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Chapter 1.
| ntr oduction

Summary: This chapter presents a brief discussion about the present thesis. Brief descriptions on power grid
along with its monitoring and control devices are presented here. In addition, the idea about smart grid is also
presented. The transformation of power grid to smart grid by using different monitoring and control devicesis
also highlighted. Finally, the objective of the present work is presented along with outcome of the research work

in the context of smart grid.



Chapter 1: Introduction

1.1. Introduction

Since the establishment of the first ever elecupply system in 1882, power system has evotteaugh
different stages of development leading to the firom of today’'s modern power grids that are huge i
dimension and thus really challenging to operateoufh the development of large power grids had both
technological and economic justifications, manadarge systems became increasingly difficult asntagming
synchronous operation of large AC system is no¢asy task in the event of the occurrences of uiniedde
faults. As a result large power systems world whde to face occasional blackouts. The largest bisickad
been the blackout of Indian power grid in 2012. The Northeast blackout of 2003 was reported tohee t
largest before that. Events records and analysisonfe major blackouts have been uploaded in thébyet
various power systems. Slow measuring systems,saogfficient control devices, failure of expansioh
transmission network to keep pace with the increédead and generation, age old generating faslitack of
communications etc. have been identified to bertan reasons behind the occurrences of the blaskout
Though technological developments in communicateord computing abilities were already there and
developments of efficient devices for power systgmeration and control had been reported for quiteng
time, their application in real life power systemas found to be miserably very poor and therefpogyer grids
were found to be rather old and fragile. It hasnbiedt that better maintenance of the system at@menot help
to get out of the situation. The grid rather hadéomodernized. Woolenburg for the first time is paper in
2006 coined the term ‘Smart grid’ to help visualike power grid of the future.
1.2. Motive behind transformation of power grid to smart grid

Since the year 2005 the interest on smad igrigrowing up. The de-carbonisation of power eystt a

realistic cost was a great challenge to power e®gg Smart grid concept aims to achieve this tiivahe
incorporation of the renewables. Besides, the ¥alg reasons strengthen the interest on smart grid.
1.2.1. Ageing assetsand lack of circuit capacity

With rapid growth of electrical demand, the &xig power system is required to expand and nevipegents
are to be installed. Besides, depreciation cosicbEquipments is very high. In addition, the irm=ed demand
forces power system to use renewable generationthBuexisting transmission and distribution cafyaltmits
the implementation of these non-conventional geditarsand thereby further extension of existingl gsi also

interrupted.
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1.2.2.  Thermal constraints

It is very much related with current flowingdigh transmission line. Power flow beyond its datapacity
causes the over-heating of the conductor and mmagda the insulation and there by increases pasgibibf
fault. So, it is very essential to modernize ergpower system.

1.2.3. Operational constraints

There are standard voltage and frequency lifoitsstable operation of any power system. The tiotaof
these limits may cause malfunction of the custoeggiipment, sudden trip of the line, insulationuesl etc.

In addition, the lack of conventional resoursash as fossil fuel has lead the power systeno tm ghe non-
conventional generation. But the major problemshete non-conventional generations are unpredéectaid
variable output. So it is necessary to integragrgnstorage in the power system to supply demamichgl low
output period. Again, this storage reduces theaiseserve power plant dynamic frequency responsetd
load changes and stability of the system is algrdwed.

1.2.4. Security of supply

The latest industry having critical loads dedwmstricter power quality as well as reliability. traditional
power system it was usual practice to install aoldétl redundant circuit. Besides, the faulty sectivas
normally disconnected and its restoration was Weng consuming. In smart grid, post-fault reconfaion is
adopted and it leads to overcome high expense tifptfeuredundant circuits.

1.3. Concept of smart grid

There are several definitions of smart gridinfd in open literature. These definitions havetlsetfunctions
of smart grid in different aspects of power syst@&ime Smart Grid concept combines a number of tdolgies,
end-user solutions and addresses a number of pafidyregulatory drives. It does not have a sindgarc
definition.

0] The European Technology Platform [1] defines thea8@rid as:

“A SmartGrid is an electricity network that cemtelligently integrate the actions of all usersigected to it —
generators, consumers and those that do both rder to efficiently deliver sustainable, economic asecure
electricity supplies.”

(i) According to the US Department of Energy [2]:

“A smart grid uses digital technology to improkaiability, security, and efficiency (both econmnand

energy) of the electric system from large genematibrough the delivery systems to electricity eoners and a

growing number of distributed-generation and stenagources.”
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(iii) In Smarter Grids: The Opportunity [3], the Smartd3s defined as:

“A smart grid uses sensing, embedded processidgdigital communications to enable the electrigitd to
be observable (able to be measured and visualisedfyollable (able to manipulated and optimisedifpmated
(able to adapt and self-heal), fully integratedlyfinteroperable with existing systems and witke tapacity to
incorporate a diverse set of energy sources).”

(iv) The literature [3-5] suggests the following atttdmsiof the Smart Grid:

» It enables demand response and demand side managtmaigh the integration of smart meters,
smart appliances and consumer loads, micro-geoaratind electricity storage (electric vehicles) and
by providing customers with information related energy use and prices. It is anticipated that
customers will be provided with information and entives to modify their consumption pattern to
overcome some of the constraints in the power syste

e It accommodates and facilitates all renewable gnsogrrces, distributed generation, residential oaicr
generation, and storage options, thus reducingk&onmental impact.

» It provides improved reliability, improved economicand improved efficiency along with improved
environment by reducing operational cost and irgirgpemployee safety.

1.4. Evolution of Indian Power Grid

Indian Power Grid is also going through evalntiike many other in the world. Our country hasrpy of
natural resources such as coal and water from wéimttrical energy is generated. The first 1360 Mydro
power plant in India was installed in 1890’s in [@ating. After the enactment of Electricity Act 1948, the
entire power sector was governed by State Elegtr@bards (SEBs). In 1975, Central Government tthak
responsibilities through Central Public Sector Utaléngs (NTPC, etc.) in Generation and Transmissio
1989, a large company Power Grid Corporation ofdngas formed for further development of transnoissi
network and grid. In 1990, first HVDC bi-polar lingas made operative. To cater effective operatioth a
planning the whole power grid is divided into fikegions namely Northern (NR), Eastern(ER), Wes(e/R),
North-Eastern (NER) and South (SR) regions. In 1@0&onnection is made between NER and ER. Aftr th
WR and ER-NER are inter-connected in 2003 follovsdinterconnection between NR and ER in 2006.
Thereby a central grid is formed by those 4 regiiRs ER, WR and NER operating at common frequeAgy.
last, SR is interconnected synchronously with @ngrid in 2013. Thus ‘One nation’ - ‘One Grid’- f@
Frequency’ is formed. Now, this One Grid is conegtof 1,39,708 circuit kms of transmission lingseoating

at 800/765kV, 400kV, 220kV, 132kV EHVAC and moreaith500kV HVDC levels. In addition, 220 sub-
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stations are associated with the Grid. Accordingdéa as on 30 April, 2017, the grid has transmission
capacity of 2, 92,543 MVA. Total power transfer aaiy of latest Power Grid is 75,050 MW. The prdsen
generating capacity of India is about 200GW (a20h2). 64.6% of these generations is coming froenntial
plant, 22.6% from hydro plant, 12% through renewakbkources such as wind and rest from biomassaad
But wind/solar generation are present at remotasaf®@m which it is not possible to integrate higtpacity
transmission system with this generation. Thereloyaln power system has to meet different obstdidlepoor
distribution network, high power demand, poor assahagement, high AT&C losses etc. That's why ‘Smar

Grid’ concept is very relevant in this context.
1.5. Smart Grid initiativesin India

India Smart Grid Forum (ISGF) has been formgdhe ministry of power. According to ministry Bbwer
Government of India, a Smart Grid can be definedragterconnected system of information, commuidoa
technologies and control systems used to interaitt &automation and business processes across the en
power sector encompassing electricity generati@msmission, distribution and the consumer. Tha idkea
Smart Grid is to make the existing grid infrastuwet as efficient and robust as possible, throughube of
intelligence and automation, by encouraging actiupply and demand-side participation and by pramgoti
innovative business practices and regulatory enwirents that provide incentives for efficient protie,

transmission, distribution and consumption of eleity across the entire value chain [6].

. The function of ISGF is to advise governmepiticies and programs for promotion of Smart Grid
in India. ISGF has formed 8 working groups(WG) dffedent aspects of Smart Grid. These are:

*  WGL1: Grid modernization and Smart cities

»  WG2: IOT, Smart metering, Al and Analysis

* WG3: Digital Architecture and Cyber Security

WG4 Policy, Regulations and Business models

« WG5: Renewable and Microgrids

» WGE6: Flexibility and Electric mobility

*  WG7: Smart Gas

. WG8: Smart water.
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The term Smart grid implies [7] a total transfiation of existing power grid to a clean and iligeint grid
with the incorporation of digital and communicatitathnology along with the non-polluting power getien
technology. It even encompasses the intelligentansemanagement of Gas and Water supply systeracémt
years, technical publishing houses have launchedjmernals on Smart grid technology. The subjectgeced
by these journals also reveal that Smart grid isgoseen as a multidisciplinary area. The basi@stfucture of
Smart grid is undoubtedly the electrical power ghdt it requires participation from other discipgs as well in
order to achieve the envisaged transformation. &ebes reported on Smart grid therefore can bediedito be
subscribed by researches and professionals fromugadisciplines. However, in the context of Indgawer
system, a lot of works are yet to be done befom digital and communication technologies may be
incorporated into the power grid. Though projecatsSonart cities, Smart metering are being repottezjndian
power grid is being reported to have a T&D losdeaschigh as 24%.. This clearly indicates that, grigt needs
to be transformed in terms of incorporation of smission-distribution facilities and with the faids for

efficient control of the system.

Energy Efficiency Services Ltd (EESL), the egeservices company under the Union Ministry of Bovhas
announced the completion of the project to repE@@00 conventional electricity meters with smaetens in

the New Delhi Municipal Council (NDMC) areindia is making rapid strides in providing univdraacess to

affordable power. The Centre is accelerating thaptidn of smart meters to ensure efficient manageroé
electricity by checking data-entry errors, billingefficiencies, and cutting the costs of manual eneeading

through web-based monitoring system [8].

Besides this, for the last few decades, SCAlES used as measuring technique. But SCADA dogs no
capture sub-seconds changes; samples measuremestiorb-10 seconds. In this context, Wide Area
Monitoring System (WAMS) samples many times in eeeond. So, as phasor measurement Unit (PMU) has
also incorporated as a measuring device. Introdoaf WAMS technology in Western Region would heip
ensuring grid security and safety. In view dfist a wide area measurement system (WAMS)jepr
based on Phasor Measurement Units has beiéiated by Power Grid Corporation. This puatjeis

aimed at developing algorithms for optimahgadment of PMUs and installation of about3R5PMUs

in western grid [9]
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1.6. Motivation behind the present resear ch
The term ‘Smart Grid’ has become very populath® power system community. The idea was to mhke t

power grid reliable, flexible, efficient, cost effeve and communicative (and sustainable or, ireothord,
making the power grid smart). While making the powed smart requires to make it IT enabled, it niey
understood that incorporation of efficient contddvices is the primary precondition of a power dring
transformed into a Smart grid. In this thesis, ¢fieme, the problem of optimal placement of différeantrol
devices has been dealt with. Efficient control ofver grid requires efficient measurement of systtate.
Thus, the problem of placement of measuring uréis &lso been studied. The placement of the coatrdl
measurement devices has to be done in an optimalsaaas to ensure cost effectiveness and relialufit
operation.

1.7. Objective of thethesis

The main objective of this thesis is to fiodt optimal locations of different FACTS devices fmproved
power system performance. This strategy includeliation in system loss, voltage profile improvement
transmission capacity increment, and operationat savings of the network. As this optimization hoet
provides voltage support to the system, it increasstem stability during fault condition. In adilit, various
FACTS devices equipped at different optimal loaasioeduce the chances of occurrences of faultemtbdern
network having critical loads. In this context sosmft computing techniques are used for optimal groflow
(OPF) based single objective scheme. In this regadidferent penalties are also employed for violatof

different operating constraints.

1.8. Outline of thethesis

The route map of the present thesis is outlaetbllows:

Chapterl delivers the basic knowledge about rGr@aid. It also describes the effect of smart grid
technologies in modern power system. In additidns tchapter describes briefly about different smart
mechanisms along with smart devices in Indian PdBvét.

Chapter2 gives an overview on transmissios lesluction by optimal allocation of Unified Poweiow
Controller (UPFC). In this context, the incremengdfect of UPFC number in transmission lines isoals
analyzed. In addition the optimal size of DC linkdaoptimal range of UPFC along with effective opiersal

cost are also highlighted.
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Chapter 3 describes the distribution line losduction by optimal placement of Unified Powera(y
Conditioner (UPQC) in different test distributiopssems. In addition, change in cost savings andatezhs in
load disturbance with increase in UPQC number B@discussed.

Chapter 4 gives an idea about proposed deatted Hybrid Dynamic Voltage Restorer (H-DVR) aitsl
effects on distribution system. This chapter alsdaws the comparison between H-DVR and DVR by gisin
different soft computing techniques in terms oft@w performance.

Chapter 5 identifies the necessity of Phasamikbring Unit (PMU) and Power Flow Meter (PFM) in
transmission system. It proposes different altéreabbjectives leading to single objective optintiaa
formulations. This proposed scheme is solved byk@oi®ptimization Algorithm (COA) to get full obseable
power system network by using minimum number of Pafid PFM.

At last, in this thesis, chapter 6 concluttesthesis and reports the drawbacks of the praposthods. In
addition, the future scope of present research veoakso highlighted.

The appendix and references are given at tideoé thesis. The real time data of Indian NER Gaidl
different standard test system taken here, areepteg at the appendix. Besides brief descriptidrE®A and

COA are presented in Appendix along with sag coatr strategy.



Chapter 2

Optimal Placement of UPFC for
Improved Active Power and Voltage
Control

Summary: This chapter presents a new method for transmission line loss reduction and the cost reduction by
using Unified Power Flow Controller (UPFC). This chapter also furnishes the results for optimal allocation of
multiple UPFC devices in the test network. In addition, this chapter also focuses on optimal sizing of DC link
and operating range of respective UPFC devices along with the operational cost. Gravitational Search
Algorithm (GSA) has been applied to solve optimal power flow problem in the presence of multiple UPFC
devices. Besides, the performance of GSA is compared for accuracy and convergence characteristics with
heuristic search techniques like Biogeography-Based Optimization (BBO), Stud Genetic Algorithm (SudGA) ,
Genetic Algorithm (GA), Ant Colony optimization (ACO), Probability-Based Incremental Learning (PBIL), on

the different cases of standard test systems and real life power system.
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2.1 Introduction

Due to increase in power demand today’s powstesy is going through rapid changes. That's whyg &
great challenge to electrical power engineers tmtaa a balance between generation and demand alih
stability in the system [10] in deregulated powearket. In the present competitive power marketisit
becoming very essential to open the unexplorednpiateof transmission system. But the cost of eoects the
main factor which limits the transmission line emp@n. In this context, flexible ac transmissiorsteyn
(FACTS) may be the remedy as they can direct theepan the desired path and control active andtieac
powers in the network. Besides, these FACTS dewviegs have the potential to maintain the bus voltaige

required level and thereby controlling the systaragcured and economic way [11].

The development of Flexible AC TransmissiBACTS) controllers has been initiated by Electrmaer
Research Institute (EPRI) in which power flow isdynically controlled by various power electronioides
[12]. Among a variety of FACTS devices, Unified RavFlow Controller (UPFC) is the most versatile .ofiee
concept of UPFC has been established by L. Gyud]i [ From operating principle, UPFC functions inlti
dimensions such as series compensation mode, sbmgensation mode and phase shifting [14]. UPFCahas
capability to simultaneously control the active amedctive power or voltage [15-16]. Without viotagi the
operating limits UPFC regulates all three key powgstem variables simultaneously or any combinatibn

them.

Though various authors have investigatedbreefits of UPFC placement on several systems §l3the
high cost involved is the major hurdle in optiméibeation problem of UPFC in power system. Since ldwist
few years a number of publications have appeard¢hléeropen literature to find suitable location d??EC [15-
17]. But very few could be found dealing with theltiple UPFC devices placed in their optimal looas. In
addition, in the present chapter, the optimal gimhdc link capacitors and optimal operating rangeUPFCs

are also included which are not found in openditigre.

The present chapter uses a heuristic methoddbaseGravitational Search Algorithm (GSA) [18] tmd
optimal number and location of UPFC consideringegation cost and power system losses. The redteof t
present chapter is organized as follows. The imp&adPFC on the transmission line along with itsdeio
description is detailed in section 2.2. After thlRFC placement problem is formulated in section Rext, the
optimal placement method of UPFC is briefed inisec2.4. The proposed UPFC placement algorithmbleas

tested on several test and real life power systamissome of the results are produced in sectioto2eStablish

10
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the computational ability and robustness of thehmet In section 2.6, the influence of optimal opiegaranges
and dc link of respective UPFC devices on operatig} of UPFCs have been tested on several teseahtife
networks. In section 2.6, both the cost of UPFC g&weration cost have been incorporated, wheresecion
2.5 only generation-cost has been computed. Fitladiyast section 2.6 concludes the chapter.
2.2. Impact of UPFC on transmission line

The basic operating principles of UPFC are alyesstablished in open literature. A schematicesgntation

of voltage source converter-based UPFC is shoviigr?.1.

Series
Bus k Transformer IBus m
‘Vké ek ’_- I vm i em
|
Shunt val
Transformer T
— Shunt Series
Converter Converter
Vsh 2 Bsh Vee 26,

Fig.2.1. UPFC Model.

The UPFC has two self-commutating converters, dd@@age capacitor. This DC capacitor functions ms a
energy storage element and is connected to botltdheerters. One converter is connected in shurthéo
sending end node k through shunt coupling transgoramd the second converter is associated witlystera
through series coupling transformer between nodaadkm. Due to presence of lossless UPFC and caupli
transformers [19], the active powers injected id bus k and extracted from PQ bus m are equal in
magnitude. The shunt converter generates or abshebseal power required by series converter atdte

terminals. The voltage stability can be maintaibgdhunt reactive compensation, which is independen

From the equivalent circuit of UPFC as showlrig2.2, the ideal shunt voltage souM@, is represented as:
VSh =V§1D Hsh and the series voltage souréﬂge is represented aV‘Se =VseD9 , wherevsh, VSe are

<V, OV, ) and 6.6,

se,max

controllable magnitudes in the ranges(&n‘smnin SVS,]Elvsh'maX) and (V

se,min

are controllable angles in the ranges(@fs 6,0 27T) and (OS 6.0 27T) respectively.

11
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Fig.2.2. Equivalent Circuit of UPFC.

Based on the equivalent circuit shown in Fig.2h2, dctive and reactive power equations are:

at node k:

P, =V.Gy +VV, (G, cos(8, -6,)+ B,, sin(8, b,))
+V,V_ (ka cos(6, -6..)+ B,, sin(6, -Hse))

2.1)
+V,V,, (G, cos(8, -6, )+ B, sin(6, -6.,))

Q. = -V¢?By +VV, (G, sin(8, -6,,) - By, cos(6, 4,))
+V V. (G, sin(6, -6,,)- By, cos(8, b..)) (2.2)
+V,V,, (GSh sin(6, -6,,)- B, cos(g, -Hsh))

At node m:

P, =V. G, +V,V, (G, coS(6,, -6,)+ B,y sin(8,, 4,))
+V,V,, (G,mcos(8,, -6..)+ B, sin8,, 4..)) 2.3)
Q= V2B + V.V (G siN(8,, -6,) — B,y co46, 4,))

+V, V.. (G,,sin(8, -6,) - Bnco (8, b..)) 04

12
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Series converter:

Pse = VsiGmm +Vsevk (kaCOS(gse _gk)+ Bkm Sin(gse _gk))

+V .V, (G,.cos(b,, -6,)+B,, sin(6,, -6,)) 29

Q. = VB, + V.V, (G sin(8,, -6,) - B,,cos(6,, -6,))
+V .V, (G, sin(6,, -6,)) - B,.cos(d,, -6,))) (26)

Shunt converter:

P, =-VJG,, +V,V, (G,c0s(8,, -6,) + By, sin(8,, -6,)) 2.7)
Qs =ViB,, +V,V, (G, sin(8,, -6,) ~Byco 8, 4,)) (2.8)
where Y, =G, + jB, =Z +Z (2.9)
Y, =G +jB, =2 (2.10)
Y = Yo =G 1B =~Zoo (211)
Y, =G, +jB, =-Z, (2.12)

The active power supplied to the shunt converl%n;,, must be equal to the active power demanded &y th

series converterl:’se [20], i.e,

P,+P,=0 (2.13)

A number of research publications have dedth whe handling of UPFC equations in the powemflo
problem. Nabavi and Iravani proposed a way to featdPFC with power flow algorithms by connecting the
UPFC in the transmission line where sending endpsesented as a PV bus and receiving end is exisgsas
a PQ bus [21]. The active and reactive power loadke PQ bus and the voltage magnitude at the @/ale
set at the values to be controlled by UPFC. The @ B&rameters are computed after the load flow cgede
[22].

2.3. For mulation of the UPFC placement problem

By optimal power flow [23-24] we mean an operataundition in which the power flow in an electrical
system occurs to optimize one or more objectivesevdatisfying the specified operating limits otthystem.
In this chapter the objective functions to be opéd [25] are: (i) minimization of the operatingsto

(ii) minimization of transgssion loss

13
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Here the objective functions: (i) operating casekpressed in term of fuel cost of the thermalegaors as

%Q(Pq):i(q+th+QP§) (2.14)
i=1 i=1

And (ii) the transmission loss is represdrds:

P=Y (real (yling )(VZ+V72 ))

t

- (thvmtabs(ylinet )cos(@kt -8, -0 (yline, ))) (2.15)
- (levklabs(ylinet )cos(eml -6, -0 (yline, )))

Subject to the following constraints:
2.3.1. Equality constraints

The equality constraints consist of active reactive power balance of load buses andesgtiwer
balance of generator buses.

For each PQ bus, active and reactive power balareceepresented by equations (2.16) and (2.17¢ctsply

as

P, —P, =S VNVl cos(g, +8,-8) = © (2.16)
m=1

Q ~Qp +Z|V|| ol [Yinl SIN(E +6,-6) = 0 2.17)

For each PV bus the active power balance is repted by equations (2.18) as
n

Ry — PRy = > M|Nal[¥in|cos(8,+6,-8) = C (2.18)
m=1

and for power system considered, the active poatkamise can be represented by equation (2.19) as

NG

> P -R-R=0 (2.19)

—

WhereNG is the number of generator buses amdis the total number of busei:,’D is the system load-

demandﬂ_ is system transmission loss. is the transmission line numbev, , Vm are voltage magnitudes of

sending end and receiving end buses respectivelyemed witht™ transmission Iine;(9kt, Hm are voltage

14
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angles of sending end and receiving end busesathsgly connected witht " transmission Iine;y”rﬁis the

admittance of thé" transmission lined , b .G are cost-coefficients of the respective generators

2.3.2.  Inequality constraints
The inequality constraints of the OPF maxlassified as,
. Active and reactive power limit:
. The maximum and minimum active power and reacpeaver of generators constitute the inequality

constraints and these are given by

R <R <R™ (2.20)
Qénin < Qq < g’lax (2.21)

* Voltagelimit :
To maintain the quality of electrical service agdtem security, bus voltages usually have maximaod a

minimum magnitudes and this is expressed as follows
\VARESVEIVAL, (2.22)
Voltage magnitudes of series and shunt caesslimits are represented respectively as:

(Vse, min

<V, 2V, ) and(V

se,max sh,min

<V SV, o) (2.23)
Voltage angles of series and shunt convelitaits are represented respectively as:
(0<@,<2m) and(0<6, < 2nm) (2.24)
The limit of active power flow through ttransmission line connected with UPFC is given as:

(P < Pricrn) (2.25)

24. Optimal placement of UPFC

Solution of the UPFC placement problem imesl determination of optimal position of UPFC, whic
ultimately affects the reduction in real power l@s&l operating cost. The presence of five parasésereach
UPFC along with the Generator active power outpGsnerator terminal voltages, tap positions of aasi
reactive power controllers makes UPFC optimal pleaa problem very difficult to solve by conventibna
optimization techniques. Though different robustimjzation techniques [26] can be used to solve the
placement problem [27], only Gravitational Searethhique [28] has been adopted in this chapterusecaf

its fast convergence characteristics. Besidesgrdifit optimization techniques have been implememted

15



Chapter 2: Optimal Placement of UPFC for Improved Performance of Power System

compare with Gravitational Search technique. Gafigihal Search algorithm is described in detaih\ppendix

A.1. GSA technique has been applied to severabioggpower system problems such as Post-Outage Bus
Voltage Magnitude Calculations [29], combined eaoimand emission dispatch problems of power systems
[30], Optimal power flow using gravitational searalgorithm [31], Parameters identification of hyalia
turbine governing system [32], optimal static stagtimation [33], multi —objective economic emissioad
dispatch solution [34], solution of unit commitmamioblem [35]. The procedural steps of UPFC plaggme

problem by obeying GSA are given below:

0] The gravitational constant and the population déeare selected randomly.

(ii) The active power generations, transmissioedito be connected with UPFC, active power flowsugh
those transmission lines connected with UPFC, UPB€meters settings are taken as dimensions in this
chapter and it is denoted by n.

(iii) The upper limits and the lower limits of theptimization variables are provided by using eqursti(2.20),
(2.21), (2.23), (2.24) and (2.25).

(iv)The cost of active power generations and Idssamsmission lines by using equations (2.14) ¢nhdl5) are
taken as solution vectors.

(v) Check the voltage magnitudes by using equd@ozR).

(vi) If the voltage magnitude violates the limitsdard the initial set of agents and go to step ifiithe next
iteration. This process continues until all thestomints are satisfied using equations (2.16) 1252

(vii) Follow the steps (vii-xiii) given in sectioA.1.2.

2.5. Application of the proposed method
The proposed method is validated by applyingnita number of test and real life power systemshis
chapter, all the voltages and power quantitiesirager unit. Bus voltage magnitude limits are Ot83..1 p.u.

Tap setting limits are taken from 0.9 p.u. to 1.a4.pn all the test cases the GSA parameters assechas
follows: gravitational constan€z, =100;

User specified constagit= 20;

Number of agenid, = 25;
Maximum number of iteration=50

The UPFC parameters are taken as follo84: [
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Series reactance of UPKE = 0.05pu;
Shunt reactance of UPFE, =0.05pU;

0<V,_<1.0pu;0<V, <1.1pu;0<8,<2m,0<6, <21

For each system there are three sections namegdacinof UPFC on voltage profile, influence of UP&iCreal
power loss and operating cost and the last onengparative study on different optimization techgadopted
in this chapter. In fact, the optimization problehase been solved by applying BBO, StudGA, ACO BBdL

technigues and comparative results are furnisheesipective sections accordingly.

25.1. Resultsfor IEEE-14 bussystem
The line data, bus data and generator cost d&EE&-14 bus test transmission system are reporired

Appendix A.4.1.

. Effect of UPFC on voltage profile improvement
The change in bus voltage magnitudes withnbesase in UPFC number for both cost minimizatiod l@ss
minimization are shown in Table 2.1.

Table 2.1. Generator terminal voltages (p.u.) of IEEE-14 bystemm

Bus voltage magnitude
Bus number Cost minimization Loss minimization
Without  With 1 With 2 With 3 | Without With1 With 2 With 3
UPFC UPFC UPFCs UPFCs UPFC UPFC UPFCs UPFCs
1 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06
2 1.045 1.045 1.045 1.045 1.045 1.045 1.045 1.045
3 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01
4 0.9997 1 1.0015 1.0024 0.9997 1 1 1.0014
5 1.0052 1.0096 1.0101 1.0301 1.0052 1.0087 1.0112 1.0308
6 1.07 1.07 1.07 1.07 1.07 1.07 1.07 1.07
7 1 1.0094 1.0121 1.0466 1 1.0116 1.0118 1.0466
8 1.09 1.09 1.09 1.09 1.09 1.09 1.09 1.09
9 0.999 1.0036 1.009 1.0347 0.9998 1.0086 1.0091 1.0347
10 1 1 1.0084 1.0303 1 1.0087 1.0087 1.0303
11 1.0298 1.0298 1.045 1.0522 1.0243 1.0336 1.045 1.0522
12 1.0448 1.0453 1.0457 1.0478 1.045 1.0455 1.046 1.0478
13 1.0272 1.0354 1.0362 1.0399 1.0281 1.0357 1.0363 1.0399
14 0.9778 0.991 0.9945 1.0111 0.9796 0.9942 0.9943 1.0111

From Table 2.1 it is obvious that with the allttion of single UPFC on optimal position in tegstem, the

minimum and maximum load bus voltages increase 80®778 p.u to 0.991p.u and 1.0448p.u to 1.0453p.u
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respectively under cost minimization and under logsEmization those vary from 0.9796 p.u. to 0.994@.and
1.045 p.u. to 1.0455 p.u. respectively. Table 2sb ahows that with the installation of second URHCits
optimal position in test network, those minimum amadximum load voltages change to 0.9945 p.u and57.0
p.u respectively under cost minimization and urldes minimization those became 0.9943 p.u. and61pd.
respectively. From Table 2.1 it is also shown tthet third UPFC positioned optimally in IEEE 14 best
system increases the minimum and maximum load bltages to 1.0024 p.u and 1.0522 p.u. respectivedier
cost minimization and under loss minimization thekange to 1.0014 p.u. and 1.0522 p.u respectivay.a
better visualization the system voltage profiles sinown in Fig 2.3 and Fig 2.4 for cost minimizatend loss

minimization respectively.

I I I
3 | --Without UPFC
Q115 s e With single UPFC -
= | —With double UPFC
3 1 -e-\With triple UPFC
= 11 ”””””””””””””””””””””””” | :
= :
% |
E 105 77777777777777777
o 1
% |
g 14 Tt Y @ =7
o |
> 1
0.95-——
2 14
Bus number
Fig.2.3. Voltage profile for cost minimization of IEEE-14 btest system
1.1
=¢-Without UPFC
5108 - AN ~*With single UPFC - -
o -e-\With double UPFC
E 1.0 ----—With triple UPFC
Q
S 1.04
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g 1.02
Q gL TN e
g
 0.98F -7
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Bus number

Fig.2.4. Voltage profile for loss minimization of IEEE-14 btest system
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. Influence of UPFC on real power loss and oper ating cost

The variation in real power loss along with igtimg cost for different optimal locations of UP$® IEEE-

14 bus test system is furnished in Table 2.2.

Table 2.2. Optimal location of UPFC, real power flow, line $oand cost in IEEE-14 bus test system

. Number of UPFCs
Optimized Control Variables
parameter
Optimal locations of UPFC (k-m) 10-11 4-5,10-11 4-5,7-9,12-13
Active power flow in line connected 62.89,24.67,7.
~ Cost with UPFC (MW) -20 -20,-20 58
minimization
Real power loss (MW) 18.18 15.61 15.5 12.68
Dispatch cost ($/hr) 5,629.50 2940.6 2937 2843.5
Optimal locations of UPFC (k-m) 4-5 4-5,10-11 4-5,7-9,10-11
Active power flow in line connected 66.22,26.69
LosS with UPFC (MW) -23.77 | -24.35,23.77 3.63
minimization
Real power loss (MW) 18.07| 14.47 13.74 12.15
Dispatch cost ($/hr) 5,749.503533.50 3523.70 3482.8

From Table 2.2 it is shown that during coshimization operational cost is decreased from 582$/hr to
2940.6%/hr and transmission line loss is reducenh f18.18 MW to 15.61 MW by installing single UPKCits
optimal position. Table 2.2 also shows that theitaatd of another UPFC in IEEE14 bus test systenuced
cost and loss further to 2937 $/hr and 15.5 MWeetvely. From Table 2.2 it is also noticed tHa further
reduction in loss and cost are achieved by addiing UPFC in IEEE14 bus test system and they arégLRIW
and 2843.5%/hr respectively.

Again Table 2.2 shows that during loss minirticza operational cost is reduced from 5,749.50 $ftor
3533.50 $/hr and transmission line loss is chariged 18.07 MW to 14.47 MW by placing single UPKC
its optimal position. Table 2.2 also depicts tlne &ddition of second UPFC in IEEE14 bus test systxluces
cost slightly to 3523.70 $/hr and loss furtherl®74 MW respectively. Besides, from Table 2.%ialso
noticed that the further reduction in loss and esstachieved by adding optimally third UPFC in bus

test system and they are 12.15 MW and 3482.8 f&bpectively.
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. Comparison of performance of different optimization method in solving the UPFC placement

The comparative results obtained by diffesaft computing techniques for IEEE 14 bus testey are

reported in Table 2.3. The number of iterationsdeeeby different methods is reported in Table ZHe

convergence characteristics for four cases areshowig 2.5, Fig 2.6, Fig 2.7 and Fig 2.8.

Table2.3. Comparison of the performance of different techagjin IEEE-14 bus test system

Control

Parameter .
Variables

With
GSA

With
BBO

With
StudGA

With GA

With
ACO

With
PBIL

Optimal
locations of
UPFC (k-m)

Active power
flow in line

L connected
Cost minimization  \\ith UPEC

with single UPFC (MW)
Real power
loss (MW)

Dispatch cost
($/hr)

10-11

15.61

2940.6

10-11

-20

15.6

2941

10-11

-20

15.61

2940.6

10-11

15.61

2940.6

10-11

-20

15.61

2940.6

10-17%

15.61

2940

Optimal
locations of
UPFC (k-m)

Active power
flow in line

L connected
Loss minimization  \\ith UPEC

with single UPFC (MW)
Real power
loss (MW)

Dispatch cost
($/hr)

4-5

-23.77

14.47

3533.5

4-5

-23.8

14.5

3534

4-5

-23.77

14.47

3533.5

4-5

-23.77

14.47

3533.5

4-5

-23.77

14.47

3533.5

4-5

-23.7

14.47

3533
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Parameter

Control
Variables

With With With With With With

GSA BBO StudGA GA ACO PBIL

Cost
minimizati
on with
three
UPFC

Optimal
locations
of UPFC
(k-m)
Active
power
flow in
line
connecte
d with
UPFC
(MW)
Real
power
loss
(MW)
Dispatch
cost
($/hr)

4-57- 4-57-912- 457912- 4-57-912- 4-57-9,12- 4-57-9,12-
9,12-13 13 13 13 13 13

62.89,24. 62.89,24.67, 62.89,24.67, 62.89,24.67, 62.89,24.67, 62.89,24.67,
67,7.58 7.58 7.58 7.58 7.58 7.58

12.68 12.7 12.68 12.68 12.68 12.68

2843.5 2844 2843.5 2843.5 2843.5 2843.5

Loss
minimizati
on with
three
UPFC

Optimal
locations
of UPFC
(k-m)
Active
power
flow in
line
connecte
d with
UPFC
(MW)

Real
power
loss
(MW)
Dispatch
cost
($/hr)

4-57- 4-57-9,10- 4-57-910- 4-57-9,10- 4-57-9,10- 4-57-9,10-
9,10-11 11 11 11 11 11

66.22,26.
69 ,3.63

12.15 12.2 12.15 12.15 12.15 12.15

3482.8 3483 3482.8 3482.8 3482.8 3482.8

66.22,26.69 66.22,26.69 66.22,26.69 66.22,26.69 66.22,26.69
,3.63 ,3.63 ,3.63 ,3.63 ,3.63

350Q
3400

cost (hr)

3000
2900
2800

3300
3200
3100

I I I I I I I I
e GSA =8=BBO ===StudGA =E=GA ==ACO == PBIL ]

Iteration

Fig.2.5. Cost minimization with single UPFC of IEEE-14 bystem.
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16.5

I I I
| —GSA —-BBO -I-StudGA = GA k= ACO -O-PBIL

Real power loss (MW)

1
5 10 15 20 25 30 35 40 45 50
Iteration

Fig.2.6. Loss minimization with single UPFC of IEEE-14 bystem.
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cost ($/hr)
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2800

1
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Iteration

Fig. 2.7.Cost minimization with three UPFC of IEEE-14 bustsyn.

From Table 2.3 it is shown that the operatiaizat and transmission loss along with power flovetigh the
line of optimal locations of UPFCs under cost miiziaion and loss minimization consideration arenfibto be
same in different optimization techniques chosethis chapter. But, Fig 2.5, Fig 2.6, Fig 2.7 angl 8 show
difference between convergence characteristickeftiopted optimization techniques under cost nibaition
with single UPFC, loss minimization with single UPFcost minimization with three UPFC and loss
minimization with three UPFC respectively. For betvisualization the number of iterations requifed

convergence in different optimization techniquaslEEE14 bus system are summarized in Table 2.4.
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12

N T T T T T T T T T
L | =m=GSA ==BBO =k StudGA ==GA =e=ACO ==PBIL
S eSS N C AR N R RO R
; 135 77777 \7\7777T 77777 T T -0 [ r-T-- 0 L T T T T T T T T T
=3 I Y | | | | | | |
» | | | | | | | |
3 | | | | | | |
=1 v N T CTTT P T E
()] | | | | | |
= | | | | | |
= | | | | | |
o 3 I I I I I I
§ 125 N | | S A A
o | | | | | |
5 10 15 20 25 30 35 40 45 50

Iteration

Fig.2.8. Loss minimization with three UPFC of IEEE-14 bustsyn.

Table 2.4. Number of iterations needed for optimum solutiohBEE-14 bus test system

Minimized Test With With With With GA With With
parameter system GSA BBO StudGA ACO PBIL
Cost minimization
with single UPFC 13 23 18 20 24 18
Loss minimization
oS 12 22 17 18 15 26
with single UPFC |\ = 14
Cost minimization bus
with three UPFC 14 24 15 18 18 19
Loss minimization
with three UPFC 14 20 15 13 16 24

From Table 2.4, it is shown that number ofat®ms required in IEEE14 bus test system for eost loss
minimizations by single UPFC installation with G$échnique are found to be 13 and 12 respectivetyiew
the number of iterations for cost and loss minirtigraby triple UPFCs installation is found to bereg i.e., 14.
Table 2.4 also shows that these results found b @&® minimum among all the different soft compgtin
techniques adopted here in their respective castfioinimization by single/triple UPFC installationlEEE14

bus test system.

25.2. Resultsfor IEEE-30 bussystem
The line data, bus data and generator costadEEE-30 bus test transmission system are regorite

Appendix A.4.2.
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. Effect of UPFC on voltage profile improvement

The change in bus voltage magnitudes withnbesase in UPFC number for both cost minimizatiod l@ss

minimization are shown in Table 2.5.

Table 2.5. Generator terminal voltages (p.u.) of IEEE-30 tas$ system

Bus voltage magnitude

Bus number Cost minimization Loss minimization
Without  With 1 With 2 With 3 | Without With1 With 2 With 3
UPFC UPFC UPFCs UPFCs UPFC UPFC UPFCs UPFCs
1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
2 1.085 1.085 1.085 1.085 1.085 1.085 1.085 1.0B5
3 1 1.0724 1.0741 1.0754 1 1.0741 1.0778 1.0Y8
4 1.0081 1.0657 1.0678 1.0696 1.008 1.0678 1.072 0728
5 1.052 1.052 1.052 1.052 1.052 1.052 1.052 1.0p2
6 1.0045 1.0551 1.0572 1.0574 1.0051 1.0572 1.0594.0601
7 0.9915 1.0465 1.0477 1.0478 0.9918 1.0477 1.0493.0494
8 1.054 1.054 1.054 1.054 1.054 1.054 1.054 1.0p4
9 1.0397 1.0555 1.0562 1.0655 1.0336 1.0655 1.068 .0691
10 1.045 1.045 1.0478 1.0661 1.0326 1.0661 1.0695 .071%
11 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
12 1.0162 1.0233 1.0253 1.0296 1 1.0295 1.0329 31.08
13 1.063 1.063 1.063 1.063 1.063 1.063 1.063 1.063
14 1.0062 1.0127 1.015 1.021p 1.0047 1.0212 1.0251.0256
15 1.0066 1.0126 1.0153 1.0234 1.021 1.0234 1.0271.0277
16 1.0208 1.0263 1.0264 1.037y 1.0062 1.0377 1.0411.045
17 1.0322 1.034 1.036 1.0522 1.0191 1.0522 1.0556 .0599
18 1.0077 1.0127 1.0135 1.0268 1.0127 1.0263 1.0324.0311
19 1.0116 1.016 1.0156 1.0311 1.011 1.0311 1.0362 .0366
20 1.0191 1.0221 1.0231 1.0391L 1.0156 1.0391 1.0441.0443
21 1.033 1.0338 1.034 1.0536 1.0204 1.0536 1.057 0591
22 1.0203 1.0334 1.0349 1.054 1.021 1.054 1.0574 0591.
23 1.0062 1.0109 1.0166 1.0274 1.0128 1.0274 1.0313.0319
24 1.0143 1.0173 1.0268 1.041p 1.0105 1.0412 1.0444.0459
25 1.0143 1.0428 1.0482 1.058[L 1.0128 1.0581 1.0604.0613
26 0.9966 1.0256 1.0311 1.0411L 0.995 1.0411 1.0433.0444
27 1.023 1.067 1.0699 1.076 1.023 1.0768 1.0785 0792
28 1.0002 1.0505 1.0527 1.053 1.0007 1.0533 1.0558.0557
29 1.0096 1.048 1.051 1.058 0.9708 1.0581 1.0597 .060%
30 1.005 1.0371 1.0401 1.047 0.9241 1.0472 1.04849.0496

From Table 2.5 it is obvious that with the alkstion of single UPFC at optimal position in tegstem, the

minimum and maximum load bus voltages increase f08915p.u to 1.0109p.u and 1.0397p.u to 1.0724p.u

respectively under cost minimization and under logsimization those vary from 0.9241p.u. to 1.0212and
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1.0336p.u. to 1.0768p.u. respectively. Table 2¢p ahows that with the installation of second UREGts
optimal position in test network, those minimum am@dximum load voltages change to 1.0135p.u and
1.0741p.u respectively under cost minimization amdier loss minimization those become 1.0251p.u. and
1.0785p.u. respectively. From Table 2.5 it is adbown that the third UPFC positioned optimally HEE 30
bus test system increases the minimum and maxinoad bus voltages to 1.0212 p.u and 1.0768 p.u.
respectively under cost minimization and under leésimization those change to 1.0256 p.u. and 2p49
respectively. For a better visualization the systatage profiles are shown in Fig 2.9 and Fig 2fdi0cost

minimization and loss minimization respectively.

& - - - - - - - - _—_—_—_—_ T- T e —— -
. = . =& Without UPFC 1
- 108 . -Withsingle UPFC = |
el —With double UPFC !
= -\ [ |
= 106 With triple UPFC B
©
‘c 1.04---; iy P ¥ AW -3 N
= ] m /
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c) - - - (i
8
s 1
>
0.98
30
Bus number
Fig.2.9. Voltage profile for cost minimization of IEEE-30 $u
1.15 ‘ ‘ : ‘ ‘
— l —Without UPFC l
= | --With single UPFC |
el N U -e-With double UPFC ~ |~~~
= \ —With triple UPFC R
) ‘ - | g :
g 1.05 I\ & \ - 2L N &N \
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Fig.2.10. Voltage profile for loss minimization of IEEE-30 $u
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. Influence of UPFC on real power loss and oper ating cost
The variation in real power loss along with igtimg cost for different optimal locations of UP$® IEEE-
30 bus test system is furnished in Table 2.6.

Table 2.6. Optimal location of UPFC, real power flow, line $oand cost in IEEE-30 bus test system

imi Number of UPFCs
Optimized Control Variables
parameter
0 1 2 3
Optimal locations of UPFC (k-m 9192 Zl'gi’lo' 3'4’1;21’22'
Active power flow in line
Cost . -20,18.13 61.77,30,1
minimization connected with UPFC (MW) -20
Real power loss (MW) 16.53 10.13 10.01 8.95
Dispatch cost ($/hr) 871.2043| 804.0468 800.8884 786.2693
Optimal locations of UPFC (k-m 16-17 16'1;’15' 3'4’12;121’22'
Active power flow in line
Loss . 10.08,20
minimization connected with UPFC (MW) 19.97 61.77,30,1
Real power loss (MW) 15.24 10.08 8.89 6.22
Dispatch cost ($/hr) 889.2033| 804.769 801.12 792.9371

From Table 2.6 it is shown that during coshimization operational cost is decreased from 87432%/hr
to 804.0468 $/hr and transmission line loss isiced from 16.53 MW to 10.13 MW by installing sied/PFC
at its optimal position. Table 2.6 also shows ttieg addition of another UPFC in IEEE30 bus testesys
reduces cost and loss further to 800.8884 $/hd 1an01 MW respectively. From Table 2.6 it is afediced
that the further reduction in loss and cost ardeagll by adding optimally third UPFC in IEEE 30 hest
system and these reduced loss and cost are 8.9aM\WW86.2693 $/hr respectively.

Again Table 2.6 shows that during loss miniric@a operational cost is reduced from 889.2033 $¢hr
804.769 $/hr and transmission line loss is chdrfgem 15.24 MW to 10.08 MW by placing single UPEt
its optimal position. Table 2.6 also depicts tlne &ddition of second UPFC in IEEE30 bus test systxluces
cost to 801.12 $/hr and loss further to 8.89 Mspectively. Besides, from Table 2.6 it is alstaeal that the
further reduction in loss and cost are achieveddiding optimally third UPFC in IEEE30 bus test systand
they are 6.22 MW and 792.9371 $/hr respectively.

. Comparison of performance of different optimization method in solving the UPFC placement

The comparative results obtained by differasft somputing techniques for IEEE 30 bus test systze
reported in Table 2.7. The number of iterationsdeeeby different methods is reported in Table Z.Be
convergence characteristics for four cases are showig 2.11, Fig 2.12, Fig 2.13 and Fig 2.140rRrTable

2.7 it is shown that the operational cost and trassion loss along with power flow through the lfeoptimal
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locations of UPFCs under cost minimization and legsimization consideration are found to be samdeun

different optimization techniques chosen in thigper.

But, Fig 2.11, Fig 2.12, Fig 2.13 and Eig4 show

difference between convergence characteristickefitiopted optimization techniques under cost nizaition

with single UPFC, loss minimization with single UPFcost minimization with three UPFC and loss

minimization with three UPFC respectively. For betvisualization the number of iterations requirfed

convergence in different optimization techniquaslEEE30 bus system are summarized in Table 2.8.

Table2.7. Comparison of the performance of different techagjin IEEE-30 bus test system

Control

Parameter -
Variables

With
GSA

With
BBO

With
StudGA

With
GA

With
ACO

With
PBIL

Optimal
locations
of UPFC
(k-m)
Active
power
flow in
Cost line
minimization connected
with single with
UPEC UPFC
(MW)

Real
power loss
(MW)

Dispatch
cost ($/hr)

21-22

-20

10.13

21-22

10.13

21-22

-20

10.13

804.0468 804.0468 804.0468

21-22

10.13

804.0468

21-22

-20

10.13

804.0468 863.

21-22

-20

10.1

Optimal

locations

of UPFC
(k-m)
Active
power
flow in

Loss line
minimization connected
with single with

UPFC UPFC

(MW)

Real
power loss
(Mw)

Dispatch
cost ($/hr)

16-17

19.97

10.08

804.769

16-17

19.97

10.08

804.769

16-17

19.97

10.08

804.769

16-17

19.97

10.08

804.769

16-17

19.97

10.08

804.769

16-17

19.9

10.0

804.

/69
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Parameter Control With With With With With With
Variables GSA BBO StudGA GA ACO PBIL
Optimal

locations  3-4,10- 3-4,10- 3-4,10- 3-4,10- 3-4,10- 3-4,10-

of UPFC 21,22-24 21,22-24 21,22-24 21,22-24 21,22-24 21,22-24

(k-m)

Active

power

flow in

._Cqst. corlllr?gcted 61.77,30,1 61.77,30,1 61.77,30,1 61.77,30,1 610/%,361.77,30,]
minimization with
with three UPFC
UPFC (MW)

Real
power 8.95 8.95 8.95 8.95 8.95 8.95
loss

(MW)
Dispatch
cost  786.2693 786.2693 786.2693 786.2693 786.2693  788.
($/hr)

Optimal

locations 3-4,10- 3-4,10- 3-4,10- 3-4,10- 3-4,10- 3-4,10-
of UPFC 21,2224 21,22-24 21,2224 21,22-24 21,22-24 21,22-24
(k-m)

Active

power

flow in

lne 6177301 6177301 61.77,301 61.77,30,1 61077,361.77.30.1
connected

with

UPFC

(MW)

Real

pl‘;‘g’ser 6.22 6.22 6.22 6.22 6.22 6.22
(MW)

Dispatch

cost 792.9371 7929371 7929371 7929371 792.9371 792.93
($/hr)

Loss

minimization

with three
UPFC

cost ($/hr)

Iteration

Fig.2.11. Cost minimization with single UPFC of IEEE-30 bystem.
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Iteration
Fig.2.12. Loss minimization with single UPFC of IEEE-30 bystem.

(MIN) sso| Jamod eay

(1u/$) 1s02

Iteration
Fig. 2.13.Cost minimization with three UPFC of IEEE-30 bustsyn.

==GSA =—BBO =h= StUdGA =8=GA =%=ACO =e=PBIL
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25
Iteration

20
Fig.2.14. Loss minimization with three UPFC of IEEE-30 bustsyn.
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Table 2.8. Number of iterations needed for optimum solutiohBEE-30 bus test system

Minimized Test With With With With With With
parameter system  GSA BBO StudGA GA ACO PBIL
ﬁﬁﬁtsﬂg;gggg‘ 11 25 15 18 18 19
e woow 2w
inimizati 30b
Cominmiion 30145 g mw ow o
P m m m w

From Table 2.8, it is shown that iteration n@mbequired in IEEE30 bus test system for cost lasd
minimizations by single UPFC installation with G$&chnique are found to be 11 and 12 respectiveljiew
those found for triple UPFCs installation are 18 &mrespectively. Table 2.8 also shows that theselts found
by GSA are minimum among all the different soft puting techniques adopted here in their respective

cost/loss minimization by single/triple UPFC inftibn in IEEE30 bus test system.

25.3. Resultsfor IEEE-57 bussystem
The line data, bus data and generator cost afatBEE-57bus test transmission system are regorten

Appendix A.4.3.

. Effect of UPFC on voltage profile improvement
The change in bus voltage magnitudes withnbeease in UPFC number for both cost minimizatioa l@ss
minimization are shown in Table 2.9.

Table 2.9. Generator terminal voltages (p.u.) of IEEE-57 last ystem

Bus voltage magnitude
Bus Cost minimization Loss minimization
number Mwithout  With1  With2  With3 | Without With1  With2  With 3
UPFC UPFC UPFCs UPFCs UPFC UPFC UPFCs UPFCs
1 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04
2 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01
3 0.985 0.985 0.985 0.985 0.985 0.985 0.985 0.9B5
4 0.97 0.9798 0.9799 0.9799 0.9797 0.9798 0.9798 9790.
5 0.9664 0.9761 0.9762 0.9762 0.9762 0.9762 0.9762.9762
6 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98
7 0.9743 0.9833 0.9841 0.9865 0.9841 0.9843 0.984%9.9858
8 1.005 1.005 1.005 1.005 1.005 1.005 1.005 1.0p5
9 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98
10 0.9762 0.9861 0.9863 0.987) 0.9861 0.9865 0.986%5.9888
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Bus voltage magnitude
Bus Cost minimization Loss minimization

number [M\without  With 1 With 2 with 3 | without  With 1 With 2 With 3
UPFC UPFC  UPFCs UPFCs | UPFC UPFC  UPFCs UPFCs

11 0.964 0.9739 0.974 0.984 0.9721 0.9737 0.9763 .9843
12 1.015 1.015 1.015 1.015 1.015 1.015 1.015 1.0
13 0.9688 0.9787 0.9789 1 0.9785 0.9786 0.9797 1
14 0.96 0.9699 0.9702 0.98 0.9697 0.9699 0.971 8729
15 0.9778 0.9877 0.9879 0.999 0.9877 0.9877 0.9883.0016
16 1.0033 1.0133 1.0134 1.015¢ 1.0134 1.0134 1.0163.0164
17 1.0072 1.0174 1.0174 1.017¢ 1.0174 1.0175 1.0208.0209
18 0.9777 0.9877 0.9885 0.990% 0.9876 0.9878 0.9881D.9895
19 0.9246 0.9336 0.9443 0.955 0.9333 0.9339 0.9459.9596
20 0.9289 0.9375 0.9489 0.950 0.9373 0.9383 0.940®.9564
21 0.993 1.0039 1.0064 1.017¢ 1.003 1.0034 1.0065 .0178
22 0.997 1.008 1.0104 1.0217 1.0071 1.0074 1.0108 .0226
23 0.9956 1.0067 1.0095 1.020% 1.0057 1.0061 1.0094.0213
24 0.9873 0.9981 1.0083 1.0146 0.9973 0.9978 1.0004L.0153
25 0.9706 0.9815 0.9909 0.9984 0.9804 0.9811 0.9849.0002
26 0.9475 0.9578 0.9688 0.974 0.9571 0.9575 0.9598.9731
27 0.9709 0.981 1 1 0.9807 0.9808 0.982 1
28 0.9862 0.9911 0.9964 1.0046 0.9962 0.9962 0.9971.0044
29 0.9998 1.0069 1.01 1.0153 1.0099 1.0099 1.0104 .0163
30 0.9509 0.9617 0.9705 0.978 0.9605 0.9615 0.9659.9799
31 0.9244 0.9352 0.9424 0.950% 0.9337 0.9352 0.9390.9518
32 0.9382 0.9495 0.9538 0.962] 0.9477 0.9499 0.9548.9626
33 0.9359 0.9472 0.9515 0.959 0.9454 0.9476 0.9529.9603
34 0.9476 0.9592 0.9605 0.969] 0.9572 0.9595 0.9654.9714
35 0.9547 0.9662 0.9672 0.975y 0.9643 0.9666 0.9729.9779
36 0.9642 0.9759 0.9766 0.985] 0.9739 0.9763 0.982D.9871
37 0.9731 0.985 0.9856 0.9947 0.9829 0.9849 0.9904€.9965
38 1.0007 1.0118 1.0133 1.0252 1.0108 1.0111 1.0147.0261
39 0.9711 0.9835 0.9835 0.992 0.9809 0.983 0.989 .9940
40 0.9612 0.9728 0.9736 0.9817 0.9709 0.9737 0.980D.9834
41 0.9855 0.9964 0.9965 1 0.9955 1 1 1.01
42 0.9559 0.9666 0.967 0.975¢ 0.9656 0.9666 0.975D1.9915
43 0.9991 1.0096 1.0097 1.018 1.0022 1.0092 1.0162.0182
44 1.0049 1.0159 1.0171 1.029 1.0151 1.0151 1.0184.0304
45 1.0247 1.0355 1.0357 1.051y 1.0337 1.0351 1.037 1.05
46 1.0482 1.0593 1.0598 1.075] 1.0586 1.0588 1.0611.0615
47 1.0215 1.0325 1.0334 1.047] 1.0317 1.0318 1.03471.0482
48 1.0155 1.0265 1.0276 1.0401 1.0258 1.0259 1.0284.0417

49 1.0247 1.0357 1.0365 1.047 1.0351 1.0356 1.03771.0502
50 1.0123 1.0229 1.0236 1.031p 1.0225 1.0233 1.0244.0345
51 1.0414 1.0521 1.0524 1.055] 1.0519 1.0527 1.05341.0583
52 0.9703 0.9781 0.9802 0.9845% 0.9801 0.9805 0.9809.9849
53 0.961 0.9692 0.9708 0.974% 0.9707 0.9711 0.9712.9748
54 0.9862 0.9959 0.9962 0.998 0.9962 0.9964 0.9970.998
55 1.0205 1.0308 1.0308 1.031 1.0308 1.0308 1.0308.0318
56 0.9576 0.9657 0.9682 0.98 0.9649 0.9673 0.9813 1

57 0.954 0.9641 0.9691 0.982 0.9597 0.9636 0.98 9289
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From Table 2.9 it is obvious that with the alksttion of single UPFC at optimal position in tegstem, the
minimum and maximum load bus voltages increase ©d®244p.u to 0.9336 p.u and 1.0482p.u to 1.0583 p.
respectively under cost minimization and under logsimization those vary from 0.9333 p.u. to 0.9838and
1.0586 p.u. to 1.0588p.u. respectively. Table 2s® ahows that with the installation of second UP&Gts
optimal position in test network, those minimum amdximum load voltages change to 0.9424p.u and
1.0598p.u respectively under cost minimization amdier loss minimization those become 0.9397p.u. and
1.061p.u. respectively. From Table 2.9 it is alsoven that the third UPFC positioned optimally irEEE 57 bus
test system increases the minimum and maximum baesdvoltages to 0.9503p.u and 1.0751p.u. respégtive
under cost minimization and under loss minimizatibose change to 0.9518p.u. and 1.0615 p.u resphcti
For a better visualization the system voltage psfare shown in Fig 2.15 and Fig 2.16 for costimiration

and loss minimization respectively.

11

| ——=Without UPFC
1 -+\With single UPFC
108L-—— - o -=-\Vith double UPFC

0.950 - ------------PA---- Y- \

Voltage magnitude (in p.u.)
£

10 20 30 40 50
Bus number

Fig.2.15. Voltage profile for cost minimization of IEEE-57 sau

I J ! I I
. | —*Without UPFC ! !
= 105 ; ——With single UPFC ; ;
= -=-With double UPFC
Py
©
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(@)
©
=
()
o
©
=0.95
o
>

Bus number

Fig.2.16. Voltage profile for loss minimization of IEEE-57 $u
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. Influence of UPFC on real power loss and oper ating cost

The variation in real power loss along with i@timg cost for different optimal locations of UP$® IEEE-

57 bus test system is furnished in Table 2.10.

Table 2.10. Optimal location of UPFC, real power flow, line $oand cost in IEEE-57 bus test system

Number of UPFCs

Ogrt:a\nr]r:z?gr Control Variables
P 0 1 2 3
Optimal locations of UPFC (k-m) 27-28 27'22’37' 13'14’%2'20’57'
Active power flow in line connected
Cost : -21.39 25.22,-201 60.00,20.00,1.p1
minimization with UPFC (MW)
Real power loss (MW) 28.07 18.17 18.03 14.23
Dispatch cost ($/hr) 1,06,29Dp 58,922.00 56260 52,045.00
Optimal locations of UPFC (k-m) 41-43 41-43, 13'14’%2'20’57'
Active power flow in line connected
Loss : -26.17 33.99, -25[ 61.45,20.00,1.10
minimization with UPFC (MW)
Real power loss (MW) 27.98 14.46 14.32 14.08
Dispatch cost ($/hr) 1,16,35p 71,8320070250.00 69,380.00

From Table 2.10 it is shown that during cogstimization operational cost is decreased from 296 $/hr

to 58,922 $/hr and transmission line loss is redifcom 28.07 MW to 18.17 MW by installing singFC in

its optimal position. Table 2.10 also shows thataldition of another UPFC in IEEE57 bus test syseduces

cost and loss further to 56260 $/hr and 18.03 M#peetively. From Table 2.10 it is also noticed ttredt

further reduction in loss and cost are achieveaddning optimally third UPFC in IEEE 57 bus testteys and

they are 14.23 MW and 52,045 $/hr respectively.

Again Table 2.10 shows that during loss minatitn operational cost is reduced from 1,16,350 $ib

71,832 $/hr and transmission line loss is chariged 27.98 MW to 14.46 MW by placing single UPKdts

optimal position. Table 2.10 also depicts that #uglition of second one UPFC in IEEE57 bus testesyst

reduces cost to 70250 $/hr and loss further to2LM3V respectively. Besides, from Table 2.10

italso

noticed that the further reduction in loss and erstachieved by adding optimally third UPFC in B bus

test system and they are 14.08 MW and 69,380 f&hpectively.

. Comparison of performance of different optimization method in solving the UPFC placement

The comparative results obtained by differasft somputing techniques for IEEE 57 bus test systee

reported in Table 2.11. The number of iterationede& by different methods is reported in Table 2T

convergence characteristics for four cases areshowig 2.17, Fig 2.18, Fig 2.19 and Fig 2.20.
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Table2.11. Comparison of the performance of different techagin IEEE-57 bus test system

Parameter

Control
Variables

With
GSA

With
BBO

With
StudGA

With With
GA ACO

With
PBIL

Cost
minimization
with single
UPFC

Optimal

locations

of UPFC
(k-m)

Active
power
flow in
line
connected
with
UPFC
(MW)

Real
power loss
(Mw)

Dispatch
cost ($/hr)

27-28

-21.39

18.17

58,922.00

27-28

-21.39

18.17

58,922.00

27-28

-21.39

18.17

58,922.00

27-28 27-28

-21.39 -21.39

18.17 18.17

58,922.088,922.00

27-28

-21.39

18.17

58,922.0(

Loss
minimization
with single
UPFC

Optimal
locations of
UPFC (k-
m)

Active
power flow
in line
connected
with UPFC
(MW)

Real power
loss (MW)

Dispatch
cost ($/hr)

41-43

-26.17

14.46

71,832.00

41-43

-26.17

14.46

71,832.00

41-43

-26.17

14.46

71,832.00

41-43 41-43

-26.17 -26.17

14.46 14.46

71,832.00 71,832.00,832.00

41-43

-26.17

14.49
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Contro
|

Paramete Variabl

r

es

With
GSA

With
BBO

With
StudGA

With
GA

With
ACO

With
PBIL

Cost
minimiza
tion with

three

UPFC

Optima
I
locatio
ns of
UPFC
(k-m)
Active
power
flow in
line
connec
ted
with
UPFC
(MW)
Real
power
loss
(Mw)
Dispat
ch cost
($/hr)

13-14,19-
20,57-56

13-14,19-
20,57-56

13-14,19-
20,57-56

13-14,19-
20,57-56

13-14,19-
20,57-56

13-14,19-
20,57-56

60.00,20.00, 60.00,20.00, 60.00,20.00, 60.00,20.00, 60.00,20.00, 60.00,20.00,
1.01 1.01 1.01 1.01 1.01 1.01

14.23 14.23 14.23 14.23 14.23 14.23

52,045.00 52,045.00 52,045.00 52,045.00 52,045.00 2,045.00

Loss
minimiza
tion with

three

UPFC

Optima
I
locatio
ns of
UPFC
(k-m)
Active
power
flow in
line
connec
ted
with
UPFC
(Mw)
Real
power
loss
(MW)
Dispat
ch cost
($/hr)

13-14,19-
20,57-56

13-14,19-
20,57-56

13-14,19-
20,57-56

13-14,19-
20,57-56

13-14,19-
20,57-56

13-14,19-
20,57-56

61.45,20.00, 61.45,20.00, 61.45,20.00, 61.45,20.00, 61.45,20.00, 61.45,20.00,
1.10 1.10 1.10 1.10 1.10 1.10

14.08 14.08 14.08 14.08 14.08 14.08

69,380.00 69,380.00 69,380.00 69,380.00 69,380.00 9,386.00
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I I I I I
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| |

cost ($/hr)

Iteration

Fig.2.17. Cost minimization with single UPFC of IEEE-57 bystem

Real power loss (MW)

Iteration
Fig.2.18. Loss minimization with single UPFC of IEEE-57 bystem
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Fig. 2.19.Cost minimization with three UPFC of IEEE-57 bustsyn

From Table 2.11 it is shown that the operatiaust and transmission loss along with power flovetagh the
line of optimal locations of UPFCs under cost miiziaion and loss minimization consideration arenfibto be

same under different optimization techniques chasehis chapter. But, Fig 2.17, Fig 2.18, Fig 2d®d Fig
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2.20 show difference between convergence charatitsriof the adopted optimization techniques urwmbest
minimization with single UPFC, loss minimizationtwisingle UPFC, cost minimization with three UPR&la
loss minimization with three UPFC respectively. better visualization the number of iterations fiegpl for

convergence in different optimization techniquaslEEES7 bus system are summarized in Table 2.12.

16 I I I I I I T T I
| | =@=GSA ==BBO =#=StudGA =E=GA == ACO === PBIL
bl | | | | | | | |
|
s :
g 1
0
o
o
s
o
o
©
(O] |
x |
1
‘ A
14 ! piphely pluiuipl il iy )
5 10 15 20 25 30 35 40 45 50
lteration

Fig.2.20. Loss minimization with three UPFC of IEEE-57 bustsyn.

Table 2.12. Number of iterations needed for optimum solutiohEEE-57 bus test system

Vinimized parameter _TeSL Wil With With With With With

system GSA  BBO  SWdGA  GA ACO  PBIL
gﬁztlemggrgga“o” with 11 21 17 20 20 19
tCI‘::r)ésterlr1Ji|gi|£r(1:ization with bus 12 2 15 18 19 19
i-horzse TJiFr,‘::”gza“O” with 13 22 13 16 19 18

From Table 2.12, it is shown that iteration memrequired in IEEE57 bus test system for cost lasd
minimizations by single UPFC installation with G$échnique are found to be 11 and 13 respectivelyiew
those found for triple UPFCs installation are 12 413 respectively. Table 2.12 also shows that theselts
found by GSA are minimum among all the differenft somputing techniques adopted here in their retbpe

cost/loss minimization by single/triple UPFC inkidbn in IEEE57 bus test system.

254. Resultsfor NER system
To establish the capability of the proposed mettuother, the optimization problems have been sofeech
real life Indian power system, namely the NorthiEas regional grid (NER) system. The system has a

generating capacity of 3,079.89 MW and a conneldtad of 2974.0 MW. The system has been represénted

the present work by 80 buses and 82 transmissies. i
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The line data, bus data and generator cost diatag avith single-line diagram of NER transmissi&ystem

are reported in Appendix A.4.4.

. Effect of UPFC on voltage profile improvement
The change in bus voltage magnitudes withnbeease in UPFC number for both cost minimizatiod lass
minimization are shown in Table 2.13.

Table 2.13. Generator terminal voltages (p.u.) of NER transimissystem

Loss minimization Cost minimization
Bus Bus voltage magnitude Bus voltage magnitude

number [“without | With1 | With2 | With3 | Without [ With1 | With2 | With 3
UPFC UPFC | UPFCs | UPFCs | UPFC UPFC | UPFCs | UPFCs

1 0.955 0.955 0.955 0.955 0.95% 0.955 0.955 0.955
2 0.9721 0.9722 0.9722 0.972p 0.97210.9721 | 0.9722 | 0.9722
3 0.9675 0.9677 0.9684 0.968p 0.9675 0.968 0.9683 | 0.9684
4 0.998 0.998 0.998 0.998 0.998 0.998 0.998 0.998
5 0.9993 0.9994 1.0013 1.002 0.99930.9997 | 0.9997 | 1.0007
6 0.99 0.99 0.99 0.99 0.99( 0.99 0.99 0.99
7 0.9893 0.9893 0.9894 0.9894 0.98930.9893 | 0.9894 | 0.9894
8 1.015 1.015 1.015 1.015 1.01% 1.015 1.015 1.015
9 1.0636 1.0719 1.072 1.072p 1.06361.0719 | 1.0719 | 1.0722
10 1.05 1.05 1.05 1.05 1.05] 1.05 1.05 1.05
11 0.9857 0.9857 0.98571 0.985)7 0.98%70.9857 | 0.9858 | 0.9858
12 0.99 0.99 0.99 0.99 0.99|1 0.99 0.99 0.99
13 0.971 0.971 0.9711 0.9711L 0.971L 0.9711 | 0.9711 | 0.9811
14 0.9853 0.9853 0.9853 0.9854 0.98%30.9854 | 0.9854 | 0.9857
15 0.97 0.97 0.97 0.97 0.97| 0.97 0.97 0.97
16 0.9857 0.986 0.9864 0.986[ 0.98%70.9863 | 0.9863 | 0.9873
17 0.9947 0.9957 0.9968 0.997B 0.99470.9955 | 0.9965 | 0.9965
18 0.973 0.973 0.973 0.973 0.978 0.973 0.973 0.973
19 0.963 0.963 0.963 0.963 0.968 0.963 0.963 0.963
20 0.9639 0.9663 0.9666 0.967% 0.96390.9652 | 0.9662 | 0.9667
21 0.9669 0.9707 0.9711 0.971p 0.9669 0.9669.9705 | 0.9705
22 0.9784 0.9827 0.9832 0.984p 0.9734 0.9784.9825 | 0.9825
23 1.0042 1.006 1.0061 1.006p 1.0042 1.006 1.006 1.009
24 0.992 0.992 0.992 0.992 0.992 0.992 0.992 0.992
25 1.05 1.05 1.05 1.05 1.05( 1.05 1.05 1.05
26 1.015 1.015 1.015 1.015 1.01% 1.015 1.015 1.015
27 0.968 0.968 0.968 0.968 0.968 0.968 0.968 0.968
28 0.9628 0.9629 0.9629 0.962P 0.96280.9628 | 0.9628 | 0.9638
29 0.9637 0.9637 0.964 0.964 0.96370.9637 | 0.9637 | 0.9647
30 1.0294 1.0372 1.03771 1.038¢ 1.02941.0307 | 1.0376 | 1.0376
31 0.967 0.967 0.967 0.967 0.967 0.967 0.967 0.967
32 0.964 0.964 0.964 0.964 0.964 0.964 0.964 0.964
33 0.972 0.9743 0.9745 0.975p 0.97p 0.972 0.9744 | 0.9765
34 0.986 0.986 0.986 0.986 0.986 0.986 0.986 0.986
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Loss minimization

Cost minimization

Bus Bus voltage magnitude Bus voltage magnitude
number Without With 1 With 2 With 3 Without With 1 With 2 With 3
UPFC UPFC UPFCs UPFCs UPFC UPFC UPFCs UPFCs
35 0.981 0.981 0.981 0.981 0.981| 0.981 0.985 0.988
36 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98
37 0.9933 0.9934 0.9937 0.9958 0.9938 0.9934 0.99B7 0.9958
38 1.0254 1.0352 1.0361 1.0375 1.0254 1.0359 1.0359 1.0375
39 0.9715 0.9724 0.9724 0.9733 0.971% 0.9724 0.9724 0.9824
40 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97
41 0.9677 0.9677 0.9677 0.9677] 0.967f 0.9667 0.9677 0.9677
42 0.985 0.985 0.985 0.985 0.985| 0.985 0.985 0.985
43 0.9818 0.9821 0.9822 0.9822 0.9818 0.9821 0.9821 0.9822
44 0.9799 0.9806 0.9811 0.9812 0.9799 0.9806 0.9807 0.9811
45 0.9831 0.9839 0.9844 0.9846 0.9831 0.984 0.9844 0.9846
46 1.005 1.005 1.005 1.005 1.005 1.005 1.005 1.005
47 1.0192 1.0212 1.0212 1.0212 1.0192 1.0212 1.0212 1.0212
48 1.021 1.021 1.021 1.021 1.021 1.021 1.021 1.021
49 1.025 1.025 1.025 1.025 1.025 1.025 1.025 1.025
50 1.0025 1.0043 1.0043 1.0043 1.0025 1.0034 1.0042 1.0042
51 0.9705 0.9739 0.9741 0.9741] 0.970% 0.9706 0.9739 0.9742
52 0.9615 0.9654 0.9655 0.9656 0.9615 0.9634 0.9654 0.9654
53 0.9503 0.9522 0.9523 0.9523 0.9508 0.9512 0.9522 0.9526
54 0.955 0.955 0.955 0.955 0.955| 0.955 0.955 0.955
55 0.952 0.952 0.952 0.952 0.952| 0.952 0.952 0.952
56 0.954 0.954 0.954 0.954 0.954| 0.954 0.954 0.954
57 0.9723 0.974 0.974 0.974 0.9723 0.973 0.974 0.9745
58 0.9618 0.9639 0.964 0.964 0.9618 0.9629 0.9639 0.9659
59 0.985 0.985 0.985 0.985 0.985| 0.985 0.985 0.985
60 0.9935 0.9936 0.9936 0.9936 0.9935 0.9936 0.9938 0.9946
61 0.995 0.995 0.995 0.995 0.995| 0.995 0.995 0.995
62 0.998 0.998 0.998 0.998 0.998| 0.998 0.998 0.998
63 0.969 0.969 0.9966 1.0002 0.969] 0.989 0.989 0.989
64 1.0025 1.0034 1.0044 1.01 1.002% 1.0102 1.0112 1.0125
65 1.005 1.005 1.005 1.005 1.005 1.005 1.005 1.005
66 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05
67 1.0211 1.0218 1.0219 1.0219 1.0211 1.0214 1.0219 1.0229
68 1.0199 1.0201 1.0205 1.0208 1.0199 1.0208 1.0208 1.0208
69 1.035 1.035 1.035 1.035 1.035 1.035 1.035 1.035
70 0.984 0.984 0.984 0.984 0.984| 0.984 0.984 0.984
71 0.9873 0.9874 0.9874 0.9877, 0.9878 0.9874 0.9874 0.9876
72 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98
73 0.991 0.991 0.991 0.991 0.991| 0.991 0.991 0.991
74 0.958 0.958 0.958 0.958 0.958| 0.958 0.958 0.958
75 0.9789 0.9802 0.9803 0.9803 0.9789 0.9803 0.9805 0.981
76 0.953 0.953 0.953 0.953 0.953 0.953 0.958 0.95
77 1.006 1.006 1.006 1.006 1.006 1.006 1.006 1.006
78 1.0018 1.0019 1.0019 1.002 1.0018 1.0018 1.0018 1.002
79 1.004 1.0047 1.0047 1.0047| 1.004f 1.0045 1.0047 1.0047
80 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04

From Table 2.13 it is obvious that with thetadigition of single UPFC at optimal position inttsgstem, the

minimum and maximum load bus voltages increase f@08503p.u to 0.9522p.u and 1.0636p.u to 1.0719p.u
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respectively under loss minimization and under am$timization those vary from 0.9503p.u.a®512p.u.and
1.0636p.u. tal.0719p.u. respectively. Table 2.13 also shows that With installation of second UPFC at its

optimal position in test network, those minimum analximum load voltages change to 0.9523p.u and21pQY
respectively under loss minimization and under costimization those become 0.9522 p.u. and 1.0719 p
respectively. From Table 2.13 it is also shown that third UPFC positioned optimally in NER transsidn
system increases the minimum and maximum load bliages to 0.9523p.u and 1.0722p.u. respectivetieun
loss minimization and under cost minimization thebange to 0.9526p.u. and 1.0722 p.u respectivay.a
better visualization the system voltage profiles stiown in Fig 2.21and Fig 2.22for cost minimizaténd loss

minimization respectively.
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3 11 IR R AR e With i ERRRE R
a ! ! ith single UPFC !
c A\ | —<—W.ith double UPFC [
T | -=—\With triple UPFC |
E
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Bus number
Fig.2.21. Voltage profile for cost minimization of NER transsion system.
g gep Y
! ! ! : : : ;
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I ! ! ! ——W.ith single UPFC !
g 117~ T 17T —=Withdouble UPFC ~ """
g : : : :
2 1.05 : : :
£ 1
@ 1
g
8 d
0.95
Bus number
Fig.2.22. Voltage profile for loss minimization of NER trangsion system
. Influence of UPFC on real power loss and operating cost

The variation in real power loss along with igiimg cost for different optimal locations of UP§@ NER

transmission system is furnished in Table 2.14.
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Table 2.14. Optimal location of UPFC, real power flow, line $oand cost in NER transmission system

imi Numb f UPFC
Optimized Control Variables umber o >
parameter 0 1 2 3
Optimal locations - 33-37 33-37,63-64| 3-4,10-21,22-14
of UPFC (k-m) ' ’ '
Active power
T flow in line
Cost minimization connected with - -31.74 -31.74,-38.34 61.77,30,1
UPFC (MW)
Real power loss
(MW) 105.89 38.95 28.56 26.36
Dispatch cost 67983 1927.3 16172 786.2693
($/hr)
Optimal locations 5-11,35-37,63-
of UPFC (k-m) - 37-39 37-39,63-64 64
Active power
e flow in line d -80.0;-80.0;-
Loss minimization | -, nnected with - -33.79 -30.98,-33.74 90.0
UPFC (MW)
Real power loss
(MW) 104.74 24.95 24.33 23.44
Dispatch cost 68175 21315 20603 11431
($/hr)

From Table 2.14 it is shown that during costimization operational cost is decreased from &7 %8hr to
1927.3 $/hr and transmission line loss is reddomu 105.89 MW to 38.95 MW by installing single B@ in
its optimal position. Table 2.14 also shows that @lddition of another one UPFC in NER transmissigstem
reduces cost and loss further to 16172 $/hr &862MW respectively. From Table 2.14 it is alsdiced that
further reduction in loss and cost are achieveddding optimally third UPFC in NER transmissiontsys and
they are 26.36 MW and 786.2693 $/hr respectively.

Again Table 2.14 shows that during loss minatizn operational cost is reduced from 68175 21315
$/hr and transmission line loss is changed from.Z94MW to 24.95 MW by placing single UPFC in its
optimal position. Table 2.14 also depicts that &ddiof second UPFC in NER transmission system geslu
cost to 20603 $/hr and loss further to 24.33 MWpeesively. Besides, from Table 2.14 it is alsoiced that
the further reduction in loss and cost are achidweddding optimally third UPFC in NER transmissgystem

and they are 23.44 MW and 11431 $/hr respectively.
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. Comparison of performance of different optimization method in solving the UPFC placement

The comparative results obtained by different soimputing techniques for NER transmission syssem
reported in Table 2.15. The number of iterationsdeel by different methods is reported in Table 2Tl
convergence characteristics for four cases areshowig 2.23, Fig 2.24, Fig 2.25 and Fig 2.26.

Table2.15. Comparison of the performance of different techagjin NER transmission system

Control With With With With With With

Parameter \/ fiables  GSA BBO  StudGA  GA ACO PBIL

Optimal
locations of 33-37 33-37 33-37 33-37 33-37 33-37
UPFC (k-m)

Active power
flow in line
Cost connected -31.74 -31.74 -31.74 -31.74 -31.74 -31.74
minimization  with UPFC
with single (MW)
UPFC

Real power

g
loss (MW) 38.95 38.95 38.95 38.95 38.95 38.95

Dispatch cost

1927.3 1927.3 1927.3 1927.3 1927.3 19273
($/hr)

Optimal
locations of 37-39 37-39 37-39 37-39 37-39 37-39
UPFC (k-m)

Loss Active power
minimization  flow in line
with single  connected with
UPFC UPFC (MW)

-33.79 -33.79 -33.79 -33.79 -33.79 -33.79

Real power

loss (MW)

Dispatch cost
($/hr)

24.95 24.95 24.95 24.95 24.95 24.95

21315 21315 21315 21315 21315 21316
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Parameter

Control
Variables

With
GSA

With
BBO

With
StudGA

With
GA

With
ACO

With
PBIL

Cost
minimization
with three
UPFC

Optimal
locations
of UPFC
(k-m)
Active
power
flow in
line
connected
with
UPFC
(MW)
Real
power
loss
(MW)
Dispatch
cost
($/hr)

3-4,10-
21,22-24

61.77,30,2 61.77,30,1 61.77,30,1 61.77,30,1 610/¥,361.77,30,]

26.36

786.2693
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Fig.2.23. Cost minimization with single UPFC of NER transnosssystem
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Fig.2.24. Loss minimization with single UPFC of NER transnosssystem.
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Fig. 2.25.Cost minimization with three UPFC of NER transnusssystem.

From Table 2.15 it is shown that the operatiaust and transmission loss along with power flovetagh the
line of optimal locations of UPFCs under cost miiziaion and loss minimization consideration arenfibto be
same under different optimization techniques chasehis chapter. But, Fig 2.23, Fig 2.24, Fig 2&% Fig
2.26 show difference between convergence charatitsriof the adopted optimization techniques ureest
minimization with single UPFC, loss minimizationtwisingle UPFC, cost minimization with three UPR&@la
loss minimization with three UPFC respectively. Better visualization the number of iterations iieegh for

convergence in different optimization techniquasN&R transmission system are summarized in Tallé. 2

Redl power loss (M)

|
5 10 15 20 25 30 35 40 45 50
Iteration
Fig.2.26. Loss minimization with three UPFC of NER transnosssystem.
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Table 2.16. Number of iterations needed for optimum solutioNER transmission system

Minimized parameter  Test system With with With With with Wwith
P y GSA BBO  StudGA  GA ACO PBIL
Cost minimization

with single UPFC 11 21 17 20 20 19
Loss minimization

with single UPFC NER 13 23 19 19 15 21

transmission

Cost minimization system

with three UPFC 12 24 15 18 19 19
Loss minimization

with three UPFC 13 22 13 16 19 18

From Table 2.16, it is shown that iteration n@mbequired in NER transmission system for cost lasd
minimizations by single UPFC installation with G$échnique are found to be 11 and 13 respectivelyiew
those found for triple UPFCs installation are 12| 413 respectively. Table 2.16 also shows that theselts
found by GSA are minimum among all the differenft somputing techniques adopted here in their retbpe
cost/loss minimization by single/triple UPFC inkitibn in NER transmission system.

2.6. Influence of UPFC capacitor size and operating range of UPFC on operating cost of UPFC

In this section optimal sizing of dc link cajiac along with operating range of UPFCs are higjttiéed.

Naturally, the operating costs of UPFCs are al§ectdd. For this purpose, the voltage across DKifirto be

accounted. This voltage across DC capacitor camritien as,

V, = 2@% cosa

(2.26)
Whereq is firing angle of series converter.
The rating of capacitor can be written as,
c = Qo 2.27
wV 2 (2.27)

2.6.1. Formulation of the UPFC placement problem
The UPFC placement problem has already been fatetlin section 2.3. In this section, the objextiv
function operating cost is only modified, i.e.istexpressed as summation of fuel cost of the takegenerators

and cost for UPFC devices. This modified operatiogt can be expressed as
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Ng
Cost = ZCl (PGi ) + (CUPFC )Total (2.28)

i=1
The total cost for UPFC devices is expressed as,

N

(CUPFC )Total = Z (CUPFC )i (2.29)

i=1
where N is the total number of UPFCs installed in the testwork. The cost [37] of each UPFC (in

US$/kVA) can be expressed as,

Cyprc = 0.00035% - 0.269%+ 188.2 (2.30)

where Sis the operating range of UPFC in MVA and can beressed as

S=. PC2 + QC2 (2.31)

Subject to the following constraints:
2.6.1.1. Equality constraints
The equality constraints have already liecussed in section 2.3.1.
2.6.1.2. Inequality constraints
Besides the inequality constraints of the @RBEussed in section 2.3.2, the additional inatuabnstraints
considered for UPFC-cost calculation are as follows
. Active and reactive power compensation limit
The maximum and minimum active and reactive grsweontrolled by UPFC in the connected transmissio

line can be expressed as,

Pse _Vkvse,max/x = Pc < Pse +Vsze,max/X (2.32)
Qse _Vkvse,max/x < Qc S(gs:e +Vsze,ma></x (2.33)

where, P. and Q_are controlled active and reactive power respelgtivi is the reactance of the transmission
line connected between buses k and m.
. Firing angle limit

The range of firing angle of each voltage sewronverter (VSC) plays an important role in posgstem.

The upper and lower limit of firing angle of serlSC can be expressed as,
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O<a<9r (2.34)
2.6.2. Resultsand Discussions
2.6.2.1. Impact of optimal capacitor sizing and optimal operating range of UPFC on operating cost

The variation in operating cost for differeftional locations of UPFCs in IEEE-14 bus, IEEE-3GHEEE-
57 bus and NER test systems are furnished in Tafilgto Table 2.20 respectively. The bus data amddata
of different test systems have already been regarntesection 2.5. The optimal locations of UPFCides on
different test systems along with transmission lass already furnished in section 2.5. In this iseconly
optimal capacitor sizes, optimal operating range&JBFC devices and thereby affected operationat obs
UPFC devices have been introduced.

Table 2.17. Operating range of UPFC, capacitor sizing and icodEEE-14 bus test system

Obtimized ; Control Number of UPFCs
plimized parameter \/ariables 0 1 2 3
Capacitor
size ( 64.5, 95,
LF - 68 65, 98 104
_— ) |
Cost minimnization|  Operating 902.6 300.9,
range of - 1398.6 943 '3('5 317.37,
UPFC (MVA) ' 313.02
Dispatch cost| g 559 59 3339.28 3328.07 3244.3]
($/hr)
Capacitor
size ( 4.9, 2.1,
LUF - 5.3 5.1,221 1.43
)
Loss minimization Operating 839 65 433.42,
range of - 1343.62 911' 37’ 409.27,
UPFC (MVA) : 448.98
D'S'“(’g}ﬁ:‘) cost! 574950 | 390174 | 3889.62 | 3866.95

From Table 2.17, it is shown that during amstimization operational cost is decreased fron29,60 $/hr
to 3339.28 $/hr by installing single UPFC in itstiopal position. Table 2.17 also shows that the @aldiof
another UPFC in IEEE14 bus test system reducesfoabier to 3328.07 $/hr. From Table 2.17, it iscal
noticed that the further reduction in cost is aebéeby adding third UPFC in IEEE14 bus test systeh it is
3244.32 $/hr. In addition, the optimal sizing opaaitor of respective UPFC with UPFC operating eage
found to be 68 uF and 1398.6 MVA for single UPFE afid 98 puF with 902.6, 943.36 MVA for double UPFCs
and 64.5, 95, 1.04 uF with 300.9, 317.37 and 313MA for triple UPFC installation in case of cost

minimization.
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Again Table 2.17 shows that during loss minatian operational cost is reduced from 5,749.50 $h
3901.74%/hr by placing single UPFC in its optimasipion. Table 2.17 also depicts that the additésecond
UPFC in IEEE14 bus test system reduces cost gfightl3889.62%/hr. Besides, from Table 2.17, it lsoa
noticed that the further reduction in cost is aebieby adding optimally third UPFC in IEEE14 bustteystem
and it is 3866.95 $/hr. Table 2.17 also shows fitvaloss minimization the capacitor sizing and @tielg range
of UPFC are found as 5.3 uF and 1343.62 MVA fogleirJPFC, 5.1 and 2.21 puF with 839.65, 911.37 MVA
for double UPFCs and 4.9, 2.1 and 1.43 puF with433409.27 and 448.98 MVA for triple UPFC instatat

respectively.

Table 2.18. Operating range of UPFC, capacitor sizing and icoEEEE-30 bus test system

Optimized Control Number of UPFCs
parameter Variables 0 1 2 3
Capacitor
size (
UF 4.43,
) | - 4.56 45,78 0.72,0.95
Cost minimization Operating 419.19,
range of UPFC 880.85, 440.47,
(MVA) - 1382.91 950.04 380.47
Dispatch cost
($/hr) 1271.2 1193.85 1182.17 1171.55
Capacitor
size (
UF 0.79,1.70
) | - 1.94 1.83,0.79 ,0.71
Loss minimization Operating 458.22,
range of UPFC 406.39,
(MVA) - 1447.2 943.5, 865.41 461.94
Dispatch cost
($/hr) 1289.2 1231.86 1188.53 1177.17

From Table 2.18, it is shown that during cm@timization operational cost is decreased from1127 $/hr
to 1193.85 $/hr by installing single UPFC at itdim@l position. Table 2.18 also shows that the toldliof
another UPFC in IEEE30 bus test system reducesfadbier to 1182.17 $/hr. From Table 2.18, it isoa
noticed that the further reduction in cost is agbteby adding optimally third UPFC in IEEE 30 basttsystem
and this reduced cost is 1171.55 $/hr. | additiba,optimal sizing of capacitor of respective URKG UPFC
operating range are found to be 4.56 pF and 1384\@A for single UPFC, 4.5 and 7.8 pF with 880.850D4
MVA for double UPFCs and 4.43, 00.72 and 0.95 ufhwil9.19, 440.47 and 380.47 MVA for triple UPFC

installation in case of cost minimization.
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Again Table 2.18 shows that during loss minatian operational cost is reduced from 1289.20 $shr
1231.86 $/hr by placing single UPFC at its optipasition. Table 2.18 also depicts that the additibeecond
UPFC in IEEE30 bus test system reduces cost to.538Bhr. Besides, from Table 2.18 it is also cedi that
the further reduction in cost is achieved by addipgimally third UPFC in IEEE30 bus test system énid
1177.17 $/hr. Table 2.18 also shows that for losgmization the capacitor sizing along with opemgtirange
of UPFC are found as 1.94 uF and 1447.2 MVA foglenUPFC, 1.83 and 0.79 pF with 943.5 and 865.45
MVA for double UPFCs and 0.79, 1.7 and 0.71 uF wifi8.22, 406.39 and 461.94 MVA for triple UPFC
installation respectively.

Table 2.19. Operating range of UPFC, capacitor sizing and icoEEE-57 bus test system

Optimized Control Variables Number of UPFCs
parameter 0 1 2 3
Capacitor size ( 1.351.82
- 1.56 1.34,3.34) 5L
UF ,2.15
Cost ) | 699.22
minimization | Operating range of UPFC i 974.8 835.8, 448' > ’
(MVA) 76952 | 50965
Dispatch cost ($/hr) 1,06,29( 59,132.97 56591/66 44260
Capacitor size ( 0.55. 1.39
LF - 2.17 2.05, 0.47 203
Loss ) l 480.15
minimization | Operating range of UPFC i 739.85 536.37, 324'15’
(MVA) 59291 | 4o7.35
Dispatch cost ($/hr) 1,16,35( 71,985.34 70514132 76807

From Table 2.19, it is shown that during aostimization operational cost is decreased fron6,290 $/hr
to 59,132.97%/hr by installing single UPFC in its optimal pasit. Table 2.19 also shows that the addition of
another UPFC in IEEE57 bus test system reduces@@f591.66 $/hr. From Table 2.19, it is also cedi that
the further reduction in cost is achieved by addipgmally third UPFC in IEEE 57 bus test systend dnis
52448.60 $/hr. In addition, the optimal sizing apacitor of respective UPFC with operating rangefannd to
be 1.56 puF and 974.8 MVA for single UPFC, 1.34 arg#t uF with 835.8 and 769.52 MVA for double UPFCs
and 1.35, 1.82 and 2.15 pF with 699.22, 448.2 @815 MVA for triple UPFC installation in case ofst
minimization.

Again Table 2.19 shows that during loss minatin operational cost is reduced from 1,16,350%tbr
71985.34 $/hr by placing single UPFC in its opfimpasition. Table 2.19 also depicts that the additof

second one UPFC in IEEE57 bus test system redust$ac70514.32 $/hr. Besides, from Table 2.19s dtlso
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noticed that the further reduction in cost is acbtby adding optimally third UPFC in IEEE57 busttgystem

and it is 69769.07 $/hr. Table 2.19 also shows fbatloss minimization the capacitor sizing alongthw

operating range of respective UPFC are found aé 2Fland 739.85 MVA for single UPFC, 2.05 and Qué7

with 536.37 and 592.91 MVA for double UPFCs and50.5.39 and 2.03 pF with 480.15, 324.15 and 407.35

MVA for triple UPFC installation respectively.

Table 2.20. Operating range of UPFC, capacitor sizing and icosER test system

Optimized Control Variables Number of UPFCs
parameter 0 1 2 3
Capacitor size ( 1.02. 1.41
UF - 2.49 2.24,1.38| 1’.1' ’
cost ) | 276.26
minimization Operating range of ) 55791 453.45, 997 68,
UPFC (MVA) 468.63 979 97
Dispatch cost ($/hr) 67983 20587.6 16427.8 11844.4
Capacitor size (
UF - 2.35 1.97,1.6 1,1.05,13
Loss ) | 279.13
minimization Operating range of i 545 85 442.15, 284.57’
UPFC (MVA) 397.84 30,45
Dispatch cost ($/hr) 68175 21445.71 20859.43 12019.

From Table 2.20, it is shown that during amétimization operational cost is decreased from&8379/hr to

20587.60 $/hr by installing single UPFC in its opal position. Table 2.20 also shows that the aoldlitf

another one UPFC in NER transmission system redtastsfurther to 16427.87 $/hr. From Table 2.2 @lso

noticed that further reduction in cost is achietgdadding optimally third UPFC in NER transmissgystem

and it is 11844.40 $/hr. In addition, the optimiairsy of capacitor of respective UPFC with opergtiange are

found to be 2.49 pF and 557.91 MVA for single UPRQ4 and 1.38 pF with 453.45 and 468.63 MVA for

double UPFCs and 1.02, 1.41 and 1.1 pF with 27&28,68 and 279.97 MVA for triple UPFC installatiomn

case of cost minimization.

Again Table 2.20 shows that during loss minatian operational cost is reduced from 68175 $¢hr t

21445.71 $/hr by placing single UPFC in its optirpakition. Table 2.20 also depicts that additiorsefond

UPFC in NER transmission system reduces cost t&288%$/hr. Besides, from Table 2.20, it is alsaasot

that the further reduction in cost is achieved tigliag optimally third UPFC in NER transmission gyatand it

is 12019.40 $/hr respectively. Table 2.20 also shthat for loss minimization that capacitor sizaigng with

operating range of UPFC are found as 2.35 uF aBdB54MVA for single UPFC, 1.97 and 1.6 uF with 4.

50



Chapter 2: Optimal Placement of UPFC for Improved Performance of Power System

and 397.84 MVA for double UPFCs and 1, 1.05 andpiF3with 279.13, 284.57 and 239.45 MVA for triple
UPFC installation respectively.
2.6.2.2. Comparison of performance of different optimization method in solving the UPFC placement
problem

The comparative results obtained by differsaft computing techniques along with their respec
iteration numbers for IEEE 14 bus, IEEE-30 bus,BER bus and NER test systems are reported in Table
to Table 2.24 respectively. The convergence charatits for four cases are shown in Fig 2.27 tp ZEi42
respectively.

Table2.21. Comparison of the performance of different techagjin IEEE-14 bus test system

Control . With With . With With
Parameter \ loples WINGSA  gag gaea  WIthGA aco PBIL
_ Cost. Iteration 13 23 18 20 24 18
minimization number
with single Dispatch
e coot (@) 033928 333928 333928  3330.28 333028  3339[28
_Loss. lteration 12 22 17 18 15 26
minimization number
with single Dispatch
UPEC cost (3 390174 390174 390174 390174 390174 390174
_ Cost lteration 14 24 15 18 18 19
minimization number
with three Dispatch
e coot (@) 024432 324432 324432 324432 324432 3244(32
_Loss. lteration 14 20 15 19 16 24
minimization number
with three Dispatch
UpEe coot () 366695 386695  3866.95  3866.95 386695  3866(95
3460 { {
"x GSA
3440 | eom0
’: 3420 -0 ____ 4\ *Stud GA,7
<
L 34001 TNk 1
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(@]
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Fig.2.27. Cost minimization with single UPFC of IEEE-14 bystem.
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Fig.2.28. Loss minimization with single UPFC of IEEE-14 bystem.
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Fig. 2.29.Cost minimization with three UPFC of IEEE-14 bustsyn.
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Fig.2.30. Loss minimization with three UPFC of IEEE-14 bustsyn.

52



Chapter 2: Optimal Placement of UPFC for Improved Performance of Power System

From Table 2.21, it is shown that the operafiot@st under cost minimization and loss minimizatio
consideration are found to be same in differeningghtion techniques chosen in this chapter. Big,Z27 to
Fig 2.30 show difference between convergence cteistics of the adopted optimization techniquedasrcost
minimization with single UPFC, loss minimizationtwisingle UPFC, cost minimization with three UPR&@la
loss minimization with three UPFC respectively. better visualization the number of iterations fiegpl for
convergence in different optimization techniquaslEEE14 bus system is summarized in Table 2.21.

From Table 2.21, it is shown that iteration f@mrequired in IEEE14 bus test system for cost lasd
minimizations by single UPFC installation with G$échnique are found to be 13 and 12 respectivelyiew
the number of iterations for cost and loss minimiaby triple UPFCs installation are found to lzere, i.e.,
14. Table 2.21 also shows that these results foym@SA are minimum among all the different soft guiting
techniques adopted here in their respective castfioinimization by single/triple UPFC installationlEEE14
bus test system.

Table2.22. Comparison of the performance of different techagin IEEE-30 bus test system

Control With With With With With With
Parameter Variables GSA BBO StudGA GA ACO PBIL
Cost Iteration
minimization number 11 25 15 18 18 19

with single Dispatch
UPFC cost ($/hr)  1193.85 1193.85 1193.85 1193.85 1193.8%193.85
Loss Iteration
minimization number 12 24 17 22 19 18
with single Dispatch
UPFC cost ($/hr)  1231.86 1231.86 1231.86 1231.86 1231.86231.86
Cost Iteration
minimization number 12 27 20 24 19 31
with three Dispatch
UPFC cost ($/hr)  1171.55 1171.55 1171.55 1171.55 1171.58171.55
Loss Iteration
minimization number 7 28 25 25 27 26
with three Dispatch
UPFC cost ($/hr)  1177.17 1177.17 1177.17 1177.17 1177.11177.17

From Table 2.22, it is shown that the operafiaust of UPFCs in IEEE-30 bus test system, unabest c
minimization and loss minimization consideratior &und to be same under different optimizatiottégques
chosen in this chapter. But, Fig 2.31 to Fig 2.Bdvs difference between convergence characterisfidhe
adopted optimization techniques under cost minitiorawith single UPFC, loss minimization with siegl
UPFC, cost minimization with three UPFC and lossimization with three UPFC respectively. For better
visualization the number of iterations required donvergence in different optimization techniquesIEEE30

bus system are summarized in Table 2.22.
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Fig.2.31. Cost minimization with single UPFC of IEEE-30 bystem.
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Fig.2.32. Loss minimization with single UPFC of IEEE-30 bystem.
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Fig.2.34. Loss minimization with three UPFC of IEEE-30 bustsyn.

From Table 2.22, it is shown that iteration f@mrequired in IEEE30 bus test system for cost lasd
minimizations by single UPFC installation with G$échnique are found to be 11 and 12 respectivelyiew
those found for triple UPFCs installation are 12 &nrespectively. Table 2.22 also shows that thesalts
found by GSA are minimum among all the differenft somputing techniques adopted here in their retbpe
cost/loss minimization by single/triple UPFC inki&bn in IEEE30 bus test system.

Table 2.23. Comparison of the performance of different techagjin IEEE-57 bus test system

Parameter Control With With With With With With
Variables GSA BBO StudGA GA ACO PBIL
Cost Iteration 11 21 17 20 20 19
minimization number
with single Dispatch
D
UPEC cost ($/hr) 59132.97 5913297 59132.97 59132.97 59132.97 5913p.
Loss Iteration
minimization number 13 23 19 19 15 21
with single Dispatch 5
UPEC cost ($/hr) 71985.34 71985.34 71985.34 71985.34 71985.34 7398p.
Cost Iteration 12 o 15 18 19 19
minimization number
with three Dispatch
UPEC cost ($/hn) 52448.6 52448.6 52448.6 52448.6 52448.6 52448.6
Loss Iteration
minimization number 13 22 13 16 19 18
with three Dispatch
UPEC cost ($/hr) 69769.07 69769.07 69769.07 69769.07 69769.07 6076P.
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Fig.2.35. Cost minimization with single UPFC of IEEE-57 bystem.
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Fig.2.36. Loss minimization with single UPFC of IEEE-57 bystem.
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Fig. 2.37.Cost minimization with three UPFC of IEEE-57 bustsyn.
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Fig.2.38. Loss minimization with three UPFC of IEEE-57 bustsyn.

From Table 2.23, it is shown that the operafiaust of UPFCs in IEEE-57 bus test system, unabest c

minimization and loss minimization consideratior &und to be same under different optimizatiottégques

chosen in this chapter. But, Fig 2.35 to Fig 2.B8vs difference between convergence characterisfidhe

adopted optimization techniques under cost minittorawith single UPFC, loss minimization with siegl

UPFC, cost minimization with three UPFC and lossimization with three UPFC respectively. For better

visualization the number of iterations required donvergence in different optimization techniquesliEEE57

bus system are summarized in Table 2.23.

From Table 2.23, it is shown that iteration memrequired in IEEE57 bus test system for cost lasd

minimizations by single UPFC installation with G$&chnique are found to be 11 and 13 respectiveljiew

those found for triple UPFCs installation are 12 413 respectively. Table 2.23 also shows that theselts

found by GSA are minimum among all the differenft somputing techniques adopted here in their rethpe

cost/loss minimization by single/triple UPFC inftibn in IEEE57 bus test system.

Table 2.24. Comparison of the performance of different techagjin NER test system

Parameter Control With With With With With With
Variables GSA BBO StudGA GA ACO PBIL
Cost Iteration 11 21 17 20 20 19
minimization number
with single Dispatch
UPEC cost ($/hr) 20587.6 20587.6 20587.6 20587.6 20587.6 2058/7.6
Loss Iteration
minimization number 13 23 19 19 15 21
with single Dispatch
UPEC cost ($/hr) 21445.71 21445.71 21445.71 21445.71 21445.71 271445.
Cost Iteration
minimization number 12 24 15 18 19 19
with three Dispatch
UPEC cost ($/hn) 11844.4 11844.4 11844.4 11844.4 11844.4 11844.4
Loss Iteration
minimization number 13 22 13 16 19 18
with three Dispatch
UPEC cost ($/hr) 12019.4 12019.4 12019.4 12019.4 12019.4 1201p.4
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From Table 2.24, it is shown that the operafiooast of UPFCs under cost minimization and loss
minimization consideration are found to be sameeumniifferent optimization techniques chosen in tfiapter.
But, Fig 2.39 to Fig 2.42 show difference betweemvergence characteristics of the adopted optiiizat
techniques under cost minimization with single UPKESs minimization with single UPFC, cost minintipa
with three UPFC and loss minimization with threeR@Prespectively. For better visualization the numtie
iterations required for convergence in differentimization techniques for NER transmission systera a
summarized in Table 2.24.

From Table 2.24, it is shown that iteration numbeguired in NER transmission system for cost kss
minimizations by single UPFC installation with G$échnique are found to be 11 and 13 respectiveljiew
those found for triple UPFCs installation are 12 413 respectively. Table 2.24 also shows that theselts
found by GSA are minimum among all the differenft somputing techniques adopted here in their rethpe
cost/loss minimization by single/triple UPFC inkitibn in NER transmission system.

The simulation program has been executed in MAB'L7.8 and performed on an Intel | Core i5 CPU with

2.67 GHz and 4.00 GB memory.

2.7. Conclusion

In this chapter the problem of placement of UPF(Qawer system network has been solved through the
solution of the optimal power flow problem using tBSA technique. To demonstrate the performanceS#
for optimal locations of single, double and threBREC devices, different case studies of IEEE-14 tess
system, IEEE-30 bus test system, IEEE-57 bus yss¢s and NER system have been analyzed. Resuls fo

in this chapter, have shown that
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. the optimized systems have attained better volfagdile. From the graphs of voltage profile in
different test network, it is obvious that voltggefile nearer to 1.0 p.u. have resulted in redumedem losses.

. from the optimized result it is found that with thcrease in number of UPFC placed in optimal
locations of test system, the operating range dF@B also minimized which results in optimizatioihdc link
size of UPFCs. This operating range of UPFC alfectdf the UPFC cost minimization.

. the optimized solution has resulted in lower systewsts and/or lower system loss as set by the
respective objective functions thus shifting thesteyn to better operating conditions. In additionthat,
supported by the improved bus voltages, generatepshare could reach to improved economic paiath
that the system operating cost also got reduced.syktem in fact has attained a greater flexibilitye results
reported in this chapter also show that the optition technique GSA can effectively handle the posystem
optimization problem of placing the UPFCs.

. the optimized results appear to have increasedfiteireterms of loss in comparison to other test
systems presented, which is quite logical as tetegyis of much larger dimension compared to thedstrd

test networks. It thus indicates that the applicatf UPFC is more justified for larger power sysse

. GSA tends to have steady and fast convergenceathesdics as it approaches the optimal solution or
near optimal within reasonable number of iteratidssides, from the convergence characteristigshgrat is
obvious that GSA approach has good convergencedieaistics compare to other optimization technéqueo

as a whole, it can be said that GSA is efficiemintiother mentioned methods in solving the UPFCeplant
problem.

. The constrained optimization problems can be easillyed by GSA. The capability of GSA in
handling large scale optimization problem suchhesgroblem of placement of multiple UPFC has alserb
established. Such efforts of optimal placement afitiple UPFC devices cannot be commonly found in

technical literature.
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Chapter 3:

Optimal Placement of Unified Power Quality
Conditioner in Distribution System for Power Quality
| mprovement

Summary:  The present chapter has adopted cuckoo optimization algorithm (COA) to find the optimal
allocation of unified power quality conditioner (UPQC) in three phase unbalanced distribution network.
The performance of UPQC is studied in terms of minimization of load disturbance during fault condition in
the test systems, % reduction of total harmonic distortion and individual harmonics, minimization of real
power loss, decrease in voltage unbalance and increase in cost savings during normal operating condition.
The performance of COA is compared with other soft computing techniques to get the better results, i.e.,
better voltage profile, the optimal location and optimal number of UPQCs. The proposed method is
implemented on IEEE-123 node test system and 25-bus radial distribution system to prove the

computational ability and acceptability in the power system.
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3.1. Introduction
With the advancement of distribution systém usage of non-linear loads such as advanced rpowe
electronic and computer controlled devices areeimsing day-by-day. It ultimately results in harnosni
generation in load current and bus voltages. Thalt'g the deterioration of secured level of powealiy [38]
has drawn a great attention of the power enginsgesially, in the industry where stricter power lgyas
required [39]. Performances of the microprocesssel controllers are very much affected in thedasinies
by line voltage distortion [40].

In such conditions, usual power quality immgment equipments are proving to be inadequatehieset
sophisticated applications and this fact has colegehe power engineers to develop dynamic andstatjle
solutions to power quality problems. The compensgatievices such as dynamic voltage restorer [41],
uninterruptible power supplies [42] and activeefit [43] are proposed to improve power quality., Boeir
capabilities are usually limited as they can omllve one or two power quality problems [44]. Rdassearch
has shown that Unified Power Quality ConditioneP@LC) can simultaneously fulfill different objectsjesuch
as maintaining a sinusoidal voltage at the bustatiwit is connected [45], maintaining voltage asided level
when there are voltage sags and swells in the rmyBté-48], filtering harmonics in the source cutsef49],
load balancing [50] and power quality improvemési-b2]. UPQC is a flexible device, that compriséstant
and series Active Power Filters (APFs), sharingmmon dc link [53].

A lot of researches have found UPQC as an amérsblution to improve the power quality in eléf
distribution system [54]. But due to high cost itweal, the location of UPQC in distribution systeasho be
decided with great care and should preferably beedaas an optimization problem. The optimizatiét®QC
placement problem in a competitive environment caoses of the minimization of power losses, totainhanic
distortion (THD) minimization, voltage profile impvement and unbalance reduction under normal ahdge
sag conditions [55].

This chapter presents a method based on Cuckdmi@ation Algorithm (COA) [56] to locate the optal
positions of UPQC device considering THD, voltagefite improvement and power system losses. Thegmie
chapter is arranged as follows. The model of UP@Dawith its phasor diagram are shown in sectich 3
Then UPQC allocation strategy is discussed in @e@i3. After that optimal placement problem of WEJn
distribution system is formulated in section 3.4xl optimal allocation methodology of UPFC is pweed in
section 3.5. The procedural steps of Cuckoo Opétion algorithm and simulation procedure of UPQC

controller are detailed in sections 3.5.1 and 3rBspectively. The proposed method is tested o I2B bus
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distribution system and 25 bus distribution syst@na the results are furnished in section 3.6. Binghe
chapter is concluded in section 3.7.
3.2. Structure of UPQC
Generally, UPQC is made up of a series conveamershunt converter. A schematic representaticthret-
phase four wire voltage source converter-based URQ@Bown in Fig.3.1. The shunt APF is usually ecarad
across the loads whereas the series APF is comhéttseries with a line through a three-phase serie

transformer [57]. The other ends of these two itersrare connected with a common dc storage capacit

3-phase AC gerjes mjected
Supply Transformer

[ 3-phase
Sensitive
Load

g

Series 1 DC | Shumt
vsc TrLink| vge

Fig.3.1. Schematic representation of UPQC

The phasor diagram of voltage and current injestibg series and shunt inverter of UPQC is shown in

Fig.3.2. The magnitude of injected voltayg, by series inverter depends on maximum voltage safbet

mitigated [58].

Vse
during
voltage healthy
sag

Vge at

condition

Ir,

Fig.3.2. Phasor diagram of shunt and series compensatiofP@C during normal and voltage sag
condition
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Under normal condition, the source voltage miagiei is represented BY, =V, whereas during voltage sag

conditions, the source voltage magnitude is denbtdd, = KV, . In this chapterl,(Sag = (1— k) , p.U. sag in

source voltage.

At any condition load voltagey, =V, =V,

S
To minimize kSag p.u. amount of voltage sag the series convertecisijthe voltage by an amount\4f and it

can be written as

Vi, = V2 + (kVg, )” — 2V, (KVs,) cOSO -

=VA/1+ k2 - X coP
By assuming a lossless UPQC, active power deeathbyg load can be expressed by active power dreawn f

source, i.e. KVl =V, |, cos@ , which yields the source current as,

1=l COS% (3.2)

Where, |, and || are the compensated source-end current and loeghtuespectively.

From equations (3.1) and (3.2) the VA rating ofesemverter can be expressed as,
Sse :VSEI S

(3.3)
=V,I, cosp/ # k2 - R cod/k

Active and reactive power delivered by series iterercan be expressed by equations (3.4) and (3.5)

respectively, as given below:
P, =S, cosd, =V_|, cod, (3.4)
Q. =S,.sinf, =Vl sind, (3.5)
Where, 8, =180 - tan‘l( sid/ & coé), given in[25]

Besides, the shunt converter compensates atrturelated problems by injecting currégf. From Fig.3.2,

compensating currerlty can be expressed as,

Iy =\[IZ+12-21 1, cog{p-J)

(3.6)
=11+ cod g/k*— 2cop cdw-0)/k

The harmonic present in load ends are compensgtelumt converter as equations (3.7) and (3.8), i.e
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Ifis — |$s 3.7)

THDLILf =THDshIth (3.8)
Where, | fis, Il_f and THD, are distortion component, fundamental componenttatad harmonic distortion

of load current respectivelytggs, Isfhand THD, are distortion component, fundamental componenttata

harmonic distortion of shunt inverter current retjpely.
So, by taking both the fundamental and harmomite consideration, the total r.m.s value of shunt

compensating current can be expressed as,

g = 1 4y/1+THD

(3.9)
=11+ cod g/k?* - 2cop cdg-J)/k+THD?
So, from equation (3.9YA rating of the shunt inverter [25] can be expeskas,
Ssh :Vsl sh
(3.10)

=V,1 1+ cod g/k?* - 2cop cdg-J)/k+THD?
Active and reactive powers delivered by shunteiter are represented by equations (3.11) and2)3.1
respectively, given below:
P, =S, cosd,, =V, cod, (3.11)
Qg = S,,sind,, =Vl sing,, (3.12)
Where, 8, = tan‘l{ C05{¢— 5) - cow/ Si(‘w— 5)} + 90-0, reported in [59].

By adding equations (3.5) and (3.12), total reaciower provided by UPQC is,
Quroc = Qe + Qq, (3.13)
3.3. UPQC allocation

Though many researchers have studied UPQé&nhasventual solution to improve the power quality i
electrical distribution system [60], but due tohtgh cost, the location of UPQC in distributiors®gm has to be
decided with great care and should preferably heedaas an optimization problem. The optimizatiétu®QC
placement problem in a competitive environment casag of the minimization of power losses, totainhanic
distortion (THD) minimization, voltage profile impvement and unbalance reduction both under normél a

voltage sag conditions [61]. The proposed methagiols described in sections 3.6 and 3.7.
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3.4. Problem formulation
In this chapter, the objective function to be ojitimal consists of the following three parts:
* Part 1- To minimize the active power loss-cost in the sgstThis formulation reduces the distribution
line losses by optimal allocation of UPQC in distition system.
However, the total active power loss in the distftilon system, to be minimized is represented as,
N
Pos =, LosS,
. k=1 (3.14)
=Y gk{\/iz V7 -2WY, cos(é'i -9, )}

k=1

Where, N, is the total number of distribution lineg), is the conductance of the" line connected between
busesiand | . V. and VJ. are the voltage magnitudes of busesd | respectively.é_i and é'j are the voltage

angles of buseband | respectively.

* Part 2- To minimize load disturbance cost during fault. Tiain target of this formulation is to
maintain continuity of the supply without disturginvoltage level and attenuating harmonics at
different load ends during fault occurs on disttiba line. This formulation, in turn, reduces the
operating cost in great extent.

This total load disturbed due to voltage sagrdufault condition, reported in [62], is expresseg

Ne
S)lsr = Z LDISTi (3.15)
i=1
where, L . is the load disturbed for thid” fault and N is the total number of faults within the speciftéte

duration considered.
e Part 3- To minimize the number of UPQC. This formulatigivélves optimal allocation of UPQC
along with optimal number by satisfying equalityddnequality constraints given below.
The above three formulation can be gatheredtitegeéo get a single objective function and thistdanction

may be represented as,

Nupoc

N, N
Cost = Klossz Loss, + KMVAZ Lot + Kz Z Seec (3.16)
k=1 i=1 i=1

Where, K| . denotes the cost of energy losses per unit, coresids 0.08 US$/kWh [62K,,,, is thecost of

unit load disturbed, taken as 4 US$/MVA [62K . is the cost of each UPQC, following the details as

size
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mentioned in [63]. NUPQC is the total number of UPQCs used in the test systd\N, and N are the total

distribution lines and faults respectively in tlespective distribution system.
The equality and inequality constraints satisfiey the single objective function given in equati3.16)
during cost minimization are mentioned in secti8ré&1 and 3.6.2 respectively.
34.1. Equality constraints
Representing active and reactive power of theilinierms of bus voltage magnitude and phase attgge,
power balance equations at the buses may be eggrasg462]:

The active power balance in the distribution systenepresented as,
NL
2 2 —
R, =Ry =D gy +V2 -2V, codg -4, )} = (3.17)
k=1

and reactive power balance may be expressed as

Q& -G -ihk{vf +VP =20V sin(g -4, )} = 0 (3.18)
k=1

oss are the active power injected at bus i, systenvagiower demand and total active

where, P, , P, and B,
power loss respectively.Qq , Q, and Q, . are the reactive power injected at bus i, systemctiee power
demand and total reactive power loss respectivhly.is the total number of distribution lines}, j andb_ j

are the conductance and susceptance respectivéhe ofine connected between busesd | . V. and Vj are

the voltage magnitudes of buséand jrespectively.é_iand Jj are the voltage angles of buskand |

respectively.
3.4.2. Inequality constraints
Inequality constraints are included ba$jyctl express capacity and operational limits @& slystem. These
inequality constraints may be grouped into thressts:
* Lineflow limit
The line flow limit indicates the maximum edgility of power transmission through a given traission
line under certain given conditions. The limit madgpend either on thermal consideration for shdirtes or on

the stability consideration. The power flow limdrestraints of the line can be expressed as,
S, <S (3.19)

Where, S, is the maximum value of the power flow throubﬁ' line.
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* Harmonic limits
In this chapter, two type of harmonic swaints have been considered, namely, voltagé tharmonic
distortion limit and individual voltage harmoniariit.

The voltage total harmonic distortion constraingxpressed as,

THD, <THD,,, (3.20)

where, THD,_ is the maximum value of THD, taken as 5% here eadfpEE 519 standards.

Individual voltage harmonic limit constraint is egpsed as,

V, <V, (3.21)

'max

where,V, is maximum individual harmonic voltage, taken asWhich is standard limit.

* Busvoltagelimits
Bus voltage limit has been considereterms of node voltage magnitude limit and voltagéalance
limit respectively.

Three phase node voltage magnitude limit constraiexpressed as,

V.. SV<V (3.22)

where,V

min

andV__ are minimum and maximum values, taken as 0.85 pnd.1.05 p. u. respectively in this

chapter.
The three phase voltage unbalance in distributigtesn is defined in [64] and the limit of this ctmaint is

expressed as,

VU sV, (3.23)

where,VU __ is the permissible value of voltage unbalance,ria®2% in this chapter.

For a better compatibility, the objective funat of equation (3.16) and the constraints in eiqQuat (3.17-

3.23) are combined together to form a single objedunction without constraints as:
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NUPQC

N, Ne
Cost = Kip > L0SS, + Ky > Loyt + Koz 2, Sieos
k=1 i=1

i=1

N, Ny
+K flowz 51k ‘Sk - sgﬂax‘ + Kvolt z Jzk ‘Vk _Vkmi,,,max
k=1 k=1

N Ny
+ Kharme: Oy ‘TH ka —-TH Dma& ‘ + Ko Z Z O ’Vm _thax
=)

k=1 h=3,5,7

max|

Ny
+K, Z Oy |vu —VU
k=1 (3.24)

Where, K K K K and K, are the penalty multipliers for violation of pow#ow limit,

flow* " “volt * " Yharm ? harm-i

voltage limit, voltage THD limit, individual voltagharmonics limit and voltage unbalance limit respely.

Each of the penalty multipliers are taken a¥ 162]. Jy, , O, , Oy, , O, and J;, are the binary flags, reported

in [62]. When the concerned variables are well witthe limiting values, these flags are set to z¢hos
imposing no penalty on the objective function. ®@e pther hand, when the limits are violated, thieitem

represents an undesired operating condition. Ehiadicated by enforcing the binary flag to assuanealue

equal to 1, such that the cost function gets peedlaccordingly. For example);_k =0 when line flow ofk™

line is within limit and &, =1 when line flow of k" line is outside its limit.N, and N, are total buses and

distribution lines respectively in the respectivgibution system.
3.5. Proposed methodology of optimal allocation of UPQC

Solution of the UPQC placement problem involdesermination of the location and size of the UPQC
Placement of UPQC can have a beneficial effecherdegree of unbalances of the line power flonstodion
levels of the node voltages and also the sag wdtdgllowing disturbances. Determination of the aipof
UPQC on the above mentioned factors requires dorlée simulation of the UPQC both at normal opegat
condition as well as at those conditions which mgagerate a voltage sag event. The optimizatiomtgak to
be used for the solution of the problem also habeaaobust enough so as to be capable of handdirg |
number of variables some of which may be of discredture. A good number of such robust optimization
techniques are now available in open literaturgvioich, in this chapter the Cuckoo search technig6é has
been employed considering the fact that this tephamis comparatively a newer one and has not besatly
explored yet in solving power system problems eftifpe being dealt with in this chapter.

Evaluation of the objective function of eqoati(3.24) requires determination of the node va@sagoltage

distortions, voltage unbalances, line flows, polsses and also the voltage sags during systenrloistces.

69



Chapter 3: Optimal Placement of Unified Power Quality Conditioner in Distribution System for Power Quality Improvement

Determination of the node voltage, voltage distartivoltage unbalances and line flows requirestgwiwf the
power flow and harmonic flow problems. However,atdatination of the voltage sag requires to know the
voltage conditions and its variation for a timelscaf a few cycles. In this context, voltage sagnestion
procedure is reported in Appendix A.3. Determinatid voltage sag therefore, requires a detailedatiogl of
the UPQC such that complete simulation of the evané available in the form of node voltage wavafor
Determination of the amount of load disturbed d@ntbe done from an analysis of the node voltagatians.

The problem formulated in this chapter consi$tolti variables, multi dimensions and non-lineguations.
These problems can be solved by many meta-hedpistierful optimization techniques reported in recen
years. Among them Cuckoo Optimization Algorithm @Q[56], is chosen in this chapter to achieve the
optimal solution. The Cuckoo search optimizatiochtéque and Voltage sag calculation procedureeperted
in Appendix A.1 and A.2 respectively. Thereafteie tYPQC simulation procedures [65] and brief desom of
UPQC simulation circuit are reported in the seci8rb.1 and 3.5.2 respectively.

3.5.1. Cuckoo optimization algorithm
For the last few years, a number of evolutignenulti-dimensional, powerful optimization technoies have

been proposed to solve optimization problem, amahigh COA is a relatively recent technique. Tillmathis
method has been experimented on a limited numbpower systems problems such as multi-objectivetsho
term scheduling of thermoelectric power system [6®h-convex economic dispatch [67], capacitorcatmn
in radial distribution networks [68], comparativerfprmance study of several FACTS devices in naria
AGC [69], distribution network reconfiguration f@ower loss minimization and voltage profile improent
[70], load frequency controller design for non-lmenterconnected power system [71], optimal pogystem
stabilizers design [72] etc. A brief description@DA is given in Appendix A.2.

The procedural steps of COA are given below:
Step 1. Set control parameters, i.e., penalty constarsgodiery rate of alien eggs/solution and maximum
iteration number.
Step 2: Initiate randomly population of cuckoo habitatshwegg laying capability.
Step 3: Set the variables of the habitat by using equat{8riL9)-(3.23).
Step 4: Calculate fitness of each cuckoo according to ggug3.24).
Step 5: Define ‘ELR’ for each cuckoo by using equation 12) and let, cuckoos to lay eggs inside their
corresponding ‘ELR’.

Step 6: Compute the fitness of the hatched eggs by usingten (3.24).

70



Chapter 3: Optimal Placement of Unified Power Quality Conditioner in Distribution System for Power Quality Improvement

Step 7: Destroy the eggs of worst quality by equation @).and find out the best.
Step 8: If best quality of current generation > best dquyalif previous generation, go to step 9. Otherwisdo
next generation or iteration by equations (A.14)4 and repeat from step 5.
Step 9: If the difference between quality of current amdyious consecutive iterations < small tolerandeeja
then display the optimal solution, otherwise gméxt iteration by equations (A.14)-(A.15) and rddeam step
5.
3.5.2. Simulation of UPQC controller

Fig.3.3 illustrates the schematic diagram of wation circuit of UPQC. It consists of series itgd

transformer, two voltage source converters (VS@crdte PWM generator, low pass filter, and theensary

control system. Control system consists of curoamtrol loop, voltage control loop and discrete gghbocked-

loop (PLL).
Three-phase . .
3-phase AC  gapjes RLC Series Injected

Supply Branch | Vancj< Transformer [VLah
Lanc TLabc
4 A af— — |-A a

WL 3-phase

||| wr g pb2 L 1 B b Sensitive

M ﬁ Load
—C ¢ — —Cc ¢
Mutual
Inductance D
i iscrete
- Discrete Iﬂil\t\ PWM ILabd*
| Vabe PWM - — Generator
| ator UNit Delay 4
Vrefabe Generator A 1 Am VLabcled
—[VLab¢ Uref Pulses™] L 7 [F]Uref Pulsesi] I
7. —1 l abe
TLabc¢
Shunt VSC
Series VSC J_ be Control System

Control System J TL“ nkJ

Series VSC Shunt VSC
Fig.3.3. Schematic diagram of the simulation circuit of UPQ
The transient control algorithm for seriesFAB based on unit vector template generation seharhereas
the control strategy for shunt APF is based ontpemry [59]. According to this theory, a single paaystem
can be defined as a pseudo two-phase system byggii/ 2 lead or 77/ 2 lag, i.e., each phase voltage and
current of the original three phase system can disidered as three independent two-phase systeles. T

resultant two-phase systems can be represented-in3 coordinates [73], and thus the p-q theory applad f

balanced three-phase system can also be useddompbase of unbalanced system independently. Tiualac
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load voltages and load currents are considere@ aaxis quantities, whereas th&/ 2 lead or 77/ 2 lag load
voltages and7z/ 2 lead or 77/ 2 lag load currents are considered Asaxis quantities. In this chaptef7/ 2

lead is considered to achieve a two-phase systemedoh phase system. The reference load voltageilsig
extracted for series APF are used instead of aldadlvoltages.

By using the definition of three —phaga— q theory for balanced three-phase system, the irsstanus active
power can be represented by

PLabc = Viabc o Iy abc o TViane g 0 e B (3.25)
and the instantaneous reactive power as

qL,abc = VL,abcfa [ﬂL abc _fB - VL abc _pB [ﬂL abc _a (3-26)

Considering phase-a, the instantaneous load aatideeactive powers can be represented by

|: pLaj| - |: VLa_t)/ VLa_ﬂ:| [EiLa_a:| (3_27)
qLa _VLa_ﬂ VLa_a ILa B

Where
P = Pia * Pra (3.28)
0o =0ia + Qi (3.29)

In equations (3.28) and (3.297)La and aLa represent the dc components that are responsibferidamental

load active and reactive powers, wherefs, and E]Larepresent the ac components that are responsible fo
harmonic powers. The phase-a fundamental instantsni®ad active and reactive power components ean b
derived from p , andq,, , respectively, by using a low pass filter.

Therefore, the instantaneous fundamental loagieaptower for phase-a, b and c are given by

Pras = Pras Pps= Py, and Pies = [ (3.30)

and the instantaneous fundamental load reactivepfor phase- a, b and ¢ are given by

Oag = Ao Opa = q,, and Oica = dy (3.31)

Since the load current drawn by each phase maljfieeent due to different loads that present iedide plant,
the instantaneous fundamental load active poweiirstdntaneous load reactive power demand for phake
may not be the same. In order to make this unbalggmwver demand as seen from the utility side, gertectly

balanced fundamental three-phase active powerutbalance load power should be properly redisteitbu
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between utility, UPQC, and load, such that thel toad seen by the utility would be linear and Ibakd load.
The unbalanced or balanced reactive power demang#te load should be handled by a shunt APF. Boea

mentioned task can be achieved by

pL,totaI = pLa,1+ pr,l+ ch a1 (332)
Ps/pn = pL;,;OwJ (3.33)

Equation (3.33) gives the redistributed per-pHaselamental active power demand that each phasiliby

should supply in order to achieve perfectly balanseurce currents. From equation (3.33), it is evidhat
under all the conditions, the total fundamentaivacpower demanded by the loads would be equdidddtal
power drawn from the utility. Thus, the referenoenpensating currents representing a perfectly baththree-

phase system can be extracted by

-0 -1 [}
o o |_| Viaa Viag| | Ps,tPs (3.34)
iSDa_ﬁ _VLa_ﬁ VLa_a 0

In equation (3.34)pm/ is the precise amount of per-phase active pow&gntdrom the source in order to

ph
maintain the dc-link voltage at a constant levetl da overcome the losses associated with UPQC. The
oscillating instantaneous active powdd,, should be exchanged between the load and shunt RitFteactive

power term( , in equation (3.29) is considered as zero, sinceutitiey should not supply load reactive power

demand. In equation (3.34) thé& -axis reference compensating current represents ink@antaneous

fundamental source current in original system dredl £ -axis reference compensating current represents the

current that is a7/ 2 lead with respect to the original system.

Therefore,

0= 08, (0, (0] .

2 2
VLa_a + VLa_

Similarly, the reference source current for phdsaad ¢ can be computed as

5= d5 (+p., (1] 039

Vib o TVib g

73



Chapter 3: Optimal Placement of Unified Power Quality Conditioner in Distribution System for Power Quality Improvement

Read system input data (bus data, line data).

v

Set upper and lower limits for the constraintspathm control parameters and maximum iteratign.
v

Initiate a random population of cuckoo habitatsihgwapability of laying eggs and define ELR for e@ackoo by equatiofA.12).
v

All the three phase bus voltages are set asOf, 1[112C0°and 1[1-120°
v
All line currents are calculated by rated power ekiving end voltages
v
Normal load flow is performed to calculate nodetagés by line currents and impedance matfitest system.

v

@

The parameters of the line connected with UPQG,theee-phase bus voltage magnitudes and anglesndiing end; active and reactiy
F loads of receiving end; self and mutual line paranse UPQC parameters are imported to UPQC simulatiouit.

Go to next Yes
generation Fault condition? By equations (3.1) to
by (3.13), UPQC
immigratio simulation circuit is
nin anew By executing UPQC simulation circuit during normahdition by equs (3.1)-(3.13) » executed during fault
better the load bus voltage magnitudes and angles aretexjpi load flow program again condition occurred at
destination the specified location
using v Go tto and the load bus
equations Voltage unbalance, harmonic in bus voltages arg/a@ed to compute loss, Paeu)it voltage magnitudes andl
(A.14) and harmonic distortion and voltage unbalance respeltifor all hatched eggs.| | condii angles are exported tq
(A.15). + load flow program.
4 No ¢
Set Are solutions feasible according to :
binary equations (3.17) to (3.23)? Voltage sag is analyzed
flaas to for all cuckoos and load
o?\e disturbance is added with
' that of previous fault.
Set binary flags to zero and compute their fitigsasing equatior(3.24).
v
Sort the cuckoos according to their fitness fott sefution and
destroy worst quality eggs by penalty given in ¢igma(A.13). All the fault
locations
considered?
The
previou Fitness of current generation best >
s bestis fitness of previous generation best?
the best
solution Compute the solution of
all cuckoos by using
) equation (3.15.
Current best replaces the previous bgst.
»l
No Find the optimal
solution and display.

Convergence reache

Fig.3.4. Flow chart of UPQC implementation by COA
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2 (t) :V—(t)ﬂtﬁpy (t)+ s, (1)] (3.37)

2
VLc_a + VLc_

The reference neutral current signal can be extably simply adding all the sensed load currents)out

actual neutral current sensing, as
i o (1) =i () i, (1) +i (1) (3.38)

i (1) = =i_a (1) (3.39)
The procedural steps for the simulation of UPQCséwawvn in flowchart of Fig.3.4.

From the flow-chart, shown in Fig.3disiillustrated that, two conditions, namely witult and without
fault are analyzed on a given network. In both ¢beditions COA is applied to get the optimal looatiof
UPQC. Firstly, normal load flow is executed to getle voltages. Then, from the analysis of faultditbon,
load disturbance due to voltage sag is obtainedfeord fault less condition loss, harmonic distantiand
voltage unbalance are calculated.

Finally, the feasibility of the resultdtained from both with fault and without faultnzhitions are
checked by using equations (3.17)-(3.23). If felasgolutions are obtained, they are added togetheyet
fitness function using equation (3.24). Otherwigeration number is increased by one and the proeets
repeated again from fault condition checking. Triscedure is repeated until convergence critesaeached.

3.6. Application of proposed method
In this section the optimal location of UPQC withethelp of optimization technique is presented. The
performance is studied on two test systems: ()BER3 node, unbalanced radial distribution testesgsand
(i) 25-node radial distribution test system. Thepective results are reported below.

In this section, firstly the impacts of UPQ®Gs the test system during fault condition, occuragédhe
different locations are studied. Then the changéTiHD with the installation of UPQCs in the tegstems are
shown. After that, the variations in bus voltagen@nics of different orders with the increase inQ@% on test
systems are depicted. Next, the change in % volmfpalance with the change in UPQC numbers is estudi
Then, the total load disturbance, cost savingssagdduration with implementation of UPQCs are eatid and
thereby the optimal number of UPQCs are found Binally, the results obtained by Cuckoo optimizatio
technique are compared with some other powerfalcgohputing techniques.

In this chapter, the threshold voltage below Whiensitive loads will experience disconnectionultesy in

load disturbance has been set as 0.85 p.u. Themaaxpermissible node voltage is 1.05 p.u.
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3.6.1. Resultsfor IEEE-123 node system
The single line diagram of IEEE-123 node test sysshown in Appendix A.4.5, has 122 distributionebn
123 buses, total active power demands of 28,400 k8300 kW and 23,100 kW for phases a, b and c
respectively and total reactive power demands gd@LkVAR, 25,750 kVAR and 38,750 kVAR for phases a
b and c respectively. The total length of IEEE hd8e test feeder is 11.71194 km.

The self and mutual impedance data of IEEE i@ test system is reported in [74]. The systeassdmly
one substation with specified voltage Bfl0° p.u. 50% of the total load has been taken as ineasl load in
this systems. The procedures to obtain the UPQ&npsters are found in [75].

e Impact of UPQC on the area of load disturbance
The influence of UPQCs on IEEE-123 node, 3-phasbalanced test network, during fault occurredny

one predictable location is shown in Fig.3.5.

Dine to donble PO Due to foaple TPOC

111

110 112 113 114

107 400

donble
anil

fiple

UPQC

Fig.3.5. Impact of UPQCs on area of load disturbance oHHE3 node test feeder system
In Fig.3.5, the fault occurs on the line, wected between nodes 1 and 7, which in turn infleea large
normal operating area to be a load disturbance &véh the installation of single UPQC on line (68}, area
1(marked as “Due to zero UPQC") reduces to arem&Ked as “Due to single UPQC"). The impact of one

more UPQC placed on line (47-48), reduces the thatlirbance area 2 to area 3(marked as “Due toldoub
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UPQC"). Finally, three UPQCs are optimally located distribution lines (64-65), (47-49) and (72-76)
respectively and effectively influences load dibd area 3 to be load disturbed area 4 (markedas to
triple UPQC"), having four weak buses 50, 51, 48 449 only. Hence, from Fig. 3.5, it is obviousttha the
number of UPQC is increased the node voltagesfettafd area in IEEE-123 node test feeder systenalace

improved and hence load disturbance is also desdeas

e Impact of UPQC on minimization of % THD
In this chapter, the maximum value of % THD is a#al as 5%. From Fig. 3.6a-3.6¢, it is found tha th
maximum % THD without UPQC allocation in IEEE 128de test system is 12.3 % on bus 80 at phase m Fro
Fig. 3.6a-3.6¢, it is also observed that with tlse of single UPQC on the test system at optimadtions the
maximum % THD falls within limit, which is a largghange. However, there is no appreciable chandé in

THD with the increase in number of UPQCs.

—e— Without UPQC
—— With single UPQC
——With double UPQC - - - -
—— With triple UPQC
—— With four UPQC

%THD

Bus number

(@) Phase
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* Impact of UPQC on individual har monics
The maximum tolerable limit of individual harmoris taken as 3 % as per IEEE standard. Without ORQ
the test system, the maximurfi, 5", 11", 13", 17" and 14 voltage harmonic magnitudes are 4.29%, 4.28%,
4.27%, 3.89%, 3.59% and 3.3% respectively. Frons.F3gra-3.7c, it is observed that with the instalfa of
three UPQCs on their optimal location, the maxin&ihiharmonic in IEEE 123 node test system is 2.9%ckvhi

is within limit and the 7, 11", 13" 17" and 14 voltage harmonic magnitudes are therefore redbeémiv 3%.

3 :
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Fig.3.7. Variation of individual harmonics of different leswith 3 UPQCs at their optimal locations of IEEE

123 node test system, (a) a-phase, (b) b-phase;plcase

Effect of UPQC on voltage unbalance

From Fig.3.8, it is shown that without any UP@Gtalled in the IEEE123 node test system, the mari

voltage unbalance is 3.66%.

With the installatadnsingle UPQC on its optimal location, this maximmu

voltage unbalance decreases to 3.1%.With the iastad of double and triple UPQCs at their optinmaations

respectively, the maximum voltage unbalance reatth2s4% and 1.99 % respectively, which is witlimit.

(62}

IS

N

[EEN

Voltage unbalance (in %)

w

3 3 3 [TIwithout UPQC
o o o . I@with single UPQC
3 3 3 ' []with double UPQC
| | | . [T ]with triple UPQC
; ; ; ; |
20 25 30 35 40 45
Bus number

Fig.3.8. Effect of UPQCs on variation of three phase butage unbalance of IEEE123 node test system
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e Influence of UPQC on real power loss, load disturbance and cost savings

Table 3.1. Optimal location of UPQC, loss, cost, savings, ség and UPQC parameters with load disturbance

of 0.85 p.u.
. With With N .
. Without . With triple  With four
Control Variables single double
UPQC UPQC UPQC UPQC UPQC
Optimal location of UPQC (line 64-6547- 64-6547- 046547
number) ) 64-65 48 4872-76 487276,
' 44-45
Cost (in million $) 8.6841 7.8708 7.0091 6.9731 510
Cost savings (in %) - 9.365 19.288 19.7 18.8
Loss(in kW) 1040 518.5 517 515.5 514.5
Load disturbance (in MVA) 245.9157 192.7574 173%02 109.3608 107.40625
UPQC size (in kVAr) - 700 500 200 50.4
Series resistance (in ) 15 0.2 01 0.1
Q)
Se:_res inductance (in ) 5 35 3 15
upQc  MH)
parameters ; ;
Shunt resistance (in ) 1 0.4 0.1 0.1
Q)
Shunt inductance (in ) 26 3 3 3

mH)

Tables 3.1 demonstrates the effectiveness of WBQultimately compensate different types of vpéasag in
terms of the optimal placement of UPQC devicesrafpmal cost, cost savings, real power loss, thtat
disturbance, UPQC size and UPQC parameters for [EEBmode test system.

From Table 3.1, it is shown that in presencsinfle UPQC in IEEE 123 node test feeder systaretis a
rapid change in real power loss from 1040 kW to.53&V. This reduction in real power loss ultimatedgults
in cost savings of 9.365%.

Table 3.1 shows also that there is a small olh@mgeal power loss with the increase in numbadBQC. But
the UPQC installation cost is increased with theréase in number of UPQC. That is why, though tz |
disturbance is decreased with the increase in URKQECgost savings is gradually decreased afteesity the
maximum value for a certain number of UPQCs optiynplaced in the test networks. These changes &t co

savings and load disturbances are shown in Fig. &8 3.9b respectively for IEEE123 node test fesgigtem.
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Fig.3.9. Variation of (a) load disturbance & (b) cost sadmwith the number of UPQC for IEEE 123 node test
system
This optimal number of UPQCs is three for IEEE3Inode. At this instant, the operating cost is7819

million $.

» Effect of UPQC on voltage sag

The worst case of voltage sag has been comsiderthis chapter. The voltage envelopes for IEEEfAode
test system is shown in Fig.3.10. Fig.3.10 illustrdnat during fault condition occurred on line7)jl-a-phase
voltage magnitude at bus 34 without UPQC decrefiess0.9918 p.u. to 0.4523 p.u. at t=1.7 sec ameathes
again 0.9918 p.u. at t=1.8sec. But with the inatalh of single UPQC on its optimal location of IEE23 node
test system the bus voltage magnitude reaches7&889.p.u. during this sag condition. However, wiiie
installation of double and triple UPQCs on the tegétem the voltage magnitudes become 0.9681 pdi. a
0.9714 p.u. respectively. Thus with the installataf double UPQCs, the sag voltage magnitude resoe

normal operating voltage.
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Fig.3.10. Variation of sag voltage magnitude at bus 34 lith number of UPQC for IEEE123 node test

system

» Comparativeresults analysis from different optimization techniques

The optimization technique Cuckoo optimizatidgoaithm (COA)s is used to solve the optimizatioolgem.

The optimization techniques selected in this chrajpteompare the results obtained by COA are Geigstarch

algorithm (GSA) [18], Differential Evolution Algahm (DE) [76] and artificial bee colony (ABC) [77]

techniques.

The parameters taken in this chapter for diffessxfit computing techniques are reported in Talie 3.

Table3.2. Parameters used in the different optimization tegpes

Maximum number of iteration =100

Population size=25

COA GSA ABC DE
Discovery rate of alien Gravitational constant, Colonv size=16 Weighting
eggs/solutions, Pa=0.25 G0=100 y - factor=0.5

User specified Number of food Cross over
— YA
Penalty constant=10"15 constantp=20 source=8 constant=0.5
limit=5
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The implementation of all these selected optimaratnethods effect in quite similar results as reggbim Table

3.3. However, from a closer inspection of the ressut can be said that in many situations moren tbae

optimization technique give the best solution.

Table3.3. Analysis of the various methods for UPQC optimalgeiment problem of IEEE123 node test system

Number of .
UPQC Control Variables COA GSA ABC DE
Optimal location of
UPQC (line 64-65 64-65 64-65 64-65
number)
Cost (in million $) 7.8708 7.8708 7.8708 7.8708
1
Savings (in %) 9.365 9.365 9.365 9.365
Loss(in kW) 518.5 518.5 518.5 518.5
Load &'\S/txrbance' 192.7574 192.7574 192.7574 192.7574
Optimal location of
UPQC (line 64-65,47-48 64-65,47-48 64-65,47-49 64-65,47-48
number)
Cost (in million $) 7.0091 7.0091 7.0511 7.0091
2 Savings (in %) 19.288 19.288 18.804 19.288
Loss(in kW) 517 517 517.5 517
Load ,‘\J'A'\S/txrbance' 173.6025 173.6025 186.8581 173.6025
Opt{;”;('?'(‘;‘zﬁgg” of  64-65,47- 64-65,47- 64-65,47- 64-65,47-
48,72-76 48,72-76 48,72-76 48,72-76
number)
Cost (in million $) 6.9731 6.9731 6.9731 6.9731
3
Savings (in %) 19.7 19.7 19.7 19.7
Loss(in kW) 515.5 515.5 515.5 515.5
Load S/;\S}Xrbance' 109.3608 109.3608 109.3608 109.3608
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Fig.3.11. Cost optimization with three UPQC of IEEE 123 addst system
The convergence characteristics of different ogition techniques, chosen in this chapter, arevehm
Fig.3.11, for three UPQCs placement problem in IEEB radial test system. Hence from Table 3.3 and
Fig.3.11, COA justifies the suitability of its apgdtion in solving the problem, considered in tbimpter. Fig.
3.12 depicts that the optimal placement of UPQEIBE 123 node test system, clear the fault withyéles.

So it is obvious that the optimized system hasttebeoltage profile and it satisfies the CBEMA wai78].
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Fig.3.12. Range of equipment sensitivity to voltage sadgiBE123 node test system at bus 34
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3.6.2. Resultsfor 25- node system
The network configuration of 25 node test systi#lostrated in Appendix A.4, has total 24 distrilon lines,

25 buses, total active power demands of 1020 kW,k% and 1000 kW for phases a, b and c respectietly
total reactive power demands of 765 kVAR, 735 kVafd 750 kVAR for phases a, b and c respectivelg. Th
self and mutual impedance data of 25 node teseémsy& reported in [79]. The system has one substatith
specified voltage ofl[10° p.u. 50% of the total load has been taken as im@al load in the systems. The
procedures to obtain the UPQC parameters are foufith]. The total length of 25 node test systerd.igl12
km.

e Impact of UPQC on the area of load disturbance

In Fig.3.13, the fault occurs on the line mected between nodes 7 and 9, which in turn inflaem large
normal operating area to be a load disturbed afgth the installation of single UPQC on line (5-4xea
1(marked as “Due to zero UPQC") reduces to arem&Ked as “Due to single UPQC"). The impact of two
UPQCs placed on lines (4-5) and (3-18), reducesldhd disturbance area 2 to area 3(marked by “Due t
double UPQC”). Finally, three UPQCs are optimalbcdted on distribution lines (4-5), (3-18) and {6-8
respectively and effectively vanishes the loadudishg area. Hence, from Fig. 3.13, it is obviohattas the
number of UPQC is increased the node voltages fectad area in 25- node test feeder system are also

improved and hence load disturbance is also desdeas

ﬂ:ﬂ I TS-b
®
@ <
Dueto == o 2
double
® ® ®
UPQC (=) el
400|2 150-34
s du‘:'x%l
Ij_?),sub ““:_"_‘\é;r—c

50-b

Due to single UPQC

Due'to zero UPQC

Fig.3.13. Impact of UPQCs on area of load disturbance ofi@gle test feeder system
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e Impact of UPQC on minimization of % THD
From Fig.3.14(a)-3.14(c), it is found that timeximum % THD without UPQC allocation in 25 nast
system is 14.2 % on bus 14 at phase c. From B#(@&)-3.14(c), it is also observed that with tse of single
UPQC on the system at optimal locations the maxinanTHD falls within limit, which is a large change.

However, there is no appreciable change in % THID thie increase in number of UPQCs.

—o— Without UPQC

——With single UPQC |

——With double UPQC

—=—With triple UPQC |
|

%THD

Bus number

(a)-phase

—e—Without UPQC
—+—With single UPQC 1
—~—With double UPQC |
——With triple UPQC

%THD

Bus number

(b)-phase
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—e—Without UPQC

——With single UPQC

—=—With double UPQC

—— With triple UPQC
|

%THD

Bus number

(c)-phase
Fig.3.14. Impact of UPQCs on change in %THD of 25 nodedgstem, (a)a-phase, (b)b-phase, (c)c-phase

* Impact of UPQC on individual har monics

Without installation of UPQC in 25 node tegstem, the maximum'5 7, 11" 13" 17" and 14 voltage
harmonic magnitudes are 5.08%, 5.03%, 5%, 4.43%24,94.and 3.34% respectively. In Figs. 3.15a, 3.7b a
3.15¢, the maximum'5harmonic of phase a, b and c in different buse85ofiode test system are found as

1.2%, 2.4% and 1.8% respectively with two UPQ®@Sheir optimal locations.

1.2 | | | |
! ! ! -e-5th harmonic
- e et EEE -==7th harmonic -+
| | -+-11th harmonic
08-—-—-—-——-¢t-+-f\-—-—-—---- R e —4-13th harmonic - -+
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06— 4NN ‘ —19th harmonic ---

Voltage harmonic magnitude (in %)

o2N\N\--- ¥/ \u¥%/ WX """ """ NN -7
0 5
Bus number
(a)-phase

88



Chapter 3: Optimal Placement of Unified Power Quality Conditioner in Distribution System for Power Quality Improvement

=e-5th harmonic
,,,,,,,,,,,,,,,,,,,, =+=7th harmonic |
==11th harmonic
=+~ 13th harmonic
——=17th harmonic |
——-19th harmonic

Voltage harmonic magnitude (in %)

25
Bus number

(b)-phase

I
=e=5th harmonic
-=7th harmonic
15 - =+ 11th harmonic ~ |
=4-13th harmonic
----- 17th harmonic
***** +19th harmonic ~

Voltage harmonic magnitude (in %)

Bus number

(c)-phase
Fig.3.15. Variation of individual harmonics of different s with 3 UPQCs at their optimal locations of 25

node test system, (a) (a)a-phase, (b)b-phaseptagse

» Effect of UPQC on voltage unbalance
Fig. 3.16 depicts that without installationd®QC in 25 node test system, the maximum voltagmlance
is 7.17%. But with the installation of single andutle UPQCs on their optimal locations, maximumtagé

unbalance changes to 4.93% and 1.69% respectively.
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Fig.3.16. Effect of UPQCs on variation of three phase butage unbalance of 25 node test system
* Influence of UPQC on real power loss, load disturbance and cost savings
Table 3.4 demonstrates the effectiveness of UPQUititmately compensate different types of voltagg #
terms of the optimal placement of UPQC devicesrafpmal cost, cost savings, real power loss, thtat
disturbance, UPQC size and UPQC parameters fop@8 test system.

Table 3.4. Optimal location of UPQC, loss, cost, savings, sé&g and UPQC parameters with load disturbance

of 0.85 p.u.
. o With L
. Without  With single With triple
Control Variables double
UPQC UPQC UPQC UPQC
Optimal location of UPQC (line number) - 5-4 4-518 4'5(’5_38'18’
Cost (in million $) 8.3287 1.1046 1.0676 1.0766
Cost savings (in %) - 86.73 87.18 87.07
Loss(in kW) 1831 56 20 14
Load disturbance (in MVA) 239.7 229.075 187.425 130
UPQC size (in kVAr) - 500 200 35
Series resistance (i) - 2 0.1 0.005
UPQC o )
parameters Series inductance (in mH) - 5 2 1
Shunt resistance (i) - 0.6 0.01 0.0025
Shunt inductance (in mH) - 15 1 0.5

From Table 3.4, it is shown that in the presencsingle UPQC in 25 node test feeder system, tleeeerapid
change in real power loss from 1831 kW to 56 kWisTrkeduction in real power loss ultimately resuttsost

savings of 86.73%.
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Table 3.4 shows that there is a small changeahpower loss with the increase in number of UPB@ the
UPQC installation cost is increased with the inseeén number of UPQC. That is why, though the load
disturbance is decreased with the increase in UR@Cthe cost savings is gradually decreased attkieving
the maximum value for a certain number of UPQCséwmgdty placed in the test networks. These change®st
savings and load disturbances are shown in Fig&)43717(b) for 25 node test feeder system.

This optimal number of UPQCs is two for 25 nodd ®stem. At these instant, the operating cost(§76

million $ respectively.

300 \ T

2000 ----- Q- ---------- ool .

100

Load disturbance(in MVA)

@)

UPQC Number
100

50—~

Cost Savings(in %)

1
0 1 (b) 2 3
UPQC Number

Fig.3.17. Variation of (a) load disturbance & (b) cost sadrwith the number of UPQC for 25 node test system

» Effect of UPQC on voltage sag
The worst case of voltage sag has been taktmsithapter. The voltage envelopes for 25 nodeigeshown
in Fig. 3.18. From Fig.3.18, it is shown that dgrifault condition occurred on line (7-9) a-phases baoltage
magnitude of bus 5 decreases from 0.968 p.u. t850bu. at t= 1.701 sec and this voltage againvexsoto
0.968 p.u. at t=1.8 sec. The placement of singkk double UPQCs decrease the duration of this abaorm

voltage magnitudes and thereby remove the loadrbeshce problem from the system.
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Fig.3.18. Variation of sag voltage magnitude at bus 5 with number of UPQC for 25 node test system
» Comparativeresults analysis from different optimization techniques

The parameters taken for different soft computeahhiques are same as those of Table 3.2.

=
©

=
o

Cost(in million $)
S
N

=
N

10 20 30 40 50 60 70 80 90 100
Iteration

Fig.3.19. Cost optimization with three UPQC of 25 node sstem
The convergence characteristics of differeninsigation techniques are shown in Fig.3.19, foeéhUPQCs
placement problem in 25-node radial test systermcelefrom Table 3.5 and Fig.3.19, COA justifies the

suitability of its application in solving the prabvh, considered in this chapter.
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Table3.5. Analysis of the various methods for UPQC optimalggiment problem of 25 node test system

Number of Control

UPQC Variables COA GSA ABC DE
Optimal location
of UPQC (line 4-5 4-5 4-5 4-5
number)
Cost (g‘)m'"'on 1.1046 1.1046 1.1046 1.1046
1
Savings (in %) 86.73 86.73 86.73 86.73
Loss(in kW) 56 56 56 56
Load
disturbance, 229.075 229.075 229.075 229.075
MVA
Optimal location
of UPQC (line 4-5, 3-18 4-5, 3-18 4-5, 3-18 4-5, 3-18
number)
Cost ('g)m'"'on 1.0676 1.0676 1.0676 1.0676
2
Savings (in %) 87.18 87.18 87.18 87.18
Loss(in kW) 20 20 20 20
Load
disturbance, 187.425 187.425 187.425 187.425
MVA
Optimal location
of UPQC (line 4-5, 3-18, 6-8 4-5, 3-18, 6-8 4-5, 3-18, 6-8 4983 6-8
number)
Cost (g‘)m'"'on 1.0766 1.0766 1.0766 1.0766
3
Savings (in %) 87.07 87.07 87.07 87.07
Loss(in kW) 14 14 14 14
Load
disturbance, 170.15 170.15 170.15 170.15
MVA

Fig. 3.20 depicts that the optimal placement of @HQ 25 node test system, clear the fault withity6éles. So

it is obvious that the optimized system has a betitage profile and it satisfies the CBEMA cufvé].
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Without UPQC

—— With single UPQC
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— With double UPQC
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Fig.3.20. Range of equipment sensitivity to voltage sagimade test system at bus 5

Both the simulation program and circuit simwathave been executed in MATLAB 7.8 and performecduo

Intel | Core i5 CPU with 2.67 GHz and 4.00 GB meynor

3.7. Conclusion

In this chapter the UPQC placement problem iridistion system has been solved. UPQC placemeat is

very complex problem requiring transient simulatialong with an optimization technique. To analyhe t

performance of UPQC, the different cases of UPQerhent have been studied on a 25 bus radialbdison

network and IEEE123 node test feeder system. fousmd that the installation of UPQCs in their omim

locations in the test systems result in

increase in the bus voltage magnitudes during faadurred in the test system and thereby redudation

the load disturbed area.

reduction in % THD and individual bus voltage harmesrwithin standard limits.

minimization of voltage unbalance leading to atthia standard tolerance given in this chapter.

decrease in real power loss in the test systentrendby increase in cost savings.

optimal number of UPQCs coming from variation o$tcsavings.
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« removal of the fault from the test systems withimit cycles as shown by CBEMA curve in this
chapter.
The effectiveness of UPQC in the test systemsraestigated by COA, DE, GSA and ABC techniques, ragno

which COA gives the better result and hence COAgsat’s suitability in this application.
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Chapter 4.

Improved Transient Performance of
Distribution System through Optimal
Placement of Hybrid Dynamic Voltage
Restorer

Summary: The present chapter proposes a model of hybrid-Dynamic Voltage Restorer (H-DVR) which is a
compound FACTS device. This chapter also analyzes the capability of the device in minimization of voltage
Total Harmonic Distortion (THD) and load harmonics, voltage profile improvement and loss minimization.
The absence of transformer in H-DVR model improves the cost savings. Besides, the performance of H-DVR
is compared with DVR to prove the effectiveness of H-DVR in the modern power system scenario. Both
simulation results of H-DVR and DVR are provided to validate the correctness and effectiveness of the

proposed H-DVR model.
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4.1. Introduction

With the abrupt change in secured levgb@fier in modern distribution power system, the pogality
problems, such as voltage sag, voltage swell, geltmbalances, flicker, harmonics [80], short dirfaults are
also increasing, which in-turn affects the powestesn stability and reliability. Voltage sag caus&dfunction
and damage of equipments leading to heavy finahesses [81]. As aftermath, end user financialdesare
reflected in industrial and commercial operatiols® awhich in turn damages the products, decreagpgipment
life and interrupts manufacturing processes [82].

There are various solutions to this probleathsas inverter drives for process equipment dallagion of
voltage correction devices [83]. It has been shdhat to cope with the voltage sag problem, a series
compensation device, commonly known as dynamicageltrestorer (DVR), may be identified as one of the
best solutions [84]. This DVR consists of a voltageirce converter (VSC), series injection transtarand a
storage capacitor [85]. The main function of DVRdsmaintain the amplitude and phase angle of iadthge
and respond quickly to correct the problem aftetectng a fault. But, DVR is capable to performiagr
compensation only. Shunt compensation is not plesbipthis custom device.  This drawback of D¥d be
overcome by a shunt compensating device, namedta& synchronous compensator (STATCOM).
STATCOM controls power flow and improves transiatébility of power grid [86]. STATCOM regulates
voltage at the point of common connection (PCC)itjgcting or absorbing the required reactive power.
STATCOM comprises of a voltage source converterGy8onnected with secondary side of shunt coupling
transformer and a storage capacitor.

Recent researches show that both these smm@gshunt compensation features are added in agmpo
FACTS devices. Among these devices, unified powslity conditioner (UPQC) is very popular which has
already been discussed in chapter 3. This UPQCaters a shunt VSC, a series VSC, a sharing comdton
link [87] and a series injection transformer.

The presence of this series injection tramsésrincreases the cost of UPQC. Present chaptpoges to use
a hybrid DVR (H-DVR), capable of both series andrghcompensation. By H-DVR the problems associated
with current and voltage can be solved simultangoBsides, the uniqueness of this H-DVR is theealge of
series-injection transformer, presence of singl€V®hich ultimately reduces the cost of compengatievice.
This present chapter also finds the optimal locaté H-DVR in distribution system. Minimization gower
losses, total harmonic distortion (THD), system alahce and improvement of node voltage profile and

reduction of load curtailment due to voltage s&®] fe set as the objectives.
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Cuckoo Optimization Algorithm (COA) [56] hasdreemployed to solve the problem. The results nbthi
from H-DVR installation are compared with that o¥R. The proposed method has been tested on IEEE-123
bus test system and the results are produced.litla results obtained by COA method are compavitil
some other soft computing techniques to find tHeustness and suitability of COA technique in saivthe
problem. The rest of the present chapter is arichagefollows. The operating principle of H-DVR iddfed in
section 4.2 by its structure along with phasor diag Section 4.3 formulates the optimal allocafiooblem of
H-DVR by considering different constraints. The iomtl allocation methodology of H-DVR is proposed in
section 4.4 in terms of simulation procedural step$-DVR controller. The proposed method is tested
IEEE-123 node test system under different load itimmd and some of the results are furnished iticea.5
for better visualization of the method. Besidescamparative result analysis of H-DVR and DVR isoals

illustrated in section 4.5. At last the preserdptir is concluded in section 4.6.

4.2. Operation of H-DVR

Fig.4.1 shows a schematic representation of\HRDased on single voltage source converter (V8@®.

3-Phase
Sensitive
Load

3-phase AC
Supply

idV unys

Series APF

jurn oa

VSC

Fig. 4.1. Schematic diagram of H-DVR
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made of a transformerless dynamic voltage rest@®iR) and a transformerless STATCOM. The shunt
compensator STATCOM is connected in parallel wite tbad and performs as a load compensator, thus
provides reactive power supply, improves currentrioaics problem and reduces load unbalances [86].

DVR operates in series with the line and perforsig aoltage controller [89]. The STATCOM consists o
multi-level cascaded bridge converter, shunt aqiveer filter (shunt APF) having an inductbr, starting
resistanceF\’S and dc capacitofC . Lfilters out ripples caused by PWM. The same corveatong with

dc capacitorC is shared by DVR also, which consists of outputeseactive power filter (series APF)
having inductorLf and capacitorcse. The voltage Vg) across the filter capacitor connected in series

with the line is controlled to maintain desiredtagle at the load point.
As the single converter is shared by botfeseand shunt compensator, a switch is connectedthe

bridge to connect either the series or the shitat flepending upon the control requirement.

Fig. 4.2. Phasor diagram of H-DVR under healthy and voltagecondition

The current and voltage injections by the cot@ran series and shunt mode respectively arstitied

in Fig.4.2. In Fig.4.2,\/sr and VSh represent series and shunt injection voltageseadisiely produced by

H-DVR. Hsr and th represent series converter fed voltage angle hondts<onverter fed current angle

respectively. During normal and voltage sag coadijtisource voltage magnitudes are denoted by

Vanree =Vg, andVg, . =KV , wherek <1, Ky = (1— k) , p.u. sag in source voltage. From Fig.4.2,
@is the angle betwee¥, ,and ||, while O is the angle betweed ,and | g, .-
At any conditionV g = Vs = Vurce
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e Seriescompensation mode:
When converter operates in series compensation ntleeseries voltage injection required to mitigate

kSag p.u. voltage sag, can be calculated by,

Vv, = \/vfoad +(kVg, )" = 2V 00y (kVg, ) cOSO

=V, V1+ k%= 2k cOSI

(4.1)

For a lossless H-DVR, the active power drawroayl is tantamount to active power supplied by seyice.,
KV el sorce =Veon | Long COSP., i-€., source currenkg e = | | g COSPK (4.2)

Where, | ¢ ,cand || .4 are the source and load currents respectively edt@pensation.

The VA rating of converter in case of serieseirsion mode can be expressed using equationsgddLj4.2)

as,
SS :VS' I Source
Vel Loas COSIN 1 K? - X cosy 4.3)
- K

The active and reactive power supplied by sext@spensation mode can be expressed as equatidha(tl

(4.5) respectively, given as follows:
P, =S, cosf, (4.4)
Q, =S, sing, (4.5)
Where, 8, =180 - tan*( siny/ + coj)
e Shunt compensation mode:

When converter operates in shunt compensation nteee&ompensating currerhgq can be expressed as

— 2 2
I sh — \/I Source +1 Load 2| SourceI Load CO#w— 5)

(4.6)
= ILoad\/1+ cos g/k*~ 2cop cdgr-J)/k

The distorted current due to the presence oflimear loads is compensated by shunt compensasion

I dis _ | dis
Load ~ 'sh

4.7

and THD, 1, =THD_I (4.8)
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where, | and |, are distortion and fundamental components resgdgtiand THD, is the total
harmonic distortion of load current. The distortiand fundamental current components of shunt ievexte
dis

represented b)lsh and |th respectively while total harmonic distortion is regented b)7|'HDsh.

So shunt compensating current can also be esgdeas,

|, =11 J1+THD?,

(4.9)
=11 1+ cod gk~ 2com cogt-d [k+THDY,
From equation (4.9), VA rating of H-DVR in caseshunt compensation mode, may be written as
S Narrelen
(4.10)

Vool e T+ 0B I~ 2009 05 /B+THDY

Active and reactive power supplied by shuntision mode given in equations (4.11) and (4.1)eetively

are as
P, =S, cosd,, (4.11)
Q,, =S, sing,, (4.12)

Where 8, =tar*{ co§g-5) - cog/ sify-o)}+ 965
From equations (4.5) and (4.12) total reactive patedivered by H-DVR is written as,
QH—DVR = Qg +Qsh (4.13)

From equations (4.3) and (4.10) total volt-ampating of H-DVR may be written as,

S-I—DVR:Ssr-'-Ssh
= (V! sorce F Veourcel 1)

s ' Source Source’ sh

(4.14)

4.3. Problem formulation
In this section, the authors have minimized thgective function, i.e., operating cost consgtiof the

following three parts:

* Part 1- To minimize active power loss. This formulation ueds the operating cost of the system.

The active power loss in the system may be expiesse

P :g‘g[\f AN (I)Eéc? -3 )} (4.15)
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Where, N, indicates the total number of distribution lines the test system(, represents the
conductance of th&™ line connected between buﬂ'eandj . Vi and Vj are the voltage magnitudes of buses

[ and] respectively.é-i and 5j are the voltage angles of busiea;ndj respectively.

e Part 2- To minimize the load disconnection due to voltage sag
Another problem arising from voltage sag s kbad curtailment which also affects the H-DVRtatiation.

The total load disturbed due to voltage sag dufidodf condition, as reported in [62], can be expegsas,
Ne
SDlST = Z LDISTi (4.16)
i=1

Where, LDISTi is the amount of load disturbed for thé fault and N is the total number of faults within this

period.
» Part 3- To Minimize the total installation cost of H-DVR
This formulation reduces the operational cfost the expenditure due to the procurement of shg

compensating device, i.e., H-DVR. Total cost of M will vary as the number of H-DVR changes and is
obtained as the product of the total number of HRDMN,,_ <) used and the cost of each H-DVIkSJ )

This cost of H-DVR is taken same as that of UPFEha details mentioned in [37].
Thus, the objective of cost minimization ofdR can be formulated as,

NH—DVR

Minimise, Cy_pvr =K D, Si-owg (4.17)
i=1

Where, C,;_p\g is the total cost associated with H-DVRS, _pg, is the size of ? H-DVR, N, _p is the

total number of the H-DVR installed arkgze is the cost of H-DVR per kVA.

The objectives mentioned in equations (4.15%.have to be minimized subject to the satiséactf the
equality and inequality constraints as mentionddvae
4.3.1. Equality constraint

In the distribution system, active power balanae lsa expressed as,

R R _igk{ PV -2, 0045_51)} = (4.18)

and reactive power balance can be expressed as,
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Ny
Qs ~Q - 28U +V* -2 sin(g -9 )} = © (4.19)
=1
Where, F’q , F’Di , Qq and QDi are the active power injected at bh,ssystem active power demand, reactive

power injected at buk and system reactive power demand respecti\NLy.is the number of Iinesgi_j and

bl_ j represent conductance and susceptance respecfubly line connected between budeand J- Vi and

Vj are the voltage magnitudes of buskand j respectively.é-i and 5] denote voltage angles of busés

and j respectively.

4.3.2. Inequality constraint
The inequality constraints consist of the followihgee classes:
* Lineflow limit:

The maximum power flow capacity of distributtitne can be expressed as,
S < Skm (4.20)

Where@max is the maximum value of the power flow throuhﬁh line.

* Harmoniclimits:
The author has taken in this chapter tvpesyof harmonic limits, namely voltage total harroatistortion
limit and individual voltage harmonic limit.

The voltage total harmonic distortion coastt can be expressed as

THD, <THD, , (4.21)

where, THD, ., is maximum tolerance value, taken as 5% in thigtr, according to IEEE-519 standards.
Individual voltage harmonic constraint is exsex$ as,

Vi <Vh., (4.22)
where,Vmax is maximum tolerance value, taken as standard 8i

e Busvoltagelimit :

Two types of voltage limit namely node voltagagnitude and voltage unbalance are considered.

The node voltage magnitudé limit may be expressed as,

Vi SV<sV o, (4.23)
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where,V_.. andV,, are treated as minimum and maximum node voltaagnitude respectively and taken
as 0.85 p.u and 1.05 p.u. respectively in this w@rap

The three phase voltage unbalance (defineddy) [@Bnit in distribution system is given as,

W =W, (4.24)

where VU max 1S the permissible value of voltage unbalancegitegs 2% in this chapter.

For a better compatibility, all the objeetifunctions mentioned in equations (4.15-4.17) ayonverted
into a single objective function in terms of cogtdonsidering all the constraints specified in awque (4.18-
4.24). Each objective function is multiplied by enplty cost as they violate their respective linilise single

objective function in terms of costs is given as

N, Ng
Cost = klossz LOS@ + kMVAZ LDIST,
k=1 i=1

Ny _pvr N;
+ksize Z SH -DVR, + kﬂOWZ ‘& - S<ma\><
i=1 k=1
Nb
+k V, -V,
Volt ;- k kmln/max (425)

Np
+ kharmz TH ka —-TH Dmaxk
k=1

Np,
+kharm—iz Z ‘th _thax

k=1 h=3,5,7

Np
+kVU Z I\/U k _VU max|

55 k

wherek K/olt \ kha,m, kharrTH and K,U are the multipliers to penalize the violation ioiel power flow,

flow 1
node voltage, harmonic distortion and permissilnkage unbalance [62]Nb and NL represent total number
of buses and distribution lines respectively in tist system]ﬂoss, kgze and kMVA represent costs of energy

losses, cost of each H-DVR and cost of load infgions respectively.kIOSS and kMVA are taken as 0.08

US$/kWh and 4US$/MVA [62] respectivel;ksize is taken by following the details, mentioned i]6In this

chapter,
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Kiow=10"2,ifS, >,

flow

= 0, otherwise
Ky =10, ifV, >V,

Volt

min/max

= 0, otherwise
Kparm =10, if THD, >THD, .

harm

= 0, otherwise
k =107, ifVv, >V,
k ma:

harm-i X

= 0, otherwise
k,, =10, ifVU, >VU
= 0, otherwise (4.26)

4.4. Proposed methodology of optimal allocation of H-DVR

Evaluation of single objective function, exgged in equation (4.25), requires to perform lok,f
harmonic power flow and voltage sag analysis. Thigdti-dimensional single objective function, givém
equation (4.25) is very difficult to solve by usingnventional optimization technique due to thespnee of
non-linearity. To overcome this problem, severaltareeuristic methods have been increasingly used an
among them Cuckoo Optimization Algorithm (COA) [5G ravitational search algorithm (GSA) [18], Artifal
bee colony (ABC) [77] and Differential evolution E) [76] have been adopted in this chapter. Butdok of
space only the results obtained by COA have bemmshed in details in this chapter.

Besides, the influences of H-DVR on power eysiduring healthy and faulty conditions requirebelate
simulation of H-DVR during both the conditions respively. To obtain the simulation model of H-DVR,
estimation procedure of voltage sag and a brietrijg#fon of COA are given in Appendix A.3 and A.2
respectively. The implementation procedure of C&@ng with H-DVR simulation technique are desatile
the following section.

Fig. 4.3 illustrates the brief representatidnout simulation of H-DVR. From Fig. 4.3, it is dbus that the
simulation procedure is classified as two condi&ioamely faulty and healthy. During fault condititfiiDVR
simulation process is executed and the concerragti bos voltage magnitudes and angles are expartiedd
flow program.

During healthy conditions, only load flow prag is executed and voltage unbalance, voltage drdon
THD and system loss are determined. Next the isolsitare checked whether they are optimized orbgot

COA, as given in Fig.4.3.
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4.4.1.

Simulation of H-DVR controller

Read system input data (bus data, line datg).

¥

Set upper and lower limits for the constraints, atm control parameters, maximum iteration, popatasize

and three phase bus voltages.

v

Calculate line currents by rated power and receieimdj voltages.

v

Perform load flow to calculate node voltages bygdine currents and impedance matrix of test syste

v

The parameters of the line connected with H-DVR, tteee-phase bus voltage magnitudes and anglesnaling end; active
’—> and reactive loads of receiving end; self and muina parameters, H-DVR parameters are imported 4D\HR simulation
cireriit

Go to next
generation by
immigration in a
new better
destination by

v

Fault condition?

By equations (4.1) to

Yes

using equations
(A.14) and (A.15).

— 3

Analyze voltage unbalance, harmonic in bus voltagesompute loss,
harmonic distortion and voltage unbalance respelgtifor all hatched eggs

Set
binary
flags to

one.

Are solutions feasible according
to equations (4.18) to (4.24)?

¢ Yes

(4 25)

Set penalty multipliers to zero and compute thigiess by using equation

The
previ
ous
best
is the
best
soluti
on.

v

Sort the cuckoos according to their fithess fott lsefution

and destroy worst quality eggs by penalty givenguagion
(A 13)

Fitness of current generation best >
fitness of previous generation best?

Current best replaces the previous be

»

No

¥

Convergence reached?
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Yes [ Findthe ]
optimal

solution and
display.

A 4

(4.14), H-DVR
simulation circuit is
executed and the loag

bus voltage
magnitudes and
angles are exported t@
load flow program.

L locations

Go to

next

fault *

condi Voltage sag is

tion. analyzed for all
cuckoos and load
disturbance is

No added with that of

previous fault.

v

Effects of all
the fault

added?

Compute the solution of

all cuckoos by using
equation (4.16).
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Fig.4.3. Flow chart of H-DVR implementation by COA
4.5. Application of proposed method
Resultsfor |IEEE-123 node system
In this section results of the optimal placementHbDVR with the help of optimization technique is

presented. The performance is studied on IEEE-b2i@ nunbalanced radial distribution test systene déta of

IEEE 123 node test system is reported in [74]. 3ystem has one substation with specified voltdgt 60°
p.u. Two cases having 50% and 30% of the total ksmdon-linear load of the systems are studied.r&halts
of the case with 50% nonlinear load and 30% noalin®ad are furnished in sections 4.5.1 and 4.5.2
respectively.
However, in this chapter, first sectmmalyses the impact of H-DVR on the test networksabering
faults occurring at different location of the systeAfter that, second section discusses the varidati %THD
in the system with the installation and increaseliBVRs. Then, the changes in voltage harmoniadiféérent
orders with the increase in H-DVRs on test systemwes reported. After that, the variation in % vo#tag
unbalance against the change in H-DVR numbersudied. The effect of H-DVRs in terms of total load
disturbance, cost savings and sag are furnishedhaneby the optimal number of H-DVRs are found iauhe
next two sections respectively. At last the compragaanalysis of the results found by differenttsmfmputing
techniques mentioned above are shown. The resoiitsned by H-DVR installation are compared withttb&
DVR installation for 50% non-linear load considéatonly.
4.5.1. Resultsfor 50% non-linear load
* Impact of H-DVR on the area of load disturbance

In this chapter, 0.85 p.u and 1.05 p.u arertad® lower and upper limits of node voltage to mzamthe
normal operation. The lower limit of voltage repets the threshold value below which sensitive soail be
disconnected from the supply.

The impact of H-DVR on IEEE-123 node, 3-phasebalanced test network is shown for worst case in
Fig.4.4. In this case a single phase fault occarghe distribution line connected between busesdl7a

Fig.4.4 illustrates that with the occurrencefailt on the line connected between nodes 1 aral Idrge
distribution area becomes a load shedding areahésitbad disturbed area is shown by ash colofign4.4.

From Fig. 4.4, it is also shown that with $engl-DVR installation on optimal location of testtaork, the
previous disturbed area is reduced to the areanpanily two buses 65 and 66. But another areaféstafl by

this fault (marked by light yellow colour) and thede voltage falls under threshold value in thabar
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One more H-DVR located optimally, boosts ubtla¢ node voltages situated in the area marketighy

yellow colour and thus the test network becomesranal operating system.

Due to single H- pVR

Due to zero H-DVR

Fig.4.4. Effect of H-DVRs on load disturbed area in IEEEB s test system

e Impact of H-DVR on the THD
From Fig.4.5, it is found that the maximum %TMRhout H-DVR is 16.132% at bus 78 at phase-a.
With the installation of single H-DVR at its optilnposition, this maximum % THD is slightly
changed to 15.013% on bus 78 at phase-a. With dt&i@n of another H-DVR in the system, the
maximum %THD is further reduced to 4.52% on the esdvus and phase and it is a large change
compared to %THD found in optimal location of 2DNR and falls below the maximum limit.

However, there is no appreciable improvement in PdDTwith the addition of § H-DVR on its

optimal location of IEEE123 node test feeder.
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—Without H-DVR

~~With single H-DVR
--—=With two H-DVR

——\With three H-DVR
—+With four H-DVR

20

Bus number
@

--Without H-DVR
-----—>With single H-DVR- - - -

—4—With two H-dVR
——W.ith three H-DVR -

Bus number
(b)

12

—+—Without H-DVR

~e-\With single H-DVR - - -

60
Bus number

--With two H-DVR
—=—\With three H-DVR

10

(©)

Fig.4.5. Impact of H-DVRs on %THD variation of IEEE 128 test system at (a)a-phase, (b)b-

phase, (c)c-phase
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e Impact of H-DVR on individual har monics
Fig. 4.6 illustrates that without H-DVR, in thestesystem, the maximun'57", 11", 13", 17" and 14 voltage
harmonic magnitudes are found to be 5.038%, 5.04,9%, 5.016%, 5.011% and 5.01% respectivelymFro
Fig.4.6 it is also shown that with the installatiohtwo H-DVR on their optimal locations, the maxim 5"
harmonic in IEEE123 node test system is found t@.4&6, which just violates the upper limit and thigher

order voltage harmonic magnitudes fall below 3%.
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l ——11th harmonic | o |
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£257 toooo o + —=7th harmonic - ceo -
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3.5 \ \
——5th harmonic |
3p ——7th harmonic |+ ]
o5l -=11th harmonic ¢ o+ 1

| —+—13th harmonic | |
i ——17th harmonic - - - ___ ‘ i
; ——19th harmonic i |

Voltage harmonic magnitude (in %)

Bus number

(€)
Fig.4.6. Change in individual harmonics at different busith optimal installation of 2 H-DVRs in IEEE 123
bus test system, (a) a-phase, (b) b-phase, (caseph

» Effect of H-DVR on voltage unbalance

The variation of bus voltage unbalances wibpect to the number of H-DVR is shown in Fig.£ibm
Fig.4.7, it is obvious that without any H-DVR inetliest system the maximum voltage unbalance is 2286
with the addition of single H-DVR on its optimalciation it falls to 3.36%. With the installation sécond H-
DVR in the test system, the maximum voltage unlmdareduces to 2.65% and it is within limit. But the
addition of third optimally situated H-DVR does metluce the maximum %voltage unbalance to a greahe

it is 1.99% and falls within limit.

6 T T T T T T
| | | -—\Without H-DVR !
]l | S i -=-With single H-DVR- - -
=+=\Vith two H-DVR

AF-------9o= |\ LI —+\With three H-DVR ---

Voltage unbalance (in %)

20 40 60 80 100 120
Bus number

Fig.4.7. Effect of H-DVRs on variation of three phase boiage unbalance of IEEE123 bus test
system
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e Influence of H-DVR on real power loss, load disturbance and cost savings for 50% non-linear
load

The effectiveness of H-DVR installation for sagmpensation in IEEE-123 bus test system is regdrte
Table:4.1 in terms of optimal location of H-DVRspst, cost savings, real power loss and total load
disturbances. From Table:4.1, it is shown thattidition of single H-DVR in the faulty system redsdhe real
power loss from 2,822 kW to 1131 kW and load distar from 18.7625 MVA to 11.007 MVA. Besides, with
the installation of second H-DVR in its optimal &ion, the real power loss is reduced slightly frbb31 kwW
to 947 kW, but the load disturbed is reduced draly from 11.007 MVA to 0 MVA. The addition of #se
real power loss and load disturbance reductiongtrascost savings of 51.73% and 94.71% in thenfr and

latter cases of H-DVR installation respectively.

20 ‘
< 1 [ Jwith H-DVR
g | Il Wwith H-DVR
C 150~ e
g 1
O |
S 10b--_- A o ____]
g 10 :
= 1
o |
© al o _______ e | _____
© 5 77777 !
© |
o |
- 1
|
0 0 2
Compensating device number
Fig.4.8. Effect of H-DVRs and DVRs on Change in load distunte
100 ; 1
—_ ' Ilwith DVR ;
S g0 L[ with H-DVR- - - . .
k= | |
0 e - ---- —
(@) 60 | |
£ | |
® 40 . N e —
@ 1 1
7) | |
O 20/~ B (i .- —
@) ; 1
1 1
00 1 2

Compensating device number

Fig.4.9. Change in cost savings with the change in H-DV& BWR number in IEEE 123 bus
test system
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Tabled.1. Optimal location of H-DVR, loss, cost, savings, sagl size with load disturbance of 0.85 p.u.

Without compensating

Control Variables With single H-DVR  With double H-DVR

device
Optimal location of
compensating device (line - 72-76 64-65,44-47
number)

Total Cost (in billion $) 10150 4899.3 537
Savings (in %) - 51.73 94.71

Loss(in kW) 2,822 1131 947

Load disturbance, MVA 18.7625 11.007 0

Compensating device size (in i
KVAD) 500 200

The variation of load disturbance and costregwiwith the increase in H-DVR number are showiplgically
in Fig.4.8 and Fig.4.9 respectively for IEEE123 adést system. The optimal number of H-DVR is foumtte
two and their optimal locations are the distribntimes connected between buses 64-65 and 47-p8atagely.
The installation of single and double H-DVR resift®perating costs of 4899.3 and 537 billion $pexgively.

» Effect of H-DVR on voltage sag

The result corresponding to voltage envelopefEEE123 node test system is shown in Fig.4.16ilev
considering the worst case of voltage sag. FromdHig, it is found that a-phase voltage magnitudeua 67
falls from 0.999 p.u. to 0.707 p.u at t=1.71 sed iincreases again to 0.999 p.u at t=1.8 secevdiphase fault
occurs on line (1-7). But during this sag conditithe single H-DVR installation on its optimal &on of
IEEE123 bus test system helps to improve the buwg® magnitude to 0.9802 p.u., which is above the
threshold voltage. In addition, there is a smalpiavement from 0.9802 p.u. to 0.9836 p.u, when la@robne

H-DVR is installed on its optimal location in thest system.

@-Without H-DVR
-=-With single H-DVR |
——With two H-DVR
~A-With three H-DVR ]

Node Voltage Amplitude (in p.u.)

|

|

|
7 |
1.65 1.7 1.75 1.8 1.85 1.9
Time (in Sec)

Fig.4.10.Change in sag voltage amplitude at bus 67 witlkchange in H-DVR number for IEEE123 bus test
system
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e Comparative analysis of H-DVR and DVR perfor mances

Table4.2 shows that the optimal installatad single H-DVR in distribution network reducdgetsystem
loss from 2,822 kW to 1131kW, while the installatiof DVR reduces the loss to 1187 kW, which is guit
higher compared to that of 1 H-DVR. Besides, sifgléR installation in the test network reduces thad
disturbed from 18.7625 MVA to 15.1602 MVA, but thieagle H-DVR installation reduces the load distundz
to 11.007 MVA. These reductions in load disturbad kbss ultimately result in savings of 50.06% &id73%
in the case of optimal installation of single DVRdaH-DVR respectively. So, from Table 4.2, it isvadus that
the results obtained by using H-DVR are better caneg to that of DVR and it is shown graphicallyFig.4.8

and 4.9.

Tabled.2. Comparison between DVR and H-DVR

Control Variables  commhout W with single H- With double  With double
pensating 9 DVR DVR H-DVR
device DVR
Optimal location of
compensating - 72-76 72-76 64-65,44-47  64-65,44-47
device (line
number)
Total Cost (in 10150 5068.6 4899.3 586 537
billion $)
Savings (in %) - 50.06 51.73 94.23 94.71
Loss(in kW) 2,822 1187 1131 972 947
Load disturbance, 147655 151602 11.007 0 0
MVA
Compensating
device size (in - 500 500 200 200

kVAr)

e Comparative analysis on the performance of different optimization techniques in H-DVR
placement problem
Many robust, metaheuristic methods can be aegpid solve the problem formulated in this chapber,
among them Gravitational search algorithm (GSA)ifdbéntial evolution (DE) algorithm and Artificidbee
colony (ABC) algorithm have been used for the psgiof comparative analysis.

The parameters used for different soft computiathniques are reported in Table 4.3.
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However, the application of different soft camtipg techniques mentioned in this chapter giveostnsimilar

results, as furnished in Table:4.4. But from Figjl4.it is obvious that the convergence charactergtCOA is

the best among the four different soft computirghteques mentioned in this section.

Tabled.3. Parameters used in the different optimization tegpes

Maximum iteration number =90

Size of population=25

COA GSA ABC

DE

Discovery rate of alien Gravitational constant,

eggs /solutions, Pa=0.25 G0=100 Colony size=16
Penalty constant =10715 User spec_|f|ed Number ofiood
constantp=20 source =8
limit=5

Weighting factor
=0.5

Cross over constant
=0.5

Tabled. 4. Comparative results of different methods for opfinstallation of H-DVR problem in IEEE123 bus

test system

Number of

H-DVR Control Variables COA GSA ABC DE
Optimal location of H-DVR (line 7976 7276 7276 7976
number)
Total Cost (in billion $) 4899.3 4899.3 4899.3 4899
1 Savings (in %) 51.73 51.73 51.73 51.73
Loss(in kW) 1131 1131 1131 1131
Load disturbance, MVA 11.007 11.007 11.007 11.007
Optimal location of H-DVR (line 64-65,44- 64-65,44- 64-65,44- 64-65,44-
number) a7 a7 47 a7
Total Cost (in billion $) 537 537 537 537
2 Savings (in %) 94.71 94.71 94.71 94.71
Loss(in kW) 947 947 947 947
Load disturbance, MVA 0 0 0 0
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Fig.4.11. Cost optimization with installation of two H-DVR IEEE 123 bus test system

Fig.4.12 illustrates that optimal placement of N in IEEE123 node radial test system removes ¢t f

within 6 cycles. This phenomena ultimately resintbetter voltage profile and satisfies the CBEMAwe [78].

100

(o)
o

D
o

Node Voltage Amplitude (in %)

==:With Two H-DVR
=%With Single H-DVR
ole\\ithout H-DVR

ol f =CBEMA |

of 4 S REREEEEEE P :

10° 10’ 10° 10° 10°
Time (in Cycles)

Fig.4.12. Sensitivity range of equipment with voltage sa¢fEE123 bus test system at bus 67

45.2. Resultsfor 30% non-linear load

Fig.4.13 illustrates that with the occurrenddault o

Impact of H-DVR on the area of load disturbance

n the line connected between nodes 1 gral large

distribution area becomes a load shedding aredhémtbad disturbed area is shown by ash colotign 4.13.

From Fig. 4.13, it is also shown that with singleDA'R installation on optimal location of test netikpthe

previous disturbed area is reduced to the areanhaonly one bus 49. But another area is affectethisyfault

(marked by light yellow colour) and the node volidglls under threshold value in that area. OneenhbDVR
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located optimally, boosts up all the node voltagiésated in the area marked by light yellow coland thus

the test network becomes a normal operating system.

Due to zero H-DVR
Due to single H-DVR

TAERA
j° 114

107
7 04 100‘

Fig.4.13. Effect of H-DVRs on load disturbed area in IEEB s test system

Impact of H-DVR on the THD
From Fig.4.14, it is found that the maximum %TMBRhout H-DVR is 15.2% at bus 78 at phase-a. With
the installation of single H-DVR at its optimal jitoen, this maximum % THD is changed to 10.2% o bu
79 at phase-a. With the addition of another H-DWiRhie system, the maximum %THD is further reduced
to 4.99% on the same bus and phase and it is @ ¢dwgnge compared to %THD found in optimal loeatio

of 2 H-DVR and falls below the maximum limit.
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-—\Without H-DVR

—=With single H-DVR
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Fig.4.14. Impact of H-DVRs on %THD variation of IEEE 128 test system at (a)a-phase, (b)b-phase, (c)c-

phase
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e Impact of H-DVR on individual har monics

From Fig.4.15, it is shown that without H-DVIR, the test system, the maximui, ", 11", 13", 17" and
19" voltage harmonic magnitudes are found to be 5.013%11%, 5.01%, 4.995%, 4.987% and 4.981%
respectively. Fig.4.15 also shows that with thetaitstion of two H-DVR on their optimal locationshe

maximum %' harmonic in IEEE123 node test system is found ¢o2098%, which is within limit and

accordingly, the higher order voltage harmonic nitagies fall below 3% also.
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Fig.4.15. Change in individual harmonics at different buaétt optimal installation of 2 H-DVRs in IEEE 123
bus test system, (a) a-phase, (b) b-phase, (caseph
» Effect of H-DVR on voltage unbalance
The variation of bus voltage unbalances witpeet to the number of H-DVR is shown in Fig.4.E6om
Fig.4.16, it is obvious that without any H-DVR imettest system the maximum voltage unbalance &4 and
with the addition of single H-DVR at its optimalclation it falls to 3.03%. With the installation sécond H-

DVR in the test system, the maximum voltage unbmaeaches to 1.95% and it is within limit.

—=Without H-DVR
-©-With single H-DVR
2 \With double H-DVR g

N

w
|
|
|
|
|
|
|
|
=
|
|
|
|
|
|
|
|
L
|
|
|
|
|
|
|
T
|
o
|

N

=

Voltage unbalance (in %)

Bus number

Fig.4.16. Effect of H-DVRs on variation of three phase bokage unbalance of IEEE123 bus test
system
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e Influence of H-DVR on real power loss, load disturbance and cost savings for 30% non-linear
load

From Table 4.5, it is shown that the addition oigié H-DVR in the faulty system reduces the realgoloss
from 2,822 kW to 1130 kW and load disturbed from2285 MVA to 83.241 MVA. Besides, with the
installation of second H-DVR at its optimal locatjdhe real power loss is changed from 1130 kWe® W
and the load disturbed is changed from 83.241MVA tdVA. The addition of these real power loss aoadl
disturbance reductions ultimately result in costirsgs of 50.25% and 95.035% in the former and fatsses of
H-DVR installation respectively.

Table4.5. Optimal location of H-DVR, loss, cost, savings, sagl size with load disturbance of 0.85 p.u.

Without compensating ~ With single H-

Control Variables With double H-DVR

device DVR
Optimal location of
compensating device (line - 72-76 72-76, 44-47
number)
Total Cost (in billion $) 10187 5067.6 505.8
Savings (in %) - 50.25 95.035
Loss(in kW) 2,822 1130 966
Load disturbance, MVA 282.215 83.241 0
Compensating device size (in i
KVAT) 500 200

The optimal number of H-DVR is found to be twndatheir optimal locations are the distributionelin
connected between buses 72-76 and 44-47 respgciived installation of single and double H-DVR riésin
operating costs of 5067.6 and 505.8 billion $ respely. The variation of load disturbance and cestings
with the increase in H-DVR number are shown graglhidn Fig.4.17 and Fig.4.18 respectively for IEEX

node test system.

300 r
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Fig.4.17. Effect of H-DVRs on Change in load disturbance
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Fig.4.18. Change in cost savings with the change in H-DVRilper in IEEE 123 bus test

system
DVR on voltage sag

The result corresponding to voltage variatidnlEEE123 node test system is shown in Fig.4.19ilewh

considering the worst case of voltage sag. FromdH§, it is found that a-phase voltage magnitudeus 67

falls from 0.9991 p.u. to 0.6999 p.u at t=1.71 aed it increases again to 0.999 p.u at t=1.8 sele @phase

fault occurs on line (1-7). But during this sag dibion, the single H-DVR installation at its optitdacation of

IEEE123 bus test system helps to improve the butg® magnitude to 0.9811 p.u., which is above the

threshold voltage. In addition, there is a smafpiovement from 0.9811 p.u. to 0.985 p.u, when asrodme H-

DVR is installed on

its optimal location in the ttegstem.
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Fig.4.19.Change in sag voltage amplitude at bus 67 witlcHange in H-DVR number for IEEE123 bus test

system
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e Comparative analysis on the performance of different optimization techniques in H-DVR
placement problem
The parameters used for different soft computaudpniques are same as reported in Table 4.3. Howthe
application of different soft computing techniquaentioned in this chapter give almost similar restdr 30%
non-linear load also, as furnished in Table:4.6t Big.4.20 proves the better convergence charatiterf
COA among the four different soft computing techugg mentioned in this chapter.
Table 4.6. Comparative results of different methods for opfinstallation of H-DVR problem in IEEE123 bus

test system

Number of Control

H-DVR Variables COA GSA ABC DE
Optimal location
of H-DVR (line 72-76 72-76 72-76 72-76
number)
Total cost (in 5067.6 5067.6 5067.6 5067.6
million $)
1 Savings (in %) 50.25 50.25 50.25 50.25
Loss(in kW) 1130 1130 1130 1130
Load
disturbance, 83.241 83.241 83.241 83.241
MVA

Optimal location
of H-DVR (line  72-76, 44-47 72-76, 44-47 72-76, 44-47 72-76, 44-47

number)
Total cost (in 505.8 505.8 505.8 505.8
million $)
2 Savings (in %) 95.035 95.035 95.035 95.035
Loss(in kW) 966 966 966 966
Load
disturbance, 0 0 0 0
MVA

Operating cost (in million $)

Iteration number

Fig.4.20. Cost optimization with installation of two H-DVR IEEE 123 bus test system
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Chapter 4: Optimal Placement of Hybrid Dynamic Voltage Restorer in Distribution System

Fig.4.21 illustrates that optimal placement 6DMR in IEEE123 node radial test system removesfalugt

within 6 cycles. This phenomena ultimately resintbetter voltage profile and satisfies the CBEM#Awe [78].
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Fig.4.21. Sensitivity range of equipment with voltage sa¢iEE123 bus test system at bus 67

Both the optimization and circuit simulation haveeh executed in MATLAB 7.8 and performed on anlinte
| Core i5 CPU with 2.67 GHz and 4.00 GB memory

4.6. Conclusion

In this chapter the H-DVR placement problendistribution system has been solved. H-DVR plag@nsea
very complex problem requiring transient simulatialong with an optimization technique. To analyhe t
performance of H-DVR, different cases of H-DVR m@aent have been studied on a IEEE123 node testrfeed
system. It is found that the installation of H-DVRgheir optimal locations in the test systemaileis

* Improvement in bus voltage during fault resultingaireduction of load disturbance.

» Individual and total harmonic distortions are regliic

* Reduction in voltage unbalance.

» Reduction in real power loss resulting in increasest savings.

» Faster removal of fault satisfies the CBEMA requneats.

The use of H-DVR in the test systems are compatifdthe use of DVR and investigated by COA, DE AGS

and ABC techniques. Same results found by diffetechniques prove COA’s suitability in this apptioa.

The comparative analysis of H-DVR and DVR showsabeeptability of H-DVR in the power system.
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Chapter-5:

Improved Power System Observability
through Optimal Placement of PMU
and PFM

Summary:  Thischapter proposesa new technique for optimal placement of phasor measurement unit (PMU)
and power flow measurement (PFM) device so that the power system network remains observable. The
proposed method integrates the effect of contingency due to single PMU outage into the optimal PMU and PFM
allocation strategy to obtain the fully observable power system under contingency also. In addition, zero
injection bus has also taken into account for further reduction in number of required PMU and PFM devicesin
the proposed technique. Finally, a heuristic technique, cuckoo optimization algorithm (COA) is applied for
optimal installation of monitoring devices. At last, 7-bus test system, |IEEE-14, 57 and 118 bus test systems and
a real power system are employed to prove the acceptability of the proposed method. The results got by the
proposed technique are compared with those found in literature to prove the efficiency and effectiveness of

present method.
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Chapter 5: Improved Power System Observability through optimal placement of PMU and PFM

5.1. Introduction

Phasor measurement unit (PMU) makes the psysem observable through synchronized measutsmen
of voltage and current phasors through a globaitipaing system (GPS) [90]. PMU installed at a besords
the reading of voltage phasor at that bus and supkasors at all buses incident at that bus. Adatomes
observable when its voltage is known and for aneplable power system all the buses must have to be
observable. In fact, PMU may serve several purpsaeh as state estimation, protection and comntrplower
systems [91]. But it is very essential to place PMiptimally so as to ensure observability and eoonof

operation.

The PMU placement problem has been reported in iigeature. A dual search algorithm based on satad
annealing technique to find minimal PMU placementstudied in [91]. Tree search placement technique
depending upon concept of graph theory for PMUcallion problem is presented in [92]. An integeedn
programming method for optimal PMU placement problgolution by multistage scheduling is furnished in
[93]. Generalized integer linear programming tegbribased on incidence matrix concept is studig¢@4n95]
to get optimal position of PMU. Immunity genetiayatithm to solve optimal PMU placement problem is
studied in [96]. A multi criteria decision makingm@oach based on Jaccobian matrix concept is estatlin
[97] by integer linear programming technique. Reoug tabu search method to find optimal allocatidong
with optimal number of PMUs are found in [98]. Thensideration of zero injection model, reported98]
reduces the optimal number of PMU in observable grosystem. Besides, the implementation of powew flo
measurement (PFM) in [99], gives further reducfioroptimal humber of PMU to get fully observablewsy
system network. In addition to the normal operatingdition, few researchers have studied the obbdity of
the network during contingency also. These costiicges may occur in the transmission network dumaoch
outage [100-101], PMU loss [101-102] etc, whicheaffthe monitoring system in the power system ngtwo
So, to improve the observability of the affectedwuak, contingency constraint has also been incateal in
OPP problem [103]. [92] has established the ob&dityaof power system during PMU outage by ILP ined.
The unobservability in the fully observable netwarising due to measurements loss or branch outhgéyy
fault condition is of great concern and state eatiom method based binary integer programming tegcienis
furnished in [100] to solve OPP having this prohlerim [101] the contingency due to PMU loss hasnbee
considered and to solve OPP associated with tbislggm Local Redundancy (LR) method is implemenido
contingency due to single PMU failure or due togkinbranch outage have been modelled with the OPP

problem and solved by mixed-integer linear prograngntechnique in [102].
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This chapter proposes an optimization techn@ft@MU allocation by considering following issues:

» Modeling of zero injection busses

» Single PMU loss

The author proposes sequential reduction obsewable buses connected with more than one unaiide
bus by PMU and rest of the unobservable buses tobiserved by PFM during normal working condition.
Further, the double observability procedure of tiealthy power system network has been proposetisn t
chapter to incorporate the contingency arising fingle PMU outage. This chapter proposes an opitioin
technique for both PMU and PFM placement to getilly observable system. A heuristic method based on
Cuckoo Optimization Algorithm (COA) [56] is propaséo find optimal number and position of PMU anaiw
measurement devices. The proposed algorithm hastbeted on several test power systems and sorte of

results are produced.

The present chapter is arranged as follows.i@e&.2 covers problem formulation by consideringthb
normal condition and contingency. Section 5.3 deale COA based proposed solution technique. Irii@ec
5.4 the authors present different case studieshimgp 7-bus system, IEEE 14, 57 and 118 bus testesy.
Section 5.5 compares the proposed technique witardechniques found in open literature to esthabiie

robustness of the proposed solution and sectiondn6éludes the chapter.

5.2. Problem formulation

Phasors are fundamental tools by which the p@ystem van be analyzed under both steady statelaas
different transient conditions. In this case PMUthwsynchronized signals from GPS are matured tools
Application of PMU include frequency measuremenstability prediction, adaptive relaying and impedv
control. But it is not economical to install a PMitJeach bus of the network for having full obseifitgb So, in
the present chapter, the author has adopted prdpieation of Power Flow Meter (PFM) also for fher

reduction of PMU number.

Besides it, a zero-injection bus has neitheregation nor load. So, presence of zero injectiasm ¢an further

reduce number of PMUs required for observability.
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This section describes problem formulation und®mal condition and under single contingencgections

5.2.1 and 5.2.2 respectively without zero injectmal with zero injection considerations.

5.2.1. Under Normal Condition
1) Individual Objective Function:

In this chapter, the authors have optimittednumber of PMU and PFM placed optimally. Thbgeotive
functions included in this problem are given afofeb

¢ Minimization of PMU Number:
It is important to optimize the number anddtions of PMU for a power system operating réyia}/ithout
zero injection, the objective function is given by,
b
F,=> PMU (Ob) (5.1)
i=1

Subject to equality constraint given as,

Ob =0 (5.2)

b
i=1

¢ Minimization of PFM Number
In advanced power system PFM plays an impbmale to substitute PMU and thereby it is impottem

optimize PFM number. In case of power flow metdeN number the objective function is given by,

|
F,=> PFM(Ob,) (5.3)

m=1

Subject to equality constraint expressed as,

|
> 0b,=0 (5.4)
=1

> 1.(i)=0 (5.5)

m=1
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Ob = Observability of bus
Where, =1, ifi is not observakt (5.6)
=0, ifi is observable

Ob,, = Observability of linem
=1, ifm is not observakt (5.7)
=0, ifm is observable

b and | are the total number of buses and total numbeineslin the networkl (I) is the current flowing

through m™ line connected with " bus.

The driving equations of PFM required for obseriigbare as,

P +JQ; =V, x IijD (5.8)

andV, =V, - I,Z, (5.9)

where, B;,Q;, I, and Z; are active power, reactive power, current and ilimgedances of the line connected

between busesand | respectively.\/i is the voltage read by PMU aﬁdj is the calculated voltage from

equation (5.9).
2) Overall Objective Function:

To simplify the problem raised here, both dgective functions mentioned in sections (5.2r&) @nverted
into single multi-objective function and this objge function may be written as summation of egpret (5.1)

and (5.3), i.e.,

F=F+F,

= Zb: PMU (Oh) +ZI_:PFM (Ob,)

i=1

(5.10)

For zero-injection, i number of buses amory number of total buses have no load or generatanexiad

with them, then the objective function written iquation (5.10), can be modified as,

i=1

F :bi[PMU (Oh)+;PFM (Obm(i))j (5.11)
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Subject to equality constraints given as,

b-m

> 0bh =0 (5.12)
i=1

|
> 0b, (i)=0 (5.13)
m=1

5.2.2. Under Contingencies Considering Single PMU L oss

In a network, if single PMU outage occurs, themlitain observable network, each bus should be @it
by two different set of PMU and PFM. The objectivaction will be same as equations (5.10) and (butiier
zero-injectionless and zero-injection conditionspexctively. But the values of the observabilitiegeg in

equations (5.6) and (5.7) will be modified as,

Ob = Observability of bus
=2, ifi is not observable

5.14
=1, ifi is observable by one set of PMU &&iM 619
=0, ifi is observable by two dffent set of PMU and PF
Ob,, = Observability of linem
=2, ifm is not observable
(5.15)

=1, ifm is observable by one set of PMU &&dM
=0, ifm is observable by two dffent set of PMU and PF

In case of loss of a PMU each bus will be obsdevap at least one PMU and PFM.

5.3. Proposed solution techniques

The simultaneous PMU and PFM placement problelution under both normal and contingency situation
results in full observability of the respective wetk. The solution of this multi-dimentional singidjective
function is not very easy by using conventionalimpation techniques and that's why soft computing
techniques are required. Cuckoo Search technidijenfs been adopted to get the solutions of thelenes. To
achieve the optimal solution, optimization techm®idgs examined in MATLAB.

For example, a 5-bus transmission system with dbras is given in Fig.5.1.
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Fig. 5.1. Five-bus power system example

From Fig.5.1, the branch voltages may be exprelsgenbde voltages as follows:

For branch 1V1 - V _V

For branch 2:\/2 :V _V

For branch 3:

V, =V, -V,

For branch 4V4 - V _V

For branch 5:

V5 =Vn2 _Vn5
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Ve =V, V.,

For branch 6:

V; =V, -V,

For branch 7:

Summarizing, the branch voltages may be reptedem matrix form by equations (5.16) and (5.17).

1-10 0 O
0-10 0
1 -10 0
1 0 -10
0 0 -1
1 -1 0
0 1 -1

(5.16)

u?< E< w—"< I\'J—"< ._3<
M
< < < < < <L.<

O O O O O Bk
o O B+

JAL Vo] =[]

where,[ A] =Incidence matrix

[ n ] = Node voltage vector

[Vb ] = Branch voltage vector

From incidence matrix, the connectivity of each tith other buses is shown in Table 5.1.
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Table5.1.Connectivity of 5 bus test system

Bus Connected bus Number of connectivity

1,23
1,2,34,5
1,234
2,345
2,45

a D wN R
W AN ®

Brief description of COA is given in Appendix Aaghd procedural steps for the solution of the mobls

given in following section.

5.3.1. Implementation of COA
Based on the purpose of this work, this seqgti@sents a simple PMU and PFM placement strategjy that
full observability can be achieved. Optimal PMU &1eM placement proceeds with four different comdis:
* Under healthy condition and without zero injection
« Under healthy condition and with zero injection
« Under single contingency and without zero injection
< Under single contingency and with zero injection
The flow-chart shown in Fig.5.2 gives the oglimositions and numbers of primary set of PMU BR# by
considering healthy conditions with zero injectanmd without zero injection. To satisfy single caggncy with
zero injection and without zero injection condisalny equations (2.14) and (2.15), the entire proeedhown
in Fig.5.2 is repeated to obtain backup set of mooimg devices. If any similarity is found betwettre position
of primary PMU and backup PMU, then the procedgreepeated to get distinct locations of primary and
backup PMUs. If primary and backup locations of PFtch with each other, then only one PFM is rexglir
instead of two. Thus double observable systemusdan normal condition, which in turn, becomesraie
observable system during contingency arising frorgle PMU outage.

From Table 5.1, it is obvious that Busas highest connectivity. S6' PMU is installed at bus 2. It
makes buses 1, 2, 3, 4 and 5 observable. The eofthgsor of bus 2 is directly monitored and theerur
phasors of the branches incident at PMU bus areitared, which in turn gives voltages of other bubgs
equation (5.10). Thus single observability of tlystem is found. This test system has no zero-iigjedbus.
Table 5.1 also shows that among the remaining,sh8sand 4 have next maximum connectivity. So, tb ge
double observable system the backup PMU has todballed either at bus 3 or at bus 4. It is fourat tf PMU
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| Read the zero injection buses and connectivityaohdous

2

Set limit of the constraints algorithm control paeter and maximum iteration.

2

Initiate a random population of cuckoo habitatsihg\egg laying capability and define ELR for eackloo by equations (A.10) and(A.12).

2

A 4

Obtain the buses having maximum connectivity.

Place PMU on

| the PUS having More than one bus having same
maximum number of connectivity
connectivity No

Obtain solution for each Cuckoo and short the caslkaccording to their fitness for best solut

v
Install PMU at the fittest bus.

»]
»

No

Find out
unobservable
buses having

next maximum
connectivity

Feasible by equations
(5.2) & (5.4)?

Zero injection
considered

Find out
unobservable
buses having next

maximum
Feasible by equations connectivity with
(5.12) & (5.13)? other
No unobservable
buses.

with other
unobservable
buses.

»
>y Yes

Sort the cuckoos according to their fithess fo
best solution and destroy worst quality eggs by
penalty given in equation (A.13).

v

b

=]

(0]

Fig.5.2. Flow chart of PMU and PFM installation by COA duringalthy condition
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is installed at bus 3, it makes buses 1, 2, 3 aodsérvable. Then bus 5 will be observable by linstpa PFM
on the line joining buses 2 and 5 or on the linewben buses 4 and 5. Thus the system will be double
observable under normal condition and single otzd#evunder contingency due to single PMU loss.
5.4. Applicationsand results
The proposed method is examined on four tesesys namely 7-bus, IEEE-14, 57 and 118 bus systears

each system, results are reported under three teomsli

. Without zero-injection bus consideration and urttealthy condition.
. With zero-injection bus consideration and undeithgacondition.
. With zero-injection bus consideration and undertiogency due to single PMU outage.

The zero-injection buses for test systems (fron})[88 given in the following:
7-bus system: {no zero injection bus}
IEEE 14 bus { 7}
IEEE 57 bus: {4, 7, 11, 21, 22, 24, 26, 34, 36,3,40, 45, 46, 48}
IEEE 118 bus: {5, 9, 30, 37, 38, 63, 64, 68, 71, 81
Case: 1 Without zero-injection and under healthy condition
Under this condition, the optimal allocations of BMand PFM along with their respective number on
different test systems are given in table 5.2.
From Table 5.2, the optimal PMU number requif@d7-bus test system, IEEE-14, IEEE-57 and IEEB-11
bus test system are 1, 2, 14 and 24 respectivdijie the optimal number of PFM required for thosstt
systems are 2, 4, 6 and 12 respectively to get empbservable test system.

Table5.2. Joint placement of PMU and PFM under healthy coonlidnd without zero injection

System PMU number PMU location PFM number PFM.Iocatlon
(bus) (line)
7 bus 1 2 2 4-7,4-5
1-2,7-8,10-
IEEE-14 2 4,13 4 11.13-14
o
IEEE-57 14 O 6 24,26-27,37-
44, 46, 50, 53,
39,47-48
56
5,9,12,17, 1-2, 13-15, 26-
20, 23, 28, 34, 30, 41-42, 53-
37, 45, 49, 51, 54, 56-57, 66-
IEEE-118 24 59, 61, 68, 71, 12 67, 86-87, 90-
75, 77, 80, 85, 91, 95-96,
92, 100, 105, 114-32, 115-
110 27
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Case: 2 With zero-injection and under healthy condition
Under this condition, optimal number of PMU and PEké placed at their respective optimal locatiohs o
different test systems, as shown in table 5.3.

Table5.3.Joint placement of PMU and PFM under healthy cémaidnd with zero injection

PMU location PEM number PFM_Iocatlon
(bus) (line)

7 bus 1 2 2 4-7, 4-5

IEEE-14 2 4,13 3 1-2,12;111,13-

System PMU number

13-14,18-
19,20-21,22-
23,25-30,32-

12 33,34-35,38-
49,38-44,46-
47,54-55,56-

57

1, 4,9, 28, 31,

IEEE-57 8 41, 50, 53

1-3, 8-9, 17-
30, 20-21, 22-
23, 25-26, 27-
28, 29-31, 34-
43, 44-45, 51-
52, 53-54, 61-
62, 66-67, 77-
78, 82-83, 85-

32 88, 89-90, 91-

92, 94-95, 96-

97, 27-115,
75-118, 11-13,
35-36, 40-41,
46-47, 56-57,
51-58, 71-72,

92-93, 101-

102

5,12, 19, 32,
37, 49, 59, 70,
80, 85, 100,
105, 110

IEEE-118 13

From Table 5.2 and 5.3, it is seen that with ¢hasideration of zero-injection busses, the nunafé?MU
required for observability is reduced from 14 tin8EEE 57-bus system and from 24 to 13 in IEEE-bW8
system. But there is no change in the number of HMUEEE 14-bus system. In this situation, there fw
lines consisting of only one unobservable noddéntest network. That's why the number of PFM izéased
from 6 to 12 in IEEE 57-bus system and from 122adrBIEEE 118-bus system respectively. But PFM nemb
is reduced from 4 to 3 in case of IEEE 14-bus syst®o, by comparing results obtained in Tablesab®5.3, it
is obvious that as PMU number is decreased, PFMberuis increased to get full observability.

From the results, it is also seen that as tleer® zero-injection bus in case of 7-bus testesys Table 5.2

and 5.3 show the same results.
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Case: 3 With zero-injection and under contingency dueto single PM U outage
Under this condition, optimal placement of PMU &M are shown in table 5.4 on different test system

Table5.4. Joint placement of PMU and PFM under contingenmay \&ith zero injection

System PMU number PMU location PFM number PFM_Iocatlon
(bus) (line)
7 bus 2 2,3 4 1-2,2-7, 4-5, 4-7
IEEE-14 5 2,4,6,9,13 3 1-2,10-11,13-14
13-14,18-19,20-
21,22-23,25-
30,32-33,34-
35,38-49,38-
44,46-47,54-
24 55,56-57, 3-4, 1-
15, 46-14, 11-
41, 48-49, 39-
57, 2-15, 12-16,
12-17, 28-29,
31-32, 52-29
1-3, 8-9, 17-30,
20-21, 22-23,
25-26, 27-28,
29-31, 34-43,
44-45, 51-52,
53-54, 61-62,
66-67, 77-78,
82-83, 85-88,
89-90, 91-92,
94-95, 96-97,
27-115, 75-118,
5,11,12,17, 19, 11-13, 35-36,
23, 28, 32, 34, 40-41, 46-47,
37,42, 46, 49, 56-57, 51-58,
52, 56, 59, 62, 60 71-72, 92-93,
70, 71, 77, 80, 101-102, 2-12,
84, 85, 92, 96, 19-20, 21-22,
100, 103, 105, 85-86, 86-87,
110 105-106, 105-
107, 105-108,
109-110, 32-
114, 7-12, 14-
15, 33-37, 39-
40, 50-57, 74-
75, 78-79, 98-
100, 80-99, 110-
11, 110-112, 12-
117, 3-5, 8-30,
37-38, 63-59,
80-81, 68-116

1,4,6,9,12, 13,
24, 28, 31, 41,
50, 51, 53, 54,

56

IEEE-57 15

IEEE-118 29
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Comparing the results furnished in Table 5.3 &nt] it is seen that the PMU number required foulie
observability during healthy condition and to meatgle PMU loss, is increased from 1 to 2 in 7-best
system, from 2 to 5 in IEEE 14-bus system, froro 83 in IEEE 57-bus system and from 13 to 29 inBEEHS8-
bus system respectively. It can be noted that theber of PMUs required for double observabilityasighly
doubled of that in single observability.

Besides, the required PFM number is incredised 2 to 4 in 7-bus system, from 12 to 24 in IEEEbus
system and from 32 to 60 in IEEE 118-bus systerpeds/ely, i. e., PFM numbers is also almost dodibie
these systems. But there is no change in the PFivbauin case of IEEE 14-bus system.

5.5. Comparative analysis of different technique

Table 5.5 and 5.6 show the comparative resultsiffarent test systems under normal and contingency
conditions respectively.

From Table 5.5, the PMU placement resultssame as those found by ILP method reported ih (39 the
other hand, there is a small reduction in PFM nunfitmen 14 [99] to 12 (in proposed method) and fr81f99]
to 2 (in proposed method) for IEEE 57-bus systeth &bus test system respectively. But there ishange in
PFM number for IEEE 14 and 118-bus systems.

These comparative results found in Table 5.&eagvith earlier results reported in [99], thus daling the
proposed method.

Table 5.6 shows the comparative results obtainelddynethod reported in [101] and the results fobgpdhe
proposed method. In case of LR method zero-injadtias consideration is not done while it is incogted in
the present work.

Table5.5. With zero injection and normal condition

PMU number PFM number
System ILP Proposed ILP Proposed
method method method method
7 bus 1 1 3 2
IEEE-14 2 2 3 3
IEEE-57 8 8 14 12
IEEE-118 13 13 32 32

Table 5.6 shows that the required number of PEtUsbservable system during contingency is reddoem
9 to 5in IEEE 14, from 25 to 15 in IEEE 57, frorh & 29 in IEEE 118 and from 5 to 2 in 7-bus system

respectively. These results conclude that the @tppresence of PFM reduces the required PMU nurttber
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almost half in case of proposed technique companeR method. So, it is obvious that present optation
strategy has a better suitability in handling aog¢incy problem arising from single PMU loss.

Table5.6.Under contingency due to single PMU loss

PMU number PFM number
LR Proposed LR Proposed
System method method method method
(without (with (without (with
zero- zero- zero- zero-
injection) injection) injection) injection)
7 bus 5 2 - 4
IEEE-14 9 5 - 3
IEEE-57 25 15 - 24
IEEE-118 61 29 - 60

5.6. Conclusion

In this chapter the joint optimal placement of PMidd PFM problem has been solved during healthy
condition and contingency due to single PMU outdge analyze the performance of the proposed tedeniq
different cases of PMU and PFM placement have Istattied on 7-bus, IEEE 14, IEEE57 and IEEE 118-bus
systems respectively. To apply the formulation argé system, heuristic method COA is used to stilee
optimization problem. The following observationsyntse made:

* With the consideration of zero-injection busses tiptimal PMU number is decreased and PFM
number is increased to get full observable systarind normal working condition.

» With the consideration of contingency and zerodtign buses, required PMU and PFM number are
doubled compared to that of healthy condition. Ehessults assure the double observability of each
bus in a test system during normal condition.

The influence of the proposed technique for tdst systems is investigated by COA. By comparimesé
results with those found by LR method, COA givdsetier results and hence COA proves its suitalititshis

application.
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Chapter 6:
Conclusions

Summary: This chapter draws the conclusion of the work presented in the thesis. The contribution of the
present work along with its outcomes are briefed in this chapter. In addition, this chapter also discusses about

the scope of the future work.
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6.1. Brief summary of the work

In the present thesis work, the installationU#®#FCs on optimal positions of tested transmissgstems
improves bus voltage profiles as well as reducesllisses and operational cost of the system. &fermance
of UPFC devices are tested on IEEE-14 bus tesesydEEE-30 bus test system, IEEE-57 bus test isyated
NER system. In addition, the optimal sizes of URFyCconsidering voltage magnitudes and angles felldbly
series and shunt converters of UPFC to the systenalao analyzed. For this purpose, GSA methocbkas

chosen as solver of this multi-constrained costtion.

Besides, the voltage sag calculation technig@sediso been discussed in this thesis work. Thésgagigated
by applying UPQC in the distribution system. Apaoim it, the performance of UPQC in terms of redhciof
load disturbed area due to fault, harmonic distogj voltage unbalance, real power loss are alatyzad,
which ultimately results in cost savings. In thentext, the UPQC sizes as well as UPQC parameteralso
taken into consideration for optimal number of URQ@( the corresponding results are furnished Istitg) on
IEEE123 bus distribution system and 25 bus distidiousystem. From the results it is also found thatfault is

cleared more quickly compared to the system hani§ACTS devices.

The authors have added a proposed model of R-ibMhe present thesis work. The performance isfih
DVR is tested on IEEE123 bus radial distributiosteyn and is compared with DVR also. The uniquenéss
this H-DVR is also discussed in this research wamki the performance of H-DVR is evaluated in teohs
reduction of load disturbed area due to fault,agdt sag, harmonic distortions, voltage unbalaresd, power
loss and cost savings. In addition, H-DVR instadiatat optimal location in optimal number clears fault very
fast which satisfies the CBEMA curve. Besides, dpgimal size of H-DVR is also taken as constraimthis
thesis work. Apart from it the performance of H-DW#h variation of percentage of non-linearity hetloads

is also produced in the present thesis work.

Apart from it, to get fully observable powersssm, the addition of PMU in the different testteys is also
analysed. In this context, the contingency arisinghe system due to single PMU outage is also édde
objective function. For further reduction of PMU time test system, PFM is also added in the testarkton
optimal position. So the cost function is formuthtey taking both PMU and PFM constraints. The penénce
of PMU and PFM together is experimented on 7-bas sgstem, IEEE-14, 57 and 118 bus test systems&and

real power system. The results found in this thesigk is compared with those found by LR methododdh
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many heuristic methods can be adopted to solve nthiki-dimensional objective function, COA has been
adopted here for optimal allocation of UPQC, H-DsiRd PMU-PFM in the respective test systems. Thatses

found by GSA/COA in this work have compared withdl found by other soft-computing techniques also.

From the results produced in the present shesrk it is obvious that by adopting the techniguentioned
here, the customers will also be benefited as aslsuppliers. Specially, the modern power industwbere
stricter electrical power quality is required wik more benefited in the said approach. Besidesyration of
power electronics devices connected with the loadi i@ distribution system does not affect very mticé
voltages at load terminals due to presence of tR&SETS devices. In addition, the total operationakt
associated with test system is formulated aftezutaling different parts involved in the operatiboast. This
simplified single objective cost function will benry easy to understand to both electrical powepkens and

customers.

6.2. Contributions of the present work

The following may be identified as the coottions of the present work:

» Development of the simplified algorithm by using R for transmission line loss reduction
and power system cost reduction.

» Development of the method for optimal allocatiorddferent FACTS devices in transmission
and distribution system.

» Development of the proposed model of H-DVR and anpéntation in distribution system.

» Development of economic and cost savings methodsinyg UPQC/H-DVR for reduction in
bus voltage harmonics, voltage unbalance, real ptss in distribution system.

» Development of simplified algorithm to identify tHieult in distribution system and clearing
them within permissible limit cycles.

e Development of method to improve bus voltage peofiind thereby reduction in load
disturbing area during fault.

» Development of the algorithm to get fully obserwpbwer system by using PMU and PFM.

6.3. Shortcomings and scope for further work

While the above contributions have been m#dework reported has certain shortcomings as agelisted

below:
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* Renewable power generation sources are increasiogjlyg installed at the low voltage
network of power system. These sources are magiyrittent in nature. It is expected that
in near future renewable sources will have a camalle share of the total generation
capacity. Thus, the uncertainty associated withrémewable sources should be considered
while determining the location of the control descin power system. The present author,
however, has not considered this issue while déténmthe optimum location of the control
devices.

* Inthe present thesis work only the contingency tdugingle PMU outage has been considered
and the results are furnished accordingly. The mutc of multiple contingencies on system
observability and reliability should be studiedthar.

* The proposed method may be implemented on themyséwing other % of non-linear loads
connected in distribution system and the obtaire=iilts may be compared with the results
furnished in the present work.

» Performance of power system in a Simulation envivent having UPFC, UPQC, H-DVR and
PMU-PFM installed at optimum locations may be stddfurther to assess the operation of

Power grid as Smart grid.
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A.1 Overview of Gravitational Search Algorithm

Gravitational Algorithm is a soft computingchmique based on Newton's law. This algorithm isdahon
the Newtonian gravity: In universe, each and eyenyicle attracts every other particle with a fortee motion
of the heaviest mass is very small compare todhbghter mass. Each mass represent the optirizgtioblem
solution. The heaviest mass is the optimal solutitere as the lighter mass represent the worstisolaf the
problem In this context, the behavior of Newtoniaass and GSA algorithm are given in sections Aahd

A.1.2 respectively.

A.1.1 Behaviour of Newtonian mass

The attractive/repulsive force between any tparticles is directly proportional to their massand

inversely proportional to the square of the distalnetween them”. This force equation can be reptedeas

F= G—Mé\zﬂ 2 (A1)

Where, |\/|1 and |\/|2 represent the masses of two agents or objects takéis thesis workR is the distance
between these two objects. The heavy mass corrdsgorgood solutions and lighter mass indicate snibiest

solution. G is the gravitational constant.
According to Newton’s second law, the acceieraof a particle when a force is applied to idispendent

only on applied force and particle mass and itleamvritten as

F
=— A2
=W (A2)

According to theoretical physics, there are threwl lof masses, namely: Active gravitational massssp/e
gravitational mass and inertial mass. The actiwitational mass is a measure of the strength afigtional
field due to a particular object. On the other hgpaksive gravitational mass is a measure of treagth of
object’s interaction with the gravitational fielch addition, inertial mass is a measure of an dhjesistance to
changing its state of motion when a force is applie

By considering the above aspects, in GSA, eaass (agent) has four specifications: positioritigenass,
active gravitational mass, and passive gravitatiomess. The position of the mass corresponds tdutien of
the problem, and its gravitational and inertial sessare determined using a fitness function. Bgdagf time,

all the masses will be attracted by the heaviestsmahich is optimal solution in this thesis wdBased on this
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law of algorithm along with different mass conceapg procedural steps of GSA algorithm is giverséation

A.l1.2.
A.1.2 Gravitational Search Algorithm (GSA)
In this algorithmR is used instead &? , as the authors reported that this case provieger results [18].

Gravitational constant value is proportional to thgo of the initial time with respect to the aattime,

represented as

G(t)=G(t,) X(t—ojﬂ (A3)

Where G(to) is the value of the gravitational constant at thigal time,t,. S <1

The procedural steps of the GSA for solving thémalt power system problem can be summarized aswsl|

(i) Set gravitational constafd = G, = 0 andthe numbeof agentsN .

(i) Read the dimension n.

(iii) The positionsX of agentsN are randomly selected from their initialized dimens by applying equation
(A.4) as

1 d

X :()ﬁ""’xi ,"')ﬁn) fori =1,2,--N (A.4)

This in effect means providing the upper limits dinel lower limits of the optimization variables.

(iv) Determine the solution vectors.

(v) Check the feasibility of the constraints.

(vi) If the constraint violates it limit, then died the initial set of agents and go to stepifiifhe next iteration.
This process continues until all the constraingssatisfied using equations.

(vii) Decrease the Gravitational constant G by gsguation (A.3).

(viii) Evaluate fitness of each object by calculgtithe gravitational masse¥ ;, M,,;) and inertial masses/(;)

by using following equations,

M, =M, =M; =M, for i=12;--N; it)—ﬁtm$(t)_\l\a$t(t)' Mi(t):m—(t) (A.5)

best(t) vt (t) Zijlr’q (1)

(ix) Compute the total force (F) acting on objeict d dimension by using

|:id (t) - Z:'\Imkbest,j:tlrandi Fiid (t) (A-6)

146



Appendix

where,rand; =random number between 0 andkbest =set of first K objects with the best fitness vahrel
biggest mass

(x) Evaluate the acceleraticl, velocity vV and positionX of massl by using equations (A.7-A.9) respectively

as

2’ (1) = v -

v (t +1) =rand, x v’ (t) +a’ (A.8)

X (t+2) =% (1) +v (t+]) 9
where, rand, =random number between 0 and 1

(xi) Check the feasibility of each agent set asabjem solution.

(xii) If the difference between two fittest valuestwo consecutive iterations is less than a spetifolerance
value, or the feasible value does not change fpezified number of iterations, then the optimaltson will
be obtained, otherwise the process will be repefated step (iii).

(xii) If the current iteration is greater than eqgual to the specified maximum iteration, then iteeative
process is terminated.

A.2 Overview of Cuckoo Optimization Algtinm

Cuckoo Optimization algorithm is a soft coripg technique based on cuckoo’s character to ¢gy &he
mother cuckoo lays her own egg in host bird’s aest flies off with the host egg. Cuckoos carefatlynic the
colour and pattern of their own eggs to match whidt of their hosts. Each female cuckoo specialoresne
particular host species. But many bird speciesléarecognize a cuckoo egg dumped in their own aed
either throw out the strange egg or leave the @ist to start a fresh one. So the cuckoo constandy to
improve its mimicry of its hosts’ eggs, while thesks try to find ways of detecting the cuckoo’s .elggCOA
each cuckoo’s egg determines the optimization pmblsolution. The behaviour of cuckoos and COA

optimization algorithm are described in section®.Aand A.2.2 respectively.

A.2.1 Behaviour of Cuckoos

The principle of COA reported in [56], is based the breed behavior of cuckoos. In this alganitithe

problem variables formed in an array, is calledbitet” and expressed as
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habitat =[ X, %,..... X, | (A.10)

where, X represents variable values aM,, is the total number of variables.
As some of the eggs hatched by all the cogleet in habitats are killed by the host birds tdugneir worst
quality, so the cost function is expressed as
Cost (habitat) = f, (%, %,.....%_ ) (AL1)
The maximum distance from the habitat at whieh ¢duckoos lay eggs is called “Egg Laying RadiusRE
and is expressed as

Number of current cuckoo's egg
Total number of eggs

ELR=ax

(\/arhi ~Var,,) (A.12)

Where, @ is an integer, to handle the maximum value of EMRr,, and Var, , are upper and lower limits of
variables respectively.

The Pa% of all eggs with less profit will be destroyed ahis expressed as,

P,=0.25 (A.13)

After survival, the matured cuckoos immigrate imew better destinationd% of total distance toward

destination habitat as reported in [56] is exprésse

A~U(0,7) (A.14)
Where, U (0,1) means random number uniformly distributed betweand1.

The angular deviation from the distance conneatidgand new habitats is represented by,
0 ~U(~ww) (A.15)

Where, W= 77/ 6 rad.
A.2.2 Cuckoo Optimization Algorithm (COA)

The procedural steps of the COA for solving timal power system problem can be summarized as
follows:
0] Set generation, population size, penalty multiplier
(i) Set randomly the position of each hatched egg.
(iii) Compute the solution vector corresponding to each e

(iv) Check the feasibility of each egg and destroy ther guality egg by penalty multiplier.
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(v) If the cuckoos coming from survived eggs retaireivironment then they immigrate to better
destination by using equations (A.14-A.15).
(vi) This process continues until the current generajaaity is greater than or equal to the previous

generation quality.
A.3 Voltage sag calculation

Voltage sag may occur in the system due tormenuae of fault, switching, overload, short circaitd so on.
To decide the characteristics of voltage sag, Hrampeters such as voltage magnitude, duration Jamix@and
phase angle jump are to be estimated. Again, thesemeters depend upon the location and type tfifathe
system. As location and type of fault can not bedljeted, a rational approach has to be adoptéakeocare of
the problem. The number and type of faults occgriim any system depends upon many factors of which
system design, quality of the devices/apparatud asel their maintenance are some of the imporsmites.
Occurrence of faults also depends upon some exteataral events which are neither controllable nor
predictable. Thus, predicting the quality of lodsturbed due to voltage sag is very difficult. Tdare several
methods in open literature to predict about the tgpd location of fault. Among them, statisticgbiagach [104-
105] has been taken in this section and the remginoltage at PCC (point of common coupling) hasrnbe
considered for this purpose. In this section, fiadations are randomly selected to match thessidi figures
reported in [104-105]. The estimated values oflttaal disturbed are dependent upon the selectetidaseaof
the faults. In order to overcome the impact of thisdom selection on the value of the load distiriiee fault
simulation of each sag estimation event is repeatetithe average of the estimated load disturbketsaare
taken. The number of such repetitions of sag etibmas decided by performing experimentation oa tést
system with repeated trials. The voltage sag antides are calculated by using equations (A.16)9A.as
reported in [62].

For three-phase faults (3PF),

1
fault _ pref ZmK pref
Vm — Vm 1 VK
ZKK (A.16)

For single line-to-ground faults (SLGF),
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0 1 2
V fault :V pref _ ZmK + ZmK + ZrnK pref
Am Am Zo + Zl + Z 2 K
KK KK KK
0 2—1 2
ZtaZ,taly, VP
0 1 2 K
ZKK +ZKK +ZKK
0 1 2—2
Ztal, +aZ v/ P
0 1 2 K
ZKK +ZKK +ZKK

fault — pref _
VB,m _asz,m

fault _— pref __
VC,m _a\/C,m
For line-to-line faults (LLF),
1 2
ZmK B ZmK pref
1 2 VK
Zix + Lk

1 2
ZmK _ aZmK \V/ pref
Zl + ZZ K
KK KK

fault —y 7 pref __
VA,m _VA,m

fault — pref _
VB,m _asz,m

fault — pref _
VC,m _aVC,m

Vot =y - ]v"é

Vi =g by

fadt —\ ypef _ L
VC,m _VC,m

, g pref of
Where,m and K are the random bus and the fault location on the VAprm ,VB?rm

(A.17)

(A.18)

(A.19)

and V2 are the pre-

. fault \ 7 faul faul
fault voltages at phase-A, B and C respectivelpug m. VAaﬁt,VB?:t and Vf;t are the fault voltages at

phase-A, B and C respectively of bus ﬁm, ng and a represent the sequence transfer impedances

corresponding to buses and K, the sequence driving point impedances at kuand the complex number

operator,ej120 .
Thus the sag voltage can be obtained by followng@dural steps:
(@ The lengths of all the distribution lines are cédoed.

(i) The time period during which fault occurs is seatealue.

(iii) From Table-A.1 the fault type is determined bysfging statistical data, as reported in [104-105].

(iv) By using equations (A.16)-(A.19), all the node agks are determined during fault conditions.
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(v) If any node voltage falls below the threshold vgéiathen that bus is considered as affected bus
and all the disturbed loads connected with that ibusalculated. Otherwise, the bus number is
increased by 1 and step (v) is repeated.

(vi) Steps (iv-v) are repeated to accumulate all théviddal loads disturbed by respective fault and
steps (i-vi) are repeated until the total loadudtsance during fault converges.

(vii) At last, total cost of the disturbed loads assedatith the faults are obtained.

As load disturbed values can not be predictevipusly, so a trial process is done to get loatudbed
values, matched with statistical data. It has beemd from Fig.A.lthat for IEEE-123 node test systthe
average of the estimated load disturbed valueserges at 8 and 7" trial number for IEEE123 node test
system [105] and for 25 node test system respégtindter 8" /7" iteration there is no such change in average

load curtailment in IEEE123 node test system/2%rtedt system.
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Fig.A.l. Average load disturbance vs. trial number folEEBE123 node test system, (b) 25 node test system
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TableA.l. System fault rates

Fault type Bus fault Average Exact
Type of -aut typ 9 Line fault rate,  Average fault rate, number
distribution, rate, fault rate,
fault events/100km/year events/100km/year  of
% events/year events/year f

aults

LG 70 2.1 25 17.5 39
LLG 17 0.51 4.25 10
LL 7 0.21 1.75 4
LLLG 6 0.18 15 3
Total 56

In this thesis work, the fault rate is taken2&$100 km/year [62]. The total number of faultghin these

periods is calculated to be 56, as furnished inl&f@bl.There are four types of faults, i.e., limegnd (LG),

line-line-ground (LLG), line-line (LL), line-linekhe-ground (LLLG) and are as 70%:17%:7%:6% times,

reported in Table A.1.

A.4 Test System Data

A.4.1 IEEE-14 bus transmission system

Table A.2. Bus data for IEEE 14-bus transmission system

o %;)Se V{Ef%?e (I\/IT\II_V) (M\?,I&R) (I\I/ID\(IBV) Z\%va)‘x ?n%\r?vl)n QG(MVAR) (3?;2;))( Qgmin(MVAR)
1 | swing| 106 | 3038 1778 40| 164  1d 40 0 0
> | pv | 1085 o0 0 232| 80| 20 0 50 40
3 | pv | 101 13184 266 0 50| 20 0 40 0
4 | Po 1 | 6692] 10 0 0 0 0 0 0
5 | Po 1 | 1064] 224 0 0 0 0 0 0
6 | Pv | 107 | 1568 105 0 0 0 0 24 6
7 | Po 1 0 0 0 0 0 0 0 0
8 | pv | 1009| o 0 0 0 0 0 24 6
9 | ro 1 | a13| 2324] o 0 0 0 0 0
10 | PQ 126| 812 0 0 0 0 0 0
11 | PQ 1 49 | 252 0 0 0 0 0 0
12 | PQ 1 | 8sa| 224 0 0 0 0 0 0
13 | PQ 1 189| 812 0 0 0 0 0 0
14 | PQ 1 | 2088 7 0 0 0 0 0 0
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Table A.3. Line data for IEEE 14-bus transmission system

Line no. Féﬁ;n To Bus R (p.u) X (p.u) B (p.u)
1 1 2 0.0194 0.0592 0.0264
2 2 3 0.047 0.198 0.0219
3 2 4 0.0581 0.1763 0.0187
4 1 5 0.054 0.223 0.0244
5 2 5 0.057 0.1739 0.017
6 3 4 0.067 0.171 0.0173
7 4 5 0.0134 0.0421 0.0064
8 5 6 0 0.252 0
9 4 7 0 0.2091 0
10 7 8 0 0.1762 0
11 4 9 0 0.5562 0
12 7 9 0 0.11 0
13 9 10 0.0318 0.0845 0
14 6 11 0.095 0.1989 0
15 6 12 0.1229 0.2558 0
16 6 13 0.0662 0.1303 0
17 9 14 0.1271 0.2704 0
18 10 11 0.082 0.1921 0
19 12 13 0.2209 0.1999 0
20 13 14 0.1709 0.348 0
Table A.4. Generator cost data for IEEE 14-bus transmissistesy
Bus No. a b c
1 0.0252 16 0
2 0.14 14 0
3 0.5 8 0
6 0.0667 26 0
8 0.2 24 0

A.4.2 IEEE-30 bus transmission system

Table A.5. Bus data for IEEE 30-bus transmission system

Bus| Bus | Voltage| PL QL PG | Pgmax| Pgmin QG Qgmax [ Qgmin
No. [ Type [ (P.U) | (MW) [ (MVAR) | (MW) [ (MW) | (MW) | (MVAR) | (MVAR) [ (MVAR)
1 | Swing| 1.1 0 0 0 200 50 0 0 0
2 PV 1.085 21.7 12.7 40 80 20 0 50 -40
3 PQ 1 2.4 1.2 0
4 PQ 1 7.6 1.6 0
5 PV 1.052 94.2 19 0 50 15 40 -40
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Bus| Bus | Voltage| PL QL PG | Pgmax| Pgmin QG Qgmax [ Qgmin
No. [ Type| (P.U) | (MW) [ (MVAR) | (MW) [ (MW) | (MW) | (MVAR) | (MVAR) [ (MVAR)
6 PQ 0 0 0 0 0 0 0 0
7 PQ 22.8 10.9 0 0 0 0 0 0

8 PV 1.054 30 30 0 35 10 0 40 -10
9 PQ 0 0 0 0 0 0
10 | PQ 1 5.8 0 0 0 0
11| PV 11 0 0 30 10 0 24 -10
12 | PQ 1.05 11.2 7.5 0 0 0 0 0 0
13 | PV 1.063 0 0 40 12 0 24 -6
14 | PQ 1 6.2 1.6 0 0 0 0 0 0
15| PQ 1 8.2 25 0 0 0 0 0 0
16 | PQ 1 35 1.8 0 0 0 0 0 0
17 | PQ 1 9 5.8 0 0 0 0 0 0
18 | PQ 1 3.2 0.9 0 0 0 0 0 0
19 | PQ 1 9.5 3.4 0 0 0 0 0 0
20 | PQ 1 2.2 0.7 0 0 0 0 0 0
21 | PQ 1 17.5 11.2 0 0 0 0 0 0
22 | PQ 1 0 0 0 0 0 0 0 0
23 | PQ 1 3.2 1.6 0 0 0 0 0 0
24 | PQ 1 8.7 6.7 0 0 0 0 0 0
25| PQ 1 0 0 0 0 0 0 0 0
26 | PQ 1 35 23 0 0 0 0 0 0
27 | PQ 1 0 0 0 0 0 0 0
28 | PQ 1 0 0 0 0 0 0 0
29 | PQ 1 2.4 0.9 0 0 0 0 0 0
30 | PQ 1 10.6 1.9 0 0 0 0 0 0

Table A.6. Line data for IEEE 30-bus transmission system

Hne | FOm | 10 1 Ry | X (o) | B (o)
1 1 2 0.0192 0.0575 0.0264
2 1 3 0.0452 0.1852 0.0204
3 2 4 0.057 0.1737 0.0184
4 3 4 0.0132 0.0379 0.0042
5 2 5 0.0472 0.1983 0.0209
6 2 6 0.0581 0.1763 0.0187
7 4 6 0.0119 0.0414 0.0045
8 5 7 0.046 0.116 0.0102
9 6 7 0.0267 0.082 0.0085
10 6 8 0.012 0.042 0.0045
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Line no. FBragn To Bus R (p.u) X (p.u) B (p.u)
11 6 9 0 0.208 0
12 6 10 0 0.556 0
13 9 11 0 0.208 0
14 9 10 0 0.11 0
15 4 12 0 0.256 0
16 12 13 0 0.14 0
17 12 14 0.1231 0.2559 0
18 12 15 0.0662 0.1304 0
19 12 16 0.0945 0.1987 0
20 14 15 0.221 0.1997 0
21 16 17 0.0824 0.1923 0
22 15 18 0.1073 0.2185 0
23 18 19 0.0639 0.1292 0
24 19 20 0.034 0.068 0
25 10 20 0.0936 0.209 0
26 10 17 0.0324 0.0845 0
27 10 21 0.0348 0.0749 0
28 10 22 0.0727 0.1499 0
29 21 22 0.0116 0.0234 0
30 15 23 0.1 0.202 0
31 22 24 0.115 0.179 0
32 23 24 0.132 0.27 0
33 24 25 0.1885 0.3292 0
34 25 26 0.2544 0.38 0
35 25 27 0.1093 0.2087 0
36 28 27 0 0.396 0
37 27 29 0.2198 0.4153 0
38 27 30 0.3202 0.6027 0
39 29 30 0.2399 0.4533 0
40 28 0.0636 0.2 0.0214
41 28 0.0169 0.0599 0.065

Table A.7. Generator cost data for IEEE 30-bus transmissisteay

Bus No. a b C
1 0.0037 2 0
2 0.0175 1.75 0
5 0.0625 1 0
8 0.0083 3.25 0
11 0.025 3 0
13 0.025 3 0
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A.4.3 IEEE-57 bus transmission system

Table A.8. Bus data for IEEE 57-bus transmission system

Bus| Bus | Voltage| PL QL PG | Pgmax| Pgmin QG Qgmax | Qgmin
No. [ Type | (P.U) | (MW) | (MVAR) | (MW) [ (MW) | (MW) [ (MVAR) | (MVAR) | (MVAR)
1 | Swing 1.04 0 17 478 575.98 0 128. 0 0
2 PV 1.01 21.7 88 0 100 0 -0.8 50 -17
3 PV 0.985 2.4 21 40 140 0 -1 60 -10
4 PQ 1 7.6 0 0 0 0
5 PQ 1 94.2 0 0 0 0
6 PV 0.98 0 100 0 0.8 25 -8
7 PQ 1 22.8 0 0 0 0 0
8 PV 1.005 30 22 450 550 0 62.1 200 -14
9 PV 0.98 0 26 100 0 2.2 9 -3
10 PQ 1 5.8 0 0 0 0

11 PQ 1 0 0 0 0 0 0
12 PV 1.015 11.2 24 310 410 0 128.5 154 -5(
13 PQ 1 0 2.3 0 0 0 0 0 0
14 PQ 1 6.2 5.3 0 0 0 0 0 0
15 PQ 1 8.2 0 0 0 0 0 0
16 PQ 1 35 0 0 0 0 0 0
17 PQ 1 9 0 0 0 0 0 0
18 PQ 1 3.2 9.8 0 0 0 0 0 0
19 PQ 1 9.5 6 0 0 0 0 0 0
20 PQ 1 2.2 1 0 0 0 0 0 0
21 PQ 1 17.5 0 0 0 0 0 0 0
22 PQ 1 0 0 0 0 0 0 0 0
23 PQ 1 3.2 2.1 0 0 0 0 0 0
24 PQ 1 8.7 0 0 0 0 0 0 0
25 PQ 1 0 3.2 0 0 0 0 0 0
26 PQ 1 35 0 0 0 0 0 0 0
27 PQ 1 0.5 0 0 0 0 0 0
28 PQ 1 2.3 0 0 0 0 0 0
29 PQ 1 2.4 2.6 0 0 0 0 0 0
30 PQ 1 10.6 1.8 0 0 0 0 0 0
31 PQ 1 0.058 2.9 0 0 0 0 0 0
32 PQ 1 0.016 0.8 0 0 0 0 0 0
33 PQ 1 0.038 1.9 0 0 0 0 0 0
34 PQ 1 0 0 0 0 0 0 0 0
35 PQ 1 0.06 3 0 0 0 0 0 0
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Bus| Bus | Voltage| PL QL PG | Pgmax| Pgmin QG Qgmax | Qgmin
No. [ Type | (P.U) | (MW) | (MVAR) | (MW) | (MW) [ (MW) [ (MVAR) | (MVAR) | (MVAR)
36 | PQ 1 0 0 0 0 0 0 0 0
37| PQ 1 0 0 0 0 0 0 0 0
38| PQ 1 0.14 7 0 0 0 0 0 0
39 | PQ 1 0 0 0 0 0 0 0 0
40 | PQ 1 0 0 0 0 0 0 0 0
41 | PQ 1 0.063 3 0 0 0 0 0 0
42 | PQ 1 0.071 4.4 0 0 0 0 0 0
43 | PQ 1 0.02 1 0 0 0 0 0 0
44 | PQ 1 0.12 1.8 0 0 0 0 0 0
45 | PQ 1 0 0 0 0 0 0 0 0
46 | PQ 1 0 0 0 0 0 0 0 0
47 | PQ 1 0.297 11.6 0 0 0 0 0 0
48 | PQ 1 0 0 0 0 0 0 0 0
49 | PQ 1 0.18 8.5 0 0 0 0 0 0
50 | PQ 1 0.21 10.5 0 0 0 0 0 0
51 | PQ 1 0.18 5.3 0 0 0 0 0 0
52 | PQ 1 0.049 2.2 0 0 0 0 0 0
53 | PQ 1 0.2 10 0 0 0 0 0 0
54 | PQ 1 0.041 14 0 0 0 0 0 0
55 | PQ 1 0.068 3.4 0 0 0 0 0 0
56 | PQ 1 0.076 2.2 0 0 0 0 0 0
57 | PQ 1 0.067 2 0 0 0 0 0 0
Table A.9. Line data for IEEE 57-bus transmission system
Line no. FBragn To Bus R (p.u) X (p.u) B (p.u)

1 1 2 0.0083 0.028 0.0645

2 2 3 0.0298 0.085 0.040¢

3 3 4 0.0112 0.0366 0.019

4 4 5 0.0625 0.132 0.012¢

5 4 6 0.043 0.148 0.0174

6 6 7 0.02 0.102 0.0138

7 6 8 0.0339 0.173 0.0235

8 8 9 0.0099 0.0505 0.0274

9 9 10 0.0369 0.1679 0.022

10 9 11 0.0258 0.0848 0.0109

11 9 12 0.0648 0.295 0.038¢

12 9 13 0.0481 0.158 0.0201

13 13 14 0.0132 0.0434 0.0055

14 13 15 0.0269 0.0869 0.011p
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Line | From| To R X B
no. | Bus | Bus| (p.u) (p.u) (p.u)
15 1 15| 0.0174 0.091 | 0.0494
16 1 16 | 0.0454 0.206 | 0.0273
17 1 17| 0.0234 0.108 | 0.0143
18 3 15| 0.0164 0.053 | 0.0272
19 4 18 0 0.242 0
20 5 6 | 0.0304 0.0641( 0.0064
21 7 8 | 0.0139 0.0712( 0.009%
22 10 12| 0.02771 0.1262| 0.0164
23 11 13| 0.0223 0.0732| 0.0094
24 12 13| 0.0178 0.058 | 0.0302
25 12 16| 0.018] 0.081B 0.01(
26 12 17| 0.03971 0.179 | 0.0238
27 14 15| 0.0171 0.0547| 0.0074
28 18 19| 0.461] 0.685 0
29 19 20| 0.283[ 0.434 0
30 21 20 0 0.7767 0
31 21 22| 0.073¢ 0.117 0
32 22 23| 0.0099 0.0152 0
33 23 24| 0.166 0.25¢ 0.004
34 24 25 0 0.603 0
35 24 26 0 0.0471 0
36 26 27| 0.165[ 0.254 0
37 27 28| 0.0614 0.0954 0
38 28 29| 0.0414 0.0587 0
39 7 29 0 0.064¢ 0
40 25 30| 0.135] 0.204 0
41 30 31| 0.326] 0.497% 0
42 31 32| 0.507| 0.755 0
43 32 33| 0.0392 0.036 0
44 34 32 0 0.953 0
45 34 35| 0.052] 0.07§ 0.00]
46 35 36| 0.043] 0.053F 0.00(
47 36 37| 0.029] 0.036p 0
48 37 38| 0.0651 0.1009| 0.001
49 37 39| 0.0239 0.0379 0
50 36 40 0.03| 0.0466 0
51 22 38| 0.0197% 0.0295 0
52 11 41 0 0.749 0
53 41 42 0.207| 0.357% 0
54 41 43 0 0.412 0
55 38 44 0.0289 0.0585| 0.001
56 15 45 0 0.1042 0
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Line no. FBragn To Bus R (p.u) X (p.u) B (p.u)
57 14 46 0 0.0735 0
58 46 47 0.023 0.068 0.0014
59 47 48 0.0182 0.0233 0
60 48 49 0.0834 0.129 0.0024
61 49 50 0.0801 0.128 0
62 50 51 0.1386 0.22 0
63 10 51 0 0.0712 0
64 13 49 0 0.191 0
65 29 52 0.1442 0.187 0
66 52 53 0.0762 0.0984 0
67 53 54 0.1878 0.232 0
68 54 55 0.1732 0.2265 0
69 11 43 0 0.153 0
70 44 45 0.0624 0.1242 0.002
71 40 56 0 1.195 0
72 56 41 0.553 0.549 0
73 56 42 0.2125 0.354 0
74 39 57 0 1.355 0
75 57 56 0.174 0.26 0
76 38 49 0.115 0.177 0.003
77 38 48 0.0312 0.0482 0
78 9 55 0 0.1205 0

Table A.10. Generator cost data for IEEE 57-bus transmissistesy

Bus No. a b c
1 0.01 0.3 0.2
2 0.01 0.3 0.2
3 0.01 0.3 0.2
6 0.01 0.3 0.2
8 0.01 0.3 0.2
9 0.01 0.3 0.2
12 0.01 0.3 0.2
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A.4.4 NER transmission system

Table A.11. Bus data for NER transmission system

Bus | Bus | Voltage| PL QL PG | Pgmax| Pgmin| QG Qgmax | Qgmin Bus Name
No. | Type| (P.U) | (Mw) | (mvar) | (Mw) | (awy | (mwy | (MvAR) | (MVAR) | (MVAR)

1| pv | 0955 | 51 27 o| 100 o 0 15| =5 %BTPSL

2 | Po | o0971| 20 9 0 0 0 0 0 0 %SARSUJAI
3 | PQ | o09e8| 39 10 0 0 0 0 0 o | WKARELIPAR
4 | pv | 0998 | 39 12 o| 100 o 0 300 -300 | MCHANDRAP
5 | PQ | 1002] o 0 0 0 0 0 0 0 9%JAGRID

6 | Pv | 099 | 52 22 o| 00| o 0 50 | -13 | %GOURIPUR
7 | Po | 0989 | 19 2 0 0 0 0 0 0 | YCGOSSAIGAO
8 | pv | 1015| 28 0 o| 00| o 0 300| -300 | YPHALIGAC
o | P | 1043] o0 0 0 0 0 0 0 0 %JGIGHOPA
10|pv]| 105 | o 0 40| 50| 0 0 200| -147 | %RANGIA
11| PQ | o0985| 70 23 0 0 0 0 0 0 %ROWTA
12| pv | 099 | 47 10 85| 185 0 0 120| -35 | %AMINGAON
13| Po | o0968| 34 16 0 0 0 0 0 0 | MBARANAGA
14 | PQ | 0984| 14 1 0 0 0 0 0 0 %TEZPUR
15| pv | 097 | 90 30 o| 00| o 0 30| -10 %GOHPUR
16| PQ | 0984| 25 10 0 0 0 0 0 0 PO
17 | PQ | 0995| 11 3 0 0 0 0 0 0 %DHEMAJI
18| pv | 0973 | 60 34 o| 100 o 0 50 | 16 | WSAMAGUR
19| Pv | 0963 | 45 25 o| 100 o 0 24| -8 %MARIANIL
20 | PQ | o9s8| 18 3 0 0 0 0 0 0 9%JORHAT
21| PQ | o9s9| 14 8 0 0 0 0 0 0 | %BADARPUR
2| Q| 097 | 10 5 0 0 0 0 0 0 9%PAILAPOL
23 | PO 1 7 3 0 0 0 0 0 0 %DUE';{"FQ\XCH
24 | pv | 0992 | 13 o | 100 300| -300 %LANKA
% | Pv | 105 | o 220| 320 140 -47 %UMTRU
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Bus| Bus | Voltage| PL QL PG | Pgmax| Pgmin QG Qgmax | Qgmin Bus Name
No. | Type| (P.U) | (mw) | (mvar) | (mw) | (awy | (awy | (MvAR) | (MvaR) | (MVAR)

2% | pv | 1015| o 0 314|  414] o 0 1000| -1000 | %UMIUM-I
27 | pv | 09e8 | 71 13 o| 100 o 0 300| -300 | %UMIUM-II
28 | PQ | 0962 | 17 7 0 0 0 0 0 0 %UMIUM-III
20 | PQ | 0963 24 4 0 0 0 0 0 0 %UMIUM-IV
30| Po| ogs| o 0 0 0 0 0 0 0 %S,\;'A'LVbS;“G(
31 | pv | 0967 | 43 27 7 107] o 0 300| -300 %NEHU
32| pv | 0964 | 59 23 o| 100 o 0 42 | 14 | %KHUERIAT
33| Po | 0972 23 9 0 0 0 0 0 0 %CHEEREAPUNJ
3 | pv | o986 | 59 26 o| 100 o 0 24| g | NICALE!
35 | PQ | 0981 33 9 0 0 0 0 0 0 %TURA
36| Pv | 098 | 31 17 o[ 100] o 0 | 8 %CCL

37 | PQ | 0992| o 0 0 0 0 0 0 0 9%KARONG
38| PQ | 092| o 0 0 0 0 0 0 0 9%IMPHAL
39| Po | o097 | 27 11 0 0 0 0 0 0 B
a0 | pv | 097 [ 66 23 o[ 100 o 0 300 -300 | %MELURI
a1 | Po | o9e7| 37 10 0 0 0 0 0 0 9%6KOHIMA
42| pv | o985 | 96 23 o| 100 o 0 300| -300 | %DIMAPUR
43| Po | o978 18 7 0 0 0 0 0 0 YMOROKCH
44 | PQ | ogss| 16 8 0 0 0 0 0 0 HZENPBAW
45 | PQ | o987| 53 22 0 0 0 0 0 0 9%SERCHIP
46 | pv | 1005 | 28 10 19| 119 o 0 100{ -100 | %KOLASIBL
47 | PQ | 1017| 34 0 0 0 0 0 0 0 9%LUNGLEI
a8 | pv | 1021| 20 11 0 0 0 0 0 0 YDRARMAN
49 | pv | 1025 | 87 30 204| 304 0 0 210/ -85 | %AMBASSA
50 | PQ | 1001 | 17 4 0 0 0 0 0 0 YKUIARGH

161




Appendix

Bus| Bus | Voltage| PL QL PG | Pgmax| Pgmin QG Qgmax | Qgmin Bus Name
No. | Type | (.U) | (Mw) | (mvar) | (vwy | (vwy | (mwy | (MvAR) | (MvAR) | (MvAR)
0,
51| PQ | 0967 17 8 0 0 0 0 0 0 /"AGAARTAL
52| PQ | 0957 | 18 5 0 0 0 0 0 0 9%ROKHIA
%LTPS(LAK
53| Po | 0946 | 23 11 0 0 0 0 0 0 Wy
%NTPS1(NA
54 | pv | 0955 | 113 32 48| 148 0 0 300 -300 MRUP)
0,
55 | pPv | 0952 | 63 22 0 100 0 0 3| 8 /"D'iRHUGA
0,
56 | Pv | 0954 | 84 18 o| 100 0 0 15| 8 /‘"TAF“{'AGA
0,
57| Ppo | o971| 12 3 0 0 0 0 0 0 /DIMAPUR
(PG)
0,
58 | PQ | o9s9| 12 3 0 0 0 0 0 0 /‘"M'ZS'AL(P
50 | pv | o985 | 277| 113 | 155| 255 0 0 180| -60 | %LOKTAK
0,
60 | PQ | 0993| 78 3 0 0 0 0 0 0 7JIRIBUM(
PG)
0,
61 | pv | 0995 | o 0 160| 260 0 0 300| -100 /"A'Z(\Q;AL(P
62 | pv | oo9s | 77 14 0| 100 0 0 20| -20 %AGTPP
63| Po | 099 | o 0 0 0 0 0 0 0 | wHAFLONG
0,
64 | P | o098a| o 0 0 0 0 0 0 0 /"KF,'\IAGNDO
65 | Pv | 1005| o 0 3091| 491 0 0 200 -67 | wkopiLL
66 | pv | 105 | 39 18 392| 492 0 0 200| 67 | %SALKATIL
9%KHLIERIA
67| Po | 102 | 28 7 0 0 0 0 0 0 PGy
%BADARPU
68 | Po | 1003| o 0 0 0 0 0 0 0 o)
69 | Slack| 1.035| o 0 5164 8052 0 0 300, -300 | %GEYLPHU
0,
70| pv | 0984 | 66 20 o| 100 0 0 32| .10 | YRANGAN
ADI1
71| Po | o9s7| o 0 0 0 0 0 0 0 9%NIRJULI
72| pv | o098 | 12 0 0 100 0 0 100 | -100 | %DOYANG1
73| pv | 0991 | 6 0 0 100 0 0 100 | -100 %ZIRO
0,
74| pv | o958 | 68 27 o| 100 0 0 9 6 /"T'NEUK'A
%MARGAR
75 | PQ | 0967 | 47 11 0 0 0 0 0 0 vRe

162



Appendix

Bus| Bus | Voltage| PL QL PG | Pgmax| Pgmin QG Qgmax | Qgmin Bus Name
No. | Type| (P.U) | (MW) | (MVAR) | (MW) [ (MW) | (MW) | (MVAR) [ (MVAR) | (MVAR)
76 PV 0.953 68 36 0 100 0 0 23 -8 %EKBARI
77 PV 1.006 61 28 0 100 0 0 70 -20 %UDAYPUR
78 PQ 1.003 71 26 0 0 0 0 0 0 %NLAGUN
79 PQ 1.009 39 32 0 0 0 0 0 0 %DAPORIZO
80 PV 1.04 130 26 477 577 0 0 280 -165 %ALON(
Table A.12. Line data for NER transmission system
Line no. Féﬁ;n ToBus | R (p.u) X (p.u) B (p.u)

1 1 2 0.0303 0.0999 0.0254

2 1 3 0.0129 0.0424 0.0108

3 2 12 0.0187 0.0616 0.015}Y

4 3 5 0.0241 0.108 0.0284

5 3 12 0.0484 0.16 0.040¢4

6 4 5 0.0018 0.008 0.0021

7 4 11 0.0209 0.0688 0.017%

8 5 6 0.0119 0.054 0.014]

9 5 11 0.0203 0.0682 0.0174

10 6 7 0.0046 0.0208 0.005%

11 7 12 0.0086 0.034 0.008Y

12 8 5 0 0.0267 0

13 8 9 0.0024 0.0305 1.162

14 8 30 0.0043 0.0504 0.514

15 9 10 0.0026 0.0322 1.23

16 11 12 0.006 0.0194 0.004

17 11 13 0.0222 0.0731 0.0188

18 12 14 0.0215 0.07071 0.018p

19 12 16 0.0212 0.0834 0.021¢

20 13 15 0.0744 0.2444 0.062)

21 14 15 0.0595 0.195 0.050p

22 15 17 0.0132 0.04371 0.0444

23 15 19 0.012 0.0394 0.0101L

24 15 33 0.038 0.1244 0.031p

25 16 17 0.0454 0.1801 0.046pb

26 17 18 0.0123 0.0505 0.013

27 17 31 0.0474 0.1563 0.039Pp

28 18 19 0.0112 0.0493 0.011¢

29 19 20 0.0252 0.117 0.0298

30 19 34 0.0752 0.247 0.063p

31 20 21 0.0183 0.0844 0.021p

32 21 22 0.0209 0.097 0.024p

33 22 23 0.0342 0.159 0.0404

34 23 24 0.0135 0.0492 0.0498

35 23 25 0.0156 0.08 0.0864
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Line no. FBragn To Bus R (p.u) X (p.u) B (p.u)
36 23 32 0.0317 0.1153 0.1178
37 24 70 0.0022 0.4115 0.107
38 24 72 0.0488 0.196 0.0488
39 25 27 0.0318 0.163 0.1764
40 26 25 0 0.0382 0
41 26 30 0.008 0.086 0.908
42 27 28 0.0191 0.0855 0.0216
43 27 32 0.0229 0.0755 0.0198
44 28 29 0.0237 0.0943 0.0238
45 29 31 0.0108 0.0331 0.0088
46 30 17 0 0.0388 0
47 30 38 0.0046 0.054 0.422
48 31 32 0.0298 0.0985 0.025]
49 33 37 0.0415 0.142 0.0366
50 34 37 0.0026 0.0094 0.0098
51 34 36 0.0087 0.0268 0.005y
52 34 43 0.0413 0.1681 0.0428
53 35 36 0.0022 0.0102 0.002y
54 35 37 0.011 0.0497 0.0132
55 37 39 0.0321 0.106 0.027
56 37 40 0.0593 0.168 0.042
57 38 37 0 0.0375 0
58 38 65 0.009 0.0986 1.046
59 39 40 0.0184 0.0605 0.0155
60 40 41 0.0145 0.0487 0.012p
61 40 42 0.0555 0.183 0.0466
62 41 42 0.041 0.135 0.0344
63 42 49 0.0357 0.161 0.043
64 43 44 0.0608 0.2454 0.060Y
65 44 45 0.0224 0.0901 0.0224
66 45 46 0.04 0.1356 0.0332
67 45 49 0.0684 0.186 0.0444
68 46 47 0.038 0.127 0.031¢
69 46 48 0.0601 0.189 0.0472
70 47 49 0.0191 0.0625 0.014
71 47 69 0.0844 0.2778 0.0709
72 48 49 0.0179 0.0505 0.0126
73 49 50 0.0267 0.0752 0.018y
74 49 51 0.0486 0.137 0.0342
75 49 54 0.073 0.289 0.0738
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Line no. FBra? To Bus R (p.u) X (p.u) B (p.u)
76 49 66 0.018 0.0919 0.0248
77 49 69 0.0985 0.324 0.082$
78 50 57 0.0474 0.134 0.0332
79 51 52 0.0203 0.0588 0.014
80 51 58 0.0255 0.0719 0.0179
81 52 53 0.0405 0.1635 0.0406
82 53 54 0.0263 0.122 0.031]
83 54 55 0.0169 0.0707 0.020p
84 54 56 0.0027 0.0095 0.0078
85 54 59 0.0503 0.2293 0.0598
86 55 56 0.0049 0.0151 0.003y
87 56 57 0.0343 0.0964 0.024p
88 56 58 0.0343 0.0964 0.024p
89 56 59 0.0825 0.251 0.0569
90 59 60 0.0317 0.145 0.037¢
91 59 61 0.0328 0.15 0.0388%
92 60 61 0.0026 0.0134 0.0146
93 60 62 0.0123 0.0561 0.014y
94 61 62 0.0082 0.0374 0.0098
95 62 66 0.0482 0.218 0.0578
96 62 67 0.0258 0.117 0.031]
97 63 59 0 0.0386 0
98 63 64 0.0017 0.02 0.216
99 64 61 0 0.0268 0
100 64 65 0.0027 0.0302 0.38
101 65 66 0 0.037 0
102 66 67 0.0224 0.1015 0.0268
103 65 68 0.0014 0.016 0.639§
104 68 69 0 0.037 0
105 69 70 0.03 0.127 0.122
106 69 75 0.0405 0.122 0.124
107 69 77 0.0309 0.101 0.1038
108 70 71 0.0088 0.0355 0.008B
109 70 74 0.0401 0.1323 0.033f
110 70 75 0.0428 0.141 0.034
111 71 72 0.0446 0.18 0.0444
112 71 73 0.0087 0.0454 0.011B
113 74 75 0.0123 0.0404 0.010B
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Line no. FBrarsn To Bus R (p.u) X (p.u) B (p.u)
114 75 77 0.0601 0.1999 0.0498
115 76 77 0.0444 0.148 0.0368
116 77 78 0.0038 0.0124 0.012p
117 77 80 0.017 0.0485 0.047p
118 78 79 0.0055 0.0244 0.006b
119 79 80 0.0156 0.0704 0.018f

Table A.13. Generator cost data for NER transmission system

Bus No. a b c
1 0.01 40 0
4 0.01 40 0
6 0.01 40 0
8 0.01 40 0
10 0.0222 20 0
12 0.1176 20 0
15 0.01 40 0
18 0.01 40 0
19 0.01 40 0
24 0.01 40 0
25 0.0455 20 0
26 0.0318 20 0
27 0.01 40 0
31 1.4286 20 0
32 0.01 40 0
34 0.01 40 0
36 0.01 40 0
40 0.01 40 0
42 0.01 40 0
46 0.5263 20 0
49 0.049 20 0
54 0.2083 20 0
55 0.01 40 0
56 0.01 40 0
59 0.0645 20 0
61 0.0625 20 0
62 0.01 40 0
65 0.0256 20 0
66 0.0255 20 0
69 0.0194 20 0
70 0.01 40 0
72 0.01 40 0
73 0.01 40 0
74 0.01 40 0
76 0.01 40 0
77 0.01 40 0
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Fig.A.2. Single-line diagram of the NER-Grid, India

Fig.A.2 illustrates the complete single-line d&g of North-Eastern Regional (NER) Transmissioid Gr
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A.4.51EEE-123 busdistribution system
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Fig.A.3. IEEE 123 Node Test Feeder System

Fig.A.3 depicts the complete single-line diagranEtkE 123 node test feeder system.
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A.4.6 25-bustest distribution system
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Fig.A.4. 25- Node Test Feeder System

Fig.A.4 shows the complete single-line diagrdr®node test feeder system.
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