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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 fachstkind 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 (STATCOM) ad solarbased distributed generation (DG) in the Awash
Melkasa distribution system, Dera-g} distribution feeder, were used in this thesis. Dera (F

5) distribution feeder on Awash Melkasa distribution system hasrBhches and 18 buses.

The load flowanalysis 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 |&velgptimization
problem has been formulated as muwlhijective functions comprising total real power loss,
total reactive power loss, and voltage deviation for optimal siting andgs@irDG and D
STATCOM using Whale optimization algorithm. The simulation results were tested by
considering base case (scenaflp Only DG integration (scenariell), only D- STATCOM
integration (scenaridll), and simultaneously DG and-BTATCOM integréon (scenarielV)
scenarios. The simulation result indicates that active power loss reduction percentages were
44.5578%, 26.456%, and 79.117% for scendkicscenariclll, and scenarielV bestcase,
respectively. Similarly, reactive power loss reduct@ncentages 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., 2% p.u., and 0.97227 p.u. Therefore, based on

the results, scenario 1V is thegderred 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 tfigd-feeder, with the DG rated at 1,049 MW and

the DSTATCOM rated at, 214 MVAr, respectivelyFurthermore, the payback period of the

proposed solution indicatdeur year and threenonths

Keyword:Backward/Forward Sweep AlgorithnbG, D-STATCOM,Power Loss Voltage
profile, andWhale Optimizatioilgorithm

XVi



CHAPTER ONE

1. Background of the study

A power system is a complex interconnection of various electgeaityying utility systems. The
distribution system, transmission system, and generating system are the three subsystems which
make together the electric utility sgat. 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 ¢eatrsafter leaving the substatiofihe
individual load is connected to the lateral distributdiee 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 feedr 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
laterds that branch out of its nod€Balukdar 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 prabless a unique source; for instance, there can

be technical and netechnical 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 transmissio systems. Ethiopia now has an overall power loss of 18(86%, 2022)

Distributed Generations position in distribution systems to decrease phase unbalancing and power
loss andnmitigate the profile of voltage. Aatreasinghe power losses and mitigation wbltage

profile at common point of couplingn a real digtbution systemPlacement oDG did not
outcome the requirement of reactive power for the network, ensuing in under voltage at various
buses. This under voltagesige was resolved through the optimal position of DSTATCOM
(Mugquthiar, 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 $matst of the capital, Addis Ababa and 9.29mi from Adama.

Awash Melkasa substation has 132 kV incoming feeder from Awash hydropower generation

1



There are two transformers a capacity of 25MVA and 31MVA which steps down the incoming
voltage to 15kVand 33KV respectively. Two transformers openaependentlyto the feeders.
Distribution feeder voltage further steps dawn by distribution traosher 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, -2015).
Demographics
Zone: East Shewa
Region: Oromia
Locati onN OBARUNNj5 9 nE
Lat/long (dec): 8.4,39,33333
Site selection
Specific site location is an important factor for the selectiopater loss and voltage drop
problemmitigation of Awash Melkassa distribution feeder. A good location can increase both the
econany of Ethiopia Electric Utility and customer. Crucial points that need to be considered for
reduce power loss amitigate the voltage profile to improve power quality of this site. Site
selection for power loss and voltage profile problems in a distoibgtystem involves identifying
the locations where these issues are occurring (Report;ZIH.
The most problems in this site are:

U Power loss

U Voltagedrops

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

1.1. Statementof problem

The electrical energy demand of the Awdsélkasa distribution system has been rapidly growing
due to the expansion of industries and the high growth rate of commercial idedtiasload and

also, consumers at the end of the Feeder have been experiencing low voltage levels due to extended
line. Asa result, the distribution feeders which transfer power from substation to the customers
havepoor power quality.

Distribution feeders that travel long distance have higgistance to reluctancatio (R/X) which

is causeshigh power losses and voltage deviatibhe coverage area of Dera%f distribution

feeder from the Awash Melkasa distribution system spans 163.95 km. Tdes segpplies power

to severabmall towns including Koshim, Sire Megbiya water pump, and Sire Golo water pump,
which operate at voltage levels of 3x289V, 3x340V, and 3x337V, respeciiVedyindicates that

the feeder faces significant challenges, intigdh high frequency of interruptions, power losses,
and voltage drop

These issues result in economic losses for utilities and customtessregard finding loss
reduction and voltage profile enhancement mechanisms for the distribution networksgicak cri
issuelntegraion of D-STATCOM andsolarbased distributegeneration (DGn Awash Melkasa

distribution substation, Dera (b) distribution feeder is proposed solve tke problem The



significance of this thesis lies in enhancing the utility'sheaaic 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 voltagprofile 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 poleses and voltage
deviation using backward/forward sweep algorithm.
V Formulate a multbbjective function for optimal placement and sizing of DG and D
STATCOM using whale optimization algorithm.
V Improve voltage profile of Awash Melkasa distribution fegdeb).
V Reduce power loss of Awash Melkasa distribution feeder.
V Increase economy of utility and customer.
1.3. Scopeand Limitation of the study
The scope athethesis coves; studying distribution network voltage profit@tigationand power
loss reductin for theAwash Melkasalistribution feedersThe studyfocusedon reducing power
loss,and improving voltage profiléor distribution system&y optimal DG and BSTATCOM
placement and sizing usinghale optimizatioralgorithm
The scopeof the thesisis to analyze modeling,simulate and evaluate the performance of the
distributionnetwork with orwithoutDG andD-STATCOM in order to minimize the power losses
andmitigatebus voltage profile of the selected case study using MATLAB software.
The thesis iimited to investigating only the impact on power losses and voltage profigation
using software toold his study does not include the investigation of the impacts of harmonics and

protection level®n the distribution network.
1.4.Significant of the study
This thesis work has several significant aspects, including:

U Reduction of power loss in the distribution network

4



U Maintaining the voltage profile within a standard voltage range

U Motivating consumers and utilities to use renewable energy resources

U Reducing environmental pollution and minimizing the cost of transmission
Additionally, this work hasmadea substantiatontributionto the applicationof whale
optimization algorithm in power system applications.

1.5. Organizations of the Thesis

The orgaization of the thesis has been made in such a way that the reader finds an introduction,
literature review of different methods fonitigating voltage deviation and power loss reduction,
results of the simulations, conclusion and future work. The laydhedhesis 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 theoratibackground and review of different literatures relate

to voltage profile and power loss mitigation the distribution network and optimization
techniques used to solve voltage drop and power loss reduction in the distribution network.
Chapter three deribesmodeling and analysis of Awash Melkasa distribution feeDetta
collection process, the type of data collectedDera (F5) distributionfeeder and modeling of

the distribution network.

Chapter dur presents simulation studies using MATLAB sadine and analysis of the results.
Chapteffiveincludes the conclusions, recommendations and suggestions for future work to further
investigatethe research work carried out in thigesiswith the whale optimizatioralgorithmto

find the best location antthe size ofDG andD-STATCOM. Finally, the base case is compared
with that the compensated system and economic analysis has performed for the selected

mechanism.



CHAPTER TWO

2. Theoretical Background andLiterature Review

2.1.Introduction

This chaper 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. Methad®docing 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 dmaed distribution generatiasn presented in
Section 2.6.DG and DSTATCOM modeling $ discussed in Section 2.7. In section 2.8, the
literature review is discussed.

2.2. Electric power distribution system

Power distribution systemsomprise essential electrical components and infrastructure that
facilitate the delivery of electrical energyom 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 feed®areja, 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 enc¢ustemer, industry,
transport center and powdependent infrastructu(®aware, 2018)

Ethiopia electric power system voltage level at primary transmission system is 400kv, 230kv,
and132kv.Subktransmission systems voltageG6kv 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 stru¢ilye, 2022)
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Figure 2.1: Electric power distribution syst¢8ingh, 2018)

2.3. PowerLoss and Voltage Drop in Radial Distribution Network

Power losses and voltage drops are the most prevalent issues in the Medisisaradial
distribution néwork. In the network, a high R/X ratio results in massive voltage drop and power
loss. At the low voltge side with the loadspeciallyAwash MelkaséF-5 ) f eveltge dréps

is 290V at theKoshim site In this thesisprimarily investigate voltage dmand loss of power
mitigation for the F5 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 pow@hageeh, 2022)
Distribution networks are an important paf a power supply system since the supply of electricity

to consumers is ensured by an efficient distribution systergemeral,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 generatigiBenalia, Madji, & Benaissa, 2020)he increment of reactive
power demand in distribution systemeates 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 RRehd ¥ R losses

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

occurs at transmission and stnansmission systeliBazilah, et al., 2020)



Power loss created in the distribution networks is dividéa two main parts, 60% of which is
wasted in the lines and 40% in the transfor(@direza, Yiming, Negar, & Mohammad, 2021)
Power losses can be divided into two categories tlkeaeahnical and netechnical.
Technicallosses may occur due to natural events, design malfunction, overloading and the types
of material being used in the system, whereas power losses déctoncal nature involve
measurement monitoring issues and power {lkdfan, etal., 2022)
The losses to be in the power distribution network can be classified as:

U Technical losses

U Non-Technical losses
Technical losses: The distribution network experiences technical losses as a result of current
flowing through conductors and gr@etic losses in transformers, which generate heat within the
network. This covers primary and secondary network resistive losses. The losses metahh
resistive losses in the services drops, and resistive losses in the winding andheodéstrfitution
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): Nortechnical 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, faxtiuding
misread meters, underperforming or fmerforming meters, tampering with the meter to provide
false readings that are then used to create incorrect consumption statistiiagn creating
unauthorized connections, and direct tappiftys causes customers refuse to pay for the power
that useg¢Singh, 2018)
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Figure2.2 Lossesdn distribution networkSingh, 2018)

Reasons for high distribution losg&ngh, 2018)

Long distribution lines: Losses occur in the network when distribution is extended without
testing. 15V and400/380volt lines are hastily extended, usually in rural locations where loads
are dispersed across a wide area. High losses and a high R/X ratgthe outcomes.

Insufficient conductor size Insufficient conductor size causes feeder overloading and additional
losses. The KVAx KM method should be used to determine the conductor size. Since radial
feeders typically fed 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. Transformerghién hi

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 electgoods 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 ¢ttotdee DTSs.



Poor quality of equipment High losses are a result pborquality equipment since it does not

meet electrical standards and draws a lot of current. HeafRridsises were induced by high
current.

Low power factor: It has been noted that most of LT distribution circuits, the power factor
ranges from 0.65 to 0.75. Since the majority of domestimymercial and industipads are
inductive and require high current at any given load, there whiidpger losses corresponding to

I°R losses.

Poor high-to-low tensian 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 extensiomha State's extensive electrification of the domestic
sector.

Unbalanced phaseThe load cannot be distritad 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 losseke 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 tgpping of power by notustomers 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 offenderThus, stolen energy is regarded as part of line losses.

Current customersare 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 meteand 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 MitigatiorMethods

There are various methods foitigatingthe voltage profile angower loss, which raises the power
guality of the distribution system of the outgoing feeders from the Awsadkasasubstation.
Network reconfiguringupdating the conductors, compensating for reactive power, installing an
auomatic voltage booster, locating and sizing distribution transforalersble AC Transmission
SystemDevice Distributed Flexible AC Transmission Systenand distributed generation are

10



some of theseechniques. Suggestidar enhancement of Awash Melkasglistribution feeder by

DG and DSTATCOM to mitigation powerloss and voltage profilédn analysis wasanducted

on the DSTATCOM and D(enetratiorallocation to save investment costs and improve system
performance overall in terms of real power lossioion and voltagerofile 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 networkOne of the conventional methods is the use of a reactive power
compensation source. The main advantages of this method are improving voltage, r@alueing
losses, and increasing the capacity of the feeder. Injecting reactive current into the distributi
network increases the wer loss and voltage deviation®istribution retwork 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 voltagdep(@iiireza, 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 generatiarcesso
Distributed generation units in the system improves the voltage profile and reduce the overall
power losgKhan, et al., 2022)

Network reconfiguration: Modifying the distribution network to change the network topolsgy i
known as network reconfiguration. The percentage of power loss tends to decrease as power flow
increases. To enhance netwoekiability, a smoother demand pattern, and an improved voltage
profile network reconfiguration offers major benefit€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 swit(hiegh, 218).

Feeder reconfiguration allows loads to be transferred from severely loaded feeders ttaligimter
feeders, and from higheresistance routs to lowgesistance routs to achieve the lowest loss,
where the resistance route is the entire resistimooethe 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 powelosses. Feeder reconfiguration, on the other hand, is successful if the

11



distribution feeders are automated and not too far apartirFautomated and fare apart feeders,
feeder reconfiguration may not be cost effec{ikbaynen, 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 investmentThis plan is vey effective in reducing losses and enhancing

the voltage profil€Singh, 2018)

Reactive powercompensating:The benefits of reactive power compensation in the distribution
system include voltage profile variation, higher poWew capacity,mitigatedsysem 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 perfored by putting in various reactive compensating deidgai, 2022)

The load on the distribution system is mostly inductive and requires large reactive power. Shunt
capacitor provide reactive power compensation at its logaitwiependent of the loaingh,

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 syst€8ingh, 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 acddgmsn, |
transformers must be changed out with transformers with limited ratings that service a small
number of customer@&lyu, 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 opperakion of
electrical devices is guaranteed by voltage regulation. Usuallyrieddetquipment is designed to
operate within a specific voltage range. Device performance is usually insufficient and
unsatisfactory as a result of poor regulation of vol{@genaa, Abdullah, & Heba, 2022)

Distributed generaton: DG can be <c¢classiyed into four maj o
characteristics in terms of active and reactive pedadivering capability as followgTesfay,

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

2. Type 2: DG idimited 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 intoghd with the use of converters and invert€apacitorsand
reactive power compensatareuld be Type 2DG units classified as Type 3 agnchronous
machines, such as gas turbines and cogenerdiyge 4 is mainly induction generators that are
used n wind farms.
Advantages of DGs in Power Systems Applicationglyu, 2022)
DG units have various advantages in power system applications which are the main reason behind
its widespread acceptance. Some main technical andmoobenefitsare

U Reducing losses in the power system
Improvement of the voltage profile
Increasing energy efficiency
Improving reliability and regional consequences of system failure
Improving power quality and security

Lower operating cost because ofgeshaving

[nt R N N e e

Enhanced productivity

U Deferred investment for upgrade facilities
Flexible AC Transmission System DevicedFACTS devices are frequently used to improve power
guality and stability. FACTS devices come in different types, each having unique clistiaste
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 devid@sletokun & Muriithi, 2021)
FACTS devices aréAbayneh, 2022)

U Shunt connected controllers suchStatic Synchronous Compensat8TATCOM) and

Static VAR Compensator (SVC)

U Series connected controllers sushstatic synchronous series compensator (SSSC), series

capacitive reactance compensator (SCRC), Thyrstached series capacitor (TCSC), and

Thyristor-controlled series reactor (TCER

13



U A combination of shunt and series connected controllers such asdupdwer flow

controller (UPFC)andThyristorcontrolled phae shifting transformer (TCPST)

U Those FACTS devices aused to improve grid voltage stability and power quality.

U The basic applications of FACTS devices @&ku, 2022)

U Powerflow control,reactivepowercompensationandincreasef transmission

capability.

U PowerqualityimprovementPowerconditioning Voltagecontrol andStability

improvement.
Distributed Flexible AC Transmission System
D-FACTS devicegonnetin seriesshuntand serieshuntto distribution feedelines D-FACTS
devices are smaller and less expensive than traditional FACTS devices which may make them
better candidates for wide scale deploynfentistribution power systenfrrom a power sysims
perspective, BFACTS devices have many potential bendf@anguly, Manna, Mondal, & Roy,
2020)
Recently Distributed Flexible AC transmission systemHBCTs) has been introduced to
overcome most of the problem posed bydHA devicegBhavna , 2023)

U D-FACTs devices are power modular,

0 Small in size and light in weight.

U Less expensive

U better candidates for wide scale deployment

U Generallymodulesarerated about 10 KVA to 15KVA
D-FACTs devicesare DSSC, DSTATCOM and DPFC which used to improve power network
handling capacity, voltage regulation, system stability and harmonic red(Bhamna , 2023)

U DSSC is used to alter line impedance to control the power dyabynic

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

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

line impedance, bus voltage magnitude and power &Bgkevna , 2023)
2.5. Distribution Static Synchronous Compensator (BSTATCOM)

The DSTATCOM is a thregohase shunt connected Voltage Source Converter (VSC) designed
for use in the distribution network to compensate for the bus voltage to provieigpbgbrmance

of distributionpowersystem.At the point of common coupling, the device can inject or absorb
14



both active and reactive current (PCC). ®TATCOM's to inject active power over a lengthy
period is essentially impossible due to the energag®restriction. EETATCOM cannot inject
active power over a lengthy period due to thergy storage restriction. Tlogperation is mostly

in a steady state with reactive power being the power exchange betw®EATLCOM and the
distribution network sysim (Abayneh, 2022)

Distribution static compensatoconstructed from combination of DC source, a combined
transformer, and combined VS@&jus connected in shunt to change control unit and current
systemA DC capacitor, invertemodules, an AC filter, a transformer to match the inverter output
to the line voltage, and a PWM control are the essential partsSGtATCOM. A voltage source

in the DSTATCOM installation transforms a thrphiase AGDC 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 compengZtaenab, Riskiani, Idar, & Agus,
2022)

The three main componerdéD-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 uiedreq
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 convertertjut.

3). Control block: The controller used when puwave DSTATCOM module switches are

required.

DistributionBUS
Uload

m-(:ﬁransfpormer
) DSTATCOM
) %}IGBI—DVSC
L }J
Cogroller VDJI

Figure 23: Schematiaiagram of BSTATCOM
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Operation Principle of DSTATCOM
The basic principle of DSATATCOM is the same as the synchronous machingyfidigonous

machine provides a leading current when emsatitation and a lagging current when under
excitation. DSTATCOM can absorb and generate similarly reactive power as a synchronous
machine and can swap real power if provided with an external DI€ef@aenab, Riskiani, Idar,
& Agus, 2022)
The DGClink energy storage device, an output filter, a coupling transformer, and an inverter
compose DSTATCONMblow the figure.The threephase 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 voltagesjVthe voltagedropsdue to coupling impedance, and the
voltage at the point of common coupling (PCThus, are Vs, Vi, Vc Coupling, \Wbcc and,
respectivelyMohammed, Ahmet, & Yeliz, 2015)
Operation conditions of DSTATCOM (Mohammed, Ahmet, & Yeliz, 2015)
1) If VL equal to Vecc, the reactive power exchange between the distributionalme
DSTATCOM is zero, and then DSTATCOM does not generate or absorb reactive power.
2) When V. greater than Vecc, 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 Vpecc greater than Vi, DSTATCOM performs a capacitive reante connected at its
terminal, Therthe current flows from the distribution line to DSTATCO#hdresulting
in the device absorbirigductive reactive power.
4) If the switch devices do not lose less real power than the DC capacitor required for
switching, the DSTATCOM switches real pow@&aenab, Riskiani, Idar, & Agus, 2022)
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Figure 24: Operation princife of D_STATCOM(Mohammed, Ahmet, & Yeliz, 2015)

Advantages of DSTATCOMather than FACTs deviaae(Bhavna , 2023)
U Distributed nature

0 Small in size and Weight

U Less expensive

U Multirole in the circut

U Augmentation with DG

U Power module device

U Has fast response<10ms

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

loss. Based on this problem select DSTATCOM from abov@ARTs device to reduce power

loss and ntigate 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, sele@TBTCOM for voltage profile

mitigation of the Awah Melkasa distribution feeder.

Distributenature augmentationvith DG, moduledevice,andsmallsizeandweightof DSTATC

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

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

a very fast response of less than 10 ms compared to FACTS devices. DSTATCOM is more flexible

17



for radial distribution power systems because of the value of reactive power that is absorbed or
generated aceding 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 muttdjective artificial immune algorithm to determine the optimal
location and size
Distribution generation (DG) is electrical powggneration system design at the customer load
site. They have ability to reduce technical loss, improve voltage profile and power quality of
distribution networkDikio & Ezenwa, 2018)
Distribution generationntegrationinto medium voltage distributiofeeder Photovoltaiebased
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 powe source distribution network will result in bidirectional power flow during normal and
fault conditiondHermanus, Ramesh, & Raj, 2020)
Improper placement of PVDG in the distribution network can result in issues such aseacre
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 distributian 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 busesféartieely 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 bencluded
The advantages of PVDG integration in distribution netwéskooluwa, et al., 2022)

U Reduce distribution cost

U Reduce power loss in distribution network
U Improve voltage profile
1]

1 Avoid pollution and clean environment
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Prousion backup power advent the power outage from distribution system
Abundantly available energy from sun

Cheapest energy sourcemparego other

Easy installation and setup

Sufficient technology for deployment for both domestic and industrial purpose

[t e e e e e

Minimummaintenanceost
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 liberategdhotion. theoutput

of solar PV dependen its geogaphical atmosphere. Its application for power production as
renewabl e energy source overcomes societyods d
output power PV and its efficiency can be calculated as shown below in equatanrd 22, 2.3

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

?ppv - aG7 pv
|

(2.1)

T A=A +@ " 25)

Where,

P™is the power output of PV; imjandsiGhei painet
solar radiation W/ m2 )PV a ndd S"Cdepresent the efficiencynithe determined operating

condition and under Standard Test Conditions (STC).

Cell temperature iAC is T and in percentage p&€ temperature, and the-eof f i ci ent @A U
represented. After equatio@.]) merging a new equatio.) is formulated These developed

eqguations will give the output power under STC.

? pv — ST G 1 @ Tcell

¥lo P gt & )

H TNoC . 20

1Tcell :Tam G

[ X 800 )
Where, TN = Nominal operating cell temperature®®, T2™= ambient temperatures i€, and
T2=25°C.
2.7.2. Mathematical Modeling of DSTATCOM

DSTATCOM is shuniconnected to medium voltage distribution power network. It performs two

(2.2)

operations, namely, supplying and absorbing the reactive power in the netMitek.the system
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is voltage drop and power loss, the compensating current is injected at the DSTAJl©Caked

bus to control the system voltagiingle diagram twdpusradial distribution systemand twabus
radial distribution systemwith DSTATCOM are presented in Figures 2.5 and 2.6, respectively.
Here, considering a balanced distribution power netwbhle. (R +jX.) is the impedance dhe

line betweenm and n busesVoltage andcurrent phasor representation tbe two-bus radial
distributionsystemand withDSTATCOM is shown in Figur@.7 and 2.8 respectivelyhe loads
connected at the buses are expressed ByQilP and (*+jQj), where the voltages arg ®nd \f
(Bikash, Aashish, Jalpa H., & Mohan, 2022)

1\;1 HJ

Pi+)Qi P+Q;

Figure2.5. Two busradial distributiorsystem

The voltage equation is as follows, from the #gs radial distribution system.
V.=V ig (R POI (23)

Figure2.6: Phasodiagramof voltageandcurrentof two- busegadial distributiorsystem
(Bikash, Aashish, Jalpa H., & Mohan, 2022)

The voltage and current relatidnrom the phasor diagrarare expressed in equation .
via=y 1 4R %)l (24)
The backward/forward sweep algorithm is used for Load flow anatysaltulate the voltage and

current. The voltages of buses in the radial distribution system are usually less than one per unit
20



so the bus voltages are compensated to the desired value by integrating a DSTATCOM in the
optimal distribution system locatiofror this study, BETATCOM only injects reactive power

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

‘?i jX]_ ‘?j

- JE’)’O’U]
— —
I
@ IDST?AIC oML T

HaBT

Voltage .
Source -
Convertor

Controller

Energy Storage
System

= Injection
= Transformer

Figure2.7: SingleLine diagramof two-bus radial distribution system with DSTATCOM

Figure2.8 Voltage& Current Phasordiagramrepresentationf D-STATCOM integration

The vector diagramof two busesof a distribution systemafter integrationof D-STATCOM is

shown in Figure 2.8 and the relation between voltage and current is given in eRiadion
anewT anew :Vi I ‘QIRL TXL){ IL QLRL JX-I) IDS-l-( né'a EZ)} (25)

WhereV. ., voltage of J bus after integratiohnDSTATCOM; V,I d': voltage of bus |.

jnew -

I T g: Current flow in the lingl .| (a +§): injected current by DSTATCOM.

new
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The currentd and bst 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 b3 till V jnewis given:
_ - p
l DSTATCOM — (\/ jnew l a ne)/{ I DSTATCOMQ E & Qt;/v (26)

The anglechangesand the current injected by DSTATCOM will be zero when the voltage is
equalafterandbeforetheintegationof DSTATCOM, i.e., Vj=Vjnew. Mathematicallyas
boundary condition, it is represented as:

VY, YieIDSTATCOMzo

=V 2.7
jnew j I,anewz a ( )
Separting imaginary and real part of equation5)2we can get:
Vi 0080, = 108 21, T @) Rins€08( 2 2) Xbossin( @, -2
i (2.8)
’Irvjnf-.‘WSinanew: Irna'g(ZILI @ _XIDSCOS( ﬁew %—) R'I DSSin( @w Ep
Let as use notation
T=real(V id) +ea(Z|) ; E=imagVy id) -imad Zl);
W= RVY ZX;-Al%e:Wl;hIIDS:annev
Substitute variables andmstants in the above equations3)2.
aAcosx=T -whsinx hcos:
¢ W 29)

:'Asin Xx=E -whsin x whcos>
T, E, w &wi are constastso calculating variables x, h, from equatio®)2Calculate equain
(2.20).

h= Acosx- T _ Acosx -E (2.10)
-whsinx -whcosx whsinx -+whcos:

Equating the above equation (@ &and taking Y=si(x), and rearrangement is equation (2.1

[(Tw- EW? £Tw £W?’ ¥ 2¢Tw Bw AwY AW Tw Ewg (2.11)

Let's assume m Twi-Ew and m = Tw-Ew; so, equationZ.11) changes to

(M+m?) Y 20 AmyVY #AW ) O (2.12)
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The equation (2.16) is a quadratic equation with Wi so the solution is given as

v =2 A ® J(zAmvw- a(nt +nf)(AVe o)
2(m’ + nf)

(2.13)

Considerthe load flow result, from equation (3)lare explain under the following boundary

conditions.
If A=V

ew Vjthenls=0anda,,= aafter testing the condition on load flow results, the
correct answer selected is equation (2.17). Finally, variables are computed.

The voltage phase angleds,,,=x =sin*(Y)

Thevoltage, reactiv@ower, and current injected at buar¢calculated as follows.

&V ew A Vinew| 12,

jnew

IDST =|I DSTl I(a new 'Ig_) h= (‘.ﬁnew E% (214)

ew

—) =) —t——)

- *
1Qps _anewl DST

The injected voltagen@14), theuwsrrert through DSTAJCOMeand by e
reactive power injected by DSTATCOM can be found from equatidi¥)ZBikash, Aashish,

Jalpa H., & Mohan, 2022)

2.8. Literature Review

(Prashant, Anwar, $aar, Ahmed, & Sherif, 2022)Optimal location and sizing of distribution
generatoin power system network with power quality enhancement using fagitcontrolled
D-STATCOMO. This resear ch pselecsoaoh mudtipletdistdbbutddo c at i @
generators for boosting performance of the radial distribution system in the case of constant power
and constant impedance load flow. The selection of DG a8d ATACOM location is decided

in this articlein terms of real power loss, accuracy, aadsstivity. The positioning and sizing of

DG and DSTATCOM are analyzedavith the geneticalgorithm and the heistic probability
distribution method. The proposed analytical apprdacthe system is tested on tlieEE33 bus
system.As a result the autho concludedthat the performance of t system with genetic
algorithmgive better solution icomparisorto heuristic BF for determining the optimal location

and sizingof DG and DSTATCOM. However the distribution network load flow analysisase
systemdoes not considethe optimal placement and sizing of DG aneéSDATCOM in the

IEEE33bus for constant power and constant impedancefload Since load demanid fixed for
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all busesselection of bus for DG and-BTATCOM placementnd sizing is assessedtermsof
minimum real power lossmproved accuracgnd improved sensitivity factor by integration of

DG and DSTATCOM.

(Khan, et al., 2022)The researchised bur types of DGs, such as tyfieonly contribute to the
realpower, type2: only compensate the reactive power, tgpeontribute both active and reactive
power, and type€l: contribute active power but consume reactive power in the system were used
during the whole optimization process. These algorithms were d&ptoyfind the optimum DG
values from the combination of random DG populatidoney badger algorithm (HBA) was used

to size the DGs optimally in IEEE 381s and 6%us power distribution test bench systems to
boost the overall voltage profile and stalility minimizing the power losses in a system. The
results of the simulation the power losses are reduced and voltage profile and stability
improvementare observed. However, researchers are used four different types of DG to reduce
the power loss, voltagarofile and stability improvement. But not analyzed which combination of
DG most efficient to minimize power loss and improve voltage more to test38EHRd 69 bus
system

(Muhammad, Syed, & Omar, 2022ZA nov e | h ytitntbased algopithm fon ithe single

and multiobjective achievement with DG allakons in distribution networksThe research
proposed distribution generation allocation problem focuses on three objectives that is reduction
of real power loss, minimizatiof wltage deviation and maximization of voltage stability indices.
Case studies of the research are simulated with IEERI83and IEEE 6®us test system, for
optimal allocation of DG units by considering different power factor. This work consideiedsa
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 otetRlowever,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, 2041} mpr ove ment ledndMossl t age
Reduction in Distribution Network Usi Ale Mot h
researcher can l®lvingthe problem of voltage stabilignd line loss in distribution network use
algorithm to determine the appropriate location aimd sf Static Varcompensator§VC) are

Moth Flame Optimizatioand Particle Swarm Optimizatiohhe 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 onWolaita 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
baged SVC was superior in distribution system and Mggitéd the importance of devicAs a

result MFO algorithm is used in this article to find the optim location size and SVC units to
improve the voltage profile and minimize tpewer loss in Wolaita &lo distribution of the 34

bus system. Howevgthe research idoingnot include Multiple SVC systeland did notonsider

the dynamism of control, harmonic distortion and space requiremer8V@f. The cost
effectivenes®f SVC integration in distributiosystem is not analyzed.

(Kallon, Nyakoe, & Muriithi, 2021ji De v e | o p 48BATCOMOptimBl Sizing and Location
Techniques Based on 1GA for Power Loss Reduction and Vola@rofile Enhancement in an
RDNO The author considetbe 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 researcbisesan innovative techniquebased on
hybridized mmune and Genetic Algorithm for optimalt®IATCOM 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 IEBEbus radial distribution netwk in
MATLAB. The simulation resultshowdecrease 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.

(Saal & Abdeljabbar , 20203An Improved Backward/Forward Sweep Power Flow Method Based

on a New Network Information Organization for Radial Distribution Sysbefte researchers
present unlike transmission systems, the conductors used in distributionksetveocharacterized

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 Jacebmsed methods such as
NewtonRaphson, GausSeidel, and Fasiecoupled methds are failed with such network.
Jacobiarbased methods for load flow analysis were not appropriate to solve practical problem in
distribution network. The author shows frefermethod for load flow analyzing in distribution
system is bekward/forward swep approach.Backward/forward sweep approach is powerful

computational tim@andconvergence.
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(Tanish, Srijan, & Tajender, 2022 oad f |l ow Anal ysi s Usnveep@ndFor war
Minimizing Power Losses &lng Genetic Agorithmo The authompresentsa 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. NewRaphson and fast decoupled methods are failed
with distribution system. The proposed method is one of the most effective methods féowwad
analysis of the radial distribution systéns easy to implement and there is no needs of complex
renumbering of branches and nodes, or any matrix calculation. This met®dnly the linear
equations based on Kirchhoffds formulation an
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 Compensate8TBRTCOM) to address

power loss and voltage drop issues in distribution feeders. However résesecthave certain
limitations often employ singiebjective function optimization without consritey multi-
objective, and the values of weighting factors for rroitjective 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 coristraurthe optimization procesand there

is a lack of comprehensive cost analysis after the integration of B&ATCOM, SVC, and
STATCOM.

This study aims to address the gaps identified in the previous works. The key contributions of this
study includedeveloping a multbbjective optimization function that considers both real and
reactive power loss reduction, as well as voltdgeiation incorporating an economic impact
analysis of DG and £3TATCOM integration; and addressing system constraints iNhale
Optimization Algorithm (WOA) simulation. Moreover, this research explores the integration of
DG and DSTATCOM 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 systenmostly,outgoing feeder is 3/, and feeders are connected radially.
Mostly them 15kV feeders are used to feed up to 80 distribution transformers (Ab&0122),

this study, a 15k\feederfeeds up to @6 distribution transformers. Awash Melkas distribution,
transformers are used to step down the voltage on the feedauslipasion voltage of 380 volts
threephase or 220 volts singfghase. The powdF-5 feede)is delivered to the smiaiural 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 prda&ntcollection; Section 3.
discussesnodelingand analysis of the Awash Melkasatdisution system.

Load flow analysis is presented in Sectiom; 3section 4/ present resource feasibility of
distribution generation; section 8discusses comparison of DSTATCOM and STATCOM,;
section 3 presents power flow analysis of radial distribatisystem section 310 presents
optimal placement and sizing of DG and DSTATCOM,; sectidd Biscusses whale optimization
algorithm; section 32 presents problem formulation and mudbjective function, and proposed
work implementation discussed in sent3.13.

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 e 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 wgoskowed 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.
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