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Abstract

In the present work Optimal Power Flow (OPF) with minimum net work losses
for Iragi National Super Grid (400kv) INSG which consist of 19 load buses and 6
generating buses was studied. The losses were calculated and compared with that in
case of ordinary load flow which is equal to 37592 MW according to data of generation
and load on 2/1/2003.Mathematical model using Lagrange method programmed in
Matlab5.3 language was used to reduce network active power losses by injecting active
and reactive power in the network load buses according to the sensitivity of each bus to
reduce network losses with respect to injection power in the buses. It was found that
minimum losses in the network is equal to 21.824MW in case of injecting
180,200,210and 300MW in the load buses 7, 8, 9 andll respectively. Also the
minimum losses in the network are equal to 32.64MW in case of injecting
150,120,120,120,100 and 310MVAR in the load buses 5, 7, 8,9,10 and11 respectively.
Optimal generation for the present six generating units which gives minimum network
losses was calculated. The effect of removing transmission lines and generating units on
OPF was studied for six different operating cases.

Also the effect of three phase faults in the middle of transmission lines on OPF
and transient stability was studied. In this work step by step integration method has been
used. It was found that the worst case takes place in the case of three phase fault in the

middle of transmission line (3-4) HAD-QAM which causes system instability.
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Chapter One

Introduction and Literature Survey

1.1 Introduction:

A practical electric power system is a nonlinear network, which is
generally governed by a large number of differential equations (defined by
the dynamics of the generators and the loads as well as their controllers)
and algebraic equations (described by the current balance equations of the
transmission network). An operating point of a power system is not only a
stable equilibrium of the differential and algebraic equations, but also
satisfy all of the static equality and inequality constraints at the equilibrium
such as upper and lower bounds of generators and voltages of all buses. A
feasible operation point should withstand the fault and ensure that the
power system moves to a new stable equilibrium after the clearance of the
fault without violating equality and inequality constraints even during
transient period of dynamics.

As it is of great importance that power systems must be designed to
operate at highest degree of efficiency, security and reliability, i.e. to be
stable under any probable disturbance, a study providing information
concerned with the capability of the system to remain stable during major
disturbance is therefore needed.

In large-scale power systems with many synchronous machines
interconnected by complicated transmission networks, transient stability
studies are best performed with a digital computer program. For a specified
disturbance, the computer program Matlab5.3 solves, step by step, a set of
algebraic power-flow equations describing synchronous generators.

Newton Raphson method has been applied to network solution, while
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modified Euler’s and Runge-Kutta methods have been applied to the
solution of the differential equations in transient stability analysis.

The network configuration and parameters as well as protection
philosophy are principal factors affecting the transient performance of
power systems. Different methods have been used for improving and

enhancing transient stability of power system.

1.2 Methodology of the Research:
1.2.1 Research Problem:

Although study optimal power flow and the proper location of active
and reactive power units for INSG and its effect on transient stability is an

important problem, there is no study which deals with it.

1.2.2 Research Objectives:
The main goals of this research are:

1- Studying optimal power flow for Iragi National Super Grid
with optimal loss reduction using linear and non linear
programming methods.

2- Studying the effect of optimal power flow on transient stability
in case of sudden major faults.

3- Reducing the active power losses in INSG Network.

4- Allocation of the optimal active and reactive power at all
buses.

5- Designing instructional program to be used by electrical
engineers.

1.2.3 Research Importance:
The importance of this study can be described briefly:

1- It is the first attempt to study INSG optimal power flow and its
effect on transient stability.
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2- The research gives suggestions to develop the 400 kV system
and the best places to install generation and compensation,
also its optimal magnitudes to reach optimal system loss

reduction.

1.2.4 Research Boundaries:
The limitations of the research are:
1- The study uses MATLAB 5.3 programming language.
2- The case study of the research is applied to the Iragi National
Super Grid INSG.
3- The input data for the new program represents the loading and
generation of the 2" of Jan. 2003 according to the latest data

which can be obtained from the Iragi National Control Center.

1.3 Literature Survey:

According to the great importance of the proper allocation of the
active and reactive power and its effect on transient stability with optimal
power flow, there have a large number of studies that deal with this subject:
Azhar Said Al-Fahady, “A New Approaches in Compensation
Techniques Applied for INRG Systems”, 1997, Mosul.

In this study six different schemes using series and shunt
compensation are investigated. Two analytical approaches are described,
the first is based on minimizing the energy transmission cost, and the
second is based on maximizing an objective function defined by the
difference between the equivalent cost of the increase in the power level
transmitted over the line and other costs associated with the line including
the costs of series and extra power losses due to the higher current carried
over the compensated line. Comparison between the six schemes from the

economical point of view is investigated. The procedure is applied to INRG
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system for enhancement of power transmitted over the existing (400 kV)
lines [1].

Deqiang Gan, “A transient Stability Constrained OPF”, 1999.

In this work, swing equations are converted to numerically equivalent
algebraic equations and then integrated into a standard OPF formulation. In
this way standard nonlinear programming techniques can be applied to the
problem [2].

Ahmad Nasser Bahjat Al-Sammak, “A New Method for Transient
Stability Study with Application to INRG (lragi Northern Region
Grid)”, 1999, Mosul.

A new modeling technique for the simulation of transient stability
studies of power system has been introduced using numerical analysis as a
principal tool of calculation aided with computer programs. The trapezoidal
method has been selected as a numerical analysis method.

The existing Iraqi Northern Region Grid has been selected in this
study. The study shows that the circuit breakers must always be maintained
to fasten the response of the system to the faults. The study also shows the
effect of using auto-reclosing circuit breakers during the transient state with
abnormal conditions, which increase the stability of the systems to the
faults. The used programming language is Fortran 90 [3].

W. Roschart, “Optimal Power Flow Incorporating Voltage
Collapse Constraints”, 2000.

This paper presents applications of optimization techniques to voltage
collapse studies. First a maximum distance to voltage collapse algorithm
that incorporates constraints on the current operating conditions is
presented. Second, an optimal power flow formulation that incorporates
voltage-stability criteria is proposed. The algorithms are tested on a 30-bus
system using a standard power flow model, where the effect of limits on

the maximum loading point is demonstrated [4].
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Sangahm Kim, “Generation Redispatch Model to Enhance Voltage
Security in Competitive Power Market Using Voltage Stability
Constrained Optimal Power Flow VSCOPF”, 2001.

This paper shows the impact of incorporation of voltage security
constraint into optimal power flow formulation in which the active power
dispatch problem is associated with guaranteeing adequate voltage security
levels in power systems. The objective function is chosen to minimize fuel
optimization problem of the following forms:

min f(x)

stg(x)=0

h<h(x)<h

where g(x) is equality constraints generally represented by the load

flow equations and h(x) is the inequality constraints with lower limits h and

upper limitsh. In this paper primal dual interior point algorithm (PDIPM)
is utilized to solve the VSCOPF problems. The proposed VSCOPF
formulation was implemented in a computer program and tested on simple
3-bus system and IEEE 30-bus test system [5].

Luonan Chen, “Optimal Operation Solutions of Power Systems
with Transient Stability Constrains”, 2001.

The author showed that is not easy to deal with the computation of an
optimal operation point in power systems since it is a nonlinear
optimization problem. In this work OPF with transient stability constraints
(OTS) was equivalently converted into an optimization problem in the
Euclidean space via a constraint transcription which can be viewed as an
initial value problem for all disturbances and solved by any standard
nonlinear programming techniques adopted by OPF. The transformed OTS
problem has the same variables as those of OPF.
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This work proposes a new method for OTS based on the functioned
transformation techniques, which convert infinite-dimensional OTS into a
finite-dimensional optimization problem, thereby making OTS tractable
even for large scale system with a large number of contingencies [6].

Mohammed Ali  Abdullah  Al-Rawi, “Transient Stability
Improvement Using Series Capacitors with Application to lraqi
National Super Grid (INSG)”, 2002, Mosul.

Maintaining and improving transient stability using series capacitor
compensation technique has been presented in this work.

Simulation with mathematical modeling for transient stability of
power system has been introduced using modified Euler’s iterative
numerical integration method. The existing INSG system has been chosen
for this study. It has been shown that the series capacitor compensation is
an effective tool to improve the stability of power systems. The research
includes 13 cases with different faults on the investigated system [7].

William  Rosehert  “Optimal Placement of Distributed
Generation”,2002

In this paper, a lagrangian based approach is used to determine
optimal locations for placing distributed generators and enhancing system
stability. The approach was analyzed using IEEE 30-bus system [8].

Yue Yuan et al.,, “A Study of Transient Stability Constrained
Optimal Power Flow with Multi-contingency”, 2002.

This paper illustrates the necessity for multi-contingency transient
stability constrained optimal power flow MC-SCOPF through the result of
single-contingency SCOPF of Japan IEEJ WESTIO model system. The
problem was formulated and demonstrated on this system.

A solution to MC-SCOPF problem was proposed by the primal-dual
Newton Interior Point Method (IPM) for nonlinear programming (NLP).
Because MC-SCOPF contains a large number of variables and constraints,
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the success of the solution needs fast algorithm together with efficiently
exploiting sparsity programming technique.

All of the contingencies are three-phase grounding fault and removed
70ms later by opening one of the double lines. For all machines —100
degree and +100 degree was assigned as the lower and upper limits of
angles with respect to center of inertia COI. The step-width At is fixed to
be 0.005 second and the maximum integration period T is set to be 2.0
second for the purpose of studying first swing transients [9].

Al-Suhamei W.S., “Minimizing Losses in the Northern Network”,
2002.

In this work, the capability of minimizing active power losses to the
minimum possible limit within operation constraints in Iraqi northern
region grid with voltage level (400 kV and 132 kV) has been presented by
using optimal reactive power control techniques. The problem is solved by
using Lagrangian method. Two test situations were used, minimum load
situation and maximum load situation [10].

Afaneen Anwar Abood Al-Khazragy, “Implementation of
Geographic Information System (GIS) in Real-Time Transient
Stability”, 2004.

This research is concerned in developing a transient stability program
using the Direct Method of Lyapunov. The network under consideration is
the Iraqi Super Grid Network 400kV.

The database system in the National Control Center of Irag was
improved by using the facilities of the GIS (Geographic Information
System) which was applied to develop a real-time transient stability
program which has the ability to sense any changes in the network under
consideration, and operates automatically with a suitable time (3 seconds).

This work developed and investigated a direct method for transient

stability analysis using the energy approach method [11].
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M. Rodriquez Montancs “Voltage Sensitivity Based Technique for
Optimal Placement of Switched Capacitors”, 2005.

This paper produced sensitivity analysis technique to solve the
optimal allocation and sizing of capacitors on power systems and its effect
on voltage stability. The proposed methodology is mainly characterized by
assuming linear behaviors for the reactive problem to minimize the sum of
voltage magnitude deviation from the specified voltage. Voltage sensitivity
index was used as indicator of voltage stability. The proposed approach has
been tested on IEEE 14-bus and 30-bus systems [12].

Comparison with this work

Case studies: Various case studies have been used in literature
survey. INSG was used in ref.[9] and[3],INRG in ref.[5,7&1],IEEE 30 bus
in ref.[2,4&10]and 10 machines 39 bus in ref.[12]and [11].In this work the
case study is INSG.

Language: FORTRAN language has been used in ref. [9, 5&7], the
other studies used MATLAB tools. This work used MATLAB version 5.3.
Studying time: Clearing time (tc) used to clear fault is 0.07 sec-

0.1 sec. Total integration time (T) is 1sec-2sec.In this work tc and T
are 0.15 sec and 1.5 sec respectively.

Methods to solve transient stability: Numerical analysis by
trapezoidal rule, Range Kutta, Modified Euler and other methods were used
to solve transient stability. In this work step by step integration method has
been used because it is robust and provides all relevant system swing
information.

Methods to solve OPF: LP or Quasi Newton methods were used in
ref. [8] and [12]. Interior Point Method was used in ref. [6] and [4]; other
methods were used in other ref. In this work Lagrange method with
sensitivity analysis were used to search for optimal placement of active and

reactive power.
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Objectives: Minimizing operation cost, improving stability,
enhancement of power transmission or minimizing active power losses
were the objectives of the studies in literature survey.

Optimal placement of active and reactive power to reduce losses and

their effect on transient stability are the objectives of this work.

1.4 Scope and Organization of the Thesis:

This thesis consists of six chapters including the current one.

Chapter 2: gives introduction to networks modeling, power flow problem,
optimal power flow, and transient stability.

Chapter 3: discusses the optimal power flow with transient stability
(OPFWTS). Also the chapter gives a formulation of stability
constrained OPF and its objective function. The flow charts are
included.

Chapter 4: illustrates the application of the new program written in
MATLAB 5.3 to INSG.

Chapter 5: provides the results and discussion of the research.

Chapter 6: provides the conclusions of this research. Suggestions are
presented for future works.

Appendices: are provided at the end of the thesis.



Chapter Two

Power Flow and Transient Stability Problem



10

Chapter Two

Power Flow and Transient Stability Problem

2.1 Introduction:

All analyses in the engineering sciences start with the formulation of
appropriate models. A mathematical model is a set of equations or
relations, which appropriately describe the interactions between different
quantities in the time frame studies and with the desired accuracy of a
physical or engineering component or system. Hence, depending on the
purpose of the analysis different models might be valid. In many
engineering studies the selection of correct model is often the most difficult

part of the study.

2.2 Simulation:

Simulation is an educational tool that is commonly used to teach
processes that are infeasible to practice in the real world. Software process
education is a domain that has not yet taken full advantage of benefits of
simulation.

Simulation is a powerful tool for the analysis of new system designs,
retrofits to existing systems and proposed changes to operating rules.
Conducting a valid simulation is both an art and a science.

A simulation model is a descriptive model of a process or system, and
usually includes parameters that allow the model to be configurable, that is,
to represent a number of somewhat different systems or process
configurations.

As a descriptive model, we can use a simulation model to experiment

with, evaluate and compare any number of system alternatives. Evaluation,
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comparison and analysis are the key reasons for doing simulation.
Prediction of system performance and identification of system problems
and their causes are the key results [13-16]. Simulation is most useful in the
following situations:

1- There is no simple analytic model.

2- The real system has some level of complexity, interaction or
interdependence between various components, which makes it
difficult to grasp in its entirety. In particular, it is difficult or
impossible to predict the effect of proposed changes.

3- Designing a new system, and facing a new different demand.

4- System modification of a type that we have little or no experience and
hence face considerable risk.

5- Simulation with animation is an excellent training and educational
device, for managers, supervisors, and engineers. In systems of large
physical scale, the simulation animation may be the only way in which
most participants can visualize how their work contributes to overall

system success or problems [17, 18].

2.2.1 Simulation Techniques:

Simulation techniques are fundamental to aid the process of large-
scale design and network operation.

Simulation models provide relatively fast and inexpensive estimates of
the performance of alternative system configuration and / or alternative
operating procedures. The value and usage of simulation have increased
due to improvement in both computing power and simulation software.

In order for the simulation to be a successful educational tool, it must
be based on an appropriate economic model with correct “fundamental
laws” of software engineering and must encode them quantitatively into

accurate mathematical relationship [19-23].
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2.2.2 Simulation Model Used in this Work:

The simulation model used in this work is (Law and McComas
Approach)[24] which is called Seven Steps Approach for conducting a
successful simulation study as shown in Figure (2.1), which presents
techniques for building valid and credible simulation models, and
determines whether a simulation model is an accurate representation of the
system for the particular objectives of the study. In this approach, a
simulation model should always be developed for a particular set of
objectives, where a model that is valid for one objective may not be for
another. The important activities that take place in the seven steps model

are used in this work:

Step 1. Formulation the Problem
The following things are studied in this step:
1- The overall objectives of the study.
2- The scope of the model.
3- The system configuration to be modeled.

4- The time frame for the study and the required resources.

Step 2. Collection of information/Data and Construction a Conceptual
Model
1- Collecting information on the system layout and operating procedures.
2- Collecting data to specify model parameters.
3- Documentation of the model assumptions, algorithms and data

summaries.
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Step 3. Validation of Conceptual Model
If errors or omissions are discovered in the conceptual model, it must

be updated before proceeding to programming in step 4.

Step 4. Programming the Model
1- Programming the conceptual model in a programming language.

2- Verification (debugging) of the computer program.

Step 5. The Programmed Model Validity
1- If there is an existing system (as in this work), then compare model
performance measures with the comparable performance measures
collected from the system.
2- Sensitivity analyses should be performed on the programmed model to
see which model factors have the greatest effect on the performance

measured and, thus, have to be modeled carefully.

Step 6. Designing and Analyzing Simulation Experiments
Analyzing the results and deciding if additional experiments are

required.

Step 7. Documenting and Presenting the Simulation Results
The documentation for the model should include a detailed description

of the computer program, and the results of the study [24].
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Figure (2.1): Law and McComas Simulation Model [24]
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2.3 Network Modeling:

Transmission plant components are modeled by their equivalent
circuits in terms of inductance, capacitance and resistance. Among many
methods of describing transmission systems to comply with Kirchhoff’s
laws, two methods, mesh and nodal analysis are normally used. Nodal
analysis has been found to be particularly suitable for digital computer

work, and almost exclusively used for routine network calculations.

2.3.1 Line Modeling:
The equivalent 7—model of a transmission line section is shown in
Figure (2.2) and it is characterized by parameters:

Zym = Rim + IXim = series impedance (Q2)

-
~n

m

Figure (2.2): Equivalent (7 - Model) of a Transmission Line [25]

Yin = Zin + = Gy + JBkm = series admittance (siemens).
Yt = G + jBkmSh = shunt admittance (siemens).

where:

Gy and G, are series and shunt conductance respectively.
By and By, are series and shunt Sucsceptance respectively.

The value of G, is so small that it could be neglected [25, 26].
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2.3.2 Generator Modeling:

In load flow analysis, generators are modeled as current injections as
shown in Figure (2.3).

In steady state a generator is commonly controlled so that the active
power injected into the bus and the voltage at the generator terminal are
kept constant. Active power from the generator is determined by the
turbine control and must of course be within the capability of the turbine
generator system. Voltage is primarily determined by reactive power
injection into the node, and since the generator must operate within its
reactive capability curve, it is not possible to control the voltage outside

certain limits [25].

Figure (2.3): Generator Modeling [25]

2.3.3 Load Modeling:

Accurate representation of electric loads in power system is very
important in stability calculations. Electric loads can be treated in many
ways during the transient period. The common representation of loads are
static impedance or admittance to ground, constant current at fixed power
factor, constant real and reactive power, or a combination of these
representations [27]. For a constant current and a static admittance

representation of a load, the following equations are used respectively:



Chapter Two Power Flow and Transient Stability Problem

| _ I:)L B JQL
Lo - *
VL
— PL - JQL
A
where:

P_ and Q_are the scheduled bus loads.
V, is calculated bus voltage.

I, current flows from bus L to ground.

2.4 Power Flow Problem:

17

(2.1)

(2.2)

The power flow problem can be formulated as a set of non-linear

algebraic equality/inequality constraints. These constraints represent both

Kirchhoff’s laws and network operation limits. In the basic formulation of

the power flow problem, four variables are associated with each bus

(network node) k:
e V| — voltage magnitude.

e 5« — Voltage angle.

e P, —net active power (algebraic sum of generation and load).

e Q — net reactive power (algebraic sum of generation and load) [25,

28].

2.5 Bus Types:

Depending on which of the above four variables are known

(scheduled) and which ones are unknown (to be calculated), the basic types

of buses can be defined as in Table (2-1).
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Table (2.1): Power Flow Bus Specification [29]

Bus Tvpe Active Reactive Voltage Voltage

yp Power, P | Power, Q | Magn., |[E| | Angle, 6

Constant Power Load, Scheduled | Scheduled | Calculated | Calculated
Constant Power Bus

Generator/Synchronous
Condenser, Voltage Scheduled | Calculated | Scheduled | Calculated
Controlled Bus

Reference / Swing Calculated | Calculated | Scheduled | Scheduled

Generator, Slack Bus

2.6 Solution to the PF Problem:

In all realistic cases the power flow problem cannot be solved
analytically and hence iterative solutions implemented in computers must
be used. Gauss iteration with a variant called Gauss-Seidel iterative method
and Newton Raphson method are some of the solutions methods of PF
problem. A problem with the Gauss and Gauss-Seidel iteration schemes is
that convergence can be very slow and sometimes even the iteration does
not converge although a solution exists. Therefore more efficient solution
methods are needed, Newton-Raphson method is one such method that is

widely used in power flow computations [25, 30].

2.6.1 Newton-Raphson Method [25]:
A system of nonlinear algebraic equations can be written as:
f(x)=0 (2.3)
where x is an (n) vector of unknowns and (f) is an (n) vector

function of (x). Given an appropriate starting value x° the Newton-
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Raphson method solves this vector equation by generating the following

sequence:
J (x)Ax =~ f(x") }

XM= X+ AxY

(2.4)

where J (x") = Is the Jacobian matrix.

of (x)
OX
The Newton-Raphson algorithm for the n-dimensional case is thus as
follows:
1. Set v= 0 and choose an appropriate starting value x°.
2. Compute f (x").
3. Test convergence:

If \fi(x“) <e fori=1, 2, ..., n, then x" is the solution otherwise go to 4.

4. Compute the Jacobian matrix J (x").

5. Update the solution
Ax°=-3Y(x") f (x”)}

X=X+ AXP

(2.5)

6. Update iteration counter v+1 —v and go to step 2. Note that the
linearization of f (x) at x"is given by the Taylor expansion.
f(X"+AX") = f(x”)+ J(x")Ax® (2.6)

where the Jacobian matrix has the general form:

of, of, of, |
8_xl a o
o |M A O
J=—=|0ox,  0x, OX, (2.7)
OX :
of, of, of
| OX,  OX, OX, |
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To formulate the Newton-Raphson iteration of the power flow
equation, firstly, the state vector of unknown voltage angles and

magnitudes is ordered such that:

o
X= {V} (2.8)

And the nonlinear function f is ordered so that the first component

corresponds to active power and the last ones to reactive power:

[ P(x)
f(x) = 2.9
(x) _Q(x)} (2.9)
i Pz (X)_ Pz ]
f(x)=_jﬁ?li?_ (2.10)
Qz (X)_Qz
Q,(x)-Q,

In eq. (2.10) the function P, (x) are the active power which flows out
from bus k and the P, are the injections into bus k from generators and
loads, and the functions Q, (x) are the reactive power which flows out
from bus k and Q, are the injections into bus k from generators and loads.
The first m-1 equations are formulated for PV and PQ buses, and the last n-
1 equations can only be formulated for PQ buses. If there are Npy PV buses
and NpgPQ buses,  m-1= Npy+Npgand n-1= Npo.

The load flow equations can be written as:

P(x)
o

And the functions P(x) and Q(x) are called active and reactive power

fU)z{ =0 (2.11)

mismatches. The updates to the solutions are determined from the equation:

o | ASY P(x")|_
J(x°) LVV}- {Q(x”)} 0 (2.12)
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The Jacobian matrix J can be written as:

op ok
J= gg g\é (2.13)
5 oV

2.6.2 Equality and Inequality Constraints [25]:

The complex power injection at bus k is:
Sk=Pr+jQu=Ex I = Vo I’ (2.14)
where I, = XY, E (2.15)

km —m

Em: complex voltage at bus m = Ve °

Soh=Y. (Gun + jBian) Vinl ™ (2.16)
ANd 1= Gy — jBim) Vit (2.17)
SEVIe™ S (GrrBin) (Vi) (2.18)

m=1

Where N is the number of buses
The expression for active and reactive power injections is obtained by

identifying the real and imaginary parts of eq. (2.18), yielding:

Py = Vi 2 Vin(Gkm €0S 6 km + Bym SIN S «m) (2.19)
Qx = Vi 2 Vi (Gkm SiN 8 km — Bm €OS 6 km) (2.20)
Complex power Sy, flows from bus k to bus m is given by:

Pim =V} Gkm — ViV Gim €056 «km — VikVim Bim SiNS km (2.21)

Qun = -V (Bin + B + ViV uBim €058 km — ViV Gy SiNS km - (2.22)

The active and reactive power flows in opposite directions, P and
Qmk can be obtained in the same way:

Pk =V 2 Gk —ViVinGmC0S & km+ ViV mBmSin S km (2.23)
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Qmk ==V}, (Bin*B 2 )+ViVinBim €055 km + ViVanGiem SiNG km~ (2.24)

m

The active and reactive power losses of the lines are easily obtained

as:
Pim + Pk = active power losses.
Qxm + Qmk = reactive power losses.
where:
k=1, ..., n (n is the number of buses in the network).
Or: active power loss is calculated using the following equation:
N N ri_ ]
P.OSS=ZZN ”i/ ‘[<Pi P, +QQ,)cos(8, — ) +(QP, ~Q;P)sin(s, - 5,)] (2.25)
i=1 j=1 |V j
also
NJ 2 -12
Ploss= ZZGijﬁVi| +[VJ| _2[\/i”\/j‘cos(5i _é‘j):l (226)

i=l j=1

Vi, Vi voltage magnitudes at the terminal buses of branch k-m.

Ok O m: voltage angles at the terminal buses of branch k-m.

Pxm: active power flow from bus k to bus m.

Qxm: reactive power flow from bus k to bus m.

"= component of reactive power injection due to the shunt element
(capacitor or reactor) at bus k (Q;"=b;"V?)

A set of inequality constraints imposes operating limits on variables
such as the reactive power injections at PV buses (generator buses) and
voltage magnitudes at PQ buses (load buses):

V"<V < V™

Q"< Q< QX

When no inequality constraints are violated, nothing is affected in the

power flow equations, but if the limit is violated, the bus status is changed

and it is enforced as an equality constraint at the limiting value [25].
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2.7 Optimal Power Flow:
2.7.1 Introduction:

The OFF problem has been discussed since 1962 by Carpentier [31].
Because the OPF is a very large, non-linear mathematical programming
problem, it has taken decades to develop efficient algorithms for its
solution.

Many different mathematical techniques have been employed for its
solution. The majority of the techniques in the references [32-37] use one
of the following methods:

1- Lambda iteration method.

2- Gradient method.

3- Newton’s method.

4- Linear programming method.
5- Interior point method.

The first generation of computer programs that aimed at a practical
solution of the OPF problem did appear until the end of the sixties. Most of
these used a gradient method i.e. calculation of the first total derivatives of
the objective function related to the independent variables of the problem.

These derivatives are known as the gradient vector [38].

2.7.2 Goals of the OPF:

Optimal power flow (OPF) has been widely used in planning and real-
time operation of power systems for active and reactive power dispatch to
minimize generation costs and system losses and improve voltage profiles.

The primary goal of OPF is to minimize the costs of meeting the load
demand for a power system while maintaining the security of the system
[39]. The cost associated with the power system can be attributed to the
cost of generating power (megawatts) at each generator, keeping each

device in the power system within its desired operation range. This will
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include maximum and minimum outputs for generators, maximum MVA
flows on transmission lines and transformers, as well as keeping system
bus voltages within specified ranges.

OPF program is to determine the optimal Operation State of a power
system by optimizing a particular objective while satisfying certain
specified physical and operating constraints.

Because of its capability of integrating the economic and secure
aspects of the concerned system into one mathematical formulation, OPF
has been attracting many researchers. Nowadays, power system planners
and operators often use OPF as a powerful assistant tool both in planning
and operating stage [2]. To achieve these goals, OPF will perform all the
steady-state control functions of power system.

These functions may include generator control and transmission
system control. For generators, the OPF will control generator MW outputs
as well as generator voltage. For the transmission system, the OPF may
control the tap ratio or phase shift angle for variable transformers, switched
shunt control, and all other flexible ac transmission system (FACTYS)
devices [31,40].

2.7.3 Nonlinear Programming Methods Applied to OPF Problems:

In a linear program, the constraints are linear in the decision variables,
and so is the objective function. In a nonlinear program, the constraints
and/or the objective function can also be nonlinear function of the decision
variables [41].

In the last three decades, many nonlinear programming methods have
been used in the solution of OPF problems, resulting in three classes of

approaches:
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a) Extensions of conventional power flow method. In this type of
approach, a sequence of optimization problem is alternated with
solutions of conventional power flow.

b) Direct solution of the optimality conditions for Newton’s method. In
this type of methodology, the approximation of the Lagrangian
function by a quadratic form is used, the inequality constraints being
handled through penalty functions.

c) Interior point algorithm, has been extensively used in both linear and
nonlinear programming. With respect to optimization algorithm, some
alternative versions of the primal-dual interior point algorithm have
been developed. One of the versions more frequently used in the OPF
is the Predictor-corrector interior point method, proposed for linear
programming. This algorithm aims at reducing the number of

iterations to the convergence [42-49].

2.7.4 Analysis of System Optimization and Security Formulation of the
Optimization Problems:

Optimization and security are often conflicting requirements and
should be considered together. The optimization problem consists of
minimizing a scalar objective function (normally a cost criterion) through
the optimal control of vector [u] of control parameters, i.e.

Min f ([x], [u]) (2.27)

subject to:

¢ equality constraints of the power flow equations:
[9 (], [uD]=0 (2.28)
¢ inequality constraints on the control parameters (parameter
constraints):
Vimin £ Vi £ Vi max
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¢ dependent variables and dependent functions (functional constraints):
Ximin < Xi < X, max
hi ([x], [u]) <0 (2.29)
Examples of functional constraints are the limits on voltage
magnitudes at PQ nodes and the limits on reactive power at PV nodes.
The optimal dispatch of real and reactive powers can be assessed
simultaneously using the following control parameters:
¢ Voltage magnitude at slack node.
¢ Voltage magnitude at controllable PV nodes.
¢ Taps at controllable transformers.
¢ Controllable power Pg;.
¢ Phase shift at controllable phase-shifting transformers.
¢ Other control parameters.

We assume that only part (P,) of the total net power (P,) is

controllable for the purpose of optimization.
The objective function can then be defined as the sum of

instantaneous operating costs over all controllable power generation:

F([x], [ul) = Z,Ci (Fs)) (2.30)

where ¢; is the cost of producing Pg;.

The minimization of system losses is achieved by minimizing the
power injected at the slack node.

The minimization of the objective function f ([x], [u]) can be
achieved with reference to the Lagrange function (L).

L=f([x], [u]) - [2]".[¢] (2.31)

For minimization, the partial derivatives of L with respect to all the
variables must be equal to zero, i.e. setting them equal to zero will then

give the necessary conditions for a minimum:
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oLl g

oa] lo]=0 (2.32)
(oL]_[of ] 8_gT _

ox ] [Gx} [ax} [2]=0 (2.33)
a1 el ToeT o

_OU__[GU} [au} =0 (2.34)

When we have found [1] from equation (2.33), [Vf] the gradient of

the objective function (f) with respect to [u] can now be calculated when

the minimum has been found, the gradient components will be:

of =0 if Vinin < Vi max
_ >0 if Vi = Vi max (235)
ou, <0 if Vi = Vinmin

A simplified flow diagram of an optimal power flow program is
shown in Figure (2.4) [49].
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¥
1 Set initial values for (i)

.

Solve power flow by
uzing Newton’s method,
including single-
parameter controls and
switching of node types

l

3 | Solve equation (2.33) for [ 4] with
one repeat solution, using
triangularized Jacobian matrix from
block no.2 with transposition

l

4 Compute gradient [ V7 ] from
equation (2.34)

Power flow
solution loop

[2] — correction loop

3 Make corrections [Au ]
obzerving inequality
constraints on [i]

l

Figure 2.4): Flow Chart of the Optimal Power Flow [49]




Chapter Two Power Flow and Transient Stability Problem 29

2.7.5 Linear Programming Technique (LP):
The nonlinear power loss equation is:
N N .. 2
Pos= > > Gij[V[ +V,| =2V, |V, [cos(s, - 5,) ] (2.36)
i=1 =1
The linearized sensitivity model relating the dependent and control
variables can be obtained by linearizing the power equations around the
operating state. Despite the fact that any load flow techniques can be used,
N-R load flow is most convenient to use to find the incremental losses as

shown in Appendix (A). The change in power system losses, AP, is related

to the control variables by the following equation [32]:

AV,
AP = {8PL“8PL PP } AV, (2.37)
aVl aVm an+1 an+w
A(ngrl
_AQm+w_

2.8 Transient Stability:
2.8.1 Introduction:

Power system stability may be defined as the property of the system,
which enables the synchronous machines of the system to respond to a
disturbance from a normal operating condition so as to return to a condition
where their operation is again normal.

Stability studies are usually classified into three types depending upon
the nature and order of disturbance magnitude. These are:

1- Steady-state stability.
2- Transient stability.
3- Dynamic stability.
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Our major concern here is transient stability (TS) study. TS studies
aim at determining if the system will remain in synchronism following
major disturbances such as:

1- Transmission system faults.

2- Sudden or sustained load changes.
3- Loss of generating units.

4- Line switching.

Transient stability problems can be subdivided into first swing and
multi-swing stability problems. In first swing stability, usually the time
period under study is the first second following a system fault.

If the machines of the system are found to remain in synchronism
within the first second, the system is said to be stable. Multi-swing stability
problems extend over a longer study period.

In all stability studies, the objective is to determine whether or not the
rotors of the machines being perturbed return to constant speed operation.
We can find transient stability definitions in many references such as [50-
57].

A transient stability analysis is performed by combining a solution of
the algebraic equations describing the network with a numerical solution of
the differential equations describing the operation of synchronous
machines. The solution of the network equations retains the identity of the
system and thereby provides access to system voltages and currents during
the transient period. The modified Euler and Runge-Kutta methods have
been applied to the solution of the differential equations in transient
stability studies [37, 58].
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2.8.2 Power Transfer between Two Equivalent Sources:
For a simple lossless transmission line connecting two equivalent
generators as shown in Figure (2.5), it is well known that the active power,

P, transferred between two generators can be expressed as:

p= E, ;ER *sin & (2.38)
where E; is the sending-end source voltage magnitude, Er is the
receiving-end source voltage magnitude, s is the angle difference between
two sources and X is the total reactance of the transmission line and the

two sources (X, X, ) [50, 59].
X= XS + XL + XR (239)

X, X,

| At | =
1
| | l | I {.._..._l
e
ES P E'»z

Figure (2.5): A Two-Source System [50]

I

2.8.3 The Power Angle Curve:

With fixed Es, Er and X values, the relationship between P and 5 can
be described in a power angle curve as shown in Figure (2.6). Starting from
5= 0, the power transferred increases as ¢ increases. The power
transferred between two sources reaches the maximum value Pyax When §
is 90 degrees. After that point, further increase in s will result in a
decrease of power transfer. During normal operations of a generation
system without losses, the mechanical power P, from a prime mover is
converted into the same amount of electrical power and transferred over the
transmission line. The angle difference under this balanced normal

operation is ¢, [50, 58].
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P
pw‘"‘/r\
P,
a \ :
0 3, 90 180

Figure (2.6): The Power Angle Curve [50]

2.8.4 Transiently Stable and Unstable Systems:

During normal operations of a generator, the output of electric power
from the generator produces an electric torque that balances the mechanical
torque applied to the generator rotor shaft. The generator rotor therefore
runs at a constant speed with this balance of electric and mechanical
torques. When a fault reduces the amount of power transmission, the
electric torque that counters the mechanical torque is also decreased. If the
mechanical power is not reduced during the period of the fault, the
generator rotor will accelerate with a net surplus of torque input.

Assume that the two-source power system in Figure (2.5) initially
operates at a balance point of &, transferring electric power P,. After a
fault, the power output is reduced to P, the generator rotor therefore starts
to accelerate, and o starts to increase. At the time that the fault is cleared
when the angle difference reaches o ¢, there is decelerating torque acting
on the rotor because the electric power output P at the angle o ¢ is larger
than the mechanical power input Po. However, because of the inertia of the
rotor system, the angle does not start to go back to ¢ o immediately. Rather,

the angle continues to increase to o¢ when the energy lost during
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deceleration in area 2 is equal to the energy gained during acceleration in

area 1. This is the so-called equal-area criterion [50, 60].

P,

Figure (2.7): A Transiently Stable System [50]

If 6 is smaller than &, then the system is transiently stable as
shown in Figure (2.7). With sufficient damping, the angle difference of the
two sources eventually goes back to the original balance point o .
However, if area 2 is smaller than area 1 at the time the angle reaches ¢,
then further increase in angle 6 will result in an electric power output that
is smaller than the mechanical power input. Therefore, the rotor will
accelerate again and ¢ will increase beyond recovery. This is a transiently
unstable scenario, as shown in Figure (2.8). When an unstable condition
exists in the power system, one equivalent generator rotates at a speed that
is different from the other equivalent generator of the system. We refer to
such an event as a loss of synchronism or an out-of-step condition of the

power system.
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Figure (2.8): A Transiently Unstable System [50]

2.8.5 The Swing Equation:

Electromechanical oscillations are an important phenomenon that
must be considered in the analysis of most power systems, particularly
those containing long transmission lines. In normal steady state operation
all synchronous machines in the system rotate with the same electrical
angular velocity, but as a consequence of disturbances one or more
generators could be accelerated or decelerated and there is risk that they
can fall out of step i.e. lose synchronism. This could have a large impact on
system stability and generators losing synchronism must be disconnected
otherwise they could be severely damaged. The differential equation
describing the rotor dynamics is[25]:

d29, _

1= T T (2.40)

where:

J= the total moment of inertia of the synchronous machine (kg m?).

6 = the mechanical angle of the rotor (rad.).

Tn= mechanical torque from turbine or load (N.m). Positive Ty,
corresponds to mechanical power fed into the machine, i.e. normal

generator operating in steady state.
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Te= electrical torque on the rotor (N.m). Positive T, is the normal
generator operation. Sometimes equation (2.40) is expressed in terms of
frequency (f) and inertia constant (H) then the swing equation becomes:

%%zpm-m (2.41)

The swing equation is of fundamental importance in the study of
power oscillations in power systems. The derivation of this equation is

given in Appendix (B) [25].

2.8.6 Step-by-Step Solution of the Swing Curve:

For large systems we depend on the digital computer which
determines o versus t for all the machines in the system. The angle ¢ is
calculated as a function of time over a period long enough to determine
whether 6 will increase without limit or reach a maximum and start to
decrease although the latter result usually indicates stability. On an actual
system where a number of variables are taken into account it may be
necessary to plot & versus t over a long enough interval to be sure that o
will not increase again without returning in a low value.

By determining swing curves for various clearing times the length of
time permitted before clearing a fault can be determined. Standard
interrupting times for circuit breakers and their associated relays are
commonly (8, 5, 3 or 2) cycles after a fault occurs, and thus breaker speeds
may be specified. Calculations should be made for a fault in the position,
which will allow the least transfer of power from the machine, and for the
most severe type of fault for which protection against loss of stability is
justified.

A number of different methods are available for the numerical
evaluation of second-order differential equations in step-by-step

computations for small increments of the independent variable. The more



Chapter Two Power Flow and Transient Stability Problem 36

elaborate methods are practical only when the computations are performed
on a digital computer by making the following assumptions:

1- The accelerating power P, computed at the beginning of an interval is
constant from the middle of the preceding interval considered.

2- The angular velocity is constant throughout any interval at the value
computed for the middle of the interval. Of course, neither of the
assumptions is true, since ¢ is changing continuously and both P, and
@ are functions of . As the time interval is decreased, the computed
swing curve approaches the true curve. Figure (2.9) will help in
visualizing the assumptions. The accelerating power is computed for
the points enclosed in circles at the ends of the n-2, n-1, and n
intervals, which are the beginning of the n-1, n and n+ 1 interval. The
step curve of P, in Figure (2.9) results from the assumption that P, is
constant between mid points of the intervals.

Similarly, w., the excess of angular velocity @ over the synchronous
angular velocity ws, is shown as a step curve that is constant throughout

the interval at the value computed for the midpoint. Between the ordinates
1 :
n-g and n-E there is a change of speed caused by the constant

accelerating power. The change in speed is the product of the acceleration
and the time interval, and so

2
Cw = 0N =180 A (2.42)

@, rn-3/2 dtZ H

rn-1/2

The change in 6 over any interval is the product of @, for the interval

and the time of the interval. Thus, the change in 6 during the n-1 interval
IS:

AS =5 -6 ,=Atw (2.43)

and during the n™ interval.
Ao,=0,-0, = At o,,,, (2.44)
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Subtracting Eq. (2.43) from Eq. (2.44) and substituting Eq. (2.42) in

the resulting equation to eliminate all values of w, yields:

AS=AS, +KPans (2.45)
where k= %(At)z (2.46)
Pain-2
Paia
Py
P,

Figure (2.9): Actual and Assumed Values of P, @, and ¢ as
a Function of Time [37]

Equation (2.45) is the important one for the step-by-step solution of
the swing equation with the necessary assumptions enumerated, for it
shows how to calculate the change in 6 during an interval if the change in
o for the previous interval and the accelerating power for interval are

known.
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Equation (2.45) shows that, subject to stated assumptions, the change
in torque angle during a given interval is equal to change in torque angle
during the preceding interval plus the accelerating power at the beginning
of the interval times k.

The accelerating power is calculated at the beginning of each new
interval. The solution progresses through enough intervals to obtain points
for plotting the swing curve. Greater accuracy is obtained when the
duration of the intervals is small. An interval of 0.05s is usually
satisfactory.

The occurrence of a fault causes a discontinuity in the accelerating
power P, which is zero before the fault and a definite amount immediately
following the fault. The discontinuity occurs at the beginning of the
interval, when t=0. Reference to Figure (2.9) shows that our method of
calculation assumes that the accelerating power computed at the beginning
of an interval is constant from the middle of the preceding interval to the
middle of the interval considered. When the fault occurs, we have two
values of P, at the beginning of an interval, and we must take the average

of these two values at our constant accelerating power [37].
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Chapter Three

Optimal Power Flow
With Transient Stability (OPFWTYS)

3.1 Introduction:

A number of researches have tried to incorporate the transient stability
constraints directly into OPF, mainly by approximating the differential
equations to difference (or algebraic) equations. The major advantage is
that these approaches handle the operational problems systematically in
contrast to the conventional heuristics. The methodologies adopted for OPF
such as successive linear programming or the quasi-Newton method can be

used to solve the OTS by adding extra constraints.

3.2 Optimal Design Using Mathematical Model:

To describe optimization concepts and methods we need a general
mathematical statement for the optimum design problem. All design
problems can easily be transcribed into the following standard form [61,
62]:

min f(x)

subject to:

gi(x)<0 i=1,...,nq

h«X)=0 k=1, ..., my

Where x = {x,...x,}e® (design variables).

f(x) the objective function.

gi(x) inequality constraints.

hi(X) equality constraints.
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3.3 Optimization Solution Approaches [62]:
The goal of a good optimization model is to obtain useful numerical
values. Once the problem has been formulated, four ways exist to obtain a

solution and these are summarized as follows:

3.3.1 Graphical Method:

The objective function is plotted in terms of the decision variables.
This method is limited to two-dimensional problems (problems with no
more than two design variables).Plotting the constraints is the first step, the
next step includes plotting the objective function f(x).We give different
values to the constant C and proceed to plot the objective function several
times. Once the objective function is plotted we then find the minimum C
such that all the constraints are satisfied.

3.3.2 Analytical Technique:

The analytical technique, to be discussed here, is the classical method
of Lagrange multipliers. Consider that each constraint has a scalar
multiplier associated with it, called the Lagrange multiplier.

Consider the following optimization problem:

min f(x)

subject to:

h(x)=0

g(x)<0

where x={x,x,}. the design variables. Let the optimum point bex".

The necessary conditions for optimality can be written in vector form
as: Vf| +uVh| +Avg|,.=0 (3.1)

where (u,A) are LaGrange multipliers which measure the change in

the objective function with respect to the constraint.
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In general, we use what is known as the Lagrangian, or the Lagrange
function, in writing the necessary conditions. The Lagrangian is denoted as
(L) and defined using the objective and constraint functions as follows:

L(X, 1, 2) = f(X) + ph(X) + A9(X) (3.2)

The Lagrangian function is treated as a function dependent on the
design variables and the Lagrange multipliers. To find candidate optimum
points of design variables and Lagrange multipliers, we find where the

Lagrangian is stationary, i.e.

0 (3.3)

X=X*

VL(X 4 2) = VE| _ +u¥h

By rearranging the above equation we can get a geometrical

interpretation. Thus:

(3.4)

3.3.2.1 The Kuhn-Tucker Conditions:

The Kuhn-Tucker (K-T) conditions are a set of necessary conditions
for constraint optimality. The K-T conditions define a stationary point of
the Lagrangian: VL =0

If the vector x" is a good candidate for the optimum design, the
following conditions must be satisfied:

1. The point x* must be feasible; gradient of the Lagrangian with respect
to the design variables must be zero. By feasible we understand that
all constraints are satisfied and the function is defined at the design

point.
h, =0 k= 1..,m,
9|, .+s =0 i=1..,n,

f| . =exists

X=X
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where s is a slack variable which makes an inequality constraint an
equality one by adding this variable.

2. The Lagrange multipliers for equality constraints ( x, ) are free in sign,
I.e. they can be positive, negative or zero. The Lagrange multipliers
for inequality constraints (1,) must be nonnegative.

u, — of any sign 24,20
If the constraint is inactive at the optimum, its associated Lagrange
multiplier is zero. If it is active (g, =0), then the associated multiplier must
be non negative.
3. The Lagrangian must be stationary with respect to the design

variables:

=0 (3.5)

3.3.2.2 Sufficient and Necessary Conditions:

The second-order necessary and sufficient conditions can distinguish
between the minimum, maximum and inflection points. The second-order
test consists in evaluating the Hessian of the Lagrangian with respect to the

design variables, at the design pointL" =(x", x",A"), ensuring it is positive

definite. In other words:

oL oL oL
x> OX.0X, OX,0X,
oLooL oL
HO) = o o ocex, (36)
L L L
_aXnaxl 6XnaX2 an (x=x E:E*@Zi)
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Only if all the Kuhn-Tucker conditions are satisfied and the Hessian
of the Lagrangian is positively definite, then the design point is an isolated
minimum point.

3.3.3 Numerical Technique:

Numerical techniques are usually used in nonlinear optimization
problems. Numerical methods for nonlinear optimization problems are
needed because the analytical methods for solving some problems are
either too cumbersome or not applicable at all.

3.3.4 Experimental Technique:

This technique does not require a mathematical model of the physical
system because the actual process is used. An experiment is performed on
the process and the result is compared to that of the preceding experiment,
in order to decide where to locate the next one. This procedure is continued
until the optimum is achieved.

3.4 Optimal Control of Reactive Power Flow for Real Power Loss

Minimization:

It is possible to minimize the system losses by reactive power
redistributions in the system to improve the voltage profiles and to
minimize the system losses. Reactive power distributions in the system can
be controlled by the following controllable variables:

e Transformer taps.
e Generator voltages.
e Switchable shunt capacitors and inductors (switchable VAR sources).

These control variables (state variables) have their upper and lower
permissible limits. Any changes to these state variables have the effect of
changing the system voltage profiles and the reactive power output of
generators and the system losses. Thus the problem is to find the set of
adjustments to the state variables required to minimize the system
losses [63-65].
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3.5 Reactive Power Allocation:

The purpose of a reactive power allocation study is to determine the
amount of reactive power addition required at selected buses to get a
certain voltage profile and to minimize the number of locations. Voltage
control and real power loss coupled with engineering judgment are indices
which can give better location for reactive power devices. For small
changes in reactive power, there is a linear relationship between reactive

power and total active power losses [8, 66].

3.6 Optimal Placement of Generation Units:

In most large electrical power systems, most of the electrical power is
generated from large generating stations. However with increased
electricity costs, the corporation of smaller scale, dispersed or distributed
generation in electrical power systems is becoming more popular. Two
optimization formulations are examined, one to determine generator
locations based on minimizing losses and the other based on enhancing
system stability.

Proper placement of generation units will reduce losses, while
improper placement may actually increase system losses. Proper placement
will also free available capacity for transmission of power and reduce
equipment stress.

Electric power systems designed with generating units that are widely
scattered and interconnected by long transmission lines may suffer
significant losses. The losses depend on the line resistance and currents and
are usually referred to as thermal losses. While the line resistances are
fixed, the currents are a complex function of the system topology and the
location of generation and load. Using the load data collected on 2/1/2003
which can be obtained from the Iragi Control Center (Appendix C),
algorithm was applied to determine the best placement of new units in
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order to maximize power available and minimize losses on the system for a

given load [8].

3.7 Mathematical Analysis for Reactive Power Allocation and Optimal
Placement of Generation Units:

The analysis objective is to find the partial derivatives (sensitivity) of
active power loss with respect to active and reactive power injected at all
buses except slack bus.

[SEN]=[oP_ /6P oP /4Q] (3.7)

The results of sensitivity vector [SEN] are used as an indicator to the
efficiency of the system to reduce losses in case of installing generation
units or shunt capacitors at these buses.

The following matrix [D] is the partial derivative of real losses with
respect to voltage magnitude at load buses and voltage angles at all buses
except slack bus. Figure (3.1) is a flow chart illustrating the best buses to
install optimal generation units and shunt capacitors.

oP,

loss

oP,

loss

185, ]
186,

oP, .. 106
[D] _ ﬂ — loss N (38)
ox | o ldV,

loss
P, 1 6V,

loss

_apl / aVN L+1 |

0ss
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Calculate (Py) and (Qy) using equations 2.19 and 2.20
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Calculate power losses
using eqg. (2.26)

l
woze

Form Jacobian matrix using eq. (2.7).
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i=i+1

|_' Form [D] matrix using eq. (3.8)

!

Find Jacobian matrix transverse for the last iteration

]
Calculate sensitivity using eq. (3.12)

-1
[sen]=[sc]”  *[D]
)
From matrix [SEN ] form

[P ]: Ploss /P2
>N aF)Ioss / aPNL+1

[Qsen ] = { Floss | 22 }
aPIoss / 6QNL+1

Figure (3.1): Flow Chart Illustrating the Best Buses to Install Optimal
Generating Units and Reactive Power
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The components of [D] are calculated as follows:

0P 108, =236, VIV, [sin(3, - 5,)] (3.9)
j=L
j#i

R 10V, =236, [V V[ cos(s, -5,)] (3.10)
i1

j#i
The mathematical analysis needs also Jacobian matrix [Jac] which is

used before in power flow problem, then:

[Jac] [SEN]=[D] (3.11)

then [SEN]=[Jac] " [D] (3.12)
il P

O [ & 613
aQ oV

where [J] is the Jacobian matrix of Newton-Raphson load flow.

OPloss

aPN L+1

OPloss

—_| oQ
And Qun = | 022 (3.15)

aQ NL+1

The following matrix represents derivative of active power losses w.r.t

generation voltages:

oR,

loss
oV,
oP,

loss

of —_loss
2w (3.16)

oP

loss

N6 |

Py S
where = =25, V|-V, |cos(s, - 5))]

j#1
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o0 KR
ov, v, oV,
;P P
g | oV, ov, oV,
a0 QX (317
oV, ov, oV,
aQN L+1 aQNL+1 aQN L+1
oV, ov, Ny |
where [Z—g} represents partial derivative of injected power to bus
u
voltages.
.
Gradient [Vf]:{i}{a—g} *[SEN] (3.18)
ou ou

where [vf ] represent the sensitivity of losses w.r.t control variables.

az F)|OSS a|:>|OSS
v’ h OV, 0V ¢
Hessian [H]= D25l _ aa\jpéo\s/s 6\/52.({7 (3.19)
avi av j 2: 1 2 NG
a2 Ié)Ioss al:>Ioss
NVed; Ve |

where [H] represents the second partial derivative for P w.r.t control

loss

variables.
AV,
[aw)=| ¥ | =[] +[r] (3.20)
AV,

As shown in Figure (3.2), if [au] < e optimum, where e opt. = 0.001,

then P

loss

represents minimum losses in the system. Otherwise control

variables have to be developed as follows:
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v, K+1 v, K AV, K
e I R I (3.21)
VNG VNG AVNG

where Pg, = partial derivative of real losses with respect to real power
injected at load buses.
Q.en = partial derivative of real losses with respect to reactive power

injected at load buses. Appendix (A) shows loss sensitivities in details.



Chapter Three Optimum Power Flow with Transient Stability (OTS) 50

Input variables
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Form Ybus matrix
|
i=1, k=1
v

Calculate P, Qi using Eq. (2.19) (2.20)

APQ < ¢

\ 4

Calculate losses using Eq. (2.36)

o o>
Form Jacobian matrix and its inverse using Eq. (2.7)

v

A\ 4
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Form vector B—f} using Eq. (3.8)
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L ou |
|

Form vector using Eq. (3.16)

Form vector Z—g using Eq. (3.17)
_ u -

|
Calculate the sensitivity (1)

SEN =1 =—[Jac] *[i}
OX

SEN = |: PSEN j|
QSEN

[
Calculate Gradient of F

T
[v ]:{ﬁHa_g} »
ou ou
[
Form Hessian matrix using Eq. (3.19)

Calculate variable incremental
[AU]=—[H]" x[VF]

K=K+1

AU <g,,
[AU]: Eop
A\ 4
Calculate load flow
and transmission Develop variables U ™ =U " + [AU ]K+l
line losses
A 4
min < K+1 < max
End um=umm<U

Figure (3.2): Using Non-Linear Optimization Programming

(Lagrange Method) to Reduce Losses
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3.8 Optimum Power Flow Operation with Transient Stability:

A practical electric power system is a nonlinear network, which is
generally governed by a large number of differential and algebraic
equations (DAE). For instance, the ordinary differential equations are
defined by the dynamics of the generators and the loads as well as their
controllers, conversely algebraic equalities are described by the current
balance equations of the transmission network corresponding to the
Kirchoff’s law at each bus or node and internal static behaviors of passive
devices (e.g. shunt capacitors and static loads). An operation point of a
power system not only is a stable equilibrium of DAEs, but also must
satisfy all of static equality and inequality constraints at the equilibrium,
such as upper and lower bounds of generators and voltages of all buses.
Besides, as a dynamic security requirement, when any of a specified set of
disturbances (e.g. outages of generators or transmission lines) occurs, a
feasible operation point should withstand the fault and ensure that the
power system moves to a new stable equilibrium after the clearance of the
fault without violating equality and inequality constraints even during
transient period of the dynamics. These conditions for all of the specified
credible contingencies are called transient stability constraints.

Conventionally, a trial solution to the operation point in power
systems is first solved by (OPF) problem that is defined as a static
nonlinear optimization problem without the transient stability constraints.
In other words, (OPF) is to minimize operating costs of a power system,
transmission losses or other appropriate objective functions at the specified
time instance subject to the static equalities and inequalities, by
determining an equilibrium corresponding to all of operational variables,
such as power outputs of generators, transformer tap positions, phase
shifter angle positions, shunt capacitors, reactors, voltage values, etc. Then

the obtained trial solution is an optimal operation point.
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The trial solution often has to be modified so as eventually to meet the
transient stability. However, converting differential equations into algebraic
equations by discretizing scheme may not only suffer from the inaccuracy
of computation because of the approximation but also cause convergence
difficulties due to introduction of a large number of variables and equations

at each time step to the original (OPF) [6].

3.9 Stability-Constrained OPF Formulation:

A standard OPF problem can be formulated as follows [2]:

Min f(P,) (3.22)
S.T
P, —P_—P(V, @)= 0 active power flow equations (3.23)
Qg — QL —Q(V, 6)= 0 reactive power flow equations (3.24)
S(V,0)-SM<o0 (3.25)
VT < < UM (3.26)
PM <Py <PV (3.27)
Q) < Q< Q; (8:29)

where:

f. objective function, can be defined as operation cost, transmission
loss, as well as special objectives.

Py: generator active power.

Qg: generator reactive power.

P.: real power demand.

Q.: reactive power demand.

P (V,0): real network injections.

Q (V,0): reactive network injections.

S (V,0): apparent power across the transmission lines.

SM: thermal limits for the transmission lines.
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V: bus voltage magnitude.
6 : bus voltage angle.

Also we have the following “swing’ equation [68]:

do,

k) (3.29)
4, _ A, P, —_i(EiVXi sino, —EV,, coso,) (3.30)
dt 2H,| ¥ xd, ’

= Di (Pgi1 Eil VXi’ Vyi’5i ’a)i)

G -B||V,]|_|L
5 o))
where:

G

B= reactive part of the bus admittance matrix.

real part of the bus admittance matrix.

V,= real part of bus voltage.

V= imaginary part of bus voltage.
fo= nominal system frequency

H.= inertia of i generator.

. = rotor speed of i" generator.
8. = rotor angle of i generator.

.XFM, lyi= E, 00_35‘ (generator buses)
xd xd

Ii= 0, l,i= 0 (non-generator buses)

We require that a solution to the stability-constrained OPF with

respect to the following constraint for each i:

s=5-1 <100° (3.32)
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where:
ng= number of generators.

o, = the rotor angle with respect to a center of inertia reference frame.

Rotor angle is used to indicate whether the system is stable.
A solution to a stability-constrained OPF would be a set of generator
set-points that satisfy equations (3.22) — (3.32) for a set of credible

contingencies.

3.10 Stability-Constrained OPF Procedure:

A standard OPF is solved to see if the solution considers stability
constraints. If the solution does, then this solution is also the final solution
of stability constrained OPF. If the solution does not respect stability
constraints, then a complete stability constrained OPF must be solved, as
shown in Figure (3.3) where Kuhn-Tucker condition shown in the figure is

the optimality condition for the algebraic Nonlinear Programming.
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Figure (3.3): A Procedure for the Stability Constrained OPF




Chapter Four

The Application of the
Developed Program to the Iragi National

Super Grid






S7

Chapter Four

The Application of the
Developed Program to the INSG

4.1 Introduction:

The Electrical Energy Generation companies try always to improve
the system performance through reducing the active power losses. This
problem is investigated by using a mathematical model to find the best
location to inject active and reactive power at selected local buses.

In this work the INSG 400 kV has been taken as an example and
interesting results have been found.

The objective function of the study is to minimize the system total
power loss. The control variables include generator voltage, active power
generation, the reactive power generation of VAR sources (capacitive or
inductive). The constrains of the load flow are voltage limits at load buses,
VAR voltage limits of the generators, and VAR source limits.

OPF and swing equations were solved sequentially. Integration format
iIs used in step-by-step integration (SBSI) and that in the algebraic
nonlinear problem should be consistent.

Lagrangian method was applied to find the best solution to optimal
load flow. The process was repeated according to control variables. Also

different constraints were used according to objective function.

4.2 General Description of the lragi National Super Grid (INSG)
System:
INSG network consists of 19 busbars and 27 transmission lines; the
total length of the lines is 3711 km., six generating stations are connected

to the grid. They are of various types of generating units, thermal and hydro
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turbine kinds, with different capabilities of MW and MVVAR generation and
absorption.

Figure (4.1) shows the single line diagram of the INSG (400) kV
system [69]. The diagram shows all the busbars, the transmission lines
connecting the busbars with their lengths in km marked on each one of

them. The per unit data of the system is with the following base values:

Base voltage is 400 kV, base MVA is 100 MVA, and base impedance
Is 1600Q2. In the single-line diagram the given loads represent the actual
values of the busbar’s loads. The busbars are numbered and named in order
to simplify the input data to the computer programs (the load flow and
transient stability programs), which are employed in this thesis. The load
and generation of INSG system on the 2™ of January 2003 are tabulated in
Appendix (C). Lines and machines parameters are tabulated in Appendixes
D, and E and used for a program formulated in MATLAB version (5.3).

The transmission system parameters for both types of conductors
(TAA and ACSR) are given in p.u /km in Table (4.1) at the base of 100
MVA [7, 69].

Table (4.1): Transmission Lines Parameters

Conductor Type R (p.u/km) X (p.u/km) B (p.u/km)
TAA™ 0.2167x10™ 0.1970x10™* 0.5837x107?
ACSR™ 0.2280x10™ 0.1908x10™ 0.5784x107

“TAA is Twin Aluminum Alloy.

“ACSR is Aluminum Conductor Steel-Reinforced.

The cross-section area of the conductors in Table (4.1) is 551x2 mm?

bundle. These overhead lines can be over loaded 25% more than thermal
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limits with these types of conductors. Each 1 mm? can handle 1.25
ampere [7].
The INSG system configuration has been taken as given in Figure

(4.1) without any rearrangement and reduction of system buses.

SDM4 4* 23T MY A

hus2
& MOS4
246 | e husS
184
BAJ4 6*2TEMV A KRK4
hus1 husb ]—_--—
159
A4
13
QAM4
husd p— 4
- 50
. BQB4
s HAD4 BGNS  pis1t “T=hus7
5
34275 MVA 4 135 »
husg8 I Lt l
L BG4 :
BGWY s BGE4
bus12 - s s 1235
1
- MSB4
EMvA KUT4
busl13 e s 15 busld
AB4 KD54
176.% 14
i |
huslb
MNASS 45257 MV A
QRN4
— hus 19
2.7
HRTP 4*250 MV A
]_..-. husz18
husl?

KAZ4

Figure (4.1): Configuration of the 400 kV Network [69]
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4.3 The Program Used:

A problem for electric power system students is the solution to
problems in text books. In the case of load flow problem, most of the
efforts is focused on iterative calculations, not on how the problem is
solved. The same is true for stability studies.

A software package [58] is developed to perform electrical power
system analysis on a personal computer. The software is capable of
performing admittance calculations, load flow studies, optimal load flow
studies and transient stability analysis of electric power systems.

It is intended for electric power system students, and is realized in
such a manner that a problem can be solved using alternative methods.

Each step during calculations can be visualized. The program has been
developed under MATLAB 5.3 for Microsoft Windows. The students are
also able to see the inner structure of the program. Load flow analysis is
performed by means of Newton-Raphson or Fast-Decoupled methods.
Gradient method is used for optimal power flow analysis. This feature
enables the power system students to examine differences in the
performance of alternative algorithms. A simplified model is used for
transient stability, which takes the data from the load flow module. After
defining the fault duration, fault clearance time and total analysis time,
modified-Euler method is used. The results are displayed and written to
corresponding output files. The graphs for angle vs. time for each generator

in the system are plotted.
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4.4 The Instructional Program:

Power Analysis User Manual
In MATLAB command window, the program is called by typing:
>> Main_ program

which results in the main program menu as shown in Figure (4.2).

File Edit Tools
Wwindow  Help

chooze

Loadflow Analysis

Stability Analyziz

Figure (4.2): Main Program Menu

Load Flow Analysis:
1. Choosing the load flow option, a sub menu is displayed. This menu
provides the choice of power flow with and without contingency as

shown in Figure (4.3).

+ v [T)EIK

File Edit Taools

Window  Help

what do pou want to a7

[oadflow...

cohtingency. ..

Figure (4.3): Sub Menu of Load Flow Analysis
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2.

Choosing the Load Flow without contingency, the program will ask
the user to enter the data file name. The results consist of two text
files (bus result.txt and flow result.txt). The bus result contains: bus
number, name, voltage magnitude and phase in degrees, generated
and demand power, total series and shunt losses as shown in Figure
(4.4). Flow result.txt contains the over loaded lines, the power flow
through the lines from send to receive and vice verse as shown in
Figure (4.5).

B busresult - Notepad

File Edit Format Wiew Help
LOAD FLOW BUS RESULTS
Mame || angletdegl Pis (w0 QG CMVAR T
BAJG 395, 9994 -0. 00032693 o] o]
SOMG 400, 0001 5.3145 o] o]
HADG 400 0.73618 o] o]
QAM4 308.9524 -0.082643 o] o]
MOs4 354.,1607 3.2424 4] 4]
KRK4 304.,4011 -2.7552 4] 4]
BOE4 373.52964 -G, 2764 o] o]
BGwd 382.455 -6. 8138 o] o]
BGE4 376.1397 -8.6367 o] o]
BGS4 391. 5994 -6.5426 o] o]
BG4 375.7272 -8.5621 o] o]
MSBEG 390.9983 -5.5487 o] o]
BAB4 398.0503 -5.6635 o] o]
KUT4 400,656 -5.0389 o] o]
KDs4 3592.4908 -5.8886 4] 4]
NSRG 400.0003 -1.0043 4] 4]
KAZ4 3094.10587 -3.59273 o] o]
HRTG 3095, 9050 -2.6124 o] o]
QRS 402.6102 -3.4641 o] o]
BAJ4 400 o] 570.5925 100.4455
SOmMd 400 65,3149 700 -23.22485
HAD4 400 0.73847 500 -0. 84740983
MSBd 400 -5.5484 500 420. 6564
MSR4 400 -1.004 850 -69.14344
HRT4 400 -2.68121 380 35.9855
TOTAL 3400, 5525 463, 8716
THE TOTAL AMOUNT OF SERIES LOSSES ARE 37.59249-330.18861
THE TOTAL AMOUNT OF SHUNMT LOSSES ARE 0+1922. 31651

—_— = C
is Start f il untitled - Paint r - ) MATLAE Command Wi... P busresult - Notepad EN Q, 8 ol 42oMD

Figure (4.4): Load Flow Bus Results
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B flowresult - Notepad
File Edit Format “iew Help
MS Mame MR Mate P MW ”~
2 SDMG 21 SDmd —700
5 MoSd 2 SDMG —-455.4206
5 MoSd 1 BAlG 155.4206
1 BAdG 2 =DM —-233.30409
1 BAdG 20 BAJd -570.5925
4 LA 3 HADG Eale]
3 HADG 22 HaD4 -500
1 BAIG 3 HADG -45.1aaa
3 HADG g Biawd 294 6566
1 BAIG 8 BiGwd 238,736
1 BAIG g BiGwa 270415
1 BAdG 3] FRK 296, 9418
=] BGE4 7 BOEd 150.2395
=) EGwd 11 Bahg 0. 7821
11 BEGhd G BGE4 35,3459
=] EGwd 10 BGa=4d -51.53309
G BGE4 10 BGESd -388. 5388
13 BAB4 12 MSEG =50
13 BAB4d 12 MSEG =50
12 M= BG 23 mM=Bd —a00
10 Basd 1z M=BG -188. 9261
10 BGSd 12 MZEG -188. 9241
10 BGSd 15 kD=4 —-41. 4485
10 BGSd 14 KT -124.3212 w
4 >

Figure (4.5): Line Flow Results

3. Choosing the Load Flow with contingency, a sub menu is displayed;
this menu provides the choice of different contingencies as shown in
Figure (4.6).

¢ MENU E)o)X]

File Edit Taools Window Help

chooze what you want bo do

REMOVIMG TRAMSMISSIOMN LIME [THE TRAMSMISSIOMN LIME MaY CONTAIN & TRANSFORMER]..?

REMOVING GEMERATORS...?

REMOVING BUSBEARES...?

Figure (4.6): Sub Menu of Load Flow with Contingency

4. Choosing one or many of these options gives a system with new
configuration. The result consists of two text files similar to that

without contingency, but according to the new configuration. The
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user has a lot of alternatives to study the system with many

contingencies.

Transient Stability Analysis:
1. Choosing the T.S option in the main program, the program will ask for
the data file name. The results are displayed at each time step and
graphs for angle vs. time for each generator in the system are plotted

as shown in Figure (4.7) for one of the generators.

¥ Figure No. 1 E@@

File Edit Tools ‘Window Help
DEeEdE YA A/ 20

Rotar Angle in degree for gen. S0Okd4
50

45

40

35

a0

25

20
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a 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Time[sec]

Figure (4.7): Swing Curve for SDM Generation Bus
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2. Choosing any type of three phase fault (Line fault, generator fault and
load fault) will give a new situation of system stability and a new plot

for swing curve is plotted.

Optimal Load Flow:
1. Choosing the OPF option, a sub menu is displayed. This menu
provides a choice of minimum losses calculation, bus sensitivity to
decrease losses w.r.t real power injecting and bus sensitivity to

decrease losses w.r.t reactive power injection as shown in Figure (4.8).

+ minu [2]01)%]

File Edit Taoals
Window  Help

Chooze to Dizplay

Lozzes

Bus Sensitivity wrt P

Bus Sensitivity wrt 0

ExIT

Figure (4.8): Optimal Load Flow

2. Choosing (losses) option will give the magnitude of total system
losses.

3. Choosing (P sensitivity) or (Q sensitivity) will give the sequence of
the buses according to these sensitivities to reduce system losses with
respect to real or reactive power injection in load buses or power
generated in generation buses, this will give the best allocation for
generator or shunt capacitor in the system which gives minimum

losses as shown in Figure (4.9).
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=) MATLAB Command Window

File Edit “iew Window Help

-a.81: 11.8888

-8.8897 9.08888

-8.88%6 1.8888

-8.08868 8.00088

-8.8835 5.88688

-8.8831 108.080888

-8.8822 17 .8888

-8.8822 6.0808088

-8.8822 15 .08888

-8.8811 13.08088

-8.884a2 L4 .8888

-8.088088 2.88088

-8.08888 J.688688

Figure (4.9): Sequence of Bus Sensitivities w.r.t Reactive Power

Injection
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Chapter Five

Results and Discussion

5.1 Power Losses Reduction:
Power losses reduction depends on the sensitivities of the system
losses with respect to state variables. The method of finding the

sensitivities is presented in Appendix (A).

5.1.1 Injecting Active Power:

Power loss sensitivity (Pse,) Was calculated using equation (3.14).

The values of partial derivatives oPjs/0P; which represents the
efficiency to reduce system power losses with respect to real power
injecting at the buses except the slack bus, are tabulated in Table (5.1).
High negative partial derivative at any bus means that the system has high
efficiency to reduce active power losses when injecting active power in that
bus. On the other hand positive partial derivative o P.s/0P; at buses (3, 5,
and 2) means that system power losses increase in case of injecting real
power in these buses. The procedure to find P, is shown in Figure (3.1)
which is a flow chart to find the best buses to install generation units and
reactive power. The best buses to accept injecting active power are those

with high negative partial derivative%.

Table (5.2) and Figures (5.1)-(5.13) show that active power losses
decrease when increasing injection power to the point where the active
power losses start to increase again, at this point losses partial derivative
(sensitivity) becomes equal or next to zero. Injecting real power at buses

must not exceed the value, which gives maximum loss reduction.
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Table (5.3) and Figure (5.14) show the values of active power
injection at each load bus, which gives maximum real power loss reduction.

Injecting real power at bus 9 (BGE) gives max system loss reduction equal

0 37.592 - 22.67
37.592

x100% = 39.69%.0n the other hand injecting real power at

bus 16 (NSR) gives max system loss reduction equal to

37.592 -37.49
37.592

x100% = 0.27%, for the other buses loss reduction lies

between these two values.

Table (5.1): The Partial Derivative of Losses (Sensitivity) with Respect
to Active Power Injection

No. Bus No. 0 Ploss/ 0 I:)injection
1. 7 - 0.0392
2. 9 - 0.0361
3. 11 - 0.0359
4. 8 -0.0279
5. 10 - 0.0258
6. 15 - 0.0230
7. 13 -0.0214
8. 12 - 0.0207
9. 23 - 0.0207
10. 14 - 0.0188
11. 17 - 0.0152
12. 19 - 0.0126
13. 6 -0.0110
14, 18 - 0.0096
15. 25 - 0.0096
16. 16 -0.0034
17. 24 - 0.0034
18. 4 - 0.0004
19. 1 0.0000
20. 20 0.0000
21. 3 0.0031
22. 22 0.0031
23. 5 0.0136
24. 2 0.0268
25. 21 0.0268
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Table (5.2): Effect of Injecting Real Power on Sensitivity and L osses

Bus No. 4 Bus No. 5 Bus No. 6
P
Losses Losses Losses
[MW] | 5p. 0P, B Pross O P, O Piossl O P,
[Mw] [Mw] [Mw]
0 -0.0004 | 37.592 0.0136 37592 | -0.0110 | 37.592

10 0.0007 | 37.593 | 0.0141 37.72 | -0.0107 | 37.48

50 0.0049 37.70 0.0162 38.32 | -0.0095 | 37.062

100 0.0101 38.08 0.0189 39.19 | -0.0079 | 36.612

150 0.0216 40.18 | -0.0049 | 35.946
300 -0.0019 | 35.59
350 - 0.0004 | 35.528

400 0.0011 | 35.544
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Table (5.2) (continued): Effect of Injecting Real Power on Sensitivity

and Losses

P, Bus No. 7 Bus No. 8 Bus No. 9

[Mw] | 6P.J/aP, IE::\T\ZS O Proed O P, 'E:\):;‘:‘]S O Puosd O P, 'E:\):;ZS
0 -0.0392 | 37592 | -0.0279 | 37.592 | -0.0361 | 37.592

10 -0.0347 | 37.190 | -0.0253 37.3 -0.0319 | 37.21

50 -0.0324 | 35.653 -0.024 36.18 | -0.0303 | 35.77

100 | -0.0296 | 33.889 | -0.0224 | 34.868 | -0.0283 | 34.090

150 | -0.0268 | 32.298 -0.0263 | 32.52

200 | -0.0239 | 30.877 | -0.0209 | 32.515 | -0.0243 | 31.07

250 | -0.0211 | 29.6238

300 | -0.0183 | 28,535 | -0.0175 | 30.524 | -0.0203 | 28.53

350 | -0.0155 27.61

400 | -0.0127 | 26.847 | -0.0141 | 28.89 | -0.0163 | 26.46

450 | -0.0098 | 26.244

500 | -0.0070 | 25.800 | -0.0107 | 27.611 | -0.0123 | 24.85

550 | -0.0042 | 25.514

600 | -0.0014 | 25.383 | -0.0073 | 26.678 | -0.0084 | 23.68

625 0.0000 25.37

650 0.0014 25.40

700 0.0042 25.58 -0.0039 | 26.08 | -0.0044 | 22.96

750 0.0072 26.41 -0.0023 | 2592 | -0.0027 | 22.76

800 -0.0006 | 25.84 | -0.0005 | 22.67

825 0.0003 25.83

850 0.0142 27.05 0.0011 25.84 0.0000 22.69

900 0.0026 25.92 0.0034 22.82

950 0.0054 23.05
1000 0.0061 26.35
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Table (5.2) (continued): Effect of Injecting Real Power on Sensitivity

and Losses
P. Bus No. 10 Bus No. 11 Bus No. 13
[MW] | 6P/0P; [M:cgielsw] O Ploss! O P; 'E::::]S O Ploss/ O P; 'E::;':']S
0 -0.0258 | 37592 | -0.0359 | 37.592 | -0.0214 | 37.592
10 -0.0244 37.32 -0.0354 | 37.22 | -0.0207 | 37.29
50 - 0.0226 36.28 -0.0336 | 35.79 | -0.0179 | 36.25
100 | -0.0202 35.11 -0.0313 | 34.118 | 0.0144 35.28
150 | -0.0185 34.07 -0.0290 | 32563 | -0.0110 | 34.66
200 | -0.0156 33.16 -0.0268 | 31.12 | -0.0076 | 34.406
225 -0.0058 | 34.407
250 | -0.0137 32.38 -0.0245 | 29.81 | -0.0042 | 34.494
300 | -0.0110 31.73 -0.0223 | 28.61 | -0.0001 | 34.92
350 -0.0201 | 27.53 0.0024 35.69
400 | -0.0064 30.80 -0.0179 | 26.56 0.0054 36.8
450 -0.0157 | 25.70 0.0090 38.24
500 | -0.0019 30.37 -0.0122 | 24.96 0.0122 40.00
550 0.0004 30.35 -0.0113 | 24.33
600 0.0027 30.44 -0.0091 | 2381
700 0.0060 31.008 | -0.0048 | 23.10
800 0.0124 32.057 | -0.0005 | 22.832
825 0.0005 | 22.831
850 0.0015 22.85
900 0.0035 22.98
950 0.0054 23.22
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Table (5.2) (continued): Effect of Injecting Real Power on Sensitivity and

Losses
P. Bus No. 14 Bus No. 15 Bus No. 17
[MW] | aP/aPi IEE::\ZS O Ploss! O P; IE::;ZS O Pioss/ O P; IEIC\):;ZS

0 -0.0188 | 37.592 | -0.0230 | 37.592 | -0.0152 | 37.592
10 -0.0180 | 37.39 -0.0215 | 3735 | -0.0136 | 37.43
50 -0.0144 | 36.67 -0.0178 | 36.48 | -0.0074 | 36.95
100 -0.0101 | 35.99 -0.0132 | 35.63 0.0003 36.71
125 0.0041 36.74
200 -0.0013 | 35.32 -0.0039 | 34.67 0.0154 37.74
225 0.0008 3530 | -0.0015 | 34.59
250 0.0030 35.33 0.0008 34.56
300 0.0073 35.57 0.0053 34.70 0.0305 39.64
350 0.0115 36.03
400 0.0158 36.72 0.0148 35.71
450
500 0.0241 37.68

Table (5.2) (continued): Effect of Injecting Real Power on Sensitivity and

L osses
P, Bus No. 19
L

[Mw] 0 Pioss/ O P, [I‘\’j\f\‘f]s
0 - 0.0126 37.592
10 -0.0111 37.456
50 - 0.0050 37.071
75 - 0.0012 36.959
100 0.0026 36.946
125 0.0063 37.031
150 0.0103 37.21
200 0.0175 37.86
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Figure (5.1): Pioss VS. Pinjection at Bus 4 (QAM)
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Figure (5.2): Pjoss VS. Pinjection at Bus 5 (MOS)

73



Chapter Five Results and Discussion

Ploss[Mw]

38 C T T

37.75

bus 6 optimum loss reduction=5.49%

37.5 \\
37.25

37 \\
36.75

36.5 \\\\\\

36.25 ‘\\\\\‘

. AN

35.75

35.5 5 - "
0 50 100 150

200

350 400
Pinjection[Mw]

Figure (5.3): Pioss VS. Pinjection at Bus 6 (KRK)
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Figure (5.4): Pioss VS. Pinjection at Bus 7 (BQB)
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Figure (5.5): Pigss VS. Pinjection at Bus 8 (BGW)
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Figure (5.9): Pigss VS. Pinjection at Bus 13 (BAB)
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Figure (5.13): Poss VS. Pinjection @t Bus 19 (QRN)

Table (5.3): The Injection of Real Power which Gives Max Loss

Reduction
Bus PHiesiai Minimum losses Max. loss
No. [Mw] [Mw] Reduction %
9 800 22.67 39.69
11 825 22.83 39.26
7 625 25.37 32.51
8 825 25.83 31.28
10 550 30.35 20.19
12 350 33.71 10.32
13 200 34.406 8.47
15 250 34.56 8.06
14 225 35.30 6.09
6 350 35.528 5.49
17 100 36.71 2.34
19 100 36.946 1.71
18 75 37.197 1.05
16 50 37.49 0.27
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Figure (5.14): Loss Reduction for Injecting Real Power at some Buses

5.1.2 Injecting Reactive Power:

Power loss sensitivity (Qsen) Was calculated using equation (3.15). The
values of partial derivative 6P,/ 0 Q; which represent the efficiency to
reduce system power losses with respect to reactive power injection at
buses except the slack bus, are tabulated in Table (5.4). High negative
partial derivative at the bus means that the system has high efficiency to
reduce active power losses when injecting reactive power in that bus. On
the other hand positive partial derivative 0P,/ Q; at buses (14, 19) means
that system power losses increase in case of injecting reactive power.

Sensitivity to reactive power Qs was calculated using the procedure

mentioned in section 5.1.1 according to flowchart in Figure (3.1). The best

buses are those with high negative partial derivative%.



Chapter Five Results and Discussion 81

Table (5.5) and Figures (5.15)-(5.24) show that active power losses
decrease when increasing injection reactive power to the point where the
active power losses start to increase, at this point losses partial derivatives
0 Pioss/ Qi become equal or next to zero. Because partial derivatives
(sensitivity) at buses 14, 19 are positive so injecting inductive reactive
power decreases system active power losses as shown in Table (5.6) and
Figures (5.25) and (5.26).

Table (5.7) and Figure (5.27) show the value of reactive power
injection that gives maximum real power loss reduction. Injecting reactive

power at bus 9 (BGE) gives max loss reduction:

Loss reduction= 37.592-33.24 x100% =11.57%

37.592

Also max loss reduction when injecting reactive power at bus 13

37.592 —-37.56

BAB) is equal to
( ) is €eq 37.592

x100% = (0.085%). For the other buses loss

reduction lies between these two values.

Table (5.4): The Partial Derivative of Losses (Sensitivity) with Respect
to Reactive Power Injection

No. Bus No. 0 I:)Ioss/ 0 Qiniection
1 7 - 0.0107
2 11 - 0.0101
3 9 - 0.0097
4 8 - 0.0068
5 5 - 0.0035
6 10 - 0.0031
7 15 - 0.0022
8 17 - 0.0022
9 6 - 0.0022
10 13 - 0.0011
11 4 - 0.0002
12 14 + 0.0015
13 19 + 0.0019
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Table (5.5): Effect of Injecting Reactive Power on Sensitivity and

Losses
Bus No. 4 Bus No. 5 Bus No. 6

Qi

IMAR] | spoa | 0 | opwoa| o | opegoe|
[Mw] [Mw] [Mw]

0 -0.0002 | 37.592 | -0.0035 | 37.592 | - 0.0022 | 37.592
10 0.0004 37593 | -0.0033 | 37.56 | -0.0019 | 37.557
20 0.0010 37599 | -0.0031 | 37.53 | -0.0016 | 37.526
30 0.0015 37.612 | -0.0028 | 37.50 | -0.0013 | 37.49
40 0.0021 37.63 | -0.0026 | 37.48 | -0.0011 | 37.47
50 0.0027 37.65 | -0.0024 | 37.46 | -0.0008 | 37.44
100 -0.0013 | 37.38 | 0.0007 | 37.38
150 -0.0002 | 37.36 0.0020 | 37.386
200 0.0009 | 37.40 | 0.0034 | 37.46
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Table (5.5) (continued): Effect of Injecting Reactive Power on Sensitivity

and Losses
Bus No. 7 Bus No. 8 Bus No. 9
Qi
IMVART| op 00 | o0 | apwion | oo |opwoa] oo
[Mw] [Mw] [Mw]
0 -0.0107 |37.592 | -0.0068 | 37.592 | -0.0097 | 37.592
10 -0.0103 | 37.43 | -0.0067 | 37.48 | -0.0095 | 37.53
20 -0.0098 | 37.28
50 -0.0086 | 36.85 | -0.0060 37.07 | -0.0087 | 36.78
100 -0.0066 | 36.23 | -0.0051 36.61 | -0.0076 | 35.99
150 -0.0047 | 35.72
200 -0.0028 | 35.31 | -0.0026 | 35.833 | -0.0055 | 35.21
250 -0.0010 | 35.00
300 0.0007 34.79 | -0.0019 | 35.244 | -0.0035 | 34.39
350 0.0024 | 34.678
400 0.0040 | 34.649 | -0.0002 | 34.836 | -0.0015 | 33.80
450 0.0006 34.63
500 0.0072 | 34.825 | 0.0013 34.602 | 0.0003 33.42
600 0.0028 34.53 0.0021 33.24
650 0.0036 3456 | 0.0030 | 33.257
700 0.0043 34.62 | 0.0033 |33.2586
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Table (5.5) (continued): Effect of Injecting Reactive Power on Sensitivity

and Losses

0, Bus No. 10 Bus No. 11 Bus No. 13

[MVAR] | 4 Pross/ 0 Qi 'Elc\’::\zs OPisdl 0 Q, 'E'c\’::f]s O Piosl 0 Q, IE:,T;ZS
0 -0.0031 | 37.592 | -0.0101 | 37.592 | -0.0011 | 37.592

10 -0.0030 | 3754 | -0.0098 | 37.446 | -0.0008 | 37.6

50 -0.0027 | 37.34 | -0.0089 | 36.89 | -0.0006 | 37.56

100 -0.0022 | 37.12 | -0.0078 | 36.25 | -0.0001 | 37.74

150 -0.0018 | 36.93 | -0.0066 | 35.69 0.0004 38.11

200 -0.0013 | 36.76 | -0.0055 | 35.195 | 0.0009 38.68

250 -0.0009 | 36.61 | -0.0045 | 34.75

300 -0.0002 | 36.48 | -0.0034 | 34.38

400 0.0004 36.30 | -0.0013 | 33.81

500 0.0012 36.21 0.0007 33.46

600 0.0021 | 36.217 | 0.0026 3.32

650 0.0025 | 36.219 | 0.0035 33.33

700 0.0044 33.39

Table (5.5) (continued): Effect of Injecting Reactive Power on Sensitivity

and Losses

Q, Bus No. 15 Bus No. 17

L L
[MVAR] | 9Pis/0Q; ] 0Pl 0 Q ]
0 - 0.0022 37.592 - 0.0022 37.592
10 - 0.0018 37.55 - 0.0020 37.565
50 - 0.0003 37.43 - 0.0012 37.479
100 0.0016 37.37 - 0.0003 37.418
150 0.0034 37.41 0.0007 37.406
200 0.0016 37.44
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Figure (5.17): Pioss VS. Qinjection fOr Bus 6 (KRK)
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Figure (5.18): Pjoss VS. Qinjection fOr Bus 7 (BOB)
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Figure (5.19): Pjoss VS. Qinjection fOr Bus 8 (BGW)
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Figure (5.20): Pjoss VS. Qinjection fOr Bus 9 (BGE)
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Figure (5.21): Poss VS. Qinjection fOr Bus 10 (BGS)

Ploss[Mw]
38 T L L L L L 3

37.5 4
bus 11 optimum loss reduction=11.36%

37

36.5

36

3551

3451

34

3351

33 r r r r r r r
0 100 200 300 400 500 600 700 800

Qinjection[MVAR]

88



Chapter Five Results and Discussion

Figure (5.22): P)oss VS. Qinjection fOr Bus 11 (BGN)
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Figure (5.23): Pjoss VS. Qinjection fOr Bus 15 (KAD)
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Figure (5.24): Poss VS. Qinjection fOr Bus 17 (KAZ)
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Table (5.6): Effect of Injecting Reactive Power on Sensitivity and
Losses at Buses 14 (KUT) and 19 (QRN)

Bus No. 14 Bus No. 19
Qi
IMVARLL opmoqy | boses | opujoq | beses

- 100 - 0.0015 37.72 - 0.0004 37.549
- 90 - 0.0012 37.69 - 0.0002 37.543
- 80 - 0.0009 37.66 0.0000 37.539
-70 - 0.0005 37.648 0.0003 37.537
- 60 - 0.0002 37.631 0.0005 37.538
- 50 0.0001 37.616 0.0007 37.5418
- 40 0.0004 37.605 0.0010 37.547
- 30 0.0007 37.597 0.0012 37.555
- 20 0.0010 37.5927 0.0014 37.565
- 10 0.0012 37.5910 0.0016 37.577

0 0.0015 37.592 0.0019 37.592

5 0.0016 37.594

10 0.0018 37.596 0.0021 37.609

20 0.0023 37.628

30 0.0025 37.650

50 0.0030 37.64
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Figure (5.25): Pjoss VS. Qinjection fOr Bus 14 (KUT)
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Figure (5.26): Poss VS. Qinjection fOr Bus 19 (QRN)
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Table (5.7): Injection Reactive Power which Gives Max Loss

Reduction
Bus Qini. Minimum Losses Max. losses
No. [MVAR] [Mw] Reduction %
9 600 33.24 11.57
11 600 33.32 11.36
8 600 34.53 8.14
7 300 34.78 7.48
15 100 37.37 5.9
17 150 37.406 4,94
10 500 36.21 3.67
5 150 37.368 0.595
6 125 37.37 0.59
13 50 37.56 0.085

Max Loss Reduction%
12 8 L 8 8 L 8 8 8 L L

5 6 7 8 9 10 11 13 15 17
Bus No.

Figure (5.27): Loss Reduction for Injecting Reactive Power
at some buses
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5.1.3 Injecting Equal Amount of Active Power at the Same Time:

The first six buses in Table (5.1) i.e. (7, 8, 9, 10, 11, 15) have been
chosen as the best buses in loss sensitivity (Psn) to the injection of active
power. Table (5.8) and Figure (5.28) show the system total losses when
injecting equal amount of active power at mean time. Injecting total active
power equal to (840 Mw) i.e. 140 Mw to each one of the six buses at the

same time gives total system losses equal to 25.069 Mw. So:

Loss reduction= 37'5227_ 25.069 x100% = 33.31%.

592

Notice that injecting active power affects slightly the sequence of buses

with the best sensitivity as shown in Table (5.9) and Figure (5.29).
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Figure (5.28): Pioss VS Pinj. at Buses 7, 8, 9,10,11,15 Equally at the
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Table (5.9): Effect of Injecting (100 Mw) on the Sequence of Buses

Sensitivity

Before insertion Pin After insertion Pin
Bus No. 0 Poss! O Pj Bus No. 0 Pioss/ O Pi

1. 7 -0.0392 7 -0.0182
2. 9 -0.0361 11 -0.0170
3. 11 - 0.0359 9 -0.0168
4, 8 -0.0279 8 -0.0125
5. 10 - 0.0258 10 - 0.0066

6. 15 - 0.0230 15 0.0001




Chapter Five Results and Discussion 96

Ploss[Mw]
38

T T L T T T T T T

system losses at Pinj.=OMw - 100Mw

37.5

37

36.5

355 \\\\\ bus15
35 \\ \\\ bus10
. \\ bus 8
34 \\\ bus11.9

bus 7

33.5 r r r r r r r r r
0 10 20 30 40 50 60 70 80 90 100
Pinjection[Mw]

Figure (5.29): Poss VS Pinj. at Buses 7, 8, 9,10,11,15 Individually

5.1.4 Injecting Equal Amount of Reactive Power at the Same Time:
The first eight buses in Table (5.4) i.e. (5,6, 7, 8, 9, 10, 11, 15) have
been chosen as the best buses in loss sensitivity (Qsn) to the injection of
reactive power. Table (5.10) and Figure (5.30) show the relationship
between loss reduction and amount of reactive power injected in the eight
buses at the same time. Injecting 1040 MVAR i.e. (130 MVAR) at each

load bus gives total system losses equal to 33.2827 Mw:

Loss reduction= 37.592-33.282 x100% =11.46% .

37.592

Injecting reactive power affects slightly the sequence of buses with the

best sensitivity to reduce losses as shown in Table (5.11) and Figure (5.31).
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Figure (5.30): Poss VS Qinj. at Buses 5,6,7,8,9,10,11,15 Equally at the

Same Time

Table (5.11): Buses Sensitivity Sequence when Injecting (80 MVAR)

Before Injection After Injection

Bus No. O Pioss/ 0 Q; Bus No. 0 Pioss/ 0 Qi
1. 7 - 0.0107 11 - 0.0031
2. 11 - 0.0101 9 - 0.0028
3. 9 - 0.0097 7 - 0.0023
4. 8 - 0.0068 8 - 0.0019
5. 5 - 0.0035 5 - 0.0017
6. 10 - 0.0031 10 +0.0003
7. 15 - 0.0022 6 +0.0016
8. 6 - 0.0022 15 +0.0024
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Figure (5.31): Pjoss VS Qinj. at Buses 5, 6,7,8,9,10,11,15 Individually

5.1.5 Optimal Quantity and Placement of Active Power Injection at
Load Buses:

The optimal power injection at all buses is obtained by adding in steps
small real power (U) equal to (5 Mw) in each step at the buses with the
negative partial derivative of power losses with respect to real injection
power (sensitivity) as shown before in Table (5.1).

The addition of active power to each bus is stopped when sensitivity at
that bus becomes zero or positive, the overall addition is stopped when
sensitivity in all buses becomes zero or positive, at the same time this
process must satisfy the constraints including reactive power limits of the
generators as shown in (Appendix F)where the load bus voltage limit is
pulse minus 0.05.

The injecting of 180,200,210 and 300 Mw i.e. total power injected is

equal to (890 Mw) at the buses 7,8,9,11 respectively (which were chosen in
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section 5.1.3 as the best buses) gives total system losses equal to 21.824

Mw. So:

Loss Reduction = 37.592 21824 x100% = 41.94%.

37.592

To compare the optimum result with the losses when injecting equal
amount of power as mentioned in section (5.1.3), divide total injecting
power which gives optimum results by the number of buses then injecting

equal amount of active power = % =148.33Mw.

Injecting 148.33 Mw at each bus at the same time gives power loss
equal to 25.25 Mw and losses reduction equal to (32.8 %) according to
Table (5.8).

41.94 — 32.8 = 9.14 % is the difference between losses reduction in
case of optimal addition of real power to load buses and addition with equal

amount of real power.

5.1.6 Optimal Quantity and Placement of Reactive Power Injection at
Load Buses:

The procedure is similar to that for injecting optimal active power at
the buses. In this case and according to flow chart in Figure (3.2), injecting
U= (5 MVAR) at each load bus is stopped when sensitivity of power losses
with respect to reactive power injected becomes zero or positive and
satisfies the constraints including reactive power limits of the generators
and load buses voltages as shown in (Appendix F).

The total reactive power to be added is equal to (920 MVAR) which
gives total system losses equal to 32.64 Mw and losses reduction equal
(13.17 %). To compare the optimal result with that taken when injecting
equal amount of reactive power, divide total injecting power which gives

optimal results by eight which is the number of the best buses that were
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chosen in section 5.1.4 as the more sensitive buses, then injecting equal

amount of reactive power = % =115MVAR .

Injecting 115 MVAR at each one of the eight buses at the same time
gives power loss equal to 33.309 Mw and reduction equal to (11.39 %) as
shown before according to Table (5.10).

Saving Loss Reduction = 13.17 — 11.39 = 1.78% between the two

cases.

5.1.7 Control of Active Power at Generation Buses:

The sensitivities 0P/ 0 Py at the generation buses (2, 3, 12, 16 and
18) were calculated according to equation (3.14). The results give
indication of the system efficiency to reduce losses when generating active
power at these buses, as shown in Tables (5.12)-(5.16) and Figures (5.32)-
(5.41).

If sensitivity value at any bus is negative, then increasing power
generation at that bus reduces system losses. On the other hand if the
sensitivity value at any bus is positive, the system losses decrease in case of
reducing power generation at that bus.

Optimal power generation was calculated using procedure similar to
that implemented in section (5.1.5). Generation at each bus is increased by
(10 Mw) at each step until the sensitivity at the bus becomes zero or
positive, i.e. the system losses start to increase. Table (5.17) and Figures
(5.42) and (5.43) show active power generation at each generation bus
which gives minimum losses equal to (25.95 Mw) with optimal losses
reduction equal to (30.96 %).
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Table (5.12): System Losses and Sensitivities at Generation Bus 2

(SDM)
Sensitivity Sensitivity
I:)qeneration Losses 6PL°SS I:)qeneration Losses aPLoss
[Mw] [Mw] P, [Mw] [Mw] oP,

0 32.789 - 0.0131 625 35.747 0.0225
100 31.75 - 0.0074 650 36.327 0.0239
150 31.45 - 0.0045 660 36.569 0.0245
200 31.29 - 0.0016 670 36.816 0.0251
250 31.28 +0.0012 680 37.069 0.0256
300 31.41 0.0041 690 37.328 0.0262
400 32.113 0.0098 700 37.592 0.0268
500 33.375 0.0155 710 37.862 0.0273
525 33.779 0.0169 720 38.137 0.0279
550 34.212 0.0183 730 38.419 0.0285
575 34.692 0.0197 740 38.705 0.0290
600 35.202 0.0211 750 38.998 0.0296
Table (5.13): System Losses and Sensitivities at Generation Bus 3

(HAD)
Sensitivity
P_qeneration L osses aPLOSS
[Mw] [Mw] Pg
300 37.925 - 0.0062
325 37.77 - 0.0050
350 37.662 - 0.0039
375 37.576 - 0.0027
400 37.52 - 0.0015
425 37.493 - 0.0004
450 37.496 0.0008
460 37.506 0.0013
470 37.520 0.0017
480 37.539 0.0022
490 37.563 0.0027
500 37.592 0.0031
510 37.625 0.0036
520 37.664 0.0041
530 37.706 0.0045
540 37.754 0.0050
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Table (5.14): System Losses and Sensitivities at Generation Bus 12

(MSB)
Sensitivity

I:)generation L osses aPLOSS

[Mw] [Mw] Pg
550 38.796 - 0.0249
575 38.173 - 0.0222
600 37.592 - 0.0207
625 37.153 - 0.0190
650 36.553 -0.0177
675 36.095 -0.016
700 35.678 - 0.0147
750 34.965 - 0.0117
800 34.413 - 0.0087
850 34.021 - 0.0058
900 33.787 - 0.0028
950 33.711 0.0002
975 33.732 0.0016
1000 33.792 0.0031

Table (5.15): System Losses and Sensitivities at Generation Bus 16

(NSR)
Sensitivity

Pgeneration L osses apLOSS

[Mw] [Mw] Pg
600 37.984 - 0.0090
625 37.7152 - 0.0062
650 37.592 - 0.0034
675 37.505 - 0.0007
700 37.49 0.0021
725 37.54 0.0049
750 37.677 0.0076
775 37.87 0.0104
800 38.15 0.0131
825 38.49 0.0158
850 38.90 0.0185
875 39.39 0.0213
900 39.99 0.0240
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Table (5.16): System Losses and Sensitivities at Generation Bus 18

(HRT)
Sensitivity

I:)generation L osses aPLOSS

[Mw] [Mw] Pg
380 37.592 - 0.0096
400 37.39 - 0.0065
425 37.24 - 0.0027
450 37.19 0.0012
475 37.24 0.0050
500 37.389 0.0089
525 37.634 0.0127
550 37.97 0.0165
575 38.41 0.0203
600 38.953 0.0240
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Figure (5.32): Relationship between Generation and System Losses at
Bus 2 (MOS)
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Figure (5.33): Relationship between Sensitivity and System Losses at
Bus 2 (MOS)
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Figure (5.34): Relationship between Generation and System Losses at
Bus 3 (HAD)
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Figure (5.35): Relationship between Sensitivity and System Losses at
Bus 3 (HAD)
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Figure (5.36): Relationship between Generation and System Losses at
Bus 12 (MSB)
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Figure (5.37): Relationship between Sensitivity and System Losses at
Bus 12 (MSB)
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Figure (5.38): Relationship between Generation and System Losses at
Bus 16 (NSR)
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Figure (5.39): Relationship between Sensitivity and System Losses at
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Figure (5.40): Relationship between Generation and System Losses at
Bus 18 (HRT)
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Figure (5.41): Relationship between Sensitivity and System Losses at
Bus 18 (HRT)
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Table (5.17): Active Power Generations which Give Optimal Losses

Reduction
Generation Generation
Bus Number [Mw]
2 SDM 250
3 HAD 350
12 MSB 1000
16 NSR 500
18 HRT 400
LA L —
a5
s0|-
250
20l-
150
10}-
5
0 2 3 12 16 18

Generation Bus No.

Figure (5.42): Generation Effect of Each Generating Bus Individually
on System Losses
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Figure (5.43): System Optimal Power Generation which Gives
Minimum Losses
5.1.8 Load Flow Losses with Multi Contingencies:

Multi contingencies like removing transmission line, generating unit
and bus bar, were studied and compared at different operating cases which
are:

1- Ordinary load flow according to data in Appendix (B).

2- Optimal power injection at load buses as mentioned in section (5.1.5).

3- Optimal power generation at generation buses according to the results
in Table (5.17).

4-Optimal active and reactive power injection at load buses as
mentioned in sections (5.1.5) and (5.1.6) respectively.

5- Optimal power generation at generation buses and injection at load

buses according to the results in Table (5.17) and section (5.1.5)

respectively.
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6- Optimal reactive power injection at load buses as mentioned in section

(5.1.6).

Loss reduction in case of any contingency=

ordinary LF losses-modified LF losses/ordinary LF losses x 100%
5.1.8.1 Removing the Line 1-6 (BAJ-KRK):

Removing the line (1-6) does not isolate BAJ or KRK or any bus bar
in the system. Minimum losses were calculated. According to each case
mentioned in section (5.1.8), Table (5.18) and Figure (5.44) show losses in
the system in case of different operating cases. Optimal generation with

optimal injection of active power give minimum losses equal to 17.808 Mw

and losses reduction equal to 48.:315-17.808 1 1005 = 63.14%.

48.315

System losses for other operating cases lie between ordinary LF losses
(48.315 Mw) and losses in case of optimal Pgeneration with Pinjection

simultaneously (17.808 Mw).
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p ] pt.Fg Qinj Pinj pt.Qinj

Figure (5.44): Minimum Losses for Different Cases when Removing
Line 1-6 (BAJ-KRK)
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5.1.8.2 Removing the Line 3-4 (HAD-QAM):

Removing the line (3-4) isolates (QAM) from the system. The system
Is unstable according to ordinary LF results in Appendix (C). Table (5.18)
and Figure (5.45) show system losses in case of different operating cases.
Injecting optimal active and reactive power at load buses (case 4) makes
the system stable with minimum losses equal to (20.98 Mw) and losses

reduction equal to 36.439-2098 1000 — 42.42.
36.439
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Figure (5.45): Minimum Losses for Different Cases when Removing
Line 3-4 (HAD-QAM)
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5.1.8.3 Removing Lines 1-6 (BAJ-KRK) and 3-4 (HAD-QAM):
Removing two lines is a multi-contingency case, these lines become

not a part of the system. Figure (5.46) and Table (5.18) show system losses

in case of different operating cases. Injecting optimal active and reactive

power at load buses (case 4) gives minimum losses equal to (20.93 Mw)

and losses reduction equal to %2280'93 x100% = 55.73%.
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Figure (5.46): Minimum Losses for Different Cases when Removing
Lines (1-6) (BAJ-KRK) and (3-4) (HAD-QAM)
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5.1.8.4 Removing Lines 1-6 (BAJ-KRK), 3-4 (HAD-QAM) and 18-19
(HRT-QRN):

This case is also multi-contingency case. Figure (5.47) and Table

(5.18) show that injecting optimal active and reactive power at load buses

(case 4) gives minimum losses equal to (23.56 Mw) and losses reduction

equal to 49.894-23.56 1006 = 52,79
49.894
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Figure (5.47): Minimum Losses for Different Cases when Removing
Lines (1-6) (BAJ-KRK), (3-4) (HAD-QAM) and (18-19) (HRT-QRN)
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5.1.8.5 Removing line 1-6 (BAJ-KRK) and Generation at Bus 22
(HAD):

In this multi-contingency case, line (1-6) and generator plant (HAD)
are no more a part of the system. Figure (5.48) and Table (5.18) show that
optimal active generating and injecting optimal active power at load buses
(case 5) give minimum losses of (17.11 Mw) and loss reduction is equal

to 56.08-17.11 x100% = 69.49%.
56.08

Losses[mW]
60 T T L 3 3 T

Remove Line(1-6)&Gen.(HAD)

1 2 3 4 5 6
ord.LF  opt.Pinj opt.Pgen. OPL.Pinj opt.Pgen. opt.Qinj
+Qinj Pinj

Figure (5.48): Minimum Losses for Different Cases when Removing
Lines (1-6) (BAJ-KRK) and Generation (HAD)
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5.1.8.6 Removing Line 1-6 (BAJ-KRK) and Generation at bus
25(HRT):

In this case line (1-6) and generator plant (HRT) are no more a part of
the system. Figure (5.49) and Table (5.18) show that optimal active
generating and injecting active power at load buses (case 5) give minimum
losses of (20.71 Mw) and loss reduction is  equal

to 74.04-20.71
74.04

x100% = 72.02%.
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Figure (5.49): Minimum Losses for Different Cases when Removing
Lines (1-6) and Generation (HRT)
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5.2 Transient Stability Program:

The Transient Stability calculations were carried out using the step by
step modified Euler iterative solution of the differential equations
describing machines behavior of INSG system.

The solution took into account a time step of 0.05 second and total
solution time period of 1.5 second. The program performs transient
calculations with different types of faults at any point on the system with
0.15 second clearing time (tc). Rotor angles were taken as an indicator of
transient stability in this work. The improvement in transient stability is the
difference between the amplitudes of swing curves for two cases, i.e. the
difference between rotor angles before and after improvement, divided by

the angle before improvement.

5.3 Transient Stability with Optimal Power Flow Case Studies:

The effects of OPF constrained minimum losses on transient stability
were studied, the results were compared with transient stability in case of
implementing load flow results of INSG. Three generation buses from the
north, west and south of Iraq were selected to study the situation of the
network under consideration in detail, these buses are 2 (SDM), 3 (HAD)
and 16 (NSR).

5.3.1 Three Phase Fault in the Middle of Line (1-6) (BAJ-KRK):
Although the system is stable in case of three phase fault in the middle
of line 1-6 (i.e. BAJ-KRK) with ordinary load flow, the system becomes
more stable with OPF.
Swing curves of SDM, HAD and NSR power plants which represent
their stability as shown in Figures (5.50), (5.52) and (5.54) respectively

were improved when OPF were implemented as shown in Figures (5.51),
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(5.53) and (5.55). According to the amplitudes of swing curves, stability
improvement were equal to 16.6%, 84% and 82.5% for SDM, HAD and

Rotor Angle in degree for gen. SDM4
35 T T

30
25
20

15

lo r r r r r r r
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Time[sec]

NSR power plants respectively.

Figure (5.50): Swing Curve for (SDM) Generating Machine for Fault
in the Middle of Line (1-6) with Ordinary Load Flow
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Figure (5.51): Swing Curve for (SDM) Generating Machine for Fault
in the Middle of Line (1-6) with OPF
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Figure (5.52): Swing Curve for (HAD) Generating Machine for
Fault in the Middle of Line (1-6) with Ordinary Load Flow
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Figure (5.53): Swing Curve for (HAD) Generating Machine for
Fault in the Middle of Line (1-6) with OPF
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Figure (5.54): Swing Curve for (NSR) Generating Machine for
Fault in the Middle of Line (1-6) with Ordinary Load Flow
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Figure (5.55): Swing Curve for (NSR) Generating Machine for
Fault in the Middle of Line (1-6) with OPF



Chapter Five Results and Discussion 123

5.3.2 Three Phase Fault in the Middle of Line (3-4) (HAD-QAM):

The system is unstable in case of three phase fault in the middle of
line (3-4) (i.e. HAD-QAM) with ordinary load flow because SDM plant is
out of synchronism as shown in Figures (5.56), (5.58) and (5.60). The
system becomes more stable when implementing OPF as shown in Figures
(5.57), (5.59) and (5.61) for SDM, HAD and NSR power plants, stability

improvement is equal to 70%, 71.1% and 61.3% respectively.
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Figure (5.56): Swing Curve for (SDM) Generating Machine for
Fault in the Middle of Line (3-4) with Ordinary Load Flow
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Figure (5.57): Swing Curve for (SDM) Generating Machine for Fault
in the Middle of Line (3-4) with OPF
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Figure (5.58): Swing Curve for (HAD) Generating Machine for Fault
in the Middle of Line (3-4) with Ordinary Load Flow
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Figure (5.59): Swing Curve for (HAD) Generating Machine for
Fault in the Middle of Line (3-4) with OPF
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Figure (5.60): Swing Curve for (NSR) Generating Machine for Fault in
the Middle of Line (3-4) with Ordinary Load Flow
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Figure (5.61): Swing Curve for (NSR) Generating Machine for Fault in
the Middle of Line (3-4) with OPF
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5.3.3 Three Phase Fault in the Middle of Line 18-19 (HRT-QRN):
Although the system is stable in case of three phase fault in the middle

of line (18-19) (i.e. HRT-QRN) with ordinary load flow, the system
becomes more stable with the results of OPF.

Swing curves of SDM, HAD and NSR power plants as shown Figures
(5.62), (5.64) and (5.66) respectively were improved when OPF were
implemented as shown in Figures (5.63), (5.65) and (5.67) by 65.2%,
80.4% and 64% respectively.
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Figure (5.62): Swing Curve for (SDM) Generating Machine for Fault
in the Middle of Line (18-19) with Ordinary Load Flow
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Figure (5.63): Swing Curve for (SDM) Generating Machine for Fault
in the Middle of Line (18-19) with OPF
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Figure (5.64): Swing Curve for (HAD) Generating Machine for Fault
in the Middle of Line (18-19) with Ordinary Load Flow
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Figure (5.65): Swing Curve for (HAD) Generating Machine for Fault
in the Middle of Line (18-19) with OPF
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Figure (5.66): Swing Curve for (NSR) Generating Machine for Fault in
the Middle of Line (18-19) with Ordinary Load Flow
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Figure (5.67): Swing Curve for (NSR) Generating Machine for Fault in
the Middle of Line (18-19) with OPF
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5.3.4 Improvement of System Stability in Case of Faults in the Middle
of Line (3-4)

The problem of the network is the instability, during both ordinary and
optimal load flows, in case of three phase fault in the middle of line 3-4
(HAD-QAM) because this fault will lead SDM bus to swing away from the
stability and will cause the instability of the system. To overcome this
problem a new configuration of the network will solve this problem. If the
radial path 1-3-4 (BAJ-HAD-QAM) as shown in Figure (4.1) is changed to
a loop path 1-4-3-8-1 (BAJ-QAM-HAD-BGE-BAJ), the system becomes
stable for both ordinary and OPF as shown in swing curves Figures (5.68)-
(5.73).

Ordinary load flow : without modification TS for SDM,HAD and

NSR buses as shown before in Figures 5.56,5.58 and 5.60 was improved

using new suggested (modified) configuration. The improvements in
stability are equal to 96.4%, 63.8% and 59.6% for SDM, HAD and NSR
buses as shown in Figures 5.68-5.70 respectively.

OPFE: without modification TS for SDM, HAD and NSR buses as
shown before in Figures 5.57, 5.59 and 5.61 was improved using new
configuration. The improvements in stability are equal to 97.4%, 67.9%
and 50.8% for SDM, HAD and NSR buses as shown in Figures 5.71-5.73
respectively.



Chapter Five Results and Discussion 130

Rotor Angle in degree for gen. SDM4

T 3 3 3 3 3 T

50

mid 3-4 fault(mod)

40 -

30

251~

20

15~

o o o s B S

10 : : : : : : :
0 0.2 0.4 0.6 0.8 1 12 14 1.6

Time[sec]

Figure (5.68): The Effect of Modification of the Network Configuration
on the Swing Curve (SDM) Generators for Fault in the Mid. of Line
(3-4)(HAD-QAM) with Ordinary LF
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Figure (5.71): The Effect of Modification of the Network Configuration
on the Swing Curve (SDM) Generators for Fault in the Mid. of Line
(3-4)with OPF
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Figure (5.69): The Effect of Modification of the Network Configuration
on the Swing Curve (HAD) Generators for Fault in the Mid. of Line
(3-4)(HAD-QAM) with Ordinary LF
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Figure (5.72): The Effect of Modification of the Network Configuration
on the Swing Curve (HAD) Generators for Fault in the Mid. of Line
(3-4) (HAD-QAM) with OPF
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Figure (5.70): The Effect of Modification of the Network Configuration
on the Swing Curve (NSR) Generators for Fault in the Mid. of Line
(3-4) (HAD-QAM) with Ordinary LF
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Figure (5.73): The Effect of Modification of the Network Configuration
on the Swing Curve (NSR) Generators for Fault in the Mid. of Line
(3-4)(HAD-QAM) with OPF
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Chapter Six

Conclusions and Suggestions for Future Works

6.1 Conclusions:

1-

2-

Each load bus in the system has its sensitivity to decrease losses with
respect to active and reactive power injection in the bus.

Bus sensitivities which are the partial derivatives of real power losses
w.r.t active and reactive power injection, are tabulated in Table (5.1)
and (5.4). The values give indication of the power needed at load
buses in INSG.

Proper placement of generation units will reduce losses, while
improper placement may actually increase system losses.

Also proper placement of generation units will free available capacity
for transmission of power as shown in data results. This is better than
that for available placement.

The efficiency of reactive power to reduce losses is less than the
ability of generation units because the values of 0P\./OP;y;. are higher
than OP)4s/0Qin;. @ Shown in Tables (5.1) and (5.4).

The first six buses in Table (5.1) are the best to reduce active power
losses, so these buses (7, 9, 11,8, 10 & 15) are chosen as the best
places to get minimum losses, which give maximum loss reduction
equal to 41.94% when injecting total amount of active power equal to
890 Mw.

The first eight buses in Table (5.4) are the best buses to reduce active
power loss with respect to Qj,;, which give max loss reduction equal to
13.17% when injecting total amount of reactive power equal to 920
MVAR.
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8- Comparison between stability with OPF and stability with ordinary
power flow according to the rotor time angle curves indicates that the
stability is much better with OPF.

9- The problem of system instability when a fault takes place in the
middle of line (3-4) can be enhanced using optimal OPF in case of
optimal generation or real and reactive power injection in load buses.

10- The best case to operate generation plants in Iraqi power system is to
operate them at optimal power generation as shown in Table (5.17)
which gives optimal loss reduction equal to 30.96%.

11- For the present 400 kV network the system remains unstable in case
of three phase fault in the middle of line 3-4 (HAD-QAM) even for
OPF. The system becomes stable if a new configuration is used.

12- Designing instructional program under widows to be used by

engineers may help to understand the effect of OPF on TS.

6.2 Suggestions for Futures Works:
1

Using series capacitors to enhance transient stability (TS) constrained

optimal power flow (OPF).

N
1

Enhancement of TS constrained OPF using new configurations for
Iraqi transmission line network, like changing the paths of

transmission lines.

w
1

Using Neural Network to study OPF and its effects on transient
stability TS.

S
1

Studying the effect of proper allocation of active and reactive units to

reduce losses from Iraqi 132 kV.,
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Appendix A

Sensitivity

A method of finding the sensitivities of the system losses with respect
to the state variables is presented in this appendix. The procedure starts by
calculating the sensitivities of the losses with respect to the real and
reactive power injections at all the buses except the slack bus. Quoting the

final equation in matrix notation as:

(oP, [P,
P | i1 | 00,
P |~ [3°] 0P, (A1)
aQ, EA

where [J] is the Jacobian matrix of the N-R load flow. The elements

of the vectors R and il can be determined very easily by differenting

the equation (2.36) in the chapter two with respect to o6, and V.

respectively.

L= 23360, HIVY,sin(d, - 5)] (A2)
8PL B N N o
oV, _zgée(" NIV, -V cos(6, - 9))] (A.3)

J#i
Thus, using the relationship of equation (A.1), the loss sensitivity of
the system real power losses to real and reactive power injection variations

at each bus can be calculated.

Using the values of Z% and 52 of equation (A.l), the loss

sensitivities with respect to the control variables of the VAR control



problem can be determined. They are developed below for transformer
taps, generator voltages and for switchable VAR sources.

OP,
oV

Changing the terminal voltage at a generator bus results in the

1- Loss sensitivity with respect to generator terminal voltages (

):

modified VAR injection at that bus. Hence, the loss sensitivity with respect

to generator terminal voltage can be given by:

0
R _R R, 53 M (A.4)
oV, oQ, oV,

0 i ) )
The term 63“ can be calculated as the Jacobian matrix calculation
q

and SSL is already calculated by equation (A.1). Thus SCL for all the

q q

controllable generator terminal voltages can be calculated and utilized.

2- Loss sensitivity with respect to the terminal voltage of the slack
il

enerator
g G

):

Any changes to the terminal voltages of the slack generator results in
modified reactive power injections at all the other generators and in

reactive power injection errors at all the load buses connected to bus 1.

P _y P ([ aij+ R Q RN, PR g

N “aQ\ av,) aQ,ev, aQ,av, T aQ, oV,
Where « is the set of all the load buses connected to bus-1. VValues of
oP. oP oP

..——=— are readily available from equation (A.1). Values of

0Q, 9Q, '&Q,
Q,

aT can be calculated as in the Jacobian formulation.

1



3- Loss sensitivity with respect to the reactive powers of the switchable
OP,

VAR sources ( ):

m+w

These values are already calculated and can readily be taken from

equation (A.1).



Appendix B

Derivation of the Swing Equation

The differential equation describing the rotor dynamics is
dzem
dt?

where:

J = Tm - Te (1)

J= The total moment of inertia of the synchronous machine (kg m?).

6 n= The mechanical angle of the rotor (rad).

Tm= Mechanical torque from turbine or load (N. m). Positive T,
corresponds to mechanical power fed into the machine, i.e. normal
generator operating in steady state.

T.= Electrical torque on the rotor (N.m). Positive T, in normal
generator operation.

If eg. (1) is multiplied with the mechanical angular velocity @ p.
o(I;TQZ: P - Pe (2)

where:

Omd

Pn=Tm @ = mechanical power acting on the rotor (W).

P.= T.w = electrical power acting on the rotor (W).

0 m= a;ez The relationship between mechanical angular velocity of
p

rotor and electrical frequency of the system.
Where p is the number of the poles.

2 d,0,
—OmnJ d2t2

=Py~ P, 3)

Where the left hand side can be re-arranged.



2 2 (04 Sesp, b, @
pow, 2 dt

If eq. (4) is divided by the rating of the machines, and the result is:

1
i Ea)m Jd26’e _ P _P

m e

= 5
o, Sdt? S ©)

Observations and experiences from real power systems show that
during disturbances, the angular velocity of the rotor will not deviate
significantly from the nominal values, i.e. from @_, and @, , respectively.

1

Ja)mo2
H= 2

S
2Hd, 6,
o, dt?

=P (p.u) — Pe (p.u) (6)

The index (e) and superscript (p.u) can be omitted in eq. (6), then the
form of the swing equation:
2Hd,0

w,dt’ = Pm-Pe

(7)



Appendix C

The load & Generation of the Iragi National
Super Grid System (400 kV)

Bus Bar | Bus Bar Generation Load

Number | Name | |YP® MW Myar MW My ar
1 BAJ | Slack | 570.592  100.4455 @ 200.00  98.00
2 SDM P,V 700.00  -23.2248 | 5.00 2.00
3 HAD P,V 500.00  -0.8474 | 100.00  60.00
4 QAM P.Q .00 .00 60.00 40.00
5 MOS P.Q .00 .00 300.00  180.00
6 KRK P.Q .00 .00 70.00 40.00
7 BQB P.Q .00 .00 150.00  80.00
8 BGW P.Q .00 .00 500.00  360.00
9 BGE P.Q .00 .00 500.00  360.00
10 BGS P.Q .00 .00 100.00  50.00
11 BGN P.Q .00 .00 300.00  200.00
12 MSB P,V 600.00  420.6564 | 120.00  70.00
13 BAB P.Q .00 .00 100.00  50.00
14 KUT P.Q .00 .00 100.00  60.00
15 KDS P.Q .00 .00 200.00  100.00
16 NAS P,V 650.00  -69.1434 | 100.00  54.00
17 KAZ P.Q .00 .00 350.00  200.00
18 HRT P,V 380.00  35.9855 | 38.00 22.00
19 QRN P.Q .00 .00 70.00 30.00

Total 3400.592 463.8716 | 3363 2056




Appendix D

INSG System Line Data

From To R (P.U) X (P.U) B (P.U)
BAJ4 SDM4 0.00542 0.0487 1.4384
MOS4 SDM4 0.00143 0.0124 0.36439
MOS4 BAJ4 0.00399 0.03624 1.074

BAJ4 HAD4 0.00364 0.03024 0.8676
QAMA4 HAD4 0.0035 0.03 0.7413
BGE4 BQB4 0.00076 0.00689 0.2043
BAJ4 KRK4 0.00182 0.01654 0.49031
BAJ4 BGW4-2 0.0055 0.05004 1.4826
BAJ4 BGW4-1 0.00483 0.04393 1.3017
HADA4 BGW4 0.00483 0.04393 1.3017
BGW4 BGN4 0.00093 0.00847 0.25099
BGN4 BGE4 0.00029 0.00265 0.0788
KRK4 BGE4 0.00481 0.04373 1.29581
BGE4 BGS4 0.00105 0.00955 0.28309
BGW4 BGS4 0.00144 0.0131 0.38816
BGS4 MSB4-1 0.00121 0.0102 0.30944
BGS4 MSB4-2 0.00121 0.0102 0.30944
BAB4 MSB4-1 0.00077 0.00648 0.19666
BAB4 MSB4-2 0.00077 0.00648 0.19666
BGS4 KUT4 0.00245 0.02236 0.6625
BGS4 KDS4 0.00292 0.02659 0.788

KDS4 NSR4 0.00383 0.03486 1.03314
KAZ4 NSR4 0.00439 0.03999 1.1849
KUT4 NSR4 0.00433 0.0394 1.1674
KAZ4 HRT4 0.00119 0.01083 0.32104
QRN4 HRT4 0.0013 0.01182 0.35022
QRN4 KUT4 0.00628 0.05713 1.6927




Appendix E

Machine's Parameters

Node Armature Transient Inertia
Name ARG (Per Unit) | XD (Per Unit) ﬁczggggt)
BAJ4 0.0 0.0122242 132
SDM4 0.0 0.037 91.008
HAD4 0.0 0.04948 36.096
MSB4 0.0 0.017225 104
NSR4 0.0 0.0285 99.94
HRT4 0.0 0.0508 475




Appendix F

Limits of Generation and Load Buses

Bus Bar Qgeneration [Mvar] VOItage [P-V]
Qmin Qmax Vmin V max
1 - 200 200 0.95 1.05
2 -257.15 433.82 0.95 1.05
3 - 183.68 309.87 0.95 1.05
4 0 0 0.95 1.05
S) 0 0 0.95 1.05
6 0 0 0.95 1.05
7 0 0 0.95 1.05
8 0 0 0.95 1.05
9 0 0 0.95 1.05
10 0 0 0.95 1.05
11 0 0 0.95 1.05
12 -220.42 371.85 0.95 1.05
13 0 0 0.95 1.05
14 0 0 0.95 1.05
15 0 0 0.95 1.05
16 - 238.77 402.83 0.95 1.05
17 0 0 0.95 1.05
18 - 139.6 235.5 0.95 1.05
19 0 0 0.95 1.05
20 - 200 200 0.95 1.05
21 -257.15 433.82 0.95 1.05
22 - 183.68 309.87 0.95 1.05
23 - 22042 371.85 0.95 1.05
24 - 238.77 402.83 0.95 1.05
25 - 139.6 235.5 0.95 1.05




Table (5.8): Sensitivity and Losses when Injecting the Same Value of Active Power

P L osses Bus 7 Bus 9 Bus 11 Bus 8 Bus 10 Bus 15
[Mw] 0 Ploss/ 0 P 0 Pioss/ 0 P; 0 Pioss/ 0 P; 0 Ploss/ 0 P 0 Ploss! 0 P 0 Poss/ 0 P

0 37.592 - 0.0392 - 0.0361 - 0.0359 - 0.0279 - 0.0258 - 0.0230
10 | 35.7077 - 0.0365 - 0.0337 - 0.0335 - 0.0259 - 0.0233 - 0.0186
20 33.982 - 0.0339 - 0.0312 - 0.0311 - 0.024 - 0.0209 -0.0172
40 31.000 - 0.0286 - 0.0264 - 0.0263 - 0.0201 -0.0161 - 0.0115
60 28.631 - 0.0234 - 0.0216 - 0.0216 - 0.0163 -0.0113 - 0.0058
80 26.864 - 0.0182 - 0.0168 - 0.0170 - 0.0125 - 0.0066 - 0.0001
100 | 25.687 -0.0131 -0.0121 - 0.0127 - 0.0087 - 0.0019 0.0054
120 | 25.091 - 0.0080 - 0.0074 - 0.0078 - 0.0050 0.0028 0.0110
140 | 25.069 - 0.0030 - 0.0028 - 0.0033 - 0.0013 0.0074 0.0165
150 | 25.255 - 0.0005 - 0.0005 - 0.0010 - 0.0006 0.0097 0.0186
160 | 25.614 0.0020 0.0018 0.0012 0.0024 0.0120 0.0220
180 | 26.685 0.0070 0.0064 0.0057 0.0061 0.0166 0.0268

¥6



Table (5.10): Sensitivity and Losses when Injecting Same Reactive Power

Qui Losses qu_ 5_ qu_ 6_ qu_ 7_ qu_ 8_ qu_ 9_ Bu_s _1(_) Bu_s _11_ Bu_s _15_
[Mw] | Sensitivity | Sensitivity | Sensitivity | Sensitivity | Sensitivity | Sensitivity | Sensitivity | Sensitivity
10 36.903 -0.0033 -0.0017 - 0.0095 - 0.0062 - 0.0088 - 0.0027 - 0.0091 -0.0016
20 36.279 -0.0031 -0.0012 -0.0084 - 0.0055 -0.0079 - 0.0022 - 0.0082 -0.0010
30 35.717 - 0.0028 - 0.0007 -0.0073 - 0.0049 -0.0070 -0.0018 -0.0073 - 0.0004
40 35.217 - 0.0026 - 0.0002 -0.0063 -0.0043 - 0.0061 -0.0014 - 0.0064 0.0002
50 34.77 - 0.0024 0.0003 - 0.0052 - 0.0036 - 0.0053 - 0.0009 - 0.0056 0.0008
60 34.397 - 0.0022 0.0008 - 0.0042 -0.0031 - 0.0044 - 0.0005 - 0.0047 0.0014
70 34.073 -0.0019 0.0013 - 0.0032 -0.0024 - 0.0035 - 0.0001 - 0.0039 0.0019
80 33.807 -0.0017 0.0018 - 0.0022 -0.0018 -0.0027 0.0003 - 0.0030 0.0025
90 33.595 - 0.0015 0.0023 -0.0012 -0.0012 -0.0019 0.0007 - 0.0022 0.0031
100 | 33.438 -0.0013 0.0028 - 0.0002 - 0.0007 -0.0011 0.0011 0.0014 0.0036
110 | 33.335 -0.0011 0.0032 0.0007 - 0.0001 - 0.0003 0.0015 - 0.0006 0.0042
115 | 33.309 - 0.0010 0.0035 0.0012 0.0002 0.0001 0.0017 - 0.002 0.0044
120 | 33.283 - 0.0008 0.0037 0.0017 0.0005 0.0005 0.0019 0.0002 0.0047
130 | 33.2827 | -0.0006 0.0042 0.0026 0.0010 0.0013 0.0023 0.0016 0.0053
140 | 33.3324 | -0.0004 0.0044 0.0034 0.0016 0.0020 0.0027 0.0017 0.0057
150 | 33431 - 0.0002 0.0051 0.0044 0.0022 0.0028 0.0031 0.0025 0.0063

L6



Table (5.18): System Losses in Mw for Different Operation Cases

. Ordinary Slpulliel Optimal Optimal OPITEL SiptlieL

Contmgency LE I:)iniection at Generation (P' L +Q' L. ) (Pqeneration+Piniection Qiniection at

load buses Injection ™ ~einjection at load buses) load buses
Removing line (1-6) 48.315 22.59 32.96 18.96 17.808 41.29
Removing line (3-4) 36.439 25.57 28.18 20.98 29.01 31.3
Removing lines (1-6), (3-4) 47.28 24.252 35.1 20.93 29.45 39.54
Removing lines (1-6), (3-4) | 4g gg4 26.64 37.26 23.56 31.44 42.34

and (18-19)
Removing line (1-6) and | g 4 22.03 37.86 18.56 17.11 48.39
generator (HAD)

Removing line (1-6) and 74.04 28.29 55.75 24.10 20.71 64.13

generator (HRT)

erT
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Chapter Two

Power Flow and Transient Stability Problem

2.1 Introduction:

All analyses in the engineering sciences start with the formulation of
appropriate models. A mathematical model is a set of equations or
relations, which appropriately describe the interactions between different
quantities in the time frame studies and with the desired accuracy of a
physical or engineering component or system. Hence, depending on the
purpose of the analysis different models might be valid. In many
engineering studies the selection of correct model is often the most difficult

part of the study.

2.2 Simulation:

Simulation is an educational tool that is commonly used to teach
processes that are infeasible to practice in the real world. Software process
education is a domain that has not yet taken full advantage of benefits of
simulation.

Simulation is a powerful tool for the analysis of new system designs,
retrofits to existing systems and proposed changes to operating rules.
Conducting a valid simulation is both an art and a science.

A simulation model is a descriptive model of a process or system, and
usually includes parameters that allow the model to be configurable, that is,
to represent a number of somewhat different systems or process
configurations.

As a descriptive model, we can use a simulation model to experiment

with, evaluate and compare any number of system alternatives. Evaluation,



Chapter Two Power Flow and Transient Stability Problem 11

comparison and analysis are the key reasons for doing simulation.
Prediction of system performance and identification of system problems
and their causes are the key results [13-16]. Simulation is most useful in the
following situations:

1- There is no simple analytic model.

2- The real system has some level of complexity, interaction or
interdependence between various components, which makes it
difficult to grasp in its entirety. In particular, it is difficult or
impossible to predict the effect of proposed changes.

3- Designing a new system, and facing a new different demand.

4- System modification of a type that we have little or no experience and
hence face considerable risk.

5- Simulation with animation is an excellent training and educational
device, for managers, supervisors, and engineers. In systems of large
physical scale, the simulation animation may be the only way in which
most participants can visualize how their work contributes to overall

system success or problems [17, 18].

2.2.1 Simulation Techniques:

Simulation techniques are fundamental to aid the process of large-
scale design and network operation.

Simulation models provide relatively fast and inexpensive estimates of
the performance of alternative system configuration and / or alternative
operating procedures. The value and usage of simulation have increased
due to improvement in both computing power and simulation software.

In order for the simulation to be a successful educational tool, it must
be based on an appropriate economic model with correct “fundamental
laws” of software engineering and must encode them quantitatively into

accurate mathematical relationship [19-23].
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2.2.2 Simulation Model Used in this Work:

The simulation model used in this work is (Law and McComas
Approach)[24] which is called Seven Steps Approach for conducting a
successful simulation study as shown in Figure (2.1), which presents
techniques for building valid and credible simulation models, and
determines whether a simulation model is an accurate representation of the
system for the particular objectives of the study. In this approach, a
simulation model should always be developed for a particular set of
objectives, where a model that is valid for one objective may not be for
another. The important activities that take place in the seven steps model

are used in this work:

Step 1. Formulation the Problem
The following things are studied in this step:
1- The overall objectives of the study.
2- The scope of the model.
3- The system configuration to be modeled.

4- The time frame for the study and the required resources.

Step 2. Collection of information/Data and Construction a Conceptual
Model
1- Collecting information on the system layout and operating procedures.
2- Collecting data to specify model parameters.
3- Documentation of the model assumptions, algorithms and data

summaries.
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Step 3. Validation of Conceptual Model
If errors or omissions are discovered in the conceptual model, it must

be updated before proceeding to programming in step 4.

Step 4. Programming the Model
1- Programming the conceptual model in a programming language.

2- Verification (debugging) of the computer program.

Step 5. The Programmed Model Validity
1- If there is an existing system (as in this work), then compare model
performance measures with the comparable performance measures
collected from the system.
2- Sensitivity analyses should be performed on the programmed model to
see which model factors have the greatest effect on the performance

measured and, thus, have to be modeled carefully.

Step 6. Designing and Analyzing Simulation Experiments
Analyzing the results and deciding if additional experiments are

required.

Step 7. Documenting and Presenting the Simulation Results
The documentation for the model should include a detailed description

of the computer program, and the results of the study [24].
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A

Formulate the Problem

Collect Information/Data and

Construct Conceptual Model

Is the No
Conceptual >
Model Valid?
Yes
Program the Model
Is the No

Programmed
Model Valid?

\ 4

Yes

Design, Conduct and Analyze Experiments

\

y

Document and Present

the Simulation Results

\

y

End

Figure (2.1): Law and McComas Simulation Model [24]
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2.3 Network Modeling:

Transmission plant components are modeled by their equivalent
circuits in terms of inductance, capacitance and resistance. Among many
methods of describing transmission systems to comply with Kirchhoff’s
laws, two methods, mesh and nodal analysis are normally used. Nodal
analysis has been found to be particularly suitable for digital computer

work, and almost exclusively used for routine network calculations.

2.3.1 Line Modeling:
The equivalent 7—model of a transmission line section is shown in
Figure (2.2) and it is characterized by parameters:

Zym = Rim + IXim = series impedance (Q2)

-
~n

m

Figure (2.2): Equivalent (7 - Model) of a Transmission Line [25]

Yin = Zin + = Gy + JBkm = series admittance (siemens).
Yt = G + jBkmSh = shunt admittance (siemens).

where:

Gy and G, are series and shunt conductance respectively.
By and By, are series and shunt Sucsceptance respectively.

The value of G, is so small that it could be neglected [25, 26].
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2.3.2 Generator Modeling:

In load flow analysis, generators are modeled as current injections as
shown in Figure (2.3).

In steady state a generator is commonly controlled so that the active
power injected into the bus and the voltage at the generator terminal are
kept constant. Active power from the generator is determined by the
turbine control and must of course be within the capability of the turbine
generator system. Voltage is primarily determined by reactive power
injection into the node, and since the generator must operate within its
reactive capability curve, it is not possible to control the voltage outside

certain limits [25].

Figure (2.3): Generator Modeling [25]

2.3.3 Load Modeling:

Accurate representation of electric loads in power system is very
important in stability calculations. Electric loads can be treated in many
ways during the transient period. The common representation of loads are
static impedance or admittance to ground, constant current at fixed power
factor, constant real and reactive power, or a combination of these
representations [27]. For a constant current and a static admittance

representation of a load, the following equations are used respectively:
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| _ I:)L B JQL
Lo - *
VL
— PL - JQL
A
where:

P_ and Q_are the scheduled bus loads.
V, is calculated bus voltage.

I, current flows from bus L to ground.

2.4 Power Flow Problem:

17

(2.1)

(2.2)

The power flow problem can be formulated as a set of non-linear

algebraic equality/inequality constraints. These constraints represent both

Kirchhoff’s laws and network operation limits. In the basic formulation of

the power flow problem, four variables are associated with each bus

(network node) k:
e V| — voltage magnitude.

e 5« — Voltage angle.

e P, —net active power (algebraic sum of generation and load).

e Q — net reactive power (algebraic sum of generation and load) [25,

28].

2.5 Bus Types:

Depending on which of the above four variables are known

(scheduled) and which ones are unknown (to be calculated), the basic types

of buses can be defined as in Table (2-1).
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Table (2.1): Power Flow Bus Specification [29]

Bus Tvpe Active Reactive Voltage Voltage

yp Power, P | Power, Q | Magn., |[E| | Angle, 6

Constant Power Load, Scheduled | Scheduled | Calculated | Calculated
Constant Power Bus

Generator/Synchronous
Condenser, Voltage Scheduled | Calculated | Scheduled | Calculated
Controlled Bus

Reference / Swing Calculated | Calculated | Scheduled | Scheduled

Generator, Slack Bus

2.6 Solution to the PF Problem:

In all realistic cases the power flow problem cannot be solved
analytically and hence iterative solutions implemented in computers must
be used. Gauss iteration with a variant called Gauss-Seidel iterative method
and Newton Raphson method are some of the solutions methods of PF
problem. A problem with the Gauss and Gauss-Seidel iteration schemes is
that convergence can be very slow and sometimes even the iteration does
not converge although a solution exists. Therefore more efficient solution
methods are needed, Newton-Raphson method is one such method that is

widely used in power flow computations [25, 30].

2.6.1 Newton-Raphson Method [25]:
A system of nonlinear algebraic equations can be written as:
f(x)=0 (2.3)
where x is an (n) vector of unknowns and (f) is an (n) vector

function of (x). Given an appropriate starting value x° the Newton-
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Raphson method solves this vector equation by generating the following

sequence:
J (x)Ax =~ f(x") }

XM= X+ AxY

(2.4)

where J (x") = Is the Jacobian matrix.

of (x)
OX
The Newton-Raphson algorithm for the n-dimensional case is thus as
follows:
1. Set v= 0 and choose an appropriate starting value x°.
2. Compute f (x").
3. Test convergence:

If \fi(x“) <e fori=1, 2, ..., n, then x" is the solution otherwise go to 4.

4. Compute the Jacobian matrix J (x").

5. Update the solution
Ax°=-3Y(x") f (x”)}

X=X+ AXP

(2.5)

6. Update iteration counter v+1 —v and go to step 2. Note that the
linearization of f (x) at x"is given by the Taylor expansion.
f(X"+AX") = f(x”)+ J(x")Ax® (2.6)

where the Jacobian matrix has the general form:

of, of, of, |
8_xl a o
o |M A O
J=—=|0ox,  0x, OX, (2.7)
OX :
of, of, of
| OX,  OX, OX, |
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To formulate the Newton-Raphson iteration of the power flow
equation, firstly, the state vector of unknown voltage angles and

magnitudes is ordered such that:

o
X= {V} (2.8)

And the nonlinear function f is ordered so that the first component

corresponds to active power and the last ones to reactive power:

[ P(x)
f(x) = 2.9
(x) _Q(x)} (2.9)
i Pz (X)_ Pz ]
f(x)=_jﬁ?li?_ (2.10)
Qz (X)_Qz
Q,(x)-Q,

In eq. (2.10) the function P, (x) are the active power which flows out
from bus k and the P, are the injections into bus k from generators and
loads, and the functions Q, (x) are the reactive power which flows out
from bus k and Q, are the injections into bus k from generators and loads.
The first m-1 equations are formulated for PV and PQ buses, and the last n-
1 equations can only be formulated for PQ buses. If there are Npy PV buses
and NpgPQ buses,  m-1= Npy+Npgand n-1= Npo.

The load flow equations can be written as:

P(x)
o

And the functions P(x) and Q(x) are called active and reactive power

fU)z{ =0 (2.11)

mismatches. The updates to the solutions are determined from the equation:

o | ASY P(x")|_
J(x°) LVV}- {Q(x”)} 0 (2.12)
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The Jacobian matrix J can be written as:

op ok
J= gg g\é (2.13)
5 oV

2.6.2 Equality and Inequality Constraints [25]:

The complex power injection at bus k is:
Sk=Pr+jQu=Ex I = Vo I’ (2.14)
where I, = XY, E (2.15)

km —m

Em: complex voltage at bus m = Ve °

Soh=Y. (Gun + jBian) Vinl ™ (2.16)
ANd 1= Gy — jBim) Vit (2.17)
SEVIe™ S (GrrBin) (Vi) (2.18)

m=1

Where N is the number of buses
The expression for active and reactive power injections is obtained by

identifying the real and imaginary parts of eq. (2.18), yielding:

Py = Vi 2 Vin(Gkm €0S 6 km + Bym SIN S «m) (2.19)
Qx = Vi 2 Vi (Gkm SiN 8 km — Bm €OS 6 km) (2.20)
Complex power Sy, flows from bus k to bus m is given by:

Pim =V} Gkm — ViV Gim €056 «km — VikVim Bim SiNS km (2.21)

Qun = -V (Bin + B + ViV uBim €058 km — ViV Gy SiNS km - (2.22)

The active and reactive power flows in opposite directions, P and
Qmk can be obtained in the same way:

Pk =V 2 Gk —ViVinGmC0S & km+ ViV mBmSin S km (2.23)
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Qmk ==V}, (Bin*B 2 )+ViVinBim €055 km + ViVanGiem SiNG km~ (2.24)

m

The active and reactive power losses of the lines are easily obtained

as:
Pim + Pk = active power losses.
Qxm + Qmk = reactive power losses.
where:
k=1, ..., n (n is the number of buses in the network).
Or: active power loss is calculated using the following equation:
N N ri_ ]
P.OSS=ZZN ”i/ ‘[<Pi P, +QQ,)cos(8, — ) +(QP, ~Q;P)sin(s, - 5,)] (2.25)
i=1 j=1 |V j
also
NJ 2 -12
Ploss= ZZGijﬁVi| +[VJ| _2[\/i”\/j‘cos(5i _é‘j):l (226)

i=l j=1

Vi, Vi voltage magnitudes at the terminal buses of branch k-m.

Ok O m: voltage angles at the terminal buses of branch k-m.

Pxm: active power flow from bus k to bus m.

Qxm: reactive power flow from bus k to bus m.

"= component of reactive power injection due to the shunt element
(capacitor or reactor) at bus k (Q;"=b;"V?)

A set of inequality constraints imposes operating limits on variables
such as the reactive power injections at PV buses (generator buses) and
voltage magnitudes at PQ buses (load buses):

V"<V < V™

Q"< Q< QX

When no inequality constraints are violated, nothing is affected in the

power flow equations, but if the limit is violated, the bus status is changed

and it is enforced as an equality constraint at the limiting value [25].
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2.7 Optimal Power Flow:
2.7.1 Introduction:

The OFF problem has been discussed since 1962 by Carpentier [31].
Because the OPF is a very large, non-linear mathematical programming
problem, it has taken decades to develop efficient algorithms for its
solution.

Many different mathematical techniques have been employed for its
solution. The majority of the techniques in the references [32-37] use one
of the following methods:

1- Lambda iteration method.

2- Gradient method.

3- Newton’s method.

4- Linear programming method.
5- Interior point method.

The first generation of computer programs that aimed at a practical
solution of the OPF problem did appear until the end of the sixties. Most of
these used a gradient method i.e. calculation of the first total derivatives of
the objective function related to the independent variables of the problem.

These derivatives are known as the gradient vector [38].

2.7.2 Goals of the OPF:

Optimal power flow (OPF) has been widely used in planning and real-
time operation of power systems for active and reactive power dispatch to
minimize generation costs and system losses and improve voltage profiles.

The primary goal of OPF is to minimize the costs of meeting the load
demand for a power system while maintaining the security of the system
[39]. The cost associated with the power system can be attributed to the
cost of generating power (megawatts) at each generator, keeping each

device in the power system within its desired operation range. This will
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include maximum and minimum outputs for generators, maximum MVA
flows on transmission lines and transformers, as well as keeping system
bus voltages within specified ranges.

OPF program is to determine the optimal Operation State of a power
system by optimizing a particular objective while satisfying certain
specified physical and operating constraints.

Because of its capability of integrating the economic and secure
aspects of the concerned system into one mathematical formulation, OPF
has been attracting many researchers. Nowadays, power system planners
and operators often use OPF as a powerful assistant tool both in planning
and operating stage [2]. To achieve these goals, OPF will perform all the
steady-state control functions of power system.

These functions may include generator control and transmission
system control. For generators, the OPF will control generator MW outputs
as well as generator voltage. For the transmission system, the OPF may
control the tap ratio or phase shift angle for variable transformers, switched
shunt control, and all other flexible ac transmission system (FACTYS)
devices [31,40].

2.7.3 Nonlinear Programming Methods Applied to OPF Problems:

In a linear program, the constraints are linear in the decision variables,
and so is the objective function. In a nonlinear program, the constraints
and/or the objective function can also be nonlinear function of the decision
variables [41].

In the last three decades, many nonlinear programming methods have
been used in the solution of OPF problems, resulting in three classes of

approaches:
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a) Extensions of conventional power flow method. In this type of
approach, a sequence of optimization problem is alternated with
solutions of conventional power flow.

b) Direct solution of the optimality conditions for Newton’s method. In
this type of methodology, the approximation of the Lagrangian
function by a quadratic form is used, the inequality constraints being
handled through penalty functions.

c) Interior point algorithm, has been extensively used in both linear and
nonlinear programming. With respect to optimization algorithm, some
alternative versions of the primal-dual interior point algorithm have
been developed. One of the versions more frequently used in the OPF
is the Predictor-corrector interior point method, proposed for linear
programming. This algorithm aims at reducing the number of

iterations to the convergence [42-49].

2.7.4 Analysis of System Optimization and Security Formulation of the
Optimization Problems:

Optimization and security are often conflicting requirements and
should be considered together. The optimization problem consists of
minimizing a scalar objective function (normally a cost criterion) through
the optimal control of vector [u] of control parameters, i.e.

Min f ([x], [u]) (2.27)

subject to:

¢ equality constraints of the power flow equations:
[9 (], [uD]=0 (2.28)
¢ inequality constraints on the control parameters (parameter
constraints):
Vimin £ Vi £ Vi max
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¢ dependent variables and dependent functions (functional constraints):
Ximin < Xi < X, max
hi ([x], [u]) <0 (2.29)
Examples of functional constraints are the limits on voltage
magnitudes at PQ nodes and the limits on reactive power at PV nodes.
The optimal dispatch of real and reactive powers can be assessed
simultaneously using the following control parameters:
¢ Voltage magnitude at slack node.
¢ Voltage magnitude at controllable PV nodes.
¢ Taps at controllable transformers.
¢ Controllable power Pg;.
¢ Phase shift at controllable phase-shifting transformers.
¢ Other control parameters.

We assume that only part (P,) of the total net power (P,) is

controllable for the purpose of optimization.
The objective function can then be defined as the sum of

instantaneous operating costs over all controllable power generation:

F([x], [ul) = Z,Ci (Fs)) (2.30)

where ¢; is the cost of producing Pg;.

The minimization of system losses is achieved by minimizing the
power injected at the slack node.

The minimization of the objective function f ([x], [u]) can be
achieved with reference to the Lagrange function (L).

L=f([x], [u]) - [2]".[¢] (2.31)

For minimization, the partial derivatives of L with respect to all the
variables must be equal to zero, i.e. setting them equal to zero will then

give the necessary conditions for a minimum:
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oLl g

oa] lo]=0 (2.32)
(oL]_[of ] 8_gT _

ox ] [Gx} [ax} [2]=0 (2.33)
a1 el ToeT o

_OU__[GU} [au} =0 (2.34)

When we have found [1] from equation (2.33), [Vf] the gradient of

the objective function (f) with respect to [u] can now be calculated when

the minimum has been found, the gradient components will be:

of =0 if Vinin < Vi max
_ >0 if Vi = Vi max (235)
ou, <0 if Vi = Vinmin

A simplified flow diagram of an optimal power flow program is
shown in Figure (2.4) [49].
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¥
1 Set initial values for (i)

.

Solve power flow by
uzing Newton’s method,
including single-
parameter controls and
switching of node types

l

3 | Solve equation (2.33) for [ 4] with
one repeat solution, using
triangularized Jacobian matrix from
block no.2 with transposition

l

4 Compute gradient [ V7 ] from
equation (2.34)

Power flow
solution loop

[2] — correction loop

3 Make corrections [Au ]
obzerving inequality
constraints on [i]

l

Figure 2.4): Flow Chart of the Optimal Power Flow [49]
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2.7.5 Linear Programming Technique (LP):
The nonlinear power loss equation is:
N N .. 2
Pos= > > Gij[V[ +V,| =2V, |V, [cos(s, - 5,) ] (2.36)
i=1 =1
The linearized sensitivity model relating the dependent and control
variables can be obtained by linearizing the power equations around the
operating state. Despite the fact that any load flow techniques can be used,
N-R load flow is most convenient to use to find the incremental losses as

shown in Appendix (A). The change in power system losses, AP, is related

to the control variables by the following equation [32]:

AV,
AP = {8PL“8PL PP } AV, (2.37)
aVl aVm an+1 an+w
A(ngrl
_AQm+w_

2.8 Transient Stability:
2.8.1 Introduction:

Power system stability may be defined as the property of the system,
which enables the synchronous machines of the system to respond to a
disturbance from a normal operating condition so as to return to a condition
where their operation is again normal.

Stability studies are usually classified into three types depending upon
the nature and order of disturbance magnitude. These are:

1- Steady-state stability.
2- Transient stability.
3- Dynamic stability.
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Our major concern here is transient stability (TS) study. TS studies
aim at determining if the system will remain in synchronism following
major disturbances such as:

1- Transmission system faults.

2- Sudden or sustained load changes.
3- Loss of generating units.

4- Line switching.

Transient stability problems can be subdivided into first swing and
multi-swing stability problems. In first swing stability, usually the time
period under study is the first second following a system fault.

If the machines of the system are found to remain in synchronism
within the first second, the system is said to be stable. Multi-swing stability
problems extend over a longer study period.

In all stability studies, the objective is to determine whether or not the
rotors of the machines being perturbed return to constant speed operation.
We can find transient stability definitions in many references such as [50-
57].

A transient stability analysis is performed by combining a solution of
the algebraic equations describing the network with a numerical solution of
the differential equations describing the operation of synchronous
machines. The solution of the network equations retains the identity of the
system and thereby provides access to system voltages and currents during
the transient period. The modified Euler and Runge-Kutta methods have
been applied to the solution of the differential equations in transient
stability studies [37, 58].
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2.8.2 Power Transfer between Two Equivalent Sources:
For a simple lossless transmission line connecting two equivalent
generators as shown in Figure (2.5), it is well known that the active power,

P, transferred between two generators can be expressed as:

p= E, ;ER *sin & (2.38)
where E; is the sending-end source voltage magnitude, Er is the
receiving-end source voltage magnitude, s is the angle difference between
two sources and X is the total reactance of the transmission line and the

two sources (X, X, ) [50, 59].
X= XS + XL + XR (239)

X, X,

| At | =
1
| | l | I {.._..._l
e
ES P E'»z

Figure (2.5): A Two-Source System [50]

I

2.8.3 The Power Angle Curve:

With fixed Es, Er and X values, the relationship between P and 5 can
be described in a power angle curve as shown in Figure (2.6). Starting from
5= 0, the power transferred increases as ¢ increases. The power
transferred between two sources reaches the maximum value Pyax When §
is 90 degrees. After that point, further increase in s will result in a
decrease of power transfer. During normal operations of a generation
system without losses, the mechanical power P, from a prime mover is
converted into the same amount of electrical power and transferred over the
transmission line. The angle difference under this balanced normal

operation is ¢, [50, 58].
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P
pw‘"‘/r\
P,
a \ :
0 3, 90 180

Figure (2.6): The Power Angle Curve [50]

2.8.4 Transiently Stable and Unstable Systems:

During normal operations of a generator, the output of electric power
from the generator produces an electric torque that balances the mechanical
torque applied to the generator rotor shaft. The generator rotor therefore
runs at a constant speed with this balance of electric and mechanical
torques. When a fault reduces the amount of power transmission, the
electric torque that counters the mechanical torque is also decreased. If the
mechanical power is not reduced during the period of the fault, the
generator rotor will accelerate with a net surplus of torque input.

Assume that the two-source power system in Figure (2.5) initially
operates at a balance point of &, transferring electric power P,. After a
fault, the power output is reduced to P, the generator rotor therefore starts
to accelerate, and o starts to increase. At the time that the fault is cleared
when the angle difference reaches o ¢, there is decelerating torque acting
on the rotor because the electric power output P at the angle o ¢ is larger
than the mechanical power input Po. However, because of the inertia of the
rotor system, the angle does not start to go back to ¢ o immediately. Rather,

the angle continues to increase to o¢ when the energy lost during
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deceleration in area 2 is equal to the energy gained during acceleration in

area 1. This is the so-called equal-area criterion [50, 60].

P,

Figure (2.7): A Transiently Stable System [50]

If 6 is smaller than &, then the system is transiently stable as
shown in Figure (2.7). With sufficient damping, the angle difference of the
two sources eventually goes back to the original balance point o .
However, if area 2 is smaller than area 1 at the time the angle reaches ¢,
then further increase in angle 6 will result in an electric power output that
is smaller than the mechanical power input. Therefore, the rotor will
accelerate again and ¢ will increase beyond recovery. This is a transiently
unstable scenario, as shown in Figure (2.8). When an unstable condition
exists in the power system, one equivalent generator rotates at a speed that
is different from the other equivalent generator of the system. We refer to
such an event as a loss of synchronism or an out-of-step condition of the

power system.
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Figure (2.8): A Transiently Unstable System [50]

2.8.5 The Swing Equation:

Electromechanical oscillations are an important phenomenon that
must be considered in the analysis of most power systems, particularly
those containing long transmission lines. In normal steady state operation
all synchronous machines in the system rotate with the same electrical
angular velocity, but as a consequence of disturbances one or more
generators could be accelerated or decelerated and there is risk that they
can fall out of step i.e. lose synchronism. This could have a large impact on
system stability and generators losing synchronism must be disconnected
otherwise they could be severely damaged. The differential equation
describing the rotor dynamics is[25]:

d29, _

1= T T (2.40)

where:

J= the total moment of inertia of the synchronous machine (kg m?).

6 = the mechanical angle of the rotor (rad.).

Tn= mechanical torque from turbine or load (N.m). Positive Ty,
corresponds to mechanical power fed into the machine, i.e. normal

generator operating in steady state.
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Te= electrical torque on the rotor (N.m). Positive T, is the normal
generator operation. Sometimes equation (2.40) is expressed in terms of
frequency (f) and inertia constant (H) then the swing equation becomes:

%%zpm-m (2.41)

The swing equation is of fundamental importance in the study of
power oscillations in power systems. The derivation of this equation is

given in Appendix (B) [25].

2.8.6 Step-by-Step Solution of the Swing Curve:

For large systems we depend on the digital computer which
determines o versus t for all the machines in the system. The angle ¢ is
calculated as a function of time over a period long enough to determine
whether 6 will increase without limit or reach a maximum and start to
decrease although the latter result usually indicates stability. On an actual
system where a number of variables are taken into account it may be
necessary to plot & versus t over a long enough interval to be sure that o
will not increase again without returning in a low value.

By determining swing curves for various clearing times the length of
time permitted before clearing a fault can be determined. Standard
interrupting times for circuit breakers and their associated relays are
commonly (8, 5, 3 or 2) cycles after a fault occurs, and thus breaker speeds
may be specified. Calculations should be made for a fault in the position,
which will allow the least transfer of power from the machine, and for the
most severe type of fault for which protection against loss of stability is
justified.

A number of different methods are available for the numerical
evaluation of second-order differential equations in step-by-step

computations for small increments of the independent variable. The more
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elaborate methods are practical only when the computations are performed
on a digital computer by making the following assumptions:

1- The accelerating power P, computed at the beginning of an interval is
constant from the middle of the preceding interval considered.

2- The angular velocity is constant throughout any interval at the value
computed for the middle of the interval. Of course, neither of the
assumptions is true, since ¢ is changing continuously and both P, and
@ are functions of . As the time interval is decreased, the computed
swing curve approaches the true curve. Figure (2.9) will help in
visualizing the assumptions. The accelerating power is computed for
the points enclosed in circles at the ends of the n-2, n-1, and n
intervals, which are the beginning of the n-1, n and n+ 1 interval. The
step curve of P, in Figure (2.9) results from the assumption that P, is
constant between mid points of the intervals.

Similarly, w., the excess of angular velocity @ over the synchronous
angular velocity ws, is shown as a step curve that is constant throughout

the interval at the value computed for the midpoint. Between the ordinates
1 :
n-g and n-E there is a change of speed caused by the constant

accelerating power. The change in speed is the product of the acceleration
and the time interval, and so

2
Cw = 0N =180 A (2.42)

@, rn-3/2 dtZ H

rn-1/2

The change in 6 over any interval is the product of @, for the interval

and the time of the interval. Thus, the change in 6 during the n-1 interval
IS:

AS =5 -6 ,=Atw (2.43)

and during the n™ interval.
Ao,=0,-0, = At o,,,, (2.44)
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Subtracting Eq. (2.43) from Eq. (2.44) and substituting Eq. (2.42) in

the resulting equation to eliminate all values of w, yields:

AS=AS, +KPans (2.45)
where k= %(At)z (2.46)
Pain-2
Paia
Py
P,

Figure (2.9): Actual and Assumed Values of P, @, and ¢ as
a Function of Time [37]

Equation (2.45) is the important one for the step-by-step solution of
the swing equation with the necessary assumptions enumerated, for it
shows how to calculate the change in 6 during an interval if the change in
o for the previous interval and the accelerating power for interval are

known.
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Equation (2.45) shows that, subject to stated assumptions, the change
in torque angle during a given interval is equal to change in torque angle
during the preceding interval plus the accelerating power at the beginning
of the interval times k.

The accelerating power is calculated at the beginning of each new
interval. The solution progresses through enough intervals to obtain points
for plotting the swing curve. Greater accuracy is obtained when the
duration of the intervals is small. An interval of 0.05s is usually
satisfactory.

The occurrence of a fault causes a discontinuity in the accelerating
power P, which is zero before the fault and a definite amount immediately
following the fault. The discontinuity occurs at the beginning of the
interval, when t=0. Reference to Figure (2.9) shows that our method of
calculation assumes that the accelerating power computed at the beginning
of an interval is constant from the middle of the preceding interval to the
middle of the interval considered. When the fault occurs, we have two
values of P, at the beginning of an interval, and we must take the average

of these two values at our constant accelerating power [37].
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Chapter Two

Power Flow and Transient Stability Problem

2.1 Introduction:

All analyses in the engineering sciences start with the formulation of
appropriate models. A mathematical model is a set of equations or
relations, which appropriately describe the interactions between different
quantities in the time frame studies and with the desired accuracy of a
physical or engineering component or system. Hence, depending on the
purpose of the analysis different models might be valid. In many
engineering studies the selection of correct model is often the most difficult

part of the study.

2.2 Simulation:

Simulation is an educational tool that is commonly used to teach
processes that are infeasible to practice in the real world. Software process
education is a domain that has not yet taken full advantage of benefits of
simulation.

Simulation is a powerful tool for the analysis of new system designs,
retrofits to existing systems and proposed changes to operating rules.
Conducting a valid simulation is both an art and a science.

A simulation model is a descriptive model of a process or system, and
usually includes parameters that allow the model to be configurable, that is,
to represent a number of somewhat different systems or process
configurations.

As a descriptive model, we can use a simulation model to experiment

with, evaluate and compare any number of system alternatives. Evaluation,
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comparison and analysis are the key reasons for doing simulation.
Prediction of system performance and identification of system problems
and their causes are the key results [13-16]. Simulation is most useful in the
following situations:

1- There is no simple analytic model.

2- The real system has some level of complexity, interaction or
interdependence between various components, which makes it
difficult to grasp in its entirety. In particular, it is difficult or
impossible to predict the effect of proposed changes.

3- Designing a new system, and facing a new different demand.

4- System modification of a type that we have little or no experience and
hence face considerable risk.

5- Simulation with animation is an excellent training and educational
device, for managers, supervisors, and engineers. In systems of large
physical scale, the simulation animation may be the only way in which
most participants can visualize how their work contributes to overall

system success or problems [17, 18].

2.2.1 Simulation Techniques:

Simulation techniques are fundamental to aid the process of large-
scale design and network operation.

Simulation models provide relatively fast and inexpensive estimates of
the performance of alternative system configuration and / or alternative
operating procedures. The value and usage of simulation have increased
due to improvement in both computing power and simulation software.

In order for the simulation to be a successful educational tool, it must
be based on an appropriate economic model with correct “fundamental
laws” of software engineering and must encode them quantitatively into

accurate mathematical relationship [19-23].



Chapter Two Power Flow and Transient Stability Problem 12

2.2.2 Simulation Model Used in this Work:

The simulation model used in this work is (Law and McComas
Approach)[24] which is called Seven Steps Approach for conducting a
successful simulation study as shown in Figure (2.1), which presents
techniques for building valid and credible simulation models, and
determines whether a simulation model is an accurate representation of the
system for the particular objectives of the study. In this approach, a
simulation model should always be developed for a particular set of
objectives, where a model that is valid for one objective may not be for
another. The important activities that take place in the seven steps model

are used in this work:

Step 1. Formulation the Problem
The following things are studied in this step:
1- The overall objectives of the study.
2- The scope of the model.
3- The system configuration to be modeled.

4- The time frame for the study and the required resources.

Step 2. Collection of information/Data and Construction a Conceptual
Model
1- Collecting information on the system layout and operating procedures.
2- Collecting data to specify model parameters.
3- Documentation of the model assumptions, algorithms and data

summaries.
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Step 3. Validation of Conceptual Model
If errors or omissions are discovered in the conceptual model, it must

be updated before proceeding to programming in step 4.

Step 4. Programming the Model
1- Programming the conceptual model in a programming language.

2- Verification (debugging) of the computer program.

Step 5. The Programmed Model Validity
1- If there is an existing system (as in this work), then compare model
performance measures with the comparable performance measures
collected from the system.
2- Sensitivity analyses should be performed on the programmed model to
see which model factors have the greatest effect on the performance

measured and, thus, have to be modeled carefully.

Step 6. Designing and Analyzing Simulation Experiments
Analyzing the results and deciding if additional experiments are

required.

Step 7. Documenting and Presenting the Simulation Results
The documentation for the model should include a detailed description

of the computer program, and the results of the study [24].
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Figure (2.1): Law and McComas Simulation Model [24]
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2.3 Network Modeling:

Transmission plant components are modeled by their equivalent
circuits in terms of inductance, capacitance and resistance. Among many
methods of describing transmission systems to comply with Kirchhoff’s
laws, two methods, mesh and nodal analysis are normally used. Nodal
analysis has been found to be particularly suitable for digital computer

work, and almost exclusively used for routine network calculations.

2.3.1 Line Modeling:
The equivalent 7—model of a transmission line section is shown in
Figure (2.2) and it is characterized by parameters:

Zym = Rim + IXim = series impedance (Q2)

-
~n

m

Figure (2.2): Equivalent (7 - Model) of a Transmission Line [25]

Yin = Zin + = Gy + JBkm = series admittance (siemens).
Yt = G + jBkmSh = shunt admittance (siemens).

where:

Gy and G, are series and shunt conductance respectively.
By and By, are series and shunt Sucsceptance respectively.

The value of G, is so small that it could be neglected [25, 26].
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2.3.2 Generator Modeling:

In load flow analysis, generators are modeled as current injections as
shown in Figure (2.3).

In steady state a generator is commonly controlled so that the active
power injected into the bus and the voltage at the generator terminal are
kept constant. Active power from the generator is determined by the
turbine control and must of course be within the capability of the turbine
generator system. Voltage is primarily determined by reactive power
injection into the node, and since the generator must operate within its
reactive capability curve, it is not possible to control the voltage outside

certain limits [25].

Figure (2.3): Generator Modeling [25]

2.3.3 Load Modeling:

Accurate representation of electric loads in power system is very
important in stability calculations. Electric loads can be treated in many
ways during the transient period. The common representation of loads are
static impedance or admittance to ground, constant current at fixed power
factor, constant real and reactive power, or a combination of these
representations [27]. For a constant current and a static admittance

representation of a load, the following equations are used respectively:
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| _ I:)L B JQL
Lo - *
VL
— PL - JQL
A
where:

P_ and Q_are the scheduled bus loads.
V, is calculated bus voltage.

I, current flows from bus L to ground.

2.4 Power Flow Problem:

17

(2.1)

(2.2)

The power flow problem can be formulated as a set of non-linear

algebraic equality/inequality constraints. These constraints represent both

Kirchhoff’s laws and network operation limits. In the basic formulation of

the power flow problem, four variables are associated with each bus

(network node) k:
e V| — voltage magnitude.

e 5« — Voltage angle.

e P, —net active power (algebraic sum of generation and load).

e Q — net reactive power (algebraic sum of generation and load) [25,

28].

2.5 Bus Types:

Depending on which of the above four variables are known

(scheduled) and which ones are unknown (to be calculated), the basic types

of buses can be defined as in Table (2-1).
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Table (2.1): Power Flow Bus Specification [29]

Bus Tvpe Active Reactive Voltage Voltage

yp Power, P | Power, Q | Magn., |[E| | Angle, 6

Constant Power Load, Scheduled | Scheduled | Calculated | Calculated
Constant Power Bus

Generator/Synchronous
Condenser, Voltage Scheduled | Calculated | Scheduled | Calculated
Controlled Bus

Reference / Swing Calculated | Calculated | Scheduled | Scheduled

Generator, Slack Bus

2.6 Solution to the PF Problem:

In all realistic cases the power flow problem cannot be solved
analytically and hence iterative solutions implemented in computers must
be used. Gauss iteration with a variant called Gauss-Seidel iterative method
and Newton Raphson method are some of the solutions methods of PF
problem. A problem with the Gauss and Gauss-Seidel iteration schemes is
that convergence can be very slow and sometimes even the iteration does
not converge although a solution exists. Therefore more efficient solution
methods are needed, Newton-Raphson method is one such method that is

widely used in power flow computations [25, 30].

2.6.1 Newton-Raphson Method [25]:
A system of nonlinear algebraic equations can be written as:
f(x)=0 (2.3)
where x is an (n) vector of unknowns and (f) is an (n) vector

function of (x). Given an appropriate starting value x° the Newton-
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Raphson method solves this vector equation by generating the following

sequence:
J (x)Ax =~ f(x") }

XM= X+ AxY

(2.4)

where J (x") = Is the Jacobian matrix.

of (x)
OX
The Newton-Raphson algorithm for the n-dimensional case is thus as
follows:
1. Set v= 0 and choose an appropriate starting value x°.
2. Compute f (x").
3. Test convergence:

If \fi(x“) <e fori=1, 2, ..., n, then x" is the solution otherwise go to 4.

4. Compute the Jacobian matrix J (x").

5. Update the solution
Ax°=-3Y(x") f (x”)}

X=X+ AXP

(2.5)

6. Update iteration counter v+1 —v and go to step 2. Note that the
linearization of f (x) at x"is given by the Taylor expansion.
f(X"+AX") = f(x”)+ J(x")Ax® (2.6)

where the Jacobian matrix has the general form:

of, of, of, |
8_xl a o
o |M A O
J=—=|0ox,  0x, OX, (2.7)
OX :
of, of, of
| OX,  OX, OX, |
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To formulate the Newton-Raphson iteration of the power flow
equation, firstly, the state vector of unknown voltage angles and

magnitudes is ordered such that:

o
X= {V} (2.8)

And the nonlinear function f is ordered so that the first component

corresponds to active power and the last ones to reactive power:

[ P(x)
f(x) = 2.9
(x) _Q(x)} (2.9)
i Pz (X)_ Pz ]
f(x)=_jﬁ?li?_ (2.10)
Qz (X)_Qz
Q,(x)-Q,

In eq. (2.10) the function P, (x) are the active power which flows out
from bus k and the P, are the injections into bus k from generators and
loads, and the functions Q, (x) are the reactive power which flows out
from bus k and Q, are the injections into bus k from generators and loads.
The first m-1 equations are formulated for PV and PQ buses, and the last n-
1 equations can only be formulated for PQ buses. If there are Npy PV buses
and NpgPQ buses,  m-1= Npy+Npgand n-1= Npo.

The load flow equations can be written as:

P(x)
o

And the functions P(x) and Q(x) are called active and reactive power

fU)z{ =0 (2.11)

mismatches. The updates to the solutions are determined from the equation:

o | ASY P(x")|_
J(x°) LVV}- {Q(x”)} 0 (2.12)
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The Jacobian matrix J can be written as:

op ok
J= gg g\é (2.13)
5 oV

2.6.2 Equality and Inequality Constraints [25]:

The complex power injection at bus k is:
Sk=Pr+jQu=Ex I = Vo I’ (2.14)
where I, = XY, E (2.15)

km —m

Em: complex voltage at bus m = Ve °

Soh=Y. (Gun + jBian) Vinl ™ (2.16)
ANd 1= Gy — jBim) Vit (2.17)
SEVIe™ S (GrrBin) (Vi) (2.18)

m=1

Where N is the number of buses
The expression for active and reactive power injections is obtained by

identifying the real and imaginary parts of eq. (2.18), yielding:

Py = Vi 2 Vin(Gkm €0S 6 km + Bym SIN S «m) (2.19)
Qx = Vi 2 Vi (Gkm SiN 8 km — Bm €OS 6 km) (2.20)
Complex power Sy, flows from bus k to bus m is given by:

Pim =V} Gkm — ViV Gim €056 «km — VikVim Bim SiNS km (2.21)

Qun = -V (Bin + B + ViV uBim €058 km — ViV Gy SiNS km - (2.22)

The active and reactive power flows in opposite directions, P and
Qmk can be obtained in the same way:

Pk =V 2 Gk —ViVinGmC0S & km+ ViV mBmSin S km (2.23)
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Qmk ==V}, (Bin*B 2 )+ViVinBim €055 km + ViVanGiem SiNG km~ (2.24)

m

The active and reactive power losses of the lines are easily obtained

as:
Pim + Pk = active power losses.
Qxm + Qmk = reactive power losses.
where:
k=1, ..., n (n is the number of buses in the network).
Or: active power loss is calculated using the following equation:
N N ri_ ]
P.OSS=ZZN ”i/ ‘[<Pi P, +QQ,)cos(8, — ) +(QP, ~Q;P)sin(s, - 5,)] (2.25)
i=1 j=1 |V j
also
NJ 2 -12
Ploss= ZZGijﬁVi| +[VJ| _2[\/i”\/j‘cos(5i _é‘j):l (226)

i=l j=1

Vi, Vi voltage magnitudes at the terminal buses of branch k-m.

Ok O m: voltage angles at the terminal buses of branch k-m.

Pxm: active power flow from bus k to bus m.

Qxm: reactive power flow from bus k to bus m.

"= component of reactive power injection due to the shunt element
(capacitor or reactor) at bus k (Q;"=b;"V?)

A set of inequality constraints imposes operating limits on variables
such as the reactive power injections at PV buses (generator buses) and
voltage magnitudes at PQ buses (load buses):

V"<V < V™

Q"< Q< QX

When no inequality constraints are violated, nothing is affected in the

power flow equations, but if the limit is violated, the bus status is changed

and it is enforced as an equality constraint at the limiting value [25].
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2.7 Optimal Power Flow:
2.7.1 Introduction:

The OFF problem has been discussed since 1962 by Carpentier [31].
Because the OPF is a very large, non-linear mathematical programming
problem, it has taken decades to develop efficient algorithms for its
solution.

Many different mathematical techniques have been employed for its
solution. The majority of the techniques in the references [32-37] use one
of the following methods:

1- Lambda iteration method.

2- Gradient method.

3- Newton’s method.

4- Linear programming method.
5- Interior point method.

The first generation of computer programs that aimed at a practical
solution of the OPF problem did appear until the end of the sixties. Most of
these used a gradient method i.e. calculation of the first total derivatives of
the objective function related to the independent variables of the problem.

These derivatives are known as the gradient vector [38].

2.7.2 Goals of the OPF:

Optimal power flow (OPF) has been widely used in planning and real-
time operation of power systems for active and reactive power dispatch to
minimize generation costs and system losses and improve voltage profiles.

The primary goal of OPF is to minimize the costs of meeting the load
demand for a power system while maintaining the security of the system
[39]. The cost associated with the power system can be attributed to the
cost of generating power (megawatts) at each generator, keeping each

device in the power system within its desired operation range. This will
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include maximum and minimum outputs for generators, maximum MVA
flows on transmission lines and transformers, as well as keeping system
bus voltages within specified ranges.

OPF program is to determine the optimal Operation State of a power
system by optimizing a particular objective while satisfying certain
specified physical and operating constraints.

Because of its capability of integrating the economic and secure
aspects of the concerned system into one mathematical formulation, OPF
has been attracting many researchers. Nowadays, power system planners
and operators often use OPF as a powerful assistant tool both in planning
and operating stage [2]. To achieve these goals, OPF will perform all the
steady-state control functions of power system.

These functions may include generator control and transmission
system control. For generators, the OPF will control generator MW outputs
as well as generator voltage. For the transmission system, the OPF may
control the tap ratio or phase shift angle for variable transformers, switched
shunt control, and all other flexible ac transmission system (FACTYS)
devices [31,40].

2.7.3 Nonlinear Programming Methods Applied to OPF Problems:

In a linear program, the constraints are linear in the decision variables,
and so is the objective function. In a nonlinear program, the constraints
and/or the objective function can also be nonlinear function of the decision
variables [41].

In the last three decades, many nonlinear programming methods have
been used in the solution of OPF problems, resulting in three classes of

approaches:
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a) Extensions of conventional power flow method. In this type of
approach, a sequence of optimization problem is alternated with
solutions of conventional power flow.

b) Direct solution of the optimality conditions for Newton’s method. In
this type of methodology, the approximation of the Lagrangian
function by a quadratic form is used, the inequality constraints being
handled through penalty functions.

c) Interior point algorithm, has been extensively used in both linear and
nonlinear programming. With respect to optimization algorithm, some
alternative versions of the primal-dual interior point algorithm have
been developed. One of the versions more frequently used in the OPF
is the Predictor-corrector interior point method, proposed for linear
programming. This algorithm aims at reducing the number of

iterations to the convergence [42-49].

2.7.4 Analysis of System Optimization and Security Formulation of the
Optimization Problems:

Optimization and security are often conflicting requirements and
should be considered together. The optimization problem consists of
minimizing a scalar objective function (normally a cost criterion) through
the optimal control of vector [u] of control parameters, i.e.

Min f ([x], [u]) (2.27)

subject to:

¢ equality constraints of the power flow equations:
[9 (], [uD]=0 (2.28)
¢ inequality constraints on the control parameters (parameter
constraints):
Vimin £ Vi £ Vi max
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¢ dependent variables and dependent functions (functional constraints):
Ximin < Xi < X, max
hi ([x], [u]) <0 (2.29)
Examples of functional constraints are the limits on voltage
magnitudes at PQ nodes and the limits on reactive power at PV nodes.
The optimal dispatch of real and reactive powers can be assessed
simultaneously using the following control parameters:
¢ Voltage magnitude at slack node.
¢ Voltage magnitude at controllable PV nodes.
¢ Taps at controllable transformers.
¢ Controllable power Pg;.
¢ Phase shift at controllable phase-shifting transformers.
¢ Other control parameters.

We assume that only part (P,) of the total net power (P,) is

controllable for the purpose of optimization.
The objective function can then be defined as the sum of

instantaneous operating costs over all controllable power generation:

F([x], [ul) = Z,Ci (Fs)) (2.30)

where ¢; is the cost of producing Pg;.

The minimization of system losses is achieved by minimizing the
power injected at the slack node.

The minimization of the objective function f ([x], [u]) can be
achieved with reference to the Lagrange function (L).

L=f([x], [u]) - [2]".[¢] (2.31)

For minimization, the partial derivatives of L with respect to all the
variables must be equal to zero, i.e. setting them equal to zero will then

give the necessary conditions for a minimum:
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oLl g

oa] lo]=0 (2.32)
(oL]_[of ] 8_gT _

ox ] [Gx} [ax} [2]=0 (2.33)
a1 el ToeT o

_OU__[GU} [au} =0 (2.34)

When we have found [1] from equation (2.33), [Vf] the gradient of

the objective function (f) with respect to [u] can now be calculated when

the minimum has been found, the gradient components will be:

of =0 if Vinin < Vi max
_ >0 if Vi = Vi max (235)
ou, <0 if Vi = Vinmin

A simplified flow diagram of an optimal power flow program is
shown in Figure (2.4) [49].
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¥
1 Set initial values for (i)

.

Solve power flow by
uzing Newton’s method,
including single-
parameter controls and
switching of node types

l

3 | Solve equation (2.33) for [ 4] with
one repeat solution, using
triangularized Jacobian matrix from
block no.2 with transposition

l

4 Compute gradient [ V7 ] from
equation (2.34)

Power flow
solution loop

[2] — correction loop

3 Make corrections [Au ]
obzerving inequality
constraints on [i]

l

Figure 2.4): Flow Chart of the Optimal Power Flow [49]
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2.7.5 Linear Programming Technique (LP):
The nonlinear power loss equation is:
N N .. 2
Pos= > > Gij[V[ +V,| =2V, |V, [cos(s, - 5,) ] (2.36)
i=1 =1
The linearized sensitivity model relating the dependent and control
variables can be obtained by linearizing the power equations around the
operating state. Despite the fact that any load flow techniques can be used,
N-R load flow is most convenient to use to find the incremental losses as

shown in Appendix (A). The change in power system losses, AP, is related

to the control variables by the following equation [32]:

AV,
AP = {8PL“8PL PP } AV, (2.37)
aVl aVm an+1 an+w
A(ngrl
_AQm+w_

2.8 Transient Stability:
2.8.1 Introduction:

Power system stability may be defined as the property of the system,
which enables the synchronous machines of the system to respond to a
disturbance from a normal operating condition so as to return to a condition
where their operation is again normal.

Stability studies are usually classified into three types depending upon
the nature and order of disturbance magnitude. These are:

1- Steady-state stability.
2- Transient stability.
3- Dynamic stability.
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Our major concern here is transient stability (TS) study. TS studies
aim at determining if the system will remain in synchronism following
major disturbances such as:

1- Transmission system faults.

2- Sudden or sustained load changes.
3- Loss of generating units.

4- Line switching.

Transient stability problems can be subdivided into first swing and
multi-swing stability problems. In first swing stability, usually the time
period under study is the first second following a system fault.

If the machines of the system are found to remain in synchronism
within the first second, the system is said to be stable. Multi-swing stability
problems extend over a longer study period.

In all stability studies, the objective is to determine whether or not the
rotors of the machines being perturbed return to constant speed operation.
We can find transient stability definitions in many references such as [50-
57].

A transient stability analysis is performed by combining a solution of
the algebraic equations describing the network with a numerical solution of
the differential equations describing the operation of synchronous
machines. The solution of the network equations retains the identity of the
system and thereby provides access to system voltages and currents during
the transient period. The modified Euler and Runge-Kutta methods have
been applied to the solution of the differential equations in transient
stability studies [37, 58].
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2.8.2 Power Transfer between Two Equivalent Sources:
For a simple lossless transmission line connecting two equivalent
generators as shown in Figure (2.5), it is well known that the active power,

P, transferred between two generators can be expressed as:

p= E, ;ER *sin & (2.38)
where E; is the sending-end source voltage magnitude, Er is the
receiving-end source voltage magnitude, s is the angle difference between
two sources and X is the total reactance of the transmission line and the

two sources (X, X, ) [50, 59].
X= XS + XL + XR (239)

X, X,

| At | =
1
| | l | I {.._..._l
e
ES P E'»z

Figure (2.5): A Two-Source System [50]

I

2.8.3 The Power Angle Curve:

With fixed Es, Er and X values, the relationship between P and 5 can
be described in a power angle curve as shown in Figure (2.6). Starting from
5= 0, the power transferred increases as ¢ increases. The power
transferred between two sources reaches the maximum value Pyax When §
is 90 degrees. After that point, further increase in s will result in a
decrease of power transfer. During normal operations of a generation
system without losses, the mechanical power P, from a prime mover is
converted into the same amount of electrical power and transferred over the
transmission line. The angle difference under this balanced normal

operation is ¢, [50, 58].
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P
pw‘"‘/r\
P,
a \ :
0 3, 90 180

Figure (2.6): The Power Angle Curve [50]

2.8.4 Transiently Stable and Unstable Systems:

During normal operations of a generator, the output of electric power
from the generator produces an electric torque that balances the mechanical
torque applied to the generator rotor shaft. The generator rotor therefore
runs at a constant speed with this balance of electric and mechanical
torques. When a fault reduces the amount of power transmission, the
electric torque that counters the mechanical torque is also decreased. If the
mechanical power is not reduced during the period of the fault, the
generator rotor will accelerate with a net surplus of torque input.

Assume that the two-source power system in Figure (2.5) initially
operates at a balance point of &, transferring electric power P,. After a
fault, the power output is reduced to P, the generator rotor therefore starts
to accelerate, and o starts to increase. At the time that the fault is cleared
when the angle difference reaches o ¢, there is decelerating torque acting
on the rotor because the electric power output P at the angle o ¢ is larger
than the mechanical power input Po. However, because of the inertia of the
rotor system, the angle does not start to go back to ¢ o immediately. Rather,

the angle continues to increase to o¢ when the energy lost during



Chapter Two Power Flow and Transient Stability Problem 33

deceleration in area 2 is equal to the energy gained during acceleration in

area 1. This is the so-called equal-area criterion [50, 60].

P,

Figure (2.7): A Transiently Stable System [50]

If 6 is smaller than &, then the system is transiently stable as
shown in Figure (2.7). With sufficient damping, the angle difference of the
two sources eventually goes back to the original balance point o .
However, if area 2 is smaller than area 1 at the time the angle reaches ¢,
then further increase in angle 6 will result in an electric power output that
is smaller than the mechanical power input. Therefore, the rotor will
accelerate again and ¢ will increase beyond recovery. This is a transiently
unstable scenario, as shown in Figure (2.8). When an unstable condition
exists in the power system, one equivalent generator rotates at a speed that
is different from the other equivalent generator of the system. We refer to
such an event as a loss of synchronism or an out-of-step condition of the

power system.
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Figure (2.8): A Transiently Unstable System [50]

2.8.5 The Swing Equation:

Electromechanical oscillations are an important phenomenon that
must be considered in the analysis of most power systems, particularly
those containing long transmission lines. In normal steady state operation
all synchronous machines in the system rotate with the same electrical
angular velocity, but as a consequence of disturbances one or more
generators could be accelerated or decelerated and there is risk that they
can fall out of step i.e. lose synchronism. This could have a large impact on
system stability and generators losing synchronism must be disconnected
otherwise they could be severely damaged. The differential equation
describing the rotor dynamics is[25]:

d29, _

1= T T (2.40)

where:

J= the total moment of inertia of the synchronous machine (kg m?).

6 = the mechanical angle of the rotor (rad.).

Tn= mechanical torque from turbine or load (N.m). Positive Ty,
corresponds to mechanical power fed into the machine, i.e. normal

generator operating in steady state.
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Te= electrical torque on the rotor (N.m). Positive T, is the normal
generator operation. Sometimes equation (2.40) is expressed in terms of
frequency (f) and inertia constant (H) then the swing equation becomes:

%%zpm-m (2.41)

The swing equation is of fundamental importance in the study of
power oscillations in power systems. The derivation of this equation is

given in Appendix (B) [25].

2.8.6 Step-by-Step Solution of the Swing Curve:

For large systems we depend on the digital computer which
determines o versus t for all the machines in the system. The angle ¢ is
calculated as a function of time over a period long enough to determine
whether 6 will increase without limit or reach a maximum and start to
decrease although the latter result usually indicates stability. On an actual
system where a number of variables are taken into account it may be
necessary to plot & versus t over a long enough interval to be sure that o
will not increase again without returning in a low value.

By determining swing curves for various clearing times the length of
time permitted before clearing a fault can be determined. Standard
interrupting times for circuit breakers and their associated relays are
commonly (8, 5, 3 or 2) cycles after a fault occurs, and thus breaker speeds
may be specified. Calculations should be made for a fault in the position,
which will allow the least transfer of power from the machine, and for the
most severe type of fault for which protection against loss of stability is
justified.

A number of different methods are available for the numerical
evaluation of second-order differential equations in step-by-step

computations for small increments of the independent variable. The more
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elaborate methods are practical only when the computations are performed
on a digital computer by making the following assumptions:

1- The accelerating power P, computed at the beginning of an interval is
constant from the middle of the preceding interval considered.

2- The angular velocity is constant throughout any interval at the value
computed for the middle of the interval. Of course, neither of the
assumptions is true, since ¢ is changing continuously and both P, and
@ are functions of . As the time interval is decreased, the computed
swing curve approaches the true curve. Figure (2.9) will help in
visualizing the assumptions. The accelerating power is computed for
the points enclosed in circles at the ends of the n-2, n-1, and n
intervals, which are the beginning of the n-1, n and n+ 1 interval. The
step curve of P, in Figure (2.9) results from the assumption that P, is
constant between mid points of the intervals.

Similarly, w., the excess of angular velocity @ over the synchronous
angular velocity ws, is shown as a step curve that is constant throughout

the interval at the value computed for the midpoint. Between the ordinates
1 :
n-g and n-E there is a change of speed caused by the constant

accelerating power. The change in speed is the product of the acceleration
and the time interval, and so

2
Cw = 0N =180 A (2.42)

@, rn-3/2 dtZ H

rn-1/2

The change in 6 over any interval is the product of @, for the interval

and the time of the interval. Thus, the change in 6 during the n-1 interval
IS:

AS =5 -6 ,=Atw (2.43)

and during the n™ interval.
Ao,=0,-0, = At o,,,, (2.44)
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Subtracting Eq. (2.43) from Eq. (2.44) and substituting Eq. (2.42) in

the resulting equation to eliminate all values of w, yields:

AS=AS, +KPans (2.45)
where k= %(At)z (2.46)
Pain-2
Paia
Py
P,

Figure (2.9): Actual and Assumed Values of P, @, and ¢ as
a Function of Time [37]

Equation (2.45) is the important one for the step-by-step solution of
the swing equation with the necessary assumptions enumerated, for it
shows how to calculate the change in 6 during an interval if the change in
o for the previous interval and the accelerating power for interval are

known.
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Equation (2.45) shows that, subject to stated assumptions, the change
in torque angle during a given interval is equal to change in torque angle
during the preceding interval plus the accelerating power at the beginning
of the interval times k.

The accelerating power is calculated at the beginning of each new
interval. The solution progresses through enough intervals to obtain points
for plotting the swing curve. Greater accuracy is obtained when the
duration of the intervals is small. An interval of 0.05s is usually
satisfactory.

The occurrence of a fault causes a discontinuity in the accelerating
power P, which is zero before the fault and a definite amount immediately
following the fault. The discontinuity occurs at the beginning of the
interval, when t=0. Reference to Figure (2.9) shows that our method of
calculation assumes that the accelerating power computed at the beginning
of an interval is constant from the middle of the preceding interval to the
middle of the interval considered. When the fault occurs, we have two
values of P, at the beginning of an interval, and we must take the average

of these two values at our constant accelerating power [37].
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Chapter Four

The Application of the
Developed Program to the INSG

4.1 Introduction:

The Electrical Energy Generation companies try always to improve
the system performance through reducing the active power losses. This
problem is investigated by using a mathematical model to find the best
location to inject active and reactive power at selected local buses.

In this work the INSG 400 kV has been taken as an example and
interesting results have been found.

The objective function of the study is to minimize the system total
power loss. The control variables include generator voltage, active power
generation, the reactive power generation of VAR sources (capacitive or
inductive). The constrains of the load flow are voltage limits at load buses,
VAR voltage limits of the generators, and VAR source limits.

OPF and swing equations were solved sequentially. Integration format
iIs used in step-by-step integration (SBSI) and that in the algebraic
nonlinear problem should be consistent.

Lagrangian method was applied to find the best solution to optimal
load flow. The process was repeated according to control variables. Also

different constraints were used according to objective function.

4.2 General Description of the lragi National Super Grid (INSG)
System:
INSG network consists of 19 busbars and 27 transmission lines; the
total length of the lines is 3711 km., six generating stations are connected

to the grid. They are of various types of generating units, thermal and hydro
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turbine kinds, with different capabilities of MW and MVVAR generation and
absorption.

Figure (4.1) shows the single line diagram of the INSG (400) kV
system [69]. The diagram shows all the busbars, the transmission lines
connecting the busbars with their lengths in km marked on each one of

them. The per unit data of the system is with the following base values:

Base voltage is 400 kV, base MVA is 100 MVA, and base impedance
Is 1600Q2. In the single-line diagram the given loads represent the actual
values of the busbar’s loads. The busbars are numbered and named in order
to simplify the input data to the computer programs (the load flow and
transient stability programs), which are employed in this thesis. The load
and generation of INSG system on the 2™ of January 2003 are tabulated in
Appendix (C). Lines and machines parameters are tabulated in Appendixes
D, and E and used for a program formulated in MATLAB version (5.3).

The transmission system parameters for both types of conductors
(TAA and ACSR) are given in p.u /km in Table (4.1) at the base of 100
MVA [7, 69].

Table (4.1): Transmission Lines Parameters

Conductor Type R (p.u/km) X (p.u/km) B (p.u/km)
TAA™ 0.2167x10™ 0.1970x10™* 0.5837x107?
ACSR™ 0.2280x10™ 0.1908x10™ 0.5784x107

“TAA is Twin Aluminum Alloy.

“ACSR is Aluminum Conductor Steel-Reinforced.

The cross-section area of the conductors in Table (4.1) is 551x2 mm?

bundle. These overhead lines can be over loaded 25% more than thermal
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limits with these types of conductors. Each 1 mm? can handle 1.25
ampere [7].
The INSG system configuration has been taken as given in Figure

(4.1) without any rearrangement and reduction of system buses.

SDM4 4* 23T MY A

hus2
& MOS4
246 | e husS
184
BAJ4 6*2TEMV A KRK4
hus1 husb ]—_--—
159
A4
13
QAM4
husd p— 4
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s HAD4 BGNS  pis1t “T=hus7
5
34275 MVA 4 135 »
husg8 I Lt l
L BG4 :
BGWY s BGE4
bus12 - s s 1235
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EMvA KUT4
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AB4 KD54
176.% 14
i |
huslb
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HRTP 4*250 MV A
]_..-. husz18
husl?

KAZ4

Figure (4.1): Configuration of the 400 kV Network [69]




Chapter Four  The Application of the Developed Program to the INSG 60

4.3 The Program Used:

A problem for electric power system students is the solution to
problems in text books. In the case of load flow problem, most of the
efforts is focused on iterative calculations, not on how the problem is
solved. The same is true for stability studies.

A software package [58] is developed to perform electrical power
system analysis on a personal computer. The software is capable of
performing admittance calculations, load flow studies, optimal load flow
studies and transient stability analysis of electric power systems.

It is intended for electric power system students, and is realized in
such a manner that a problem can be solved using alternative methods.

Each step during calculations can be visualized. The program has been
developed under MATLAB 5.3 for Microsoft Windows. The students are
also able to see the inner structure of the program. Load flow analysis is
performed by means of Newton-Raphson or Fast-Decoupled methods.
Gradient method is used for optimal power flow analysis. This feature
enables the power system students to examine differences in the
performance of alternative algorithms. A simplified model is used for
transient stability, which takes the data from the load flow module. After
defining the fault duration, fault clearance time and total analysis time,
modified-Euler method is used. The results are displayed and written to
corresponding output files. The graphs for angle vs. time for each generator

in the system are plotted.
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4.4 The Instructional Program:

Power Analysis User Manual
In MATLAB command window, the program is called by typing:
>> Main_ program

which results in the main program menu as shown in Figure (4.2).

File Edit Tools
Wwindow  Help

chooze

Loadflow Analysis

Stability Analyziz

Figure (4.2): Main Program Menu

Load Flow Analysis:
1. Choosing the load flow option, a sub menu is displayed. This menu
provides the choice of power flow with and without contingency as

shown in Figure (4.3).

+ v [T)EIK

File Edit Taools

Window  Help

what do pou want to a7

[oadflow...

cohtingency. ..

Figure (4.3): Sub Menu of Load Flow Analysis
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2.

Choosing the Load Flow without contingency, the program will ask
the user to enter the data file name. The results consist of two text
files (bus result.txt and flow result.txt). The bus result contains: bus
number, name, voltage magnitude and phase in degrees, generated
and demand power, total series and shunt losses as shown in Figure
(4.4). Flow result.txt contains the over loaded lines, the power flow
through the lines from send to receive and vice verse as shown in
Figure (4.5).

B busresult - Notepad

File Edit Format Wiew Help
LOAD FLOW BUS RESULTS
Mame || angletdegl Pis (w0 QG CMVAR T
BAJG 395, 9994 -0. 00032693 o] o]
SOMG 400, 0001 5.3145 o] o]
HADG 400 0.73618 o] o]
QAM4 308.9524 -0.082643 o] o]
MOs4 354.,1607 3.2424 4] 4]
KRK4 304.,4011 -2.7552 4] 4]
BOE4 373.52964 -G, 2764 o] o]
BGwd 382.455 -6. 8138 o] o]
BGE4 376.1397 -8.6367 o] o]
BGS4 391. 5994 -6.5426 o] o]
BG4 375.7272 -8.5621 o] o]
MSBEG 390.9983 -5.5487 o] o]
BAB4 398.0503 -5.6635 o] o]
KUT4 400,656 -5.0389 o] o]
KDs4 3592.4908 -5.8886 4] 4]
NSRG 400.0003 -1.0043 4] 4]
KAZ4 3094.10587 -3.59273 o] o]
HRTG 3095, 9050 -2.6124 o] o]
QRS 402.6102 -3.4641 o] o]
BAJ4 400 o] 570.5925 100.4455
SOmMd 400 65,3149 700 -23.22485
HAD4 400 0.73847 500 -0. 84740983
MSBd 400 -5.5484 500 420. 6564
MSR4 400 -1.004 850 -69.14344
HRT4 400 -2.68121 380 35.9855
TOTAL 3400, 5525 463, 8716
THE TOTAL AMOUNT OF SERIES LOSSES ARE 37.59249-330.18861
THE TOTAL AMOUNT OF SHUNMT LOSSES ARE 0+1922. 31651

—_— = C
is Start f il untitled - Paint r - ) MATLAE Command Wi... P busresult - Notepad EN Q, 8 ol 42oMD

Figure (4.4): Load Flow Bus Results
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B flowresult - Notepad
File Edit Format “iew Help
MS Mame MR Mate P MW ”~
2 SDMG 21 SDmd —700
5 MoSd 2 SDMG —-455.4206
5 MoSd 1 BAlG 155.4206
1 BAdG 2 =DM —-233.30409
1 BAdG 20 BAJd -570.5925
4 LA 3 HADG Eale]
3 HADG 22 HaD4 -500
1 BAIG 3 HADG -45.1aaa
3 HADG g Biawd 294 6566
1 BAIG 8 BiGwd 238,736
1 BAIG g BiGwa 270415
1 BAdG 3] FRK 296, 9418
=] BGE4 7 BOEd 150.2395
=) EGwd 11 Bahg 0. 7821
11 BEGhd G BGE4 35,3459
=] EGwd 10 BGa=4d -51.53309
G BGE4 10 BGESd -388. 5388
13 BAB4 12 MSEG =50
13 BAB4d 12 MSEG =50
12 M= BG 23 mM=Bd —a00
10 Basd 1z M=BG -188. 9261
10 BGSd 12 MZEG -188. 9241
10 BGSd 15 kD=4 —-41. 4485
10 BGSd 14 KT -124.3212 w
4 >

Figure (4.5): Line Flow Results

3. Choosing the Load Flow with contingency, a sub menu is displayed;
this menu provides the choice of different contingencies as shown in
Figure (4.6).

¢ MENU E)o)X]

File Edit Taools Window Help

chooze what you want bo do

REMOVIMG TRAMSMISSIOMN LIME [THE TRAMSMISSIOMN LIME MaY CONTAIN & TRANSFORMER]..?

REMOVING GEMERATORS...?

REMOVING BUSBEARES...?

Figure (4.6): Sub Menu of Load Flow with Contingency

4. Choosing one or many of these options gives a system with new
configuration. The result consists of two text files similar to that

without contingency, but according to the new configuration. The
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user has a lot of alternatives to study the system with many

contingencies.

Transient Stability Analysis:
1. Choosing the T.S option in the main program, the program will ask for
the data file name. The results are displayed at each time step and
graphs for angle vs. time for each generator in the system are plotted

as shown in Figure (4.7) for one of the generators.

¥ Figure No. 1 E@@

File Edit Tools ‘Window Help
DEeEdE YA A/ 20

Rotar Angle in degree for gen. S0Okd4
50

45

40

35

a0

25

20
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10

a 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Time[sec]

Figure (4.7): Swing Curve for SDM Generation Bus
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2. Choosing any type of three phase fault (Line fault, generator fault and
load fault) will give a new situation of system stability and a new plot

for swing curve is plotted.

Optimal Load Flow:
1. Choosing the OPF option, a sub menu is displayed. This menu
provides a choice of minimum losses calculation, bus sensitivity to
decrease losses w.r.t real power injecting and bus sensitivity to

decrease losses w.r.t reactive power injection as shown in Figure (4.8).

+ minu [2]01)%]

File Edit Taoals
Window  Help

Chooze to Dizplay

Lozzes

Bus Sensitivity wrt P

Bus Sensitivity wrt 0

ExIT

Figure (4.8): Optimal Load Flow

2. Choosing (losses) option will give the magnitude of total system
losses.

3. Choosing (P sensitivity) or (Q sensitivity) will give the sequence of
the buses according to these sensitivities to reduce system losses with
respect to real or reactive power injection in load buses or power
generated in generation buses, this will give the best allocation for
generator or shunt capacitor in the system which gives minimum

losses as shown in Figure (4.9).
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=) MATLAB Command Window

File Edit “iew Window Help

-a.81: 11.8888

-8.8897 9.08888

-8.88%6 1.8888

-8.08868 8.00088

-8.8835 5.88688

-8.8831 108.080888

-8.8822 17 .8888

-8.8822 6.0808088

-8.8822 15 .08888

-8.8811 13.08088

-8.884a2 L4 .8888

-8.088088 2.88088

-8.08888 J.688688

Figure (4.9): Sequence of Bus Sensitivities w.r.t Reactive Power

Injection
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Chapter Four

The Application of the
Developed Program to the INSG

4.1 Introduction:

The Electrical Energy Generation companies try always to improve
the system performance through reducing the active power losses. This
problem is investigated by using a mathematical model to find the best
location to inject active and reactive power at selected local buses.

In this work the INSG 400 kV has been taken as an example and
interesting results have been found.

The objective function of the study is to minimize the system total
power loss. The control variables include generator voltage, active power
generation, the reactive power generation of VAR sources (capacitive or
inductive). The constrains of the load flow are voltage limits at load buses,
VAR voltage limits of the generators, and VAR source limits.

OPF and swing equations were solved sequentially. Integration format
iIs used in step-by-step integration (SBSI) and that in the algebraic
nonlinear problem should be consistent.

Lagrangian method was applied to find the best solution to optimal
load flow. The process was repeated according to control variables. Also

different constraints were used according to objective function.

4.2 General Description of the lragi National Super Grid (INSG)
System:
INSG network consists of 19 busbars and 27 transmission lines; the
total length of the lines is 3711 km., six generating stations are connected

to the grid. They are of various types of generating units, thermal and hydro
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turbine kinds, with different capabilities of MW and MVVAR generation and
absorption.

Figure (4.1) shows the single line diagram of the INSG (400) kV
system [69]. The diagram shows all the busbars, the transmission lines
connecting the busbars with their lengths in km marked on each one of

them. The per unit data of the system is with the following base values:

Base voltage is 400 kV, base MVA is 100 MVA, and base impedance
Is 1600Q2. In the single-line diagram the given loads represent the actual
values of the busbar’s loads. The busbars are numbered and named in order
to simplify the input data to the computer programs (the load flow and
transient stability programs), which are employed in this thesis. The load
and generation of INSG system on the 2™ of January 2003 are tabulated in
Appendix (C). Lines and machines parameters are tabulated in Appendixes
D, and E and used for a program formulated in MATLAB version (5.3).

The transmission system parameters for both types of conductors
(TAA and ACSR) are given in p.u /km in Table (4.1) at the base of 100
MVA [7, 69].

Table (4.1): Transmission Lines Parameters

Conductor Type R (p.u/km) X (p.u/km) B (p.u/km)
TAA™ 0.2167x10™ 0.1970x10™* 0.5837x107?
ACSR™ 0.2280x10™ 0.1908x10™ 0.5784x107

“TAA is Twin Aluminum Alloy.

“ACSR is Aluminum Conductor Steel-Reinforced.

The cross-section area of the conductors in Table (4.1) is 551x2 mm?

bundle. These overhead lines can be over loaded 25% more than thermal
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limits with these types of conductors. Each 1 mm? can handle 1.25
ampere [7].
The INSG system configuration has been taken as given in Figure

(4.1) without any rearrangement and reduction of system buses.

SDM4 4* 23T MY A

hus2
& MOS4
246 | e husS
184
BAJ4 6*2TEMV A KRK4
hus1 husb ]—_--—
159
A4
13
QAM4
husd p— 4
- 50
. BQB4
s HAD4 BGNS  pis1t “T=hus7
5
34275 MVA 4 135 »
husg8 I Lt l
L BG4 :
BGWY s BGE4
bus12 - s s 1235
1
- MSB4
EMvA KUT4
busl13 e s 15 busld
AB4 KD54
176.% 14
i |
huslb
MNASS 45257 MV A
QRN4
— hus 19
2.7
HRTP 4*250 MV A
]_..-. husz18
husl?

KAZ4

Figure (4.1): Configuration of the 400 kV Network [69]
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4.3 The Program Used:

A problem for electric power system students is the solution to
problems in text books. In the case of load flow problem, most of the
efforts is focused on iterative calculations, not on how the problem is
solved. The same is true for stability studies.

A software package [58] is developed to perform electrical power
system analysis on a personal computer. The software is capable of
performing admittance calculations, load flow studies, optimal load flow
studies and transient stability analysis of electric power systems.

It is intended for electric power system students, and is realized in
such a manner that a problem can be solved using alternative methods.

Each step during calculations can be visualized. The program has been
developed under MATLAB 5.3 for Microsoft Windows. The students are
also able to see the inner structure of the program. Load flow analysis is
performed by means of Newton-Raphson or Fast-Decoupled methods.
Gradient method is used for optimal power flow analysis. This feature
enables the power system students to examine differences in the
performance of alternative algorithms. A simplified model is used for
transient stability, which takes the data from the load flow module. After
defining the fault duration, fault clearance time and total analysis time,
modified-Euler method is used. The results are displayed and written to
corresponding output files. The graphs for angle vs. time for each generator

in the system are plotted.
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4.4 The Instructional Program:

Power Analysis User Manual
In MATLAB command window, the program is called by typing:
>> Main_ program

which results in the main program menu as shown in Figure (4.2).

File Edit Tools
Wwindow  Help

chooze

Loadflow Analysis

Stability Analyziz

Figure (4.2): Main Program Menu

Load Flow Analysis:
1. Choosing the load flow option, a sub menu is displayed. This menu
provides the choice of power flow with and without contingency as

shown in Figure (4.3).

+ v [T)EIK

File Edit Taools

Window  Help

what do pou want to a7

[oadflow...

cohtingency. ..

Figure (4.3): Sub Menu of Load Flow Analysis
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2.

Choosing the Load Flow without contingency, the program will ask
the user to enter the data file name. The results consist of two text
files (bus result.txt and flow result.txt). The bus result contains: bus
number, name, voltage magnitude and phase in degrees, generated
and demand power, total series and shunt losses as shown in Figure
(4.4). Flow result.txt contains the over loaded lines, the power flow
through the lines from send to receive and vice verse as shown in
Figure (4.5).

B busresult - Notepad

File Edit Format Wiew Help
LOAD FLOW BUS RESULTS
Mame || angletdegl Pis (w0 QG CMVAR T
BAJG 395, 9994 -0. 00032693 o] o]
SOMG 400, 0001 5.3145 o] o]
HADG 400 0.73618 o] o]
QAM4 308.9524 -0.082643 o] o]
MOs4 354.,1607 3.2424 4] 4]
KRK4 304.,4011 -2.7552 4] 4]
BOE4 373.52964 -G, 2764 o] o]
BGwd 382.455 -6. 8138 o] o]
BGE4 376.1397 -8.6367 o] o]
BGS4 391. 5994 -6.5426 o] o]
BG4 375.7272 -8.5621 o] o]
MSBEG 390.9983 -5.5487 o] o]
BAB4 398.0503 -5.6635 o] o]
KUT4 400,656 -5.0389 o] o]
KDs4 3592.4908 -5.8886 4] 4]
NSRG 400.0003 -1.0043 4] 4]
KAZ4 3094.10587 -3.59273 o] o]
HRTG 3095, 9050 -2.6124 o] o]
QRS 402.6102 -3.4641 o] o]
BAJ4 400 o] 570.5925 100.4455
SOmMd 400 65,3149 700 -23.22485
HAD4 400 0.73847 500 -0. 84740983
MSBd 400 -5.5484 500 420. 6564
MSR4 400 -1.004 850 -69.14344
HRT4 400 -2.68121 380 35.9855
TOTAL 3400, 5525 463, 8716
THE TOTAL AMOUNT OF SERIES LOSSES ARE 37.59249-330.18861
THE TOTAL AMOUNT OF SHUNMT LOSSES ARE 0+1922. 31651

—_— = C
is Start f il untitled - Paint r - ) MATLAE Command Wi... P busresult - Notepad EN Q, 8 ol 42oMD

Figure (4.4): Load Flow Bus Results
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B flowresult - Notepad
File Edit Format “iew Help
MS Mame MR Mate P MW ”~
2 SDMG 21 SDmd —700
5 MoSd 2 SDMG —-455.4206
5 MoSd 1 BAlG 155.4206
1 BAdG 2 =DM —-233.30409
1 BAdG 20 BAJd -570.5925
4 LA 3 HADG Eale]
3 HADG 22 HaD4 -500
1 BAIG 3 HADG -45.1aaa
3 HADG g Biawd 294 6566
1 BAIG 8 BiGwd 238,736
1 BAIG g BiGwa 270415
1 BAdG 3] FRK 296, 9418
=] BGE4 7 BOEd 150.2395
=) EGwd 11 Bahg 0. 7821
11 BEGhd G BGE4 35,3459
=] EGwd 10 BGa=4d -51.53309
G BGE4 10 BGESd -388. 5388
13 BAB4 12 MSEG =50
13 BAB4d 12 MSEG =50
12 M= BG 23 mM=Bd —a00
10 Basd 1z M=BG -188. 9261
10 BGSd 12 MZEG -188. 9241
10 BGSd 15 kD=4 —-41. 4485
10 BGSd 14 KT -124.3212 w
4 >

Figure (4.5): Line Flow Results

3. Choosing the Load Flow with contingency, a sub menu is displayed;
this menu provides the choice of different contingencies as shown in
Figure (4.6).

¢ MENU E)o)X]

File Edit Taools Window Help

chooze what you want bo do

REMOVIMG TRAMSMISSIOMN LIME [THE TRAMSMISSIOMN LIME MaY CONTAIN & TRANSFORMER]..?

REMOVING GEMERATORS...?

REMOVING BUSBEARES...?

Figure (4.6): Sub Menu of Load Flow with Contingency

4. Choosing one or many of these options gives a system with new
configuration. The result consists of two text files similar to that

without contingency, but according to the new configuration. The
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user has a lot of alternatives to study the system with many

contingencies.

Transient Stability Analysis:
1. Choosing the T.S option in the main program, the program will ask for
the data file name. The results are displayed at each time step and
graphs for angle vs. time for each generator in the system are plotted

as shown in Figure (4.7) for one of the generators.

¥ Figure No. 1 E@@
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Figure (4.7): Swing Curve for SDM Generation Bus
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2. Choosing any type of three phase fault (Line fault, generator fault and
load fault) will give a new situation of system stability and a new plot

for swing curve is plotted.

Optimal Load Flow:
1. Choosing the OPF option, a sub menu is displayed. This menu
provides a choice of minimum losses calculation, bus sensitivity to
decrease losses w.r.t real power injecting and bus sensitivity to

decrease losses w.r.t reactive power injection as shown in Figure (4.8).

+ minu [2]01)%]

File Edit Taoals
Window  Help

Chooze to Dizplay

Lozzes

Bus Sensitivity wrt P

Bus Sensitivity wrt 0

ExIT

Figure (4.8): Optimal Load Flow

2. Choosing (losses) option will give the magnitude of total system
losses.

3. Choosing (P sensitivity) or (Q sensitivity) will give the sequence of
the buses according to these sensitivities to reduce system losses with
respect to real or reactive power injection in load buses or power
generated in generation buses, this will give the best allocation for
generator or shunt capacitor in the system which gives minimum

losses as shown in Figure (4.9).
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=) MATLAB Command Window

File Edit “iew Window Help

-a.81: 11.8888
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Figure (4.9): Sequence of Bus Sensitivities w.r.t Reactive Power

Injection



