In this thesis, primarily investigate voltage drop and loss of power 

mitigation for the F-5 distribution feeder. 

Electric power loss is described as voltage drop and power loss. Electrical power losses in 

distribution networks are impacted by losses through transformers, insulators, and distribution 

lines. The two types of power loss are true power loss and reactive power loss. Line resistance 

produces true power loss, while reactive elements induce reactive power loss (Abayneh, 2022). 

Distribution networks are an important part of a power supply system since the supply of electricity 

to consumers is ensured by an efficient distribution system. In general, the radial distribution 

network has a low X/R ration, which leads to more power losses and voltage drop. A large amount 

of total power losses in the power grid occurs in the distribution network accounting for about 13% 

of the total network generation (Benalia, Madji, & Benaissa, 2020). The increment of reactive 

power demand in distribution system creates manifold challenges especially in loss profile 

management due to most of the loads consist of reactive loads. This significantly increases the 

current flow in transmission and distribution system which also increase the I2 R and I2 R losses 

in the lines. In distribution 70% of total power losses in power system occur while the rest of 30% 

occurs at transmission and sub-transmission system (Bazilah, et al., 2020). 
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Power loss created in the distribution networks is divided into two main parts, 60% of which is 

wasted in the lines and 40% in the transformer (Alireza, Yiming, Negar, & Mohammad, 2021). 

Power losses can be divided into two categories that are technical and non-technical.  

Technical losses may occur due to natural events, design malfunction, overloading and the types 

of material being used in the system, whereas power losses of non-technical nature involve 

measurement monitoring issues and power theft (Khan, et al., 2022). 

The losses to be in the power distribution network can be classified as:   

ü Technical losses 

ü Non-Technical losses 

Technical losses: The distribution network experiences technical losses as a result of current 

flowing through conductors and magnetic losses in transformers, which generate heat within the 

network. This covers primary and secondary network resistive losses. The losses in KWh meters, 

resistive losses in the services drops, and resistive losses in the winding and core of the distribution 

transformer. Technical losses often depending on the features and configuration of the network. 

Primary and secondary distribution lines in the power network experience the majority of losses 

(Singh, 2018). 

Non-Technical Losses (NTL): Non-technical losses are losses that are dependent on human 

activity. The unlawful attempt to reduce or completely avoid paying a utility bill for the use of 

electric energy is known as energy theft.  NTL can be caused by a variety of factors, including 

misread meters, underperforming or non-performing meters, tampering with the meter to provide 

false readings that are then used to create incorrect consumption statistics in billing, creating 

unauthorized connections, and direct tapping. This causes customers refuse to pay for the power 

that uses (Singh, 2018). 
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Figure 2.2: Losses in distribution network (Singh, 2018) 

Reasons for high distribution losses (Singh, 2018)  

Long distribution lines: Losses occur in the network when distribution is extended without 

testing. 15 kV and 400/380-volt lines are hastily extended, usually in rural locations where loads 

are dispersed across a wide area. High line losses and a high R/X ratio is the outcomes. 

Insufficient conductor size: Insufficient conductor size causes feeder overloading and additional 

losses. The KVA x KM method should be used to determine the conductor size. Since radial 

feeders typically feed the loads, extending the feeder resulted in higher current losses. 

Distribution transformer -related losses: The key component of the distribution system is the 

distribution transformer. Various kinds of losses are contingent upon it. Transformer with higher 

and lower ratings. 

Low voltage level: Most of the domestic and commercial loads are inductive so small variation in 

voltage effect the performance of equipment and increase losses in system. Low voltage level at 

consumer end effect the life of electric goods also 

Distribution transformer Location : When a distribution transformer (DT) is positioned 

incorrectly, energy is lost in the system. For example, customers who are farthest away from the 

DTs receive much lower voltages than customers who are closer to the DTs. 

Measurement  Energy process Topology of   losses 

measured in KWh 

Energy purchased A 

Energy consumed B 

Distribution network 

Energy reading, billing 

and distribution of bill 

Energy billed C 

Payment outstanding  

Energy paid D 

1st type non-technical 

losses (B-C) unbilled 

energy 

2nd type non-technical 

losses (C-D) unpaid 

energy 

Technical losses (A-B) 
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Poor quality of equipment: High losses are a result of poor-quality equipment since it does not 

meet electrical standards and draws a lot of current. Heat and I2R losses were induced by high 

current. 

Low power factor: It has been noted that in most of LT distribution circuits, the power factor 

ranges from 0.65 to 0.75. Since the majority of domestic, commercial and industry loads are 

inductive and require high current at any given load, there will be higher losses corresponding to 

I2R losses. 

Poor high-to-low tension ratio : A 1:1 HT/LT ratio is ideal. However, the ratio is currently 1:6.25 

as a result of the LT lines' further extension in the State's extensive electrification of the domestic 

sector. 

Unbalanced phase: The load cannot be distributed equally among all the phases due to the random 

distribution of the load locations. Power losses occur due to the current flowing in the neutral 

during this unbalanced phase. 

Transformer Losses: The resistive losses in the windings and the iron losses in the core are 

examples of distribution transformer losses. Nowadays, ordinary silicon steel makes up the 

majority of a transformer's core. This causes an increase in copper and iron losses within the 

transformer. 

Direct tapping by non-customers: Direct tapping of power by non-customers is common in 

several places, mainly in the domestic and agricultural sectors. The stolen energy cannot be 

measured and, thus, is not identifiable to any one party because it is frequently impossible to 

identify the offender. Thus, stolen energy is regarded as part of line losses. 

Current customers are pilfering : The main reason why the electrical utilities lose money is 

because of current customers' pilfering or theft. The most common methods are to directly bypass 

the meter and to tamper with it. Physical jerks, the placement of powerful magnets, or the insertion 

of foreign objects into the disc rotation can all be methods of tampering. 

2.4. Power Loss and Voltage Profile Mitigation Methods 

There are various methods for mitigating the voltage profile and power loss, which raises the power 

quality of the distribution system of the outgoing feeders from the Awash Melkasa substation. 

Network reconfiguring, updating the conductors, compensating for reactive power, installing an 

automatic voltage booster, locating and sizing distribution transformers, Flexible AC Transmission 

System Device, Distributed Flexible AC Transmission System, and distributed generation are 
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some of these techniques. Suggestion for enhancement of Awash Melkasa distribution feeder by 

DG and D-STATCOM to mitigation power loss and voltage profile. An analysis was conducted 

on the D-STATCOM and DG penetration allocation to save investment costs and improve system 

performance overall in terms of real power loss reduction and voltage profile improvement. 

Power loss reduction and voltage profile improvement are important challenges for the power 

network. Various methods are implemented for reducing the power loss as well as improving the 

voltage profile in the network. One of the conventional methods is the use of a reactive power 

compensation source. The main advantages of this method are improving voltage, reducing power 

losses, and increasing the capacity of the feeder. Injecting reactive current into the distribution 

network increases the power loss and voltage deviations. Distribution network reactive 

compensation is necessary, and installing a reactive compensator in an optimal location with 

optimal size will reduce the cost of losses and improve the voltage profile. (Alireza, Yiming, 

Negar, & Mohammad, 2021). 

 Distribution systems are usually designed to propagate power in a radial distribution network, 

hence posing challenges for the integration of renewable distributed generation resources. 

Distributed generation units in the system improves the voltage profile and reduce the overall 

power loss (Khan, et al., 2022). 

Network reconfiguration : Modifying the distribution network to change the network topology is 

known as network reconfiguration. The percentage of power loss tends to decrease as power flow 

increases. To enhance network reliability, a smoother demand pattern, and an improved voltage 

profile network reconfiguration offers major benefits (S.Balakumar, Akililu, Samuel, & 

K.Bamash, 2021).  

The separation of current feeders to create parallel power flow routes and the creation of a new 

tree structure by opening and closing system switches (Singh, 2018). 

Feeder reconfiguration allows loads to be transferred from severely loaded feeders to lighter-laden 

feeders, and from higher- resistance routs to lower-resistance routs to achieve the lowest loss, 

where the resistance route is the entire resistance from the source to the load point. Such transfers 

are successful not only in terms of changing the amount of loads on the switched feeder and 

lowering losses, but also in terms of improving the voltage profile on the feeders and lowering 

total system power losses. Feeder reconfiguration, on the other hand, is successful if the 
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distribution feeders are automated and not too far apart. For un-automated and fare apart feeders, 

feeder reconfiguration may not be cost effective (Abayneh, 2022). 

Conductor updating: To reduce the active power losses, replace the existing conductor with one 

of the optimal conductor sizes. The load growth is rapid. The conductor sizes are chosen for a 

minimized initial capital investment.  This plan is very effective in reducing losses and enhancing 

the voltage profile (Singh, 2018). 

Reactive power compensating: The benefits of reactive power compensation in the distribution 

system include voltage profile variation, higher power flow capacity, mitigated system capacity, 

and reduced power losses. In general, if the size and position are optimized, reactive power 

compensation is an efficient way to improve the voltage profile and loss of a distribution network. 

This can be performed by putting in various reactive compensating devices (Alyu, 2022). 

The load on the distribution system is mostly inductive and requires large reactive power. Shunt 

capacitor provide reactive power compensation at its location, independent of the load (Singh, 

2018). 

Distribution Transformers Locating and Sizing: The location and size of distribution 

transformers (DTs) should be determined with the load. This will help to minimize technical loss 

in the secondary distribution system (Singh, 2018). 

The secondary of the transformer is maintained at a tolerable voltage level. Distribution 

transformers should be positioned as close to the load center as feasible. In addition, large 

transformers must be changed out with transformers with limited ratings that service a small 

number of customers (Alyu, 2022). 

Automatic voltage booster: In distribution systems, autotransformers known as Automatic 

Voltage Booster (AVB) are installed to solve the issue of voltage deviation. They maintain the 

electrical distribution network's voltages within a predetermined range. The optimal operation of 

electrical devices is guaranteed by voltage regulation. Usually, electrical equipment is designed to 

operate within a specific voltage range. Device performance is usually insufficient and 

unsatisfactory as a result of poor regulation of voltage (Asmaa, Abdullah, & Heba, 2022). 

Distributed generation: DG can be classiýed into four major types based on their terminal 

characteristics in terms of active and reactive power-delivering capability as follows (Tesfay, 

2018): 
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1. Type 1: DG is limited to injecting P. 

2. Type 2: DG is limited to injecting Q. 

3. Type 3: A DG with the ability to inject both P and Q. 

4. Type 4: A DG that can inject P but consume Q. 

Micro turbines, fuel cells, and photovoltaic systems are excellent examples of Type 1 energy 

sources that can be integrated into the grid with the use of converters and inverters. Capacitors and 

reactive power compensators could be Type 2. DG units classified as Type 3 are synchronous 

machines, such as gas turbines and cogeneration. Type 4 is mainly induction generators that are 

used in wind farms.  

Advantages of DGs in Power Systems Applications (Alyu, 2022): 

DG units have various advantages in power system applications which are the main reason behind 

its widespread acceptance. Some main technical and economic benefits are: 

ü Reducing losses in the power system 

ü Improvement of the voltage profile 

ü Increasing energy efficiency 

ü Improving reliability and regional consequences of system failure 

ü Improving power quality and security 

ü Lower operating cost because of peak shaving 

ü Enhanced productivity 

ü Deferred investment for upgrade facilities 

Flexible AC Transmission System Device: FACTS devices are frequently used to improve power 

quality and stability. FACTS devices come in different types, each having unique characteristics, 

benefits, and drawbacks. FACTS devices enable control over transmission system parameters of 

interest, which are essential to the grid's smooth operation. They can be employed alone or in 

combination with other types of FACTS devices (Adetokun & Muriithi, 2021). 

 FACTS devices are (Abayneh, 2022): 

ü Shunt connected controllers such as Static Synchronous Compensator (STATCOM) and 

Static VAR Compensator (SVC). 

ü Series connected controllers such as static synchronous series compensator (SSSC), series 

capacitive reactance compensator (SCRC), Thyristor-switched series capacitor (TCSC), and 

Thyristor-controlled series reactor (TCSR). 
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ü A combination of shunt and series connected controllers such as unified power flow 

controller (UPFC), and Thyristor-controlled phase shifting transformer (TCPST). 

ü Those FACTS devices are used to improve grid voltage stability and power quality. 

ü The basic applications of FACTS devices are (Alyu, 2022): 

ü Power flow control, reactive power compensation, and increase of transmission 

capability. 

ü Power quality improvement, Power conditioning, Voltage control, and Stability 

improvement. 

Distributed Flexible AC Transmission System: 

D-FACTS devices connect in series, shunt and series-shunt to distribution feeder lines. D-FACTS 

devices are smaller and less expensive than traditional FACTS devices which may make them 

better candidates for wide scale deployment for distribution power system. From a power systems 

perspective, D-FACTS devices have many potential benefits (Ganguly, Manna, Mondal, & Roy, 

2020). 

Recently Distributed Flexible AC transmission system (D-FACTs) has been introduced to 

overcome most of the problem posed by FACTs devices (Bhavna , 2023).  

ü D-FACTs devices are power modular,  

ü Small in size and light in weight. 

ü Less expensive 

ü better candidates for wide scale deployment 

ü Generally, modules are rated about 10 KVA to 15KVA  

D-FACTs devices are DSSC, DSTATCOM and DPFC which used to improve power network 

handling capacity, voltage regulation, system stability and harmonic reduction (Bhavna , 2023).  

ü DSSC is used to alter line impedance to control the power dynamically.  

ü DSTATCOM used to mitigate the voltage profile of the line acting as current source.  

ü DPFC has the capability of simultaneously adjusting all the parameters of power system: 

line impedance, bus voltage magnitude and power angle (Bhavna , 2023). 

2.5. Distribution Static Synchronous Compensator (D-STATCOM)  

The D-STATCOM is a three-phase shunt connected Voltage Source Converter (VSC) designed 

for use in the distribution network to compensate for the bus voltage to provide better performance 

of distribution power system. At the point of common coupling, the device can inject or absorb 
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both active and reactive current (PCC). D- STATCOM's to inject active power over a lengthy 

period is essentially impossible due to the energy storage restriction. D-STATCOM cannot inject 

active power over a lengthy period due to the energy storage restriction. The operation is mostly 

in a steady state with reactive power being the power exchange between D-STATCOM and the 

distribution network system  (Abayneh, 2022). 

Distribution static compensator constructed from combination of DC source, a combined 

transformer, and combined VSC, thus connected in shunt to change control unit and current 

system. A DC capacitor, inverter modules, an AC filter, a transformer to match the inverter output 

to the line voltage, and a PWM control are the essential parts of D-STATCOM. A voltage source 

in the D-STATCOM installation transforms a three-phase AC-DC voltage before connecting it to 

the AC line through the reactor and capacitor connections. This configuration helps in maintaining 

the appropriate voltage levels and reactive power compensation (Zaenab, Riskiani, Idar, & Agus, 

2022). 

 The three main components of D-STATCOM (Zaenab, Riskiani, Idar, & Agus, 2022). 

1). IGBT or GTO-based DC to AC inverter: this inverter is used to create a leading or lagging 

active current in the voltage output to control magnitude and phase based on required 

compensation.  

2).LC filter:  The LC filter is used to reduce harmonics and match the inverter output impedance. 

The LC filter was chosen because of its compatibility with the type of distribution network and the 

harmonic that occur in the converter output.  

3). Control block: The controller used when pure-wave D-STATCOM module switches are 

required. 

  

Figure 2.3: Schematic diagram of D-STATCOM 
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Operation Principle of DSTATCOM 

The basic principle of DSATATCOM is the same as the synchronous machine. The synchronous 

machine provides a leading current when over-excitation and a lagging current when under-

excitation. D-STATCOM can absorb and generate similarly reactive power as a synchronous 

machine and can swap real power if provided with an external DC source (Zaenab, Riskiani, Idar, 

& Agus, 2022). 

The DC-link energy storage device, an output filter, a coupling transformer, and an inverter 

compose DSTATCOM blow the figure. The three-phase AC output voltages are generated from 

the DC voltage across the storage device using VSI. Through a coupling transformer, the generated 

voltages are connected to the distribution network in phase.  

The effective control of active and reactive power flow between the DSTATCOM and the 

distribution system is properly adjusting the phase and magnitude of the DSTATCOM output 

voltages. The inverter output voltage (VS), the voltage drops due to coupling impedance, and the 

voltage at the point of common coupling (PCC). Thus, are VS, VL, VC Coupling, VPCC, and, 

respectively (Mohammed, Ahmet, & Yeliz, 2015). 

Operation conditions of DSTATCOM (Mohammed, Ahmet, & Yeliz, 2015) 

1) If  VL equal to VPCC, the reactive power exchange between the distribution line and 

DSTATCOM is zero, and then DSTATCOM does not generate or absorb reactive power. 

2) When VL greater than VPCC, DSTATCOM performs an inductive reactance connected at 

its terminal. The current flows through transformer reactance from DSTATCOM to the 

distribution line, and the device produces capacitive reactive power. 

3) If V PCC greater than VL, DSTATCOM performs a capacitive reactance connected at its 

terminal, Then the current flows from the distribution line to DSTATCOM, and resulting 

in the device absorbing inductive reactive power. 

4) If the switch devices do not lose less real power than the DC capacitor required for 

switching, the DSTATCOM switches real power (Zaenab, Riskiani, Idar, & Agus, 2022). 
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Figure 2.4: Operation principle of D_STATCOM (Mohammed, Ahmet, & Yeliz, 2015) 

Advantages of DSTATCOM rather than FACTs device are (Bhavna , 2023) 

ü Distributed nature 

ü Small in size and Weight 

ü Less expensive 

ü Multirole in the circuit 

ü Augmentation with DG 

ü Power module device 

ü Has fast response<10ms 

The main problems that face in Awash Melkasa distribution feeder are voltage drop and power 

loss. Based on this problem select DSTATCOM from above D-FACTs device to reduce power 

loss and mitigate voltage profile of Awash Melkasa distribution feeder.  

The important point use DSTATCOM for mitigation voltage profile in distribution feeder of 

Awash Melkasa. Based on the above advantages, select D-STATCOM for voltage profile 

mitigation of the Awash Melkasa distribution feeder. 

Distribute nature, augmentation with DG, module device, and small size and weight of DSTATC

OM best chose in distribution power network to installation. As a result of the economic aspect, 

DSTATCOM is less expensive than the FACT devices. DSTATCOM regulates voltage, which has 

a very fast response of less than 10 ms compared to FACTS devices. DSTATCOM is more flexible 
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for radial distribution power systems because of the value of reactive power that is absorbed or 

generated according to requirements. 

2.6. Solar Based Distribution Generation 

Implementing photovoltaic system distribution generation (PVDG) has several advantages, 

including improving power loss, and system stability, mitigating the voltage profile, and reducing 

distribution stress. However, realizing benefits necessitates optimal placement and sizing of 

PVDG. This study proposes a multi-objective artificial immune algorithm to determine the optimal 

location and size.  

 Distribution generation (DG) is electrical power generation system design at the customer load 

site. They have ability to reduce technical loss, improve voltage profile and power quality of 

distribution network (Dikio & Ezenwa, 2018). 

Distribution generation integration into medium voltage distribution feeder. Photovoltaic-based 

distribution generation is connected to the distribution feeder through an inverter, which can 

control active and reactive power in the distribution network. Adding PVDG into a conventional 

single power source distribution network will result in bidirectional power flow during normal and 

fault conditions (Hermanus, Ramesh, & Raj, 2020). 

Improper placement of PVDG in the distribution network can result in issues such as increased 

power loss, voltage rise problems, and reduced power quality in the system. These losses in the 

distribution network directly influence the operation cost of the distribution network and poor 

voltage profile, especially in high loads.  

The distribution networks directly affect the operational cost of the system and can also lead to a 

poor voltage profile, especially in the condition of high load. Thus, problems solved through 

optimal placement and sizing of PVDG at carefully identified buses can effectively minimize the 

problem (Ayooluwa, et al., 2022). Hence, in order to avoid reverse power flow, which can be 

harmful to the operation of power systems, especially at the distribution network, energy storage 

facilities can be included 

The advantages of PVDG integration in distribution network (Ayooluwa, et al., 2022). 

ü Reduce distribution cost 

ü Reduce power loss in distribution network 

ü Improve voltage profile 

ü Avoid pollution and clean environment  
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ü Provision backup power advent the power outage from distribution system 

ü Abundantly available energy from sun 

ü Cheapest energy source compares to other 

ü Easy installation and setup 

ü Sufficient technology for deployment for both domestic and industrial purpose 

ü Minimum maintenance cost  

2.7. Mathematical Modeling of DG and D-STATCOM  

2.7.1. Mathematical Modeling of Solar-DG or PVDG system 

Solar energy is freely accessible renewable energy and totally liberated from pollution. the output 

of solar PV depends on its geographical atmosphere. Its application for power production as 

renewable energy source overcomes societyôs dependence on fossil fuels and wood charcoal. The 

output power PV and its efficiency can be calculated as shown below in equation 2.1 and 2.2, 2.3 

and 2.4 (Bikash, Aashish, Jalpa H., & Mohan, 2022). 
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Where,  

P PV is the power output of PV; ñaò is the panel area in meters squared (m2) and ñGò is incident 

solar radiation (W/m2). ɖ PV and ɖ STC represent the efficiency in the determined operating 

condition and under Standard Test Conditions (STC).  

Cell temperature in 0C is T cell, and in percentage per 0C temperature, and the co-efficient ñŬò is 

represented. After equation (2.1) merging a new equation (2.2) is formulated. These developed 

equations will give the output power under STC. 
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Where, T NOC = Nominal operating cell temperature in 0C, T am = ambient temperatures in 0C, and 

T 0 = 25 0C. 

2.7.2. Mathematical Modeling of DSTATCOM 

DSTATCOM is shunt-connected to medium voltage distribution power network. It performs two 

operations, namely, supplying and absorbing the reactive power in the network. When the system 
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is voltage drop and power loss, the compensating current is injected at the DSTATCOM-allocated 

bus to control the system voltage. Single diagram two-bus radial distribution system and two-bus 

radial distribution system with DSTATCOM are presented in Figures 2.5 and 2.6, respectively. 

Here, considering a balanced distribution power network. The (RL+jXL) is the impedance of the 

line between m and n buses. Voltage and current phasor representation of the two-bus radial 

distribution system and with DSTATCOM is shown in Figure 2.7 and 2.8 respectively. The loads 

connected at the buses are expressed by (Pi+jQi) and (Pj+jQj), where the voltages are Vi and Vj 

(Bikash, Aashish, Jalpa H., & Mohan, 2022). 

 

Figure 2.5: Two bus radial distribution system 

The voltage equation is as follows, from the two-bus radial distribution system. 

1 ( )i i i i i iV V R jX Iq d+= Ï - - Ï                                                                                              (2.3) 

 

Figure 2.6: Phasor diagram of voltage and current of two- buses radial distribution system 

(Bikash, Aashish, Jalpa H., & Mohan, 2022) 

The voltage and current relation from the phasor diagram are expressed in equation (2.4).

( )j i L L LV V R jX Ia d qÏ = Ï- + Ï                                                                                                   (2.4) 

The backward/forward sweep algorithm is used for Load flow analysis to calculate the voltage and 

current. The voltages of buses in the radial distribution system are usually less than one per unit 



21 

 

so the bus voltages are compensated to the desired value by integrating a DSTATCOM in the 

optimal distribution system location. For this study, D-STATCOM only injects reactive power 

therefore the current it injects must be in quadrature with the system's voltage. 

 

Figure 2.7: Single Line diagram of two-bus radial distribution system with DSTATCOM 

 

Figure 2.8: Voltage & Current Phasor diagram representation of D-STATCOM integration 

The vector diagram of two buses of a distribution system after integration of D-STATCOM is 

shown in Figure 2.8 and the relation between voltage and current is given in equation (2.7). 
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Where; jnewV : voltage of J bus after integration of DSTATCOM; 
iV dÏ : voltage of bus I. 

LI qÏ : Current flow in the line; ( )
2

DS newI
p

aÏ + : injected current by DSTATCOM. 
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The current IL and IDST flow simultaneously line/branch after installation of DSATCOM in the (j) 

bus. The reactive power injected by DSTATCOM for mitigation of the system voltage, such as 

the correction voltage, at bus (j) till V jnew is given: 

( ){ ( )}
2

DSTATCOM jnew new DSTATCOM newI V I
p

a a= Ï Ï +                                                                                (2.6) 

The angle changes and the current injected by DSTATCOM will be zero when the voltage is 

equal after and before the integration of DSTATCOM, i.e., V j=Vjnew. Mathematically, as  

boundary condition, it is represented as: 
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Separating imaginary and real part of equation (2.5) we can get: 
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Let as use notation  

( ) ( )i LT real V real ZId= Ï -  ; ( ) ( )i LE imag V imag ZId= Ï - ; 

1; ; | |; | |;jnew DS neww R w X A V h I x a=- =- = = = 

Substitute variables and constants in the above equations (2.8). 
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T, E, w & w1 are constants so calculating variables x, h, from equation (2.9). Calculate equation 

(2.10). 
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                                                                         (2.10) 

Equating the above equation (2.10) and taking Y=sin(x), and rearrangement is equation (2.11). 

2 2 2 2 2

1 1 1 1[( ) ( ) ] 2( ) 0Tw Ew Tw Ew Y Tw Ew AwY A w Tw Ew- + - + - + - + =                               (2.11) 

Let's assume m = Tw1-Ew and m1 = Tw-Ew1 so, equation (2.11) changes to 

2 2 2 2 2

1 1( ) 2( ) ( ) 0m m Y Amw Y A w m+ + + - =                                                                              (2.12) 
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The equation (2.16) is a quadratic equation with variable Y so the solution is given as 

2 2 2 2 2 2
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                                                                 (2.13) 

Consider the load flow result, from equation (2.13) are explain under the following boundary 

conditions. 

 If jnew jA V V= = then 0DSI =  and 
newa a=  after testing the condition on load flow results, the 

correct answer selected is equation (2.17). Finally, variables are computed. 

The voltage phase angle is 
1sin ( )new x Ya -= =  

The voltage, reactive power, and current injected at bus j are calculated as follows.  
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                                                                                  (2.14) 

The injected voltage at bus ójô is given by equation (2.14), the current through DSTATCOM and 

reactive power injected by DSTATCOM can be found from equation (2.14) (Bikash, Aashish, 

Jalpa H., & Mohan, 2022). 

2.8. Literature Review  

(Prashant, Anwar, Sarwar, Ahmed, & Sherif, 2022) ñOptimal location and sizing of distribution 

generator in power system network with power quality enhancement using fuzzy logic-controlled 

D-STATCOMò. This research presents the location and sizing selection of multiple distributed 

generators for boosting performance of the radial distribution system in the case of constant power 

and constant impedance load flow. The selection of DG and D-STATACOM location is decided 

in this article in terms of real power loss, accuracy, and sensitivity. The positioning and sizing of 

DG and D-STATCOM are analyzed with the genetic algorithm and the heuristic probability 

distribution method. The proposed analytical approach for the system is tested on the IEEE33 bus 

system. As a result, the author concluded that, the performance of the system with genetic 

algorithm give better solution in comparison to heuristic PDF for determining the optimal location 

and sizing of DG and D-STATCOM. However, the distribution network load flow analysis base 

system does not consider the optimal placement and sizing of DG and D-STATCOM in the 

IEEE33 bus for constant power and constant impedance load flow. Since load demand is fixed for 
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all buses, selection of bus for DG and D-STATCOM placement and sizing is assessed in terms of 

minimum real power loss, improved accuracy and improved sensitivity factor by integration of 

DG and D-STATCOM.  

(Khan, et al., 2022)  The research used four types of DGs, such as type-1: only contribute to the 

real power, type-2: only compensate the reactive power, type-3: contribute both active and reactive 

power, and type-4: contribute active power but consume reactive power in the system were used 

during the whole optimization process. These algorithms were deployed to find the optimum DG 

values from the combination of random DG population. Honey badger algorithm (HBA) was used 

to size the DGs optimally in IEEE 33-bus and 69-bus power distribution test bench systems to 

boost the overall voltage profile and stability by minimizing the power losses in a system. The 

results of the simulation the power losses are reduced and voltage profile and stability 

improvement are observed. However, researchers are used four different types of DG to reduce 

the power loss, voltage profile and stability improvement. But not analyzed which combination of 

DG most efficient to minimize power loss and improve voltage more to test IEEE-33 and 69 bus 

system. 

(Muhammad, Syed, & Omar, 2022)ñA novel hybrid optimization-based algorithm for the single 

and multi-objective achievement with DG allocations in distribution networksò The research 

proposed distribution generation allocation problem focuses on three objectives that is reduction 

of real power loss, minimization of voltage deviation and maximization of voltage stability indices. 

Case studies of the research are simulated with IEEE 33-bus and IEEE 69-bus test system, for 

optimal allocation of DG units by considering different power factor. This work considered various 

power factors of DG which is unity PF, 0.95 PF and optimal PF for DG allocation. To examine 

the effect of the PF of DG on the power loss reduction, optimum DG sitting and sizing with optimal 

power factor are carried out utilizing the established method. However, this research did not 

identify the types of DG system. The payback period of the DG connection in distribution network 

are not analyzed. 

(S.Balakumar, Akililu, Samuel, & K.Bamash, 2021) ñImprovement of Voltage Profile and Loss 

Reduction in Distribution Network Using Moth Flame Algorithm: Wolaita Sodo, Ethiopiaò The 

researcher can be solving the problem of voltage stability and line loss in distribution network use 

algorithm to determine the appropriate location and size of Static Var compensator (SVC) are 

Moth Flame Optimization and Particle Swarm Optimization. The objective function of the research 
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is defined to minimize the voltage deviation and power loss. The results were checked with the aid 

of MATLAB software on Wolaita Sodo radial distribution network of 34 bus data. The results 

obtained from the test system were compared with the result of MFA and PSO. This comparison 

was done to know the computational time of proposed techniques. The performance of the MFA 

based SVC was superior in distribution system and highlighted the importance of device. As a 

result, MFO algorithm is used in this article to find the optimum location, size and SVC units to 

improve the voltage profile and minimize the power loss in Wolaita Sodo distribution of the 34-

bus system. However, the research is doing not include Multiple SVC system and did not consider 

the dynamism of control, harmonic distortion and space requirement of SVC. The cost 

effectiveness of SVC integration in distribution system is not analyzed.  

(Kallon, Nyakoe, & Muriithi, 2021) ñDevelopment of D-STATCOM Optimal Sizing and Location 

Techniques Based on IA-GA for Power Loss Reduction and Voltage Profile Enhancement in an 

RDNò The author considers the increasing of voltage drop and power loss in the radial distribution 

network. As a result, the author proposes to minimize voltage drop and power loss use D-

STATCOM by IA-GA optimization. The research uses an innovative technique based on 

hybridized Immune and Genetic Algorithm for optimal D-STATCOM placement and sizing for 

three distinct load levels (light, medium, and peak loads) is proposed. Simulation and analysis of 

the proposed algorithm were carried out using IEEE-33 bus radial distribution network in 

MATLAB. The simulation results show decrease in power loss and improve voltage profile. The 

author compares the existing approaches with the proposed method. As a result, the proposed 

method produces better outcomes.  

(Saad & Abdeljabbar , 2020) ñAn Improved Backward/Forward Sweep Power Flow Method Based 

on a New Network Information Organization for Radial Distribution Systemsò The researchers 

present unlike transmission systems, the conductors used in distribution networks are characterized 

by high R/X ratio and a radial structure with large number of nodes, branches, and complex 

topology configuration. Due to this load flow analysis use Jacobian-based methods such as 

Newton-Raphson, Gauss-Seidel, and Fast-decoupled methods are failed with such network. 

Jacobian-based methods for load flow analysis were not appropriate to solve practical problem in 

distribution network. The author shows the prefer method for load flow analyzing in distribution 

system is backward/forward sweep approach.  Backward/forward sweep approach is powerful 

computational time and convergence.  
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(Tanish, Srijan, & Tajender, 2022)ñLoad flow Analysis Using Forward and Backward Sweep, and 

Minimizing Power Losses Using Genetic Algorithmò The author presents a backward/forward 

sweep method to solve to analyses the load flow in radial system. The R/X ratios of distribution 

system having radial structure are high. Newton-Raphson and fast decoupled methods are failed 

with distribution system. The proposed method is one of the most effective methods for load-flow 

analysis of the radial distribution system.it is easy to implement and there is no needs of complex 

renumbering of branches and nodes, or any matrix calculation. This method uses only the linear 

equations based on Kirchhoffôs formulation and is used to determine power losses for each bus 

branch and voltage magnitude for each node.  

The reviewed literature presents various methods for the optimal allocation and sizing of 

Distributed Generation (DG) and Distribution Static Compensator (D-STATCOM) to address 

power loss and voltage drop issues in distribution feeders. However, these research have certain 

limitations often employ single-objective function optimization without considering multi-

objective, and the values of weighting factors for multi-objective functions were based on 

theoretical assumptions, rather than a systematic approach, they fail to consider both real and 

reactive power loss, as well as other associated constraints; in the optimization process, and there 

is a lack of comprehensive cost analysis after the integration of DG, D-STATCOM, SVC, and 

STATCOM. 

This study aims to address the gaps identified in the previous works. The key contributions of this 

study include developing a multi-objective optimization function that considers both real and 

reactive power loss reduction, as well as voltage deviation; incorporating an economic impact 

analysis of DG and D-STATCOM integration; and addressing system constraints in the Whale 

Optimization Algorithm (WOA) simulation. Moreover, this research explores the integration of 

DG and D-STATCOM in a distribution network, with the dual objectives of power loss 

minimization and voltage profile improvement. 
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CHAPTER THREE  

3. Material and Methods 

3.1. Introduction  

Ethiopian distribution system mostly, outgoing feeder is 15kV, and feeders are connected radially. 

Mostly them 15kV feeders are used to feed up to 80 distribution transformers (Abayneh, 2022).  

this study, a 15kV feeder feeds up to 106 distribution transformers. Awash Melkas distribution, 

transformers are used to step down the voltage on the feeders to a utilization voltage of 380 volts 

three-phase or 220 volts single-phase. The power (F-5 feeder) is delivered to the small rural towns 

of Dera, Etaya, Huruta, and Srie. Section 3.1 presents an introduction; Section 3.2 presents 

materials, section 3.3 present methodology, section 3.4 present data collection; Section 3.5 

discusses modeling and analysis of the Awash Melkasa distribution system. 

 Load flow analysis is presented in Section 3.6; section 4.7 present resource feasibility of 

distribution generation; section 3.8 discusses comparison of DSTATCOM and STATCOM; 

section 3.9 presents power flow analysis of radial distribution system; section 3.10 presents 

optimal placement and sizing of DG and DSTATCOM; section 3.11 discusses whale optimization 

algorithm; section 3.12 presents problem formulation and multi-objective function, and proposed 

work implementation discussed in section 3.13. 

3.2. Materials 

Software used in this thesis study includes Math Type 7.8, Microsoft Office 2019, Visio 2019, and 

MATLAB/2021a.  A computer program called MATLAB is utilized as a programming language 

to write algorithm code. Microsoft Office is used for editing the thesis documentation. Math Type 

7.0 is used to write mathematical equations and formulas, while Visio is utilized to create the 

diagrammatical model of the feeder. 

3.3. Methods 

Different methods which used for accomplish this thesis work is showed in Figure 3.1 and general 

explanation in below section. 

Literature Review: First, a comprehensive review of the literature on distribution systems 

performance enhancement was done. This review looked at several journals, books, documents, 

and theses. 


























































































































































