MODIFIED FAST FOURILE TRANSFORM TECHNIOQUX 1o
POWER SYSTEM TRANSIENT ANALYSIS

*

. BY
' MD. JALAL UDDIN

ad - A THESIS

SUBMITTED TO THE DEPARTMENT OF ELECTRICAL AND ELECTRONIC
ENGINEERING, BANGLADESH UNIVERSITY OF ENGINEERING AND

a TECHNOLOGY, DHAKA, IN PARTIAL FULFILMENT OF THE REQUIRE-

MENTS FOR THE DEGREE

. OF _
K MASTER OF SCIENCE IN ELECTRICAL AND ELECTRONIC ENGINEERING

.....

62319
1986
TAL

JULY, 1986.

i

’ |

—




DECLARATION

1 do hereby declare that neither this thesis
nor any part thereof has been submitted or
is being concurrently submitted in candidature

for any degree at any other University.

—Candidate.



CERTIFICATE OF RESEARCH

Certified that the work presented in this Thesis is
the result of the investigation carried out by the

candidate under the Supervision of Dr. Md. Mujibur

Rahman, Professor, Department of Electrical‘and

Eiect:onic Engineering; BUET,Dhaka.

i ———
| L CCandidate

%5ﬁervisor.



ACKNCOWLEDGEMENT

The author expresses his indebtedness and deep sense of gfa—
titude to Dr. Md. Mujibur Rahman,”Professor, Department of Elec-
trical and Electronic Engineering, BUET, Dhaka, for his continuous
encouragement, constant guidance and keen sﬁpervision throughout

the course of this study.

The author also wishes to express his sincere gratitude and
thanks to Professor A.M. Patwari, Professor -A.M. Zahoorul Hog,

Professer A.K.M. Mahfuzur Rahman Khan, Professor S.F. Rahman and

. Dr. M.A. Matin for their encoﬁragement and help.

» He 1is also grateful to Professor M.A. Hannan, Principal,
Khulna Engineering College and Mr. Abu Nasir, Assistant Professor,
Department of Electrical and Electronic Engineering, Khulna Engi-
neering College, for their fruitful co-operation and rendering
all possible help. '

°

: : i
The author is espec&ally indebted to Mr. S.M. Lutful Kabir,

Assistant Professor, Departmént of_Eleétrical & Electronic Engi-
neering, BUET, Dhaka for hiszhelp,ladvice, éuggestions ahd discuss-
ions rendered throughout ‘the Eoursé of thié work. Without the
interest - and'co—operatioﬁ of Mr. Kabir, this work would almest

have been impossible.

Thanks are due to Mr. Md. Easin Khan, Assistant Professor,
Department of Electrical and Electronic Engineering, BUET, Dhaka,

Mr. Dulal Chandra Kar;nAsSistant:P;ofessor, Department of Computer

-Engineering;'BUET,_Dhaka énd Mr. Sénjoy Kumar Poddar, Programmer,

Computer Centre, BUET, Dhaka for their friendly discussions on

different problems in the’ progress of this work.

The author expresses his sincere gratitude to all those
people who have collaborated in this work. Among those he wishes

to mention a few but thanks all others not mentioned here.



ii
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 egqual to the number
of frequency samples used in the synthesis process. This is a
tremendous advantage over convenﬁiohal Foufier 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, especlally for large complicated power
networks.

i

As usﬁal{ the frequency response of the system is calculated
from a transformation of the sfstem eauationé and a-nﬁmerical
inversionzof thiérfrequencyiresbonse:is then attempted, analy-
tical inversion being extremely difficult, if not impossible.

The inversion integral is evaluated using the inverse Discrete

. Fourier Transform (IDFT} technigue, implemented by Fast Fourier-

Transform algorithm.

The work starts with a critiéal appreciation of the availa-
ble methods of analysis and goes on to a descripticn of the IDFT
technique and FFT algorithm; Numerical invefsioﬁ gives rise to
problems peculiar to itself which are discussed and the inter-

relationships between wvarious integration parameters are inves-

tigated in an attempt tc estzblish psuedo-optimum values.
I ¥



b...l.
b
|~

The National Grid of Baﬁgladesh Power Development Boara
has bééﬁ'selected for valiaation of.the method. Using a network
reduction technigque, the'voltégeé 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,whiléé af thersame time, obtaining a

substantial saving in computer time.
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Nu, an integér ;
'Gaﬁﬁél'The prbpagationfcdhstant.
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Sigma, Sigma factor
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CHAPTER 1

INTRODUCTION

1. INTRODUCTION

1.1 GENERAL

The power-system operating voltages are rising continually.
Owing to the rise in system operating vbltage and to a desire
to réduce capital costs by a reduction in system insulation level,
the.traﬁsient overvoltages arising whén 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 to know the conditions
i : : :

under which transient overvoltages may be developed within the

system and to have the means_féf their‘calcﬁlation. If this

can bé done at the design stage, precaﬁtioné can be taken either
to avdid the overvoltages cdﬁpletely or at least té minimise
their effécts. Therefore, a detailed analysis of the conditions
under which transient overvoltagés hay develop within the system
and a thorough understanding ofrtheAmethods for the calculation
Qf-these ovérvoltages are of &itallimpértance in ensuring smooth
and continuous operation ofq§§§§ system networks. A hUmber of
methods for calculating the transient response of a complex
power system network are available, (i) Analog,method (ii)
Béwley - Lattice Method (it} schnyder- Bergéfoﬁ's Method and

iv) Fourier Transform Method. All the methods have their relativg

advantages and disadvantages. The use of the most accurate
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methods, however, may not always be justified, owing tCc systen
data limitations and the larger computaticn time and hence

costs involvedr>.

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 int;édﬁcés-a frequency
band width 1imitation515.'The eleménts of a powéf system, under
_ switching conditions, are subjected to voltages and curreht
having a wide frequency range varying from 50 c/s to arround
100 k ¢/s and the system parameters do vary with the frequency.
The method is also unable to take account of this frequency

dependancefof the system pérameterss.j

" The. travelling wave aﬁprOach ﬁéing Bewley-Lattice or.
Schnyder—Bergerons/method ié'attracfive for the simpler types

of system-but is rather cumbersome when lumped parameter Or an
extensive network are involved. The greatest restfiction,
possibly, is that the computation. process nust be carried

through stage by stage from the.vlnstant of sw1tch1ng, 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,le'f;. The Fourier

Transform Method as used, is very suitable in situations it

-~ the large com-

+
ha
m

that it overcomes most of



probiems encountered with the previous methods. Further, since
calculations are performed in the frequency domain, the fre-
quencf dependance of the system parameters are autometically

incorporated in@ﬁmthe analysis.

To reduce the computation time without sacrificing accu-
racy, modified Fast Fourier Transform (EFT)'method can be resor-
ted to. In the Fourier Traﬁsform Method, the response at a par-
ticular instant of time can only be obtainea from a large number
of data points in the frequency plane, thereby reqﬁiring 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
rnumber df‘d;ta pdints in the frequency7piahét Hence the time
required for the calculation of the transient over a large'
interval of time will greatiy be redﬁced.'ln effect, it is enough
to consider a numbér of iree&uency domain daia pdints equal to

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

evaluated ( see Appendix - A).

As 1is weil—kQOWn, high voltagé.transmission is ﬁecessarylr
to reduce the long distance transmission losé;lht pfesent
within our country ér elsewhere there are mahy systems 1in ﬁse
or coming into use at 132 kv, 230 kv, 450 kv, 500 kv, 600 kv,
735 kv or even‘loookv 1’4’15. 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



voltages, -.internally developed overvoltages such as those

due to switching operations within the system can exceed that
due to lightning surges 4’15. Switching overvoltages of as much
as four times the phase to neutral voltage of the system are
theoretically possible 15. Therefore in determining the insula-
tion level of the overall power system network, switching surges
are fast becoming the major criteria to inveétigate. 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 requi?ements of a power system are deter-
mined by traﬁsient overvoltaées. Overvoltages, surges Or tran-
sients are voltage waves ofimagnitudelhighei than desirablé

. ' . . o
value and these peféist usuélly for a short duration. These
overvoltagesltravel 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 agre (1) Lightning 'surges (2}

Sudden changes in circuit conditions (3) Switching (4) Resonance
(5) Arching grounds (6) Different kinds of fauits (7) Trave-

1ling waves etc4. The wave shape; magnitude of voltages, current,



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 iarge 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 repfesentative values

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

4.0E04 Amps and a duration of arround 1.0E-05 seconds.

The basic phenomenon involved in a lightning stroke 1is
that the clouds get charged during thunderstorms and the result-

ing high potential é;qdient causes break down of insulation

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

also_be_aft;acﬁed by HV overhead transmission lines. Due to
such difectiliéhﬁning stfokég,-or evéhfindirect strokes, the
iine insulators may flash d§2r=or pﬁncture, and the travélling
wave may also reach substatioﬂs and generating stations, thus
overstressing the insu]afion of eguipment and machines. Light-
ning surges influence the lihe desigqﬂanﬁ insulation regquire-
ments upto system voltages of-aboﬁt 275 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'l5.

Switching surges may be caused due to one Or more of the

following reasons:



- Closing of uncharged lines
- Closing of charged lines
- Autoreclosure of circuit breakers (CB)

- Interruption of short circuits and line faults

- Load shedding at receiving ends of lines.
- Switching of magnetizing currents.
- Switching of -high vo;fage reactors.

- Single line to ground fault without switching operation
etc.

The waveforms and magnitudes of overvoltages caused by

the above mentioned causes are different, hence they are not

equally hazardous. Switching overvoltages are proporticnal
to the system voltages and hence they can reach very high
values in EHV and UHV sysféms ( above 400 kv and upto 1000kv).

.

. . i '
Out of the various reasons mentioned above,; the most severe

.are the following two4:

- Closing of charged lines
- Autdréclosdre.of CB.

The other reasons are relatively less severe. Switchiﬁg
surges due to closing of unloaded lines.arise due to success-—
ive reflectionsrof travelling waves., When fhe CB is closed on
an unloaded trahémis;idn iine, voltage is'suddehiy applied to

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

which gets reflected and the successive reflected waves give



rise to voltgges even as high as six times -the normal sysiem
voltaée. The oﬁervoltages 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

1

are influenced by non-simultenious closure and /or non-simul-

tenious reclosure of the three poles.

in an ungrounded transmission iine 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._Thué tﬁe'temporary fault grows into perma-
nent fault and a voltage.oscillation,oflé to 4 times of normal

system voltage may be seen.

very high voltage surges occur
: il

due to a fault causing resonance between the inductance and
' o .
capacitance in a part of the circuit. Insulation failure ‘is

likely to occur for such high voltage rises.

‘Whén a travelling wave reaches a junction or an end of

i

the liﬁe the high voltage waves-éet reflected at the impedance
mismatch. and this reflected aneﬂgéts.superimposed on the
initial wave. The magnitude of Goltage 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-éfaﬁsienpgt specially at the higher operating volt-
ages. Switchingﬁgaf;es, therefore, are fast becoming the major
criterion of investiagtion in designing the insuvlation 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 ou:'discussions will be limited

I

for switching transient overvoltages only.

1.3 METHODS FOR CALCULATING POWER SYSTEM TRANSIENTS:

gome of the methods commonly in use for analysis and
determination of switching surges for various switching-condi-
tions'and.pafameters are discussed here. In the Transient
Network Analizér Méthod the system iS‘répresented by a scaled-
,down_modei,'CB ciosings aréléimuiated by éynchronously dfiven

I

switcﬁes and the resulting ﬁransiéﬁfs at different points on
the system are recorded on a; osciiloscope. Field tests in-
volve tests on actual circuit breaker's‘and artificial trans-
mission lines in a short-circuit testing-laboratory or in
-actual fiéld tybe testiﬁg statio%s;'to determine the switching
'overvoltages.'However, with £heladvent.of high speed digital
computer and as a result of its ready availability, the dpsign
engineers need no longer rely on the traditicnal methods, nor

be forced to avoid problems which appear to be insolvable by

thesé 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 ANALYZER1'4'15:

An A.C. Network Analyzer-consists of a number of independent
‘single phase ﬁnits such asfgenerétbr ﬁnits,.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 noﬁinal voltage oOr base voltage for
a typical network analyzer is 50 volts, base cu}rent 50 m A
and ‘the operating frequency’is 400 or 480 HZ. some of themlare
also operated at GOVHZ_ér eﬁgh 10;006 HZ. Higher frequency per-
mits smaller size of'reaéﬁof;. 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 heasured on an'ocilloscopé. Muitiplying factors
are then used to get the values corresponding to the aétual

system.

"Although this method is accurate when applied to elements
having lumped conétants, error is introduced by the represent-

ation used for lines and cables. The-artifuﬁal line used-



behaves in exactly the same way as the actual line for a par-
ticuler frequency, but it has a bandwidth which is given by

the natural frequency of a 7'-section. If this bandwidth 1is
exceeded by a particular transient the high frequencyrcompoh
nents are attenuated, introducing error into the solution.
When energizing transmission lines, the most severe conditions
occur when the line isrenergized at a peak of the supply -vol-
tagerwave, and therefore fhis is the condition most frequently
studied. This is equivalent to applying a sﬁep 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 METHOD’12

1
L

In.this ﬁethod, transmission Iines and eables are speci-
fied by their surge_impedances and eurge travel times, and
the reflected and refracfed voltages and currents at junctions
and terminations are calculeted by the use of reflection and
refraction'coefficienfs; defined for a single-phase system

as: - ' - L
K_ = (Re - Zc)/ ( Re + ZC) ‘- . < e {1.1)

Km = 2Re/ (Re + Zc) . {1.2)
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Where ZC is thé 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 reaches the termination

or junction. KR is the reflection coé%ficients and KT is the
refraction coefficents. When a 3-phase system is considered,
although the basic travelling-wave eguations remain unaltered,
it is necessary to replace thé individuél surge impedances
by-éurge—impedance matrices. Computer programs may be devel-
oped incorporating various facilities including the.proﬁision
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

. te
combersome -when - extensive network 1is required/bei investigated.

116'7,8.

1.3.3 SCHNYDER BERGERONS METHOD

L i
-l i

Basically, the method Essumeé a fictitious observer mbv-
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 directidn at Qelocify‘v, ﬁhEn, since (_x—vt}
réﬁgins constant, fhe expression . V (x,t) + Zi{ x,t)
encountered by the observer when he leaves node m a£ time
{( t-1) must_be same when he arrives at node k at time t. ﬁsing
the travelling wave.eguations 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



i.,,)
[N

the state at any time 't', the previous state at t-At, t-2At ...,

etc. over a time span of iT' 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 penitratiqh 8. Furthermore, to deduce the state of
the systém at any time, the compﬁtatron must be carried through
step-by-step from the instant of switchihg', thus errors inevi-
.tibly accumulate. The node admittance matrices formed in this
method use first order approximation. in evaluating trapizoi-
dal rule of integration l.

L
1

1.3.4 FOURIER TRANSFORM METHOD 177

Atrfirstlthia merhod ﬁas'develbped for exaﬁining-in
'derail the'initiai transient_respOnse of a system, but more
recently, however, attempts have been made to extend. The
method to determine the global response of the syetem 1. In
this method the frequency response of the system is calculated
first, then by the help of transform calculus the tlme domain
response is calculated from an inversion of the fregquency res-
ponse. The freguency dependance of the parameters of the
system can be incorporated using methods based on the fourier
transform. For an extensive power system ﬁetwork, due to the

complexity of the system, the integrals forming'the inverse
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transforms have to be evaluated numerically using digital
compﬁter. The Fourier Transform of a continuous signal x(t)

is given by:

X {(Jw) = ? x(t) exp (-jwt) dt ' .aa (1L.37
-

Where the integfal is assumed to cobverge in order for
" the defipition to be valied. The Fourier Transform is an
operation that creates from the time function x(t) a function
x (jw) in the fregquency domain. Then x({Jw) displéys the fre-
quency content of the signal x(t} as a function of the conti-
nuous . frequency variable w. To use numerical methods to
evaluaéé‘the Fourier tFansfofm, the cPhtinuous signal x(t) has
to be appfoximatéd by a discrete set of values. The zero order
épproximdfion is to-assumel x(t) tolbe cdnstant at x(KT) for
Kiﬁgt'oi K+1 )'T;/and the iptegrél'éfef this time interval is
then approximated by the aréa of the'rectangle, which is equal

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

under this numerical approximation:

) o 7 _ o
X(jw)= I 'Tx(tk) exp3(—jwtk) ‘ oo (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 Eg. (l1.4). In practice
the signal is of finite duration of, say, NT and can be assumed

to start at t = 0. Then Eg. (1.4) becomes:
X(jw)= I Tx(tk) exp (—jwtk) .o {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 ihtegral defined by:

1

. ‘;:- o . : ’ i .o
M) = =0 x(Iw) exp ( jwt) aw (1.6)
. ' _a .
and by the summation:
L opw MR - |
Xty = T z X(jw_) exp {(jw_t) ~ e {1.7)
. n= ~-M n n -

-

Where the signal is assumed to be band limited in fre-
quency to MDw, with Dw being the step size in frequency used

.in the approximation of the freguency function X(jw), and



[
wn

wn=an. Again x(t) is still a continuous function of the time
variable t and is periodic in t with period 2n/Dw. The accu-
racy of the approximation in EQ. (1.7) depends on the fredquency

step size Dw.

For numerical integratioQ, the range of integration must
be finite. But if the infipite integral is not reasonably
convérgenE, Gibb's osciliation m%y arise in arwéy comparable
to their occurances in approximating én infinite Foufier 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-
ard-éigma factor. It is also shoﬁn_léter that theimodified
Fourier'traﬁsform can be used successfﬁlly to move the path
of integration awayrfrom the poles of the'integfaud, thus redu-
cing the peaks of the spectrﬁm'function, smoothing its shape
and enabling the dse 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 cénsists of: |

i

-

, L Q ) ‘
X(Atjw) = [ Xx({t) exp (-(A+jw)t) dt - {1.8)
— o ‘

(]

together with its inverse integral:

k(t) = 51-11- X (A+3w) expl(A+jw)t) dw .. (1.9

b e
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Where ‘'A' is taken sufficiently large to ensure tnat the
integrals converge. In real stable system, this is ensured 1f
A> 0; apart from this.the value of 'A' is at one's disposal
and considered for a particulat-problem being investigated.

On the other hand the presence of exp(At) in the integral in
Eg. (l1.9) imposes a practical restriction on the choice of the

value of 'A'.

The Fourier Transfofm method is the least restrictive
in tﬁe assumptions that have to 5e made and éonsequently yields
high accuracy in any particular calculation. The effect of
trancating the infinite range of integration, as necessitated
in the numerical inversioq restrict the maximum rise time
obtaihable:for fﬁe calculated system'response. The method is
capéble, by its very nature,.of handliﬁg freqﬁency dependant
=parameters'but isralso inhefentlyilimitedrto 1inéar or psuedo-
linear systéms} Despife 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 péintéd out in sec. 1.1 £he method
involves feiatiﬁelyllarge computétional time, this problem can
be overcome by evaiuating the inverse Fourier transform inte-
gral uSing (DFT) discrete Fourier transform, instead'of conti?
nuous fourier transform, im?limented 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) 1s 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'opher availableralgorithms,lthus 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 1og2N operations { an operation being|defined to be a complex
multiplicatibn'and addition) whéré-N is a power of 2. Whereas
the direﬁt DFT requires.N2 operatidns { seenin-cﬁ;2). Hence,
the Fast.Fourier traﬁsform is sémetiﬁes reffered to as the
cooley=Tukey algorithm. Cerfain sbeéial algorithms for compu-
ting the discrete Fourier traﬁsform {DFT) with COnéiderable
savings in computation time are discussed in chapter-2 with
applications. Later we will discuss how this FFT algorithm
can be applieé to the efficient evaluation of time response from

e

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
fifst a method based on a luméed parameter representation of the
system, and secondly a method based on a 1at£ice—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 overvoltages resulting mainly from line energiz-:.
ation are discusséd and‘thg factors affecting the results are
ivestigated in this.paper.‘ .

AlBﬁBﬁef in'his paperfl7-oﬂ thé'inﬁréduction of-frequency—
dépendant line parameters into an electromagnetic transienfs
program' describes a new method of digitally modelling the
frequency dependapce of the line parameters for an overhead
transmission-liné.“The_method uéeé Fourier Transforms and pre-
sents models only the line characteristics, leaying_ the ter-
minations to be chosen by the progrémer 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_ihcluding
the éffects of frequency upon the ground-mode propagation, in

a transient analysis program. All the discussers of this paper
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have commented on the difficulties of the nﬁmerical inversion

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

and W.F. B'Rells of Genefal Electric Company, N.Y. have sugg-
ested the recently developed First Fourier Transform (FFT)
method of evaluating the inverse Fourier transform. The direct
method of calculating the inverse Fourier transform, as Oppo-
sed to ﬁhe FFT method is prohibitively time consuming, specially
when a large numbér of points in the ﬁime'dOmain have to eva-
luated. Discusser Professor K.R. Shah of Vérginia Polytechnic-
Institute has advocated in favour of the method of Fourier

transform specially for this type of problems.

N. Mullineux et al, in a-paper ? pregent examples of the
application of modified Fourier transform to single-phase
and three—phaée power system networks. The problems encount—
ered.in source side repfesehtation'and the simulation of line
energization and £hree rhase switching are discussed. Investi-
gatibn results on short transmission line fault and switching
- overvoltages in cahle networks are presented. However, the
paper did not focus on the problems encountered in the choice
of optimum pafémeteré in perforﬁing the numerical inversion

of the response transform-No parfiCular suggestions have been

put forward for the accurate calculation of global responses.

" In another'paper 18 the -same authors have described how

the problems of seguential pole closure of three-phase network



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 cleaﬁly established.

11,12,13;14 by §.J. Day et al on "Developments

Four papers
in Obtaining Transient Response ‘using Fourier Transforms" -
discusses some of the problems'associated with the direct
computations of inverse Fburier transform integral for the
calculation of switching transients of a complicated power

11 deals with ghe problems which arise

systems network.;Part'I
because bf Eﬁe necessit§.of trancating the 'infinite range of
integrdtion.'it has been shqwn that thg oécillatory effecté
caused'by-the trahééfioh“oflthe infinite fange of integration,
as necessitated due to numefical inversion could be reduced

by the use of sigma factors. But the iﬁcorporation of sigma
factors results in a still lower rate of rise at the points of
discontinuty. Part.illlg déals with the problems arising from
the fact that poles of the integrand of the inverse integral

may lie close to the path of integration.. This céuses the
integfénd to peak at intervals along thé path of integration

and neﬁessitateé using a very small step length in the numerical

integration pr0cess.'It is shown in the paper that the modified

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 extensioﬁ cf the methods to
determine the response oﬁer several time periods; The computer
time necessary for calcu}atiﬂg the resp0ns¢'ovef.such a long
time interval 1is obﬁiously large but no attention to this
aspect has been given in this paper. Fipally in part IV 14
the authors present a physical interpretation of the theory
invelved in the method and théaﬂiasnm.emmn} sequential swi-

tching and some other non-linear effects are discussed.

S.M. Lutful Kabir, BUET,Dhaka, in his M.Sc. Engg.
(E.E) thesis l-presents a very interesting and detailed
analysis and results uSingumodifiéd Fourier transform method
for the calculation of power system transients. In this work
the time response of the system was dbtained from a numerical
inversion ( diréct'cémputation of inverse transform ?:) of
its.frequency response using a digital computer. The numeri-
cal iversion process have been investigated in de£ail in
an attempt to understand the inter-relationships between the
various parameters associated with the'procesé and hence to

select the pseudo-optimum values. A network reductiocon



technique, for'agplfeation 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, nnder varying system conditions, were cal-
culated. The results'obtained are quite realistic but the
numerlcal 1nvers1on process seems to be prohlbltlvely time

consumning and hence costly.

1.6 SCOPE OF THE PRESENT WORK:

Objectivesiof the research is to calculate the switching
transient responselof a COmpiicated power system networks.
u51ng the Fast Fourier Transform Algorlthm on a dlgltal com-
puter. The calculatlon may be done us1ng the modified Fourier
Transform method, but this“method is time consuming and hence
.costly. It has heen mentionea earlier that, for high voltage
transm1551on de51gn of system insulation level is being gov=-
erned more by the behaviour of the system under switching con-
ditions than by its response to_llghtnlng surges. For this
reason we devoted our time to investigate the switchiné_perfor—
mance of.the sfstems. A c0mparative 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 suitable in the situat-

ions it has been applied, but its biggest limitation is the -
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large .computational time. For this we have resorted to the
Fast Fourier Transform techniéhe 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 Fqurief transtform method as the
baéis of investiagtions reportéd Here, giving explanation of
the transient phenomena, and fhe processes involved in the
calculation of switching transient. Detailed investigations
into Ehe Fast Fourier transform technique with application
and its aésoaiated problems are perﬁgrmed. An attempt to esta-
blish thé method as an accurate, re}iable and faster tool
for app;icafioq to the.tfénsient analysis of a generalized
power .system is éléo presenféd.'Thé.Qéridus problems'assbcia—
- ted with the numeriéal‘inversion 6f the reéponSé transform
are studied with a view to estab?ish pseudo-optimum integra-
tion parameters and for this number of computer programs has
been written &_presentéd. Finaliy the-méthod is applied to
‘the national interconnected Grid.df ﬁangladesh'Power Develop-
ment Board. Various switching:bonditions are simulated and

the results are presented in graphical form.
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CHAPTER 2

METHOD OF ANALYSIS

2.1 INTRCDUCTION

In this chapter the analysis of samplingtjeorem, discrete
and Fast Fourier transform with their appiicatiOn and analysis -
of long transmission 1ine§ aré presented. The discrete evalua-
tion of c0n£inuous Fourier transform integral is also presen-
ted with applications. The DFT evaluation impliménted by FFT
and its associated problems are discussed. Finally an algorithm
for computef program is written to calculate the time domain
response from spectrum func;iOn for an open-ended 10 mile long
transmission line consider}ng a unit step input at the sending

end. The results are pfesented in graphical form.

2.2 SAMPLING THEOREM

In most of the signal processing applications, the DFT is
used to find the sampled fregquency spectrum of a continuous
signal as an approximation to the continuous Fourier Integral.
Becaﬁse of the relationships among the time domain and fregquency
domain parameters it is necessarf to investigéte £he 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 freguency-domain sampling of a sigﬁal are as

follows:



T = Sampling time interval in seconds.
N = Number of signal samples in time or'fréquency domain
fs = % = Sampling frequency in HZ.

td = NT = duration of time signal being sampled.

DF = frequency step size in HZ.
Dw = frequency step size in rad/sec.
fh = highest frequenéy content of signal in HZ.

OMEGA = highest fréquency 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 freguency must be equal to at least twice
the highest frequency component in the signal 2. That is:

£ = = 28 . B : (2.1)

Therefore, T <« _1 S . ; S
th , d LY

This relation places an upper limit on the sampling

interval in the time - domain. The requirement that T =§%E

is simply the maximum spaciﬁg between samples for which the
théorem holds.fFreénency‘ % = 2fh is known as the ngPist
sampling rate. If TS?%E., then aliasing will result 2;;.

In préctice the samp;ing interval is chosen to be much lower-
than‘the limiting value of %%E in order to reauce the aliasing

error.,
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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 xX{(kT)
is obtained from a continuous éignal x(t) by sampling it at
a uniform rate of T seconds. Then from the principles of sam;-
pling,-the Fourier_t:ansform:of thelsémpled signal is periecdic
with éeriod.AZH/T. Therefére, for the N frequency points to
cover fhe entire frequency range, we muét have:

DW 2m/ (NT) (2.3)

Hence td = NT = 2m/DW = 1/DF ( 2.4)

From Eqg. (2}2) and Eq. (2.4) we havejthe'constraint on the
5 ,;'; . .
f

s - o {

_number of signal'samp;es: v o

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

Eqg.. (2.5) illustrates the lower limit on the number of
samples required to compute the ﬁFT. In practice, more samples
are taken in order to feduce the aliasing.é;ror. Eq.-(2.2)
énd_Eq. (2.5) are used to select the sampling interval and
the'numbe; of samples respectively to get betterx reproducfion
of the origiﬁal signal i.e. without lossing any information

as well as to maintain considerable accuracy.



2.3 DISCRETE FOURIER TRANSFORM

Considering the discrete signal x(kT), which can be the
result of sampling a continuous signal xX(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 Egq. (1.5) and
Eqg. (1.7) yields £he approxiﬁate frequency and time informa-
tion about tﬁe_siénal'at the N discreté frequency and time

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

N-1
X(jwn) = T E x(tk) exp { -jwntk) for n=0,1,2,.... N-1

k=0

(2.6)
gy W21 S
and X{t,) == ¢ - X(jw_ ) exp ( “Jjw_t, ) . for k=0,1,2 .. N-1
. k 2% _ n : ' nk :
“'n= ~N/2 : :
4

;'. | ; ‘ - (2.7a)

Where for convenience and without loss of,gehefality,
M in Eq.'(l.7i is'replaced by N/2,-sorthatlthe same number
of daté pbints‘inrboth the time and fréqﬁeﬂéyrdomgin is
obtained. since_the frequency fuhction X(jwh)AiﬁFEZ&:(Z.G)_is
periodic with periocd N, the summation in Eq.‘fziﬁgi'éan bé‘

. written as: S , :

Yy = =— L X(jwn) exp (jwntk) for k=0,1,2, ..... N—l

( 2.7b)



From Eg. (2.3) Dw :—2ﬂ/(NT)

Then %% =‘ %f and wntk = nk2n/N (2.8)
Now let us consider:

¥o= Tx (f) ; k=0,l..... N-1 (2.9)
and X, = K(3w) - 'n=o,i,..... N-1 . . {2.10)

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

N-1
X = X X, exp ( -{(j2n/N)nk) n=0,1.... N-1
n _ k ,
!
. (2.11)
. N-1 o : |
and J?}:k = 1/N % . x‘n exp (j27/N) kn) k=0,1 ... N-1

n=0 \
) . A

S B (2.12)

The two expressions in Eq. (2-11) and Egq. (2.1l2) are

called the Discrete Fourier Transform (DFT) pair. Notation
X, = DFT ( xk)'is used to denqte‘thé direct discrete Fourier

transform in Eq. (2.11) and X,

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

= IDFT(X ) is used to denote

2.4 FAST FOURIER TRANSFORM:

It has been mentioned earlier that the FFT algorithm is

'frequently used to compute the discrete Fourier transform
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DFT and its inverse (IDFT), with considerable savings in com-
putatfonal time. In this section we shall see, how FFT algori-
thm can be evaluéted efficiently and how it saves the arith-
matic operation and time of computation and hence cost of

computation.

2,3,

5. 4.1 MATRIX FORMULATION AND INTUITIVE DEVELOPMENT

Before deriving the FFT élgorithm 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 Eg. (2.11):

k

N : : s
X(n) =L x,_ exp ( —(j2n/N) nk), n=0,1l..... N-1

. ) .. 7 . '
If we_}et-N=4 and W = expi(ijH/N); ﬁhen'the above equation can

A

X(0) = x_(0) W + x (1) w~ + x(2) wo o+ x_(3) W
X(:l)_ = 5 (0) w0+ xg(1) Wit x, (2 w? xo<3')- W
X(2) = x_(0) W + x (1) v + % (2) S x_(3) w° 2.1
X{(3) = xO(Q).wo +'xo(l)_w3 + x6(2) w6 + xOEB) w’
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Eg. (2.13) can more easily be represented in matrix form:

(X(O)w rwo wo wo wdw ’xO(Oﬂ
X (1) WP Wt Wt W x (1)
X(2) w? WP owt WP x,, (2) (2.14)
LXtB) | W w® W | lx (3))
J ~ / , o /
Or more compactly as:
nk S (k) (2.15)

i(n) =w

Here we ﬁse thelﬁectof notation to denéte a matrix.
Examinatibn of Eg. (2.15) reveals t?atléince w and ;o(k)
. are comﬁlék, then-n’ Qompléx multié&iéatiOns.and N (N-1)
complex additions are heééséary tonerforﬁ tﬂe required matrix
computation. The FFT owes its success to the fact fhat the
algorithm reduces the number of multiplications and additions

_required in the compﬁtatiOn'of-Eq.'(2.15)f We will now discuss,

on an intuitive level, how this reduction is accomplished.

To illustrate the FFT algorithm, it is convenient to

choose the number of samples N of xo(k) according to the
relation N = 2 , where y is an integer, Recall that Eq. (2.14)
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results from the choice of N = 4 :év = 22; Therefore, ws can

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

The first step in develoﬁing the FFT algorithm for this

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

(x(0)] (1 1 1 1) ’xo(of
X (1) B R %, (1)
= - (2.16)
X (2) 1w W %, (2)
2
(%(3)) 1w W W %, (3)]

. Eq.'(2.16)_was derived from. Eg. {(2.14) by using the relation-

k. wnk mod(N{

ship :wn = .TRedéllithat'nk mod (N) is the remainer

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

W =W, W= w2 and w9 =w (2.17)

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

of the w matrix in Eq. (2.14)3]

Since Wnk = wb = exp l%l .6 = exp ( -j37} = exp (~3jm)
coexp 2L o =y o R medM 5 g
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The other elements in the w - matrix in Eq. {2.16} can be
derived as Eg. (2.17) in a similar fashion. The second step in
the.development is to factor the square matrix in Eq. (2.16)

as follows:

- ;
(% (0) ST ow (10 w© 0} (fx_(0)
2 ' : X o)
X(2) 1 w 0 0 0 1 0 W xo(l)
X(n)= = |, 4. 1 o2 3 N AR
3 2
[ X(3)) 0 0 1w \0 1 O W) X (3

The method of féctoriiza;ion is based on the theory of the
FFT élgorithﬁsi{%provided in the iite}athg. ﬁorlpﬁe
present it suffices.to show_that”mql£i§1ication_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) = " L (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

¥(n), as shown below:

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

its binary equivalent:

’X(oﬂ
X(2)

X{1)

k?(3b'

’x(ooﬂ

1 %(10)

R .= |x(01)

A X1l
Lxa]

becomes

flipped or bit reversed then:'

flips to’

(X (00))
X{10)

X{01)

Lf(llb

(X(00) )
X{01)

X{10)

kx(ll%

(2.21)

' It is observed that if the binary arguments of EQq. (2.21) are

= X{n). (2.22)

It is straightforward to develop a generalized result for un-

scrambing the FFT result, following the above argument.

Now we want to calculate the number of operations requied

to compute Eg. (2.19).
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First assuming:

4 N
(%, (0)) 1 0 w0 ’xo(of
%y (1) 0o 1 © w® %, (1)
, 5 (2.23)
xl(2) = 1 0 wo 0 xo(2)
(*1 (3)) R CEE W) (X0 3]
or, xl(O) = xO(O) + w x_.(2)
x (1) = x (1) + W x,(3)
_ ( 2.24)
xl(2) = XO(O) + w %0(2)
_ L2
xl(3) = xo(l) + Xg(3) 1
or, Lo I |
xl(O) = xO(O) +w XO(Z)
x](2) = % (0) = w x,(2)
o o ( 2.25)
x, (1) = x, (1) +w x5 (3)
x (3 = x (1) - w® % (3)

From the above Eg. (2.25) it is clear that to calculate the
intermediate vector ril(k), four complex additions and two

complex multiplications are required.



which for N = 1024 = 210 is a computaticnal 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> 4 it is combersome to describe the matrix factoriza-
tion process analogous to Eg. (2.19). In literature(z(pp249_263)'3)
the FFT algorithms,-ﬁoth diamation—in-ﬁime and decimation in-fre-
quency are ?rovided to interpret Eq.:(2.19)‘in a graphicél manner
using flow-graphs. On the basis of tﬁosé algorithms a FORTRAN

subroutine FFTO and a discussion on the FORTRAN subroutine FFT is

presented in Appendix-C.

2.4.2 APPLICATION OF FAST FOURIER TRANSFORM

i
'

2.4.2.1 DFT & IDFT

To illustrate the applicétion.of the DFT to the computation
of Fourier traﬁsfofm ﬁe coﬁsidér'a test signal exp (—tf and we
wish to compute the frequency spectrum, by means of DFT an approxi-
mation to theIFourier transform, of éhis function. The computer

program is given in Appendix-D1. -

T

The first step in applyiﬁ;'bFT_is to choose the number of
samples N and the sampling interval T. Let us assume T = 0.25
and N=32. The wvalue of the function at aldiscontinuity ( t = 0)
must be defined to be the mid—value if thé iﬁverse Foufier trans-
form is to hold. Recalling Eq. (é.ll):
N-1

X =T L x,. exp{(- (j2n/N) nk), n= 0,1,2 .... N-1 (2.28)
n k=0 k

—,
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Now (% (0)) (x, (0)) (1 w° 0 o) ’xl(of
X (2) x5 (1) 1w’ o0 o |x (1)
x(b| =[x, = Jo 0o 1 wh | x,(2) (2.26)
kx(ab %5 (3)) 0 o 1w (53

Therefore, to determine gz(k), two complex.multiplications and
four conplex additions are required. The computation of X(n)}

by means of Eq. (2.19) thus reguires a total of four complex
multiplications and eight complex additions, whereas the com-
putation of X{(n) by Eg. (2.15) reguires 16, or 42, complex
multiplications and twelve complex additions. Since the computa-
tion time. is goJerned by the required number of operations,

we see the reason for the effiCiency of the FFT algorithm

\

- i -

For N = 2V tne.FFT isisimply a procedure for factoring
an N X N matrix into v.matiices ( N x N) such that each of
the fectoied matrices has the special -property of minimizing
the number of eomplex operetiens. It_is noted that the FFT
reéuires Nv/2lcomplex multiélieations.end Nv-COmplex addi-
tions, whereas the direct.method (DFT) requires N2 complex
muitiplications and N(N-1) complex additions. If werassnﬁe
‘that computation time 1s proportibnai to the number of |

multiplications, then the approximate ratio of direct DFT to

FFT computing time is given by:
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TABLE 2.1: COMPARISON OF NUMBER OF COMPLEX
- ARITHMATIC DPERATIONS REQUIRED
FOR DFT AND FFTa N

, MULTIPLICATIDNS \ ADDITIDNS
' - N DFT FFT °© DFT FET

(A 16 A iz B

B 64 12 56 2%

16 256 32 240 64

32 1024 BO 992 160

64 4098 192 4032 384

128 16384 . 448 16256 896

. 256 - 65536 1024 65280 2048
' - 512 262144 2304 261632 4608
102% 1048576 5120 1047552 10240

2048 4194304 %1264 4192256 22528

4096 16777216 4576 16773120 49152

g —

PR : e e ]
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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 is even and that the result for n>N/2 are values
for hypophetical negative freqguencies. The discrete transform
apéroximates the continous trénsfbrm rather poorly.at the
higﬁer frequehcies. 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:_‘ = DF/N

Xn exp ( (j2n/N) n@) 'k; 0,1...... N-1

(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 samplé.point-n= N/2. From
fig. 2.2 it is clear that the imaginary part of the frequency
function is odd, so we must not only fold the sample valueA
about n = N/2 but also flip the resﬁlts to préserve'symM§try

The illustrations are given in Appendix-A. A program has been
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FREQ(HZ)
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EXP(~T)
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written ( See Appendix - D2) for the computation of Eg. (2.29)
using IDFT, the results of which are presented in Fig. 2.3.
The result is‘é complex function whose imaginary part is
approximately zero and real part is apprximately the absolute
value. It is noted that at k=0 the result is approximatel§ 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 TIFFT

A sample program calling the FFT subroutine to compute the
frequency spectrum of a square wave test signal is given in
Appendix - D3. The équare wave 1is sampied for 64 points at a
sampling:interval.of T = 0.1. Thé cpméq£ed'frequency spectrum
is shown in Fig. 2.4. If-wexcompare_this épéctrum with thé one

obtained from thé thoretical Fourier series:

NT
Xn = 1/(NT) f x(t) exp ( =jnwt} dt (2.30)
. O .
or _
X, = 1 -j2/{nm) ; n = odd oo (2.31)
0 _; n= even

Where NT = 6.4, the period of the sgquare wave, and w = 2u/(NT).

It is observed that the FFT implements only the integral portion
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// EXEC
FREGUENCY SPECTRUM OF & SQUARL WAVE AS COWPUTED FROM  Ff
FREJUENLCY(HZ) REAL PART IMAGEISARY PART MAuNITUWt
1 OQO D O 0-0 C’o!
2 0156 0. 3135 01-J.536Z 0O D.5%37c GO
3 0313 D0 0.0 Val
4 O0«469 C.313E-GC1-C.211E OG 0«2138 CC
5. Jeb25 O Ja.0 0.0
& D.781 Je312C-01~0.12%E 00 0 129E 00
T Ce338 0.0 Ce0 » 0
8 1.0%4 023135-01-0.5732-01 0 I28E-01
9 14250 0.0 Qe 0.0
10 1406 0e312E-01-04661E-01 0.731E-01
11 14563 0«0 D.0 0.0
12 la719 0«313E-01-0.521E-01 0« 608E-01
13 1375 Ca.0 0.0 D0
14 2031 0«313E-01-0De421E-31 C=525E-01
15 2a18E OaC C.0 Q5
15 2344 0«a3135-01-0.345E-01 Oe«e465C5-01
17 2+500 0ad 0«0 D0
13 2e556 De312E-01-D04283E-01 Ge422E-01
19 2313 D.D 0.0 Q0«0
20 - 2969 U0e313E-01-0232E-01 0.339E-01
21 2.125 0.0 0«0 0«0
22 3281 0+312E-01-0.1875-01 De364E-01
23 3428 0.0 0.0 0«0
2% 3594 0.313E-01- 0.148“"01 D«346E-01
25 34750 0.0 Oe D.0
25 3.206 Ce312E-01- 0 112: 01 Je332E~01
27 4.063 0.0 00
28 Ge21% 0.3135—01-0.7835—02 Je322E-01
27 44375 C.D Ja«D D0
30 4531 0«313E-01-D.4064Cc-02 Ge316E-01
31 4.5 8E 0.0 Ja0 0.0
32 Ge 344 0«313E-01-0.153E-02 0.313c-01
33 £«000 0.0 0.0 D.0
34 54156 0+312E-01 0.153E-02 0«313E-0C1
, 35 . 54313 0«0 00 Dal
i 35 5469 D«312E-01 -0e464E-02 0.31565-01
37 54625 00 C0e0 D0
38 5781 0«312E-01 D.7833E-02 0.322E-D01
39 5.938 O-O - 0«0 D«0
40 6.094% 0+313E-01 DJ.112E-01 0.332E-01
41_ 6-250 . 00 ’ 0.0 O-D
42 6e 406 . 0e312E-01 (0.148E-01 De346E-01
43 6563 0.0 ! D=0 D«0 '
44 6.719 0«312E-01 0.187E-01 De364E-01
45 6.875 0«0 ) Oa0 0«0
46 7031 0«312E-01 Ga.232E-01 0«389E-01
47 7188 D0 D.0 0«0
48 Te344 02313E-01 De283E-01 0e422E-01
49 T+500 Ga0O 0«0 DD
50 Ta656 De312E-01 0D4345E-D01 J«465E-01
51 7813 Ca0 0-0 0«0
52 T+969 D0e312E-01 De421E-01 De525E~-01
53 B.125 De2 0.0 2.0
54 B.281 0«312E-01 0.521E-01 D.608E-01
55 Ba433 D«0 - Jae0 0.0
56 8.594% 03122-01 De661E-01 0.731E-01
- 57 8.750 G.0 Del D«0
58 8.3706 D«312E-01 0.873E-01 . - D-.928E-01
59 9.063 0-0 . 0.0 OOO
60 Fell? D.312E-01 0.125E QO D«12%E 0O
61 F+375 O«0 D0 0.0
62 74531 0.312E-Gl1 0.211E 0O 0«.213E QO
63 G688 D0 0«0 0.0
64 9.844 0.312E-01 D.626E 0C 0e«53TE 00

FIGe 204 = 64-POINT FREQUENLY SP RUM OF SJUARE

ECT
WAVE COMPUTED JSING FFT
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of the above Eg. (2.30). Therefore the results should all be
multiplied by 1/(NT) = 0.1563 HZ, which is implemented in
line 15 of the sample prograﬁ. The theoretical value for n=1
is X, = - j2/7 = -30.6366, while the FFT output is X, = 0.6368

Z:_87.18. A small error is introduced in the FFT result, as ex-

pected in any numerical approximation scheme.

Anotﬁer 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 sgquare wave.
It is known from Fourier series analysis that a square wave
contalns only odd harmonlc in additjon to its fundamental fre-
guency. Here we use first four frequency components as funda-
mental, 3rd, 5th, and 7th harmonlc.'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 Wthh 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

sguare 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 continuocus 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 . Egq. (2.2) and Eg. (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-HM) zeroes are:appended to the end of the
signél sequence to get an N;point.sequénée. It can be formed

the N-point DFT as:

X =1 x, exp {( —-j{(2n/N} nk)
n _ k
k=0 :
. M-1 o . N-1 :
=L xp exp ( -j(2n/N) nk) + I ¥, exp (-3 (2n/N) nk)
k=0 _ k;m' ' -
= I "xyjexp (-3(27/N}nk) ; -n=0,1,2 ..... N-1
k=0 . \"" . 1 . ’
Since X, = 0 for k= M, M+l ....... N-1. This zero-padding

technique can be used to improve the frequency resolution of

the DFT. - ' R

A sample program given in Appendix - D5 illustrates thi's
zerd;padd;ng technique where the frequency function of Exp (~t)
it taken and using IFFT the time response function is calculated.

The results 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 cof a step input
voltage at the sending end is investigated, as a simple illus-

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

- the liné differential equatiohs relating voltage and currents

are written first. By modifiéd Fourier transform, these equat-
ions are converted to 51gebric equations and the expression
for receiving end voltage transform is written. Section 2.5.2.1
and.2.5.2.2-§resent mathematical analysis consideriﬁg infinite
o . §
source and source haviﬁg finite impedances respectively. The
receiﬁing end continuous voltage tranéfofm'is then sampled and
by u51ng inverse dlscrete fourler trénsform (IDFT) ‘the time-
-domaln response is found out The 1versge DFT is 1mp1emented

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

results are presented in sec.-2.5.5.

2.5.2 MATHEMATICAL. ANALYSIS = - o

2.5.2.l LINE ENERGIZATICN FROM A ZERO-IMPEDANCE SOURCE:.

The defferential equations for the line with series induc-
tance I. H/mile, series resistance R ohms/mile and shunt capa-

citance C F/mile are:
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3
g% vix,t) = L §r (x,t) + Rilx,t) (2.32)
: 5

vi{x,t) ' (2.33)

+

The boundary conditions being:.

at x=0 v=0 for t<0

=1 for t>90

at x = 1 i =0 for ali t o (2.34)

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

by exp ( - (A+ﬁw) t) and integrating over.{ 0,0 ) w.r. to t,

: . . ot lf2 ‘ v
and rearranging terms we have : !;va;

d—2—2— V(x'_,s) l
dx r

( R + A+dwL ) (A+3w) CV (x,s)

{R+Ls} €S8V ( x,s) .

1§

Vuix,s) - , . (2.35)

and 1(x,8) = -CSV ( %,8) L (2.38)



50

Where Y= (R+tLs } Cs ; S = A+iw and

o R

V {x,s}) = vix,t) exp (; (A+jw)) t  dt

If the line is energized from a source of voltage v at the
sending end ( at x=0) and is terminated with a load impedance
ZL at v %=1, the'expression for voltage transform at any point
on fhe transmission liﬁe making use of the transformed boundary

condition is:

Vs(s) ¥ sinh Y (l-x) + CSZL cosh v ({ 1-x)

Vix,s) ~ Ysinh 1y+ CSZ

(2.37)
L cosh v1

i
Where Vs(s) is the transform of Ve the sending end voltage.
Similarly the expression for_voltagentransformiat any point on
the transmission line Vi{x,s) ‘can be written interms of sending

end current transform Is(s) as

vVix,s) =

TI_(s) Alj_.Y:-‘sinh Y(1-x) + CSZ, cosh ¥(1-x)

Cs -xlcosh Yl + CSZL sinh ¥l

(2.38)

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

impedance source).



— Line Parameters R,L,C
' S

A

Vs {t) C) vix,t)

] Load.Z L

Fig. 2.7: Line Energized from Infinite Source.

. i

Line Parameters R,L,C

Zs
vix.t)
Vg(t) vg (1)
o< 1 =
— :
x=|
|

i

[:] Load,AZ L

1

-Figi 2.8: Line Energized from Finite Source.
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5.5.2.2 LINE ENERGIZATION FROM A SOURCE HAVING FINITE IMPEDANCE:

Fig. 2.8 show the line energized from a firite socurce. Here

the parameters are:

C = line shunt capacitance F/mile
R,L = linelseries resisténce ohms/mile and inductance H/mile.
Rs = .internal source resistance - |
'LS,= source inductance
Vg(s) = generator voltage transform

and Vs(s) = sending end voltagg transform.

These parameters are related by:
i

Vg(S? =_Rs + L 8) IS(S) + VS(S) | ' (2.39)

‘Using Eg. (2.39) thé equationldf voltage transform at any point
{1)

on - the transmission line becomes:

vV (S)w{ .v.-sinh ¥( i - X) + CSZL sinh W;(l—x)}2

V(X,S) = [—-ZSCS. {Y coOsh ,:Yi'lﬁ"' CSZL sinh Y;]_} +Y{_ Y sinh Y (l—X)

L

—

+ CSZL sinh Y(1-x}}] 1y sinh vl + csz, cosh Y1}

(2.40}
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2.5.3 TIME DOMAIN RESPONSE

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:

Vi(x,s) exp ( ( A + Jw) t) dw {2.41)

v (k,t) = %?

TR -R

If the above integral is required to be evaluated numerically,
" it is necessary to trancate the range of integration from
( -a,a) to ( -9,8 ). The resulting Gibb's Oscillations can be

reduced by incorporating the standard sigma factor ( see chapter-3):

Sin (mw/Q)

- 80 the integral becomes:

~

1—9 -

(2.43)

)

For the time being if we neglect the constant term exp(At)
from the integral Eq (2.41), we have a similar equatibn like

Eg. (1.6}, and we can approx1mate this 1ntegral by the summation:



M-1
Vix,t) = 22 g Vi(x,s) exp {(jw_t) (2.44)
2T _ n
n=-M
where Wh =n * Dw

If we evaluate the Eg. ( 2.44) at N discrete points in tine,
the the above equation will take the form:
N/2-1

z V(x,s) exp (jwntk) for k= 10,1, .. N-1
n=-N/2 '

_~ Dw
Ve =

(2.45)

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

rewritten as:

Y
|

Dw

o y for k=0,1,2,...N-1

V(x{tk)'=

V(x,sx exp (jwntk

{2.46)

In article 2.3 it was shown that this equation can be expressed
as Eq. (2.12) which is called the inverse discrete Fourier trans-

form IDFT.

We evaluated the integral Eq. (2.43) by IDFT implemented
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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'analys?s has been established by varyiné the different para-
meters involved in Egq. (2.43) by a trail and error method and
a pseudo-optimum value 0f 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-1l: Input the data for the value of 1 , maximum
frequency 1imit ( OMEGA), frequency step size DF in Hertz or Dw
in rad/sec, numkber of signal samples N, the value of smoothing

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

Step-2: Set w(l) = 0.0, I'=l, calcualte N1 = 2% OMEGA/Dw,
N2= N1/241 and N3= N2 + 1, M =-N/2+l, ML = M+l : If N>NI,

zero padding is necessary.

Step—3:'Define S=a+jw (I} and calculate the value of V(x,s)

from Eq. (2.37) for the current value of S. N

Step-4: Store the value of-v(k,s)-ih F1 and F2 and if w(I)
is not equal to.zero, multiply ¥2 by sin(ﬁ*w/OMEGA)/(n*w/QMEGA)'

- and store if,in F2.

Stép~5: Increase the value of w by Dw and .1 by one.

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

Step~7: Set Fl and F2 to zero for N3 to M number of data.



Step-8: Fold and flip the data from M1 to N to preserve

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

and F2 to have

M1l to N number of data.

Step-9: Call IFFT for F1 and F2.

. Step~-10:
Step-1l:

Step-~12:

Step-13:

‘Step-14:

Set T=0.0
Multiply time response Fl and F2 by Exp (A*T)

Increase T by DT = u/OMEGA.

Repeat steps 11 and 12 for N times and take the

absolute value of F1 and F2.

ll.. -'I: . .
Write necessafj output data.& plot T VS FM1l and
FM2 on the s?me scale simulteneously for first

100 time samples. -

2.5.5 RESULTS FOR AN OPEN—-ENDED TRANSMISSION LINE

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

: : ; S
mission line can.be calculated from Eg. (2.37). At x=1, the

value of the load impedance Z

from Eq. (2.37)

CV{(x,1)

I. = for an open line, s0O we have

= VS(S)/cosh‘Yl (2.47)



The input voltage transform VS(S) for a step input is 1l/s.

Therefore, Egqg. (2.47) becomes:
v(x,1l) = 1/(S*cosh Y1) (2.48)

Results of the computer program ( See Appendix-Dé) written on
the basis of the algorithm described in Sec-2.5.4 for Eg. (2.48)

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

Series resistance R= 2.75 E-03 ohm/mile

1.386 E-03 Henry/mile

I

Series inductance L

Shunt capacitance C 2.09 E-08 Farad/mile

and the length of the line LL = 10.0 miles.

The number of samples for IbFT énd-thé'IFFT evaluation Qere
taken as N.= 1024." The éaﬁpf@né'freq&ency DF_£l3;B HZ, Dw =
2000 rad/séc. The other parameters, éucﬁ as maximum freqqency
limit OMEGA = 1.0 E06, the smoothing parameter A =1.0 E04,

were chosen so0 that“optimum cutput with greétef accuracy can:
be obtained. Since the £ravgl_time:é = 53.8‘uéec for a lossless
tranémissioﬁllime of length 10 miles,'thé_number of samples at

which the step rise would occur, - for a time step size of 3.14u

éec is 17.

From the plotted resut it is observed that first rise to

about 2.0 p.u occur at 53.8 -l sec, and the output fall off to
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zero at 162 U sec which is equal to 31. The output then rises
again at 269 , sec, which is eéqgual to about 57. This situation
can be explained by the backward and forward propagation and

100% reflection at the open end of the travelingrwave. The result
are plotted for 100 time samples i.e. upto 314 ¥ 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 chapter-3) in attempts to

an
establish the metheod 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 tQ establish the psuedo-optimum integration parameters
taking the same 10 mile iong open—ende@ transmission line of
chapﬁer—Z as an example. Section 3.27and sec~3.3 describes the
effect of maximum'frequency limit onrthe 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 fregquency step size
for numerical evaluation of the time domain response from fEeq-\
uency spectrum, over first cycle. In sec- 3.5 the whole thing

is considered for global response i.e. the time domain response

over larger time duration. | o

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

Theoretiéally the'frequency ‘spectrum cdntains an infinite
numbérrof frequencies. To perform the iﬁtegration-of.Eq. (2.41)
rnumerically the infinite range {( - é,x ) of frequency must be
truncated to a finite value, say; (- 2,0 ). This;truncation.of
the range of integration reéults ih excluding thé-COntributions
from the highér frequencies thereby introducing an error called

'Truncation error'. As the value of maximum fregquency limit is



(a4}
=

increased, the accuracy of the results would increase but if

we are 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 reguired to:perform IFFT will increases

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

will increase. S0 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 tran51ent wave front depends orn the maxi-

mum fregquency limit. The transient response, upto a few cycles

after the closing of the switch at sending end should be calcu-
lated as accurately as p0551ble S0 far as the rate of rise in
concerned This is because c1rcu1t breaker operations could very

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

rise of the tran51ent wave front has an 1mportant role on cir-

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

determining the range of freguency and to the frontrrise_time.'
A computer program (-See Appendix-El) has been developed
to study the effect of the maximum freguency 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 l and Fig. 3.2,
Two different value of maximum frequency limit,. OMEGA: 0.5E06
and OMEGA = 1.0E06 were con51dered 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 = 0;5E06 than that with OMEGA =
1.0E06. Hence OMEGA‘should be 1.0E06 or higher. A second com-
parison was made fot OMEGA = 1.0E06é 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:(l'll)

~The Gibb's oscillation which arise, when only a finite
number of terms of an infinite Fourier series ere used for syn-
thesis are pronounced { See Fig. 3.1 &'Fig. 3.2) and slow to
die away._;n fect_the Fourier series,Ainherently, does not
converge at points of discontinuity.eéo,.the amplitude of these
OSClllathnS are the mOSt marked at the points of ‘discontinuity.
The magnltude of the osc1llat10ns is 1argely 1ndependent of the
number of terms coh51dered,-as long as sufficient number of

{(11)

terms are summed up. Lanczos showed a method of hendling

this problem.

3.3.1 SIGMA FACTOR FOR SERIES:

When a trigonometric series in used to approximate a

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

m—-1

£ (t) = £ Cc. exp (jkut) . (3.1)
m k=- (m-1) ©
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o T ' .
Where Ck = = _i f{x) exp (-jkx) dx (3.2)
and F(t) = &5 C, exp(jkwt) (3.3)

k

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

The local average of this function fm(t) over the range + #/m
’ - i

should 1lie close to the actual value. The local average of

£ (t) is:

/m

£ (¥) = ﬁ_ﬂ £_(£+1) dr (3.4)

e =

m

It is readily shown by substituting for fm in Eg. (3.4) from

Eg. (3.1) and interchanging the order of integration ahd summa-

tion that: hi
.\ _!
VoL
o . m-1 . . L '
f (t) = @ . o, C,. exp ( jkuwt) SR (3.5)
o k=-(m-1) K ¥ ' .
., . sin (nk/m) . .
Where - 0y Tk/m is Lanczos sigma factor (3.6)

For most practical purpoSes 'fg(t) is a better representation

of £(t) than fm(t).(ll) | j”

3.3.2 SIGMA FACTOR FOR INTEGRAL: ‘ls1l)

The inverse Fourier integral is defined as:
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4

£(£) = 5= T f(w) exp (jubt) Au (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 fange Of_intégration from (-« ,«)
to (- 2,2 ) in the above integral, a function similar to fm(t)

may be expressed as:

_ 1
fﬂ(t) T 27

Flw) exp (jwt) dw {3.8)

DD

If we take the local average of £, (t) over the range

Tw/ N

1 . . : e
+ 7/, we obtain: ‘ '
S g tr/a ; | :
cf (k) = o= f - £, (1) drt . (3.9)
1 8 ' :
or f (t) = 5= S o F(w) exp (jwt) dw (3.10)
c 2T -0 .
Where - g = 22 (mw/0) I . (3.11)

o is reffered to as the standard sigma factor.



3.3.3 INCORPORATION OF STANDARD SIGMA FACTCR TC REDUCE GIBB'S

OSCILLATIONS:

Fig. 3.1 & Fig. 3.2 represent the voltage appéaring 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
prdgfam incorperating the standard: sigma factor hés been deve-
loped (See Appendix—E2f keeping the value of § = 106. The output
of the program 1s 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:

[+

T - F(w) exp. (jut) dw (3.12)

-

£(t) = =

Where F{w) is the frequency response and the integfation is

carried out along 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 incorporating the sigma factor as described in the
préviéus 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 necesséry to take a very small step
iénéth, which alsé makes the computatibn time-larger. This
limitationé can be overcomé by using the Modified Fourier

(12)

Transform and at the same time this secures the additional

advantage of aveiding problems associated with the convergence

of the integrals invelved, at the peints of discontinuity in

" the time domain..The modification is done by incorporating an

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

!

parameter- so named‘becausegit smoothens out the peaks of the

A
4
1

~integrand.

Let the differential equation of a system be:

F(D) £(t) = g(t), D =jd/dt : (3.13)

!

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

zero for t<o.

In taking Mcodified Fourier Transform, Eg. (3.13) is mul-

tiplied throughout by Exp (-(A+jw)t) and integrated w, r, to 't'
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over the range (-%,*), or, since, f(t) and g(t) are zero for

t<0, over the range (0,=); Eq. (3.13) then becomes:

F o(A+jw) T (A+jw) = g (A+jw) 2 (3.14)
+ +
Where _ g . (A+jw) = % g(t) exp({ -(A+jw) t ) dt (3.15)
+ ; : :

and A can be chosen large encugh to ensure that the integral
COnverges. The'expression for f+ {(A+Jw) can then be found and

f{t}) is determined from:

£(v) = E% T E (A+3w) exp ((A+jw) t) dw, t>0
- eXZEH (At)“ J- f+ (A+_jw) eXxp {jwt) dw, t>0 (3.16)
and 0 = E%—i £, (Atjw) exp ((A+jw) t ) dw, t<0  (3.17)

H

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
¢ =w+jn Pplane ( say ) lie above the line I_(g) =A. Similarly

the poles of g (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 1line Im(@)
A. Since the path of integrations in Eg. (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 illustra-

ted in Fig. 3.4.

Limiting the range of integration to & and .incorporating
the standard sigma factor, the inverse ‘integral fc (t) can. he

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

sin (nw/0 )
mw/ 8

. . £ _
£ () = exp (At) T du
-8

X Y . .
a 21 + (Atiw) epr(Jwt)

(3.18)

[
- [
4 !
\

Inverse_Discrete Fourier Transform (IDFT)'of this

equation can then be implemented using the FFT ‘algorithm.

3.4.1 THE EFFECT OF SMOQTHING PARAMETER ON THE SHAPE OF

INTEGRAND: .
: i
H

[ -

The Modified Fourier Transform is used to overcome the
effects, on the intégrahd, 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)y = M I F (A+jw) exp (jwt) sin (TTLL)/Q) dw
-0 (wm/Q)

(3.19)

Expressicn for F(A+jm)-in'Eq. {3.19) is_ccmputed for three diff-
erent values of 'A' and the reeults'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 = 1.0E04 is smoother than that
for A = 1.0E03, but the shape for A = 1.0E05 is the smoothest.
Hence, a larger etep length can be chosenf for the same degree

of accuracy, for the 1ntegrand with a larger value of 'A"tnus

f

requiring a lesser. computatlon time.
!

R !
4

3.4.2 SELECTION OF STEP LENGTH & SMOOTHING PARAMETER:

It was observed that the veoltage transform-looses its
peaky nature with the inCrease in the value of:smoothing para-
meter A. Tne voltage wave shape ( time-domain)'at the receiving
end of a ten mile.long open -ended line is calculated for A=1.0E03
and l.0E04, for the step length and maximum frequency llmlt belng
fixed at 2.0E03 and 1.0E06 respectively. The results are plotted
in Fig. 5.5. It is observed that for A= 1.0E04 a much better

representation of the true output is obtained than with A=1.0E03.
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This situation can be explained as follows. For A = 1.0E04,
the intégrénd i;e. voltagé 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 = 1.0E03 and introduces noticeable errors in the
. calculated time domain response. To obtain a good result with
A = 1.0E03, the step length must.théfefore be chosen at a smaller
value thaﬂ 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

T g -
- T y

i céﬁfbe chosen. To verify this, the Step %éngth DW was kept cons-
taﬁt at the value of 2000, while a still:higher value of 'A',
;A = 1,0E05, was chosen and the reéult WAS compared with the result
~ obtained for A = 1.0E04 ( See Fié._B.G).rBﬁt unexpectedly, the
_“-5utput fof = l.dEOS-is a worée represenfation of thé trﬁe
wave shape.'Thére may be at least two reasons.for this apparently
anomalous result. In the procegss of ;PFT evaluation of the inte-
gral, erroxrs ineviﬁabry:occur dgéi%ﬁ iéﬁncétion and rounding etec.
These errors are also ﬁul£iplied Byﬁthe 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 intégrand (i.e.
voltagé transform) is not only smoothened out, but the spectrumr

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_f step length} and OMEGA { the
maximum fréqﬁency limit),'qénhot be.chosen ét 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'transﬁission line { see ch. 2) is'¢aken.
The éompufer program-is.gi§en in Appendix 345; Fig. 3.7 a,b, shows
'i_thé_butpﬁt for DW = 1000, 2000. and 2060} 4000 réspectively.
E It is observed that ﬁo;'DW'é 2000 theﬁbﬁtbptslare close to the

i
1

expected result. This value of DW = 2000 also satisfies the

constraint set in the sampling thecorem, 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 bw = 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 asstociated with the numerical inversion of
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the complex integrals Eq.'(2.43) encountered when using
transférn techniques to derive the transient response of any

7 power system networkv 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 tne mcdified 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 consrdered“so far, In the prece-
ding sections, the method was used for examlnlng in detail the;
initial tran51ent response over arround the flrst cycle. If the

! same, optlmum values of the dlfferent 1ntegrat10n parameters.

are used in. calculatlng the -output over a 10nger ‘period of time,

i:e; over several'cybles of the transient response, accuracy of
computation may decreases. At the same time, tne computation
.time involve would be longer and thus expensive. Besides this,
if the 1ength,of the transmission line is éreater than (say)

100 miles, the travel time nouid be longer and for this longer
time the methods of selecting the integration parameters des-
cribed se far eonld be useless. Now it is seldom necessary that
great accuracy needs to be‘c0mbinedrwith 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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QOf course, i1f any peoint 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.
i

First, the sampllng interval and the number of 51gnal
samples must be selected properly, to use the IDFT (IFFT) for
evaluatlng time domain response from the _response transform.
Here, care must be excercised tc maintain the periodic property
of the DFT and the symmetry property for a real time.signal

{ See Appendix-3A).

'
i

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 <7/ OMEGA ( 3.26)
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Where T is the time domain sampling perlod Assumlng the maxi~
mum frequency content OMEGA for a band limited spectrum function
to be 1.0EQ06, the maximum value of time step length comes out
from the above inequality to be 7 usec. In order to reduce alia-
sing error, the time step chosen shonld be much lower than its
limiting value, say, 2.0E06 sec. Iflthe time domain response is
desited fqr e time duration of éo4é usec, then the yalue cf N

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

have the constraint onh the number of signal samples as:

N > 2*CMEGA/DW (3.27)
Where DW = 2/ (N*T) - . / ' {3.28)

It is observed that for a value of DW = 3069, the minimum num-

ber of’ 51gnal sample (N) should be 652 ‘which is ‘less than 1024

'”thus satlsfylng 1nequa11ty (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}. Inboth the cases the value of A is 1.0E04. 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 glcbhal representation for
a time range of 4096 psec, tggh for a 2 usec 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 invefse transforms,'the integral Eqg.
{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 psec then only 64
samples of the time response:maké the value of NAT = 2.0, which

. - ’ /
can be taken as .permissible grror}AFo: Fhis case -a global res-
pose over 200 usec could be_&btained. ﬁut,in.many cases this time
is much‘less-than the ﬁré;el éimeléf the ttansient wave: After
“64 samples‘as the time increases the error will.increase exponen-
-tially. Therefore, the selection of A should be reviséd. It should
be noted that if, to reduce the factor exp (A*T), A is decreased
below the value chosen for représeh£atiqn of the first cycle, the
spectrum’function will be less smooth, and thenffor é 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 properiy selecting DW and using discrete method of



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:

CN/2) *A*xT=1

2/ (N*T) (3.29)

N

or A

2*DF

= DW/T

If it is desired that any specific sub-domain of the
global response be investigated in’ detail, so as, for example,
tc obtain a more accurate representation of the rate of rise,

- péak Qalue of the'£e3p0nse-e£c. thefchoice of integratidn.pafa—
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

. . : v .
usually interested in the detaileé response over the entire
period of iﬁvéstigatiou bﬁt 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 investigat;on, all parameter wvalues

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

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

A* t =2
or A =2/t : 0< t< (N*T) (3.30)

x

Where tnie the elapsed time upto'ﬁhe time of interest, Starting
from 2ere. Eg. (3.30) preduces a Value.of'A = 1.0E04 for t =
200 psec ( i.e. when tﬁe first cycle is of special intereet,
for a 10 mile long line). This is the same aslthat assumed for

a 10 mile long line { see ch.-2) earlier,

To 1nvest1gate the justlflcatlon of Eq. £3.29) and Eqg.
(3.30) the same 10 mlle 1ong open- ended: transm1551on line was
studed using different value of A. If the values of OMEGA = 1.0E06,
T = 3.14E—06 ( i.e. Dw = 1953 rad/sec) and N % 1024 are assumed
.the value of A for global response should be 621 0 accordlng to
Eq. (3.29). At the same time if a-detalled plcture for the seCOnd
cycle is desired ( i.e. . 430 usec), the value of A choeen
should be 4647 0 accordlng to Eq.‘(3.30).'Ana.the value of A =
1.0E04 was assumed for the first cyele. Using three values of
A the output responses are shown in Fié. 3.9.AReleﬁant computer
program ie given in Appendix-E7. It is observed that the results
for A = 1.0E04 and & = 4647;0 are almost coincide for the

second cfcle and very much accurate as compared to the expected
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result. The peak and rise time ©of the global responée ( for
A = 62110) 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, it is
observed that the parameter value corresponding to second
cycle gives better result than thgﬁ of first cycle. ReasoOns

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 usec) according to Eg. (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 analthe,value'of A is sufficiently low,

! 1

: the‘detailed,reépohse of the 5th cyélé is sufficiently accu-

‘rate as compared to the expected result.
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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-
signt overvoltages at the recgiving end of a long uniform
transmission line, due to the:éppiicatiOn of step voltage at
the sending end, is descrihed. Now we will deécribe, how the
basic“method of chaptér-2‘can be épplied to a complicated power

system network.

From Eg.(2.8) the e§pression for voltage and current trans-
forms V(l,s) and I(l,s} at the load end .of a long tranpsmission
line having load impedance ZL.can be written as:l

C8Z, Vs(s%

V(l,s) = e - (4.1)
vysinh y1 + CSZL cosh vl

. _YZLIS(S) _ .
and  Vil,s) = ompSTY CSZ, sinb vl - 4.2)
Cs VS(S)
CIlL.s) = CSZL cosh yl1 + sinh vyl (4.3)
N transformed
Where V_(S) and I_(S) are the/ input voltage and current\resPth'
the the

flvely Y is/propagation constant and 1 is/ length of the line,

S = A+ jw, w is the angular freguency in rad/sec.
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Let‘the line of length '1' be considered as a cascaded
se;riés of two equal line sections, each of length 1/2. Line
section-1 includes the source voltage VS(S) and sourée impeda-
nce Zs’ Using Thevenins theorem the l%ne section-1 can be

reduced to an equivalent source in series with an impedance.

The open circuit voltage of line section-1 at the remote

end (ZL‘=0) is obtained from.Eq.(2.8) as:

vs(s)
' voc (1/2,8) = cosh(Yl/2) (4.4)
The shorg circuit current (ZL'= 0) of the same line would be:
_ CSV_(S) . S
Isct/208) = ooz (4.5)

Therefore, the Thevenins equivalent impedance of line sec-1

will be:"‘i

v C(l/2,s)

| . ec 7T L1 -
ZS(I/Z,S) = ISC(I/er), oo tanh(Yl/?) . (4.6)

The "network reduction technique in figure Ais given in the next

page ( See Fig. 4.1).
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1 ,[\2\ . . ) .
d) Eqiivalent ckt. of Fig.(a) with line section-1 replaced by

its thevenins equivalent.

Fig. 4.1:

Network Reduction Technique.
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The voltage transform at the load end of line sec-2 1is obtained

"
as:

CSZL VS(S)

sinh vyl + CSZL cosh vyl

v(l,s) (4.7)

Which is exactly the same expression as in Eg.(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. 4.1(a) can be calculated by replacing line sec-2 with
input impedance Z and considering this -impedance as the
termlnal impedance of line sec= 1. Thls technique of network i
reductlon can be extended to a compllcated power system net-
work having interconnections of various line sections of
'diffefent,line parametefs, SQ tnat_the voltege at-any jﬁnction
(ﬁUS) can be found out; The lumped inpedances_i?e. the gene-
rator impedances and ldads at different buses can be considered
as coming into paraliel with the deriwved Thevenins eguivalent |
input impedances .of other sections connected to that bus.

A computer program has been wrltten { See Appendlx Fl) to
calculate the receiving end voltage of a long transm1551on line
considering the line a; consisting of cascaded line sections.

In this program the basic technique for network reduction is ﬁsed,
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4,2 NATIONAL GRID OF BPDB

The method developed sO fat has been applied to the exis-
ting National'Grid (1984-85) of Bangladesh Powet Development
Board ( including the East-west Interconnector), in an attempt
to investigate the overvoltages that may’develop at different
busee due to various ewitchinj.conditiOnsﬂ There are 47 buses,
12" of them have generators. In our analyeis_we have taken all -
47 buses including all generators. ‘All'the buses have been'
designated by dlstlnctlve 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 51ngle line dlagram of the
'network isfgiven in Flg. 4.2, show1ng in detail the generators

r

_ahd loads. ‘The line data i.e} the bus numbers and names connec-

(

" ted by the relevant 11nes re51stance, 1nductance and charglng
capac1tance per unlt lengthiare glven in Table 4 l. A simpli-
fied version of the single 1line dlagram,_as shown in Fig. 4.3,
islconsidered fer details investigation. The West_Grid coneist
of the bus humber'l(Goaipara) to ll(Veramara) and 27(Panchagath)
to 34(Ishurdif and'the East Gfidrconsist_of 8 branch sections
and a main section consist ef'bus'number 35 (Tongii-to 44
(Chatak). Bus 34 to 35 is connected by the Interconnector, so
the main section ( sec-1) is from bus 27 ﬁPanchagarh)to 44

(chatak) . The branch sections of West Grid are: Bus number 1

(Goalpara) to 5 (Botail) and then to 11 (Veramara) consists
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Generator Bus

Fig. 4.3:

Simplified One-line Diagram of Natiomal Grid of BPDB.
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section-z; Bus number 6 (Mcongla) to 11 and then tol34 consists
section-3. The branch sections of East Grid as numbered in our
analysis and computer program are: sec-4, bus number 12(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 18 (Mymensingh)and then to 39 (Ashucganj); 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-11l, 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 beéause.that switching

ﬁay usually be aséumed to occur at fhe generator buses.
Depending on the location of the surge bus (ND) at which surge
voltages need to be'calcﬁlated, in different sections, the
whole progfam is divided into thfee distinct parts. Similarly .
depending on the iocation of swiéphing bus (NS) fo; 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 dlfferent sectlons 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

i
this procedure for cascaded line sections is performed as

necessary.

Subroutine SECOND reduces a line, excited from a voltage
sodrce through an impedance into its. Thevenins eguivalent.
The Thevenis equivalent of a cascaded line sections along with
its excitatrOn:sourceiahdlimpedances,'can'be found out by repe-

tition of this snbroutine;’When subrdutine FIRST and SECOND

are repeated for cascaded line sectlons, the generator 1mpe-

'dances -and loads at. 1nterven1ng 11ne sectlons are autometlcally

taken into account.

Subroutine FFT is used to calculate the. time domain res-
ponse of the surge voltages from‘the frequency domaln data of
voltage transform. The inverse contlnuous Fourler transtrmatlon
integral is done herelxrinverse'Dlscrete Fourier Transformation
(DFT); which is implimented dsing thé inverse Fast Fourier
Transform algorithm (FFT). The whoie freduency set of data is .

fed to the FFT subroutine.and.within very short time the time
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domain response function is obtalned with bett er accuracy than

any other COnventlonal 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 reactive) information of buses

at normal operating frequency of 50 C/sec.

subroutine PLTl or PLT2 ‘is used to ‘have a plot of the ocutput

voltage versus time for requlred number of data points.
.The.proéram ieleapable-of ealculeting surge VOitages‘at
any bus due to both line energization and load rejection at
any bus. The system initial conditiOns are discuseedlin the
next artlcle. The system Flow chart is glven in Flg..4,4,
which is self’ explanetory. The detalledzggew chart 1s .given in
Fig. 4.5. The computer:program developed On_the ba51s 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 eondition



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(LI},I=1,N). ’

set W(1)=0.0
I=1

I

..L'Set-si-ATjw{I) |

Calculate ffgquencyfdependeﬁt
system parameters YL & .Zs for
all buses. ' )

‘ing bus

Set voltage VI = transform function of
VG (NS) , assuming cosine wave variation
of generator voltage VG(NS) at switch-

—_n

Calculate YL for all other generator
buses except switching bus, assuming

vertual short ckted generator terminals.

B

Fig. 4.4 Flow chart for main program.



Fig. 4.4. (Contd.)

' Reduce the network into anwedqbivalent
single line { details given 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}).

Increase w(I) by DW and I by 1

s k_%___; I = NR, = MO

[

: o F(I) = COMPX (0.0,0.0)

!
J%

o KN=0 '
I = MP, N
; B .J,‘ _ f_
KN = "KN+1 !

| -
F(I) = CONJG(F (MO-KN})

|

Call FFT subroutine to have
time domain response

l

C




Fig. 4.4.Contd.

Set T(1l) = 0.0

"NC = No, of time
samples interest to see

———————{ I= 1,NC

F(I) = F(I)* Exp (A*T(I)) + vV (I)
FR(I} = REAL (F(I)) :

T(I+1) T(I) 4+ DT

r . .
Call PLT1 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
edquivalent load admittances YL
on bus 23,24 & 26 respectively

Reduce line sec-4,5,6,7 &ll
"linto equivalent load alimi-
ttances YL on respectlve

buses. - oo

Reduce line:.sec-=4,5,6
into YL on bus. 35,37
& 39 respectively.

. r Ed & . Y -
Reduce bus 44 to 37 - Reduce line sec-4,5,6

T [& 27 to 34 into YL on| |7 & 11; Reduce -line
tbys 37 &34 respectlvh sec-1l on - 34 and then 34
ely. o “Jto 11 on 11 for YL

1 K ; _ ,
Keeping the portion between switching (NS) & surge
(ND) bus intact, reduce the other portions of ‘the
network into equivalent load admlttances YL

Joa

}
I

‘ ; .
Reduce the line between NS & next bus into
equivalent source VI and ,impedance Zs and
repeat the same until ND reaches.




Fig. 4.5. Contd, [y

L

Reduce 1line sec-2,3

bus 27 to 35 & 44 to L
39 for vL [Reduce line sec-7,

Reduce line sec-2,3 g& 7
for equivalen; YL

—

bus 27 to 34 & 44
to 39 for YL

r V f
Keeping the portion between NS & ND fixed reduce

‘|the other portion of the network into equivalent
load admittances YL :

¥
Reduce the line between NS & next bus into
equivalent source VI & impedance Zs and
repcat the same until ND reaches.

- l

- : -
' i

Reduce line sec-4,5 & 6 into
equivalent load admittance YI

¥

-Reduce line sec-2.3,7 & 11 on
bus 34 & 37 respectively into
*lequivalent YL .

G

T
{
Reduce Iine sec—-2Z2& 3 on
lbus "34 for eqguivalent Y Reduce line sec-7 g 11

for YL
t

; ¥ -' . - r
Keeping the portion between NS & ND intact reduce
Other portion of network into equivalent YL

- .f N
Reduce the line between NS & next bus into

equivalent soruce VI & impedance Zs and re
peat the same until ND reaches.




actual response transform.
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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 switthing has to

be evaluated first.

In our program a provision has been made to accomodate
and to calcuiate the steady state voltage ievel at the bus
where the surge is to be calculated before the instant of
switching. Considering the network configuration before swi-
tching i.e. at t< 0 the voltage transform at w = 2%* 50 =
314 rad/sec ( f‘=-50 Cc/sec) is calculated and this calculated
value 1is £hen superiméoéed on thgbvoltage transfqrm obtained

from the transient behaviour of the system network to -get the

H
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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
celculation. 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
Leen classified into threeldistinct categories.depending on

various system conditions prior to switching:

1. fnitialiy relaxed sYstem— no -loads connected
2, Inltlally 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-U1ion.: f'?In.séc— 5.4 the:switching sufges under normal
;oad and initially energized.syStem are investigated for diff-

erent switching and surge buses.

5.2 SWITCHING SURGE UNDER KNO LOAD CONDITIONS CONSIDERING AN
INTITIALLY RELAXED SYSTEM:

The switbhing operation is assumed to take place at]bus

v

, , u f _ ,
39~ Ashugan]j and surge voltages for different instants of

time are observed at bus.43f Sylhet.'The-}esult is shown in
. . -4 .

Fig. 5.1. Initialiy the systém ié considered as féiaxed.aﬁd the
switching bus is considered.to be infinite. In.this case the
investigations are done on the part of the wholé system which,
although in reality c0n§iéts of afseries Qf cascéded line
Sectioﬁs, is'ih effect a single tranémission‘iine opén at the
Sylhet end ana'éxcited froﬁ an iﬁfinite éource loéated at
Ashuganj bus. The excitation voltage is 1.0 p.u. The surgé
étarts to travel in forword énd 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 Ashugénj and Sylhet i.e. at arcund 564.0 usec

if thé 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 calcdlaﬁed voltages at the Sylhet bus
at‘565.19 psec and at 577;7 usec 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

(15) first

conductor resistance losses have a two-fold effect:
they cause attenuation of the voltage wave on the line owing to
an'energy lbss,;and secondly they cause. a distortion of these

waves, owing to differential reduction in the wave veloci#y of

the different frequency coﬁponehts.}ln general, their net :result

is to cause a reduction ihﬁthe tranéient voitage -at any point on

the line, whefeas the redﬁbtion in wave velocity can cause a
change in the phase rélationshib between the travelling waves
on the line, so that some portion of the transient voltage are
increaéed'and £he-net'effect féaéheé-the open end later -than
the aétual travel time.-After a,ﬁime intervél, frém;the moment
of switching, egqual 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 ét the Sylhet bus
and brings it doﬁn to zero. The calculated values of 1.966
p.u. and 0.0652 p.u. at 1715.0 pysec and at 1727.0 psec 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 usec. The.fi?ét peak is éeen to occur ( see Fig. 5.2} at
arround 352.0 psec,'thé value of whigh ié about 2.35 p.u. The
'peaké & cfeéts observed aré createdldue to}muitiple reflection

. from different buées,withiq?the sygtem:{

5.4 SWITCHING SURGE UNDER LOADED & INITIALLY ENEGIZED SYSTEM:

- At the inStantnof swiﬁching, tﬁé syétém is considered to
be under normal oﬁerééing'condition i.e. all genefatoré, éxcep£
the geperator being switched, and all normal loads are connected
to the system. Surge voltages at different buses are calcula-
ted for sﬁitching 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 1is
abcout 191.1.1 ‘miles and the corresponding travel time is arround
1027.0 usec. From steady-state soiution, 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 intetest ( i.e. the time upto which
voltage transient is calculated),,the,steady—state component of
this voltage has come_down.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 usec, l547.82 usec and 1732.0 usec respectively.

Among these, the peak of73.2l p.u}‘0ccuring at 1054.68 usec,
needs to be given serlous con51derat10n in determlnlng the
1nsulatlon level The flrst peak of 3 21 P. u.rstarts to rise at
1044.92 usec Whlch is sllghtly greater than the travel tlme of
1027.0 usec. Reasons of this late rise has already been discussed
in sec-5. 2. ‘Besides, the succe551ve peaks and crests are observed

due to the multlple reflectlons at the p01nt5 of dlscontlnulty

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 190.07miles and the corespondfﬁg travel time is
arrount 1022.0 usec.‘The first peak is seen to arrive at Tangih
at arround 1050.0 usec which is slightly greater than the
travel time and it attains a valueiof 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 usec, 1860.14 usec
and at 2432.0 usec respectively.‘Besides-these, two negative
_peaks of -0.54 p.u. and -0.88 p.u. are seen to occur at 1713.74
psee and 2255.42 usec respectively. The highest bositive 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 11-VERAMARA DUE TO SWITCHING AT
BUS 38~GHORASHAL: '

' Theftravelztime reqai;ed to_tfavel the transient wave from

bus 38—Gherashal te bus ll;Veramarafis,aaout 758.0'usee. Super-
imposing the steady-state eolutioh on the transient response due
to sw1tch1ng at bus 38-Ghorashal it is. observed that ( See Figqg.
‘5.?j the flrSt peak arrive at veramara. at arround 786.1 psec
which is sllghtly greater than the actual travel time and it
attains a value of 2.87 p.u. The reason. behlnd this 1ate rise

has already'been discussed in sec-5.2. Other two peaks are. seen
to reach vqltage levels of 2.19 p.u and 2.25 p.u. at 1137.66 usec
and at 1630.8 psed'respectively. No negative peaks are observed,
but the minimum value of ﬁoltage is 0.045 ﬁ.u. The first peak

of 2.87 p.u. voltage reguires serious consideration in determining

the insulation level of the system.
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CHAPTER -~ 6

CONCLUS IONS 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 method lies in the greatly redu-
. T I —

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
, 'l 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. 1l.1. It's biggest limitation is the
large compntatiOn‘time required. Besidesfthis, the 'attraction and

: power of the mOdlfled Fourler transform lies 1n the facility with

which frequency dependence of the’ system parameters can be taken
bt

———— -—
e 3 4 e T ST B i i Comm e mew= A -

into account, if. necessary. The method is well sulted to analysls~

_fFlHVOIVlng both lumped and distributed parameters and is also capa-
nccb\ra’by TN
__,f//)gzehof(falthfuffﬁ reproducing their variations with fregquency.

This method can T afford a very accurate -solution, since it ‘can
7 ; :
représent the attenuatlon and- dlstortlon of the llne due to resis-

tance of the line conductors and the earth return path l1o0ss.

To reduce the computation time without sacrificing accuracy
modified Fast Fourier transform method .is investigated. 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 reguired 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) technigue, a number of time domain responses

can be obtained from an equ;l_number of frequency data péints.
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, thelsymmetry property of DFT ( see Appendix-A)
makes it possible that only half of the total freguency domain
samples are enough té calculate the total time domain response.
For fastér and accuraﬁe calculation précedure thé'global response

over any desired time duration can be obtained. °
- - - i‘ h. ..- . .

~ - . " . |‘
) §

The value of smoothing parameter A can be chosen at much

'

lower value by prdperly 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-ié th_applicable.

" o : : '
ayFirom the engineering point of view the modified

Fourier transform method is less restrictive in the assumptions
and very suitable for calculating the tiansient“over voltage of

a complicated power system, than any other conventional methods.,
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- transients can-contain frequencies as high as 100 kc/s(
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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
bPresent 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 tec the
system.data which are normally:available and very much faster
than any conventional methodé.

The bower system operatihg voltage-levelé are reaching such
mdgnitudes that ransient over voltages due to switching operations

within the system can exceed (4,15)

those due to lighting surges.
Therefore, in EHV and UHV system the overali insulation %ével

and the insulation coordination of £he syséeﬁ-aré being detérmi—
ned more by the switching béyaviéur of the system.'Switching
. | A - e | 16’4)-and
the line parametér under sWitching céndit;on are frequency depen- :
dant. In the present analysis the maximum frequeﬁcy chosen is

about 160 KHZ. So the.present method is very suitable to the

probklem at ~hand..

The particular method selected for the analysis is a vari-

.ation of the familiar Fourier transform method. In this method,

the frequency response of the system is calculated after a
fegular inter¥al of DW, for N/2 sample values i.e. half of the

total time domain samples to be ewaluated. After folding and
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flipping the sampled fregquency response the inverse discrete
Fourier transformation is performed which is implemented by

Fast Fourier transform algorithm.for faster calculation of DFT.

The IDFT impleﬁgnted by IFFT gives rise to a number of .
associated computational problems{ After performing a detailed
investigétions over DFT (FFT) ( Ch~2 and 3), a set of optimum
_ parameter values 'is found out céﬁsiderinélsampling theorem and
other practical constfaints. The effect bf maximum frequency
limit OMEGA, sampling interval T or DW, the smoothing paraﬁeterf
'A' and the number of time or frequency domain saﬁpleé ‘N On

the accuracy of calculation and computation time i1s studied in °

(1)

detail. A network reduction technique is used for application

of the basic method-to the compiicated power system network.

The analysis -of transmission line is based on distributed para-
, - .

meters and the single phaSé_éinglefline 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 aiffe;ent busber con;iaering-switching_at a parti-
cular bus; The computer programfdevélopéd fbf'such éalculétion
is capable of considering different switching conditions espéci-
ally thehline energization and loéd rejectioﬁloperation.‘

In the present analysis,it is observed that the initial

conditions of the system c¢an 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'analysié of

power system networks, under different switching conditions,

using modified Fast Fourier Transform Technigque could be exten-

ded on the basis of following c0nsiderati0ns:

oY non- transposed transm1551on line 1nstead

— - - ling have to be taken into account.

L
—~-—1._.Considering the three phase~representatlon of transpesed————

of single phase

! representatlon and transformlng the 11ne-equatlons into its

modal form, For multiphase system‘thereffects of mutual coup-

2. Considering the effect of non linearities such as surge

diverters, magnetic saturation, circuit-breaker arc, corona etc.

3. Con51der1ng the frequency dependan01es

Earth—return path

4. The present analysis could be extended
instead of over head transmission lines and
of cables and over head transmisssion ‘lines

ted.

arieing from the

on underground cables *

the line consisting

‘could be investiga-
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5. The analysis could be extended to calculate the elcctromag-
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 impedenée‘of the source,
iii) non—simﬁltgneous.closure;of'the three phases of the ciréuit
breaker ehergiéingrthe line, iv) the amount of.readtiVe compen-
sation ( shunt) connected to the line and ‘losses ( conductor
resistive 1loss and coroné) 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 invéstigated.



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 similér'to'those of
the contihuous Fourier Transfor, But the DFT also possesses

some properties not shared by the continuous Fourier Transform.

1. Periodicity:-

Both X_ and xk are periodic with period N, i.e.

Rysy ToXy .forsall n- - oo ash

and ¥N+k = X For all kff - o ‘ (A-2)

'This propef£y3islthe }ésﬁltrof the.periddié property of
the complex expénential function exﬁ k‘—j2n)N5 used in the
defining eguations. This property Can'be'displayeaﬁby using a
circle. If the samples in the time or freéuency domain are laid
equally spéced around fhe éirclé as shown in Fig. {(A-1), they

repeat themselves with a'period of N.

From the circular arrangement of Fig. (A-1l), A discrete

signal Xy is an even function if x and a signal Xy is

N~k Tk’

an odd function if x .= - X

NeX K’ this two types of functions

are defined.



2. Time Reversal --
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This property says that as a result of the DFT operation
a finite duration time seguence becomes a periodic sequence,
called the periodic extension of the original finite duration
sequence. Similarly the frequency domain sequence alsCc becomes
periodic. This periodic extension rs illustrated in Fig. A-2,

i
As a result of the sampllng in the time domaln, the
frequency spectrum becomes perlodlc as shown in Flg Az(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 periocdic extensions
cf the finite frequency and tlme sequences in (f)‘&'(c),

respectrvely. The “two perlodlc sequences in Flg {h) & (g) are -

related by the discrete Fourier Transform.

If the data poinrs'are reversed in the time domain the

DFT of the reversed signal is given by:

DET (x_ ) = X__ =Xy o o (A=3)

To prove this property, we use, according to property 1,

= X .inrtne original equation defining DFT.

e—(j2n/N) nk
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Fig. A.l: A set of samples arranged arround a circle.

Y

i
!

(d) -+ |
(f)

s - -l -

{g {h) - -
. y ,

~

+
T (T

‘'Fig. A.2: aj A continuous signai & (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 seguence
in f. (h) periodic extension'of finite duration seguence
in C.



Changing the variables N-k = m

N . .
DFT (x_= 3 xme'(]ZN/N) n (N-m)

m=1
5 -(j25/N) (-n)m

=1L X e Jem n

Vm=l

= X-n = XN?n

Where use is made of the fact that XN N and e—32n=l,

and the last part is the result of property 1. This property

says that reversing the time samples is_equvalent to reversing

the frequency.-samples. -: "~

3. Complex Conjugate of DFT

The conjugate of any complex discrete signal x, 1s given

k
by:

Xy f DFT QW-XQ/NJ' . S (A~-4)

Where x, denotes the complex conjugate of x To see-thié,

k k°
we takg the complex conjugate of both sides of Eq. (2.12)

N-1 ’ .
- _1 (J2n/N)kn _
X -. N E Xne . =

0 n

Il
v
5|
=
Pl

dJ
S
=
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The significancé 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 1/N and taking the indicéting conjugates.

4. DFT of Complex-Conjugate Sequence
For any complex discrete signal Xy s

DFT (Ek).= X =X (A-5)

To prove this relationship, we take the conjugate of both sides

of DIFT equations.. ..

=
[n N | :
= .

- JGammnx Yo -G2m/m (mk

k
R

Replacing n by -n in the abbvé_éxbressioﬁ and by property 1,

we have:

J-(32n/Mink oo

DFT (xk)'

According to this property, taking the complex conjﬁgate of a
discrete 51gnal in.the time domain is equivalent to taking
the conjugate of the frequency spectrum reversed in order in

the frequency domain.
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5. Real Signal

For a real signal Xpr Xy T X Therefore, according to

property 4.

gN_n = X for n= 0,1,2, «-vsuns N-1 (B.6)

To interpretﬂthis propertyrfor a reaisignal, ﬁe use the circu-
lar displaf of the freguency samples. The real part ( and the
magnitude) of the frequéncy samples is an even ﬁunction and

the imaginary part ( and the phase)} is an odd function for

a real signal. Therefore, itrréquires only N/2+1 { N-even)

or (N+1)/2 .(N-odd) samples in the-irequencydemain_to-comple-

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 +'8/7r8

The differential equationsAof transmission line are:

av ai .
- iz =L zp fRi ~ (B-1)
o L Ty ' - (B-2)
ax

t

Where v & 1..are voltage.ahd current in the line at a distance
x and L,C,R and G are respectively the line series inductance,
shunt—cépacitancef,series~resistance and-;hunt conductance per
unit length.‘The methed applies to léssless lines w@ere R and
G are zeroAand L and C aré'indepéndeht of frequehcy. Therefore

the equations beccme:

AV . _ ai / -
- oax T 3t (B=3)
3i _ .~ v -
- Fx ¢ ot (B-4)
The general solutions of the above equations are:
i (x,t) = fl(x~vt) + f2(x+vt} T (B=5)
and v (x,t) = Z [fl(x—vt) - f2 (x+vti} (B-¢0)
Where 2 = vL/C and v =1/YLC, are the surge impedance and

phase velocity respectively. From Eg.(B.5}) & (B.6)
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vix,t) + Z;‘(x,t) = 2zfl { x-vt) {B-7)

vi{x,t} - zi(x,t) = - 2zf2(x+vt) (B-8)

Now subject to the limi£ations stated before, those are rela-
tionships betﬁeen the conditions at each end of the line at time
t and at time t- T which exist independent of the terminating
networks.This fact can be expfained aéspming a fictitious obser-
ver moving along the line in the forword direétion at velocity v.
Since (x-vt) remains cﬁnstant, the expression _[v(x,t) + zi(xftﬂ
encountered by the observer when he leaves:node m at time (t-~T1}
must be the same when he arrives at node k at time t. For the

line of figure (B.l) these relationships are-

i
v (E) - z.d (t)

K vm(t—r) + z.im(t—r) T (B.Q)

1

(t-1) ' (B.10)

v (t) - z.3.(t) = kat—r) + g,

e

‘These equations giveﬂreiationships between v & i at both ends

of the transmission iine Which,'proviaed the conditions a travel
time earlie; are known, enable the:transmission line to be repla-
ced by a current source in ?arallél with'a resistance z. This
alloﬁs a solution to bg 6btéined for £he véltage and currents at
time t 1in the network consisting of the ends of the transmission

lines and the components connected to them.
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The guantities v+zi are known as characteristics and are
directly related to the forward and backword travelling waves.
Eg. (B.9) & Eg. (B.1l0}) can be rewritten:

Y

F_ (t-T) ' (B.11)

Bk(t) T m
Bm(t) = Fk(t—T) | (B.12)
Where F, = v, + 21, = forword travelling wave at end k.
Bk = vk—zik = Backword travelling wave at end k.

Egs. (B.1l1) & (B.1l2)} are the basic equations for this method.
Dommel6 extends the._basic Eé. (B.11l) & Eq.(B.1l2) te include an
approximatipn.for series loéses.,The model used for the trans~
mission lihesrié shown in Fig. B.2. This reSultg in équati0ps_7:

o - . ‘AZ _ .314 , _' - o L
-2 - R/4 _ '
Bm(t) = ZTR/4 Fk(F T) + .Em(t TI', | .(3-14)

z+R/ 4

In these equations the impedance used in defining the dharacter-
istics is modified to ( z+R/4). Eq. (B.1l) & Eg. (B.12) are the
. '@‘(a"

particular case of Eq. (B.13) & Eg. (B.l14) respectively, wgere

R is zero.
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Fig. B.1: Siqgle—phaée lossless transmission line.
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APPENDIX-C
DISCUSSION ON THE FFT FORTRAN SUBROUTINE

Based oh the Flow-chart given infLHzraUﬂEZQBFORTRAN sub-
routine program implementing a aiamation— in-time FFT algorithm
is presented in Fig. C-l1. The same subroutine FFT can he used
to compute both the direct FFT and the inverse FFT, provided
the sign in‘the complex exponential constant W is properly

assigned as:

W

exp (-321/N) (C.1)

and W exp (jzT/N) _ (C.2)

for the direct.FFT 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 - 1mplemented in llne 24 of the subroutlne pro—
gram. This KODE is to be entered as l for direct FFT and -1 for
the inverse FFT. Since the algorithm 1s,based_on N belng a power
of 2, the program has to make sure that N is passed to the sub-
routlne as a power of 2. This is achleved in lines 3 through‘9.
If N is not a power of 2 an error message will be prlnted out

and the FFT run will be aborted. After N is fOund to be a power

i

of 2 the DO 30 loop then performs the in- place computatlon

I
through IR stages: (N 2 R). The in- place computations are imple-

mented in lines 26 to Z8. W =] requires no complex operations-
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which is implemented in lines 19 to 21. It is observed that

the powér m in wh 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 outﬁut samples.

It accepts an IR bit‘integer k and returns a bit-reversed inte-

ger KBIRT (IR bits). The paraméter DELTA is.used to multiply the
samples so that thé FFT algorithm can be.used as an épproximatiOn

to the continuous Fourier’tranéfo;ﬁsAccording to Egq. (2.9} this
factor should be T, the time'step size; uséd’in the zero-order
approkimation of the direct Fourier Integral. For inverse Fourier
transform, ~this factor should be the freqﬁency'step size DF in

HZ ;used in the zero-order approximation fSee Eq._(2.7b)) of the
complex invefse ?ourier ffénsform ;nteg#al, For the impleménta—

tion of stfitt.DFT,'DELTA:should.be'sef_eqﬁal-td 1 ( see Eg. (2.11)}
for difec£ DfT and equél to lZN for thé inverse DFT ( gee BEg.£2.12)) .

;
?
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VG119 )=IMPLX{1.069557,-0.14651)
VS(Z?)=CHPLX(1 0267TT70y-0s1663)
VEUZ23 )= MPLX(1e0267T70+s-0a16631}
V503D )=IM DLXIO-BBSQO!‘O 5261}
NMEU33 )= MPLX(Da9539334-0e43875)
VI 2T )I=LMPLYX{0.7BT95%9¢4~02154T1)
VGIAB)=_MPLX{1le0D358T70+-009427)
Vol 3P)=[YPLX[106T7Bl44-0-06344)
VGlG0)=CMPLX1 105829 T74-0.05T7315)

O St s O

C # %f¥——-—-+--————— e ———_——
DATA I5/198+11922923¢309334937538¢3%+4%40+419/

C DATA 15/8411+30433,1/

C DATA IG/22¢23e37938,:39940419/

C s s DATA KXy ND / 124 35 /

DO 445 I=1eN

H4% VVEIY=CUPLX{Ja020.0)
DO 444 TL=1,KK
NS=IG(IL)

I1=1 :

Wil)=0.0

A=51040

IF{IL«EQaKKY 30 TD 90
D3 303 I=1.ND

303 ?%IéchpLK(U-OVD.O)
WITI)=314.157

, A=52400

90 S=IMPLXUAHWIITI))

DO 221 €I=14N3 :
IF{XI.EQs19) 3D TOD 88B
YLIKI}=1eO/{RLAIKTII+S=TLL{KIY)
D TO 221

B8E YLIKI)=CMPLX(De09s0Da0)

%21* ;ZSIKI}=RS(KI)*S*LS(KI]
VI={STREALIVGIIG{IL)Y})- H(II)*AIHAG(VGIIG(IL)))'/IS*S*H(II
KKK=KK-1
D0 31 IM=1,KKK
IFIIM LEQe IL)Y GO TO 31
YLOIGTIMYI)I=YLIIG(IM) )+ 1D/ ZS{ISITIM))

31 . CONTINUE . :

INCLUDE XRED.

TNCLUDE YRED

2272720272222 7227277202272¢82272127 ,
3333 X1=172 :
X K3=1 ) _ ,

K§=13 : . . ;
CALL FIRSTIKISK34KG,5) o
X1=13 o - ;
K3=22
¥4=35
CALL FIRST((11K3|K4 5)
(1=14%
K3=1
K4=15
CALL' FIIST(K11K3,K415)
K1=1% . . T
K3=22 C : -
CH=37 : ;
;?LL FIRST{(l!K3!K4151 e
K3=1 - .
K4=18 )
SCALL FIRST(KI:K3,K4,S)
X1=18
{3=21
Kg=39
CaLL FI{ST((19(3 K&4S)
I7 (NS «LCT- 26) bO TD 30003
IF (NS -Gie 11) GO 7Q 30002

L
E 2121212121 BEGINS HERE >6:22+9>141

- 30001 K1=19

X3=5
K4= 24
CALL FIRST{XK1sK34+K4s5)

52
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