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ABSTRACT

Power-system stability is a term applied to alternating-current electric power systems, denoting a
condition in which the various synchronous machines of the system remain in synchronism, or
"Iin step,” with each other. Conversely, instability denotes a condition involving loss of
synchronism, or falling ""out of step.” Occurrence of a fault in a power system causes transients.
To stabilize the system load flow analysis is done. Actually in practice the fault generally occurs
in the load side. As we controlling load side which will lead to complex problem in order to
avoid that we are controlling the generator side.

A MATLAB simulation has been carried out to demonstrate the performance of the

three-machine nine-bus system.
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INTRODUCTION



1. Introduction

1.1 BACKGROUND

The classical model of a multi machine may be used to study the stability of a power system
for a period of time during which the system dynamic response is dependent largely on the kinetic
energy in the rotating masses. The classical three-machine nine-bus system is the simplest model
used in studies of power system dynamics and requires of minimum amounts of data. Hence such
studies can be connected in a relatively short time under minimum cost. Among various method of
load flow calculation Newton Raphson method is chosen for calculation of load flow study.

If the oscillatory response of a power system during the transient period following a
disturbance is damped and the system settles in a finite time to a new steady operating condition, we
say the system is stable. If the system is not stable, it is considered unstable. This primitive definition
of stability requires that the system oscillations should be damped. This condition is sometimes
called asymptotic stability and means that the system contains inherent forces that tend to reduce

oscillation.

1.2 LITERATURE RIVIEW

In recent years, energy, environment, right-of-way, and cost problems have delayed the
construction of both generation facilities and new transmission lines, while the demand for
electric power has continued to grow. This situation has necessitated a review of the traditional
power system concepts and practices to achieve greater operating flexibility and better utilization

of existing power systems.

1.3 MOTIVATION OF THE PRESENT WORK

Transient stability of a transmission is a major area of research from several decades.
Transient stability restores the system after fault clearance. Any unbalance between the
generation and load initiates a transients that causes the rotors of the synchronous machines to
“swing” because net accelerating torques are exerted on these rotors. If these net torques are
sufficiently large to cause some of the rotors to swing far enough so that one or more machines
“slip a pole” and synchronism is lost. So the calculation of transient stability should be needed. A
system load flow analysis is required for it .The transient stability needs to be enhanced to

optimize the load ability of a system, where the system can be loaded closer to its thermal limits.
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1.4 PROBLEM STATEMENT

Occurrence of fault may lead to instability in a system or the machine fall out of
synchronism. Load flow study should be done to analyze the transient stability of the power
system. If the system can’t sustain till the fault is cleared then the fault instabilise the whole
system. If the oscillation in rotor angle around the final position go on increasing and the change
in angular speed during transient condition go on increasing then system never come to its final
position. The unbalanced condition or transient condition may leads to instability where the
machines in the power system fall out of synchronism. Calculation of load flow equation by
Newton Raphson method, Runge Kutta method, and decoupled method gives the rotor angle and

initial condition.

1.5 THESIS ORGANISATION

Chapter 2 describes an overview of transient stability and its various physical
implications in the power system i.e. mechanical analogy, an elementary view of transient
stability, swing equation and its ramifications in the power system and the theory behind equal
area criterion. Chapter 3 describes the control strategies adapted in the power system to nullify
the effects of transient phenomenon in the system. The basic strategies/techniques are
highlighted in this chapter and explained on an elementary level. The analysis is also a grand
computing challenge and it has been vividly emphasized in the text as emphasized in Chapter 3.
The automatic generation control strategies have been explained and it has been clearly
mentioned in the chapter. Chapter 4 deals with the simulation and modeling of the power system
to observe the behavior of the system when it is exposed to faulty conditions in 1of its phase.
Transient analysis is carried out similarly and the observations and results are plotted out. Finally
the chapter 5 deals with the conclusion and its future scope in the power systems. After that
references have been given a place in the thesis without the help of which this thesis could not be

completed.
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2. Transient Stability: An overview

2.1 TRANSIENT STABILITY

Each generator operates at the same synchronous speed and frequency of 50 hertz while a
delicate balance between the input mechanical power and output electrical power is maintained.
Whenever generation is less than the actual consumer load, the system frequency falls. On the
other hand, whenever the generation is more than the actual load, the system frequency rise. The
generators are also interconnected with each other and with the loads they supply via high

voltage transmission line.

An important feature of the electric power system is that electricity has to be generated
when it is needed because it cannot be efficiently stored. Hence using a sophisticated load
forecasting procedure generators are scheduled for every hour in day to match the load. In
addition, generators are also placed in active standby to provide electricity in times of

emergency. This is referred as spinning reserved.

The power system is routinely subjected to a variety of disturbances. Even the act of
switching on an appliance in the house can be regarded as a disturbance. However, given the size
of the system and the scale of the perturbation caused by the switching of an appliance in
comparison to the size and capability of the interconnected system, the effects are not
measurable. Large disturbance do occur on the system. These include severe lightning strikes,
loss of transmission line carrying bulk power due to overloading. The ability of power system to
survive the transition following a large disturbance and reach an acceptable operating condition

is called transient stability.

The physical phenomenon following a large disturbance can be described as follows. Any
disturbance in the system will cause the imbalance between the mechanical power input to the
generator and electrical power output of the generator to be affected. As a result, some of the
generators will tend to speed up and some will tend to slow down. If, for a particular generator,
this tendency is too great, it will no longer remain in synchronism with the rest of the system and
will be automatically disconnected from the system. This phenomenon is referred to as a

generator going out of step.

Acceleration or deceleration of these large generators causes severe mechanical stresses.

Generators are also expensive. Damage to generators results in costly overhaul and long

5



2. Transient Stability: An overview

downtimes for repair. As a result, they are protected with equipment safety in mind. As soon as a
generator begins to go out-of-step, sensor in the system sense the out-of-step condition and trip
the generators. In addition, since the system is interconnected through transmission lines, the
imbalance in the generator electrical output power and mechanical input power is reflected in a
change in the flows of power on transmission lines. As a result, there could be large oscillations
in the flows on the transmission lines as generator try to overcome the imbalance and their output
swing with respect to each other.

2.2 MECHANICAL ANALOGY

A mechanical analogy to this phenomenon can be visualized in fig. 1. Suppose that there
is a set of balls of different sizes connected to each other by a set of strings. The balls represent

generators having a specific mechanical characteristic (that is, inertia). The strings represent the

transmission line interconnecting the generators.

Fig.2.1. Mechanical Analogy of Transient Stability
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Now suppose that there is a disturbance in which one of the balls is struck with a cue.
The ball now begins to swing, and as a result, the string connected to the ball also oscillates. In
addition, the other strings to which this string is connected are also affected, and this in turn
affects the other balls connected to these strings. As a result, the entire interconnected system of
balls is affected, and the system experiences oscillations in the strings and motion of the balls. If
these oscillations in the strings become large, one of the strings may break away from the rest,
resulting instability. On the other hand if the oscillation dies down and the entire system comes
back to rest as in the situation prior to the ball being struck. This condition is analogous to a

power system being “transiently stable”.

In a power system, an additional important characteristic in the operating condition, as the
loading on the system increases, the system becomes more stressed and operates closer to its
limits. During these stressed condition, a small disturbance can make the system unstable.
Dropping a marble into a pitcher of water provides a suitable analogy to understand why the

operating condition makes a difference in maintaining transient stability.

1. Take a pitcher and fill it with the water to quarter its capacity. Now drop a marble in the
pitcher. The dropping of the marble is akin to a disturbance in the power system. In this
situation no water from the pitcher will splash out, indicating the system is stable.

2. Now fill the pitcher with water close to it brim and drop the same marble into the pitcher.

In this case, water will splash out, indicating the system is unstable.

In these two situations, the same disturbance was created. However, the system was
operating at different conditions, and in the latter situation, the system was more stressed. Again,

this analogy illustrates that the degree of stability is dependent on the initial operating condition.
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2.3 ELEMENTARY VIEW OF TRANSIENT STABILITY

Fig. 2.2. Simple two machine power system Fig.2.3. Phasor diagram of the different parameters

Consider the very simple power system of Fig. 2.2, consisting of a synchronous generator
supplying power to a synchronous motor over a circuit composed of series inductive reactance
X.. Each of the synchronous machines may be represented, at least approximately, by a constant-
voltage source in series with a constant reactance. Thus the generator is represented by Eg and
Xg; and the motor, by Ey and Xym. Upon combining the machine reactance and the line reactance
into a single reactance, we have an electric circuit consisting of two constant-voltage sources, Eg
and Ewm, connected through reactance X =Xg + X_ + Xum . It will be shown that the power
transmitted from the generator to the motor depends upon the phase difference 8 of the two
voltages Ec and Eu. Since these voltages are generated by the flux produced by the field
windings of the machines, their phase difference is the same as the electrical angle between the
machine rotors.

The vector diagram of voltages is shown in Fig. 2.3 Vectorially,
Ec = Eu + jXI

(The bold-face letters here and throughout the book denote complex, or vector, quantities).
_ Eg—Ey

Hence the current is I = (2.1)

The power output of the generator and likewise the power input of the motor, since there is no

resistance in the line is given by

P =Re(E.I)

=Re (E, 5%] (2.2)
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where Re means “the real part of” and E; means the conjugate of Eg. Now let

E,; = Ey,20 (2.3)
And E. =E 25 (2.4)

_ o Egeb—Ep 0
So, P =Re(Ecs— 8=

=Re (= £(—90%) — =X £ (—90° - )

X E

=— E':';[‘: cos(—90% — &)

=56 M oin § (2.6)
X
This equation shows that the power P transmitted from the generator to the motor varies with the

sine of the displacement angle & between the two rotors, as plotted in Fig. 2.3. The curve is

known as a power angle curve. The maximum power that can be transmitted in the steady state
with the given reactance X and the given internal voltages EG and EM is
_ EcEy
= X

and occurs at a displacement angle 8 = 90°. The value of maximum power may be increased by

raising either of the internal voltages or by decreasing the circuit reactance.
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2.4 SWING EQUATION

The electromechanical equation describing the relative motion of the rotor load angle () with
respect to the stator field as a function of time is known as Swing equation.

MEZ=p b, 2.7)
M= inertia constant

P, =Shaft power input corrected for rotational losses

P, = P, sin & = electric power output corrected for rotational losses

P, = amplitude for the power angle curve

& = rotor angle with respect to a synchronously rotating reference

s el

Fig.2.4. Power-angle curve of the system

10
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2.5 EQUAL AREA CRITERION

e Forthe total area to be zero, the positive part must equal the negative part. (A1=A2)

o [, P..dd = AL (Positive Areq) 7

o J;"P..do = Al (Negative Area) )

v

Fig.2.5. Condition showing equal area criterion

1 ] 9 3 4
otesoli _lseto
Gy T, Lo T
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e -

'ﬁh
[ — / \
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pf
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Fig 2: Generalized P-O diagram for SMIB_PS (Lossy system)

Fig. 2.6. Condition showing fault in the transmission line

and its effects on the swing equation.
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Where, A;- Area of acceleration
A,- Area of deceleration

If the area of acceleration is larger than the area of deceleration, i.e., A; > A, The
generator load angle will then cross the point &y, beyond which the electrical power will be less
than the mechanical power forcing the accelerating power to be positive. The generator will
therefore start accelerating before is slows down completely and will eventually become
unstable. If, on the other hand, A; < A, i.e., the decelerating area is larger than the accelerating
area, the machine will decelerate completely before accelerating again. The rotor inertia will
force the subsequent acceleration and deceleration areas to be smaller than the first ones and the
machine will eventually attain the steady state. If the two areas are equal, i.e., A; = Ay, then the
accelerating area is equal to decelerating area and this is defines the boundary of the stability

limit.

12
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Chapter 3

CONTROL STRATEGIES APPLIED IN TRANSIENT
STABILIY ANALYSIS

13



3. Control strategies applied in transient stability analysis

3.1 INTRODUCTION

The developing of assessment tools for transient stability analysis of electrical power systems
has challenged engineers for several decades. The main available tool for transient stability
analysis is the step-by-step methodology which integrates numerically the differential equations
describing the dynamical behavior of power systems. These assessment tools have significantly
improved into the last three decades. Although these methods have some limitations concerning
the consideration of more detailed generator models, they have shown to be suitable for fast
transient stability assessment. Among the direct methods, the Lyapunov’s ideas associated to the
LaSalle’s Invariance Principle have been used to study the stability of power systems. These
methods have the main advantage that information about stability and attraction area can be
obtained without solving the differential equations. For that purpose, an auxiliary function, called

Lyapunov function, is supposed to exist.

In the direct methods, the stability analysis is divided into two steps. First of all an estimate of
the attraction area of the post —fault system is obtained. In the second step, the fault-on trajectory
is numerically obtained and it is verified, at the clearing time, if the fault-on trajectory is
contained into the attraction area estimate. In the affirmative situation, the system is stable;

otherwise no information can be obtained.

Unfortunately, direct methods have the disadvantage that they are not yet suitable for dealing
with detailed generators models. In fact, this disadvantage is intimately related to the problem of
finding a Lyapunov function when these models are taken into consideration. On the other hand,
although the step-by-step programs do not impose any limitation on modeling, they have the
disadvantage of being computationally costly. Based on this observation, one cannot say that one
method is better than the other. Instead of that, one can claim that they complement each other.
Hybrid methods have been successfully used in order to take advantages of both methods in

contingency analysis.

In spite of the advances which have occurred mainly in the last two decades, both tools, the step-
by-step method and the direct methods, can analyze only one contingency at a time. Then for
analyzing the system at a large range of possible situations, a very high number of contingencies

and different operating points have to be simulated. Indeed no uncertainties are considered in the

14



3. Control strategies applied in transient stability analysis

parameter determination. As consequence there is no absolute certainty that the stability of the
system will be guaranteed for all operating conditions.

We considered the LaSalle’s Invariance Principle to give support for the proposal of a transient
stability analysis of power systems which is robust with respect to post-fault parameter
uncertainties. The proposed methodology obtains an estimate of the attraction area of the post-
fault system which is independent of the parameters and is contained into the real attraction area.

The advantages of considering uncertainties in the analysis can be explored in two ways. First of
all, when uncertainties are taken into consideration, a selected contingency does not represent an
unique situation but a set of situations which are similar to it. Therefore, a less number of
contingencies will be probably enough to cover a selected range of situations. The second way of
exploring uncertainties is that these uncertainties could be chosen in such a way that similar
selected contingencies could belong to the same set of uncertainty parameters. With this choice,
a robust estimate of the critical clearing time could be obtained, at same time, for all these
contingencies saving a significant computational effort. It is clear from these considerations that

contingency analysis could be a promising application for the proposed methodology.

3.1.1 THEORY BEHIND EQUAL AREA CRITERIA

The equal area criterion was the first direct method proposed in the literature to study the
transient stability of one-machine-infinite-bus systems. What is behind this criteria and which
guarantees the stability of the system are, in reality, the Lyapunov’s ideas associated to the
LaSalle’s Invariance Principle. This section starts with a brief review of the LaSalle’s Invariance

Principle.

Consider the following autonomous differential equation:
x = f(x) (1)
Theorem I1.1; Let V: R® = R,f: R™ — R™ be C* functions. Let L = 0 be a constant

suchthat 0, = {x € R™: V(x) < L }is bounded. Suppose that I"(x) = 0 for every x € {; and

15



3. Control strategies applied in transient stability analysis

defineE := {x € 0,: V"(x) = 0}. Let B be the largest invariant set contained in E. Then every

solution of (1) starting inf1; converges to B as t—oo.

This theorem was first proposed and proved b LaSalle in 1960. The function V in the theorem
I1.1 is the so called Lyapunov function.

Fig.3.1. Geometric interpretation of the LaSalle’s Invariance Principle

It is interesting to interpret geometrically the previous theorem. For that purpose, consider Figure
3.1 which shows a simple application of the LaSalle’s theorem. As required by Theorem II.1,

1; is a bounded set. The dashed line represents the set where p = 0. Suppose that the largest
invariant set contained into E is composed only by the stable equilibrium pointx_. Consider now
the level curve 0, := {xe0;: V(x) =1 = L} and let p be a point lying on this curve. As, into the
set, €3;the derivative of V is less than or equal to zero, one obtains, by the chain rule, the
following inequality:
V=< grad(V),x >=< grad(V),f =<0

In particular, this inequality is true for the point p. It shows that the inner product between the
gradient vector, which is perpendicular to the level curves, and the acceleration vectorf, which is

tangent to the orbits, is less than or equal to zero. This means that the angle between these

16



3. Control strategies applied in transient stability analysis

vectors is bigger than or equal to 90° as shown in Figure 1. This relation exists for every point of

the level curve I of the function V, thus the solutions are entering into the set €2,. This conclusion
is true for all level curves into€2;, then every solution starting into €2; will converge to the stable

equilibrium pointx_.

Remark 1.1: Theorem Il.1 supposes that the set ©;, ={x € R™ : V(x) < L } is bounded. In

fact, if only a connected component of £2; is bounded, and then the theorem is true for this

component. This conclusion follows from the fact that solutions starting into a connected
component cannot leave this component. Let us apply this principle to study the stability of a

single-machine-infinite-bus-system whose unifilar diagram is shown in Figure 3.2.

Fm E I@ a

—

1B

Fig.3.2. One-Machine-Infinite-Bus System
Modeling the generator as a constant electromotive force behind the transient reactance, this
system can be described by the following pair of differential equations:

i= w

Mw=F, -F.(8) - Tw

Where P.(8) = E*G-EE,.Bsind — EE, Gcosd, § and w are respectively the generator rotor angle
and the generator frequency deviation with respect to the synchronous frequency, £,,,, is the input

mechanical power, E is the electromotive force magnitude, E.. is the magnitude of the voltage at

17



3. Control strategies applied in transient stability analysis

the infinite bus, T is the damping coefficient and G + jE is the admittance of the equivalent
transmission line.
This system has an energy-like Lyapunov function given by:

V(6,w) = = w*-P 6+ E*G 6+ EE, Bcosd — EE,_Gsind +a

Where « is an arbitrary constant. This energy function can be physically interpreted as a sum of
the kinetic energy V. and the potential energy V,,, that is, V7 (4§, ew) = v, ( w) + 1, (&) , where
L'r:.:( w) = ?r w?
V,(8) = -P,8+ E’G 3§+ EE_Bcosd —EE_.Gsind +a
It is easy to show that the derivative of 17 is given by
V= —Tw?
Which is a negative semi-definite function. Therefore the function 17 satisfies the hypothesis of

the LaSalle’s Invariance Principle.

In order to estimate the attraction area of the post-fault equilibrium point, the number L must be

found such that the hypothesis of Theorem 11.1 are satisfied, that is, the connected component of

the set €2, which contains the stable equilibrium point of interest must be bounded and the
unique invariant set contained into £ must be the post-fault stable equilibrium point of interest.
Since as higher the number L is the greater is the attraction estimate, it is important to choose the
highest number L such that the hypothesis of Theorem 11.1 is satisfied. Let us see these details in

the next example.
Example I1.1: Consider the system of one-machine versus infinite bus system of Figure 2 with
the following parameters: F,,= 1.0,, @ = 0.05, T =0.03, £ =10, E. =10, 6 =0.1, B = -2.

Suppose a solid short-circuit occurs at the generator terminal bus and this short-circuit is

eliminated such that the post-fault parameters are equal to the parameters of the pre-fault system.

18
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Fig.3.3. Attraction Area Estimate of a OMIB System

Figure 3.3 shows the potential energy V", as a function of the angle & and the level curves of
the function " are depicted in yellow. Observing the level curves of V7, it is easy to realize that
the maximum value of L which satisfies the requirements of the theorem coincides with the value
of the function 1V evaluated at the unstable equilibrium point located in the right side of the post-
fault stable equilibrium point. In this example L = 1.586 (the number L is usually called, in the
literature, critical energy V.,). For this choice of L the connected component of the set
0, ={(6,w) e R*: V(5 w) < 1586} containing the post-fault equilibrium point is indicated
in Figure 3 by the dark grey region. The level curve ¥ = 1.586 is depicted in blue. In this case,
the set E is the line segment indicated in blue and the set 5 is constituted only by the post-fault

stable equilibrium point. With these choices of ¥ and L, one can use the LaSalle’s Invariance
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3. Control strategies applied in transient stability analysis

Principle to show that every solution starting into €2; tends to the post-fault stable equilibrium
point as time tends to infinity and therefore the set £2; is an estimate of the attraction area. This

estimate is contained into the real attraction area which is indicated in the figure by the light grey
region. The green curve shows the boundary of such attraction area.

In order to estimate the critical clearing time, the differential equations of the fault system

are numerically integrated until the total energy of the system is equal to L. The instant in which

such equality occurs is the instant in which the fault trajectory leaves the attraction area estimate.
This time will be an estimate of the critical clearing time. In this example, the critical clearing
time estimate belongs to the interval (0.327; 0.328s) while the real critical clearing time is
contained in the interval (0.337; 0.338s). Figure 3 shows the trajectory of the system when the
fault is cleared at 0.327s.

3.1.2 ROBUST EQUAL AREA CRITERIA

Here a robust version of the equal area criteria is proposed. While the conventional equal area
criteria are based on the LaSalle’s Invariance Principle, the robust version, which is proposed in
this paper, is based on a Uniform or Robust Version of the Invariance Principle. Consider the
following autonomous system:

x = f(x, 4) )

Where 4 € Ac R™is a parameter vector of this system and x £ R™.

Theorem I11.1: (Uniform Invariance Principle) suppose f . R"X A— R™ and
V:R"x A— R are C! functions and a.b,c: R™ — R are continuous functions. Assume that
forany (x.4) € R™ x A, one has:

a(x) = V(x, A) = b(x), —V(x,4) = c(x)

ForL = 0let 4; := {x € R™:alx) < L}. Assume that 4; is non empty and bounded.
Consider the sets
B, ={xER":b(x)< L}, C:={xER":c(x) <0}

and E; == {x € A;:c(x) = 0}
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3. Control strategies applied in transient stability analysis

Suppose now that sup...-b(x) = ! = L and define the sets
4, ={r e R™ a(x) < l}and By={x € R™: a(x) =< I].

If A is a fixed parameter in A and all the previous conditions are satisfied then for x, € B, the
solution @(t,x,, A) are defined in [0, «) and the following holds:
1) If x, € B, then @(t.x,, A) € 4,, for 0 and @(t,x,, 4) tends to the largest invariant set of
(2) contained in 4, , as t—oo0.
I) If x, €B; —B, then @(t,x, 4) tends to the largest invariant set of (2) contained

inA4, UE;.
V(x,h)
c(x)
S ‘
(a) Derivative of the Lyapunov Function (b) Lyapunov Function

Fig.3.4. Functions a. b, e, c of theorem I11.1

Note that the uniformity is guaranteed by the existence of the functions a.b and ¢ which are

independent of the parameters. Figure 3.4 shows the relation between these functions and the

estimates which are obtained with the theorem.

The set C contains the set where 7 is positive independently of the parameter x € A. As
consequence, ! = sup..-b(x) = supy.10.0.V(x4). Then, the level curve I of the function a
is used to obtain an estimate of the attractor.

Figure 5 illustrates the application of the Uniform Invariance Principle. Note that B, = A4,
and B, = A;. The invariance notion in this case is a little bit different. The set B; is not

positively invariant with respect to (2), however one can guarantee that every solution starting

into B; does not leave the set A;. This is the case of the solutions starting at x,and x5 in Figure
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3. Control strategies applied in transient stability analysis

5. Nothing can be said about solutions starting in 4; - B;. For example, the solution starting at

x, goes away from the set 4;.

Every solution starting into B;. Tends to the largest invariant set contained into 4, U E;. If

a solution enters in B,, then one can guarantee that this solution will never leave the set 4, > B,.

This is the case of the solution starting at x.

The set 4, is an attractor estimate and B; is an attraction area estimate, that is, 4, contains

the attractor and B; is contained into the attraction area independently of the system parameters.

e(tx ,A)

Fig.3.5. Geometric Interpretation of the Uniform Invariance Principle

Let us apply this theorem to study the stability of a single-machine-infinite-bus system
considering uncertainties in the post-fault parameters. Suppose that M, E,.. T, E, E.. are constants
and that there exist uncertainties in the following post-fault parameters:
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3. Control strategies applied in transient stability analysis

= =
=B = Smcx G"""

G=G

max

I
I

Define 2 =(B,Gland A={(B,G)eR* : B, <B =B, _.G..=G=G,_.} Consider the
same function ¥ used in the previous section but depending on the parameters, that is,
V(8w A):= V. (ew) +1V,(5,4) where

M 5 '
Velw):= —w”

V,(8,4):= -P,0+ E’G &+ EE_.Bcos — EE..Gsind +a

And a is an arbitrary constant.
Functions a and b of Theorem I11.1 can be easily chosen as being :

b(8, w) = by(w) + b,(J)

a(d, w) = a,(w)+ a,(d)

where
M -
b(w) = —w°
b,(8) = -Pp+{EGpg, 6if §>0; E*G,,,, 6 if 6§ < 0}
+{ EE_B,, .. .cosd ifcos§ = 0; EE_B,,,cos0 if cosd = 0}
-{ EE_G,,.,5ind ifsind = 0; EE_G,, . sind if sind < 0}
+a
M -
a,(w) = —w°
a,(8) = -P8+{EG,,,8if8=0;E*G,, Gif §<0}

+{ EE_B,,;,cos0 ifcos § = 0; EE_B,,,.cos0 if cosd = 0}
-{ EE_G,, . 5ind ifsind = 0; EE_G,, ., sind if sind < 0}
+ot

3.2 TRANSIENT STABILITY ANALYSIS: A COMPUTING CHALLENGE

Transient stability analysis is concerned with the electrical distribution network, electrical loads
and the electro-mechanical equations of motion of the interconnected generators. Traditionally,
power system transient stability analysis has been performed off-line to understand the system’s
ability to withstand specific disturbances and the system’s response characteristics, such as
damping of generator oscillations, as a system returns to normal operation. To date the
computational complexity of transient stability problems have kept those from being run in real
time to support the decision making at the time of a disturbance. If the transient stability program

could run in a faster than real time then power system control room operators could be provided
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3. Control strategies applied in transient stability analysis

with a detailed view of the scope of cascading failures. This view of the unfolding situation
could assist an operator in understanding the magnitude of the problem and its ramifications so
that proactive measures could be taken to limit the extent of the incident. Faster transient stability
simulation implementations may significantly improve power system reliability which in turn

will directly or indirectly affect:

e Electrical utility company profits
e Environmental impact
e Customer satisfaction

In addition to real time analysis, there are other areas where transient stability could become an
integral part of daily power system operations:

e System restoration analysis
e Economic/environmental dispatch
e Expansion planning

Real time or faster than real time transient stability could also be a significant benefit to an
operator when a power system is being restored after an outage. Incorrect decisions concerning
the order to switch loads and generators capacity back on-line could cause recurrences of

cascading system failures or even physical damage to generators, transformers and power lines.

It will be shown that computational requirements are a significant problem with transient
stability simulations. The scope of real time or faster than real time analysis places this
application in the category of being a grand computing challenge that could benefit from future

teraflop (trillion floating point operations per second) supercomputers.

3.3 AUTOMATIC GENERATION CONTROL STRATEGIES IN POWER SYSTEMS:
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3. Control strategies applied in transient stability analysis

The successful operation of interconnected power systems require matching of total generation
with total load demand and associated system losses. With time, the operating point of a power
system changes, and hence, these systems may experience deviations in nominal system

frequency and scheduled power exchanges to other areas, which may yield undesirable effects.

3.3.10verview:

The first attempt in the area of AGC schemes has been to control the frequency of power system
via the flywheel governor of the synchronous machine. This technique was subsequently found
to be insufficient, and a supplementary control was included to the governor with the help of a
signal directly proportional to the frequency deviation plus its integral. These works based on tie

line bias control strategy.
Control techniques

The pioneering works by a number of a control engineers namely Bode, Nyquist and black has
established links between the frequency response of a control system and its closed loop transient
performance in the time domain. The investigations carried out using classical control
approaches reveal that it will result in relatively large overshoots and transient frequency
deviation. The AGC regulator design techniques using modern optimal control theory enable the
power engineers to design an optimal control system with respect to given performance criterion.
The feasibility of an optimal AGC scheme requires the availability of al state variables for
feedback. However, these efforts seem unrealistic , since it is difficult to achieve this. The
problem is to reconstruct the unavailable states from the available outputs and controls using a
observer. Exploiting the fact that the nonlinearity of the power system model ,namely, tie-line
power flow, is measurable , the observer has been designed to give zero asymptotic error, even

for the nonlinear model.

3.3.2 CONTROL STRATEGIES:
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3. Control strategies applied in transient stability analysis

Many control strategies have been proposed on the basis of class disturbances. A feedback and
loop gain to eliminate the disturbance and a different feedback form can be used to develop
optimal controllers for an electrical energy system. The decentralized AGC concept appeared |
the power system control scenario to deal with such problems very effectively. A class of
systematic distributed control design methods based on:

e Distributed implementations of centralized control systems

e Model reduction of dynamical systems

e Modeling of interaction between the subsystems comprising global control system
Excitation control and load characteristics

In most of the AGC studies, it is assumed that there is no interaction between the
power/frequency and reactive —power voltage control loops. It may be permissible only when
the speed of the excitation systems is much faster. The optimal accommodation of load
disturbances could lead to significantly better performance than that of conventional

controllers. The disturbance effects in the system can be cancelled completely.
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Chapter 4

MODELLING AND SIMULATION OF POWER
SYSTEM
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4.1 SIMULINK

Simulink is advanced software which is increasingly being used as a basic building block in
many areas of research. As such, it holds a great potential in the area of power system example to
demonstrate the features and scope of Simulink —based model for transient stability analysis.

The stability of power systems continues to be major concern in system operation. Modern
electrical power systems have grown to a large generating units and extra high voltage tie-lines,
etc. The transient stability is a function of both operating conditions and disturbances. Thus the
analysis of transient stability is complicated. Simulink is an interactive environment for
modeling, analyzing and simulating a wide variety of dynamic systems. The key features of

Simulink are:

e Interactive simulations with live display;

e A comprehensive block library for creating linear, non linear, discrete or hybrid multi-
input/output systems;

e Seven integration methods for fixed step, variable step and stiff systems;

e Unlimited hierarchical model structure;

e Scalar and vector connections;

e Mask facility for creating custom blocks and block libraries;

4.2 SYSTEM MODELLING

The complete system has been illustrated in terms of Simulink blocks in a single integral model.
One of the most important features of Simulink is it being interactive, which is proved by display
of signal at each and every terminal. A parameter within any block can be controlled from a
MATLAB command line or through an m-file program. This is used as in transient stability
study as the power system configurations differ before, after and during the fault. Loading

conditions and control measures can also be implemented accordingly.
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Classical system model

The complete 3- generator system in the figure below has been simulated as a single integral
model in Simulink. The mathematical model given above gives the transfer function of different
blocks. Fig. 2 shows the complete block diagram of classical system representation for transient
stability study. The subsystems 1, 2 and 3 in Fig. 2 are meant to calculate the value of electrical
power output of generator 1. Similarly other subsystems can be modelled.

Mathematical modeling

Once the Y matrix for each network condition (pre-fault, during and after fault) is calculated, we
can eliminate all the nodes except for the internal generator nodes and obtain the Y matrix for the
reduced network. The reduction can be achieved by matrix operation with the fact in mind that
all the nodes have zero injection currents except for the internal generator nodes. In a power
system with n generators, the nodal equation can be written as:

[ol=lv Il @)
Where subscript n used to denote generator nodes and the subscript r is used for the remaining
nodes.

Expanding eqn (1),

I, =Y, V.+V¥ V., 0=VY_V, +V¥_ V.

From which we eliminate V,to find

Iy = (Yo — Y V00, (4.2)
Thus the desired reduced matrix can be written as follows:

¥, = (¥, — ¥, ¥3'%) (4.3)
It has dimensions (n x n) where n is the number of generators. Note that the network reduction
illustrated by egns (1)—(3) is a convenient analytical technique that can be used only when the
loads are treated as constant impedances. For the power system under study, the reduced
matrices are calculated. Appendix Il gives the resultant matrices before, during and after fault.
The power into the network at node i, which is the electrical power output of machine i, is given

12

Gy+Lh.EEY, cos(6;—6,+6,) i=123,..,n (4.4)
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Where,
¥, =Y, 48,=G;+ By
=negative of the transfer admittance between nodes i and j
Y, =Y; 26, =G, +jBy
= driving point admittance of node i
The equation of motion are then given by

2H; dw;

+Dw, =P, . —|E}G, ,+ T EEY, cos(8, — 8, + &) (4.5)

i= i
] i

and Z—f =w,—wp, =12, ..,n (4.6)

It should be noted that prior to the disturbance (t=0) Pmio = Peio;
Thereby,

Poin = E:':G:':'c- + Y= EE Yiio CGS[E:‘;‘D —dp+ 5;'&} (4.7)

i ;7
g

[T

The subscript 0 is used to indicate the pre-transient conditions.

As the network changes due to switching during the fault, the corresponding values will
be used in above equations.
4.3 CASE STUDY OF A THREE-MACHINE NINE-BUS SYSTEM

The same assumptions used for a system of one machine connected to an infinite bus often

assume valid for a multimachine system:
1. Mechanical power input is constant.
2. Damping or asynchronous power is negligible.
3. Constant-voltage-behind-transient-reactance model for the synchronous machines is valid.
4. The mechanical rotor angle of a machine coincides with the angle of the voltage behind
the transient reactance.
5. Passive impedances represent loads.
This model is useful for stability analysis but is limited to the study of transients for only the
“first swing” or for periods on the order of one second.
Assumptions 2 are improved upon somewhat by assuming a linear damping characteristic. A

damping torque (or power) DW is frequently added to the inertia torque (or power) in the swing

equation. The damping coefficient D includes the various damping torque coefficients, both
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mechanical and electrical. This represents turbine damping, generator electrical damping, and the
damping effect of electrical loads.

100 MW
‘ —= 35 MVAR
10.0625 . i0.0586
@ S | 0.0085+0.072 | 0.0119+j0.1008 g @
2 . ,
B/2=j0.0745 =0,
) o J \ B2=j01045 | < o)
HE E
R T e | |
ol Q 8|35
s ©|° S| 6
I e a | o I
smw - 2 | € S| S oMW
SOMVAR £ |2 F| % 30MVAR
— ) - Q
2 |2 =
4
~ VW o
S |2
1

@ Slack bus

Fig.4.1 3-machine 9-bus system which has to be simulated
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Fig. 4.2 Complete classical system model for transient stability study in Simulink
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Fig. 4.3 Computation of electrical power output by generator#1(SIMULINK model)
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Fig. 4.5 Computation of electrical power output by generator#3(SIMULINK model)

Definition of parameters

e Ex— Generator output voltage of machine#x
e Ya(X, y) - Transfer admittance between nodes x and y.
e Pnx- Mechanical power output of generator x.

e Pq - Electrical power output of generator x.
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4.4 RESULTS AND DISCUSSIONS

In the above system various cases are there;

Case 1: Pre Fault condition t<5

Case 2: During Fault condition (Fault occurred in line 5-7) t>5 and t<7

Case 3: Post Fault condition (Line 5-7 is removed) t>7
Considering the above cases the behavior of the line is examined here.
The MATLAB simulation result of the power system is shown in the figure given below. The
fault occurred during the period between 1 to 1.25 sec. After 1.25 sec the line is removed. The
relative variation in rotor angle and the change in angular speed of the rotor is examined. After
1.25 the relative variation in rotor angle and relative change in angular speed starts to damp out.
After time 2.25 sec the line is restored.

SE L0 ABE B A% -

Fig. 4.6 Plot of electrical power of gen#1 vs time
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i <) Bectrical power genif2 v=_time

CEICEEN YTEEER

Fig 4.7 Plot of electrical power output of gen#2 vs. time

<) Bectrical power of gen#i3 vs_time

Fig. 4.8 Plot of electrical power output of gen#3 vs time
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CONCLUSIONS AND ASPECTS OF FUTURE
WORK
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5.1 CONCLUSION

As we had observed that the controlling in the load side is complex. So, we will be
controlling generation side. By controlling the generation side the synchronism of the system is
always maintained whether the fault is caused by voltage or current. It also helps in maintaining
the system efficiency and providing better service to consumer.

5.2 ASPECTS OF FUTURE WORK

To date the computational complexity of transient stability problems have kept them from
being run in real-time to support decision making at the time of a disturbance. If a transient
stability program could run in real time or faster than real time. Then power system control room
operators could be provided with a detailed view of the scope of cascading failure. This view of
unfolding situation could assist an operator in understanding the magnitude of the problem and
its ramifications so that proactive measure could be taken to limit the extent of the incident.
Faster transient stability simulation implementations may significantly improve power system

reliability which in turn will directly or indirectly affect.

1. electrical utility company profits
2. environmental impact
3. customer satisfaction
In addition to real time analysis, there are other areas where transient stability analysis

could become an integral part of daily power system operations.

1. system restoration analysis
2. economic / environmental dispatch

3. expansion planning
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