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ABSTRACT

ANALYSIS OF TRANSMISSION CONGESTION
USING POWER-FLOW SOLUTIONS
Giiner, Sitki

Electrical & Electronics Engineering

Supervisor: Dr. Biilent Bilir

August 2009, 54 pages

Transmission congestion has become a new challenge in an open-access environment of
electric transmission networks. Transmission congestion is the inability of transmission
lines to deliver power under some loading conditions. Congestion usually occurs when
more power flows across the transmission lines than the scheduled rating of the lines. In
today’s world, electric power networks have been so much loaded that such a case has
never been observed before. Due to overloading, transmission lines of the networks are
congested. Management of transmission congestion is a crucial task for the successful
operation of power systems. Our specific problem is to detect load centers or cities that
are not congested for power transmission from a specific power plant such as newly-

built wind farms and small size hydro dams.

Power generation from renewable energy sources has been increasing in the world.
Therefore, electric power networks are grown up quickly. However, power transmission
lines are not expanded as the same pace. When a new power plant is added to a power
system, it may have positive or negative impacts, depending on where the new
generator will be installed and what the new amount of its capacity will be. By analysis
of transmission congestion, we assess the impacts of a new generator or generators

added to the system because of energy demand.

In this research study, we use two power systems; one of which is the 20-bus IEEE

system and the other is the 225-bus system of Istanbul Region. Our goal of this study is
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that how a power system is affected when a new generator is added to the system. As
you may know, power system data are, in general, given in standard data formats such
as IEEE Common Data Format and PTI (Power Technologies Incorporation) Data
Format. To achieve what we promise for an extended power system with new additions,
we first modify the power system data based on changes in demand, generation, and
network. In order to do so, we add the new bus to the current network and increase the
generation and demand. Subsequently, network and bus data are updated automatically.
In this way, data become ready for running the power-flow program. Via this program,
we reach the power-flow solutions. We code the power-flow program in MATLAB
using Newton-Raphson method. Also note that the reactive power limits of generator
buses are taken into account in the solutions. After obtaining the base case solution of
the power flow, we select a candidate bus from load buses to apply incremental changes
in real and reactive power. In order to assess the real and reactive power capacities of
the candidate bus, we plot the P-V curve and the Q-V curve of the candidate bus using
voltages versus real power P and voltages versus reactive power Q. As a result of this
process, we have the real and reactive power capacities of the candidate bus and
information about the congested parts of the power network. Therefore, we provide such
information for power utilities to manage power efficiently and power marketers to sell

power economically.

Deregulations of power systems have become very popular in many countries since
energy resources are utilized efficiently without rigorous regulations. However,
deregulations sometimes result in congestion problems. In the current deregulated
environment of power systems, many countries have been faced with the congestion
problem, which may lead to various other problems such as voltage instability,
blackouts, and machine hunting. Under these circumstances, information about
congestion is indispensable. Our study of power-flow solutions for various generation

and loading conditions yields information to analyze congestion.

Keywords: Transmission Congestion, Power Flow, P-V Curve, Q-V Curve.
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OZET

ILETIM TIKANIKLIGININ GUC-AKIS COZUMLERI ILE ANALIZI

Giiner, Sitki

Elektrik - Elektronik Miihendisligi

Tez Danismani: Dr. Biilent Bilir

Agustos 2009, 54 sayfa

Iletim tikamkligi, gelisen elektrik iletim sebekelerinde yeni bir rekabet alam
olusturmaktadir. fletim tikamklig1, baz1 yiiklenme kosullarinda elektrik hattinda giiciin
iletilmemesidir. Bahsi gecen tikaniklik, elektrik iletim hatlarinin planlanandan daha
fazla gii¢ akisi oldugu zaman meydana gelir. Giinlimiizde, elektrik giic sebekeleri ¢cok
yiiklenmektedir. Oysa asir1 yiiklenme gegmiste sik rastlanan bir durum degildir. Hat
tikaniklig1 yonetimi, gii¢ sistemlerinin basarili isletimi i¢in ¢ok dnemli bir gorevdir. Bu
calismanin amaci, belirli bir gii¢ santralinden gii¢ iletimi yapilabilecek, hatlar1 tikanik
olmayan, yiik merkezleri veya sehirleri belirlemektir. Boyle bir santrale 6érnek olarak

yeni kurulan riizgar ciftlikleri ve kiigiik dl¢ekli hidroelektrik barajlar1 verilebilir.

Yenilenebilir enerjiden elde edilen elektrik iiretimi her gegen giin artmaktadir. Bundan
dolayi, elektrik sebekeleri hizli bir sekilde biiylimektedir. Buna karsin, iletim hatlari
ayn1 hizla gelismemektedir. Yeni bir santralin kurulmasinin konum ve {iretim miktarina
bagl olarak elektrik sebekesine olumlu ve olumsuz etkileri vardir. Iletim tikaniklig

analizi ile sisteme eklenen yeni santralin gii¢ sistemine etkileri incelenir.

Bu arastirmada, iki farkli giic sistemi kullanilmaktadir. Sistemlerden birisi 20 baral
IEEE sistemi; digeri ise 225 barali Istanbul Bélgesi’nin sistemidir. Bilindigi gibi, giic

sistemi verileri genellikle IEEE veri formati ve PTI veri formati gibi standart
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formatlarda verilir. ifade edilenlerin yapabilmesi i¢in, ilk olarak yeni eklenecek baranin
sistemin iiretim, tliketim ve sebeke verilerinde yapacagi degisikliklerinin sistem verisine
girisi yapilir, sebeke ve bara verileri otomatik olarak giincellenir. Boylece veri, giig-akis
programini ¢alistirmak i¢in hazir duruma gelir. Bu program sayesinde glic-akis
coziimlerine ulasilir. Tezde gelistirilen glig-akis programinda Newton-Raphson
yontemini kullanilir. Programin kodlamasit MATLAB ortaminda yapilir. Elde edilen
giic-akis ¢cozlimlerinde jeneratorlerin reaktif giic limitleri dikkate alinmaktadir. Giig-akis
coziimleri elde edildikten sonra, reel ve reaktif giiclerine belli bir oranda arttirmalar
uygulanacak aday bara secilir. Aday bara yiik baralar1 arasindan secilir. Aday baranin
reel ve reaktif gii¢ kapasitesinin belirlenmesi i¢in aday baranin P-V ve Q-V egrileri
cizdirilir. Bu islemin sonucunda aday baralarin reel ve reaktif gii¢ limitlerine ve
kullanilan elektrik sebekelerinin tikanik kesimlerinin bilgisine ulasilir. Bu sayede,
elektrik saglayicilarinin gii¢ sistemini daha verimli yonetmeleri ve elektrik sirketlerinin

elektrigi daha ucuza satmalari i¢in bilgi saglanir.

Gli¢ sistemlerinin deregulasyonlar1 (serbestlestirme), birgok iilkede ¢ok revagta hale
gelmektedir. Ciinkii kati1 regiilasyonlarla (diizenleme) enerji kaynaklarindan etkin
sekilde yararlanilamamaktadir. Serbestlestirme kaynaklarin verimli kullanimi saglarken
iletim tikanikliklarna da sebep olmaktadir. Gili¢ sistemlerinin  giiniimiizdeki
serbestlestirilmis ortaminda, bircok iilke gerilim kararsizligi, ani elektrik kesintisi ve
makine salinimi gibi sorunlara yol acan tikaniklik sorunuyla kars1 karsiya kalmaktadir.

Bu sartlar altinda, tikaniklik hakkindaki bilgiler ¢ok degerlidir.

Anahtar kelime: Hat Tikaniklig1, Gli¢ Akis1, P-V Egrisi, Q-V Egrisi.
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1. INTRODUCTION

1.1 BACKGROUND

Electric energy is the most popular form of energy, because it can be transported easily
at high efficiency and reasonable cost than other form of energy. Power generation from
renewable energy sources has been increasing in the world. Therefore, today’s electric
power networks are grown up quickly. However, power transmission lines are not
expanded as the same pace. Therefore, power systems are operated more close to their
maximum operation conditions. Under these circumstances, transmission congestion is
frequently encountered problem in power systems. Transmission congestion occurs
when the dispatch of transactions causes the violation on the transmission system.
Transmission congestion may result from various reasons, such as transmission line
outages, generator outages, changes in energy demand, and uncoordinated transaction.
For the successful operation of power systems, management of transmission congestion

is a crucial task for power engineers [Hussin, Hassan and Lo 2006].

In the electric power network, demand and supply must be balanced all the time in order
to maintain the system frequency, voltage, and stability standards; Kirchhoff’s laws and
impedance of the whole network determine the power flows in the system. When there
1S congestion, generating capacity in congested area are relative scarcity, so congestion
results in locational market power and causes invalidation of the optimization of

generating resources in the whole network [He, Xu and Cheng 2004].

The power-flow problem is one of the most studied problems in power systems. Power
flow is a problem in every step of the development of power transmission. The newly-
added generators can cause the power-flow problem. Therefore, the power-flow solution
has become a major step in power system planning and operation. The results of power-
flow analysis are necessary for energy system planning, economic scheduling, and

controlling.



A newly-added generator to a power system may have positive and negative impacts,
depending on where the new generator will be installed and what the amount of its
capacity will be [Kaymaz, Valenzuela and Park 2007]. This information is important for
the power-utilities, power purchasers, and the grid operators. Because, any negative
impact of the newly-added generator to the power system increases the energy cost and
affects the power reliability and quality. When transmission constraints prevent delivery
of energy from less expensive sources, energy that is deliverable from more expensive
sources must be used instead. Because of transmission congestion, new cost is added the
energy price. All impacts of the inability of transmission lines to deliver power have

adverse impacts on electricity consumers [U.S. Department of Energy 2006].

1.2 LITERATURE REVIEW

The wvast information about transmission congestion is given in report by the
Department of Energy [US Department of Energy 2006]. The impacts of transmission
congestion on market power in electricity market are described by the paper [He, Xu
and Cheng 2004]. The paper by Kaymaz et. al. proposes the interaction between
competition and transmission congestion on power generation expansion [Kaymaz,
Valenzuela and Park 2007]. Feasibility evaluation and optimal dispatch model which
are applied dispatch management, are dealed in [Wang et. al. 2000]. Analysis of
transmission congestion using probabilistic reliability evaluation for KEPCO is

discussed in [Tran et. al. 2006].

In this work, we study technical parts of the transmission congestion. However,
economical impacts of transmission congestion are studied by many researchers. Some
of the research works for the economical impacts of transmission congestion are given
in [Hussin, Hassan and Lo 2006], [Raikar and Ilic 2001], [Fang and David 1999], and
[Singh, Hao and Papalexopoulos 1998].

The fundamentals of power-flow analysis are covered well in [Saadat 2004], [Glover
and Sarma 2001], and [Grainger and Stevenson 1994]. The reactive power limits of
generators are considered in industrial application of power-flow solutions. A method of

considering the reactive power limits of generators and their voltage adjustments, as a



part of the power-flow solution using Newton-Raphson, is presented in [Mamandur and
Berg 1982]. Current injection power-flow modeling for the solution of power-flow
problems is proposed in [Costaa, Pereiraa and Martins 2001]. In [Alvarado 1999], it
implements a power-flow solution with MATLAB environment of IEEE Power System
Application Data Dictionary; power transfer distribution factors are also dealed in this
paper. Power transfer distributions factors are important elements of the present

congestion management strategies for operating in a deregulated environment.

The real and reactive power capacities are directly related to the system load margin.
Determining the load margin is an important method to obtain real and reactive power
capacities of the buses. Two of the most widely-used methods for the load margin are
the determination of the real power margin P, which is associated with the P-V curve,
and the determination of the reactive power margin Q, which is associated with the Q-V
curve. In [Taylor 1994], broad information about the assessment of real and reactive
power capacities is given. The paper by Chowdhury and Taylor proposes the Q-V curve
power-flow method [Chowdhury and Taylor 2000]. Generator reactive power reserves
(GRPR) related to voltage stability and voltage violations are investigated in [Leonardi

and Ajjarapu 2008], [Randhawa et. al. 2008], and [Su et. al. 2006].

1.3 STATEMENT OF THE PROBLEM

Transmission congestion occurs when more power flows across the transmission lines
than the scheduled rating of the lines. Management of transmission congestion is a
crucial task for the successful operation of power systems. Our specific problem is to
detect load centers or cities that are not congested for power transmission from a

specific power plant such as a newly-built wind farms and small size hydro dams.

In this research study, we analyze the congestion using power-flow solutions for various
load and generation levels. We detect the congested part of the power network such as
some areas of the cities. We use two power systems; one of which is the 20-bus IEEE

system and the other is the 225-bus system of Istanbul Region.



Our goal of this study is to analyze transmission congestion when a new generator is
added to the power network. Under the condition that additional generation is supplied
and the corresponding load is demanded, we run the power-flow program that we have
developed. For various levels of generation and corresponding demand, we obtain
power-flow solutions. In this way, we determine levels of generation and demand where
congestion occurs. Therefore, our study provides information for electric utilities to

operate the system effectively and power marketer to sell power economically.

1.4 METHODOLOGIES

In this research study, we analyze the congestion using power-flow solutions for various
load and generation levels. Our goal is that how a power system is affected when a new
generator bus is added the system. To achieve what we promise, we first modify the
power system data. We can add the new buses and update the existing buses
automatically. In this study, we write the codes for programs using MATLAB

environment.

In order to obtain congested parts of a power networks, power-flow solutions play
crucial role. The power-flow program is the major parts of our research study. The
power flow is widely used in power system analysis. Power-flow solution predicts what
the electrical state of the network will be when it is subject to a specified loading
condition. The result of the power-flow is the voltage magnitude and the angle at each
bus of the system. We develop a power-tflow program as the tool for our analysis. Let us

describe the power-flow problem. Consider an electric power system with n buses.

There are four quantities for each bus. They are voltage magnitude |V , phase angle o,
real power P, and reactive power Q. These n buses are consists of a single swing bus

at which voltage magnitude [\/| and phase angle & are specified, n,, buses at which

real power P and voltage magnitude [\/| are specified (these are PV buses), and n ,

buses at which real and reactive power (P, Q) are specified (these are PQ buses). The
voltage angle of the swing bus serves as reference for the angles of the all other bus
voltages. The PV buses are mostly generator buses at which the injected real power is

specified. The PQ buses are primarily load buses. Evidently,



n=npv+npq +1.

We need to calculate 6 and Q at PV buses, |V| and O at PQ buses, and P and Q at the

swing bus. In order to obtain these values, we solve the system of

(2n,, +2n,, +1=2n-1) power-flow equations using the node-voltage equation in the

matrix form

I =YV,

where | is the bus injection-current vector, V is the bus voltage vector, and Y is the bus

admittance matrix.

R :Zn:[vi”\/j HYii‘COS(@ —0; _gij) (1.1)
j=1

Q = Zn:[vl |’\/jHYij‘Sin(5i -9 _eij) (1.2)
j=1

As seen in equations (1.1) and (1.2), the power-flow problem is a nonlinear problem
because of the sinusoidal terms and the product of voltage magnitudes. Therefore, we
obtain numerical solutions using Newton-Raphson method. In our program, starting
with initial guess with voltage magnitudes of 1.0 p.u and voltage angles of 0 degrees,
we calculate the power-flow solution under the constraints of reactive power limits of
generators with the tolerance of 0.001 p.u. For the two sample power systems, the 20-
bus IEEE system and the 225-bus system of Istanbul Region, we run our power-flow

program and obtain the solutions successfully.

We assess the real and reactive power limits via P-V and Q-V curves. P-V and Q-V
curves can be readily calculated using power-flow program. As a result of this process,
we have the real and reactive power limits of candidate buses and the congested parts of
these power networks. We choose candidate buses from load buses to apply incremental
changes in real power and reactive power. At each candidate bus, we start with the base
case solution of the power-flow. In order to draw the P-V curve for a candidate bus, we
increase real power by 0.75 p.u at each time and run the power-flow program

successively until the power-flow does not converge. In this way, we have successive



values of the real power P and the corresponding voltage magnitudes at the candidate
bus. Using these values, the P-V curve is drawn for the real power and the voltage
magnitude at the candidate bus. To draw the Q-V curve for a candidate bus, we apply

the similar procedures as we perform to draw P-V curves.



2. POWER-FLOW ANALYSIS

2.1 INTRODUCTION

Power-flow analysis is a very important tool for all stage of energy system. The results
of power-flow analysis are necessary for energy system planning, economic scheduling,
and controlling. The principal information obtained from a power-flow study is the
magnitude and phase angle of the voltage at each bus and the real and reactive power
flowing in each line [Grainger and Stevenson 1994]. This chapter deals with the steady-
state analysis of an interconnected power system during normal operation. The system
is assumed to be operating under balanced three-phase steady-state conditions and the
system is represented by a single-phase network. The network contains hundreds of
buses and branches with impedances specified in per unit on a common MVA base

[Saadat 2004].

A power system is consists of buses. There are three types of buses. These are swing

bus, load bus, and generator bus. There are four quantities at each bus; they are voltage

magnitude [\/

, phase angle ¢, real power P, and reactive power Q. The detail

information about these buses as follows:

Swing bus: A bus is taken as a swing bus in each power system for power-flow
solutions. At this bus, voltage magnitude and voltage angle are specified; real and
reactive power are unknown. The voltage angle of the swing bus serves as reference for

the angles of the all other bus voltages.

Load buses: At these buses, the active and reactive powers are specified; the voltage

magnitude and voltage angle are unknown. Load buses are also called P-Q buses.

Generator buses: At these buses, the real power and the voltage magnitude are specified.
The voltage angle and the reactive power are unknown. Generator buses are also called

P-V buses.



Nodal or loop analysis is not suitable for power-flow studies, because the input data for
loads are normally given in terms of power, not impedance. The power-flow problem is
basically that of solving 2n nonlinear algebraic equations in 2n unknowns for an n bus
power system. Therefore, its solution requires numerical analysis techniques. Many
methods are used to solve these nonlinear equations, such as Gauss-Seidel, Newton-
Raphson, and the decoupled version of Newton-Raphson (Fast Decoupled Power-Flow
Solution). However, in power industry, Newton-Raphson is preferred, because it is
more efficient and practical for power-flow solutions. In this respect, we have followed

the preference in industry and have used Newton-Raphson method in our program.

In this chapter, the bus-admittance matrix is formulated; the Newton-Raphson method is
explained; and it is employed in the solution of power-flow problems. Finally, we

discuss the power-flow solutions by programs developed using MATLAB.

2.2 BUS-ADMITTANCE MATRIX

The bus-admittance matrix is extensively used for power system analysis. In order to
obtain the node-voltage equations, consider the simple power system in shown in Figure
2.1. Since the nodal solution is based upon Kirchhoff’s current law, impedances are
converted to admittance; that is,
1 1
Yi=—=

Zy I+ )X

“*

Figure 2.1 : The impedance diagram of a simple system
Source : Hadi Saadat, 2004. Power system analysis.
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Figure 2.2 : The admittance diagram of the system in Figure 2.1
Source : Hadi Saadat, 2004. Power system analysis.

The circuit has been redrawn in Figure 2.2 in terms of admittances and transformation
to current sources. Node 0 is taken as reference. Applying KCL to the independent
nodes 1 through 4 results in
S VAVART VN \ VAR VA FRVAN \VAR VA
L= Y5V + Y (V, =V + v, (v, -Vs)

(2.2)
0= Y3 (V3 _Vz)+ y13(V3 _Vl )+ Y4 (V3 _V4)
0=y, (V4 _V3)
Rearranging these equations yields
I, = (yIO YtV )‘/1 =YV = ViV,
|2 = _ylzvl + (yzo Yot Y )‘/2 - Y23V3 (2 3)

0= _Y13V1 - y23Vz + (y13 T Yt Y )‘/3 - y34V4
0= Y34V4 - y34v3

We introduce the following admittances

Y11 = Yot Yo tYs

Yo = VYo + Yo + Yo
Yoo = Y3+ Y + Yy
Y Y4

Yo =Yy ==Yy

Yis = Y5 = =Yg

Yy =Yy = -Yy

Yy =Y =Yy



The node equation reduces to
I 1= Yl 1V1 + Y12\/2 + Y13V3 + Y14V4
L, =Y,V,+Y,,V, +Y,.V, +Y, V
I 3= Y3 lvl + Y32V2 + Y33V3 + Y34V4
Ly =YV + YRV, +Y,5V5 +Y,V,

(2.5)

Extending the above relation to an n bus system, the node-voltage equation in matrix

form is
_|1_ _Y11Y12"'Y1i"'Y1n __Vl_
Iz Y21Y22 "'Yzi "'an Vz
=l : (2.6)
Ii YilYi2 "'Yii "'Yin Vi
_In_ _YnlYnz '“Yni ”'Ynn__vn_
or
Ibus = Ybusvbus (27)

Ipys 1s the vector of the injected bus currents. The current is positive when flowing
toward the bus and it is negative if flowing away from the bus. Vi is the vector of bus
voltages measured from the reference node. Ybus is known as the bus admittance
matrix. The diagonal element of each node is the sum of admittances connected to it. It

1s known as the self-admittance [Saadat 2004].
Yi = z Yii J#i (2.8)
=0
The off-diagonal element is equal to the negative of the admittance between the nodes.
It is known as the mutual-admittance.

Yij = in ==Y

(2.9)
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2.3 TAP CHANGING TRANSFORMERS

Transformers provide a small adjustment of voltage magnitude and shift the phase angle
of the line voltage. Tap changing transformers and regulating transformers can be used

to control the real and reactive power flows in a power system.

I
I

Figure 2.3 : Transformer with tap setting ratio a:1
Source : Hadi Saadat, 2004. Power system analysis.

Admittance Yy, in per unit is the corresponding of the per unit impedance of the

transformer which has the transformation ratio 1:a as shown in Figure 2.3. In the case of
phase shifting transformers, a is a complex number. Consider a fictitious bus x between
the turn ratio and admittance of the transformer. Since the complex power on either side
of the ideal transformer is the same, it follows that if the voltage goes through a positive
phase angle shift, the current will go through a negative phase angle shift [Saadat 2004],

[Grainger and Stevenson 1994]. For the assumed direction of currents, we have

WZLW (2.10)
a

I, =-a IJ.

2.11)

The current I, can be expressed by

Ii =Y, (Vi _Vx)
(2.12)

Substituting forV, , we have

h=m%—%ﬂj (2.13)

11



From 2.11, we have

R (2.14)

Substituting for I, from 2.13, we have

y y

Writing (2.13) and (2.15) in the matrix form results in

Yi

LY Tav
DL v | (2.16)
a’ 2

e

2.4 NEWTON-RAPHSON METHOD

Newton-Raphson method is the most used method for solving the nonlinear equation
problems. The strategy behind the Newton-Raphson method is Taylor’s series
expansion and an initial estimate of the unknown. Let us consider the solution of the
one-dimensional equation,

f(x)=c
2.17)

If x© is an initial estimate of the solution, and A is a small deviation from the
correct solution, we must have

f(x©+ax©)=c (2.18)

Expanding the left-hand side of the above equation in Taylor’s series about X' yield

0 ) 0
o), [ df o, L[d~f O o ... _
f(x )+(dX)Ax +2!(dx2 (Ax )2+ =cC

(2.19)
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Assuming the error AX©) is very small, the higher-order terms can be neglected, which

results in

0
A = (ij Ax©)
dx

where

Ac® =c— £(x©).

Adding Ax") to the initial estimate will result in the second approximation

Ac©
df Jw)
(dx)

X0 = x© L

Use of this procedure yields the Newton-Raphson algorithm

Ac® =c— f(x®)
X(k'H) — X(k) + Ax(k)

Ax® = .
v
dx

The last equation can be rearranged as

Act) = 3 WAk,

()
dx

Now expand these expressions according to n-dimensional Taylor’s series

where

13
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(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)
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Consequently, the Newton-Raphson algorithm for n-dimensional case becomes

X & = X 0 LA (2.28)

J® s called the Jacobian matrix. Newton’s method is mostly known method for
finding better approximations to the roots of a function. The convergence of Newton’s

method is quadratic.

2.5 POWER-FLOW EQUATION

The power-flow is the computation of voltage magnitude and phase angle of each bus in
a power system under balanced three-phase steady-state conditions. As a by-product of
this calculation, real and reactive power flows in equipment such as transmission lines

and transformers as well as equipment losses can be computed [Glover 2001].

As explained in before chapter, four quantities are associated with each bus and in
general two quantities are known in each bus. Four quantities of each bus must be

obtained for solution of power-flow problem.

Consider a typical bus of a power system network as shown Figure 2.4 application of

the KCL to this bus results in

L=V, Yy, =Yy, j=i (2.29)
j=0 j=1

14
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Figure 2.4 : A typical bus of the power-flow system
Source : Hadi Saadat, 2004. Power system analysis.

The real and reactive power at bus i is

P+JQ =VIy (2.30)
| = PI B JQI

i Vi*
(2.31)

Substituting for I, in (2.30)

Pi _ jQI n n . i

SR (RENY z Vi — Z YiV j#i (2.32)
Vi i 1

The above equation is the mathematical formulation of the power-flow problem results.

This equation is a nonlinear equation, so it must be solved by iteration techniques

[Saadat 2004].

2.6 NEWTON-RAPHSON FOR POWER-FLOW SOLUTION

The Newton-Raphson method is found to be more efficient and practical for large
power systems. In this method, the number of iterations required to obtain a solution is
independent of the system size, but more functional evaluations required at each
iteration. In order to apply the Newton-Raphson method for the power-flow solution,
bus voltages and line admittance is expressed in polar form. Equation (2.32) is separated

the real and imaginary parts,

P = Zn:[vl ”\/] HYij‘COS(5i —0; _eij) (2.33)
j=1
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(2.34)

Q = Zn:,lvl ”VJ HYij‘Sin(gi —0; - Hij)

These equations achieve a set of nonlinear algebraic equations in terms of the

independent variables, voltage magnitude in per unit and phase angle in radians. If the

Newton-Rahpson method is applied these equations,

- - k k k) |[ |
AP(k) oK) aop{K) op(k) op{k) A5§k)
) 35, aon oV, oVn|
AP(k) ap(k) op{k)  apk) op{k) Aagk)
n 652 0dn a‘Vz‘ 6‘Vn‘ L
Ang) 20(k) ool ag(k) 20(K) Avék)
. 05, oon V)| oVn|
AQ(k) Qi) Q) k) GeIMIPAVI(S!
SR | 9%2 9n Ny avnl ||

In short form, the above equation can be written as,
{AP} ~ {Jlaz} AS
AQ| | J:3, AV

For voltage- controlled buses, the voltage magnitudes are known. Therefore, if m buses

(2.35)

of the system are voltage-controlled, m equations involving AQ and AV, the
corresponding columns of the Jacobian matrix are eliminated. Accordingly, there are
n—1 real power constraints and N—1-m reactive power constraints, and the Jacobian
matrix is of order(2n—1—-m)x(2n—1-m). J, is of the order(n—1)x(n—1), J, is of
the order(n—1)x(n—1-m), J, is of the order(n—1-m)x(n—1), and J, is of the
order (n -1- m)x (n -1- m) [Saadat 2004]. At the end of a iteration, if a P-V bus
violates the reactive power limit, the solution process must be changed. The reactive
power at this violated bus is fixed at the limit and the bus type of this bus is changed as
a PQ bus. That is voltage and reactive power of this bus exchange roles as knowns and
unknowns. This change is executed until the reactive power at the bus is within limits. If

a solution is reached, the voltage magnitude at this bus is returned the old value and also

bus type of this bus is changed as a PV bus [Gross 1986].
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The diagonal and off-diagonal elements of J, are

Jl(i,i)=— > MV, [Yysin(s, =5, - 6))

j=i
3,3, )y ==V, |Yy|sin(5, =6, -6,) =i
The diagonal and off-diagonal elements of J, are

... OP,
J,(1,1) = m = 2[\/i ||Y”|cos(6?ii )+ Z’VJ HYij ‘005(5i —-0;—-6;)

3,0, j)=—~— VV\ =V,[[Y;| cos(s, -5, - 6) j#i

The diagonal and off-diagonal elements of J, are

3., |)———Z[\/ IV [[Vi| cos(s, — 5, - 6))
| j#i
(2.40)
35, J)—— —[\/”\/ HY,J‘COS(5i—5J.—9“.) j=i

The diagonal and off-diagonal elements of J, are

3., I)_W__Z[V Yalsin(=6,)+ Y-V v, |sin(s, -5, - ;)

j#i

% _ Vi[¥y|sin( -5, -6;) =i

‘]4(i> J) = (S’V‘
i

AP® and AQ™ are

APK) — plsch) _ plk)
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(2.37)

(2.38)

(2.39)

(2.41)

(2.42)

(2.43)

(2.44)



AQi(k) = Qi(SCh) - Qi(k) (2:45)

The new estimates for bus voltages are

5i(k+1) — 5i(k) +A5i(k) (2.46)

’Vi(kﬂ)

The procedure for power-flow solution by the Newton-Raphson method is as follows:

=N+ AV (2.47)

1. Read system and load data.

2. Yous is constituted.

3. Initialize 6,V

4. Calculate AP and AQ.
5. Calculate Jacobian matrix (2.36 through 2.43).
6. Solve for the voltage angle and magnitude (2.46 and 2.47).
7. Update the voltage magnitude and angles.
8. Check the stopping conditions. If met then terminate, else go to step 3.
‘APi(k)‘ <ég
(2.48)
‘AQi(k)‘ <¢

2.7 LINE FLOW AND LOSSES

After computation of the voltage magnitude and voltage angle at each bus, the next step
is the calculation of line flows and losses. Consider the line connecting the two buses i

and ] in Figure 2.5.

Bus 7 Bus j
V. F
ijff Vi 3 ~ Y Vi 1
>~ o 1
I 17, Zo
Yio Yio

L L

Figure 2.5 : Transmission line model for calculating line flows
Source : Hadi Saadat, 2004. Power system analysis.
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The line current 1,

i =10+ 1o = Yy Vi =V + YV, (2.49)

The line current |,

i =—1 + 150 =Yy; V; =V + Y0V, (2.50)

The complex powers S; and S,

S =Vl (2.51)

i (2.52)

The power loss in line i — | is the algebraic sum of the power-flows determined from
(2.51 and 2.52)
Siss, =S + 5, (2.53)

loss;;

2.8 POWER-FLOW PROGRAM

The power-flow computer program is the major tool for analyzing transmission
congestion. This program computes all unknown parameters at each bus in a power
system. Real power and reactive power flows for all components interconnecting the
buses, as well as line losses, are also computed. Both existing power system and
proposed changes including new generation and transmission to meet projected load

growth are of interest [Glover and Sarma 1994] .

Conventional nodal or loop analysis is not suitable for power-flow studies, because the
loads are known as complex powers, not impedances; also generators are considered as
power sources, not voltage or current sources. The power-flow problem is therefore
formulated as a set of nonlinear algebraic equations suitable for computer solutions

[Gross 1986], [Glover and Sarma 1994].
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In previous sections, we overview all steps of the solution of power-flow problem using
Newton- Rapson methods. All power-flow equations and input/output data are given in
per-unit. We discuss the power-flow problem and its solutions by programs developed

using MATLAB.

The main program of power-flow solutions is pwr_flw. This program calls the other
programs; Modifying the power system is addfun, bus admittance matrix is ybus,
Newton- Raphson method is pfnewton. The program plotting P-V curve is named as

nose_ P and the program nose_Q plots Q-V curve.

pwr_flw: This program is main program for the power-flow solution. The power
system data must be getting IEEE Common Data Format. The power system data is
converted to matrix form. Then, data modifying program is called to add a new bus or
update the existing buses. Bus-admittance matrix is constituted. Subsequently, Jacobian
matrix is constructed and the voltage magnitude and the angle at each bus is solved
using Newton-Raphson method. Reactive powers of generator buses and real and
reactive powers of swing bus are calculated using newly-obtained voltages. If reactive
power of a generator bus is not within limits, the solution process is changed. The
reactive power at this violated bus is fixed at the limit and the bus type of this bus is
changed as a PQ bus. This change is executed until the reactive power at the bus is
within limits. When all unknowns are solved within the constrains, power-flow solution
has been obtained. The results of power-flow solution are used for plotting P-V and Q-
V curves of candidate bus. The flowchart of power-flow program is shown in Figure

2.6. You can find the program pwr_flw in APPENDIX Al.

addfun: This program modifies the power system data. A new bus can be added or a
existing bus can be updated using this program. You can find the program addfun in

APPENDIX A2.

ybus: This program requires the line and transformer parameters and transformer tap
settings specified. It converts impedance to admittance and obtain the bus admittance

matrix. You can find the program ybus in APPENDIX A3.
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pfnewton: This program obtains the power-flow solution using Newton-Raphson
method. This program computes the voltage magnitude and voltage angle at each bus in
a power system. In this program, firstly Jacobian matrix is constructed and power
mismatches are calculated. Then, the voltage magnitudes and angles are computed and
newly-obtained voltage magnitudes and angles are updated. The tolerance is checked. If
the maximum power mismatch is bigger than the tolerance, Jacobian matrix is
constructed again using newly-obtained voltage magnitudes and angles. This process is
run until to reach the convergence. Then, if a P-V bus violates the reactive power limit,
this program calls the program Qlim. At the end of the program Qlim, the tolerance is
checked again. This program runs until to reach the convergence. The flowchart for
Newton-Raphson algorithm is shown in Figure 2.7. You can find these programs in

APPENDIX A4.

printout: This program produces the numerical result of the power-flow solution of the
power system in a tabulated form. This result includes the voltage magnitude and
voltage angle, real and reactive power of generator and loads. It reveals the active and
reactive power-flow entering the line terminals and line losses as well as the net power
at each bus. The total real and reactive power losses is also listed. You can find the

program printout in APPENDIX AS.

nose P and nose Q : This program is used for to obtain the real and reactive power
limits of the candidate bus. It plots P-V and Q-V curves of the candidate bus. Firstly, a
candidate bus is selected to plot P-V and Q-V curves. Then, the power-flow program is
run. At the end of power-flow program, the convergence is checked. If the convergence
is reach, the P, Q, and V values of the candidate bus at this iteration is kept. If not, P-V
and Q-V curves of the candidate bus are plotted. The flowchart for plotting P-V and Q-
V curves is shown in Figure 2.8. You can find the programs, nose_P and nose_Q in

APPENDIX A6.
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Data converted into matrix format

A

Add a new bus or update the existing buses

A

Transform external bus numbers into the internal ones

A

Build Ybus matrix

A

Construct Jacobian matrix

A

Newton-Raphson Method

A

Compute power-flows

A

Transform internal bus numbers back to the original ones

v

Result output file

v

Calculation of P-V and
Q-V curves

Figure 2.6: Flowchart for power-flow program
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4’

Newton-Raphson Method

Calculate power mismatches

AP and AQ

heck tolerance AP or
AQ > tol ?

Update iteration counter: i=i+ 1

A
Evaluate Jacobian

A
Update voltages

Y
Calculate power mismatches

heck tolerance AP or
AQ>tol ?

Change PV bus to

PQ bus and set Q to
a limit value,

Power-flow converges

Figure 2.7: Flowchart for Newton-Raphson algorithm
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Select a candidate bus

Incremantly change the P
and/or Q values of
candidate bus

A

A

Run power-flow program

no
Check the convergence

Keep the P, Q and V values of the
candidate bus at this iteration

Y

Plot P-V and Q-V curves of the
candidate bus

Figure 2.8: Flowchart for plotting P-V and Q-V curves
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3. ASSESSMENT OF REAL AND REACTIVE POWER

CAPACITIES USING P-V AND Q-V CURVES

3.1 INTRODUCTION

The methods of P-V and Q-V curves are mostly used for voltage stability analysis.
Transmission congestion is directly related to voltage stability. Therefore, we deal with
P-V and Q-V curves for assessment of the real and reactive power limits of the
candidate bus. The methods of P-V and Q-V curves are widely accepted tools; they can
provide real and reactive power margins. Power marketers need to P_V and Q-V curves
of candidate bus to get information of the maximum transferable power to this bus. P-V

and Q-V curves are generated by series of power-flow solutions.

In this chapter, we describe P-V and Q-V curves; explain how to compute real and
reactive power margin; and discuss research methodology that we follow for assessment
of real and reactive power capacities of candidate bus. We also present our results with
P-V and Q-V curves for various load buses of the 20-bus IEEE system and the 225-bus

system of Istanbul Region.

3.2 ASSESSMENT OF REAL POWER CAPACITY USING P-V CURVES

In order to obtain the maximum transferable real power, the relationship between
transmitted P and receiving end V is of interest. The P-V curves, real power- voltage
curve, are used to determine the MW distance from the operating point to the critical
voltage. A typical P-V curve is shown in Figure 3.1. Consider a single, constant power
load connected through a transmission line to an infinite-bus. Let us consider the
solution to the power-flow equations, where P, the real power of the load, is taken as a
parameter that is slowly varied, and V is the voltage of the load bus. The three regions
shown in Figure 3.1 are related to the parameter P. In the first region, the power-flow
has two distinct solutions for each choice of P; one is the desired stable voltage and the
other is the unstable voltage. As P is increased, the system enters the second region,

where the two solutions intersect to form one solution for P, which is the maximum. If P
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is further increased, the power-flow equations fail to have a solution. This process can
be viewed as a bifurcation of the power-flow problem. The method of maximum power
transfer determines critical limits on the load bus voltages, above which the system

maintains steady-state operation.

y A

MW distance to
critical point
‘ < p-
Stable region
A
V crit f———— Stability Limit
Unstable region
Operating Point P s P

Figure 3.1: Real power-voltage (P-V) curve
Source: Prabha Kundur, 1994. Power system stability and control.

The P-V curve is drawn for the load bus and the maximum transferable power is
calculated. Each value of the transferable power corresponds to a value of the voltage at
the bus until V = V; after which further increase in power results in deterioration of
bus voltage. The top portion of the curve is acceptable operation whereas the bottom
half is considered to be the worsening operation. The risk of voltage collapse is much
lower if the bus voltage is further away, by an upper value, from the critical voltage
corresponding to Pn.x. Hence, the P-V curve can be used to determine the system’s

critical operating voltage and collapse margin [Kundur 1994].

3.2 ASSESSMENT OF REACTIVE POWER CAPACITY USING Q-V CURVES

The Q-V curves are used to determine the Mvar distance from the operating point to the
critical voltage. A typical Q-V curve is shown in Figure 3.2. It shows the sensitivity and
variation of bus voltages with respect to reactive power injections or absorptions.
Scheduling reactive loads rather than voltage produces Q-V curves. These curves are a

more general method of assessing reactive power limit of a critical bus.
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»0

Operating Point Omax =

Figure 3.2: Reactive power-voltage (Q-V) curve
Source: Prabha Kundur, 1994. Power system stability and control.

If voltage level exceeds the limit, reactive support is installed to improve voltage
profiles. With such an action, voltage level can be maintained within acceptable limits
under a wide range of MW loadings. In reality, voltage level may never decline below

that limit as the system approaches its steady-state stability limits.

In Figure 3.2, the Q axis shows the reactive power that needs to be added or removed
from the bus to maintain a given voltage at a given load. The reactive power margin is
the Mvar distance from the operating point to the bottom of the curve. Near the nose of
a Q-V curve, sensitivities get very large and then reverse sign. Also, it can be seen that
the curve shows two possible values of voltage for the same value of power. The power
system operated at lower voltage value would require very high current to produce the
power. That is why the bottom portion of the curve is classified as an unstable region;
the system cannot be operated, in steady state, in this region. The top portion of the
curve represents the stability region while the bottom portion from the stability limit
indicates the unstable operating region. It is preferred to keep the operating point far

from the stability limit [Kundur 1994].
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3.3 RESEARCH METHODOLOGY OF ASSESSMENT OF REAL AND

REACTIVE POWER CAPACITIES

In this research study, we analyze the congestion using power-flow solutions for various
load and generation levels. We detect the congested part of the power network such as
some areas of the cities. We use two power systems; one of which is the 20-bus IEEE
system and the other is the 225-bus system of Istanbul Region which is a real power
system of which data are provided us by TEIAS. The one-line diagram of this system is
given in Figure 3.3. In order to analyze transmission congestion when a new generator
is added the power network, firstly we should have a program that modifies the power
system data automatically. We code this program in MATLAB environment as all
programs we code in this study. Adding a new bus or updating the existing buses can be

done using this program.
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Figure 3.3: One-line diagram of the 225-bus system of Istanbul Region
Source: TEIAS

The power-tflow solution is the major part of our study. We run the power-flow program
using Newton-Raphson method to obtain the power-flow solution. Our program

considers the reactive power limits of generator buses in the systems. As you may
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know, such constraints make power-flow difficult to convergence. However, the
program reaches a solution successfully for each power system we used. The power-
flow solution of the system is taken as a base case. After this point, we develop P-V and

Q-V curves based on the methodology we describe below.

The methodology that we follow for development of a full P-V curve is as follows:

1. Choose a load bus at which the real power P is incrementally changed. The
power generated from the newly-added generator bus will be transferred to this
bus. This could be a load that is transferred power from the. We call the chosen

bus the candidate bus.

2. Increase the real power P by 0.75 p.u. at the candidate bus. The real power
output of the newly-added generator should simultaneously provide this
increase. Note that except this change, nothing else changes in the data. Run the
power-flow program with these changes. Obtain a new voltage value at the

candidate bus against the increased P value.

3. [Iterate the processes at step 2 until the power-flow does no more converge.

4. Run the program that plots the P-V curve using the calculated voltages

corresponding to incrementally changed P values at the candidate bus.
5. Compute the maximum permissible real power Pp,x.
Using the methodology for generating P-V curves which we discuss above, we generate
P-V curves for load buses 5, 8, and 9 of the 20-bus IEEE system. They are given in

Figures 3.4, 3.5, and 3.6. The real power limit of the given buses are easily obtained

from the P-V curves in these figures.
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Figure 3.6: P-V Curve (Bus 19 at the system IEEE20)

The P-V curves for load buses 9, 19, and 79 of the 225-bus system of Istanbul Region
are given in Figures 3.7, 3.8, and 3.9.
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Figure 3.7: P-V Curve (Bus 9 at the system of Istanbul225)
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A general belief in power system management is that after a power-flow solution misses

the convergency, the system solution does not converge again. However, the behavior

of the points after the nose of the curve in the figures above is contrary to that general

belief; interestingly enough, such convergence can occur after divergence.

The methodology that we follow for development of a full Q-V curve is as follows:

1.

Choose a load bus at which the reactive power Q is incrementally increased. We

call the chosen bus the candidate bus as in the methodology for P-V curves.

The reactive power output of each generator should be allowed to adjust as the
Q-V analysis progresses. Increase the real power Q by 0.75 p.u. at the candidate
bus. Note that except this change, nothing else changes in the data. Run the
power-flow program with these changes. Obtain a new voltage value at the

candidate bus against the increased Q value.

Iterate the processes at step 2 until the power-flow does no more converge.

To reach the nose of the curve closely, take the last case at which the power-

flow converges as the base case

Run the program that plots the Q-V curve using the calculated voltages

corresponding to incrementally changed Q values at the candidate bus.

6. Compute the maximum reactive power Qn.x of the candidate bus.

Using the methodology for generating Q-V curves which we discuss above, we generate

Q-V curves for load buses 5, 8, and 9 of the 20-bus IEEE system. They are given in

Figures 3.10, 3.11, and 3.12. The reactive power limit of the given buses are easily

obtained from the Q-V curves in these figures. Similar points after the nose of curve are

also observed at the Q-V curves of the same buses.
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-V Curve at Bus 9
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Figure 3.12: Q-V Curve (Bus 9 at the system IEEE20)

The Q-V curves for load buses 9,19, and 79 of the 225-bus system of Istanbul Region
are given in Figures 3.13, 3.14, and 3.15.
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Figure 3.13: Q-V Curve (Bus 9 at the system Istanbul225)
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4. CONCLUSION

In the first chapter, we give definition of transmission congestion; discuss causes and
importance of analysis of transmission congestion. The literature about transmission
congestion is rewieved. Subsequently, objectives and methodologies of this study are

also mentioned.

In the second chapter, power-flow analysis is described mathematically in details.
Power-flow equations and power-flow solution using Newton-Raphson method are also
studied. We give the explanation of power-flow program and flowchart of this program

at the end of this chapter.

In the third chapter, we describe P-V and Q-V curves and explain how to compute real
and reactive power capacities using P-V and Q-V curves. We also discuss research
methodology that we follow for assessment of real and reactive power capacities of
candidate bus and show our results with P-V and Q-V curves for various load buses of
the 20-bus IEEE system and the 225-bus system of Istanbul Region. We obtain
interesting points after the nose in the P-V and Q-V curves of some buses. These points
after nose are observed in P-V and Q-V curves of almost all buses of these two power
system. A general belief in power system management is that after a power-flow
solution misses the convergency, the system solution does not converge again. These
points show that convergence can occur after divergence. Due to these outputs, these
curves must be analyzed mathematically details to understand the behavior of these

points.

In conclusion, we observe the congestion effects of newly-added generator to the power
system by our thesis study. For example, a utility company would like to sell power to
some load centers or cities. However, it is not that simple to transfer power between
utility company regarding consumption centers if the transmission lines become
congested under new loading conditions. In such a case, our study provides the utility
company with the information that whether or not the transmission system turns out to

be congested.
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4.1 CONTRIBUTIONS

We have developed a comprehensive power-flow program that also includes the
reactive power limits of the generators using MATLAB. Two different power systems,
one of which is a small scale system and other is a middle scale system, are analyzed
closely for transmission congestion. The P-V and Q-V curves that are corresponding to
candidate buses are obtained. This work provides information for utilities to manage the
power grid effectively and power investors to invest in correct resources at correct

places.

4.2 FURTHER STUDY

The power-flow program can be elaborated; as you may know, the program we develop
does apply two different power systems. However, it becomes much more professional
by running the program for various different power systems. P-V and Q-V curves can
be analyzed mathematically in details, since the points after the nose of curve can

change the general belief about the convergence of the power-flow solutions.
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APPENDIX A. PROGRAMS

A.1 POWER-FLOW PROGRAM

function [bus,gen,branch,P,Q]=pwr_flw(ieeefilename,addnum,Qlim)
if nargin<=0

fprintf("You must give at least one input.\nPlease recall this function
with input.\n-");
else

[baseMVA,bus,gen,branch] = feval (ieeefilename);

if nargin>=2

[bus,gen,branch]=addfun(bus,gen,branch,addnum) ;

end

[bus,gen,branch,ext]=intnum(bus,gen,branch);

[fbus, tbus, fbuslen, Y, a, b, y]=ybus(branch,bus,baseMVA);

data_formating;

if nargin==3

pfnewton_QIlim;
else
pfnewton;

end

[bus,gen,branch]=extnum(bus,gen,branch,ext);

printout;
end

44



A.2 PROGRAM FOR MODIFYING THE POWER SYSTEM DATA

function [bus,gen,branch]=addfun(bus,gen,branch,addnum)
for d=1:addnum

g=input("If you change bus data,\npress 1 to update a bus data, \npress 2
to enter new bus data, \nif not press zero\n");

it g==2
fprintf(" Bus Type Pd Qd Gs Bs area Vm
Va basekV zone Vmax\n™) ;
fprintf(”

\n);
newbus=input(“\nEnter bus data of new bus\n-®);
if newbus(2)==2

fprintf(" Bus Pg Qg Qmax Qmin Vsp  baseMVA
status Pmax Pmin\n®);
fprintf(”
\n®);
newgen=input("Enter generator data of new bus\n");
end
fprintf("Fbus  Thus R B Ratea Rateb Ratec
Ratio Angle status\n®);
fprintf ("

newbranch=input("Enter branch data of new bus\n");
bus=[bus;newbus];

gen=[gen;newgen];

branch=[branch;newbranch];

end
if g==1
x=input("Enter bus number\n®);
i=1;
while x~=bus(i,1)
i=i+l;
end
fprintf(" Bus Type Pd Qd Gs Bs area Vm
Va baseKkV zone Vmax\n*©);
fprintf(”

\n");
fprintf (" %4d%5d%10 . 3F%9 . 3F%9 . 3F%9 . 3F%5d%9 . 3F%9 . 3f%10.3F%5d%9.3F\n" ,bus(i,[1:12
D):
upbus=input("Enter new data of selected bus\n®);
bus(i,1:12)=upbus;
if upbus(2)~=1
k=input("Is generation data new or update? Press 1 for new, 2 for
update\n-®);
if k==1
i=1;
fprintf (" Bus Pg Qg Qmax Qmin Vsp baseMVA
status Pmax Pmin\n®");
fprintf ("

\n");
upgen=input(“"Enter new generation data of selected bus\n®);
while x>gen(i,1)
i=i+l;
if i>length(gen)
break
end
end
if i<=length(gen)
gen=[gen(1:i-1,:);upgen;gen(i:end, :)];
else
gen=[gen;upgen];
end
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i=1;
while x~=gen(i,1)
i=i+1;

end

fprintf(® Bus Pg Qg Qmax Qmin Vsp
baseMVA status Pmax Pmin\n®);
fprintf (-

\n");

fprintf("%4d%8d%7 - 31%10 . 3F%9.3F%10.3F%8d%11.3F%11.3F%10.3F\n" ,gen(i,1:10));
upgen=input(“"Enter new generation data of selected bus,\n");
gen(i, :)=upgen;
end
end
end
end
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A.3 PROGRAM FOR BUS ADMITTANCE MATRIX

function [fbus, tbus, fbuslen, Y, a, b, y]=ybus(branch,bus,baseMVA)
fbus=branch(:,1);
tbus=branch(:,2);
R=branch(:,3);
X=branch(:,4);
b=branch(:,5)/2;
Gs=bus(:,5)/baseMVA;
Bs=bus(:,6)/baseMVA;
fbuslen=length(branch(:,1));
maxbus=max(max(fbus) ,max(tbus));
Z=R+j*X;
y=ones(fbuslen,1)./Z;
Y=zeros(maxbus,maxbus) ;
a=branch(:,9);
for n=1:maxbus
Y(n,n)=Gs(n)+j*Bs(n);
for k=1:fbuslen
if a(k)==0
a(k)=1;
end
if fbus(k)==n
Y(n,n) = Y(n,n)+y(k)/(ak)”2) + j*b(k);
elseif tbus(k)==n
Y(n,n) = Y(n,n)+y(k) + J*b(k);
end
end
end
for i=1:fbuslen
Y(fbus(i),tbus(i))=Y(fbus(i),tbus(i))-y(i)/a(i);
Y (tbus (i), fbus(i))=Y(fbus(i),tbus(i));
end
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A.4 PROGRAM FOR NEWTON-RAPHSON METHOD

A.4.1 Main Program for Newton-Raphson Method

m=2*buslen-npv-2*ns;
accu=0.001;
maxiter=100;
angconv=0;
error=1;
iter=1;
while error>=accu & iter<=maxiter
JIM=zeros(m,m);
for n=1:buslen
Jlr=n-s_index(n);
J3r=buslen+n-pv_index(n)-s_index(n)-ns;
J11=0; J22=0; J33=0; J44=0;
for i=1:buslen
if i==n
continue
else
J11=J11+Vm(n)*Vm(i)*Ym(n, i)*sin(Yang(n, i)-angle(n)+angle(i));
J33=333+Vm(n)*Vm(i)*Ym(n, i)*cos(Yang(n, i)-angle(n)+angle(i));
if bustype(n)~=3
J22=322+Vm(i)*Ym(n, i)*cos(Yang(n, i)- angle(n)+angle(i));
J44=344+Vm(i)*Ym(n, i)*sin(Yang(n, i)- angle(n)+angle(i));
end
iT bustype(n)~=3 & bustype(i)~=3
J2c=buslen+i-pv_index(i)-s_index(i)-ns;
Jlc=i-s_index(i);
IM(1r,j1c) =-Vm(n)*Vm(i)*Ym(n, i)*sin(Yang(n,i)-
angle(n)+angle(i));
if bustype(i)==1
IM(1r,j2c)=Vm(n)*Ym(n, i)*cos(Yang(n,i)-
angle(n)+angle(i));
end
if bustype(n)==1
IM@3r, jle)=-Vm(n)*Vm(i)*Ym(n, i)*cos(Yang(n,i)-
angle(n)+angle(i));
end
if bustype(n)==1 & bustype(i)==1
IM3r,j2c)=-VYm(n)*Ym(n, i)*sin(Yang(n, i)-
angle(n)+angle(i));
end
end
end
end
Pk=Vm(n)~2*Ym(n,n)*cos(Yang(n,n))+J33;
Qk=-Vm(n)"2*Ym(n,n)*sin(Yang(n,n))-J11;
if bustype(n)~=3
IM(lr,jlr)=J11;
dPQ1r)=P(n)-Pk;
end
if bustype(n)==1
IM(1r, j3r)=2*Vm(n)*Ym(n,n)*cos(Yang(n,n))+J22;
IM(3r,jlr)=333;
IMG3r,j3r)=-2*Vm(n)*Ym(n,n)*sin(Yang(n,n))-J44;
dPQ@3r)=Q(n)-Qk;
end
end
dsV=IM\dPQ" ;
for n=1:buslen
Jlr=n-s_index(n);
J3r=buslen+n-pv_index(n)-s_index(n)-ns;
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if bustype(n)~=3
angle(n)=angle(n)+dsvV(j1lr);
end
if bustype(n)==1
Vm(n)=Vm(n)+dsV({3r);
end
end
error=max(abs(dPQ));
iter=iter+1;
V=Vm.*cos(angle)+j*Vm.*sin(angle);
S_gen=V(gennum) .*conj (Y(gennum, :)*V);
Qg(gennum)=imag(S_gen)*baseMVA+Qd(gennum) ;
sb_find=Find(gennum==sb);
Pg(sb)=real (S_gen(sb_Tfind))*baseMVA+Pd(sb
flag=0;
for i=1:genlen
it Qg(gennum(i))<Qmin(gennum(i))
Q(gennum(i))=(@min(gennum(i))-Qd(gennum(i)))/baseMVA;
flag=Flag+1;
tmp(Flag)=gennum(i);
elseif Qg(gennum(i))>Qmax(gennum(i))
Q(gennum(i))=(Qmax(gennum(i))-Qd(gennum(i)))/baseMVA;
flag=Flag+1;
tmp(Flag)=gennum(i);
end
end
it flag ~=0

[Vm,angle,error]=Qlimit(tmp,gen,bustype,buslen,s_index,ns,Vm,Ym,Yang,angle,P,Q
if error<accu
bustype(tmp)=1;
end
clear tmp;
end
end
clear S fr S_to S loss
angconv=180/pi*angle;
S_fr=baseMVA*V(fbus) .*conj ((V(fbus)-
V(tbus) .*a) . *y+V(fbus) .- *(J*b)) ./(a-*conj(a));
S_to=baseMVA*V(tbus) .*conj ((V(tbus)-V(fbus)./a).*y+V(tbus).*(*b));
S_loss=S_fr+S_to;
bus(:,8)=Vm"; bus(:,9)=angconv";

A.4.2 Program for Reactive Power Limit

function
[Vm,angle,error]=Qlimit(tmp,gen,bustype,buslen,s_index,ns,Vm,Ym,Yang,angle,P,Q

)
bustype(tmp)=1;
pv=fFind(bustype==2);
npv=length(pv);
pv_index=zeros(1,buslen);
for i=1:npv %define PV index
if i==npv
if pv(i)==buslen
pv_index(1,buslen)=i;

end
pv_index(1,pv(i):buslen)=i;

else
pv_index(1,pv(i):(pv(i+l)-1))=i;

end
end
m=2*buslen-npv-2*ns;
JIM=zeros(m,m);
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for n=1:buslen
Jlr=n-s_index(n);
J3r=buslen+n-pv_index(n)-s_index(n)-ns;
J11=0; J22=0; J33=0; J44=0;
for i=1:buslen
if i==n
continue
else

J11=J11+Vm(n)*Vm(i)*Ym(n, i)*sin(Yang(n, i)-angle(n)+angle(i));
J33=333+Vm(n)*Vm(i)*Ym(n, i)*cos(Yang(n, i)-angle(n)+angle(i));
if bustype(n)~=3
J22=322+Vm(i)*Ym(n, i)*cos(Yang(n,i)- angle(n)+angle(i));
J44=344+Vm(i)*Ym(n, i)*sin(Yang(n, i)- angle(n)+angle(i));

end
if bustype(n)~=3 & bustype(i)~=3
J2c=buslen+i-pv_index(i)-s_index(i)-ns;
Jlc=i-s_index(i);
IM(1lr,jlc) =-Vm()*Vm(i)*Ym(n, i)*sin(Yang(n,i)-
angle(n)+angle(i));
if bustype(i)==1
IM(1r,j2c)=Vm(n)*Ym(n, i)*cos(Yang(n,i)-
angle(n)+angle(i));
end
if bustype(n)==1
IM3r,j1c)=-VYm(n)*Vm(i)*Ym(n, i)*cos(Yang(n,i)-
angle(n)+angle(i));
end
if bustype(n)==1 & bustype(i)==1
IM3r,j2c)=-Vm(n)*Ym(n, i)*sin(Yang(n, i)-
angle(n)+angle(i));
end
end
end
end
Pk=Vm(n)"2*Ym(n,n)*cos(Yang(n,n))+J33;
Qk=-Vm(n)"2*Ym(n,n)*sin(Yang(n,n))-J11;
iT bustype(n)~=3
IM(1r,jlr)=J11;
dPQ1r)=P(n)-Pk;
end
if bustype(n)==1
IM(1r,j3r)=2*Vm(n)*Ym(n,n)*cos(Yang(n,n))+J22;
IM3r,jlr)=J33;
IM@3r,J3r)=-2*Vm(n)*Ym(n,n)*sin(Yang(n,n))-J44;
dPQ@3r)=Q(n)-Qk;
end
end
dsV=IM\dPQ" ;
for n=1:buslen
Jlr=n-s_index(n);
J3r=buslen+n-pv_index(n)-s_index(n)-ns;
if bustype(n)~=3
angle(n)=angle(n)+dsvV((1r);
end
if bustype(n)==1
Vm(n)=Vm(n)+dsV(J3r);
end
end
error=max(abs(dPQ));
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A.5 FUNCTION FOR NUMERICAL RESULT OF POWER-FLOW SOLUTION

filename = strcat(ieeefilename,” printout.txt");
fid=fopen(Filename, "w+");

head1l="POWER-FLOW SOLUTION by NEWTON-RAPHSON METHOD®;

busnum=bus(:,1);

fprintf(fid, "%64s \n\n\n\n",headl);

fprintf(fid, "Maximum Power mismatch = %.10F. \n",error);

fprintf(fid, "Power flow converged in %3d iterations. \n\n\n\n-",iter-1);
fprintf(fid,

“\n

fprintf(fid, “\n] System Summary
17):

fprintf(fid,

“\n

fprlntf(fld “\n\nHow many? How much? P (MW)

Q (MVAr)");
fprintf(fid, *“\n--——— - ——————— -

fprintf(fid, "\nBuses %6d Total Gen Capacity %7.1F
%7.1F ", buslen,sum(Pg),sum(Qg));

fprintf(Ffid, "\nGenerators %5d On-line Capacity %7.1F
%7.1F", npv,sum(Pg),sum(Qg));

fprintf(fid, "\nLoads %5d Load %7.1F
%7.1F", npg,sum(Pd),sum(Qd));

fprintf(fid, "\nShunts %5d Shunt (inj) %7.1F
%7 .1F", ngsh,sum(Psh),sum(Qsh));

fprintf(fid, "\nBranches %5d Losses %7 .2F
%7.2F", length(branch),sum(real (S_loss)),sum(imag(S_loss)) );
fprintf(fid,

“\n

fprlntf(fld “\n| Bus Data

fprlntf(fld,
“\n

fprintf(fid, "\n Bus Voltage Generation Load

fp;intf(fid, \n # Mag(pu) Ang(deg) P (MW) Q (MVAr) P (MW) Q
(MVAr)*);
fprintf(fid, "\n--—— ——————- e
");
for n=1:buslen
fprintfF(Fid, “\n%5d%7.3f%9.3f" ,bus(n, [1,8,9]));%busnumber,Vm,angle
fprintf(fid, "%10.2F%10.2F *,Pg(n),Qg(n));%Pg,Qg
fprintf(fid, "%10.2f%9.2F",Pd(n),Qd(n));%Pd,Qd
end
fprintf(fid, *“\n e s

fprintf(fid, "\n Total: %9.2F %9.2F %9.2F
%9.2F" ,sum(Pg) ,sum(Qg) ,sum(Pd) ,sum(Qd)) ;

fprintf(fid, "\n");

fprintf(fid,

“\n

fprintf(fid, "\n] Branch Data

forintf(fid,
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fprintf(fid, "\nBrnch From To From Bus Injection To Bus Injection

Loss ");

fprintf(fid, "\n # Bus Bus P (W) Q (MVAr) P (W) Q (MVAr)

P(MW) Q (MVAr)T);

fprintf(fid, "\n--———- - ———— -

for n=1:fbuslen
fprintf(fid, "\n%4d%7d%7d%10.2F%10.2F%10.2F%10.2F%10.2F%10.2F", ..

n,branch(n,[1,2]),real (S_fr(n)), imag(S_fr(n)),real (S_to(n)), imag(S_to(n)),real

(S_loss(n)),imag(S_loss(n))):
end
fprintf(fid, "\n -

fprintf(fid, "\n
Total :%10.2F%10.2F",sum(real (S_loss)),sum(imag(S_loss)));
fprintf(fid, "\n");

fclose(fid);
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A.6 PROGRAM FOR PLOTTING P-V AND Q-V CURVE

A.6.1 Program for Plotting P-V Curve

del=0;
num=9;
for inx=1:1000
[baseMVA, bus,gen,branch,buscoord,busname]=gr_data;

newbus=[21 2 0.00 0.00 0.000 0.000 1 1.02000
230.00 O 1.06000 0.94000];

newgen=[21 O 0.00 500.00 0.00 0.98000 100.00 1
1000.00 0.00 ];

newbranch=[21 19 0.00300 0.02500 0.06000 100.00 100.00
1.00000 0.000 1];
bus=[bus;newbus];
gen=[gen;newgen];
branch=[branch;newbranch];
bus(num, 3)=bus(num,3)+0.75*(inx);
gen(7,2)=gen(7,2)+0.75*(inx);
[fbus, tbus, fbuslen, Y, a, b, y]=ybus(branch,bus,baseMVA);
data_formating;
pfnewton_QIim;
if error>accu
del=del+1;
else
P_stk(inx-del)=bus(num,3);
V_stk(inx-del)=Vm(num);

end

if del==50
break

end

end

plot(P_stk,V_stk,".")

xlabel ("Real Power of Bus 9 (MW)");
ylabel ("Voltage Magnitude of Bus 9%);

A.6.2 Program for Plotting Q-V Curve

del=0;
num=9;
for iInx=1:1000
[baseMVA, bus,gen,branch,buscoord,busname]=gr_data;
bus(num,4)=bus(num,4)+0.75*(inx-1);
[fbus, tbus, fbuslen, Y, a, b, y]=ybus(branch,bus,baseMVA);
data_formating;
pfnewton_Qlim;
if error>accu
del=del+1;
else
Q_stk(inx-del)=bus(hum,4);
V_stk(inx-del)=Vm(num);

end

if del==50
break

end

end

plot(Q_stk,V_stk,".")

xlabel ("Reactive Power of Bus 9 (MVAR)™);
ylabel ("Voltage Magnitude of Bus 9%);
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