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ABSTRACT
•

The modified Fast Fourier Transform (FFT) Technique has

been used to calculate switching transient over-voltages in a

complicated power system network. The beauty of the FFT algori-

thm lies in the fact that it automatically provides, in one pass,

results for a number of time-domain points equal to the number

of frequ~ncy samples used in the synthesis process. This is a

tremendous advantage over conventional Fourier Transform methods

where response at each instant of time has to be calculated sepa-

rately. The FFT algorithm thus achieves a considerable savings

in terms of computer time, especially for large complicated power

networks.

'.
As usual, the frequency response 'of the system is calculated

from a transformation of the system equations and a numerical

inversion of this frequency response is then attempted, analy-

tical inversion being extremely difficult, if not impossible.

The inversion integral is evaluated using the inverse Discrete

Fourier Transform (IDFT) technique, implemented by Fast Fourier

Transform algorithm.

The work starts with a critical appreciation of the availa-

ble methods of analysis and goes on to a description of the IDFT

technique and FFT algorithm. Numerical inversion gives rise to

problems peculiar to itself which are discussed and the inter-

relationships between various integration parameters are inves-

tigated in an attempt to establish psueao-optimum values.
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The National Grid of Bangladesh Power Development Boare

has beerrselected for validation of the method. Using a network

reduction technique, the voltages at different buses for switch-

ing at a particular bus, under varying system conditions, has

been investigated. Results are compared with a previous work and

it is found that at least a similar order of accuracy, if not

better, can be achieved,whileg at the same time, obtaining a

substantial saving in computer time.

f
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CHAPTER 1

INTRODUCTION

1. INTRODUCTION

1.1GENERAL

The power-system operating vol tages are rising continua'lly.'

Owing to the rise in system operating voltage and to a desire

to reduce capital costs by a reduction in system insulation level,

the transient overvoltages arising when long transmission lines

are energized and reenergized and the means for reducing these

transient overvoltages have become of considerable importance.

Besides this , for the reliable and uninterrupted operation of

power system networks it is important tq know the conditions
1

under which transient overvoltages may be developed within the

system and to have the means for their calculation. If this

can be done at the design stage, precautions can be taken either

--to avoid the overvoltages completely or at least to minimise

their effects. Therefore, a detailed analysis of the conditions

under which transient overvoltages may develop within the system

and a thorough understanding of the methods for the calculation

of these overvoltages are of vital importance in ensuring smooth

and continuous operation of~ system networks. A number of
v--'

methods for calculating the transient response of a complex

power system network are available, (i) Analog ,method (ii)

Bewley - Lattice Method (in) Schnyder- Bergeron's Method and

iv)Pourier Transform Method. All the methods have their relative

advantages and disadvantages. The use of the most accurate
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methods, however, may not always be justj.fied, owing to sj'steEl

data limitations and the larger computation time and hence

costs involved15.

The analog method, using the transient analyzer, has the

shortcomings that distributed single and double circuit lines,

considering the self and mutual impedances of the conductors,

cannot be realistically represented and introduces a frequency

band width limitations15.The elements of a power system, under

switching conditions, are subjected to voltages and current

having a wide frequency range varying from 50 cis to arround

100 k cis and the system parameters do vary with the frequency.

The method is also unable to take-account of this frequency
, 8dependance of the system parameters •

,
The travelling wave approach using Bewley-Lattice or

Schnyder-Bergerons method is attractive for the simpler types

of system but is rather cumbersome 'when lumped parameter or an

extensive network are involved. The greatest restriction,

possibly, is that the computation process must be carried

through stage by stage from the .Instant of switching, thus

errors inevitably accumulate. It also proves difficult to include

the frequency dependance of the line parameters which arises

due to skin effect and earth penetration,l,7. '. The Fourier

Transform Method as used, is very suitable in situations it

has been appliedo ~ts biggest limitation(~ the large com-
.,"-~- (\ .putation time required. ~'lBDesplte its own limitations, the

'"
method seems to be the best in that it overcomes most of the
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problems encountered with the previous methods. Further, since

calculations are performed in the frequency domain, the fre-

quency dependance of the system parameters are autometically

incorporated in+~J~the analysis.ev.

To reduce the computation time without sacrificing accu-

racy, modified Fast Fourier Transform (FFT) method can be resor-

ted to. In the Fourier Transform Method, the response at a par-

ticular instant of time can only be obtained from a large number

of data points in the frequency plane, thereby requiring a very

substantial amount of computation time for finding the response

over an interval of time. On the other hand, using FFT technique

a number of time domain responses can be obtained from an equal
I

number of. data points in the frequency.plane. Hence the time

required for the calculation of the transient over a large

interval of time will greatly be reduced. In effect, it is enough,,
to consider a number of freequency domain data points equal to

half the time domain data points at which response is to be

evaiuated ( see Appendix - A).

As is well-known, high voltage transmission is necessary

to reduce the long distance transmission loss. At present

within our country or elsewhere there are many systems in use

or coming into. use at

735 kv or even,1000kv

132 kv,

1,4,15
230 kv, 400 kv, 500 kv, 600 kv,

So it is evident that still

higher voltages would be used in the future for long distance

transmission of electrical energy. At these high operating
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voltages, internally developed overvoltages such as these

due to switching operations within the system can exceed that

due to lightning surges 4,15. Switching overvoltages of as much

as four- times

theoretically

the phase to neutral voltage of the system are
. 15possible Therefore in determining the insula-

tion level of the overall power system network, switching surges

are fast becoming the major criteria to investigate. Our study

therefore, is limited only to the switching transinet behavi-

our of power systems, specially the national grid of Bangladesh

Power Development Board (BPDB).

1.2 DIFFERENT TYPES OF TRANSIENTS:

.The insulation requirements of a power system are deter-

mined by transient overvoltages. Overvoltages, surges or tran-

sients are voltage waves of 'magnitude higher than desirable
: . ,I

value and these persist usually for a short duration. These

overvoltages travel along the transmission lines at arround

the velocity of light and act as a source of serious potential

danger even to physically remote terminal equipment.

Transient overvoltages occur due to several causes;

among them, important causes g:re (1) Lightning .surges (2)

Sudden changes in circuit conditions (3) Switching (4) Resonance

(5) Arching

lling waves

grounds (6) Different kinds of faults (7) Trave-
4 .etc. The wave shape, magnitude of voltages, current,
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time and effects of the overvoltages caused by the above pheno-

mena are different and likewise , the approach for protection

of the various electrical system components against overvoltages

differs4, 7. The large spark accompanied by light produced

by an abroupt, discontinous discharge of electricity through

the air, from the clouds generally under turbulent conditions

of atmosphare is called lighting. The representative values

for an average lighting stroke are: 2.0E08 volts ( peak),

4.0E04 Amps and a duration of arround 1.DE-OS seconds.

The basic phenomenon involved in a lightning stroke is

that the clouds get charged during thunderstorms and the result-

ing high potential gradient causes break down of insulation
~ I

of air~.~The stroke usually tries to hit the earth but if may

alsob~ attracted by HV overhead transmission lines. Due to
, .

such direct,lightning strokes, or even indirect strokes, the
\ I

line insulators may tlash ov~r or puncture, and the travelling

wave may a.lso reach subs.tations and generating stations, thus

overstressing the insulation of equipment and machines. Light-

ning surges influence the line design_and insulation require-
. ~ 4

ments upto system voltages of about 27S kv . For system vol-

tages above 360 kv, the switching overvoltages become more

important in deciding the insulation requirements of system

equipment and in the insulation coordination of EHV lines4,lS.

switching surges may be caused due to one or more of the

following reasons:
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- Clasing af uncharged lines

- Clasing af charged lines

- Autareclasure af circuit breakers (CB)

- Interruptian af shart circuits and line faults

- Laad shedding at receiving ends af lines.

- Switching af magnetizing currents.

- Switching af-high valtage reactars.

- Single line to.graund fault withaut switching aperatian
etc.

The wave farms and magnitudes af avervaltages caused by

the abave mentianed causes are different, hence they are nat

equallyhazardaus. Switching avervaltages are prapartianal

to.the system valtages and hence they can reach very high

values in EHV and UHV syst~ms ( abave 400 kv and upta 1000kv).
I

Out af the variaus reasans mentianed abave, the mast severe

.are the fallowing two4:

- Clasing af charged lines

Autareclasure af CB.

The ather reasans are relatively less severe. switching

surges due to.clasing af unlaaded lines arise due to. success-

ive reflectians of travelling waves. When the CB is clased an

an unlaaded transmissian line, valtage is suddenly applied to.

the transmissian line. This gives rise to.a travelling wave,

which gets reflected and the successive reflected waves give

•



rise to voltages even as high as six times the normal system

voltage. The overvoltages resulting on the closing of a pre-

charged line are higher, because the applied voltage gets

superimposed on the original voltage due to pre-charge. The

worst case is the three phase high speed autoreclosure, due

to closure on the trapped charge of line. The overvoltages

are influenced by non-simultenious closure and for non-simul-

tenious reclosure of the three poles.

In an ungrounded transmission line due to Arching ground,

the line to ground capacitance discharged through an earth

fault. The process of charging and discharging gives rise to

intermittant arcs. Thus the temporary fault grows into perma-
1

nent fault and a voltage. oscillation of 3 to 4 times of normal

system voltage may be seen., Very high voltage surges occur
\

due to a fault'causing resonance between the inductance and
, ' ,

capacitance in a part of the ci~cuit. Insulation failure is

likely to occur for such high voltage rises.

When a travelling wave reaches a junction or an end of
,

the line the high voltage waves get reflected at the impedance
" .

mismatch and this reflected wave gets superimposed on the

initial wave. The magnitude of voltage may rise to several

times the normal voltage.

Considering all types of transient overvoltages it is

found that internally developed overvoltages due to switching



operations within the system, can exceed that due to other

types of transient$, specially at the higher operating volt-

ages. switching surges, therefore, are fast becoming the major

criterion of investiagtion in designing the insulation level

and in dealing with the insulation coordination of a power

system. From here we will use the term transient in place of

switching transient and all of our discussions will be limited

for switching transient overvoltages only.

1.3 METHODS FOR CALCUI,ATING POWER SYSTEM TRANSIENTS:

Some of the methods commonly in use for analysis and

determination of switching surges for various switching-condi-

tions"andparameters are discussed here. In the Transient

Network Analizer Method the system is represented by a scaled-

down model , CB closings are 'simulated by synchronously driven

switches and the resulting transients at different points on

the system are recorded on an oscilloscope. Field tests in-

volve tests on actual circuit breaker's and artificial trans-

mission lines in a short-circuit testing laboratory or in.
,actual field type testing stations, -to determine the switching

overvoltages. However, with the advent of high speed digital

computer and as a result of its ready availability, the design,

engineers need no longer rely on the traditional methods, nor

be forced to avoid problems which appear to be insolvable by

these methods. Various programs have been developed to analyze



the switching surges using digital computers. A comparative

study of the different methods available is given in this

section
\

1.3.1 ANALOG METHOD USING TRANSIENT NETWORK ANALYZERl,4,15:

An A.C. Network Analyrerconsists of a number of independent
, .

single phase units such as generator units, variable resistors,

reactors and capacitors, autotransformers etc. The units are

arrenged, adjusted and connected to have a circuit which re-

presents the system under study. Sensitive electrical measuring

instruments are provided for making electrical measurements at

points in the system. The nominal voltage or base voltage for,

a typical network analyzer is 50 volts; base current 50 m A

and the operating frequency ,is 400 or 480 HZ. Some of them ,are

also operated at 60 HZ or even 10,000 HZ. Higher frequency per-

mits smaller size of reactors. Transient investigations involve

the opening or closing 'of switches placed at appropriate posi-

tions on the representative network. The resultant voltage and

current transients appearing at different parts of the system

are usually measured on an ocilloscope. Multiplying factOrs

are then used to get the values corresponding to the actual

system.

,Although this method is accurate when applied to elements

having lumped constants, error is introduced by the represent-

ation used for lines and cables. The artificial line used
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behaves in exactly the same way as the actual line for a par-

ticular frequency, but it has a bandwidth which is given by

the natural frequency of a TI'-section. If this bandwidth is

exceeded by a particular transient the high frequency compo-

nents are attenuated, introducing error into the solution.

When energizing transmission lines, the most severe conditions

occur when the line is energized at a peak of the supply -vol-

tage wave, and therefore this is the condition most frequently

studied. This is equivalent to applying a step voltage to

the line, and the response obtained from the artificial line

when subject to such a discontinuous voltage function may,

under certain conditions, contain errors which are not accep-

table.

1.3.2 BEWLEY - LATTICE METHO~l;lt

In this method, transmission lines and cables are speci-

fied by their surge.impedances and surge travel times, and

the reflected and refracted voltages and currents at junctions

and terminations are calculated by the use of reflection and

refractiori coefficients, defined for a single-phase system

as:

KR = (Re - Z )/ (R + Zc e c
(1.1)

(1.2) ,
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Where Zc is the surge impedance of the line or cable on

which the wave is travelling and Re is the effective surge

impedances seen by the wave when it ~eaches the termination

or junction. KR is the reflection co~fficients and KT is the

refraction coefficents. When a 3-phase system is considered,

although the basic travelling-wave equations remain unaltered,
•it is necessary to replace the individual surge impedances

by surge-impedance matrices. Computer programs may be devel-

oped incorporating various facilities including the provision

for taking into account the lumped parameter elements, non-

linear resistors and earth return path losses etc. This Method

is alttractive for_simpler types of problems but is rather
tG

combersomewhen extensive network is required/beiinvestigated.

1.3.3 SCHNYDER B~RGERONS METHOD 1,6,7,8:

Basically, the method assumes a fictitious observer mov-

ing along the line with a velocity equal to the phase velocity

of the travelling wave. If the observer moves along the line

in the forward direction at velocity'v, ~then, since x-vt)

remains constant, the expression V (x,t) + Zi( x,t)

encountered by the observer when he leaves node m at time

( t-T) must be same when he arrives at node k at time t. Using

the travelling wave equations and this above .argument an ex-

pression for current.and voltage equation is set up. ( Details

are given in Appendix- B). The method implies that to calculate
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the state at any time 't', the previous state at t-bt, t-2bt .....

etc. over a time span of 'T' the travel time is required to

know and a step by step procedure is to be followed.

In this method it is difficult to include the frequency

dependance of line parameters which arises due to skin effects

and earth penitration 8. Furthermore, to deduce the state of

the system at any time, the computation must be carried through

step-by-step from the instant of switching, thus errors inevi-

tibly accumulate. The node admittance matrices formed in this

method use first order approximation. in evaluating trapizoi-
1dal rule of integration

1.3.4 FOURIER TRANSFORM METHOD 1,9

At first. this method was developed for examining in

detail the initial transient response of a system, but more

recently, however, attempts have been made to extend. The
1method to determine the global response of the system • In

this method the frequency response of the system is calculated

first, then by the help of transform calculus the time domain

response is calculated from an inversion of the frequency res-

ponse. The frequency dependance of the parameters of the

system can be incorporated using methods based on the fourier

transform. For an extensive power system network, due to the

complexity of the system, the integrals forming the inverse
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transforms have to be evaluated numerically using digital

computer. The Fourier Transform of a continuous signal x(t)

is given by:

C!
X (jw) = J x(t) exp (-jwt) dt

_C!
(1.3)

Where the integral is assumed to converge in order for

the definition to be valied. The Fourier Transform is an

operation that creates from the time function x(t) a function

x (jw) in the frequency domain. Then x(jw) displays the fre-

quency content of the signal x(t) as a function of the conti-

nuous frequency variable w. To use numerical methods to

evaluate, the Fourier transform, the cpntinuous signal x(t) has, .

to be approximated by a discrete set .;ofvalues. The zero order

approximation is to assume x(t) to be constant at x(KT) for,

KT ~:tc( K+l ) T, and the integral over this time interval is
/ .

then approximated by the area of the rectangle, which is equal

to Tx (TK). Hence the Fourier Transform in Eq. (1.3) becomes

under. this numerical approximation:

C!
X(jw)" L Tx(tk) exp,(-jwtk)k= -C!.

(1.4)

Where tk= KT and the summation is over an infinite range

in general. Of course, any actual numerical computation of the

Fourier transfrom must involve only a finite number of terms,
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instead of the infinite summation in Eq. (1.4). In practice

the signal is of finiti duration of, say, NT and can be assumed

to start at t = O. Then Eq. (1.4) becomes:

N-l
X(jw)" L:

'k, =
Tx(tk) exp (-jwtk)

a
(1.5)

This represents the approximated Fourier ,Transform of

a finite duration signal. The accuracy of this apprximation

depends, of course on the time step size T selected. The

smaller T is, the better the approximation becomes.

In a similar manner we can approximate the inverse Fourier

transform integral defined by:

• j

',x(t) =
1
.211

Ct
J

-Ct
x (jw)"exp ( jwt) dw (1.6)

and by the summation:

,x(t) '"
Dw
211

M-l
L: X(jw)

n= -M n
(1. 7)

Where the signal is assumed to be band limited in fre-

quency to MDw, with Dw being the step size infrequency used

in the approximation of the frequency function X(jw), and
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w =nDw. Again x(t) is still a continuous function of the time
n
variable t and is periodic in t with period 2n/Dw. The accu-

racy of the approximation in Eq. (1.7) depends on the frequency

step size Dw.

For numerical integration, the range of integration must

be finite. But if the infinite integral is not reasonably
/convergent, Gibb's oscillation may arise in a way comparable

to their occurances in approximating an infinite Fourier series

by a trigonometric series. However, these unwanted oscilla-

tions, resulting from the trancation of the infinite range

of integration, can_be reduced by incorporating the stand--

ardsigma factor. It is also shown later that the1modified

Fourier transform can be used successful.ly to move the path

of integration away from th~ poles o~ theintegraud, thus redu-

cing the peaks of the spectrum function, smoothing its shape

and enabling the use of a larger step length or sampling inter-

val in performing the integration. The modification is done in

order to carry out the integration on the complex plance. The

modified Fourier Transform pair consists of:

.Ct
X(A+jw) = f K(t) exp (-(A+jw)t) dt

-Ct

together with its inverse integral:

. (1.8)

x(t)
1 Ct

- J X (A+jW) exp((A+j,,7)t) dw
2n -a

(1. 9)
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Where 'A' is taken sufficiently large to ensure that the

integrals converge. In real stable system, this is ensured if

A> 0; apart from this the value of 'A' is at one's disposal

and considered for a particular problem being investigated.

On the other hand the presence of exp(At) in the integral in

Eq. (1.9) imposes a practical restriction on the choice of the

value of 'A'.

The Fourier Transform method is the least restrictive

in the assumptions that have to be made and consequently yields

high accuracy in any particular calculation. The effect of

trancating the infinite range of integration, as necessitated

in the numerical inversion restrict the maximum rise time,
obtainable for the calculated system response. The method is

capable, by its very nature, of handling frequency dependant

.parameters but is also inherently limited to linear or psuedo-

linear systems. Despite its own limitations the Fourier trans-

form method seems to be the best in that it overcomes most of

the problems encountered with the other methods.

However, as has been pointed out in sec. 1.1 the method

involves relatively large computational time, this problem can

be overcome by evaluating the j.nverse Fourier transform inte-

gral using (DFT) discrete Fourier transform, instead of conti-

nuous Fourier transform, implimented by Fast Fourier Transform

(FFT) algorithm_
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1.4 FAST FOURIER TRANSFORM METHOD

Discrete Fourier transform is a special case of conti-

nuous Fourier transform and is easily amenable to machine com-

putation •.The Fast Fourier Transform (FFT) is simply an algorithm

( i.e. a particular method of performing a series of compu-

tations) that can compute the discrete Fourier transform much

more rapidly than other available algorithms, thus saving subs-

tantial amount of computation time.

In 1965 cooley and Tukey published a famous paper showing

that DFT can be efficiently computed by using approximately

N log2N operations ( an operation being defined to be a complex

multiplication and addition) where.-N is a .power of 2. Whereas

the direct DFT . . 2 operations ( in ch-2) • Hence,requl.res N see

the Fast Fourier transform is sometimes reffered to as the
,

cooley~Tukey algorithm. Certain special algorithms for compu-

ting the discrete Fourier transform (DFT) with considerable

savings in computation time are discussed in chapter-2 with

applications. Later we will discuss how this FFT algorithm

can be applied to the efficient evaluation of time response .from

frequency domain data points.

1.5 LITERATURE SURVEY:

The field of power system transients has been the subject

of a great deal of analysis, investigations and research, and

a large number of references to such work are available in the

literature. Some of the more important ones, which are relevant
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to and associated with the present study, are discussed in

this section.

Bickford and Doepel have presented a paper15 in which a

comparative study of different methods for the calcualtion

of transient overvoltages have been discussed. The paper outlines

first a method based on a lumped parameter representation of the

system, and secondly a method based on a lattice-diagram solu-

tion of the transmission line wave equations. The results obtain-

ed using these methods are compared. But they did not comment

on the relative accuracy of calculation using the two methods.

The transient overvol tages resulting mainly from line energi.z-:.

ation are discussed and the factors affecting the results are

ivestigated in this paper.

17A Buaner in his paper .on the'introduction of frequency-

dependant line parameters into an electromagnetic transients

program' describes a new method of digitally modelling the

frequency dependance of the line parameters for an overhead

transmission line. The method uses Fourier Transforms and pre-

sents models only the line characteristics, leaying. the ter-

minations to be chosen by the programer at will. The method of

analysis is applied on a two-phase line. This paper seems to

be among the first to present a practical method of including

the effects of frequency upon the ground-mode propagation, in

a transient analysis program. All the discussers of this paper
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have cow~ented on the difficulties of the numerical inversion

of the response transform. In this connection, D.E. Hedman

and W.F. B'Rells of General Electric Company, N.Y. have sugg-

ested the recently developed First Fourier Transform (FFT)

method of evaluating the inverse Fourier transform. The dire9t

method of calculating the inverse Fourier transform, as oppo-

sed to the FFT method is probibitively time consuming, specially

when a targe number of points in the time domain have to eva-

luated. Discusser Professor K.R. Shah of Verginia Polytechnic,

Institute has advocated in favour of the method of Fourier

transform specially for this type of problems.

N. Mullineux et aI, in a paper 9 present examples of the

application of modified Fourier transform to single-phase

and three-phase power system networks. The problems encount-

ered in source side representation and the simulation of line

energization and three phase switching are discussed. Investi-

gation results on short transmission line fault and switching

overvoltages in cable networks are presented. However, the

paper did not focus on the problems encountered in the choice

of optimum parameters in performing the numerical inversion

of the response transform No particular suggestions have been

put forward for the accurate calculation of global responses.

18 .In another paper the same authors have described how

the problems of sequential pole closure of three-phase network



--.'----

20

or CB may be attempted using the same method of transformation

for the calculation of switching transients. The analysis was

performed using a very simple source-side representation and

therefore, the suitability of its application to sources

feeding through a complex network of lines and other elements

has not been clearly established.

Four papers 11,12,13~14 by S~J. Day et al on "Developments

in Obtaining Transient Response 'using Fourier Transforms"

discusses some of the problems associated with the direct

computations of inverse Fourier transform integral for the

calculation of switching transi.ents of a complicated power

systems network.:Part I 11 deals with the problems which arise
I

because of the necessity of trancating the 'infinite range of

integration. It has been shown that the oscillatory effects
\ . ..

caused by the trancation of the infinite range of integration,

as necessitated due to numerical inversion could be reduced

by the use of sigma factors. But the incorporation of sigma

may lie close to the path of integration •.This causes the

integrand to peak at intervals along the path of integration

and necessitates using a very small step length in the numerical

integration process. It is shown in the paper that the modifi.ed

Fourier transform can be used to move the path of integration
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away from the poles and hence smooth the integrand thus ena-

bling the use of a greater step length. The methods are

illustrated firstly by considering the receiving end voltages

of an open-circuit transmission line and secondly by consider-

ing the voltage appearing at a switch clearing a short line

fault. Part III 13 describes the extension of the methods to

determine the response over several time periods. The computer

time necessary for calculating the response'over such a long

time interval is obviously large but no attention to this

aspect has been given in this paper. Finally in part IV 14

the authors present a physical interpretation of the theory

involved in the method and the aliasingerror, sequential swi-

tching and some other non-lipear effects are discussed.

S.M. Lutful Kabir, BUET, Dhaka, in his M.Sc. Engg.
1(E.E) thesis 'presents a very interesting 'and detailed

analysis and results using modified Fourier transform method

for the calculation of power system transients. In this work

the time response of the system was obtained from a numerical

inversion ( direct computation of inverse transform!) of

its frequency response using a digital computer: The numeri-

cal iversion process have been investigated in detail in

an attempt to understand the inter-relationships between the

various parameters associated with the process and hence to

select the pseudo-optimum values. A network reduction
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technique, for appLication of the method developed to com-

plicated power system networks, has been presented. The deve-

loped method and network reduction technique was applied to

the Eastern Grid of Bangladesh Power Development Board (BPDB)

and switching surges at different busbars, for switching at

a particular bus, under varying system conditions, were cal-

culated. The results obtained are qui.te realistic but the

numerical inversion process seems to be prohibitively time

consuming and hence costly.

1.6 SCOPE OF .THE PRESENT WORK:

Objectiveslof the research is to calculate the switching

transient response of a complicated power system networks

using the Fast Fourier Transform Algorithm on a digital com-

puter. The calculation may be doneiusing the modified Fourier

Transform method, but this method is time consuming and hence

costly. It has been mentioned earlier that, for high voltage

transmission"design of system insulation level is being gov-

erned more by the behaviour,of the system under switching con-

ditions than by its response to lightning surges. For this

reason we devoted our time to investigate the switching perfor-

mance of the systems. A comparative study of different methods

and their limitations, associated problems, advantages and

disadvantages are mentioned earlier. Now it is established

that Fourier transform method is very suita9le in the situat-

ions it has been applied, but its biggest limitation is the
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large_~omputational time. For this we have resorted to the

Fast Fourier Transform technique in which discrete Fourier

transformation is performed instead of continuous Fourier

transformation. However, numerical evaluation of the inverse

transform poses certain problems that need thorough investi-

gation in relation to the particular system being considered.

The work starts with the Fourier transform method as the

basis of investiagtions reported here, giving explanation of

the transient phenomena, and the processes involved in the

calculation of switching transient. Detailed investigations

into the Fast Fourier transform technique with application

and its associated problems are per~ormed. An attempt to esta-

blish the method as an accurate, reliable and faster tool

for application to the transient a~alysis of a generalized

power system is also presented.Th~ various problemsassocia-

ted with the numerical inversion of the response transform

are studied with a view to establish pseudo-optimum integra-

tion parameters and for this number of computer programs has

been written & presented. Finally the method is applied to

the national interconnected Grid of Bangladesh Power Develop-

ment Board. Various switching ~onditions are simulated and

the results are presented in graphical form.
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CHAPTER 2

METHOD OF ANALYSIS

2.1 INTRODUCTION

In this chapter the analysis of samplingbreorem, discrete

and Fast Fourier transform with their application and analysis

of .long transmission lines are presented. The discrete evalua-

tion of continuous Fourier transform integral is also presen-

ted with applications. The DFT evaluation implimented by FFT

and its associated problems are discussed. Finally an algorithm

for computer program is written to calculate the time domain

response from spectrum function for an open-ended 10 mile long

transmission line considering a unit step input at the sending

end. The results are presented in graphical form.

2;2 SN1PLING THEOREM

In most of the signal processing applications, the DFT is

used to find the sampled frequency spectrum of a continuous

signal as an approximation to the continuous Fourier Integral.

Because of t.he relationships among the time domain and frequency

domain parameters it is necessary to investigate the const-

raints placed on some of the parameters in order to use the

FFT algorithm in a minigful fashion. The parameters involved

in the time and frequency-domain sampling of a signal are as

follows:
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T Sampling time interval in seconds.

N = Number of signal 'samples in time or frequency domain

f 1 = Sampling frequency in HZ.=s T
td NT = duration of time signal being sampled.

DF = frequency step size in HZ.

Dw frequency step size in rad/sec.

fh = highest frequency content of signal in HZ.

OMEGA = highest frequency content of signal in rad/sec.

According to the sampling theorem, in order for a band-

limited signal to be recoverable from the samples of the

signal, the sampling frequency must be equal to at least twice

the highest frequency component in the signal 2. That is:

f =s

Therefore,

1- >
T

(2.1)

(2.2)
.~."~~;H~'"..••

This relation places an upper limit on the sampling

interval in the time - domain. The requirement that T =-1-2fh
is simply the maximum spacing between samples for which the

theorem holds. Frequency
'1sampling rate. If T>---, 2fh

In practice the sampling

1T = 2fh is known as the Nyquist
"2 3, then aliasing will result ' .

interval is chosen to be much lower

than the limiting value of

error.

'.1 in order to reduce the aliasing
2fh
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Now let us look at the number of signal samples that must

be taken in order to meet a specified frequency resolution.

To have the relationship between the time interval T and the

frequency interval Dw let us assume that discrete signal x(kT)

is obtained from a continuous signal x(t) by sampling it at

a uniform rate of T seconds. Then from the principles of sam-

pling, the Fourier transform 'of the sampled signal is periodic

with period 2n/T. Therefore, for the N frequency points to

cover the entire frequency range,' we must have:

DW = 2n / (NT)

Hence td = NT = 2n/DW = l/DF,

(2.3)

( 2.4)

i
I

From Eq. (2.2) and Eq. (2.4) we have 'the constraint on the

,number of si'gnalsamples:

N> 2fh/DF = 2*OMEGA/DW (2.5)

,Eq.,(2.5) illustrates the lower limit on the number of

samples required to compute the DFT. In practice, more'samples

are taken in order to reduce the aliasing,error. Eg. (2.2)

and Eq. (2.5) are used to select the sampling interval and

the number of samples respectively to get better reproduction

of the original signal i.e. without lossing any information

as well as to maintain considerable accuracy.
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2.3 DISCRETE FOURIER TRANSFORM

Considering the discrete signal x(kT), which can be the

result of sampling a continuous signal x(t) or can occur

inherently as a sequence of numbers,' If the signal has a finite

number of points and its values are used in the approximate

Fourier transform derived in sec.-1.3,4, then Eq. (1.5) and

Eq. (1.7) yields the approximate frequency and time informa-

tion about the. signal. at the N discrete frequency and time

values respectively. Eq. (1.5) & Eq. (1.7) can be rewritten as:

N-l
T l: x(tk) exp ( -jwntk) for n=0,1,2, .... N-1

k=O

(2.6)

and
N/2-1

= DWl: . X (jw )
21Tn= -N/2 n

exp ijw tk),n for k=0,~,2 ., N-1

(2.7 a)

Where for convenience and without loss of generality,

M in Eq. (1.7) is replaced by N/2, so that the same number

of data points in both the time and frequency domain is
:~~.~,:.;;..•.

obtained. Since the frequency function X(jwn) in .~~~(2.6)is

periodic with period N, the summation in Eq. (2.7a) can be

_written as:
' ..

Dw
21T

N-1
l:

n=O
X(jw ) exp (jw tk)n n

for k=0,1,2, . •. .• N-l

( 2. 7b)
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From Eq. (2.3) Dw = 2n/(NT)

Then Dw
2n = 1

NT
and nk2n/N (2.8)

Now let us consider:

k=O,l. ...• N-l (2.9)

and n=O,l, ..... N-l (2.10)

Then Eq. (2.6) and (2.7) becomes:

x =n

N-l
l.:
k=O

Xk exp (-(j2n/N)nk) n=O,l. ... N-l

and
N-l

= l/N l.:
n=O

exp

\
(j21i/N) kn)

(2.11)

k=O,l ... N-l

(2.12)

The two expressions in Eq. (2-11) and Eq. (2.12) are

called the Discrete Fourier Transform (DFT) pair. Notation
"

Xn = DFT ( xk) is used to den~te.the direct discrete Fourier

transform in Eq. (2.11) and x'k = 'IDFT(Xn)is used to denote

the inverse discrete Fourier transform in Eq. (2.12).

2.4 FAST FOURIER TRANSFOfu~:

It has been mentioned earlier that the FFT algorithm is

frequently used to compute the ~iscrete Fourier transform
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DFT and its inverse (IDFT), with considerable savings in com-

putational time. In this section we shall see, how FFT algori-

thm can be evaluated efficiently and how it saves the arith-

matic operation and time of computation and hence cost of

computation.

2.4.1 MATRIX FORMULATION AND INTUITIVE DEVELOPMENT 2,3.

Before deriving the FFT algorithm it is necessary to

look at the number of operations involved in the direct com-

putation of the DFT and that of involved in the FFT compu-

tation of DFT. Rewriting the DFT Eq. (2.11):

N-l
X(n) = L xk exp ( -(j2n/N) nk),

k=O
n= 0,1 ..... N-l

If we let N=4 and W

be written as:

= exp:(~j2n/N); ~henthe above equation can
, \ .

X (0) Xo (0) . .0 + Xo (1) Wo + x (2) Wo Xo (3) 0= w + w
0

••
X (1) = xo(O) 0 + x~ (1) VI' + x (2) 2 + xo(3)

3w w wo.

wo w2 4 6 (2.13
X(2) = Xo (0) + xo(l) + x (2) w + Xo (3) w

0

X (3) x (0) 0 + x (1) w3 + x (2) w6 + xo(3)
9

= w w
0 o . 0
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Eq. (2.13) can more easily be represented in matrix form:

XI0I1
0 0 0 0 r Xo I 01w w w w

X (1) 0 1 2 3 Xo (1)w w w W
I
I

I,
0 2 4 6 (2.14)

X(2)j w w w w Xo (2)

X(3) 0 3 6 9 xo(3)w w w w.

Or more compactly as:

X (n) (2.15)

.. ,

Here we use the vector notation to denote a matrix.

Examination of Eq.(2.15) reveals that since wand x (k)o,
. 2 'are complex, then~n complex multiplications.and N(N-l)

complex additions are necessary to perform the required matrix

computation. The FFT owes its success to the fact that the

algorithm reduces the number of multiplications and additions

required in the computation ofEq. (2.15). We will now discuss,

on an intuitive level, how this reduction is accomplished.

To illustrate the FFT algorithm, it is convenient to

choose the numb_er of samples N of Xo (k) according to the
vrelation N = 2 , where ~\1 is an integer, Recall that Eq. (2.14)
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resu1 ts from the choice of N = 4 = 2v = 22; Therefore,

apply the FFT to the computation of Eq. (2.14)

'We can

I
I

The first step in developing the FFT algorithm for this

particular example is to rewrite Eq ..(2.14) as:

x (0) 1 1 1 1 xo(O)

X (1) 1 1 2 3
Xo (1)w w w

(2.16)
X (2) 1 2 0 2 xo(2)w w w

X(3) 1 w3 2 1 x (3)w w
0

Eq.(2.16) was derived fromEq. (2.14) by using the relation-

shipwnk = wnk mod(N) .Rec~ll thatnk mod(N) is the remainer

upon division of nk by N; Hence, if N=4, n=2 & k=3 then

4
w

o
= w 6w 2= w and 1w (2.17)

.[w6 is the element in 3rd row (n=2),- 4rth column ( k=3)

of the w matrix in Eq. (2.14)J

Since nk 6w = w = exp j2n4 .6 = exp( -j3n) = exp (-jn)

= exp -lli4 . 2
nk mod (N)= w (2.18)
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The other elements in the w - matrix in Eq. (2.16) can be

derived as Eq. (2.17) in a similar fashion. The second step in

the ,development is to factor the square matrix in Eq. (2.16)

as follows:

•

X (0) 1
0 0 0 1. 0 0 0 (0)w w x

0

X(2) 1
2

0 0 1 0
0

Xo (1)w 0 w
- ,.. ' .. _ ..

X (n)= X(1) 0 0 1 1 1 0
2

0 x (2)w w (2.19)0

X(3) 0 0 1 w3 0 1 0 2 xo(3)w

The method of factoriization is ba~ed on the tpeory of the

FFT algorithIilJ,l~,provided in the lfterature. For'the. . .-'

.present it suffices to show that multiplication of the two square

matrices of Eq. (2.19) yields the square matrix of Eq. (2.16)

with the exception that rows 1 and 2 'have been interchanged

( The rows are numbered 0,1,2 & 3). It is noted that this

interchange has been taken into account in Eq. (2.19) by

-rewriting the column vector x(n) as:

X (n) =

X (0)

X (2)

X (1)

X (3)

(2.20)
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This, rearrangement is inherent in the matrix factoring

process and is a minor problem because it is straight forward

to generalize a technique for unscrambling X(n) to obtain

X(n), as shown below:

Rewriting X(n) of Eq. (2.20) by replacing argument n with

its binary equivalent:

X(n) =

x (0)

X (2)

X (1)

X (3)

becomes

X(OO)

X(10)

X(Ol)

X (11)

(2.21)

It is observed that if the binary arguments of Eg. (2.21) are
i

flipped or bit reversed then:

X (n)

X (00)

X(10)

X(Ol)

X (11)

.flips to'

X(OO)

X (01)

X (10)

X (11)

= X (n) . (2.22)

It is straightforward to develop a generalized result for un-

scrarnbing the FFT result, following the above argument.

Now we want to calculate the number of operations requied

to compute Eq. (2.19) .
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First assuming:

Xl (0) 1 0 0 0 Xo (0)w

xl (1) 0 1 0 0 Xo (1)w

2 (2.23)
xl(2) = 1 0 w 0 lxol21
xl(3) 0 1 0 2 Xo (3)w

xl(O) x (0) + w0 Xo (2)or, =
0

xl (1) x (1) + w0 Xo (3)=
0

xl(2) x (0) + w2 Xo (2) ( 2.24)
= 0

xl (3) x (1) + w2 x (3)=
0 o .

I
,

or, I !'

xl (0;
,

x (0) + w0 x (2)=
0 0

xJ(2) Xo (0) 0 x (2)= - w
0

xl (1) Xo (1) + w0 Xo (3) ( 2.25)
=

xl(3)' Xo (1) 0 xo(3)= - w

From the above Eq ..(2.25) it is clear that to calculate the

intermediate vector Xl (k), four complex additions and two
complex multiplications are required.
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which for N = 1024 = 210 is a computational reduction of more

than 200 to 1. A comparison between the number of operations

required for direct computation and computation using FFT is

shown in Table 2.1.

For N> 4it is combersome to describe the matrix factoriza-
tion process analogous to Eq. (2.19). In literature (2(pp249-263) ,3)

the FFT algorithms, both diamation-in-time and decimation in-fre-

quency are provided to interpret Eq. (2.19) in a graphical manner

using flow-graphs. On the basis of those algorithms a FORTRAN

subroutine FFTO and a discussion Gn the FORTRAN subroutine FFT is
presented in Appendix-C.

2.4.2 APPLICATION OF FAST FOURIER TRANSFORM

2.4.2.1 DFT & IDFT

To illustrate the application.of the DFT to the computation

of Fourier transform we consider a test signal exp (-t) and we

wish to compute the frequency spectrum, by means ofDFT an approxi-

mation to the Fourier transform, of this function. The computer

program is given in Appendix-Dl.

The first step in applying DFT is to choose the number of

samples N and the sampling interval T. Let us assume. T = 0.25

and N=32. The value of the function at a discontinuity t = 0)

must be defined to be the mid-value if the inverse Fourier trans-

form is to hold. Recalling Eq. (2.11):

N-l
= T L

k=O
xk exp(- (j2n/N) nk), n= 0,1,2 ..•. N-l (2.28)

r
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Now X (0) x2 (0) 1 0 0 0 xl (01w

2X (2) x2(l) 1 w 0 0 Xl(l)

X (1) = x2(2) 0 0 1 1 xl (2) (2.26)= w

X (3) x2 (3) 0 0 1 w3 xl (3)

Therefore, to determine ~2(k), two complex multiplications and

four complex additions are required. The computation of X(n)

by means of Eq. (2.19) thus requires a total of four complex

multiplications and eight complex additions, whereas the com-

putation of X(n) by Eq. (2.15) requires 16, or 42, complex

multiplications and twelve complex additions. Since the computa-
I.tion time is governed by the required number of operations,

we see the reason for the efficiency of the FFT algorithm.

For N = 2v the FFT lssimply a procedure for factoring

an N x N matrix into v matrices ( N x N) such that each of

the factored matrices has the special.property of minimizing

the number of complex operations. It is noted that the FFT

requires Nv/2 complex multiplications and NV complex addi-

tions, whereas the direct method (DFT) requires N2 complex

multiplications and N(N-l) complex additions. If we assume

that computation time is proportional to the number of

multiplications, then the approximate ratio of direct DFT to

FFT computing time is given by:

N2 2N
Nv/2 = (2.27)v

I I

f



' .. ,

37

\
\

TABLE 2.1= COMPARISON OF NUMSER OF COMPLEXARITHMATIC OPERATIONS REQUIRED
FOR OFT AND FFT. .1

._-----------------------------------------------
MULTIPLICATIONS ADDITIONS

. ,o~c -- ...---...•._--=~~------~'--_..=~r,-'-,;~- . -~ . ---------~~N OFT FFT , . OFT FFT------ _._----------'-- -------- ------- - - -- --- -----
4 16 " 12 8
8 64 12 56 2"

16 256 32 240 64
32 1024 80 992 160
64 4098 192 4032 384

128 16384 448 16256 896
256 .65536 1024 65280 2048
512 262144 2304 261632 4608

1024 1048576 5120 1047552 10240
2048 4194304 ~1264 4192256 22528
4096 16777216 4576 16773120 49152

, .------------------------------------------------- •

\
\

-- - .~-----'- ------;---- ..-
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Where T is introduced to produce equivalence between the conti-

nuous and discrete transforms. From the result ( See Fig. 2.1)

it is shown that the discrete transform is symmetrical about

n = N/2. This follows from the fact that the real part of the

transform lS even and that the result for n> N/2 are values

for hypothetical negative frequencies. The discrete transform

approximates the continous transform rather poorly at the

higher frequencies. To reduce this error it is necessary to

decrease the sampling interval T and increase N.

Now assuming that the frequency function are given and

it is necessary to determine the corresponding time function

by means of the IDFT. Recalling Eq. (2.12),

. :-_-

x.k =
N-l

DF/N L: Xn exp
n=O

(j21T/N) nk) k~ O,l.~ •.•• N-l

(2.29)

Where DF is the frequency step size in Hertz, N = 32, DF = 1/8.

Since R(f), the real part of the complex frequency function,

must be an even function then we fold R(f) about the frequency

f = 2.0, which corresponds to the sample point n= N/2. From

Fig. 2.2 it is clear that the imaginary part of the frequ~ncy

function is odd, so we must not only fold the sample value

about n = N/2 but also flip the results to preserve symmetry

The illustrations are given in Appendix-A. A program has been
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FREQ{HZI RE" AL PART I~AGINARY PART '1A:; T,; I T!.F'';

1 0.0 I.C08 0.0 1.80.::'2 -0.156 :).~Jo3 -0.519 OdC!3 0.313 0.246 -0.386 0.4584 0.469 0.160 -0.314 0.3:35 0.625 0.107 -O.2Z6 0.2506 0.781 0.094 -0.199 0.2217 0.938 0.076 -0.154 0.1710 1.09't 0.:]75 -0.142 o. 16I"9 1.250 O.06,< -0.114 0.13110 1.406 0.866 -0.109 0.12711 1.563 O.C59 -0.089 0.106I2 1.719 0.062 -0.086 0.10613 1.875 0.056 -G.071 0.09014 2.03 I O.C59 - 0.070 0.09215 2.183 0.054 -c.ose 0.07916 2.344 0.058 -0.057 0.08117 2.500 0.053 -0.048 0.07118 2.656 0.057 -0.047 0.07419 2.813 0.052 - O.039 0.%520 2.969 0.056 -0.038 G.06821 3.125 0.051 -0.032 ,0.06122 3.281 0.056 -0.031 0.06423 3.438 0.051 -0.026 0.05724 3.594 0.055 -0.025 0.06025 3.750 0.051 -0.020 0.05426 3.906 0.055 -0.019 C.05827 4.063 0.051 -0.015 0.05328 4.219 0.055 -0.013 0.05629 4.375 0.050 -0.010 0.0513D 4.531 0.055 -0.008 0.05531 4.688 O.)50 -D .• QQS 0.05132 4.844 0.J55 -0.003 0.05533 5.000 0.J50 0.0 0.(15034 5.156 OcQ55 0.003 0.0"5535 5.313 0.050 0.005 0.05136 5.469 0.055 0.008 Oco05537 5.625 0.050 0.010 0.051'38 5.781 0.055 0.013 0.05639 5.938 0.051 O.[ll5 0.05340 6.094 0.055 0.019 0.05841 6.250 0.051 0.020 0.05442 6.~06 0.355 0.025 0.06043 6.563 0.051 0.026 0.05744 6.719 0.056 0.031 0.06445 6.875 0.051 0.032 0.06146 7.031 0.056 0.036 0.06847 7.188 O .•QS2 0.039 0.06548 7.344 0.057 0.047 0.07449 7.500 0.053 0.048 0.07150 7.656 0.058 0.057 0.08151 7.813 0.J54 0.058 0.07952 7.969 0.059 0.070 0.09253 8.125 0.056 0.071 0.09054 8.281 0.062 0.086 0.10655 8.438 0.059 0.089 0.10656 8.594 0.066 0.109 0.12757 8.750 0.064 0.114 0.13158 8.906 0.)75 0.142 0.16159 9.063 O.D 76 0.154 0.17160 9.219 0.094 0.199 0.22161 9.375 0.107 0.226 0.25062 9.531 0.160 0.314 0.'35363 9.688 0.246 0.386 0.45864 9.344 0.583 0.519 0.781
------------------------------------------------------------

FIG.2.1 : 64-POINT FREQUENCY SPECTRUM OF EXP{-T)
CO'~DUTED p,y DFT



40

.
"

•

•
•

•
•

•
•

•

•

•

•
•

•
•
•

•

•
•
•

•
•

C.9950.743

A •

•
•
•
•.
*•
•
•
•
•
•
•
•
'.'

•

,~ 0.50358E-Ol
p, =-O.51944E 00

A

G.238

.'. ..•.. ,'. .•....~••..•.•............ ~ -

C
fl

= D.10030E 01
O.57099E-OlMA~NITUDE ----)

-0.267 -0.015

MAX. A
"'1AX. B

*:;:

* ••••••••• * ••••••. ~~.* * ••••.•••• * •••..•••• * ••••.•... *:1

-0.519

A
A

~.) A
(1 A
B AB A
B A
!3 AB A
B '\[) A
B AB AB A
G AB A
il A
3 AB A
B A
8 A
8 A
B A
S A
8 A
!3 AB AB A
[3 A
B A
6 A
SA
SA
SA
SA
SA
8A
SA
SA
SA
X
X
X
SA• X7.66! ~ ~. 'X

p ••••••••• ~ ••••••••• ~ •••••••

0.0 '.'

F •P- •
E •Q •
U •E •N •C •

1.41 ':'
•I

N •
•

H •Z •
•j •1 •2.'171.'

V •
•
•
•
•
•
•
•4.53';;
•
•
•

•
•
•
•6. 09'~
•
•
•
•
•
•

•

FI~. 2.2 : 64-POINT DFT OF EXP. FUNCTION
CURVE-A FOR REAL PART ~ B FJR IMAGINARY PART

EOJ EF53TEST
"', .,-
L .'\ , =



•

41

written ( See Appendix - D2) for the computation of Eq. (2.29)

using IDFT, the results of which are presented in Fig. 2.3.

The result is a complex function whose imaginary part is

approximately zero and real part is apprximately the absolute
•value. It is noted that at k=O the result is approximately the

correct mid value and reasonable agreement is obtained for all

except the large - k results. Improvement can be obtained by

reducing DF and increasing N.

2.4.2.2 FFT AND IFFT

A sample program calling the FFT subroutine to comp~te the

frequency spectrum of a square wave test signal is given in

Appendix - D3. The square wave is sampled for.64 points at a

sampling interval of T = 0.1. The computed frequency spectrum,
\

is shown in Fig. 2.4. If we 'compare.this spectrum with the one

obtained from the thoretical Fourier series:

NT
Xn = 1/ (NT) f x (t) exp ( -jnwt) dt (2.30)

0

or
X { -j2/(n1T) ; n = odd (2.31)n

0 n= even

Where NT = 6.4, the period of the square wave, and w = 21T/(NT).

It is observed that the FFT implements only the integral portion
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4.3

FREQUENCY SPECTqUM OF A SQUARE :IAVE AS CD~PUTEJ FRJ~ FFIFREOUENCY(HZ) REAL PART I~AGI~ARY PART MAGNITunr
1
2
:3
4
5,
o
7
8
9
10
11
12
13
14
15
If:>
17
18
19
20
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23
24
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26
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28
29
30
31
32
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61
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64
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FI~. 2.4 : 6~-DOINT FREQUENCY SPECTRUM OF SQUARE
WAVE [O~PUTED JSING FFT
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of the above Eq. (2.30). Therefore the results should all be

multiplied by l/(NT) = 0.1563 HZ, which is implemented in

line 15 of the sample program. The theoretical value for n=l

is Xl = - j2/n = -jO.6366, while the FFT output is Xl = 0.6368

~ 87.18. A small error is introduced in the FFT result, as ex-

pected in any numerical approximation scheme.

Another sample program given in Appendix - D4 illustrates

the application of the DFT to generate a time sequence from a

given set of frequency samples through IDFT, which can be

implemented by IFFT. The test signal is a periodic square wave.

It is_known from Fourier series analysis that a square wave

contains only odd harmonic in addition to its fundamental fre-

quency. Here we use first four frequency components as funda-

mental, 3rd, 5th, and 7th harmonic. The fundamental amplitude

is set to 1, 3rd as ~, 5th as 1/5 and 7th as 1/7. The result

is shown in Fig. (2.5), the imaginary part of which is in the

order of 1.0E-07. If more frequency components were added in

the synthesis procedure, the output would be closer to a

square wave.

2.4.2.3 ZERO PADDING:

Recalling the sampling theorem and Fig. (2.2) & Fig. (2.5)

it was established that, to use DFT to evaluate samples of

the frequency spectrum to a given frequency resolution, first
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the sampling interval and the number of signal samples N must

be selected properly. Now if M samples of a continuous signal

is given and if FFT at N frequency points are required to be

found, where N> M and the parameter M and T satisfy the cons-

traints ..Eq. (2.2) and Eq. (2.5) , then the N-point DFT or FFT

is still meaningful and it is possible to find out N-point FFT.

In this case, (N-l1) zeroes are; aPt>ended to the end of the

signal sequence to get an N-point sequence. It can be formed

the N-point DFT as:

N-l
= 2:

k=O

M-l
= 2:

k=O

xk exp ( -j(2n/N) nk)

N-l
xk exp ( -j(2n/N) nk) +k~m xk exp (-j(2n/N) nk)

M-l
= 2: xkexp (-j(2n/N)nk)

k=O •.
n=O,l,2 .;... N-l

Since x = 0 fork k= M, M+l N-l; This zero~padding

technique can be used to improve the frequency resolution of

the DFT.

A sample program given in Appendix - D5 illustrates this

zer6~padding technique where the frequency function of Exp(~t)

it taken and using IFFT the time response function .is calculated.

The resul ts are shown in Fig. '2.6.
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2.5 ANALYSIS OF LONG TRANSMISSION LINE:

2.5.1 INTRODUCTION

In this section of voltage appearing at the open-end of

a long transmission line due to the application of a step input

voltage at the sending end is investigated, as a simple illus-

tration of the method of analysis. For an elemental section of

the line differential equations relating voltage and currents

are written first. By modified Fourier transform, these equat-

ions are converted to algebric equations and the expression

for receiving end voltage transform is written. Section 2.5.2.1

and 2.5.2.2 present mathematical analysis considering infinite

source and source having finite impedances respectively. The

receiving end continuous voltage transform is then sampled and

by using inverse discrete F\ourier transform (IDFT) the time.,..

domain response is found out. Theiversge DFT is implemented

by FFT algorithm. A computer program has been written and the

results are presented in sec.-2.5.5.

2.5.2 MATHE!1ATICAL ANALYSIS

2.5.2.1 LINE ENERGIZATION FROM A ZERO-IMPEDANCE SOURCE:

The defferential equations for the line with series induc-

tance L H/mile, series resistance R ohms/mile and shunt capa-

citance C F/mile are:



aax v(x,t) =

49

L
diat (x,t) + Ri(x,t) (2.32)

aax i(x,t) = C aat v(x,t) (2.33)

The boundary conditions being:

at x=O v=O for t < 0

at x = 1

= 1 for t> 0

i = 0 for all t

V =\1
R

(2.34)

i :
Applying modified Fourier transform, i.e. multiplying throughout

byexp ( - (A+jw) t) and integrating over ( O,a ) w.r. to t,

d
. t h -'1,2;1an rearrang~ng erms we ave: ....

- d2

dx2
V(x,s)•. = ( R + A+jwL ) (A+jw) CV (x,s)

and d l(x,s) =ax

= (R+Ls) csv ( x,s)

2= y V(x,s)

-CSV ( x,s)

(2.35)

(2.36)



Where y = (R+LS ) Cs
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S = A+jw a.nd

a
V (x,s) = J v(x,t) exp \- (A+jw» t dt

a

If the line is energized from a source of voltage v at the

sending end at x=O) and is terminated with a load impedance

ZL at c" x",;1, the. expression for vol tage transform at any point

on the transmission line making use of the transformed boundary

condition is:

V(x,s) =
y sinh y'(l-x) +
ly+ CSZL cosh Y 1

CSZL cosh Y ( i-x)
(2.37)

Where V (s) is the transform of v I the sending end voltage.s s. .

Similarly the expression for voltage.transform.at any point on

the transmission line V(x,s) 'can be written interms of sending

end current transform I (s) as :
S

YI (s)
V(x,s) = sCS

',[YSinh Y (l-'X)+ CSZr. cosh y. (l-xll
Y cosh yl + CSZL slnhyl j

(2.38)

Where I (s) is the sending end current transform. Fig. 2.7s
shows the line energized from an infinite source ( having zero

impedance source).
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2.5.2.2 LINE ENERGIZATION FROM A SOURCE HAVING FINITE IMPEDANCE:

Fig. 2.8 show the line energized from a finite source. Here

the parameters are:

C = line shunt capacitance F/mile

R,L = line series resistance ohms/mile and inductance H/mile.

R = internal source resistance
s

L = source inductances
Vg(s) = generator voltage transform

and Vs(s) = sending end voltage transform.

These parameters are related by:
I

V (s) = R + L S) I (S) + V (S)g s s s s (2.39)

using Eq. (2.39) the eq,:ation,of voltage transform at any point

on the transmission line becomes: (1)

V(x,s) =
Vg(S)\y{ysinh,Y( 1 - x) + CSZL sinh y(l-xj}2
[ZsCS {y cosh Y:l,'+ CSZL sinh y,l} +Y{ Y sinh Y (l-x)

?"

+ CSZL sinh Y(l-x)}J {y sinh Y 1 + CSZL cosh yl}

(2.40)



53

2.5.3 TIME DOVlliINRESPONSE

The time domain response v(x,t) is obtained by taking the

inverse modified Fourier transform of response transform V(x,s)

and is given by:

v (x, t)
1 a

= 211 J-a
V(x,s) exp ( ( A + Jw) t) dw (2.41)

If the above integral is required to be evaluated numerically,

it is necessary to trancate the range of integration from

( -0.,0.). to ( -'l,'l). The resulting Gibb's Oscillations can be

redu.ced by incorporating the standard sigma factor ( see chapter-3):

o = Sin (11W/Q)
11W/'l (2.42)

So the integral becomes:

v
o

x, t) = exp(At) ~
211 _'l

sin(11w/Q) dwV (x,s) exp (jwt) 11W/'l

(2.43)

For the time bei.ng if we neglect the constant term exp (At)

from the integral Eq. (2.41), we have a similar equation like

Eq. (1-.6),and we cah approximate this integral by the summation:



54

V(x,t) " Dw21T
M-l
I
n=-M

V(x,s) exp (jw t)
n

(2.44)

where W. = n * Dwn

If we evaluate the Eq. ( 2.44) at N discrete points in time,

the the above equation will take the form:

Dw= 21T
N/2-1
I V (x,s)

n=-N/2
for k= 0,1, .. N-l

(2.45)

By the help of Eg. ( 2.7a) and Eg. (2,7b) , Eg. (2.45) can be

rewritten as:

Dw
21T

N-l
I
n=O

for k=0,1,2, ••.N-l

(2.46)

In article 2.3 it was shown that this equation can be expressed

as Eg ..(2.12) which is called the inverse discrete Fourier trans-

form IDFT.

We evaluated the integral Eg. (2.43) by IDFT impleme~ted

by IFFT algorithm and then the time response is multiplied.by

the time function exp (At) to have the actual time domain

response. The perfection and validation of the method of .:.
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analysis has been established by varying the different para-

meters involved in Eq. (2.43) by a trail and error method and

a pseudo-optimum value of each parameter is found out ( See

chapter-3 for details). The algorithm for computer program is

given in the next section.

2.5~4 ALGORITHM FOR COMPUTER PROGRAM:

Step-l: Input the data for the value of n , maximum

frequency limit ( OMEGA), frequency step size DF in Hertz or DW

.in rad/sec, number of signal samples N, the value of smoothing

parameter A, line parameter R,L,C and line length LL.

Step-2: Set well = 0.0, 1=1, calcualte Nl = 2* OMEGA/DW,

N2= Nl/2+1 and N3= N2 + 1, 1'1= -N/2+1, I'll= 1'1+1: If N > Nl,

zero padding is necessary.

Step-3: Define S=A+jw(I) and calculate the value of Vex,s)

from Eq. (2~37) for the current value of S.

Step-4: Store the value ofV(x,s)in Fl and F2 and if weI)

is not equal to.zero, multiply F2 by sin(n*w/OMEGA)/(n*w/OMEGA)

and store it in F2.

Step-5: Increase the value of w by Dw and.I by one •
.-

Step-6: Repeat steps 3,4 and 5 for N2 times.

Step-7: Set Fl and F2 to zero for N3 to 1'1number of data.
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step-8: Fold and flip the data from Ml to N to preserve

symmetry of DFT, take complex conjugate of M to 1 data of Fl

and F2 to have Ml to N number of data.

Step-9: Call IFFT for Fl and F2.

Step-10: set T=O.O

Step-ll: Multiply time response Fl and F2 by Exp (A*T)

Step-12: Increase T byDT = n/OMEGA.

Step-13: Repeat steps 11 and 12 for N times and take the

absolute value of Fl and F2.

Step-14: Write necessary output data & plot T VS FMl and

FM2 on the s'ame scale simul teneously for first

100 time samples.

2.-5.5RESULTS FOR AN OPEN-ENDED TRANSMISSION LINE

The voltage transform at the open end of a long trans-
,

mission line can.be calculated from Eq. (2.37). At x=l, the

value of the load impedance ZL = a for an open line, so we have

from Eq. (2.37):

...:~ V(x,l) = V (S)/cosh )'1s
(2.47)
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The input voltage transform V (S) for a step input is lis.s

Therefore, Eq. (2.47) becomes:

V(x,l) = l/(S*cosh ~l) (2.48)

, ,

Results of the computer program ( See Appendix-D6) written on

the basis of the algorithm described in Sec-2.5.4 for Eq. (2.48)

are presented in Fig. (2.9). The line parameters were chosen as:

Series resistance R= 2.75 E-03 ohm/mile

Series inductance L = 1.386 E-03 Henry/mile

Shunt capacitance C = 2.09 E-08 Farad/mile

and-the length of the line LL = 10.0 miles.

The number of samples for IDFT and the IFFT evaluation were
, .

taken as N = 1024. The sampl'ing'frequency DF = :3~,8HZ, Dw =

- 2000 rad/sec. The other parameters, such as maximum frequency
I.,

limit OMEGA = 1.0 E06, the smoothing parameter A =1',0 E04,

were chosen so that optimum output with greater accuracy can
!

be obtained. Since the travel time T! = 53.8'\1sec for a lossless
. . ! .

transmission lime of length 10 miles,' the number of samples at
-..

which the step rise would occur, ,for a time step size of 3.14\1

sec is 17.

From the plotted resut it is observed that first rise to

about 2.0 p.u occur at 53.8 .'~sec, and the out~ut falloff to
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zero at 162 l.l sec which is equal to 3 T. The output then rises

agairiat 269 l.l, sec, which is ~qual to about 5T. This situation

can be explained by the backward and forward propagation and

100% reflection at the open end of the traveling wave. The result

are plotted for 100 time samples Le. upto 314)J sec which can

be extended further if necessary.

A number of factors contribute to the derivation and the

interrelationships among the parameters, and the outputs are

investigated thoroughly ( See ~hapter-3) in attempts to
an

establish the method for application to/actual power system

networks like the National Grid of Bangladesh Power Development

Board.
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CHAPTER - 3

DEVELOPMENT OF THE METHOD

3.1 INTRODUCTION

In this chapter details investigations are performed as .

an attempt to establish the psuedo-optimum integration parameters

taking the same 10 mile long open-ended transmission line of

chapter-2 as an example. Section 3.2 and sec~3.3 describes the

effect of maximum frequency limit on the FFT solution, its asso-

ciated problems and how to tackle those problems. In sec-3.4 the

use of modified FFT is described. Section 3.4.2 describes the

selection of smoothing parameter and the frequency step size

for numerical evaluation of the time domain response from freq-

uency spectrum, over first cycle. In sec- 3.5 the whole thing

is considered for global response Le •.the time domain response

over larger time duration.

3.2 THE EFFECT OF MAXIMUM FREQUENCY LIMIT (OMEGA) ON THE FFT
SOLUTION.

Theoretically the frequency .spectrum contains an infinite

number of frequencies. To perform the integration of .Eq. (2.41)

numerically the infinite range ( - ~,~) of frequency must pe
truncated to a finite value, say, (- n,n ). This truncation of

the range of integration results in excluding the contributions

from the higher frequencies thereby introducing an error called

'Truncation error'. As the value of maximum frequency limit is
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increased, the accuracy of the results would increase but if

we a_re not ready to sacrifice the required frequency resolution
nor the contribution due to the higher frequencies, then the

number of samples (N) considered in the frequency domain must

be of a higher value. If N increases, the number of complex

arithmatic operations required to,perform IFFT will increases

(see Table 2.1) and thus the time required to perform Eq. (2.41)

will increase. So a compromise must be set up in choosing the

maximum frequency limit and the number of samples. Besides this,

the rate of rise of the transient wave front depends on the maxi-'------- ------ - --- -------- -- - -=.:=--=-=:....:=::.:~=----=~..::.:=.-::==--~-------
mum frequency limit. The transient response, upto a few cycles

after the closing of the switch at sending end should be calcu-

lated as accurately-as poss~ble-so far as the tate of rise in

concerned. This is because circuit breaker operations could very

well be taking place during the initial few cycles. The rate of

rise of the transient wave front has an important role on cir-

--cuit breaker operation. Hence, due attention must be given in

determining the range of frequency and to the front rise time.

A computer program ( See Appendix-El) has been developed

to study the effect of the maximum frequency limit on the rate

of rise. A 10 mile long open-ended transmission line is taken

as an example. The results are shown in Fig. 3,1 and Fig. 3.2.

Two different value of maximum frequency limit, OMEGA: 0.5E06

and OMEGA = 1.OE06 were considered and the outputs for this two

values are compared in Fig. 3.1. The rate of rise obtained was
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slower in the case of OMEGA = O.5E06 than that with Oi"lEGA=

1.0E06. Hence OMEGA should be 1.0E06 or higher. A second com-

parison was made for OMEGA = 1.0E06 and 2.0E06 as shown in

Fig. 3.2. But no improvement in the rate of rise was noted.

Therefore the maximum frequency limit OMEGA = 1.0E06, seems to

be,suitable for the purpose.

3.3 GIBB' S OSCILLATION: (I,ll)

The Gibb's oscillation which arise, when only a finite

number of terms of an infinite Fourier series are used for syn-

thesis are pronounced ( See Fig. 3.1 & Fig. 3.2) and slow to

die away. In fact the Fourier series, inherently, does not

converge at points of discontinuity. So, the amplitude of these

oscillations are the most marked at the'points of discontinuity., .
The magnitude of the oscillations is largely independent of the

number of. tenus considered, as long as sufficient number of

terms are summed up. Lanczos(ll) showed a' method of handling

this problem. ,

3.3.1 SIG¥illFACTOR FOR SERIES:

When a trigonometric series in used to approximate a

given function f(t), the partial sum may be written as:

f (t)
m

m-l
= l:
k=- (m-l)

Ck exp (j kwt) (3.1)
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1 TI
Where Ck = J f(x) exp (-jkx) dx (3.2)2TI-TI

00

and f (t) = l: Ck exp(jkwt) (3.3)
k= -00

Gibb's oscillations have peak and crest arround the true value.

The local average of this function f (t) over the range ~ TI/m. m. ,
should lie close to the actual value. The local average of

f (t) is:
m

f (t)
TI/m

= ~ J f (t+T) dT2TI_TI/m m (3.4)

It is readily shown by sjlbstituting for f in Eq. (3.4) fromm

Eq. (3.1) and interchanging the order of integration and surnrna-

tion that:

f (t) . =a '
m-.1
l:. akk=- (m-l)

\,
Ck exp ( jkwt) (3.5)

Where = sin (TIk/m)
1Ik/m is Lanczos sigma factor (3.6)

For most practical purposes
of f(t) than f (t). (11)

m

,
i,

f (t) is a better representation
a

i..

3.3.2 SIG~ffiFACTOR FOR INTEGRAL: (I,ll)

The inverse Fourier integral is defined as:



f(t) = 1
2n J
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few) exp (jwt) dw (3.7)

This development directly follows from the Fourier series as

the time period of the function is allowed to approach infinity.

By truncating the range of integration from (-tt ,tt)

to (- Q,Q ) in the above integral, a function similar to f (t)
m

may be expressed as:

1 Q
-f
2n _Q

F(w) exp (jwt) dw. (3.8)

If we take the local average of fQ (t) over the range
1

+ n/Q, we obtain:

Q t+n/Q
f (t) = f .. f (T) dTa .2n t-n/Q; Q

1
Q

or fa (t) = f a F(w) exp (jwt) dw2n ->I

(3.9)

(3.10)

Where a =
sin (nw/Q)
nw/Q (3.11)

a is reffered to as the standard sigma factor.
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3.3.3 INCORPORATION OF STANDARD SIGMA FACTOR TO REDUCE GIBB'S

OSCILLATIONS:

Fig. 3.1 & Fig. 3.2 represent the voltage appearing at

the receiving end of a 10 mile long open ended transmission line,

for a unit step input at the sending end. In order to reduce

Gibb's oscillations in the results for our 10-mile long line, a

program incorporating the standard' sigma factor has been deve-

loped (See Appendix-E2) keeping the value of Q = 106• The output

of the program is compared in Fig. 3.3, against that for the

case of no sigma factor. It is observed .that incorporation of

the standard sigma factor gives much more improved results so

far as the unwanted Gibb's oscillations are concerned.

3.4 THE MODIFICATION OF FOURIER INTEGRAL:

The inverse Fourier transform is:

f (t)
1

211
J F(w) exp (jwt) dw (3.12)

Where F(w) is the frequency response and the integration is

carried out ~long the real axis.

For numerical evaluation the range of the integral must

be made finite and any resulting Gibb's oscillations can be
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reduced by incorpora~ing the sigma factor as described in the

previous article. However the poles of the frequency response

F(w), of a transmission line or a power system, may, and in

many cases do, lie very close to the real axis. This causes

the integrand to peak, over a series of small intervals lying

in the neighbourhood of the poles and hence for accurate numeri-

cal integration, it is necessary to take a very small step

length, which also makes the computation time'larger. This

limitations can be overcome by using the Modified Fourier

Transform (12) and at the same time this secures the additional

advantage of avoiding problems associated with the convergence

of the integrals involved, at the points of discontinuity in

the time domain. The modification is done by incorporating an

artificial forcing function U(A,t), where 'A' is the smoothing

parameter- so named because',it smoothens out the peaks of the,
\integrand.

Let the differential equation of a system be:

F(D) f(t) = g(t), D =,d/dt (3.13)

Where f(t) is the output, g(t) the input, both of which are

zero for t<o.

In taking Modified Fourier Transform, Eq. (3.13) is mul-

tiplied throughout by Exp (-(A+jw)t) and integrated w, r, to It'

o
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over the range (-~,~), or, since, fIt) and g(t) are zero for

teo, over the rang~ (O,cr); Eq. (3.13) then becomes:

F (A+ju.\)£
'I-

(A+jW) = 9 (A+jw)
+

(3.14 )

Where 9
+

(A+jw) = J g(t) exp( -(A+jw) t )
o

dt (3.15 )

and A can be chosen large enough to ensure that the integral

converges. The expression for

f(t) is determined from:

£ (A+jw) can then be found and
+

f (t)
1

= 21T J
-9=

i+ (A+jw)e,xp «(A+jw)t) dw, t>O

and

cr

= eX}1T(At) J. f+ (A+jw)exp (jwt) dw, t>O
-cr

'"o = 2~-r £+ (A+jw) exp «(A+jw) t ) dw, teO

(3.16)

(3.17)

For real, stable systems all the roots of F(D) have nega-

tive real parts and consequently the zeroes of F(A+jw) in.the

1;=w+jT) plane ( say) lie above the line I (1;)=A. Similarly
m

the poles of 9 (A+jw) lie either above this line or in it.
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Hence all the poles of f+ (A+jw) lie on or above the line I (L)m -

A. Since the path of integrations in Eq. (3,16) and Eq. (3.17)

is the real axis the process has the effect.of moving the poles

away from it by a distance •A' .which we are relatively free to

choose. The effect of this choice on the integrand is i11ustra-

ted in Fig. 3.4.

Limi ting the range of integration to Q and incorporating

the standard sigma factor, the inverse .integral f (t) can be
(J

found also from the Eq. (3.16) as described below:

= .exp
21T

Q
(At) f

-0
l+ (A+jw) exp (jwt)

!
!

sin (1TW(Q.) dw
1TWjQ

(3.18)

Inverse.Discrete Fourier Transform (IDFT) of this

equation can then be implemented using the FFTalgorithm.

3.4.1 THE EFFECT OF SMOOTHING PARAMETER ON THE SHAPE OF

INTEGRAND: "j.,

The Modified Fourier Transform is used to overcome the

effects, on the integrand, of resonances of the system. This

method has the effect of moving the integrand away from the

.real axis and thus resulting in a relatively smoother inte-

grand. This will now be seen for the same transmission line of
length 10 miles, described in chapter-2.
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The inverse Fourier integral, including the standard

sigma factor can be written as:

f (t) =o
exp (At) ~

2n _Q
F (A+jw) exp (jwt) sin (nw/Q) dw

(wn/Q)

(3.19)

,
!,

Expression for F (A+jw) inEq ..(3.19) is computed for three diff-

erent values of 'A' and the results are plotted in Fig. 3.4 ( See

Appendix-E3. for computer program). It is evident that the res-

ponse transform F(A+jw) for A = 1.OE04 is smoother than that

for A = 1.~E03, but the shape for A = 1.OE05 is the smoothest.

Hence, a larger step length can be chosen) for the same degree
i

of accuracy, for the integrand with a ~arger value of 'A' thus

requiring a lesser computation time.

3.4.2 SELECTION OF STEP LENGTH & SMOOTHING PARAMETER:

It was observed that the voltage transform looses its

peaky nature with the increase in the value of smoothing para-

meter A. The voltage wave shape ( time-domain) at the receiving

end of a ten mile long open-ended line is calculated for A=1.OE03

and 1.OE04, for the step length and maximum frequency limit being

fixed at 2.0E03 and 1.OEO~ respectively. The results are plotted

in Fig. 3.5. It is observed that for A= 1.OE04 a much better

representation of the true output is obtained than with A=1.OE03.
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This situation can be explained as follows. For A = 1.OE04,
, ).

the integrand i.e. voltage transform is sufficiently smooth

for a step length 2000 to be chosen, whereas the same step length

of 2000 cannot cater for the relatively peaky nature of the

integrand at A = 1.OE03 and introduces noticeable errors in the

calculated time domain response. To obtain a good result with

A = 1.OE03, the step length must therefore be chosen at a smaller

value than 2000, but this would increase the computational time.

So there is a role of 'A' in the choice of step length and on

the computation time involved. The natural tendency would be to

choose as high a value of 'A' as possible, so that computation

time could be reduced as a result of the larger step length that
~~

cari~be chosen. To verify this, the step ~ength DW was kept cons-

tant at the value of 2000, while a still higher value of 'A',

iA = I.OEOS; was chosen and the result was compared with the result

obtained for A = 1.OE04 ( See Fig ..3.6). But unexpectedly, the

.output for A = I.OEOS is a worse representation of the true

wave shape. Ther~ may be at least two reasons for this apparently

anomalous result. In the proc~s of IDFT evaluation of the inte-
. ,-'

gral, errors inevitably occur du~.';~~~func~tion and rounding etc.

These errors are also multiplied by the factor exp (At), the

value of which is increases exponentially with the value of 'A'.

Secondly with the increase of the value of 'A' the integrand (i.e.

voltage transform) is not only smoothened out, but the spectrum

also extends in frequency. That is, relative contribution due to

the higher frequency terms increase. Therefore to obtain the same
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result the value of maximum frequency chosen must be increased

at the same time, but that would involve an increase of the

computation time. Thus, the truncation error increases with

increasing value of 'A'.

Therefore, it is important to realise that the value of

'A', for a certain value of DW ( step length) and OMEGA ( the

maximum frequency limit), cannot be chosen at will. In our

calculations, we limit the value of 'At' to less than 2 ( See

section 3.5.2 for details).

To investigate the effect of step length DW on the result

the same 10 mile long transmission line ( see ch. 2) is ~aken.

The computer program is.given in Appendix E-5. Fig. 3.7 a,b, shows

,.the output for DW = 1000, 2000 and 2000, 4000 respectively.,
It is observed that ,for DW = 2000 the/outputs are close to .the

--_._-
expected resul to This value of ..DW = 2000 also satisfies the

constraint set in the sampling theorem, as stated below. Choosing

OMEGA = 1.0E06 in the relation N>2*OMEGA/DW, it is seen that

DW must be greater than 1954 which is true since DW = 2000)

for N = 1024.

3.5 GLOBAL RESPONSE:

3.5.1 INTRODUCTION

Section 3.2 to sec. 3.4 describe methods of overcoming

the two basic problems associated with the numerical inversion of
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the complex integrals Eq. (2.43) encountered when using

transform techniques to derive the transient response of any

power system network. In sec- 3.2 and sec- 3.3 it was shown

that the effects caused by the necessary truncation of the

infinite range of integration could be minimized by the use of

standard sigma factors, and in sec- 3.4 the modified FFT was
,

used to overcome the effects, on .the integrand, of resonances

of the"system.

In using the method for calculation of transients in real

power system network, it soon becomes desirable to use it over

a longer time range than that considered so far, In the prece-

ding sections, the method was used for examining in detail thei
. .

initial transient response over arround the first cycle. If the

same optimum values of the different integration parameters
". . .

are used incalculatingtheo~tput over a longer period of time,

i.e. over several cycles of the transient response, accuracy of

computation may decreas~s. At the same time, the computation

.timeinvolve would be longer and thus expensive. Besides this,

if the length of the transmission line is greater than (say)

100 miles, the travel time would be longer and for this longer

time the methods of selecting the integration parameters des-

cribed so far could be useless. Now it is seldom necessary that

great accuracy needs to be combined with such an extended time

interval. Generally it is desired to obtaine an overall picture

of the phenomena which is reffered to as the 'Global Response'.
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Of course, if any point of particular interest appears in the

global response than that particular time interval can be

investigated in finer detail, using optimum parameter values

corresponding to that particular region of interest. The choice

of optimum parameter values appropriate when the global response

is required over several periods is investigated in the next

section.

3.5.2 GLOBAL RESPONSE OVER SEVERAL PERIODS:

When it is desired to obtain the global response for a

time interval extending over a number of cycles, many points

require serious consideration.

First, the sampling interval and the number of signal

samples must be selected properly, to use the IDFT (IFFT) for

evaluating time domain response from the response transform.

Here, care must be excercised to maintain the periodic property

of the DFT and the symmetry property for a real time signal

( See Appendix-A) •

Recalling from the sampling theorem that, in order for

a band~limited signal to be recoverable from the samples of the

signal, the sampling frequency must be equal to at least twice

the highest frequency component in the signal, i..e.

T <TI/ OMEGA ( 3.26)
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Where T is the time domain sampling period. Assuming the maxi-

mum frequency content, OMEGA for a band-limited spectrum function

to be 1.OE06, the maximum value of time step length comes out

from the above inequality to be '11 \lsec. In order to reduce alia-

sing error, the time step chosen should be much lower than its

limiting value, say, 2.0B06 sec. If the time domain response is

desired for a time duration of 2048 \lsec, then the value of N

would be 1024 for the above sampling rate. From Eq. (2.5) we

have the constraint on the number of signal samples as:

N > 2*OMEGA/DW (3.27)

Where DW 2'11/ (N*T) (3.28)

It is observed that for a value of DW ~ 3068, the minimum num-

ber of' sig~al sampie '(N) should be 652 'which is less than 1024

.thus satisfying inequality (3.27). If we increase the sampling'

rate to T ~ 3.0E-06 sec, the value of DW comes out to be 2045

for the same value of N (i.e. increasing the time interval under

investigation). In bpth the cases the value of A is 1.OE04. Results

obtained using .the two sets of parameter values are compared in

Fig. 3.8 ( See Appendix-E6 for computer program). The latter set

of parameter value produces a better representation of the output.

The value of frequency'step size DW is less for latter set of

parameter values than that 'of former. For this accurate sample
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value is obtained using smaller frequency step size & hence

better representation of the output.

If it is necessary to have a global representation for
;
v-

a time range of 4096 ~sec, t~en for a 2 ~sec time step, the,
corresponding frequency step chosen has to be longer than 1533

rad/sec, so that inequality (3.27) is satisfied. It would appear

to be necessary to reduce the step length DW when the response

over a larger time interval is desired.,

Secondly, in the inverse transforms, the integral Eq.

(3.19) is multiplied by a term exp (A*T). It is observed that if

A ~ 1.0E04 is used for a time step T = 3.14 ~sec then only 64

samples of the time response make the value of NAT = 2.0, which
"

can be taken as ,permissible error. ,For ,this case a global res-
f

pose over 200 )Jsec could be obtained. But in many cases this time,- .
\

is much less than the travel time of the transient wave. After

64 samples as the time increases the error will increase exponen-

tially. Therefore, the selection of A should be revised. It should

be noted that if, to reduce the factorexp (A*T), A is decreased

below the value chosen for representation of the first cycle, the

spectrum'function will be less smooth, and then'for a given step

length the integration errors would increase. On the other hand,

if A is increased without increasing the range of integration,

the truncation error would increase. Integration error could be

minimized by properly selecting DW and using discrete method of
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integration instead of classical simposon's rule or Trape-

zoidal rule of integration.

For a long transmission line specially when the switching

and surge buses are located at large distances ( >100 miles)

from each other, we propose the following equation to select

the value of the smoothing parameter A, for calculating the

global response:

(N/2) * A * T = 1

or A = 2/ (N*T)

= 2*DF

= DW/'Ii

(3.29)

If it is desired that'~ny specific sub~domain of the

global response be investigated in'detail, so as, for example,

'to obtain a more accurate representation of the rate of rise,
. ." .' - : .

" \ Ipeak value of the response etc. the;choice of integration para-

meters would be different from those used for determining the

global response. This is not a restriction of the method but

rather an advantage. As has been explained. earlier, one is not
•

usually interested in the detailed response over the entire

period of investigation but rather in obtaining.a general picture

of the response- regions of interest can then be picked up

from this general picture and undertaken for detailed investiga-

tion.
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For the detailed investigation, all parameter values

except A could have the same value as for global response cal-

culation. The fOllowing equation for the value of A is suggested:

A * t = 2
or A = 2/t o < t <: (N*T) (3.30)

Where t .is the. elapsed time upto the time of interest, starting

from 'zero. Eg. (3.30) produces a value of A = 1.0E04 for t =

200 )1sec i.e. when the first cycle is of special interest,

for a 10 mile long line). This is the same as that assumed for
a 10 mile long line ( see ch.-2) earlier.

To investigate the justification of Eg.63.29) and Eq ..,
(3.30) the same 10 mile long open-ended transmission line was

studed using different value of A. If the values of OMEGA = 1.0E06,
•

T = 3.14E-06 i.e. DW = 19~3 rad/sec) and N = 1024 are assumed
the value of A for global response should be 621.0 according to

Eg. (3.29). At the same time if a detailed picture for the second
cycle is desired i.e. t = 430 )1sec), the value of A chosen
should be 4647.0 according to Eg. (3.30). And the value of A =

1.0E04 was assumed for the first cycle. Using three values of

A the output responses are shown in Fig. 3.9 •.Relevant computer

program is given in Appendix-E7. It is observed that the results

for A = 1.0E04 and A = 4647.0 are almost coincide for the

second cycle and very much accurate as compared to the expected
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result. The peak and rise time of the global response ( for

A = 621.0) are increased. This is due to the selection of

sufficiently small value of A, for entire 1024 time samples &

for which the peaky nature of the spectrum function does not

smooth sufficiently. In the first cycle of Fig. 3.9, ~t is

observed that the parameter value corresponding to second

cycle gives better result than that of first cycle. Reasons

have already been discussed in sec-3.4.

Similar investigation is performed to have the detailed

response for the 5th cycle. Here the value of A = 1858.7 for

5th cycle ( t = 1076 )Jsec) according to Eq. (3.30). All other

parameter values are same as above. The results are shown in

Fig. 3.10." It will specially be noted that even for.the 5th

cycle where t is large and "the value "of A is.sufficiently "low,

the "detailed response of the 5th cycle is sufficiently accu-

rate as compared to the expected result.



/ I _ r\ ,_

THE '/.t\LL'~ ~-!r- "1 -::: 1:)2(+
THE VALUE OF [H~EI;A ::: O.1080;lE 07
iHE vALU~ ~F O~-:::J.195Jl~ O~
TYE VALUE OF Dr = 0.31415[-05THE VALUE OF OF= 0.31a86~ 03

2.23

r.1AX. := 0.232E 01
MIN. C= D.124E-Ol

• FOR DOUBLE PLOT~ FOR TRIPPLE PLOT
CU~VE -A FOR A - 0.100E 05
CURVE -U FUR A = 0.186E 04
CURVE -C FOR A = O.SZOE 03
~AX. A= O.ZOIE 01 MAX. 3= O.ZOZE 01

MI~. A= 0.453E-02 MIN. B= 0.236E-02
VOLTAGE IN P.U.---)

0.00 0.38 0.76
~- ~ ~. ~ ~ ~ A
~ ••••••••• y ••••••••• ~ ••••••••• ~ ••••••••• ~ ••••••••• ~.••••••••• ~

B76.5'~ ';~
,'.~ •~ •
" •* •~
,'.
T •..

•"* •907.9;::
'"..~

• A+ •• ',- •~• ,. •~• ',- •+ C •• + C •• + C.• T C.93~J.3~~, + c*• + C
• + r~
• T C• + C
• + C
• + C
• T C
• ,. C
• + C970.7~ T '"• + C• + C
• + C• + C
• + C
• •• C

+ C
• + C
• + C1002.1* + '"• + C
• + C
• + C
• ; + C
• T C
• + C •• + C
A C ••• C •1033.5~ C
~ ~ ••• -h .••. ~ ••~~......•.. ~.••...... ~..•.•.... ~.•....... ~........• - ~

FIG. 3.10 ~ GLOBAL RESPONSE CALCULATION
5TH,CYCLE OF TRASIENT OF 10-MILE LONG OPEN-ENDED L

EJJ ~F53T~ST



90

CHAPTER 4

PRESENT ANALYSIS APPLIED TO THE NATIONAL GRID OF BPDB.

4.1 NETWORK REDUCTION TECHNIQUE:

In chapter-2 a method for calculating the switching tran-

sient overvoltages at the receiving end of a long uniform

transmission line, due to the application of step voltage at

the sending end, is described. Now we will describe, how the

basic method of chapter-2 can be applied to a complicated power

system network.

From Eq.(2.8) the expression for voltage and current trans-

formsV(I,s) and I(l,s) at the load end of a long traqsmission

line having load impedance ZL can be written as:l

V(l,s) =
CSZL Vs(S) ,

ysinh y~ + CSZ cosh y~
L

(4.1)

and V(l,s) =
Y,ZLIs(S)
cosh yl + CSZL'sinh y}

CS V (S)
I(1,s) s= CSZL cosh Y I + sinh y I

(4.2)

(4.3)

transformed
Where V (S) and I (S) are the/ input voltage and current \ri"~~p'e~-

s s --the the
:i:vel\y,.yis/propagation constant and 1 is/ length of the line,-~
S = A + jw, w is the angular frequency jn rad/sec.
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Let the line of length 'I' be considered as a dascaded

serries of two equal line sections, each of length 1/2. Line

section-l includes the source voltage V (8) and source impeda-s
nce Zs' Using Thevenins theorem the line section-l can be

reduced to an equivalent source in series with an impedance.

The open circui,t voltage' of line section-l at the remote

end (ZL'=a) is obtained from Eq.(2.8) as:

Voc (1/2,s) =
V (8)s

cosh(Yl/2) (4.4)

The shor~ circuit current (ZL = 0) of the same line would be:

--'--.-

I (1/2,5)sc
/

,Z =0
L

C8V (8). s= ------sinh (yl/2) (4.5)

Therefore, the Thevenins equivalent impedance of line sec-l

will be:

Z (1/2,s) =s

V (1/2,s)oc
I (1/2,s)sc

1= C8 tanh (Yl/2) (4.6)

The'network reduction technique in figure .is given in the next

page ( See Fig. 4.1).
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The voltage transform at the load end of line sec-2 is obtained
1as:

V(l,s) =
CSZL Vs'S)
sinh yl + CSZL cosh yl

(4.7)

Which is exactly the same expression as in Eq.(4.1), derived

by assuming the line of Fig. 4.1(a), as one single line section

of length 1;

The voltage at the junction of the two .line sections in

Fig. 4.l(a) can be calculated by replacing line sec-2 with

input impedance Zs and considering this impedance as the

terminal impedance of line sec-l. This technique of network

reduction can be extended to a complicated power system net-

work having interconnections of various line sections of

different line parameters, SO that. the voltage at any junction

(BUS) can be found out. The lumped impedances i.e. the gene-

rator impedances and loads at different buses can be corisidered

as coming into parallel with the derived Thevenins equivalent

input impedances of other sections connected to that bus.

A computer program has been written ( See Appendix-Fl) to

calculate the receiving end voltage of a long transmission line

considering the line as consisting of cascaded line sections.

In this program the basic technique for network reduction is used.
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4.2 NATIONAL GRID OF BPDB

The method developed SO far has been applied to the exis-

ting National Grid (1984-85) of Bangladesh Power Development

Board ( including the East-west Interconnector), in an attempt

to investigate the overvoltages that may develop at different

buses due to various switching ,conditions. There are 47 buses,

12,'of them have gene;t:,?tors.In our analysis we have taken all

47 buses including all generators. All ,the buses have been

designated by distinctive numbers, so that the main line consists

of maximum number of generator buses. According to the numbering

the generators are connected to bus numbers 1,8,11, 19, 22,

23,30,33, 37, 38, 39 and 40. The single line diagram of the
l

network is given in Fig. 4.2, showing ,'indetail the generators

and loads. The line data Le. the bus' numbers and names connec-

ted by the relevant lines,resistanc~, inductance and charging
\

capaci tance per unit length 'are given in Table 4.1. A simpli-

fied version of the single line diagram, as shown in Fig. 4.3,

is considered for details investigation. The West Grid consist

of the bus number l(Goalpara) to 11 (Veramara) and 27(Panchagarh)

to 34(Ishurdi) and the East Grid consist of 8 branch sections

and a main section consist of bus number 35 (Tongi) to 44

(Chatak). Bus 34 to 35 is connected by the Interconnector, so

the main section ( sec-i) is from bus 27 (Panchagarh)to 44

(chatak). The branch sections of West Grid are: Bus number 1

(Goalpara) to 5 (Botail) and then to 11 (Veramara) consists



_..--'35

.
i"l

t
••
\D
lL

o
>9

£.
~
0
~
f-
lUr.
!U lQ,..

~
n..
I£l ,

<
LL ~.
0

l~':i:
~
\D
<t ~Q,. D



II EX"C T;lI3LE -4,1 : LINE DATA,

flUS NO. NAME OF BUS LENGTH IN R L C
-------- ----------- --------- --- --- -
FRJ~ TO FROM TO ~ILES OHM/MILE H/MILE F/MIlE----------------------------------------------------------------------------------------------------

I 2 GOALPARA -NOAPARA 14.00 0.216 0.20308E-02 0.147E-072 3 NOAPARA -JESSORE 16.00 0.216 0.20308E-02 0.147E-07
3 4 JESSORE -JHENIDAH 28.00 0.21& 0.20308E-02 0.147F-07
4 ' 5 JHENAIOAH -!:lOTAIL 27.00 0.216 0.20308E-02 0.147E-07
5 11 I3JTAIl -BHERM'ARA 14.00 0.216 0.20308E-02 0.147F-07& 7 MONGLA -BAGERHAT 19.50 0.216 0.20308E-02 0.147E-07
7 8 BAGERHAT -BARlSAl 41.30 0.216 0.20308E-02 0.147E-078 9 BARISAL -HADARIPUR i 35.00 0.216 0.20308E-02 0.147E-07
9 10 MADARIPUR '-FARIOPUR 40.00 0.216 0.20308E-02 0.147E-0710 II FARIDPUR -BHERA~ARA 65.00 0.216 O.20308E- 02 0.141E-0711 34 BHEKM~ARA -ISHURDI 6.00 0.216 0.20308E-02 0.135E-07
12 13 TANGAIl -KABIRPUR 25.00 0.162 0.19671E-02 0.152E-07
13 35 KABIRPUR -TANGI 20.00 0.162 0.19671E-02 0.152E-07
14 15 MIRPUR -POSTAGOlA 18.00 0.162 0.21072E-02 0.141E-07
15 37 POSTAGOlA -SIOOIRGANG 14.50 0.162 0.21072E-02 O.141E-07
16 17 JAMALPUR -~'YMENSING 34010 0.162 --0.196TIE-02 0.152E-07
11 18 MYMENSING -KISHORGANG 36.60 0.162 0.19671E-02 0.152E-07 \.D
19 39 KISHORGANG -ASHUGANG 32.20 0.162 0.19671E-02 0.152E-07 IJ'
19 24 KAPTAI -MAOANHAT 24.10 0.162 0.19671E-02 0.152E-07
20 21 BAR JULl A -KUlSHI 7.00 0.162 0.19671 E-02 0.152E-07
21 22 KULSHI -HALISHAHAR 12.00 0.162 0.19671E-02 0.152E-07
22 23 HAll SHAHAR -SIKAL8AHA 9.50 0.162 0.19671E-02 0.152E-07
23 24 SIKALI3AHA -MAOA'IHAT 10.00 0.162 0.19671E-02 0.152E-07
24 25 MAOANHAT -FENI 60.70 0.1&2 0.19671E-02 'O.152E-07
25 26 FEllI -COMIlLA 30.20 0.162 0.19671E-02, 0.152E-01
25 37 COMI LLA -SIDOIRGANG 53.70 0.162 0.19671E-02 0.152E-07
27 28 PANCHAGAR -THAKURGAON 22.00 0.316 0.20531E-02 0.145E-07
28 29 THAKURGAON- PURBASAIOPUR 27.00 0.316 0.20531E-02 0.145E-07
29 30 PURBASAIDPUR -SAIDPUR 13.00 0.316 0.20531E-02 0.145E-07
3D 31 SAI::JPUR -RANG PUR 25.50 0.216 0.20531E-02 0.150E-07
31 32 RANGPUR -PALASHBARI 32.&0 0.21& 0.20531E-02 0.150E-07
32 33 PAUISHBARI -BAGRA 31.20 0.216 0.20531E-02 0.150E-07
33 34 BAGRA -ISHUROI &3.60 0.216 0.20531E-02 0.150E-07
34 35 ISHURDI -TANG I 86.10 0.216 o .20531E-02 0.150E-07
35 36 TONGI -ULLON 12.00 0.162 0.21687 E-02 0.140E-07
36 31 ULLON -SHIOOIRGANG 9.50 0.162 0.21687E-02 0.140::-07
37 38 SHIDDIRGANG -GHORASAL 27.40 0.162 0.21687E-02 0.140E-07
38 39 :;HDRASAL -ASHUSANG 27.00 0.162 0.21687E-02 0.140E-01
39 40 ASHUGANG -SHAHJI8AlAR 32.20- 0.162 0.19671E-02 0.152E-07
40 41 SHAHJ IBAZAR -SRIMANGAL 22.60 0.162 0.19671E-02 0.152E-01
41 42 SRIMAN:;Al -FENCHJGANG 30.50 0.162 0.19671E-02 O.152E-07
42 43 FENCHClGANG -SIlHEr 19.60 0.162 0.19671E-02 0.152E-07
43 44 SILHET -CHATAK 2'0.20 0.162 0.19671E-02 0.152E-07
23 4? SIKALBAHA -OOHAlARI 20.00 0.162 0.19671E-02 0.152E-07
24 45 '1AOANHAT- CHANORAGHO'lA 19.10 0.162 0.19,671E-02 0.152E-07
25 't,7 COi'ULLA -CHANOPUR 47.10 0.162 0.19671E-02 0.152E-07
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section-2i Bus number 6 (Mongla) to 11 and then to 34 consists

section-3. The branch sections of East Grid as numbered in our

analysis and computer program are: sec-4, bus number l2(Tangail)

to 13 (Kabirpur) and then to 35 (Tongi); sec-5, 14 (mirpur) to

15 (postagola) and then to 37 (Shiddirganj); sec-6, 16 (Jamalpur)

to l8(Mymensingh)and then to 39 (Ashuganj); sec-7, 19 (Kaptai)

to 24 (Madanhat); sec-8, 45 (Dohazari) to 23 (Sikalbaha) ; sec-9,

46 (Chandraghona) to 24 ( Madanhat); sec-10, 47 (Chandpur) to

26 (Comilla) and sec-ll, 20 (Baroulia) to 26 (Comilla)and then

to 37 (Shiddirganj).

4.3 DEVELOPMENT OF THE COMPUTER PROGRAM:

The numbering of the buses are given in such a way that

the maximum number of generating stations are located on the

.main section of the network, This is because that switching
.~-

may usually be assumed to occur at the generator buses.

Depending on the location of the surge bus (ND) at which surge

voltages need to be calculated, in different sections, the

whole program is divided into three distinct parts. Similarly

depending on the location of swi~ching bus (NS) for which

transient overvoltages are developed at different sections of

the line, each part of the program again divided into three

distinct subsections. Therefore, the main program is divided

into nine distinct parts depending on ND and NS.
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The main program ( See Appendix-F2) for the calculation

of surge voltages due to switching at different ,sections of

the network contains six subroutines~given in Appendix-G.

Subroutine FIRST is used to calculate the input admittance

of a line terminated in a load admittance. The repetition of
;

this procedure for cascaded line sections is performed as

necessary.

Subroutine SECOND reduces a line, excited from a voltage

source through an impedance into its Thevenins equivalent.

The Thevenis equivalent of a cascaded line sections along with

its excitation source and impedances" can be found out by repe-

tition of this subroutine. When subroutine FIRST and SECOND

are repeated for cascaded line sections, the generatorimpe-

dances,'and loads 'at,intervening line sections are autometically

taken into account.

Subroutine FFT is used to calculate the time domain res-
,

ponse of the surge voltages from the frequency domain data of

voltage transform. The inverse continuous .Fourier transformation

integral is done here by inverse Discrete Fourier Transformation

(DFT), which is implimented using the inverse Fast Fourier

Transform algorithm (FFT). The whole frequency set of data is

fed to the FFT subroutine and within very short time the time
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domain response function is obtained with better accuracy than
-any other conventional method. This is the novelty of our

present analysis, subroutine FFT is given in Appendix-C.

Subroutine STL is used to calculate the line length between

switching (NS) surge (ND) bus SO that the travel time required

to'reach the transient wave to ND form NS can be calculated.

Subroutine IN is used to calculate the load admittances,

load resistances and load inductances of different buses from

the voltage and power (Real and reactiv.e) information of buses

at normal operating frequency of 50 C/sec.

Subroutine PLTl or PLT2 is used to have a plot of the output

voltage versus time for required number of data points.

The program is capable of calculating surge voltages at

any bus due to both line energization and load rejection at

any bus. The system initial conditions are discussed in the

next article. The system Flow chart is given in Fig. 4~4,
'.- ..~

which is selfexplanetory. The detailed Fiow chart is.given in

Fig. 4.5. The computer program developed on the basis of these
•Flow chart are given in Appendix -F2.

4.4. INITIAL CONDITIONS:

Switching does not always take place on an initially rela-

ted system. Initially the system is in a steady state condition
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Input data for system parameters &
parameters for the method i.e.line
data, Bus data & N,DW,DT, OMEGA, A
and NT, NO, NR,MO & MP

Set switching bus: Ns and
surge bus: ND and calculate
Travel time

Calculate steady state voltage, con-
sidering f= 50 HZ (W=314.159 rad/sec)
for system configuration before swi~
tching, store the voltage as initial
value: (VV(I) ,I=l,N) •

J Set W(l)=O.O
1=1~--l---

0-- - Set.s'" A+jw(I)

• j
Calculate frequency 'dependent
system parameters YL& Zs for
all buses.

Set voltage VI = transform function of
VG(NS), assuming'cosine wave variation
of generator voltage V~(NS) at switch-
.ing bus .

Calculate YL for all other generator
buses except switching bus, assuming
vertual short ckted generator terminals

I

W
Fig. 4.4 Flow chart for main program.
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Fig. 4.4. (Contd.)

IT]
Reduce the network into an~.qtl~valent
single line I details g~ven in Fig. 4.5)

Calculate VI in frequency domain and
use standard sigma factor to reduce
Gibb's oscillation; Store the voltage
in F(I).

I
Increase wlI) by DW and I by 1

LE'[~1
GT

NR,
I

F ( I) = COJ1PX I0 • 0 , 0 • ,0

I.

FII) = CONJG(F(MO-KN)

Call FFT subroutine to have
time domain response

I

GJ



Fig. 4.4.Contd.

Set T(l} = 0.0

NC = No. of time
samples interest to see

1= 1,NC

F (I) = F (I)* Exp (A*T (I)) + VV (I)
FR(I} = REAL (F(I})

T(I+l} = T(I} + DT

Call PLTI subroutine for output
plotting

\. .../
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of
Fig. 4.5: Details Flow-chart/Box-9 for network

Reduction.

Reduce line sec-8,9 & 10 into
equivalent load admittances YL
on bus 23,24 & 26 respectively

Reduce line~sec-4,5,6
into YL on bus 35,37
& 39 respectively.

.6T.

z

Reduce line sec-4,5,6,7 &11
into equivalent load atlmi-
ttances YL on respective
buses. ::~"

Reduce bus 44 to 37
~ 27 to 34 into YL on
bys 37 &34 respectiv~
ely.

Reduce line sec-4,5,6
7 &11; Reduce line
sec-Ion 34 and then 34
to lIon 11 for YL

Keeping the portion between switching (NS) & surge
(ND) bus intact, reduce the other portions of the
network into equivalent load 'admittances YL

Reduce the line between NS & next bus into
equivalent source VI and,impedance Zs and
repeat the same until ND reaches.

, "

\..



GT.

Reduce line sec-2,3 & 7
for equivalen~ YL

Reduce line sec-7,
bus 27 to 34 & 44
,to 39 for YL

GT.

Fig. 4.5. Conto.

Reduce line sec-2,3
bus 27 to 35 & 44 to
39 for YL

Keeping the portion between' NS & ND fixed reduce
the other portion of the network into equivalentload admittances YL

J
Reduce the line between NS & next bus into
equivalent source VI & impedance Zs and
repeat the same until ND reaches.

Reduce
,bus'34

j,
Reduce line sec-4,5 & 6 into
equivalent load admittance YL

GT

Reduce line sec-2.3,7 & lIon
bus 34 & 37 respectively into
e uivalent YL .
line sec-7 & 11

Keeping the portion between NS & ND intact reduce
other portion of network into equivalent YL

Reduce the line between NS & next bus into
equivalent soruce VI & impedance Zs and re
peat the same until ND reaches.
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with the transmission lines in a charged state. The transient

overvoltages caused by different switching operations is a

superimposition of the transient behaviour of the system on

this initial steady state condition. Therefore, the steady-

state system behaviour before the instant of switching has to

be evaluated first.

In our program a provision has been made to accomodate

and to calculate the steady state voltage level at the bus

where the surge is to be calculated before the instant of

switching. Considering the network configuration before swi-

tching Le. at t< a the voltage t.ransform at w = 211* 50 =

314 rad/see f = 50 C/sec) is calculated an~ this calculated

value is then superimposed on th~>voltage transform obtained

from the transient behaviour of the. system network to'get the

actual response transform.'
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CHAPTER - 5

RESULTs AND DISCUSSIONS

5.1 INTRODUCTION:

The method of analysis developed in chapter-3 and the

basic network reduction technique discussed in chapter-4 is

.applied to investigate the transient response at different

buses of the National Interconnected Grid of BPDB, due to

switching operations at specified generating buses. The method

presented is very much faster without sacrificing accuracy of

calculation. The transient response over any desired time dura-

tion can be accurately calculated by the present method. The

investigations performed on the BPDB National Grid System have
j

been classified into three distinct categories. depending on

various system conditions prior to switching:

1. initially relaxed system- no ~oads connected.

2. Initially relaxed system- all normal loads connected &
3. System under normal load condition.

The results for different switching conditions investigated

are presented in graphical form and discussed in the. fOllowing

.sections. In sec-5.2, investigations are performed on a part

of the whole system, in which it is assumed that all the inter-

mediate buses are open to form a single transmission line open
at the remote end surge bus) and excited from switching bus
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by an infinite source ( i.e. source having zero source impe-

dance). This assumption will serve as a validity check on

the method of analysis presented, the network reduction tech-

nique and on the computer program developed. In sec- 5.3 the

switching surges under loaded and initially relaxed system are

investigated for switching at bus 39~ Ashuganj and surge at
, '

bus 36-Ullon. In sec- 5.4 the'switching surges under normal

load and initially energized system are investigated for diff-

erent switching and surge buses.

5.2 SWITCHING SURGE UNDER NO LOAD CONDITIONS CONSIDERING AN
INITIALLY RELAXED SYSTEM:

The switching operation is assumed to take place at bus
.1 . I

39- Ashuganjand surg,:,voltages for different instants of

time are observed at bus 43- Sylhet.' The result is shown in,
Fig. 5.1. Initially the system is considered as relaxed and the

switching bus is considered to be infinite. In this case the

investigations are done on the part of the whole system which,

although in reality consists of a series of cascaded line

sections, is in effect a single transmission line open at the

Sylhet end and excited from an infinite source located at

Ashuganj bus. The excitation voltage is 1.0 p.u. The surge

starts to travel in forword and backword directions from/to

Ashuganj as soon as the generator is switched on to the source

bus.It would reach Sylhet bus at a time equal to the travel
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time between Ashuganj and Sylhet i.e. at around 564.0 ~sec

if the transient wave propagates with a velocity equal to the

velocity of light. Since Sylhet bus is open a 100% reflection

would occur, resulting in a doubling of the incoming surge

voltage. But in practice, losses are present and it will tend

to modify the transient voltages to some extent. From Fig. 5.1

it is observed that the calculated voltages ,at the Sylhet bus

at 565.19 ~sec and at 577.7 ~sec are 0.0058 p.u. and 1.96 p.u.

respectively. The expected results and observed results of the

calculated voltage differ to some extent, This is because the

conductor resistance losses have a two-fold effect: (15) first

they cause attenuation of the voltage wave on the line owing to

an energy 10sS,i and secondly they cause a distortion of these

waves, owing to differential reduction in the wave velocity of

the different frequency

is to,cause a reduction

components. ,In general, their net 'result
\: ', ,

in~he transient voltage at any point on

the line, whereas the reduction in wave velocity can cause a

change in the phase relationship between the travelling waves

on the line, so that some portion of the transient voltage are

increased and the net effect reaches the open end later than

the actual travel time. After a :'timeinterval, from the moment

of switching, equal to three travel times, a 1.0 p.u. nega-

tive voltage, due to the virtual short circuit at Ashuganj bus,

arrives at Sylhet, and is doubled by the open termination.
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This nullifies the former 2.0 p.u. voltage at the Sylhet bus

and brings it down to zero. The calculated values of 1.966

p.u. and 0.0652 p.u. at 1715.0 ~sec and at 1727.0 ~sec res-

pectively ( see Fig. 5.1), Once again agree reasonably with

the expected results.

LY
5.3 SWITCHING-SURGE ON INITIAL/RELAXED SYSTEM (LOADS CONNECTED):

Before the instant of switching at a particular bus,

the system is considered initially relaxed with typical load

admittances connected at all buses. Switching is performed at

bus 39-Ashuganj and the surge voltage is calculated at bus

36-Ullon. The travel time between switching and surge buses is

343.5 ~sec. The first peak is seen to occur (see Fig. 5.2) at

arround 352.0 ].lsec,the value of whi<;,his about 2.35 p.u. The

peak~ & crests observed are created due to multiple reflection
/' l

from different buses within the system~<,

5.4 SWITCHING SURGE UNDER LOADED & INITIALLY ENEGIZED SYSTEM:

At the instant of switching, the system is considered to

be under normal operating condition i.e. all generators, except

the generator being switched, and all normal loads are connected

to the system. Surge voltages at different buses are calcula-

ted for switching at different generator buses, considering the

sourcE:- impedance.
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5.4.1 SWITCHING SURGE AT BUS 35-TANGI DUE TO SWITCHING AT BUS
1-GOALPARA:

The length of the line between Goalpara and Tangi is

about 191.1.1 miles and the corresponding travel time is arround

1027.0 ~sec. From steady-state solution, it is found that the

voltage at Tongi, prior to the switching operation, is 0.91 p.u.

At the end of the time of interest ( i.e. the time upto which

voltage transient is calculated), the steady-state component of

this voltage has comedown to 0.686 p.u. Superimposing this

steady-state voltage on the transient response it is observed

( see Fig. 5.3) that peaks having magnitudes of 3.21 p.u., 2.4

p~u. and a negative peak of 1.02 p.u. voltages occur at Tangi

at 1054.68 ~sec, 1547.82 ~sec ahd 1792.0 ~sec respectively.

Among these, the peak of 3.21 p.u. occuring at 1054.68 ~sec,

needs to be given serious co~sideration in determining the

insulation level. Th~ first peak of 3.21~p.u. starts to rise at,
;

- ;1044.92 ~sec which is slight1ygreater than the travel time of

1027.0 ~sec. Reasons of this late rise has already-been discussed

in sec-5.2. Besides, the successive peaks and crests are observed

due to the multiple reflections at the points _of discontinuity

within the system.

5.4.2 SWITCHING SURGE AT BUS 35-TANGI DUE TO SWITCHING AT BUS
19-KAPTAI:

Considering switching at bus 19-Kaptai, the surge voltages

are calculated at bus 35-Tangi. The distance between these two

,
/
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buses is about 190.0 miles and the coresponding travel time is

arrount 1022.0 ~sec. The first peak is seen to arrive at Tangi

at arround 1050.0 ~sec which is slightly greater than the

travel time and it attains a value of 2.66 p.u. Other three

peaks are seen ( see Fig. 5.4) to reach voltage levels of

2.93 p.u., 2.66 p.u. and 2.66 p.u. at 1562.46 ~sec, 1860.14 ~sec

and at 2432.0 ~sec respectively. Besides these, two negative

peaks of -0.54 p.u. and -0.88 p.u. are seen to occur at 1713.74

~sec and 2255.42 ~sec respectively. The highest positive peak

of 2.93 p.u. and the highest negative peak -0.88 p.u. could be

potentially dangerous for equipment connected to the surge bus

Tangi.

5.4.3 SWITCHING SURGE AT BUS Il-VERAMARA DUE TO SWITCHING AT
BUS 38-GHORASHAL:

,
The travel time required to travel the transient wave from

bus 38-Ghorashal to bus Il-Veramara, is.about 758. 0 ~sec. Super-

imposing the steady-state solution on the transient response due

to switching at bus 38-Ghorashal it is observed that ( See Fig.

5.:l the first peak arrive at veramara.at arround 786.1 ~sec

which is slightly greater than the actual travel time and it

attains a value of 2.87 p.u. The reason. behind this late rise

has already been discussed in sec-5. 2. Other two peaks are '.seen

to reach voltage levels of 2.19 p.u and 2.25 p.u. at 1137.66 ~sec

and at 1630.8 ~sec respectively. No negative peaks are observed,

but the minimum value of voltage is 0.045 p.u. The first peak

of 2.87 p.u. voltage requires serious consideration in determining

the insulation level of the system.
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CHAPTER - 6

CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH

6.1 CONCLUSIONS:

A modified FFT method is presented which is capable of

yielding solutions to power system problems of any degree of com-

plexity. The superiority of the me~b9d lies in the greatly redu------~~_-.::_-
ced computation time, as compared to conventional Fourier analysis

or even other travelling wave techniques. The difficulties which

arise from the necessity of numerical inversion are outlined and

methods of overcoming them are described. The modified Fourier tra-

nsform method has many advantages over classical methods as has

already been set out in sec. 1.1., It's biggest limitation is the

large computation time required. Besides this, the attraction and

power of the modified Fourier,transform lies in the facility with

which freq.L!~ncy'dependence of,'the:system parameters can be taken
--, --~~~-.-~ --.~_._~ ---;-~~ -- .- •••• > ••••• ' •• - - ----, •

into .accounL if.~neQ..e.sJEiFY.The method is well suited to analysis.- - \

_....~ involving both lumped and distributed parameters and is also capa-
~ c,-"rt;..IJ.y, . __'- -",.
~c ble of 4aithf~~~ reproducing their variations with frequency.

This method can >-'1' afford a very accurate solution, since it 'can

represent the attenuation and' distortion of' the 'line .due to resis-

tance of the line conductors and the earth return path loss.

To reduce the computation time without sacrificing accuracy

modified Fast Fourier ,transform method is inveitigated. In conven-

tional Fourier transform analysis, the response at a particular
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instant of time can be obtained from a large number of frequency

data points i.e. here, the inverse integration is done by simpson's

rule or trapizoidal rule of integration. For this a very substan-

tial amount of computation time is required for obtaining the

response over an interval of time. On the other hand using disc-

rete Fourier transform ( implemented by Fast Fourier Transform

(FFT) algorithm) technique, a number of time domain responses

can be obtained from an equal number of frequency data points.

Therefore, it is evident that the time required for the calcula-

tion of transient over a large interval of time will greatly be
. ,

reduced. However, the symmetry property of DFT ( see Appendix-A)

makes it possible that only half of the total frequency domain

,i samples are enough to calculate the itotal time domain response.

For faster and accurate calculation procedure the global response

over any desired time duration can be obtained.
, !

i,
The value of smoothing parameter A can be chosen at much

lower value by properly assigning the sampling interval T or DW,

without affecting the accuracy significantly. Here the limitation

for the term exp (A*T) on the global'response is not applicable.

C,.,~rom the engineering point of view the modified

Fourier transform method is less restrictive in the assumptions

and very suitable for calculating the transient over voltage of

a complicated power system, than any other conventional methods.,
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But the method is not justified economically for all cases because

of its~large computation time involved and hence the cost. The

present analysis seems to be very effective in calculating the

transient over voltages due to its faster and accurate calcula-

tion. The author believes that the method,he has adopted and

which.are described, are quite accurate, well suited to the

system data which are normally. available and very much faster

than any conventional methods.

The power system operating voltage levels are reaching such

magnitudes that ransient over voltages due to switching operations
(4 15)within the system can exceed ' those due to lighting surges.

Therefore, in EHV and UHV system the overall insulation level
l

and the insulation coordination of the system are being determi-

ned more by the switching behaviour of the system. Switching
. .. \ .

transients can contain frequencies as.high as 100 kc/s(16,4) and

the line parameter under switching condit jon are frequency depen-

dant. In the present analysis the maximum frequency chosen is

about 160 KHZ. So the present method is very suitable to the

problem at hand ..
i
i,

The particular method selected for the analysis is a vari-

ation oJ the familiar Fourier transform method. In this method,

the freJuency response of the system is calculated after a

regular inte~al of DW, for N/2 sample values i.e. half of the

total t~me domain samples to be ev.aluated. After folding and
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flipping the sampled frequency response the inverse discrete

Fourier transformation is performed which is implemented by

Fast Fourier transform algorithm. for faster calculation of DFT.

The IDFT implemented by IFFT gives rise to a number of

associated computational problems. After performing a detailed

investigations over DFT (FFT) ( Ch-2 and 3), a set of optimum

parameter values is found out considering sampling theorem and

other practical constraints. The effect of maximum frequency

limit OMEGA, sampling interval T or DW, the smoothing parameter-

'A' and the number of time or frequency domain samplesN On

the accuracy of calculation and computation time is studied in

detail. A netwoJ:lkreduction technique(ll is used for application

of the basic method to the complicated power system network.

The analysis of transmissi9n line is .based on distributed para-,
meters and the single phase single tline representation of the

has been
transmission line is considered. Finally the method/developed

and the network reduction technique has been applied to the

National Grid of BPDB for calculating the switching transient

response at different busber considering switching at a parti-

cular bus. The computer program developed for such calculation

is capable of considering different switching conditions especi-

ally the line energization and load rejection operation.

In the present analysis,it is observed that the initial

conditions of the system can be included easily. Difficulties
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arise to represent the effect of nonlinearties such as those

due to surge diverters, magnetic saturation, corona and circuit-
Breaker arc on the transient response. A technique (17) for

inclusion of such nonlinear elements by the method of Fourier
transform has been discussed in the 'literature.

6.2. SCOPE OF FURTHER RESEARCH

Further research work in the field of transient analysis of

power system networks, under different switching conditions,

using modified Fast Fourier Transform Technique could be exten-

ded on the basis of following considerations:

_--~-~l_,..,.Conside~fingthe three~--phase~r-e'prts~ntation o.f t=r.afts.pes~e-d---~~-.: .

or non-transposed transmission line instead of single phase

representation and transfor~ing the line equations into its
" ,

modal form. For multiphase system the effects of mutual coup-
ling have to be taken into account. '

2. Considering the effect of nonlinearities such as surge
, ,

diverters, magnetic saturation, circuit-breaker arc, corona etc.

3. Considering the frequency dependancies,arising from the
Earth-return path.

4. The present analysis could be extended on underground cables

instead of over head transmission lines and the line consisting

of cables and over head transmisssionlines could be investiga-
ted.
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5. The analysis could be extended to calculate the electromag-

netic transients, considering frequency dependant system parameters

for aerial and ground modes of transmission.

6. The factors affecting the transient over voltages such as:

i) the trapped charge voltage ( sometimes referred to as the

residual voltage), ii) the nature and impedenceof the source,

iii). non-simul teneous closure' of the three phases of the circuit

breaker energising the line, iv)'the amount of reactive compen-

sation ( shunt) connected to the line and losses ( conductor

resistive loss and corona) could be incorporated with the program

and their effects on the transient voltages could be investiga-

ted.

7. Our National Interconnected Grid consists of three phase

single and double circuit transmission lines. So the effect of

using double circuit transmission line, on same tower, on the

transient overvoltages could be investigated.
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APPENDIX - A

PROPERTIES OF THE DISCRETE FOURIER TRANSFORM (DFT)

In this section, some properties of the DFT are studied.

It is observed that the DFT has properties similar to those of

the continuous Fourier TransIor, But the DFT also possesses

some properties not shared by the continuous Fourier Transform.

1. Periodicity:'

Both Xn and xk are periodi~ with period N, i.e.

x . = X . for.all n.N+n .c. n .c

(A-I)

and for all k'
. .t.

(A-2)

This property is the result of the.periodic property of

the complex exponential function exp ('-j2n/N) used in the

defining equations. This property can be displayed by using a c.

circle. If the samples in the time or frequency domain are laid

equally spaced around the circle as shown in Fig; (A-I), they

repeat themselves with a period of N.

From the circular arrangement of Fig. (A-I), A discrete

signal xk is an even function if xN_k =xk' and a signal xk is

an odd function if xN~k= - xk' this two types of functions

are defined.
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This property says that as a result of the DFT operation

a finite duration time sequence becomes a periodic sequence,

called the periodic extension of the original finite duration

sequence. Similarly the frequency domain sequence also becomes

periodic. This periodic extension is illustrated in Fig. A-2.

As a result of the sampling in the time domain, the

frequency spectrum becomes periodic as shown in Fig. A2(d).

When the frequency spectrum is sampled as shown in Fig. (f), the

time domain sequence becomes periodic, as shown in (e). The

sequences in Fig. (g) & (h) represent the periodic extensions

of the finite frequency "and "time sequences in (f) & (c),

respectiively.".The "two ;periodic Csequences"in Fig :(h)&". (g) are

related by the discrete Fourier Transform.
•

2. Time Reversal

If the data points are reversed in the time domain the

DFT of the reversed signal is given by:

= X = X'-n N;-n (A-3 )

To prove this property, we use, according to property 1,

x_k = xN_kin the original equation defining DFT.

DFT (x ) =-k
N-l
l:

k=Q
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3

•

Fig. A.l: A set of samples arranged arround a circle.

~-
(ci ,)- ( b)

,

.~.L\Lh.AL
( c) ( d) -

....,-0-

( e )
:.." /
I -

I,-

(g)

If)

( h)
- I

-Fig. A.2: a) A continuous signal & (b) its amplitude spectrum
(c) A sample discrete signal and (d) its amplitude spectrum
(f) A sampled discrete spectrum and (e) its corresponding
signal (g) periodic extention of finite duration sequence
in f. (h) periodic extension'of finite duration sequence
in C.
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Changing the variables N-k = m

N e-(j2n/N) n (N-m)DFT (x )= l: x-k m=l m

N - (j2n/N) (-n)m= l: x e '
m=l m

= X-n = XN-n

Where use is made of the fact that X = x andN 0

- J' 2ne =1,

and the last part is the result of property 1. This property

says that reversing. the time samples is_equvalentto. reversing

the £'requency--samples.'

3. Complex Conjugate of DFT

The conjugate of any complex discrete signal xk is given

by:

= DFT . (A-4)

•

Where xk denotes the complex conjugate of xk• To see. this,

we take the complex conjugate of both sides of Eq. (2.12)

N-l
= 1 l:

N n=O
X e(j2n/N)J:cn=

n

N-l
l:

n=O
X /N,n

-j(2n/N)kne

= DFT (X /N)
n
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The significance of this property is that the direct DFT algori-

thm ( implemented by FFT) can be used to obtain the time domain

sequence ( i.e. the IDFT) from the frequency domain sequence by

adding the scale factor liN and taking the indicating conjugates.

4. DFT of Complex-Conjugate Sequence

For any complex discrete signal xk'

x = X-n N-n (A-5)

To prove this relationship, we take the conjugate of both sides

-of DFT equations •.

(j2lT/N)nkxk e

I

N-l
= l:
k=O

(-n)k

Replacing n by -n in the above ~xpression and by property 1,

we have:

X = XN-n -n
N-l

= l:
k=O

_ ..e-(j2lT/N)nk.xk = DFT (Xk)

According to this property, taking the complex conjugate of a

discrete signal in the time domain is equivalent to taking

the conjugate of th~ frequency spectrum reversed in order in

the frequency domain.
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5. Real Signal

For a real signal xk' xk = xk. Therefore, according to

property 4.

-X = X_N-n n for n= 0,1,2, N-l (A. 6)

To interpret--this property for a rea-lsignal, we use the circu-

lar display of the frequency samples. The real part ( and the

magnitude) of the frequency samples is an even function and

the imaginary part ( and the phase) is an odd function for

a real signaL .Therefore, it requires only N/2+l ( N-even)

or (N+l)/2 _(N-odd) samples _in the frequency. domain _tocomple- -

tely characterize a real signal. This property is displayed

in Fig. A.2 for the magnitude of the frequency samples of a

real signal.
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APPENDIX - B

SCHNYDER BERGERONS METHOD 1,6,7,8

The differential equations of transmission line are:

av L
ai + Ri (B-1)=ax at

ai C av + Gv (B-2)ax = at

Where v & i are voltage and current in the line at a distance

x and L,C,R and G are respectively the line series inductance,

shunt capacitance, "series resistance and shunt conductance per

unit length. The method applies to loss less lines where Rand
. 1

G are zero and Land C are independent of frequency. Therefore

the equations become:

av di f= Lax at

ai C av=ax at

(B-3)

(B-4)

The general solutions of the above equations are:

and v (x,t) = Z [fl (x-vt) - f2 (x+vtU

(B-5 )

(B- ( )

Where Z = IL/C and v =l/!LC, are the surge impedance and

phase velocity respectively. From Eq. (B.5) & (B.6)
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v(x,t) + Zi (x,t) = 2zfl (x-vt)

v(x,t) - zi(x,t) = - 2zf2(x+vt)

(B-7)

(B-8 )

Now subject to the limitations stated before, those are rela-

tionships between the conditions at each end of the line at time

t and at time t-, which exist independent of the terminating
I

networks.This fact can be explained assuming a fictitious obser-

ver moving along the line in the forword direction at velocity v.

Since (x-vt) remains constant, the expression Cv (x,t) + zi (x,-tD

encountered by the observer when he leawes;;node m at time (t-,)

must be the same when he arrives at node k at time t. For the

line of figure (B.I) these relationships are-

z.ik(~) = v (t-,) + z.i (t-,)m m (B.9)

v (t) - z.i(t) = vk(t-,) + z.ik, (t-,)m ,m (B.IO)

,These equations give relationships between v & i a,tboth ends

of the transmission line which, provided the conditions a travel

time earlier are known, enable the'transmission line to be repla-

ced by a current source in parallel with a resistance z. This

allows a solution to be obtained for the voltage and currents at

time t in the network consisting of the ends of the transmission

lines and the components connected to them.
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The quantities v+zi are known as characteristics and are

directly related to the forward and backword tr?velling waves.

Eq. (B.9) & Eq. (B.IO) can be rewritten:

F
m

(t-T) (B.ll)

Where Fk = vk + zik = forword travelling wave at end k.

Bk = vk-zik = Backword travelling wave at end k.

(B.12)

Eqs. (B.ll) & (B.12) are the basic equations for this method.

Domme16 extends the_basic Eq. (B.ll) &. Eq. (B.12) te include an

approximation for series losses. The model used for the trans-
7mission lines is shown in Fig. B.2.This results in equations

Bk (t) = z .F (t-T) + E[4 Fk (t-T)---- - z+R/4 m z+R/4

B (t) z Fk(t-T) + R/4 F (t-Tf=m z+R/4 z+R/4 m '.

to
(B.13f

(B.14)

In these equations the impedance used in defining the dharacter-

istics is modified to ( z+R/4). Eq. (B.ll)

particular case of Eq. (B.13) & Eq. (B.14)

R is zero.

& ~q. (B.12) are the
,C--{!2--

respectively, where
/
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ix im

t ,
Terminal k Terminal m

Fig. B.l: Single-phase lossless transmission line.

R/4

z

./2

R/2

z

./2

R/4
1m

Fig. B.2: Approximate Model for line with series
resistance.

\
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APPENDIX-C
DISCUSSION ON THE FFT FORTRAN SUBROUTINE

d " 2,3Base on the Flow-chart given ~n literaturea FORTRAN sub-

routine program implementing a diamation- in-time FFT algorithm

is ~resented in Fig. C-1. The same subroutine FFT can be used

to compute both the direct FFT and the inverse FFT, provided

the sign in the complex exponential constant W is properly
~.'.

assigned as:

and

W ~ exp (-j 2TIIN)

W ~ exp (j2TI/N)

(C.l)

(C.2)

for the direct. EFT .and inverse FFT respectively ( See Eq. (2.11)

& Eq. (2.12»).

This is accomplished in the FORTRAN program through an inte-

ger code KODE, as -'implement~d in line 24 of the subroutine pro-

gram. This KODE is to be entered as 1 for direct FFT and -1 for

the inverse FFT. Since the algorithm is,based on N being a power

of 2, the program has to make sure that N is passed to the sub-

routine as a power of 2. This is achieved in lines 3 through -9'.

If N is not a power of 2 an error message will be "printed out

and the FFT run will be aborted. After N is found to be a power

of 2 the DO 30 loop then performs the in-place computation
IRthrough IR stages (N~2 ). The in-place computations are imple-

mented in lines 26 to 28. WO~l requires no complex operations
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which is implemented in lines 19 to 21. It is observed that

the power m in wm in each stage has a bit- reversal relationship

to the position number, as shown in line 18 of the program. The

bit reversal FUNCTION subprogram KBIRT is used here for this

purpose and later in line 36 to bit-reverse the output samples.

It accepts an IR bit integer k and returns a bit-reversed inte-

ger KBIRT (IR bits). The parameter DELTA is used to multiply the

samples so that the FFT algorithm can be used as an approximation

to the continuous Fourier transfor~JAccording to Eq. (2.9) this

factor should be T, the time step size, used in the zero-o~der

approximation of the direct Fourier Integral. For inverse Fourier

transform,-thisfactor-should be the frequency step size DF in

HZjused in the zero-order approximation (see Eq. (2.7b» of the

complex inverse Fourier transform integral. For the implementa-

tion of strict .DFT, DELTA should be set .equal to 1 ( see Eq. (2.11»

for direct DFT and equal to liN for the inverse DFT ( see Eq.~2.12»
I
I

./



Sr.:[,:lJUT1.~;:' F~-:T{~. ~',~'-'ILL:t:.~XJ
:O~~PLfX X{'~)'rJtX~c ~

[
[
[
C
C
CC ~

*------------------------
.{~!JE =1 :'OR C1REel ffT

=-1 FOR INVERSE FFl
~ = NO. DF TIME OR FREQUENCY DOMAIN DATA PDl~TSOELT4=DT FOR DIRECT FFT
=DF FOR INVERSE FFT

X = FREDJENCY OR TIME ODM4IN 04TA SAMPLES*-----------------------------------------------------------*

,, -

IR= 0
Nl=N
~2=Hf2
IFI~2*2.NE.Nll ~O TO 100IR=IR~l
Nl=N2
IFINl.Gf.lIGJ fO 5PN=6.283185/~L=~/2IR1 =IR-lK1=0
DO 30 IS=l,Ii<15 DO 20 1=1, LK=K19-1
KP L= K+L
AM=~BIRTIK1/2**IRl.IRIIFIAM.NE.D.OI GO TO 18X1=XI KPLl
GO TO 19AR~=AM*PN
[=CJS IARG I
S=SINIARG1*1-11*KOOEW=['1PLXI C, C J
Xl=.I*XI KPL jXl KPL I=XI Kl-XlXIKI=XIKI+XlK1=Kl+1Kl=Kl+L
IFIKl.LT.NI GO TO 15Kl=OIRl=IRl-lL=L/2
DO 40 K=l,N
K1=KBIRTIK-l,IRl+lIFIKl.LE.Kl SO fa 40Xl=XIKI
XIKI=XiKllXI Kll=Xl[OIlTINUE
IFIDElfA.EQ.lIGO-TO 100DO 50 l(=l,N
XI (I=DElTA';XI KIi<ETURN
PRINT 101, N
FORMAHI15X,'*** N= ',16,'15 NOT A POWER OF TWO,FFT RUN ABORTEO*' IRETURNEND
FUN[TION KBIRTIK.1RI
K"IRT=O:<1=<DO 1 I=l,I R
K2=Kl/2
KBIRT=2*K8IRT+Kl-2*K2Kl=K2
RETURN
DID

1

5

20

40

19

18

30

50
- 100
101

•

C
C
C



134

[;
[;

APPENDIX-DI===========
- -'. .I'..~ ~ --------------------------------[; ~JN PERIODIC TEST Sl~NAL EXPl-j")
[; THE USE OF OFT.
[; '" ~-------------------------------CO~PLEX Fl64lDIMENSION TI641,oFN!641,FMAGI64I,FRlb41,FII541

DT=O.ID
-~;::;6!t

DF=I.0/1 N*DTl
Tll'=0.3DO 5 1=1,32Tlll=TlI-ll'DT5 FII)=CMPLXlEXPl-TIII',O.O)
DO 10 1= 33, (,',

10 FIII=CMPLXIO.O,o.OI(ALL FFTll,N,DT,FJ
PRPIT 11II FORMATl'I",25X,'64 POINT FREQUENCY SPECTRUM OF EXPONENTJAL'/25X,"FJ~CTIoN [O~PUTED FROM 32 SIGNAL SAMPLES'//19X,"FREQIHZI",5X,'PE
'AL PART"7X,'IMA~INARY PART',4X,"MA~NITUDE'//J
DO 20 I = I • NDFNI 11=1 I-ll"'DFFMAGlII=[ABSIFIIII
FiUII=REALlFl IIIFJIIl=AIMAGIFIJll20 PRINT 21, I.DFNIII,FIII,FMAGlII21 FOR~ATI5X,J5,5X,EI2.4,5X.EI2.4,5X,E12.4,5X.EI2.4/)

[ CALL PLTllN,1,54,DFN,FMAGl[ALL PLf2IN,I.64,DFN,FR,FII
STOPEND

:;::==::::=======APPENoIX-D2

[
C
C
(
[
[
C
C * *------------------------~---------[ NON PERIODIC TEST SIGNAL EXPI-Tl[ THE USE OF 10FT.e "* *---------------------.--------------

[
[129
[
C 220
21

",
i

,

COMPLEX Fl12S1
DIMENSION FMl128l,Tl12S1DT=O.lODO 200 JJ=I.2
N=15*2"'*JJDF=I.0/1 N'~DTl!H-/=2.0*3.14*DF4=0.0
M=N/2'11'11=,'\'1
DO 10 1= 1,"1FIII=I.O/CMPLXll.O.WI
W=W'DW(ONTINUE
K=ODO 20 1= MI.NK=)('1
FIII=[ONJGIFlM-KIIOMEGA=N*DWWRIfEl3,l751 OW, N,DT,OMEGA
FoRMATI////IDX,'THEVALUE OF O\lIS= ',FS,4/10X.'& THE VALUE OF N'IS = ",I3/10X,'& THE VALUE OF DT IS= ',E9.2/10X,'& THE VALUE OF O~+EGA IS = ',E9.2////1CALL FFTl-l,N.OF,FI
Till =0.0NN=N-I
DO 22I=1,NNTII.lJ=H I)+OT
F~III=CABSIFIJII
FMI'J1=CABS(F(NIlPRINT 129
FJRMATI5X,' I ',5X,' TII) '"'5X,' FIII•,lOX, •HIl Il'// IOJ 220 I=l,'i
N~ITE(3.21J I,T(II.~IIJ.FMIII
~ORMATl' .,I5,3X,~14,6,8X.EI3.5,5X,E13.6,lOX,EI3,blCALL PLTlIN,l,N,T,FMl

22

10

20

175

--'.-'--



===========APPENoIX-03

C
C
[
C
C
(

. (c * ~-------------------------- _
C SAMPLE PROGRAM TO USE INVERSE FFT TO GE~ERATE TIME SAMPLES
( FR~~ FREQUENCY SAMPLES OF A RECTANGULAR TEST SIGNAL.( * ~------------------------------------------------------------

SAMPLE PRo;RAM TO USE FFT
SQJARE WAVE TEST SI:;NAL.

=======::::;"===

DIMENSION XMI641,TI&4),XMAI641Co~PLEX X (64)
~ATA N,OT/&4,0.1/
DF= 1. 0/1 N*oTl
DO 5 1=1,64
XI11 =CMPL X ID. D, D. 0 1
XI21=C~PLXIO.0,-I.DI
XI64l=CoNJ:;IXI21l
XI41=CMPLXIO.0,-.3333331
XI 621=:aNJGI X 1411
XI61=CMPLXID.0,-0.21
X(50)=CDNJGIXI&11
X{Bl=(MPLXI0.0,-.1428551
XI581=(oNJGIXI811
CALL FFTI-I,N,oF,X)PRINT &
Fo~~ATI'I',IDX,'THE RESULT OF FFT'/IDX,'TIMEISECONOSr',6X,'REAL PA.RT',7X,'IMAGINARY PART',5X,'MAGNITlJDE'/1DO 11 1=1,64
X'"1A IIl=CABS{ XI I)
X!>11I l=P.EALlXl II)
Tlll=O.D
DO 10 1=2,&4
TlIl=TlI-l1.DT
PRINT 7,I,TII1,X{II,XMAIIl
Fo~MAT{8X,I2,SX,EI2.5,SX,2EI3.S,5X,EI3.S1CALL PLTIIN,l,N,T,XMlSTOP
END

APPENoIX-04 "

*-----------------------------
~..•... _.- -- ._----- --- ---- --- ---------

(
(
(
C
(
(
(
-( ..•.

(
CC ~

10
7

11

6

5

5

10

6

11
7

DIM~NSION FMAGI641,FRf641,FII641,OFNI641COMPLEX F(64)
1'J=64
Of=O.1
DO 51=1,32
FIII=CMPLXII.O,O.Ol
DO 10 "1=33,64
FIIl=CMPLXI-l.0,0.01
:ALL FFTIl,N,DT,FI I.

DF=I.O/IN*DTl "
PRINT 6
FO~~ATlIOX," FREQUENCY SPECTRUM OF A SQUARE WAVE AS COMPUTED FROM
+FFT'//IDX,'FREQUENCYIHZ)',IOX,'REAL PART',5X,'IMAGINARY PART',.' MA;NITUOE" /lDFNIlI=O.O
OJ 11 I=l,N
FII I=Fl I l*OF"
DF~{I.ll=DFNIIl.OF
FM~~II1=CABSIFII)1
FIIII=AIMAGIFII))
FRIIJ=REAUFIII)
PRI~T 7,I,DFNII 1,FI Il ,FMA:;II)
FOR~ATlgX,I5,5X.EI2.5,5X,2E14.4,5X,EI3.51:4LL PLTZ(~91,NtD:-N,FI~FR)STOP
Ei\iJ



C
L
C
C
C
C
C

APPE!WIX-D5
::::::::::::::::::::::::::::::::

[

, i

[ * *-------------------------------
C NJN PERIODIC TEST SI~NAL EKPI-TI
[ THE USE OF IFFT.C ZERO PADDING TECHNIQUE.: * *-------------------------------

COMPLEK FI641DIMENSION FH(641,TI641N>~ *-------------------*
"1=54
Nl=56NPAD=N-fl
NZ=Nl/Z'1N3=NZ'1
/01=,'1 /Z+ 1
Ml=M'lOf=Z50.0E-J6
O~~=:;A=l.OE04
OF=I./1 N*OTl::JW=Z.O*3.14*OF~=).D
00 10 1= I,NZFII!=I.D/CMPLXll.0.W)
W=,j.OW

10 CO\jTINUE
C * ~*~****************************[ ZERJ ?AODIN~DO II I=N3,M,II FIII=CMPLXID.O,D.O)
[ * ****~~*************************C FOLJIN; t FLIPPIN;

K=J00 ZO I=fll,N
r.=('1ZO FIII=CONJGIFIH-KII

C * ********************~***********

TJ CALCULATE VIW) FOR AN OPEN ENDED LOSSY TRANSMISSION LINE OFLEN:;fH 10 MILES.
& TO CALCULATE VITI. BY USING .MODIFIED FFT.*--------------------------------

*--------------------------------

175

[
C 44
33

Z2

220
21

200

C
[
C
[
C
[
[[ ~
[
[
[
C -r

PRINT 175, DW,N,OT,OMEGA
FORNATI////IDX,'THE VALUE OF O~ IS= ',FB.4/10X,'£ THE VALUE OF N

+15 = ',I3/10K,"[ THE VALUE OF DT IS='.EI0.3/10X,'& THE VALUE OF O~'EGA IS = '.EI0.3///Il,DO 44 1=.1.'1PRINT 33. I.F~IIFORMAT('",I5,7X,EI4.5.5X~EI4.5)CALL FFTI-l, N.DF,FI
TI1I=D.ONN=N-l
DO 22 1=1. NN
fl I'II=TI II'DT
F MIII=CII BS IFIIIIFHI\j1=CABSIFINI!
DO Z20 I=I.NPRINT 21, I,TIII,FIII.FHIII
FDRMAT(".I5.3K.E14.6.BX.EI3.6,5X.EI3.6.10X.EI3.6![ALL PLTIIN.l.N.T.FMICONTINUE.
STOPEND

APPENDIX-D6===========

~EAL L.LNG.L'lT
CO~PLEX FIIDZ4J,ALP.S.XA,CDSH
JHENSIDN F"I(1024),1"10Z4),TII0Z4)
DATA PI,~.L,C,LNG/3.141527.2.75E-Z.l.386E-3.Z.09E-B.10./JATA N.LMT.4/1024.1.0E6.1.0E84/



)'j -::p'J It :.-:T
Dr=] .Dil.\I"fn)
):-!==:: •. ::-:Dr~;OF
.'J 1 -== ( 2 • U* L r..n ) / c~
IF{ r-~:JD(I\l]f2).E:-).O GIJ TO 5':.
"2= t\ll+ll/ZGO TO 56

55 NZ=Nl/Z+l
56 N3='l2+1

M=N/Z+I
"II = "1+1
PRINT 4J1,N,LMT,DW,OT,OF

4JI FORMATI///l0X,'OBSERVATION'//IOX,'THE VALUE OF N =',I5/10X,'THf
"VA~UE OF L~lT =',EIZ,5/10X,'THE VALUE OF DW=',EIZ.5/10X,'THE V4L
+E OF DT=',EIZ.5/10X,'THE VALUE OF DF=',EIZ.5/)
WIll=D.O

DO 10 1= 1,OIZ
S=CMPLXIA,WIIII
ALP=CSORTIIR+S*LI*S*CI
XA=CEXPIALP*LNGI
COSH=IXA+I.O/XAI/z.D
FIII=I.O/1 S*COSHI
IFIW (I I•NE. o. 0 I F 1I 1=F III* SIN I0T*W 11 I1/1 DT* W IIII>III+11=WI II+OW

10 CONTINUE
C * ~---------------------

DO 11 I=N3,M
IlFIII=CMPLXIO.O,O.OI[ - *---------------------

K=O
00 ZO 1= MI,N
<IIII= WlI-11"OWK=(+l

20 FIII=CONJGIFIM-KII
C * ~--------------------
175
40Z

I'IRITEI3,175) A
FOR~ATI/IOX,'THE VALUE OF A IS= ',E13,6/1
CALL FFTI-I,N,DF,FI
Tlll=O.O
DO ZZ 1=1,100
.FIII=FIll*EXPIA*TIIII
F,Il! II=CABSIFI III.TlI+ll=TlIl+OT

2Z, CONTINUE . .
( PRINT ZI~{I,TIII,FMI1I,l=I,1001.
C ZlFORMATI4X,I4,BX,E1Z.5,BX,EI3.6/1

CALL PLTIIIOO,10,6D ,T,FMI
STOPEND

REAL L,LL
CO~PLEX FI4D96I,GAMA,S,XY,COSH,FlI40961,FZ(4096)
DIMENSION FMI{4096I,WI40961,T(4096),FMZI40961
DATA ?I,R,L,C,LL/3.141527,Z.75E-Z,I.386E-3,Z.09E-B,10.0/DATA N,OW,A/IOZ4,ZOOO.0,I.DE4/OF=O,,/IZ.D~PIl
DT=l.OIlN*OFI
DO 400 IT=1,Z
PRINT 4DI,IT,N,DW,OT,OF,A
FOR~ATI///IOX,'OBSERVATION',IZ//IOX,'N =',I5,1IX,'OW =',FB.3!
~10X,'DT =',EIO.3,5X,'OF =',FIO.3/10X,'A =',EIO.3/1JO ZOO 11= I,Z .
IFIIT .cO.l .AND. ~ .cD.Il QMEGA=Z.OE06IF(Ir .E~.l .A~). I cEJ.2) OMEGA=I.OE06IFIIT .~Q.2 .AND. 1 .EO.l) O~=GA=1.OE06

APPENDIX-El=======:====~-_._---- ------------------ -----' _ ..-:.._---- ---'------_._---
EFFECT OF MAXIMUM FREQUENCY lIMIT UN THE SOLUTION

_ OMEGA VARIES FROM 1;OE6 TO 4.0E6 .~-~--------------------------~---------------------~

401

c
C
C *C
C
C *



5Z

.51

.402

22
ZOO

400

IF- IT 0::0.2 .A .."JOc- II .~~[,c.2)
NT {Z.O*J'~~~A)/~~

I (1',OJt\JT,.2) •• :::Q. O} GO TJ !"t::'~
~J=('lT+l)!2
GO TO ~57

"56 NO=NT/2+1
457 NR=IW+l

~D= ~Jl2<-1
MP=: r.10+ 1

c * *------------------------>/111=0.0
DO 10 I = I, NJS=:!'IPLXIA, WI I II;A~A=[SQRTIIR+~~ll~S*[1XY=:EXPI;A~A*LllCOSH=IXY+I.O/XYl/Z.OFI U=I.O/IS*CJSH}WI 1+11=1/1I I+DW10 CONTINJ;::

C * 0-----------------------DO 11 I=NR,~O
II FIII=CMPLXIO.O,J.OI

C - ~-------------------~---K=O
DO 20 1= MP,~
,HII= WlI-lI+DWK=K+I

ZO F{II=[o~JGIFIMo-KII
C * ~-----------------------*DO 13 I=I,NIFill .EQ. II GO TO 39F21I1=FI II

GO TO 1339 FllII=FIIl
13 :oNfL\!J;::

C *" *------------------------:..'::
IFill .EQ. II PRINT 175 ,OME;AIFIll .EO. 21 PRINT 176 ,OMEGA

175 FO~MATI10X,"CURVE-A FOR OMEGA= ",E1D.31176 FoRMATl10X,"CURVE-B FOR oMEGA= ",EIO.31
C * ~-.----------------------**

IF III ~EQ. II GO TO 51 'CALL FFTI-l,N,DF,FZI
GO TO 402
CALL FFT l-I,N, OF, FllTlll=O.J"IC=IOO
DO 2Z I=I,NC .If lII.EJ.lI.::;O TO 5Z.-
FZI II=F2 II I*EXPI A*TlI I}.FM2fIJ=CABSIFZIII}
GO TO 22
Fll II=FHII*EXPI A*TlI IIFM1II}=CABSIF1IIIITII+l)=Tl I1+DT
CO~TI N(JE
[ALL PLTZl100,ID,bO,T,FMI,FMZICONTI.NJE
STJP
ENil

[
[
C
[
[
C .APPENDIX-EZ
C ===========C * ~-------------------------------- _
[ THE VALUE OF OMEGA=I.OE6,N=lDZ4[ OW= ZOOO.O,A=1.0E4[ INCORPORATION OF SIGMA FACTOR
C TO REOJCE GIBB"S OSCILLATIONC ~ *---------------------------- _

REAL l,LL
COMPLEX F(102~I,GAMA,S,XY,:OSH,Fl(I0241DIMENSIJ~ F~(I024),W(lDZ4),TIIOZ~I,FMl(IDZ4)
DAT~ PI,R,L,C,LL/3.I4I5Z7,Z.75E-Z,I.3B6E-3,2.09E-B,ID./D~TA N.oMEGA,Dw,A!IOZ4,I.OE6,2DOO.,1.OE4/DS=P I10i1EGA
NT=12.~*0~E3A)/oW



139
:; F =-.) ~ i ! L e -: r 1 1
JT=1 •. 0/{ 'J~ )r.~
~2='n/Z>l
'-J3::.\~2"1
M=N/2+1
If;l=K+lC '* ---------------- _
PRI~T 4JD,N,DMEGA,DW,DT ••

4DJ FOR~~T{IIIIDX,'JBSERVATION = l'//IOX.'THE VALUE OF N ='.I5/10~,'T~IE VALUE OF n~EGA =',EIZ.5/10X,'THE VALUE OF OW='.EIZ.5/10X,'THE_ VA+L:JE OF DT=',EIZ.5/10X,'!: THE VALUE OF A =',ElZ.5/1 .•.C * ~---------------- _
1I111=0.0DO 10 1= I,NZ
S=:":f'LXIA, WI I))
;A~A=CSQRTII<+S,*LI,*S*C)XY=:EXPIGA~A*LL)
COSY={XY+l.O/XYIIZ.oFII)=ll.O/,S*COSH)1FllII=FIJ)
IF I \oJ( I1• "l E. 0.0) F11 I )=FII I 1*SIN (0S'*rI ( I))/ lD S*W II1)WI 1+1 )=wl 11+)1<110 CDNTINLJE

C * ~----------- ------------ __'JO lZ I=N3,"l
FI I I=U1PLX( J.O, 0.0)

lZ Fl(II=C~PLXID.O.O.O)[ * *------------------------K=D
OJ ZO 1= Ml.:V
K=( +1
F( Il=CONJGf;c."l-K»)
FlI I )=c':\)r Pl-K) 1*-----_._--

PENDIX-E3
.::;:;::::=====:::::===

4

.••..--- - - ---_._--- - -------------_._-------------------------
THE SHAPE OF SPECTRUM FUNCTION WITH THE VARIATION OF A.~ .."..--- - - ----- -_._---7"""--------------- - - , _

CALL FFTI-l, JF,FI:ALL FFT(-l,.,DF,Fl)TllJ=O.D)0 ZZ 1=1,10)
F( I) =F( I l*EXPI A*Tl I)Fr1(-II=CABS(FII) I
Fl(II=FlIII*EXP(A*T(I»)FMlI I}=CABS IFlI I»Tl 1+1 )=TI IJ+OT'Z (O\JTINUE

C ~----_._----,-------- __
PRI\JT 175

ITS FOR~ATIIOX,':URVE-A WITHOUT SIGMA FA(TOR'/
.+lOX,'CURVE -5 WITH SIGMA FACTOR:,5X,'X FOR DOUBLE PLOT')CALLPLTZIIDO.lO,60,T,Hl,FMll' .-'STJP '.

__ HJD

'"

C
(
(
(
(
(
C
( '*
(
C '*

( .

REAL L,LL.. _
COMPLEX FIIOZ4l,GAMA,S,XY,CDSH,Flfl0Z4),FZ(10Z4I,F3(lOZ4)DIMENSIJ'J F,'11(lOZ4I,WII024l ,TlIOZ4) ,HIZflOZ4) ,FM3110Z41DATA PI,R,L,C,LL/3.1415Z7.Z.75E-Z.l.386E-3,Z.09E-8,lO./DATA N ,OME;A,OW/IOZ4,l.0E6,ZOOO.O/*--------------------------------------DF=DloI/IZ.O*p 1)
DS=?IIJ!'.EGA
DT=l.Of[ N'''DF)'JT=(Z.O~OMEGAl/DW
IFIMODINT,Z) .EO. 0) GO TO 456NO={ NT+ll /Z
GO TO +57!IlO=H/Z+l
NR= \Ju+-l
MO=N/Z+l
'H'= '-10+ 1~-------~-------------------

,••
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401 f--G~jiAT(I/10X,~Q5ScRVATION]" IljO)\,.TI-tL: VALUE Dr- \J=." If.; /l'X,'tJ
.r~~V~LJE OF rJ~~~A = ".E12.5/10X,.[ TtiE VALUE JF D1\ =t.~12.~/I;J~,.
+~ THE VALUE OF DT =',EI2.5/)[ c ~----- _
)LJ ZDO II =1, 3
IFI II.EO. 1) A=I.OED3IFI II.EO. 21 A=I.QE04
1Ft IJ.:c'O.3) A=2.0E04

c * ~----------------------------rllll=O.J
DOl D 1= 1, ~JOS=:MPLXIA,WI I II~AMA=CSQRTII~+S*LI*S*C)XV=:EXPI:;AMA*LLl:OSH=IXY'I.D/XYI/Z.OFIII=I.D/IS*COSHI
IFIO/Ill .~JE. 0.0 I FIIl=FIII*SIN 10S*WIIlI/IOS*WIIIIWII'll=WI J).O••10 CONTI NUE

c * *---------------------------DO 11 I=NR,MO
11 FIll = :MPLXIO.O,O.OI

c * *---------------------------K=O
DO 20 1= MP,N
(=(+1

20 FIII=CONJG(FIMO-KIIC * ~-------------,----- _
DO 13 I=I,NOIFIII.EO.II :;0TO 39IF(II.EQ.ZIGO TO 40F31II=F( I.lFM3III=CABS(F3IIII:;0 TO 13<'0 F21II=FII.l- FMZIII=CABSCF2IIII:;0 TO 13

39 FUI'=FIJl.FMln,=CA5SIFIII II13 CO~TlNUE[ * *--------------------------------IFIJI .EO. llPRINT 175,AIFIll ~EQ. 2lPRINT 176.A
IFIll .EO. 3lPRINT 177,A175 FORMAT(10X,'CURVE -A FOR A =',EIO.31

116 FORMAT(IOX,'CURVE -8 FORA =',EI0.3,5X,'+FOR DOUBLE PLOT'I177 FORMATII0X,'CURVE -C FOR A =',E10.3.5X.'* FOR TRIPPLE PLOT"ZOO CO~TI NUE . \
CALL PLT3170,1,60,W.FMI,FM2,FM31400 :ONTINJE. -. ,
STOPEND

- I..,======:=:====
APPENDIX-E4.

!tEH L,LL
COMPLEX FIIDZ41,GAMA,S,XV,COSH,FI1IDZ41,FZII0241
DIMENSION FMIII0Z4',REIIOZ4f,AIHII0241,WII0Z41,TIIOZ41.FM2110241DATA .PI,R.L,C,LL/3.1415Z7,Z.75E-Z,I.386E-3,Z.09E-8.10.0/DATA N,OMEGA/IOZ4,1.DE61OT=PI/O'1EGA
DF=1.OIl N*DTlDfl=Z.*PI*DF
,'10='I/Z'1
"IP= '1J+ 1

THE EFFECT OF SMOOTHING PARAMETERA=I.DE03TO a.5E05
*----- _._------- -------------.------.

4 ~.••.-_._-- _._-- -------_._--------------

[
[
(
[
(
(
C
C *
[
[
[ =:=

c * *-------------------- _
DO 400 IT=1.Z
PRI'IT 401,IT,N,OMEGA,DW.OT,DF .

401 FJR'1ATII/I0X,'OBSERVATION',IZIIIOX,'THE VALUE OF N =',I5/10X,'THE
'VALUE OF OMEGA =',EIZ.5/10X,'THE VALU~ OF OW=',EIZ.5/10X,'THE VALU
+E 0 F OT= , , E 1 2 • 5/1 0 X, 'T HE VALJ E 8 F 0 F= •• E12 • 5 II[ * *------------------------------------------



14~
D~! ZOJ 11::1,2
IrlIT .:".0. 1 .A.\I!). II .LQ.ll A=1.OE03
IFllT .CU. 1 .A'~n. 11 .ES.2) ~=1.OE041rlIT .~Q.2 .A~D. II .E~.l) A=I.OEO~IF(IT .~). Z .A~D. II .EJ.ZI A=D.SEOS

C ~ *------------------------------------------~IIl=O.O
')0 10 1= l,'OJS=:,\PLXI~, fil I II
GAMA=CSQRT(I~+S*LI*S*CIXY=CEXPIGAMA*LLICOSH=IXY'1.0/XYI/Z.0F II 1= I. 0/1 S*tOSH I
IF I.,IJ) • Nt:. O. 0 I F 1I )= F 1I l* SI '>J( DT * W (I J ) / IOT* 141I ))o/(J'lI=,HII+DrJ10 CONTINJE

C * *---------------------------------------------
K=J
DO ZO 1= MP,~,,(1)= ,;II-1I+Di/
(=(+1

ZO FI.Il=CJ~JG{~IMO-KI)
C * ~------------------------*

(

(
39
13

C *

DO 13 I=I,N
IFIII .EO. II GO TO 39FZIII=FIIl
GO TO 13Fll I) =F II ICONTINJE:;:---_.__.--- -- -- ---- ------ -- *

(

<.

(

(

(

(

IFIII.EO.ll GO TO 51CALL FFTI-I,~,OF.FZI
GO f) 40Z

51 CALL FFrl-I.~.OF,Fll40Z TlIl=O.O
C * ~-------------------------*

,~C=100
'DO ZZ 1=1, NC

TlI+II=Tl II+OT
IFIII.E).II GO TO 5ZFZII)=FZIIICEXP{A*TIIIIFM2III=CABSIFZII)1GD TO Z2 '

52 FlII)=FllTl*EXPIA*TII)1FM 1 II) = CABS I F1 1I )122 CONTINUEc * ::::--~--,-----------'---.-;--------.-.---------- .
IFl II .EO.ll PRINT I75,A 'IFl II .EO. 21 PRINT 176,A175 FORMATIIOX,'CURVE ~A FORA =',EIO.3/1

176 FORMATIIOX,'CURVE -8 FOR A =',EI0.3/1200 CONTI NUE
CALL PLTZfl00,lO,60,T,FMl,FMZl400 :ONTINUE
STJPEND

<.

(

(

[
[
[
C
[
[
[

.c *
C
[
C -*

APPENOIX-E5===========~--------------------------------------------------------THE EFFECT OF SAMPLING INTERVAL OW ON THE SOLUTIONOMEGA=1.OE6, A=I.OE4,DW flOOO,ZOOO,40001c::- -- - - ----.--- - _

(

(

(

REAL L,LL
COMPLEX Fl ZD~B 1 ,GAMA, S, XY, COSH, F1l2D48 I,F2J Z048 IDIMENSION FMI(5DOI,WII04BI,TISOOI,FM2(5DO)
DATA PI,R,L,[,LL/3.I41527,2.75E-Z,I.386E-3,2.09E-B,lD./DATA N ,OME;A,DW,A/Z048,l.OE6,1000.,2.0E3/DS=PI/O"lEGA( * *---------------------------~DO 'tOO IT=l,2PRI~T 175, O~EGA,A

175 FORMATI/IOX,'THE VALUE OF OMEGA = .,EI0.3
-/IOK,"E THE VALUE OF A IS= ",EIO.3/).

C * *---------------------------*
~;J ZOO II=ly2



f 42..
\i='J/II
iJl"l=Jr:===II

c * *---------------------------*
DF=)II/l Z.*PI I
JT=I .011 \l~'OF)
NT=IZ.D*O~EGAI/DW
IFl."IOOI\T,Z) oE:).DI :;0 T'J 456
NO=( NT+ I) /Z
sa TJ 457

456 No=NT/Z~1
457 NR=No+I

'10=111/2+1'1P="IJ+l
C * *-------------------------*

(

1101=0.0
Jo 10 1= I,No
S=: l',PLXI A. ,I( III
:;AMA=CSQRTIIR+S*LIOSOCI.
KY=:EKPI :;AMAOLLl
COS~=IXY~I.0/KYI/2.0
FIII=I.O/ISOCOSHI
IFI>lIIJ .NE. 0.01 FIII=FlllOSI'HOS*WIIII/IOSOW(IJI
fli I +1 I=WI IJ~~W

10 CDNTINJE ,
C * *-----------------------~---~

DO II I=NR,MO
II FIll = CMPLK(O.O,O.OI

C * *~-----~--------------------*
( K=D

DO 20 1= f1P.'IIK=K~I
20 FlI)=CO'llJGlFIMO-KII[ ~ ~---------------------------*(

(

C

DO 13 I=I,N
IF(II.E~.II :;0 TO 39
FZIII=F(l1
so TO 13

39 FllII=FIII
13 :G"ITINlJE~ - ~~----------------------~---~

=".151
='.151

,
l

THE EFFECT OF SAMPLING INTERVAL T ON THE SOLUTION
JMEG~=1.DE6! A=1.OE4.DT=2.0E-06,~ 3.0E-D6

===========APPENOIX-E6

REAL L.lL
COMPLEX f'l 102<,). GA/1A.S,Xy,COSH,FIll.D241,F2Cl0241
01 MENSIJ I: Fq { 1 } 24) • W( 1D2" I ,T ( 1U2" J , H12 [ 1:) Z" I

IFI II .EQ. II PRINT 176.01l.N
IFill .EO. 21 PRINT 177.01l.N
FDl"lATlIOX.'CURVE-A FOR OW ='.F9.3.5X.'N
FDR~ATIIOX."CURVE-B FOR OW =o.F9.3.5X.'N
CONTINUE
CALL PLT2l100.1D.6D.T.EHl.FM21
:ONTINJE
STOPEND

----------------------------------------------------------

C
C
C
C
C
C
C
C
C
C
C

52

IF (II.EO.ll GO TO 51
CALL FFTI-I.N.OF.F21
GO TO 402 .

51 CALL FFTI-I.N.OF.FII( * ~-----------------~-----~--*
"02 TI1l=0 • .o

NC=100
OG 22I=1.NC
T( l+ll=TI I I+DT
IFIII.EO.ll :;0 TO 52
F2111=F2(IJoEXPIAOTlIJI.
FM2lll=CABSIF2IIllGO fa 2Z
F1 I I I =Fl (I H'EXP I AOTI III
FMIIII=CABSIFlIIII

22 CJNTINlJE
C * *------------------------------*
176
17720)

400

(

(

(

{

(

(

(

(

(

{



)AfA PI,R,L,C,LL/3.141527,Z.75E-Z,I.386E-3,2.09E-8,IO./
DAfA J~E~A,A,~/1.OE6,2.0E3,lQ24/DS=PI/O"lEGA[ * *-------------------------------------------PRINT 175, O"lE~A,A

175 FOR"lATI/IOX,'THE VALUE OF OMEGA = ',EIO.3/+lDX,'~ THE VALUE OF A IS= ',EIG.3/1( * ~-------------------------------------------
)J ZOO 11=1,2IF III .EO. 11 OT=2.0E-06Ii"[II .EO. 21 OT=3.0E-06

[ ~ ----------------------------------------------OF=I.O/1 N~OTlDtI=2.0*PH'OF~T=(2.0~OMEGAI/OW
IF(MOOI~f,21 .EO. 0 I ~O TO 456NO= (NT+l112
GO fO 457456 ~O=~T/Z<l457 NR=~O+1
'40='l/2+1~?=M)+lc * *---------------------------------------------
.111=0.0DO 10 1= l,N)S=C"lPLX(A,WIIII
GA~A=CSQRTII~+S*lJ*S*[1XV=: EXP IGAMA~Lll
COSH=IXV+l.O/XVI/Z.OFIII=l.O/ISOCOSHI
IFII/(1I .NE. 0.01 FIII=FIII*SINIOS*dIIII/IOSOIHIIIW[I+lJ=WI I1+01110 CONTINUE

[ 400

176177
20D

(

(

(

(

(

(

(

(

(

(

(

(

c * ~---------~----------------------------------00 11 I=NR,MO11 r[II = CMPLXIO.O,O.OI
[ .••.. ~- - -- ------------- ----------------------------X=O

Oll 20 1= "MP,NK='<:+1-20 FIII=[O'lJGIF(MO-KII[ :;:::::-------~-------._---------------------_4------
DO 13 I=l,NIFIII.EQ.ll GO TO 39F2III=F{J)
GO TO 13

39 FllIl=FIIl13 CONfINJE
'C ~ ~--------------------------------------------IF III.EQ.ll GO TO 51 "

[ALL FFTI-l,~,DF,F21
GO TO 'tOZ51 [ALL FFT(-I.N,DF,FIJ[ ~ *----------------------------------~---------402 Tlll=O.O
~C=lOO00 2Z I=l,N[
T(1q I=T( I I"OTIFIII.EO.11 GO TO 5Z
FZtII=F2III*EXPIADTtIIIFM2(II=CABS(FZ(IIIGO TO Z2

52 FHII=FllIloEXPIA*T{l11 '.FMll I1=[ABSfFll 1II22 [ONTI NUE'C.::::'0:------------------------------ _
IFIll .EO. II PRINT 176,OW,OT
IFIll .EQ. 21 PRINT 177.0W,OT
FORMATIIOX,'[URVE -A FOR OW =',FIO.3,5X,"EFO~MAT{lOX,'[URVE -B FOR OW =',FIO.3,5X,"E[ONTINUE "
[All PLTZII00,lO,60,T,FMI,FM21
[ONTINUE
Sf]?"EN')

[
[
(
[
[

[IT=',EIO.31or =',EIO.31
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C
CC ~
C
[;

APPENDIX-E7=======.=::::::.::~ ~~--------------------------------------------~THE EFFECT OF SMOOTHING PARAMETER
ON ;LDSAL RESPDN;E.

c * ~--------------------------------------------*!l.EALL,LLC0~PL EX FI 1024) , GA MA, S,Xy, COS H, F1I10Z4) ,F Z I10Z4 ),F3 I1OZ" )
DI~IENSIO:-.lFMIIIGZ4J,FMZIIOZ41 ,Fr~3110Z""WllJZ4),TllOZ4),SM(3)
DATA PI,R,L,C,LL/3.1415Z7,Z.75E-Z,I.386E-3,2.09E-8,10.1
DATA N,oMEGA,S"I/I024,1.OE6,1.OE04,4647.0,620.0/
DT=PI/O.~EGA
DF=l.Of[ 'I~DTlOW= 2.*t)I*DF

c ~. *-------------------------------------------*'IT=IZ.O~OMEGAI/DW
IFIMODI~T,21 .EO. OJ ~O TO 456
'Io=INT+ll/Z
GO TO 457

456 No=NT/Z~l
457 NR=No+l

1/111=0.0
MO=NIZQ
MP=MO+l[ * *-------------------------------------------*PRI'lT 401,N,oMEGA,OW,DT,DF

401FDR"IATt//l0X,'THE VALUE OF N =',15/10X,'THE VALUE OF OMEGA =',E12
'5/10X,'THE VALUE OF OH=',EIZ.5/10X,'THE VALUE OF DT =",EIZ.5
+/l0X,'THE VALUE OF OF=",EI2.5/J
DO ~OO IT=I,3
A=SMfITI

c * =------------------------------------------*

DO 13 l=I.N
IFtIT .EO. IJ GO TO 39
IFI IT .EO. 2J GO TO 40
F31I1=FII)
GO TO 13
FZlIl=FIII
GO TJ 13
FllIl=FIIl
CONTINJE

)0 Z4 I=NR,MO
FIII=CMPLXIO.O.O.OIK=O
DO 20 1= MP,'II
(=('1
F{ll=CONJGIF(MO-KIJ

*_.-_._------- -'- ---------------------------- *

- -.•..- --------- --- -------------------------------- .•..

:=:-_._------------- -------------_..:.._--- - ,-- -------*

10
[; ~,-

24

ZO
C ~-r

DO 10 1= I,NO
S=C~PLXIA,~HIJI
GAMA=[;SORTII!l.+S*LI*S*CI
XY=CEXPIGAMA~LLI
CO~H=IXY+l.0/XYJ/2.0
={II=I.0/IS~COSHJ
IFIW(11 .NE.O.OJ FIIJ=F{II~SINIHIII~DTI/IHIII~DTI
w(I'll=wllJ'JW -
CONTI tW::

40

39
13

r ~.. - IFIIT.EO.I) GO TO 51
IFllT.EO.21 GOr052
CALL FFT{-1.'l,OF,F31:;a TO 40Z

52 CA~L FFTI-l,N,DF,F2)
GO TO 40Z

51 CALL FFTI-l,N.DF,Fll
C * *--------------------------------------------*40Z fllJ=O.J

,'1[=340
DJ 2Z 1=1, N[
IF(IT.EQ.IJ :;0 TO 53
IFIIT.EQ.ZI GOTO 54
F31 I)=F31 I I~EY,PIA'e'T{I II
cM3tII=:ABSI~3(IlJ
GO Tel 22

54 FZtII=FZIll~EXP(A*T(IJ)
FMZII)=CABS(FZII1J
GJ TO Z2 '

53 FlIIJ=FIIII~EXP(A~T(III
FHIlll=:ABSIFIIIIJ
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174
175
176
400

IFIIT .=Q. II PRINT 174.SrllllHI IT .EO. Z) PRINT 175,S:-IlZIIFlIT .eQ. 3) PRINT 176,S;~131 'FIlIH1ATlIDX,'CURVE. -,\ FOR A ='. EID.~IFJK~ATllDX.'CUKVE -8 FOR A =',EID.3,5X,'+ FOR DOUBLE PLOT')FOK~ATIIDX,'CURVE -C FOR A =',EIO.3,5X.'* FOR TRIPPLE PLOT')
:::O~TI NUECALL PLT31340,BO,130,T.FMl.FMZ,FM31

C * ~--------------------------------------------*STOPEND

ZZ TII+II=TlIl+DT( * ~--------------------------------------------*

PRINT 400.N,LIMIT.DW.OT.A400 FoRMAT11/IIOX,'OBSERVATION = 1'//IOX,'THE VALUE OF N=',I5/10X."T.E VALUE OF LI~IT =".IIO/I0X.'THE VALUE OF OW=".FIO.3/10X."THE VA
*LU" OF OT='.EIZ.5/10X.'1; THE VALUE _OF A =".EI2.5/1l

C * *----,------------- ----------------------------
<EAOll,1l1 IRIII.LlIl,CIII,XIII.I=loIOI

II FOR~ATI~FIO,ZIC PRINT lZ, IRIIl,LlIhCIII,XlII,I=loIOI
lZ FORMATIIOX,4EIB.71C * *~EAOING--------------------------------------

00 1111 NO=IO.11
C WRITEt3.201 NOZO FOR~ATII/5X,"SWITCHING SURGE FOR A SECTIONALLY UNIFORM' 111X ••'POWER SYSTEM AT NO LOAD'///ZOX."TIME',19X.'VOLTAGE AT BUS'.

'I4fl9X,'IN SECoND".IOX,"WITHoUT SIGMA",5X."WITH SIGMA FACTOR"/)
C * * -------------------------------------------~

c * ~--------------------------------------------~

COMPLEX FlIIOZ41.FZllOZ41DIM::'NSIO'J~l13Z41 ,TllOZ41.FMIlIOZ41.FMZI 10Z41
DI'lENSIJ\IRllIl.llll),Cllll,Xllll
~cAL L,LSCO~PLEX S,VI.VllOZ41,ZS.YL.GH,AG.CH.SH.ON
DATA NN.PI/IO.3.14159Z7/DATA RS.LS,GL,BL,LIMIT/4*0.0.IOOODOO/
DATA N,DW,A/IOZ4,ZOOO ••I.OE4/

C « ND IS IN DO LOOP »
JT=?I/Ll'IIT~1=IZ.O*LIMITI/OW
OF=l.o/l'J*OTl\l2=Nl/Z+lN3=\lZ+lM=\I/Z+l
MI='\o-l

C APPENOIX~Fl
C ===========
C. *= *---- ---- ----~---- ----~------------------'- -----------------
C PRoGRA~ DEVELOPED BY MD. JALALUDDIN
C M. SC. ENGG.IEEEl THESISC SUPeRVISOR> DR. M. MUJIBUR RAHMAN
C NET~ARK REDUCTION BY THEVNINS THEOREM
C * ~----------------------------------------------------------

'/111=0.000 10 I=I,1IIZ
zoo S=:~PLXlA.wIIll

H=I.o/SZS=RSO'SOLS
YL=:;L-S*BL

-; .

C * * ---- _._--------- ---------- --- -----------------
IFI ~D .EQ. 21 GO TO 100

cC CALCULATION OF ZS I;VI FUR BUS UNDER CONSIDERATION
C. * ::--------.-------------------------------------

IK=ND-Z
K=1700 ;~=[SORT(IRr~J+5*LIKlJ*C(KIOSI
~G=: EX? I :;l":OX I Kl ICH=IAG+l.0/AGl/2.0



f4b

SH=IA~-1.0/~~1/Z.0
u~=S*CI~l*IG~*(~+S*C(~I*lS*SHl
lS=;~*IS*CIKIOlS*CH+G~*5HI/DN
VI=V1*~~*S*CIKI/DN

( 0 _---------------------------------------------
~=~.1
IFI K.GT.IKI GO TO 100
";lJ TJ 10J

C( CALCULATION OF Yl FOR BUS UNDER CONSluERATIDN
(

103 IFOIO.ED.INN'lll GO TO 600
IM=l NN+ll-ND
~1= 1

BOO K=N'l+l-U
;V,=:SORTIIRIKl+S*lIKll*CIKl*SI
AG=:EXPIGH*XIKll
CH=IAG+l.0/AGl/2.0
SH=IAG-l.0/AGI/2.0
YL=S*CIKJ*IGM*YLoCH+S*CIKIOSHI/I~~**2*YL*SH+~M*S*CIKI*CHIKl=(1+1
IFliU.GT.IMI GO TO 600GO TO 800
CALCULATION QF VI(,SI FOR BUS UNDER CONSIDERATION

C
C
C

.bOO K='lD-l
G~=CSQRTIIRIKI+solIKII*C{KI*SI
AG=CEXPIGM*XIKII
:H=IAG+l.0/AGl/2.0
5H=IAG-l.0/AGl/2.0
VIIl~Vl*~M/lllSOGMoYLoCH+ZSOSOCIKI*SHI+IIGM*02oYl*SH+GMOS*CIKI*CHl

+It:IU*SIII
FlIIl=VlIl
F2III=VIIl
IF(.IIl.NE.0.OlF2IIl=VIII*SINIOToWIIII/IDT*WIIII
NlI+ll=fllIl.uW

10 CO~jTIN"E
C ~---------------------------------------------

13C ;':.

21
c *

IJO 13 1=1'13, M
F2IIl=CV,PLXI0.0,0.01
FlIIl=CMPlXIO.O,O.OI

~----------- --- ----------------- --- _._-- ---------
K=O
DO 21 1= IU,N
illII= WII-1I'0,J
(= < +1
FIIII=CONJGIFlIM-KII
F2III=[JNJGIF2IM-Kll*---------------------------------------------DQ 101 IT=1,2
IFIIT.EO.ll ~O TO 51
CAll FFTI~1,N,DF,F21
;;0 TO 't02

51 CAll FFTI-l,N,DF,FIJ
402 Tlll=0.3

C * ~---------------------------------------------

.52

22

00 22 I=ltlOD
IF1IT.EJ.11 GO TO 52

.F21II=F2III*EXP1AOTIIJl
F/121Il=CABStF2II lJ
GO TJ 22
FI1Il=FIIII*EXPIAOTIIII
F~11II=CABSIF1rI))
TlI+ll=Tl Il+DT

c * ~------------------------------------------~--1.01 CONTINUE
C DO 23 1=1,100
(23 PRINT 29, I,TrIl~FMl(II,FH21Il

29 FJ~~ATI4X,I4,8X,E12.5,8X,E13.6,BX,E13.6/)PRINT 3D,IJO
, 30 FO~V,ATI1DX,'SWITCHING VOLTAGE =1 P.U. AT BUS 1'/lOX,'SURGE VOLTAGE

'AT BUS =',I3/10X,'CURV::-A WITHOUT SIGMA',5X,'l: CURVE-"B WITH SIGMA'FACTOR'/I
CAll PLT21100,lO, 60,T,FH1,FH21

1111 CO:>JTINUE
STeIP
'E~JD

APPE'IDIX-F2===========::::;;:



'(47

,
J,I
\

y •.....

,JI'1ENSIJ'J RSI 't71,LSI 471 ,Rl! 't71,Ll! 't7I,WIZOOO I,TI 1001l
GI'1ENSIJN XL(47,471,IGIIZI,FRII0001
JIMENSIJN RI't7,47I,LI47,'t7I,[l47,47I,BF(4b,3I,BTI'tb,31
DIMENSION NSTl471,NENDI47I,DXLI471,DRl471,DLI471,D[I't71
[O'1PLEX S,VI,AG,[H,SH,GM,YLI47I,ZS(47I,JN,VGI40l
COMPLEX Fl409bl,VV14090)

RUe LL.LS,L
INTEGER BF,BT
[OMMO'II IEI\lI XL
:O'1MON IEAZI YL,ZS
COMMON /EA31 R,L,C

DATA NB,NBl,PI/47,4o,3.141591
DATA N ,OMEGA/409b,O.bE061

~ . . ~ --- -- ----------:e:*

v~IIl=:MPLXtO.931360.-0.4848361
V~l51=CMPLXIJ.8590't6,-D.47ZZ64)
v~(Ill=[MPLXID.9790,-O.37799l

REAOIl,IOO} II,RLtIl,LLII1,RSIIl,LStIl,I=I,471
FO~MAT(I2,3X,FIO.b,EIZ"5,3X,F5"3,ElO.4l
FORMATIIDX,IS,5X,FlO.3,5X,E12.5,5X,F5.3,SX.EIZ.4/l
DO 7Z 1=1,47
RLlIl=lr<,..Z4=RLIIl
LLIII=174.Z4~LLIIl
RSI I 1=174.Z4=RSI I I'
LStII=174.Z4=LSIII
PRINT'IID, I,RLIII,LLIIl,RStIl,LSIIl•... ."..".y--------------------------------------------------~~

DJ 1 1=1, "lBI
DO 1 J=I,'IIBI
XLlI,JI=O.O
RII,JI=O.O
L:(I,Jl=J.O
ClI,Jl=::J.O
:ONTJNUERElDtl.ZI INSTIII,NENOIIl,DXLIIl,DRIIliDtlIl,DCIIl,lBFII,Jl,BTtI,J

.l ,J=I,3l, I=ltNBllFOR'1ATtIZ,IZ,F5.I,IX,F5.3,EIZ.5,lX,EB.I,lX,3A4,IX,3A41.
OJ 3 I=I,NBI
NI='JSTlI I
NJ=NEtDI I l
XLINI,~Jl=OXLIIl
'<I'n ,'lJI=ORt I 1
Ll 'H,NJI =DU Il
C I NI , NJ I = D [[ I I
Xll'lJ,NII=XLtNI,NJI
RINJ,NIl=RI'lI,NJI
LINJ,NIl=LINI,NJl,
[INJ,NI,=[INI,NJI
CONTINUEPRINT <"6FD~~AT 14X,"gUS NO.",lOX,'NAME OF BUS",lOX."LENGTH IN",lOX." R ".

.IOX," L ",lOX,' C '/4X,Bt"-'I.lOX,lU"-"I,I:lX,91"-"I,lOX.31"-"I,
'10X,31"-"I,IOX,31"-"l/3X,"FROM',ZX,"TO",8X,'FROM",9X,"TO",lOX,
." MleES' ,lZK," OHM/MILE" ,bX,'"H/MILE", oX,"F/MILE"f3X,IOOl .-"1/1l

O'J •.•I=l.NBI ",
NI=NSTIII '
NJ=NENDI IlPRINT 5,NI,NJ,lBFtI,Jl,BTII.JI,J=l,3I,XLtNI,NJI.KINI,NJl,

'U NItNJl .[1"11 .'IIJIrJR~ATI<"X.IZ,3X,IZ,5X"3A4,3X.3A4,FlO.Z.5X,F5.3,5X,EIZ.5,5X,EID.31~------------------------------------------------**

~-----------------------------------------------**

OS=PI/OMEGA
01/=314.159
OF=D,J/IZ. O~PI'
OT=I. [)II N*DF I
'IT=IZ.O~OMEGAlrDW
1Ft MOOINT,Zl .EO. 0 I GO TO 12
'10=1NT.I' /2
:;0 TJ13

12 NO=NT IZ.I
13 'lR=NO.I'1D=NI2.1

'lP='lJ+l

----------------------------------------------------------------

7Z[73
[ *

C[ *
100
110

Z

[ ;:0

1

[ ----------------------------------------------------------------C PRJ~RAM ~O.=8, DEVELOPED 8Y ENGR. ~D.JALAL UDDIN.
[ A~ M.S[.E~S;. THESISW8RK JNDER THE SUPERVISION OF
[ DR.Mv.MUJIBUR RAHMAN[ MJ~IFIED FFT TE[HNIQUE IN PJIIER SYSTEM TR~NSIENT ANALYSIS.
[

3
[

't"

[
C
[

'r "[
5

[ *
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C
C ZIZIZIZIZI BEGINS HERE >6*22+9>141r:
30001 KI=19

:<3=5
K4=24CALL FIRSTIKl.Kl,K4,Sl

04T4 IG/l,8,11.22,23,30,33,37.38,39,40,19104T4 IG/8.11,30,33.11
041A IGI22,23.37,38,39,40.191DATA KK, NO 1 12, 35 1~--------------------~----------------------* ~

r: 0'

r: *
r:
r:
r: *
"45

VGI19J=U1PLXI 1.069557,-0.14651)
VGI~2)=CMPLXll.026770,-0.166l)
VGI2l)=:r1DLXll.026770.-0.166l)
VGllD)=CMPLXI0.88590,-0.5261
.V::;lll)=CMPLXI0.953933,-0.4l8751
VGI3,)=CMPLXI0.987959.-0.154711
VGI381=CMPLXll.Ol58,O,-0.09427)
V::;1391=C~PLXfl.067814,-0.D63441VGI~01=:MPLXll.058297,-0.0573151

------------------------------------------T---*-------------------------------------------*. *

DO 445 1=1,"1VVIII=CMPLXID.O,O.OIDO 444 IL=I,KKNS=IGI III11=1
Wlll=O.OA=~10.0
IFIIL.EO.KKl ~O TO 90DJ 303 1=I,ND30] FIII=CMPLXIO.O,D.OI
II=l
WlIIl=314.15~A=52.0090 S=:MPLXfA,WIII)1DO 221 (1=1,'13
IFIKI.EO.191 ::;0TO 888YLIKI)=1.0/IRLIKI1+S*LLIKII)
GO TO 221

B88 YLIKI1=CMPLXI0.0,0.0)221 ,lSIKII=RSIKI1+S*LSIKI)[ * ~-------------------------------------------*VI=ISORE4LIVGIIGIILII'-WIII)*AIMAGIVGIIGIIL))I/IS*S+W1111**2)KKK=KK-l00 31 1"I=I,KKK
IF! HI " EO. ILl GO TO 31YLlIGn M))=YL IIGI1M) 1q. 0IlSfr:;I1M I) .31 CONTINUE: .[ '* :::-_....:..._---------------------,----_._------------*

CINCLUDE XRED'CINCLUDE YREOC ZZZllllllZZlZllllllllZZZZZZZZZZZ33333 U=ll
K3=1
K"=13CALL FIRSTIK1,K3,K4,SlKl=13
K3=22(4=l5
CALL FIRST(I,K3,K4,S)
U=14
K3= 1
K4=15
CALL'FIISTIK1,K3,K",S)Kl=15

. K3= 22
("=37
CALL FIRSTIK1.K3.K4.S)(1=16 '
K]=1
K4=18

.CALL 'FIRSTlKI,K3.K4,S)K1=18
(3= 21
<'<=39CALL FI~STIK1,(3,K4,S)
Ir ('IS.GT. 26) GO TO 30003
IF INS .GT. III GO TO 30002



703

701
IFI ~S .;;T. 5) GD Tll 7uoIF(.~D -341 701,701,702
i< 1= 44
K3=-1K4=3lf
CALL FIRSTIKl,K3,K4,SI<1=27
<3 = 1
K4='lD
CALL FIRSTIKl,K3,K4,SlKl=1(3=1
K4= NS
CALL FIRSTIKl,K3,K4,Sl
,(1=5
K3=1(4=11
CALL FIRSTIKl,K3,K4.S)
LI = \ISL3=1L4=5
CALL SECJ~OILl,L3,l4,VI,SlLl = 5
L3=&
L4=11
CALL SECONOIL1,L3,L4,VI,S)Ll=11L3=23L4=3 ••
CALL SECONOILl,L3,L4,VI,SJ- _J<.. ••.....••••.••• ~ .•• _ ••. "- ""'••..•••.••.•..•.•.••••.••oJ' •••••••••••••.••••• .,.., •••• ., ••••~-~--~~¥~-~._~~--~~-~¥YV_

IF{NO -34) 7D4,704,705l3=-1
Ll=34
l4=ND
CALL SECONDIL1,l3,l4,VI,S)
GO TO 777l3=1
GO TO 706
Kl = 27
K3=1
<4=34
CALL FIRSTIKl.~3,K4,S)Kl=44K3=-1
K4= ND
CALL FIR' .KI,K3,K4,S)GO TO 703
IFIND - 34) 707,707,708<1=44K3=-1(4=34
CALL FIRSTIKl.K3,K4,SIKl=27K3=1K4=.~D
CAlLFIRSTIK1,i<3,K4,SJ.{1=1
K3=1<4=5
CAll FIRST{(I,K3,K4,S)<1=5:<3=5K4=11
CALL FIRSTIKl,K3,K4,SJ
Kl= 6K3=1
K4=NS
CALL FIRSTI(I,(3,K4,S)Ll=~S
L3=1

.'(1=20
K3=1;(4=2&
CALL FHSTlfd .~3 ,K4,SlKl=26
K3=11i<4=37
CALL FIRSTI" ..K3,K4,S)

C *:=::::::*=::: ~::**;.";;;::~:::;•• :;:~::':::~*:::-;"..::~:;=:::~*

705

702

700707

709

C
.1704

706

(

(

(

(

(

(

(

(

(

(

(

(

(

I



Kl=l .
K3=1
'<4= 5CALL FIRSTtKl,K3.K4,SI
Kl=5
(3= S
<4=11CALL FI~STIK1,K3,K4.SI
Kl=SK3=1
K4= 11CALL FIRSTJ Kl,K3.K4,SI
(1=11
K3= 23
K4= 34CALL FIRSTIK1,K3,K4.S1IF INS .GT. 1~' IGo TO BOOIF lNO - 37 1 8Dl,601,602
JCt=441(3=-1.
K4=37CALL FIRSTtKl,K3,K4,Sl
Kl=27K3=1K4=NOCALL FI~ST(Kl,K3,K4,SI
Kl=~O1(3=1
K4=24CALL FIRST(Kl,<3,K4,SI
Ll=NSL3=5
L4=24CALL SECONOlLl,L3,L4,VI,SlLl=24
L3=1
L4=26CALL SECONDtLl,L3,L4,VI,SlLl=25
L3=11L4=37(ALL SECONOlLl,L3,L4,VI,Sl
IF INO -37 I 803,303,804['3=-1
.Ll=37
L 4= .>,lO
CALL SECONOIL1,L3,L4,VI,Sl
GO TO 777
L3=1GO TO 805
Kl = 27
<3=1
K4=37

L4=11
= ~ L L SEC 0 NDIll. '. 3 • L 4 • VI • S I
Ll=ll
L3=23
L4=34CALL 5ECo~DILl.L3.L4.VI,S)
1Ft ~El - 341 71o.71D,711
L3=-1
Ll=34L4=ND(ALL SECDNDILl,l3,L4,VI,SI;0 TO 777 .
L3= 1
GO TO 712
Kl=27K3=11(4=34CALL FIRSTtKl,K3,K4,Sl
K1=44
1(3=-1
< 4= "10[~LL FI~STlK1,K3,K4,SI
GO TO 739

Z1l1l1l1l1l1l1 FINISH.
lZlZl2l2l2l2 BEGINS HERE »130=6~ZZ-Z.

804

80Z-

"B06

803
805

(
(
(
(
30002

"BDl.

70B

7ll

71071Z

{

(

(

(

(

(

(

(

(

(

(
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1<1=1
'<3=1
1<4=5
CALL FIRSTIKI,K3.K4,SI1(1=5
1<3=6
K4=11
:ALL FIRSTIK1.K3,K4,S}K1=6 ..
K3= 1 .
.(4=11
CALL FIRSTtKl.K3.K4.S)Kl=11
K3=23
i<4=34
CALL FIRSTIKl.K3.K4.S11<1= 19.K3=5
K4=24
CALL FIRSTIKl,K3,K4.S1
'(l=ZO
K3= 1
1<4=26
:lll FI~STIKI,K3,K4.S1
1<1=26
1<3=11
K4=37
CALL FIRSTIKl,K3,K4,S)

C~L_ FI~STIKl,K3,K4,S)
Kl = 44
'(3=-1
K4=\l0
CALL FIRSTIKl,K3.K4.S1~O TO 806 .
IFI\!0-371 807.B07.80B
<1=44
(3=-1
1(4=37
C~LL FIRSTIKl.K3.K4.S1<1=27
K3=1
K4= ND
CAL L FIR ST( Kl, K3. K4. S )~~4~~~A~~~~_~~~~_~._~~~_~¥~~~.~v~_v~ __ ¥~¥~ __ v~_vv_

1(1=19
<3=5
(4=24
CALL FIRSTIKl,K3.K4.S)(1=20
K3= 1
K4=NS
CALL FIRSTIK1.K3.K4,SI
Ll=NS
L3=1.L4=26
CALL SECONDlLI.L3.L4.VI.SILl=Z6
L3= 11
L4=37
C~LL SECONDIL1.L3,L4.VI.SI
IFlND-37l809.809,B10L3=-1
L1=37
L4='J0 "
CALL SECONDlL1,L3,L4,VI,Sl
GO EJ 777L3=1
GO TJ 811<1 =.27
K3=1
1(4=37
CALL FIRSTtK1,K3,K4,Sl
K1 =44
K3=-1
(4=ND
:~"LlFIRSTl Kl.K3,K4.S)
:;0 Til 81Z .-'

Z2lZlZlZlZl2 FINISH."
l3l3l3l3 BEGINS HERE »>3*ZZ.14>80

800
807

(
81Z

B08
810

809
311

(
{;
(
30003

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

~ , - <" ,.. • -- _. -
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C ~~~~.~~..~--~~~----~-----~~_rr~~r~_~ __ y~~ _

.,
903

901

902
904
906

905
C '*
C '*777

399'+5

86

[ '*

;~ INS-~DI 930,900,901
".". ,":::'V0

Ns,n TC=I/S
Kl=~7
(3= 1
K't= NS WITCCALL FIRSTIX1,K3,K4,SI
Kl='t~(3=-1
K't=NSUR;ECALL FIRSTIKI,K3,K4,S)GO TO 902NSWITC=.IJDNSURGE=NSGO TO 903IFI'JS-N)) 9040904,905
L3=1
l1=.I/SL't=IJD
:ALL SECDNDILl,L3,L't,VI,SI:;0TO 777 .
L3=-1
GO TO 906

ceo ----lllllllll FINISH -------- ooc 0~~------------------------------------------*IFIWIIII .NE. 0.01 VI=VIOSINIDSOWIII))/IDSOWIII))
Fl III =VI
WIII'1J=WIIII'Drl11=11'1IFilL .NE. K() GO TD 399
IFill .GT. NOI GO TO 399GO TO 90
DO "5 II=NR,'10FIIII=CMPLXIO.O,O.O)KN=:!DO 8& 11= MP,N
(N=~N"1
FIII)=CONJGIFIMO-KNJJCJ'HINUECALc FFTI-I,N,OF,F)*------.---7 --- --- - ----------- -- -- -----------*T(1)=O.O
00 ~46 I=1,8't0
VVII)=VVIIJ'FIIloEXPIACTIIIIFRIII=REAUVVIIIJTtI'll=TII)'DT.
IFIlL .EO. KKK) GO TO 201 .\
GO TLl 4H
CALL PEAKI1840,200,840,FR)
[DNTI NUE .

:::------------- ------------ _...._-------_:-_----*

446

201444
C "*
C
74

75

PRINT 74
FJRMATl/l0X,"NOTE =*='/I0X~'=co ALL GENERATORS ARE CONNECTED'"/l~X,"SURGE AT EAST GRIO"f)PRINT 75,OMEGA,N,OW,OT,OF,A
FJRMATII/15X,"OME;A =",EI3"3,5X,'N =",I5/15X,"OW =",F9.3,9X,"OT =

'".~10.3fI5X,'OF =",F9.3,9X."A =""F9.3{).PRINT 77.NS,NO
. FJR'1ATl15X,'SWITCHING BUS =",1-3,ZX," KAPTAI "(15X,'SUR:;E BUS='",I3,ZX," "TANGI "/15X,"ALL" GENERATORS ARE CONNECTED
, '/15X, "TRAVEL TIME = 10ZZ.0 MICRO SEC"/)CALL PLTIIB~0,ZOO"B40,T.FRJ(. ;: *--------------:----------------;--------,------* :::222ZZ STJP
E~[)

17

,



, ::"'.' l' 1. / ,"'.
_~ " t' .' .\; .: t -.:.; '., t. • '•.
: J ;,~I,.~p ;,j / f:: ? / Y! • 7. S
IFt<"j .E;;. t~4) ';o\} It): ~' J

; ." ... ",

(Z='(l+Y-3
G'~=:S;)RT(IRI KI.KZ)+ S"l( Kl.Y.Z))"((Kl.K2 PSI
~GG=~~*XL{Kl,K2)
IF(REA'-(~~Gl .LE.114.0) GO TO 51Z
PRI~T &8.G'1 .AGG

68 FOR~ATIIDX.4EIO.3)
:;0 TD. 124

512 AG=CEXPIAGG)
CH=IAG+l.D/AG)/Z.O
51=IAG-l.0/AG)/Z.0YLIK2)=SO[IKl.KZ)OI:;MOYLIKll*[H+S*[IKl.KZ)*SH)/(:;~*cZ*YLIKl)CSH+:;-

+oSOCIKl,KZ)OCHI+YLIKZI.
Kl=K2
GO TD 125124 '.ETURN" ,,[)

[
[
{;
{;
[

63

64
[
[
{;
(;
C

204

3
24
7
1

135
9

SUgROUTINE SE[ONOIM1,M3.M4.Vl.SIOIMENSIO~ XLI47.471.RI47,471,LI47,471.CI47.471REAL L
COMPLEX YLI471.IS1471.Vl.G~.AG.CH.SH.ON.SCOV,MON /EAl! XL

'COMMON IEA3/ R.L.CCOMMON /EAZ/ Yl.IS
V I =V 1/ I [ MPl XI 1.0. 0.0 I + I S I MIl CYll r-ll ) IlSIMII=lSIMII/ICMPLXll.O,O.OI+lSIMllcYlIMlllIFIV,I .•EQ. r"41 GO TO 54""Z='1l+"I3GM=CSORTIIRfMI.HZ)+S*LIMl.HZ)IC{;IMl.MZI*SIAG=CEXPIGMCXLIMl.M2I)CH=(AG+l.0/AGI/2.0S~=IAG-I.0/AGI/2.0ON=GM*CH+SCCIM1.M2IcSHOISIMIIVI=VlcGH/ON i
lS(MZI=GMclscCIMI.M21*[H*ISIMI1+GM*SH1/IONCS*[IM1.MZIIMl=M2 .
GO TO 53RETURNEND

SUBROUTINE PLTlIN,IST.lST.X.Yl01 HENSION Xl Nl.Y INl. BBI 50 I
I~TEGER 3lAN<.STAR.LINEIIOll.DJT.RE.TIMEIZ41.lVADATA SLANK.STAR.DOT.RE.ZVA/' ••• c ••••••• X ••••• /)ATA TIME/' .,~T.,.It7.M.,.E.,. 'y'l','N'.' .~.M.,.I.,.C.,.R',.O.,

+' .,.S.,.E~,.C.t. ','J.lt'tl,'f','V',. '/
OJ Z04 J=I,~
XIJ)=XIJI*1.OEJ5~P=lDlIST1=lST+1BY=Y(lSTJ

SY=YllSTl
03 1 I=lSTl,LST
IF{y11l.GT.8Yl :;0 TO 3

. ; 0 TJ Z4
aY=Y(l)
IFIYlII-SYl 7.1,}
SY=Ylll(ONTINJE
PR1'H 135. nY. SY
'OR~ATI/I5X.' PEAK ='.F8.3,'P.U.'/I5X.'* [REST =',F8.3.'P.U.'/IDO 9 I=I.NP
LINE! I)=DOT,'JPP=NP/ID
SC4LE=19Y-SY)/~P
~3111=SY
.1=1
JO 38 1-=11 ,\:~,1C"'
.1=.1+1
~~{J)=~3{J-l)+SCALE~lG.o+a.002

'IT Z C 1
~=x •• ~ VGLTA~E I~ PER UNIT ~--->')

'l'I=l,J)



50

101
102

41
43

10

56
203

',-:< - ...
: :~',:'.
'.,,~~-.
- ~.'

SUBROUTINE YlINB,Yll,Rl,llJDIMENSION RlI47J,NBT(47)COMPLEX Pl147J, Bvr471 ,Zl(47) ,YlU47)REAL l1l471
:OMMON IEA4/PL,BV,NBTDO 30 I=I,NB
XA=AIMAGI BVfI IIXB=REAllBVI I IJX[=XB*COSIXA/57.3JXD=XB*SINIXA/57.3)
BVIII=[MPlXIXC.XD)
Ylll I J=[ONJG IPl (I l)I IXB**2 JXE=REALl Ylll II)XF=AIHA;(YllIIll
IFIXE.EQ. 0.0 .AND. XF .EO. O.Ol GO TO 40ZLIII=l/YLllI l
~Ll Il=REALlZl(I))
LlIIl=AIHAGIZlIIll/314.15;0 TJ 33
RllIl=O.O
LLlII=O.O
ZLl Il =1 O.O,O.Ol
CONTINJC
?RINT 50, (~~BT {] l•YlL (I l•RL II),LL IIl•1=1,47 IFO,~~T(/lDX,15,5X72E12.~.5X,2E12.31
,'<ETURN
E\iJ

t :=<~1"';(lXiTb~; ..•• 1~~!.'.r {.• l.T?! ..... :- . ~"r~f.,~-: .•. !,T~f:, ;:'3.3,!,TS,:~..,
.&-T06, "::oJ .• '? li6,! ,1 •... t. ...:;,! .J~!, .. ' •.J. T10",,;",?,. 3 ,'-1 ~6.Fg.3~ -;~:...: *_

~;: 3° l-l,'J:-' .•l:j
3:t LI~J;:--( I }::::5TA:".

°RI'n 22.Ll"J[cDR~ATIIOX.1Z1All
DJ 41J I=l,.NPLl'E (J) =cLA"lK
1'1[=0
ASML=ABSISYI/SCALEDQ 10 I=IST,LSTYC=1 YIII-SY)/S[ALE.0.99
II=Y:LINEt 11 =DDT
IFlSY) 101,102,102LIN~1 1.1'JT(ASML)) =ZVALHIE INP I=OOT
IFIII.LT.1.DR.II.GT.NPIGO TO 50LINEI Il)=RE
IF t I. D.lI GO TO 44
IFt(I/10)*IO.EO.II~0 TO 441'1[=IM[-1
IFIIMC .GT. 24) GO TO 203PRINT 56,TIMEIIMCI,LINE
FJ~~AT(2X,Al,7X,12IAllGO TQ 43
P,HNT 22,LINE;;Q TO 43
LINElll=STARLI\lEINP)=STA~
PRINT 41,XIII,LINE
FOR~ATI3X,F7.2,121Al1LHE( III =BLANKCONTINUEDO.36I=ltNP
LINEIII=DQT
DO 35 I=l,NP,IOLlNElIl=STAR
PKI \iT 22, LI NE
RETLJ"-N
ENl)~._ ---
SUBK.DUTINE STlIMl,M3,M4,TllDIMENSION XL147,471.COMMON IEAll XL
IFI~l .EO. M41 'GO TO 10,M2=Ml.M3 .
Tl=TL+Xll Ml,'12)Ml=M2 .
:;0 TO 23
REHIRNEND

44

31

l~0

22

35
36

20

10
C
C
C
C
C

C
[

3C
50
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