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ABSTRACT

In this thesis an attempt has been made to calculate
switching surge overvoltage using Laplace transform\technique.

The merits and demerits of various methods for the calcu~
lation of switching surge overvoltage, namely, field tests, analog
and digital techniques, have been discussed in Chapter-I.

A comparative study of different digital techniques has
beén made in Chapter-II. Subsequently an indepth study of the
Laplace transform t;ehnique and its application towards:

(i) unloaded line energization,
(i1) energization of resistance loaded line,
(111) energization of inductance loaded line, @re qwem.

Case study of a system for various line conditlons has
been done and simulated on DEC-2050 Computer System in‘FORTRAN~Iv
(a 1isting of program is given in Appendix-~II).The results obtained
have been plotted on CALCOM plotter, and are given in Chapter-V.

The concluding chapter, namely Chapter-Vl, discusses the

future scope of work in the related field.
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NOMENCLATURE

line length

zero sequence resistance of the line per unit length

zero sequence inductance of the line per unit length

zero sequence capacitance of the line per unit length

positive sequence resistance of the line per unit length

positive sequence inductance. of the line per unit length

positive sequence capacitance of the line per unit length

voltage
voltage
voltage
current
current

current

of phase~-1 with respect to ground
of phase-2 with respect to ground
of phase~3 with respect to ground
in the conductor of phase-1
in the conductor of phase-2

in the conductor of phase-3

surge impedance matrix of the system

generator inductance matrix

generator resistance matrix

load inductance matrix

load resistance matrix
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CHAPTER-1I

INTRODUCTION

The fundamental requirement for reliable and uninterrupted
power system operation is the elimination of disturbances to as
great extent as possible. Such disturbances may be caused by
overvoltages which exceed the insulation level and hence lead to
flashovers. It is not an economic proposition to raise the insu-
lation level of high voltage power systems to such an e;tent as to
withstand all possible overvoltages: instead the latter must be
restricted to a certain level. Infact UHV voltage levels are
econdmically feasible only if some type of transient voltage
control is used. Therefore, the prerequisite to a better system
design is an indepth kmowledge of various types of overvoltages
that can occur in a povwer system, and their effect on the system

insulation level.

1.1 OVERVOLTAGES IN POWER SYSTEMS

The various types of overvoltages that may af&se on a
transmission network as classified for the purpose of insulation
co-ordination are given below. The definitions given to these
classifications relate essentially to the wave shape of the over-

voltage rather than to their origin.

(a) Lightning overvoltages:They have fast wavefronts and are

usually generated by lightning strckes.

(b) Switching overvoltages: They have slower wavefronts and can

be generated during the switching of lines, transformers,
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reactors and the occurrence of faults.

(¢) Temporary overvoltages: They have frequency near to or an

harmonic of the power frequency. Undamped overvoltages of
power frequency may be produced on load rejection and

during switching of lines or cables with relatively high
charging currents. Overvoltages which may be only élightly
damped and which may persist from a few cycles to a few
seconds with a frequency equal to the supply frequency
or one of its harmonies, may be encountered when transfor-
mers are energised from networks with certaln configurations

and parameters.

Overvoltages originating from more than one of the above
cauges may occur in rapid succession but only in exceptional cases
simulténeously. Various causes may lead to an earthfault or a
switching operation. A lightning stroke may, but need not, cause
an earth fault, In all cases, hoWever, an earthfault results in a
switching operation.to clear the fault. Generally a switching
operation in a povwer system changes the state of the system from
those conditions existing prior to the switching to those existing
after the operation. The transients thus generated usuélly exhibit
complex waveforms for which the fundamental frequency usually lies
in the range 100 Hz to 1000 Hz but in some cases a very steep
voltage rise or collapse can occur. In UHV and EHV systems there
are a number of switching operations [1] which require special
consideration as they may lead to magnitudes of the switéhing
transients which influence the choice of the system insulation

level. Moreover, Wwith the increasing voltage of transmission
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systems switching surge overvoltages determine the insulation
design rather than lightning overvoltages, as considerable tech-
nological progress has been made in controlling the magnitude of
lightning overvoltages. Thus the determination of the magnitudes
and waveshapes of switching surge overvoltages 1ls imperative for

an economical design of power system.

1.2 METHODS FOR DETERMINING SWITCHING SURGE OVERVOLTAGES

The methods for determining switching surge overvoltages,
that can occur in a power system, can be broadly classified as
1.2.1 Field Tests
1.2.2 Analog or Model Methods
1.2.3 Digital or Analyticel Methods.

1.2.1 Fleld Tests: Some field test have been reported in the

literature [2,3,4]. These are reliable ways of determining the
switching surge overvoltages on a line, és they take into account
all the practical factors that can affect the surges. Tests are
carried out on existing or experimental lines, and the surge
magnitude and Waveshape is recorded. Direct study of these proces-
ses in an actual network is possible only on very rarest occassions,
as a system is either not available for such involved measurements
or is ¢till in the designing stage. The extensive field investi-
gations td cover all possible system configurations are prohibi-
tively expensive and time consuming. Moreover, the results obtained
by field tests on a particular system can not be generalized for

all the systems.
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1.2.2 Analog or Model Methods® The technique is essentially that

of desipgning an electrical model or analog of a dynamic system in
such a mamner that measurement on the model gives useful and pro-
portional information about the actual system. The computing
tools available for such type of studies are

1.2.2.1 Transient Network Analyzer (TNA)

1.2.2.2 Electronic Differential Analyzer (EDA).

1.2.2.1 Transient Network Analyzer (TNA) [5]: The TNA has been
andfﬁtill the 'work horse' of the switching surge overvoltage
studies. It comes close to being a direct electrical model of the
system represented and is therefore easy to understand. It is
much faster than other tools, usually operating in real time,
though time scaling can be used.

The TNA extends to transient conditions the idea of the
steady state analyzer or a-c calculating board. On TNA the equi-
valent network is built up with inductors, resistors, capacitors,
coupling transformers, sources of sinugoidal e.m.f. and synchronous
switches. Conventional resistors and capacitors are satisfactory
in TNA models, but specially designed inductors are used to simulate
frequency dependent characteristics as closely as possible to that
of the real network elements. The transmission lines are repre:
sented by a tandem connection of three-phase nhunifs, and the
ground return path 1s built up by series and parallel connected
inductors and resistors. The number of munits required to repre-
sent a line has to be chosen carefully as an insufficient number
of munits can lead to unwanted dicstortion on overvoltage wave-

shape and affect the maximum overvoltage peak [6]. The
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output of TNA is observed on oscilloscopes.

1.2.2.2 BElectronic Differential Analyzer (EDA): This analyzer is

well suited for solving electrical transient problems in lumpy
circuits, and it is especially attractive for investigations of
the affects of varying one, or more of circuit elements over &
range of values.

The EDA, also known as Analog Computer (ANACOM), comprises
a variety of units. They are integrators, inverters, summers,
coefficient potentiometers and signal generators. In addition to
these devices it has a display unit.

The physical system is represented by its differential and
.algebraic equations, and EDA basically solves the representative
differential equations. Although, best suited for lumpy circuits,
its use for circuits with distributed constants is also possible.
Thomas and Hedin [7] have used EDA to solve switching surge problems
involving single phase transmission lines by travelling wave method.
The simulation was achieved by constructing a multichannel pure
transport delay time unit which is not a standard component of
EDA. This is capable of storing surge waveshapes of arbitrary
form, operating on them, and deliverlng them back to EDA after a
preselected time interval. For three phase circuits the amount of
equipment required is considerable. This approach is therefore

limi ted to relatively simple circuit arrangements.

1.2.3 Digital or Analytical Methods® The application of the digitel

computer to power system transient studies has been and remains a
burgeoning field of endeavor. The appeal of digital computer is

its ability to process a vast amount of data in a systematic way,
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and do so in an extremely short time. The computer is very adept
at storing, retreiving, operating on, and restoring volumes of
data. System transient studies can be stated in these terms, for
they are concerned with describing events in space and time at

many different locations, which may be set down as a large number
of differential equations. Many techniques varying in mathematical
approach and sophistication have been developed for solving the
transient problem on digital computers.

The solutions for a large number of casés, as required for
rational system design, can be computationally expensive. Hence
in order to strike a balance some accuracy has to be sacrificed[8].
A co-ordinated use of TNA and digital computers can be economical
for such studies [9]. To reduces computing time, a hybrid compu-
tation system has been developed in which the switching surge is
simulated on TNA and the diglital computer is used for data process-
ing and control of TNA [101.

With the continuous development of system modelling tech-
niques on TNA and digital computers, the results obtained from
them show good agreement in general to the field tests. Some
discrepancy occurs because of factors which can affect the accuracy
of switching surge calculations. Basically three possible sources
of error must be considerecs |

-~ Incomplete knowledge of the parameters of the real system
- Simplifications of the equivalents of the network elements
- Limitation of model simulation on TNA's and the limitations

of mathematical simulation in digital programmes.
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REVIEW OF DIGITAL TECHNI QUES FOR CALCULATION OF
SWITCHING SURGE_OVERVOLTAGES

For switching surge overvoltage determination many computer
programs are being implemented with the intention of minimizing
the computer running time whlile improving the theoretical and
technical quality of the solution. The digital simulation of a
physical process is achieved by (1) formulating a mathematical
model of the process (2) computing an approximate soiution to the
equation. Naturally the accuracy of the results obtained depends
both on the fidelity of the model and the errors generated by the
computation procedure. The various techniques developed for solv-
ing the transmission line transient problems are as follows?

2.1 Schynder-Bergeron Method.
2. 2 Lattice Diagram Method.
2.3 Fourier Transform Method.
2.4 X-Transform Method.

2.5 Z-Transform Method.

2.6 System Approach Method.
2.7 Laplace Transform Method.

2.1 SCHYNDER-BERGERON METHOD

This method was first visualized as a graphical method for
the calculation of transients in penstocks. This graphical method
was modified to render it applicable to digital computers by Frey
et.al.[11]. They studied few very simple cases ahd the calcula-

tions and computation time reported was quite large. In this
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method a relation is established between the voltage and the
current at each end of the lines depending upon the voltage and
the current at the opposite end, including transit time. The
distribuyed parameter circuit elements are sectloned using a
‘basic time interval. Initial conditions deflne the voltages exis-
ting st all bushbars and hence at intermediate points. Surge
propagation is initiated by connecting all sources to the clrcuit
to be energized. The voltage and current is computed at each
discrete poinﬁ for every basic time'interval. The overhead line
parameters are in the form of modal surgelimpedances and attenua-
tion factors are included approximately by introducing series

resistance into the modal domain.

5.2 LATTICE DIAGRAM METHOD

This method is a digital computer adaptation of a graphical
method of Bewley's 1lattice diagram [12]. The application of this
method to single phase representations has been described by
Barthold and Carter [13]. This method is capable of accomodating
any specified input waveshape, real or complex line terminations,
any system configuration. Basically this method is an application
of superposition combined with an ingenious system of book keeping.
The calculations are made in terms of the voltage wave increments
which travel on the line comprising of the equivalent circult and
the behaviour of these travelling waves at junction and termina-
tions is determined by reflection and refraction coefficients. -
They have assumed that the incoming unit wave proceeds through the
discontimiity undiminished, but generates a new wave equal to the

reflection coefficient at the instant it reaches the discontinuity.
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This new wave emanates from the discontinuity in both directions,
and the sum of the original wave and the newly generated wave
represents the total response of the discontinuity to the imping-
ing wave. The response of a complex network, in a similar manner,
can be represented as the superposition of the undiminished trans-
mission of the original input, plus simllar transmission of second-
ary wave components generated as the original wave arrives at each
bus in the system. The secondary waves producé a third generation
of waves; and the process continues ad infinitum. Although this
method is basically applicable to distributed parameter elements
such as lines and cables it has been extended to include lumped
parameters of generators, transformers and capaclitor banks (1],
They have been represented as transmission line stubs , while
certain non-linear elements are eXpressed by pié:gaise linear
technigues.

This method has been extended to taree phase circuits [9].
Whereas for single phase calculations the reflection and refraction
coefficients are calculated from the individual line surge impe-
dances for three phase calculations these surge impedances are
replaced by surge impedance matrices and in this way the mutual
effects between phases are included in calculation. The surge
impeda .ce matrix used to r-present the trensmission line is calcu-
lated at the'predominant frequency of the transient or if this is
not known, at a frequency based on the travel time of the line
being switched.

The computer memory storage and rumning time required by

this method are quite high.
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2.3 THE FOURIER TRANSFORM METHOD

When a switching operation takes place, the elements of
povWer system are subjected to voltages and currents having a wide
range of frequency. The values of some electrical parameters do
not remain constant but exhibit frequency dependency. While for
some parameters (generator- and transformer-inductance, positive
sequence line inductance) this variation is small or even negli-
giblej other parameters (generator transformer resistance, line
resistance, zero sequence line resistance and inductance) show a
substantial variation with frequency, which is owing to skin
effects and earth penetration [6]. Carson =~ ° = has shown that the
mutual coupling, distortion and attenuation of travelling waves on
the transmission line are frequency depehdent. Hence the frequency
dependence of parameters should be taken into account in the calcu-
lation of switching surges. This suggests the use of Fourier
transforms method.

Fundamentally this method requires the calculation of the
response of the system over a range of frequencies and the use of
the inverse Fourier transform to transform the response from the
frequency domain into time domain.

Fourier transform method has certain disadvantagesvassocia-
ted with it. The analytical evaluation of inverse transform is
very difficult to obtain, however, it can be evaluated numerically
by integrating it within a finite range. This truncation of infi-
nite range can give rise to Gibbs oscillations, which are quite
pronounced and slow to die, and integrand to peak if the step
length is large [16]. The results thus obtained will be peaky in

nature and will not represent the true nature of system response.
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The remedy to these problems as suggested by Day et.al.[17] is
to use modified Fourier transform. The unwanted oscillatlons are
removed by incorporating 'Sigma' factor in the transform.Battison
et.al.[18] and Day [19] have demonstrated the use of this method
for single phese and three-phase systems. Wedephol [20] has used
a method which combines the modified.Fourier transform and the
steady~-state theory of natural modes for the solution of line
transient problem and discussed the problem of non-simultaneous
closure of circult breaker poles.

The disadvantage of Fourier transform method is the anti-
cipated excessive compﬁter running time resulting both from the
calculation of frequency dependent transmission line solution of
the problem at each frequency and also the multiple integration
required to numerically evaluate inverse fourier transform. It
also requires considerable data from the system which frequently

are not available[21].

2.4 X-TRANSFORM METHOD

This method has been used by Raghavan and Sastry [22] for
the switching surge overvoltage calcﬁlations. In this method
reflection and refraction coefficients at all points of disconti-
nuity and surge travel times of different lines are calculated.
They are then represented by a block diagram. The transfer
function of the system is determined with the help of system
signal flow graph. The X-transform of the output surge is deduced
using the transfer function. The surge voltage is found out by
carrying the inverse X-transform. The main drawback of this
method is the cumbersome and difficult evaluztion of inverse

X-transform for complex functlons.
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2.5 Z-TRANSFORM METHOD

In this method, useu by Humpage [23] the transmission-line
forward-impulse response and surge impedance functlon, initially
formed in frequency domain, are mapped into Z-plane by bilinear
transformation. They are then transformed into time domain,
therecafter the formulation is wholly in the time domain and the.
sequences in soluticn, to which steps of transformaticn through
the Z-plane lead, are of recursive form. It was found that this
transformation is one>which introduces a form of distortion error
[24]. High accuracy in response function definition is achieved
over an initial range of frequency beyond which the error progres-
sively increases. This can be aveided by chcosing a step length
which minimises the errcr over the frequency range relevant tc the
electromagnetic transient made of system operaticn. But this
leads to very high computer time. The cther soluticn as suggested
by Humpage [24] is to synthesize the tranrmission line forward
impulse response and surge impedance functicn directly into the
Z-plane. This method alsc leads tc Z-plane function’of lower
crder than those of previcus work [23] and to longer step settings
Both measures have considerably reduced the total computing time.

This method is still in a developing stage and has been

applied to simple case only.

2.6 SYSTEM APPROACH METHOD

As the power system consists of a large number of elements,
the differential equations describing the system are quite large.
This renders their solution quite difficult. This difficulty is

overcome by a nodal terminal approach put forward by Semlyen[25].
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The simplification is due to the fact that while the total number
of state variables in the povwer system are very large, the system
vis organized hierarchically, in an orderly way, by components
with a small number of terminals interconnected algebraically by
sparse matrix.

The mathematical description for any component of a power
system is given by convolution using impulse matrix. A modelling
by impulse response matrices is advantageous for complex components
since it provides a simple input-output relationship involving
few variables. They have developed norton type models for system
components. The drawback of this method is the lengthy digital
computions of impulse matrices requiring large computer running

time.

2.7 LAPLACE TRANSFORM METHOD

This method for solution of travelling waves by laplace
transform has been described by Uram et.al.[26,27 JApplication of
Laplace transforms to egquations for phase voltages produces six
independent second order ordinary differential equations for
voltages in terms of distance. The& are separated by transforming
the voltages into independent modes, which travel on line without
interactlion. On the assumption that the propagation coefficients
are linear in the laplace operator; a simplified form of wave
transmission results. For each mode, a wave launched onto one end
of the line appears attenuated and delayed but undistorted. The
phase voltage waves, howWever, are distorted since the modes have -
different velocities and attenuation factors. The mode with an

earth return path travels at about three~quarters speed of the
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order modes, which 1s nearly that of light. Once the mgdal waves
are knqwn, the phase voltages are found by adding the forward and
backward modal Waves and using the inverse modal transformation.

Of the methods discussed so far the methods most commonly
used are Schnyder-Bergeron, Fouriér Transform,vLattice diagram,
and Laplace transform as they are in a more developed stage as
compared to other method. In agsessing the differences betwWeen
the above method of digital calculation, the most obvious basic
difference is on the question of frequency dependence. The
Schnydér-Bergeron‘énd Laplace. transform use fixed frequency para-
meters while the Fourier method accepts the continuous variation
of parameters with frequency. The lattice diagram technique lies
in between the twWo extremes as the earth responses are modified
using Carsons formula. The laplace transform method requires the
minimum computer running time as compared to other methods. The
results obtained are comparable with the results obtained from
TNA and other methods [9].
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C.JAPTER-IIT

LAPLACE TRANSFORM TECHNIQUE FOR CALCULATION OF
SWITCHING SURGE OVERVOLTAGES

3.1 3-PHASE LINE AND EQUIVALENT CIRCUIT

Consider a 3-phase transmission line consisting of three
individual conductors parallel to earth as shown in Fig.[3.1].The
left end of the line is considered as the sending end, where the
generators‘are connected,}while the recieving end, at the right
hand, 1s at a distance of X miles. Normally the load will be
considered here. The voltage with respect tu ground at any point
along the line, and the currents in conductors are to be deter-
mined. Hach of these are functions of two varliables? position x
along the line, measured from some reference point, and the time t,
measured from some refererce time. The terminations at thé reciev-
ing end will provide the boundary conditions necessary for solving
the system equations.

The equivalent circult, of a differential element of line.
'used is shown in Fig.[3.2].In the circuit the overhead conducﬁors
are described by their positive sequence parameters, while the
effects of the ground retirn are accounted for with their zero

sequence parameters. The distributed parameter elements are used.

3.2 TRANSMISSION-LINE VOLTAGE AND CURRENT EQUATIONS

For the equivalent circuit shown in Fig.[3.2] two sets of
describing equations can be derived. The first is found by apply-

ing Kirchoff's voltage law to the loop formed by each conductor
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and ground, while a second set is Written uslng Kirchoff's current

law at the junction of each conductor with the capacitive branch

to ground.
After :rearranging the equations they may be arranged as
follows:
@E,‘(X,t) 1 . a Y
NS G -3~{[(R +L )‘*'?(R +L 0L, (x, 1) [(R +Lo &%
¢_
(R, +L, Ct)]x (%, 8)+[ (R +L &)= (R, +L, \t)}13(x,t)}
—5% 5{[<RO+L S9)- (R, 4L, $9) 11, (x, )+ [ (R T, §7) |
e c '
2(R,+L, ,t)]x (x,£)+[ (R_+L 5—-15)-(}31%1 s I (x,t)}
- cf-‘%(X’t) l{[(R +L Q—-)‘(R +L, )11, (x t)+[(R +L )
s = U RS, 5p)- (R4l 55 o T%
¢ ) 0
(R, Ly 5 11, G, )+ LR YL £o)+2(R, +T, 5o 1 (x t)}
T pey ..n( 1)
OB, (x,t) I+ 2y ul1§g,t) el 1 oI 5(x,t) N3,
t 3ttc, o CX ¢, ‘”SX
R dlgﬁx,t)
o Cy ¢X
AT ‘ A
OB, (x,t) 1l - i oI, (x,t) L L2y iEQ(XLEl
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(.l_. : ..L_ (o] 3 X,
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CBEy(x,t) I, (x,t) o1 (x t)
Y s Ap Al LAy A 1y o
R 3[( o c1) - X * (co c4 u.X
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The partial differentials appearing in the equations (3.1)
and (3.2) are converted into ordinary diffcrentlals b& taking the
Laplace transform with reference to time. The Laplace transform

relationship resulting are

-,
”,

¢ OB, {(x,t)  dB,(x,s) Y
L (Lt = L L

‘ g (3'3)
7 01, (x,t) . |

A

Thus by taking the Laplace transform of the equations
(3.1) and (3.2) and using the relationships of equation (3.3)
with the assumption of zero initial condition, the following set

of equations, which have been expressed in compact matrix form,

results.
[ dB, (x,s) | B 117 ]
1% , ,
—i (z_+22,) (2,-2,)  (2,-%,) I,(x,s)
dE (x,8) |, | (x.s) "
- =5 3@y (Brezy) (Zg-4y) I,(xys (3.%)
dEy(x, s)
_-———a-x——'——_- [__(ZO—Z1) (ZO—Z'I) <ZO+QZ,‘) ) '_13(}(, s) |
s | |G e - || DR
LA o Y Yo Ty Y T dx
- at ,(x,s)
’ U | 1 1 1 2 1 1 T2
- | B x,8) 5| (- (—+F) (- (3.5)
2 3] Yo Y Yo Y0 Ny Yy dx
dI3(X,S)
£ (x,s) - - G2 | =
L 3 ’ _ B Y'O 11 YTO ‘.‘1 \0 Y? L dx |

The positive and zero-sequence impedances and admittances

have been defined in equations(3.1) and (3.5) as follows:?



™~
= + P ¢
Zo RO sTo
Z, = R, * sk J
o ‘ > (3.6)
YO = gC
Y1 = sC1 !

The 3-phase trénsmission line relations can be expressed
more eXplicitly by writing the equations (3.%) and (3.%5) in an

even more compact form as

d
- EE{E] [ZA][I] ' (3.7.1)

1
3
- B =3z, 1) (3.7.2)
¢4 3%
The voltages and current matrices of equations (3.7),
which are 3-element column vectors, are expressed in the Laplace

domain, and thus are function of the variable s as well as dis-

tance x from a reference point on the line.

3.3 GENERAL SOLUTION OF 3-PHASE TRANSMISSION LINE EQUATIONS

To obtain voltages and currents on the transmission line
the pair of simultaneous matrix differential equations t3.7.1) and
(3.7.2) need to be solved. This can be accomplished by eliminating
either the voltage or current matrix, finding a solution for the
remaining quantity, and the substituting this solution back in |
elther of the two equations to obtain the complete set of voltages
and currents.

To eliminate current matrix equation (3.7.1) is differen-
tiated with respect to x and equation (3.7.2) is substituted in

it. The resultant equation is given by
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)

d — -1 _ .

E;EEE] [ZA][ZB] [E]1 = [0] (3.8)
Let  [a] =[2,](%]" hence

a2 ¢

& ()= [¢1(E] = [0] (3.9)

ax
where W“(ZOYO+221Y1) (ZOYO—Z1Y1) (ZOYO-—Z1Y1)

[a]=33— (Y - 2,¥,) (7Y +27,Y) (2 -7,%,)

__(7 Y - Z Y,') (ZOY0—21Y1) (z Y +2Z1Y1) i

The equation (3.9) reprecents three component equations
involving the line voltages. It is difficuit to solve this
equation as it involves various combinations of the voltages of
each line. To illustrate this, the equation (3.9) may be expanded

into its components

%8, (x,s)

o — = aqq By (xy8) = oy, B(X,8) - ag3 E3(X’S) =0 \¥
a%E,(x, 5)
s = ay By (x,8) = a,, By(x,8) - a3 E3(x,s) =0 > (3.10)
ax :
33(}{, s) ' _
dx‘:?"’" Y Eq (x,8) - aqyp E2(X,S) - d33 3(X s) =0 /“

The difficulty in solving this equation exists in the
mathenatical coupling beteen the voltages. To simply the solu-
tion the off-diagonal coefficient of thls equation will have to
be made identically zero. The equation, then resulting, will be
soluable as 1t would contain one voltage and its ordinary second-
order defivative only.

The actual transmission line voltages [E] are transformed

linearly into a new set of variables [F] by a transformation
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i

(E]
[r]

[2itr] |
o 'e

-

(3.11)

i

Here the elements of the square (3 x 3) transformation matrix (1]
are nurerical constants. '

Let the transformation of co-ordinates in equation (3.11)
be substituted into the matrix differential equation 3.9), des-
cribing the transmission line voltages. After appropriate mani-

pulation this yields
a2 -1 _
=—[F] - (1] [a]ITI[F] = O (3.12)
ax

To obtain the desired results the ccefficlent matrix
product in equation (3.12) is diagonal. Indicating the co-effi-

- clents as 2as
[¢] = (11 [a](T] (3.13)
Replacing the coefficient matrix product inAequation

(3.12) by [£] we get

42
=[F] - [¢][F] = O (3.14)
ax | |

Since [¢] is diagonal equation (3(14) can be expanded in

to its component form as

a°F, (x, 5) ~

P - gqq Fu(x,8) = 0
d2F2(x,s) _ |
5 - Eop Fg(x,s) =0 2 (3.19)
d2F3(X,s) ,
"*E;E - £33 F3(x,s) 0 »2
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The coefficlents &4 remain to be determined. Briefly,
the procedure consist of first finding the eigenrvaiues, or
characteristic roots, of the matrix [a¢]; then, from these, the
eigenvectors corresponding to each eigenvalues. The proper trans-
formation matrix [T] is then composed of three column vectors,
which are proportional to the eigenvectors of [q}. The result of
these matrix operations is the following transformation matrix [T)

and its inverse

[ 1 0]
[(T] = 1 0 1
1 -1 -1
; (3.16)
1 1 1]
[TT1=% R
=1 2 -1

The transformation in equation (3.16) is not unique because
two of the eigenvalues are identical. Therefore, other transfor-
mations exlst which will satisfy the system requirements.

The expansion of equation (3.13), using equations (3.9)

and (3.16) results in

[z Y 0 0 ]
Q o
[¢]= (11" a1lT] = | O z,Y, 0 (3.17)
0 0 Z,Y,

Thus the [¢] matrix is diagonal and insértion of this
matrix into the system relations given by equation (3.15) leads

to a set of three differential equationsAto be solved
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2
d—%]-i}-;—’-s-)— - grgr e o]
fp—g(X’S) (2,Y)F,(x,8) = 0 > (
2 - (ZYIF,(x,8) = > 3.18)
309 (Z,Y,)F, (x,8) = 0
P I R A )

Since the coefficients (ZOYO) are not functions of dis-
placement x, equation (3.18) may be solved for the transformed

co~ordinates.

n-\/ZSY;'x JTVEY X .jf
Fy(x,8) = Kyy € + K, € j
- /7.8, x + /7.3, x
Fox,s) = Ky & ' +K,, 8 0 ] > (3.19)
=x. ¢ VI ko r VI x
F3(x,s) = Ky * Ky, o y

The constants of integration Kij nust be determined before
attempting an inverse transformation into time domain. These cons-
tants are dependent on the boundary conditions existing at each

end of line. Rewriting equation (3.19) in matrix form as

= w o % Yt .
(r] [K1vx] + [ﬁsz] (3.20)
Where
. ) o -
FK o ’"/Zc o ¥
11
- J2.¥Y, X
" - . ~ 1 1
[K1 ] Ky € (3.21)
- J7 Y x
~ 171
| B3y ® i




%
2 X

(3.21)

Finally, the solution for the actual line voltage may be exXpressed

ass

(8] = [T)(F] = [T1[K, 3,0 + [T](K, &)

(3.22)

To obtain the line current the equation(3.7.1) is solved for the

line current

(1] = -302,1 & [E]

(3.23)

Differentiating equation (3.22) and then substituting it

in equation (3.23) provides the general solution for line current

as

(11 = (067 [k, S-(0I02T K, €5

2 X

(3. 24)

The matrix [£] is diagonal and is composed of transmission line

parameters.

0

0 0
L, 0
0 .111

"o

7 0
O

o fh
| &

0 0

(3.25)

3.3.1 Characteristic Impedance and Attenuation Constants The

matrix [{+] is the characteristic impedaneof the 3-phase line.

This is a quantity which is independent of the line voltages or
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currents and is a function of line parameters only. Altbough the
exact form of the characteristic impedance 1is complex, the reduc-
tion of the exact expression can be made using the assumptions
normally made in powWwer transmission line work.

From the equaﬁion (3.29)

R +sh_ :
0 = 69:-6Q (3.25.1)
© o Yo
For zero conductance it becomes
2
L R
N_= Jz2 G+ \//-‘<1 : —9— -3 2
(o] O S o SL
o)
1 R3
+"""‘"_g“__ -oo) (3025.2)
16 s3L2

substituting s = jo the first three terms of the Infinite series

ﬁ; 1 Ro 2 R
N, =/ | R - 3 IE (3.26)
o 0 O . .

Choosing 50 Hz as the lowest frequency of interest, it is

become

observed that for the system data used the terms other than unity
have negligible effect on the magnitude and phase of llo.Therefore

21l terms other than unity in the series are neglected. Hence

_ 0
D ,=/c
o)
W,
similarly - ( ' (3.27)
_ £
1y = C.
1 B

= /(R *sb) (G_*sC,) (3.28)



’ 2
R 1/2 R R 3
- 1 "o 1 "0 1 R
Y - c T_,C (1’{‘——0——— :/LC (S+-—-_—-—_,-—-v—-—-—+—-—_-.———'—“")
o c’o sLO “o0”0 2 Lo 8 ng 16 sng

... (3.28.1)
substituting s = jm the first three terms of the infinite series

become'
vy =/LC_ {%E-‘l jm[: (L m) ]} - (3.28.2)

using 50 Hz as a lower limlt on frequency, evaluation demonstrates
that the first two terms of the series should be retained, which

yvields

0 O (o] 0" 0

vy = s /TG + 32-3 C /L | (3.28.3)

Re¥Writing the exponents of equation (3.19) gives

RO C0
“—Yox - 2?‘\33 X \/EOCOSX
< = e v
P (3.29)
R, [C : ‘
-Y,x - El Tl X -\/E1C1sx
> = e N J1 o |

These exponentials have two parts; one involves constants and line
displacement, while the other involves the Laplace variable s.The-
first of these terms decreases with distance along the line and
thus represents attenuation of voltage and current. The second
represents a delay factor since it is a term of the form

o C xs . Thig, from classical Laplace transform theory,

produces a finite time delay of /LC x seconds.

17730_14,



- D6

3.4 PARTICULAR SOLUTION FOR 3-PHASEvTRANSNESSION LINE EQUATIONS

To find particular solutions for the transmission-line
voltages and currents, the matrix constants of integration occur-
ring in equation 3.22 and 3.24% have to determined. Since this
needs the evaluation of the boundary conditions at each end of
the line it will be necessary to substitute the condition x = o
at the sending end and X = X at the recieving end. The resulting

forms ares

- 3
E 1 = [T]k, ]+ [T)K
[E,] [T 1K, [r]k,] | L 630
(1) = [0 'k, ] - [T1-0)7 'K, )
[B,,] = [TIx, €1 + [T]IK, XO] | | Guan
_ -1 - -1
1) = 010071y 250 - [0 i, 851 |
Let
- - = =Y Xm"—
By Kyq @ o
_ _ T o= .’*—Y“XO
(a1 =) a0 [x, 82 0= X, , | (3.32)
a 1x0
B3 K13
- — —— +Y X -
B o Ky € °°
‘- _ -t . 4=+Y’|Xo
and [B] = B, |= [1<:2 °xo]= Koy © (3.33)
~+Y1Xo
B, ., KO
32 23 _

Since equation (3.33) has a positive exponential, it is
desirable to rewrite the expression in such a way that a negative

- exponential occurs. This may be accomplished as follows®
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-] » =Y X,
~ 070
Ko By ©
: - ﬂ—Y'lXO "
~-Y.X
- 170
K23 B32 <

Suppose that the first element of the matrices in the
equations (3.32) and (3.34) are expanded and written as follows:

RO Co ~,
A11(s) = Kyq(s) S >
; (3.35)
RO CO
y -2 1T %o -\/EOCo X, s
K21(s) = 821(5) < © S -

The leading exponential in these egquations is a real
number and represents the attenuation along the line. However the
second exponential is dependent on the variable s. The basic
theory of Laplace transforms defines such a situation as a delay
function which must be zero for a finite time.

The inverse laplace transform of the general function of
-T s
the type G(s) =€ © G, (s) will be
g(t) = g, (£) U (¢-T)) (3.36)

where U(t-T ) is delayed unit step.
On the similar lines the constant inequation (3.35) can

be written in t ime domain ass

Y
- 2 \Lo 0 — —
=c ) T - T _
Ayy(8) =28 Ky, (6= VB Co x )0t~ VL T x) .
— s (3.37)
fo %,
-2 LO o] . L
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~ The constants 4, (t) and K, (t) must be zero for‘/igag X, seconds’
after which they will have the form of K,,(t) and B, (t) respec-
tively.

In an identical manner the other elements of equations
(3.32) and (3.34) can be written in time domain.

The transmission-line voltages and current at each end of

the line now may be written, using the definitions in equation

(3.32) and (3.34), as
(B 1 = [Tllx, ]+ [TIK,]

° 1 1 (3.38)
(1,1 = [z1[)" [x,] - [TI>] (K]

B = [7][a T1B ‘

(B, ] = [TI[A] + [T][B] 1 G
Mr, 1= (03l (8] - (o101t [ )

3.5 INCREMENTAL SOLUTION OF TRANSMISSION LINE EQUATIONS

3.5.1 Unloaded Lines To illustrate the method of solving trans-

mission line equations (3.38) and (3.39) a simple system will be
considered. Suppose that the voltages at the sending end and the
currents at the recieving end of line are known. This would be
the case, for instance, if a 3~phase generator Were connected at
the sending end and the line Were open at the recieving end
Fig{3.3].Then the quantities to be determined are the currents at
the sending end and the voltages at the recieving end of the line.

Suppose that the first part of the equation (3.38) is
solved for the matrix [K1] and the second part of equation (3.39)
is sclved for the metrix [B] as follows:

(%0 = [27" [B,] - [K,)

L (3.40)
(B] = (a1 - (20T (L] |
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Performlng the inverse Laplace transformation to the time domain

yields
K, (£)] = [T]”1[E(o,t)] - [K,(£)] w
> (3.141)

The equation (3.41) is solved on an incremental basis with
time starting at t = o and increasing in increments At. For
first few increments [Ka(t)] and [4(£)] musf be zero since they
are delay functions hence the above equation can be evaluated for
[K1(t)] and [B(t)] since the term on the right hand are either
known or are zero. These values of [X,(t)] and [B(£)] are stored
for evaluation of delay function when the time delay is over. Once
the delay functions are no longer zero, the proper value of [A(t)]
and [K,(t)] are determined from the past velue of [X;(t)] and’
[B(t)]. These are substituted in equation (3.41) to provide the
present value of [K1(t)] and [B(t)] which are stored for further
determination of delay functions.

Solution for the unknown sending end currents and reciev-
iné end voltages may now be obtained from the inverse Laplace
transform of second part of equation (3.28) and the first part of

the equation (3.29). -
(P10 ()] = (210007 (K, (8) ) L
[Tilace) ] + [T1[B (L) ] }

2

[1(0,)]
(3.4%2)

i}

[B&,8) ]

3.5.2 Resigtive Load Termination* Consider a trensmission line

terminated at the receiving end with a resistive load which may
be Dbalanced or unbalanced and assume that the sending end is

connected to an infinite bus Fig. (3.4). The boundary conditions
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for such a system thus consists of known voltages at the sending
end while the unknown receiving~end voltages and currents are
related by the load resistances. Using simplified notatlons the

relation at the receiving-end can be written ass

[Exo] = [RL][IXO] 1
where - ‘
| B O 0 4
’ ]
Iz ] = 0 . Ry, 0 > (3.43)
0 0 QLB[

-

substituting the expressions for receiving-end voltage and currents
from equation (3.39) after transformation into time domain and

‘using simplified notations we get

(1J04] + [13(8] = [RgITILAT (8] - [ 0]0217' (8] (3.

solving this equation for [B] matrix we obtain

2 = [irr g denear « 91 ] x [ier g demee -9 ]
(3.4%)

Here the matrix [97 is the diagonal unit metrix.

Matrix [K1] can be determined from the first part of
equation (3.40) while the delay metrices can be calculated from
the stored value of [K1] and [B]. The receiving-end voltage and
current can be found out by substituting the values of the calcu~

lated matrices into the following equationés

(e, ]

<o _[T]EA]+[BH \i

>
(o) = (11007 [[a-031] J

ti

(3.46)
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3.5.3 Inclusion of Generator Impedance: In the cases discussed SO

far, it was ascumed that the line is energized from an Infinite
bus source. A more realistic form of representation is necessary,
taking Into account the source representation. In dealing with
switching surge overvoltages, the source side plays a very impor-
tant role in the shape of the wave-form and the magnitude of the
overvoltage. Hence the genérator impedance is considered at the
sending end as shown in Fig.3.5. The load resistances may be
balanced or unbalanced, while the generator impedances may be
symmetrical or not.

The unknown gquantities are the transmission-line voltages
and currents at both ends. The known quantities are the generator
voltages and the constraints which have been imposed on the system
by the series impedances at thé'sending end and the load resis-
tances at the.receiving—end.

The general'transmission line equations are the egquations
(3.38) and (3.39) transformed into time domain. At the receiving
of the system, the boundary equations are identical to equation
(3.43), hence the matrix [B] can be calculated from equation (3.45).
The matrix [K,] may be evaluated by writing the boundery equations
at the sending end of the line. Referring to Fig.3.5, these may

be expressed in matrix form as follows:

e ol , "
B.1 =100 55 (3,1 + [RAL T + (BT )
where i —
L 1 0 0 .
g { (3.46)
[Lg] = 0 ng 0
L © 0 Lg3.._




F3g1 0 0
[R,1=| 0 R,y O (3.46)
L0 9 Rgz

To determine [K1], the time domain transformed equations
of sending end matrices [EO] and [Io], obtained from equations

(3.38) are substituted into the differential equation (3.46).
(5,1 = (1,1 & (1027 [k 05, ] 1m, im0 T [ L5,

s ] BENERTS

Rearranging and solving equation (3.47) for [X,] we get

\

L)1 = S50, 1+ 00 [Lo T [ - [0k, DX,

where

o

-1
1= [ o s

p (3.48)

1]

' R ] -1
AORIIES WivW eIt Wi ah]

- Ferie -1_t¢
() = [1e7 " tr Ner 02 7141

4

The matrii [K1] can be solved by using a numerical method
for the sclution of such differential equation. Details of solu-
tion procedure is given in Appendix-I. The delay matrices are
evaluated as before and once all the matrices are known the
unknown dquantities can be determined from the generalized trans-

mission line equation (3.46).
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3.5.% Inductive Load Terminations® To include the lagging power

factor loads at recelving end consider ‘the Fig.3.6, where the
load and the source impedance are assumed unbalanced for genera-
1lity. The line voltages and currents at both ends are unknown
while the generator voltages are known as function of time. At
sending end of the line the situation is identical to the resis-
tive termination case thus, solving the differential equation
(3.48) results in matrix [K1].

At the receiving end the relationship between the voltages
and currents is governed by the load resistance and the inductance.

‘This may be written in matrix form as

(B = (0] S5 (1,0 + [R I ) (3.49)
where

"LL1 0 o]
(L] = 0 Ly,o 0

o 0 Py

!’Rm 0 0 7
(R;] = O Ry, O

| ° 0 fr3 |

Substitution of the transformed equation (3.38) and (3.39)
in to equation(3.49)for the values of receiving end quantities

leads tos
r1 {820 021 =1y ] SpImI00 ™" [Iar-(31]+ay mILe)"" [1a0-137]
| .+ (3.50)
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. Rearranging the equation and solving for [B] gives

Lip] = &lal + [a]{'[g]m] - (VB
where

- -1
(o= [[0)7 M0 2000007 ]

i

— ‘ _ N :
(6] = [to7 'm0 T 1Y) 7 (3.51)

(1 = [ir7 g e300 1191

> o st

This differential equation must be solved in order to evaluate the
[B] matrix? this is in addition to the differential equation at
the sending end for [K1} equation 3.48. The method of solving

these equations has been discussed in Appendix-I.



CHAPTER-IV

SYSTEM CONSIDERED AND CASES STUDIED

.1 SYSTEM CONSIDERED

A& Hydro-electric power station with 4 units of 165 MW each
in stage 1 has been provided at Dehar under the Beas Project. This
power station is connected by a 400 KV single circuit transmission
line to Panipat at a distance of 260 km. A study of switching

surge overvoltage of this system is done hereunder for 2 units of

165 MW in operation.

4.2 SYSTEM DATA

4.2.1 Line Parameters: The line comprises of twin conductor bun-

dles per phase and two galvanised steel overhead wires. The line
has a delta configuration. The zero - and positive - sequence

parameters of the line are as given below:

Positive sequence Parameters

L,'mH/Km 1.0143
C, nF/Km 11.304%0
Ry m/Km 29 . 2560

Time Delay ms 0.8800 .

Zero sequence Parameters

LO mH/Km 3. 1200
Co nF/Km 7.7618
Ro m e /Km 230.9300

Time Delay ms 1.2700
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4, 2.2 Generator Parameterss In these studies the generator has

‘been represented by its subtransient reactances. Its value is
0.11%7 p.u. on 100 MVA base. For two generators the source. is
represented by the parallel combination of generatorvand transfor-

mer impedances.

4.2.3 Generator Transformer Parameterss The transformer 1mpedanoe

for 3 x 60 MVA, —ifépo KV has an average value of 154 on 180 MVA
3 .

base.

4.3 CASES STUDIED

4,3.1 Unloaded Line BEnergization: In this case the line is assumed

to be open at the recelving end. This is simulated by inserting
a resistance of 106pu.at recelving end in all the three phases.
The three poles of the sending end circuit breaker are assumed to

close simultaneously at t = O.

\

%.3.2 Unloaded Line Energization With Non Simultaneous Closure of

Circuit Breaker Polest The three poles of a circult breaker

do not close simultaneously, due to mechanical tolerances and
prestrikes, but close within a 'pole-span’' in a random manner,

The pole span which is the characteristic of the circult breaker

is the time between the first pole and last pole to close. There
can exist a very large number of pole closing sequences for
different pole closing spans and study of all the possibilitles is
very time consuming. In this case, just to demonstrate the affect
of non-simultaneous closure of circuit breaker pole, a pole closing
span of 90o has been selected, with pole A closing at 450, pole

B at 900, pole C at 135° from the t = O reference point.
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4,3,3 Unloaded Line Energization With Pre-insertion Circuit

Breaker Resistances® To reduce the overvoltages, line is

energized via closing resistors. These resistances are shorted
out of the circuit after a pre-determined time. In this study
the value chosen for pre-insertion resistance is 400 <% and the

insertion time is 10 milliseconds.

4.3, % Line Bnergization With Balanced Resistive Load at
Receiving Fnds A balanced load of 1 p.u. in each phase is

assumed at the receiving end. In thls case the receiving and send-

ing end breakers are assumed to close simultaneously.

4,3.5 Load Rejection at the Receiving End: In the study of the

overvoltage due to load rejection at the recelving end the follow-
ing procedure is adOpted.r The system is first allowed to reach
the steady state. After this condition is reached the phase
currents are monitered and when the current of any of the three
phases, passes through zero that phase is opened, and this process

continues till all the phases are open.

4.3.6 Unbalanced Conditionss An extreme unbalanced condition,

wherein the line is completely open at the receiving end while
one phase of the sending end is also open has been studied. In
practice this might correspond is a situation in which one pole
of the breaker at the sending end did not close.

The last experimental case of the resistive load is an
extreme unbalance at the receiving end of the line. In this case

one phase is assumed open while the others have 1.0 per-unit loads.
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4.3.7 Line Energization With Balanced Inductive Load at the

Receiving Ends In this case a balanced inductive load of

1 p.u. consisting of 0.6 p.u. resistance and 0.8 p.u. reactance

hags been considered at the receiving end.

4.3,8 Line Energization With Unloaded Transformer at the
Recelving BEnd2 In the study of overvoltage due to energi-

zation of the line with unloaded transformer at the receiving
end, only the transformer magnetizing inductance has been consi-
dered neglecting all the losses. The value of transformer magne-

tizing reactance is 125 p.u. on 100 MVA base.



CHAPTER-V

————————,

RESULTS 4ND DISCUSSION

5.1 RESULTS

The maximum switching surge overvoltage occurring for different

cases mentioned in Chapter-IV are given belows

receiving end

Maximum Time of 7
Case Overvoltage| Occurrence Refﬁo‘ig’
PU (M1111 seconds) o

Unloaded line energization
with simultaneous olosure 2.76 12.35 5.1
of circuit breaker poles
Unloaded line energization
with non-gimultaneous clo- 2.88 18.80 5.2
sure of circuit breaker '
poles '
Resistance energization of 2.25 21.25 5.3
unloaded line -
Line energization with
balanced resistive load at 1.45 13.30 5.4
receiving end
Load rejection 2.35 36.55 5¢9
Unbalanced case with one
breaker pole open at sending 2.82 12.15 5.6
end for unloaded line
Unbalanced case With one
load phase open at receiving 2.57 17.10 5.7
end
Line energization with 1.6 9.55 5.8
balanced inductive load
Line energization with un-
loaded transformer at 2.80 12.39 5.9
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5.2 DISCUSSION

For unloaded line energization, assuming simultaneous
closure of circuilt breaker poles, severe transients can be observed.
These are quite erratic and take a long time to settle dOWn_to
recognizable sinusoidal pattern. The extreme transient response
is because of the open circuit at the receiving end, which leads -
to severe reflections of the travelling wave.

When energizing an unloaded line and considering non-
simultaneous closure of breaker poles, a higher voltage peak is
obtained aé compared to the case of simultaneous closure of breaker
poles. This may be due to the fact, that as phase A circult brea-
ker is closed first, followed other phases; the lines of open
phases are charged from phase-A line before their circuit breakers
close. Now, if phase-B (or phase-C) circuit breakef is closed
Impressing a power source voltage of polarity opposite to that of
charging voltage, a higher abnormal voltage results.

When the line 1s energigzed via pre-insertion resistances
the overvoltage peaks are reduced. The responses are not as
irregular as in the previous cases. The resistance reduces the
initial voltage step injected into the line which in turn, results
in lower overvoltage peaks.

When a loaded line is energized, the overvoltage peaks ar.
further reduced. This is due to the fact, that the reflections
from the line end are reduced because of finite termination
impedance. The response of first phase is quite smooth and damps
out qulckly, while the second and third phases have rough edges

before the transients disappears. The reason for this is that
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the first phase is excited at zero voltage, which then continued
sinusoidally. On the other hand, the second and third phases are
excited with sudden step of voltages, because their phase angles
are -120° and -240°. The voltages settle down to about 1.3 pu,
which is higher than at the sending end, because of the charging
current drawn by line capacitance.

For the unbalanced case of one breaker pole open at the
sending end of the unloaded line, the response of other two phases
is quite irregular. A small voltage is obtained at the receiving
end of the open phase, even though the sburce on this phase is not
connected. This effect resﬁlts from the capacitive coupling
between the lines producing some voltage at the receiving end of
the open phase.

For the extreme unbalance at the receiving end, the
severest trénsients are observed for the open phase, indicating
severe reflections from the open end. Tor the other phases the
transients settle sooner than the open phase.

When the line with inductive load termination is energized,
irregular waveshapes are observed initially. The voltages finally
settle down to 1 pu indicating that lagging load currents tend to
- cancel the lea@ing line charging current, resulting in reduced

terminal voltages.



CHAPTER-VI

CONCLUSIONS

As seen from the comparative study given in the last
chapter we infer that the most severe overvoltages are obtained
for the unloaded line energization with non~simultaneous closure
of circuif breaker poles. The overvoltages resulting from the
simultaneous closing of circuit-breaker poles for energizing line
are relativeiy lower., Hence réduction in the maXximum overvoltage
1s possible by decreasing the pole closing span. The advantage of
pre-insertion resistance for energizing the line 1s clearly ref-
lected in the results obtained. The studies show that steady
state voltage exceeds 1.pu for unloaded lines. To control this
excegs voltage rise adequate shunt compensaticn should be provided.
Preventive measures must be taken to ensure that transformers
connected to long lines are not energized when they are not loaded,
as excessive overvoltages are obtained in such cases.

It is observed for loaded lines that overvoltage peak is
minimum when the power factor is unity, and the steady state
voltage is excess of rated vcltage of 1 pu. For inductive loads,
vice-versa situation 1s observed; i.e. the overvoltage peak is
higher and steady state voltage is nearly 1 pu. This indicates
that while switching on any load appropriate compensation should
be provided to make the power factor as close to unity as possible,

thus reducing the peak overvoltage.
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FUTURE SCOPE OF WORK

As the circult-breaker pole closing span has a significant
ihfluence on the magnitude of switching surge overvoltage, the
worst possible pole-span and pole-closing-sequence should be
determined by studying the results for different combination of
reandom pole-closing spans and pole-closing-sequences. An optimum
value of pre-linsertion resistance and insertion fime needs to be
determined to help in reducing the peak overvoltage.

The method may be extended to integrated poWer systems.
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APPENDIX - I

For resistive load termination the following equations were

derived in Chapter III.

Slx, (1= 5 [Kg(t)]+[v]{[T]-1[3g]-Dw][K1(t)]+[X][K2(t)]} (A1)

B()) = [Z21[a(s)] . (A.2)
(ale)] = a,[K, (£-T) JU(t-T) (A.3)
[XK,(%)] = a,[B(t-T) ]JU(t-T) , (A.%)
where ,
[2] = [;[T]'1[RL][T][l1]‘1+t@ ]'] x[:[T]-q[RL][T][113_1n
-[Siﬂ[A]
a, = attenuation factor
U(t~T) = delayed unit step function

The differential equation (A.1) contains two unknown
variable [K1] and [KQ]. To solve this equation [K2(t)] is elimi-
nated from equation (A.1). Substituting (t) by (t-T) in equations

(A.2) and (A.3) gives

[Z27[a(t-T)] -(A.S)
at[K1<t~2T)1U(t-2T) (A.6)

il

[B(£t-T)]
[A(t-T)]

Eliminating [B(t-T)] from equations (4.4) and (A.5) we get
(K, (£)] = 2, [2][a(t-T) 10 (t-T) (2.7
Elimination of [4(%t-T)] from equations (4.6) and (4.7) gives

[K,(8) 1 = a2[2][K, (t-2T) JU(t-2T) (2.8)
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Differentiating equation (A.8) w.r.t. t and substituting

the value of [K (£)] and gt K, ()] in equation (A.1) we get

0K ()] = 2[2] TelKy (t- 2T)]U(t 2T)+[V]{[T]“1[E 1-TWllK, (£) ]

+ a2[x1[2][K, (t-21) Ju(t-21)] (A.9)

This differential equation is solved by Runge-Kutta-Gill
method [27] with an time interval of 50 u seconds.
For inductive load terminations following equation was

derived in Chapter III for determining matrix [B(t)]

2B(t)1 = La)] + [ap1a1)] - [oIYI[B(E)] (4.10)

This differentiai equation is to be solved along with the
“differential equation (A.1). Differentiating equation (&.3) and
(A.%) and substituting the values of [A(t)], [x,(£)] and their
differentials into equations (A.1) and (4.10) we get

t

%g[K1(t)] 2y dt[B(t T)]U(t-T)+[v]{[T]"[E 1- [W][K1(t)7

o, [X1[B(£-T) J0(t-T)} | (8.11)

+

i

4 B () a, SIK, (4-1) 10(t-T)+a, [a 1Lp LK, (6-T) JU (£-T)

La 1LY I[B(%) ] ' (A.12)

Replacing (t) by (+-T) in equation (A.12) and eliminating

[B(t-T)] from equation (A.11) we get, on rearranging
Sl (9] = a2 SR, (t-27) U (t- 21)+acla 1[g 1K, (t-27) JU(t-21)
a, [ [VI00-[a10¢] ]t8 (62 W=y (v (277 [, )

- [WIlK, (8) ] (A.13)
Equation (A.12) and (Li.13) are solved on Digital Computer

+

by Runge-Kutta-Gill Method [27 ] with a time interval of 501 seconds.
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APPENDIX - 1T

The computer program for the calculation of Switching

Surge Overvoltage was written in FORTRAN - IV. The wvarious sub-

routines used are

RKGILL

DERIVR

DERIVT

BX

PROBY

CALMAT
BG

This solves the differential equations by Runge-Kutta-
Gill method.

This subroutine calculates the derivative functions
for resistance load cases.

This subroutine calculates the derivative function
for inductive load case.

This subroutine calculates the voltages and currents
at the receiving end of the line.

This subroutine incdrporates the changes in the
system parameters and recalculates the constant
matrices after the specified time.

This subroutine calculates the constant matrices.
This function subroutine generates the sinusoidal

generator voltages.

Apart from these, standard subroutines for matrix inver-

sion (INV) and matrix multiplication (MUL) are used. The computer

time required for the ‘execution of this program varies from 1%.0

to 17.0 seconds depending on the case studied.
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PROGRAM TO CALCULATE SWITCHING SURGE OVERVOQLTAGE BY LAPLACE

TRANSFGORM METHOD
KASF=1 FOR RESISTIVE LOAD CASES
KASE=2 FOR INDUCTIVE LOAD CASES

ILPROB IS THE SELECTOR FOR VARIOUS CASES TO BE STUDIED
NEQ= NEMRER OF EQUATIONS T0 BRE SQLVED
TREQ= TIME SPeECIFIED FOR CHANGE IN CIRCUIT PARAMETERS

ATP,ATO ARE ATTENUATION CONSTANTS

TT,TD ARE THE TIME DELAYS ASSOCIATED WITH SEQUENCE PARAMETERS
H=TIME INCREMENT FOR SOLVING DIFF,EQUATIONS

DIMENSION Y(7),YDOT(7),ECT),YD(3)

COMMON/STORE/TII,MD,ND,X5(2001,6),XDS(2001,6)

COMMON/CONST/CNAC4) ,CHB(4),CNC(4)

COMMON/STAB/A(3),B(3),TD(3),7TT(3),AB(3),EX0(3),M0,NQ,EPU

PAGE

COMMON/ INPUT/TMAT(3,3),DINVT(3,3),RL(3,3),ALL(3,3),ALG(3,3)

3,R0,R1,PLO,PLL,CO,C1,X0,EM,FREQ,KASE, LPROB, TREQ,CI(3)
4,RG(3,3),RCB(3,3),DUC3,3),TPS1,TPS2,TPS3,RCBO(3,3)
COMMON/STT/VW(3,3),VTII(3,3),VX2(3,3),2(3,3),VAM(3,3),
6ALBT(3,3),ALGM(3,3),0HM(3,3),DINVOC3,3),TEHP1(3,3)

COMMON/ATTEN/ATO, ATP,ATOS,ATPS

OPEN(UNIT=1,DEVICE='DSK' ,FILE='Z,DAT")
READ(1,*) R0D,R1,PLO,PL1,CO0,C1,X0,EM,FREQ
READ(1,*) TREQ,KASE,LPROB,RUPEN,PS1,PS2,PS3
READ(1,%*) (CTMAT(I,J),J=1,3),I=1,3)
READC1,%) ((DINVT(I,J),d=L1,3),1=1,3)

READ(1,%) ((RL(I,J),d=1,3),1I=1,3)
READ(1,*) ((ALL(Y,J),U=1,3),1=1,3)
READ(1,¥) ((ALG(IL,J),J=1,3),1I=1,3)
READ(1,*)((RG(1,J),J51,3),I=1,3)
READ(1,*) ((RCB(I,J),Jd=1,3),I=1,3)
READ(1,X*X)((RCBO(Y,J),J=1,3),1=1,3)
READC1,*) ((DUCX,d),J=1,3),1I=1,3)
10=}

IF(LPROB.,GE.4) GO TO 9

CALL CALMAT

GO TO 4

CALL PROB(Y,I0)

CMA(1)=,5;CNA(2)=,292893222CNA(3)=1,70710678
CNA(4)=,16666666;CNR(1)=2,7CNB(2)=1,3CNB(3)=1,



APPENDIX =2 PAGE
CHR(4)=2.3CNC(1)=,57CNC(2)=,29289322;CNC(3)=1,70710678
CiC(4)=,5

4 NEQ=7
IF(KASE.EQ.1) NEQ=4
H=FREQ
TD(1)=SQRT(PL1*C1)*XO
TD(2)=SQRT(PLO*CO) ¥X0
TT(1)=2,%TD (1)
TT(2)=2,.*7D(2)
II=y
MDSTT(1)/H+045
ND=TT(2)/H+0.5
MOSTD (1) /B+0.5
NO=TD(2) /H+0,5
EPUSEM¥SQRT(2./3,)
ATOZEXP (=0 5¥RO¥SQRT (CO/PLO)*X0)
ATP=EXP (=0, 5*¥R1*SORT(C1/PL1)*X0)
ATOS=ATO¥ATO
ATPS=ATP*ATP
PRINT 222,ATO,ATP,ATOS,ATPS
222 FORMAT (3X,4F20.10)
PRINT 10,MD,ND,MO,NO,KASE,LPROB, TREQ ,EPU
TYPE 10,MD,ND,MN0,NU,KASE,LPROB, TREQ, EPU
10 FORMAT (2X,615,2X,2F20,10)
DMZ360*50.,
TPS1=P51/DM; TPS2=P52/DM; TPS3I=PS3 /DM
PRINT 1000,TPS1,TPS2,TP53,P51,PS2,PS3
1000 FORMAT(3X,6F15,10)
DO 1 I=1,NEQ
YDOT(1)=0,
Y(1)=0,
EC(1)=0.
! CONTINUE
YDOT(1)=1,0
T=0,
DO 7 1=1,3
=0,
DO 6 J=1,3
Jd=Jd
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SZS+VTIC(I,J)*EG(IJ,T)
YD(I)=8
XPS(II,1)=YD(I)
CONTINIE
Do 2 1=1,2001
CALL RKGILL(Y,YDOT,E,H,NEQ)
CALL EX(Y) \
IF(Y(1).GT, (TREQ+2,5E=06) ,AND,Y(1),GT.(TPS3+450,E=06)) GO TD 2
CALL PROB(Y,I0)
CONTINUE
STOP
END
SOLUTION OF DIFF, EQN, BY RUNGE =KUTTA GILL METHOD

SUBROUTINE RKGILL (Y,YDO1,E,H,NEQ)

DIMENSION YDOT(7),Y(7),E(T)
COMMON/STORE/II,MD,ND,X5(2001,6),XDS(2001,6)
COMMON/CONST/CNA(4) ,CNB(4),CNC(4)
COMMON/STAB/A(3),B(3),TD(3),TT(3),AB(3),EX0(3),M40,N0,EPU
COMMON/INPUT/TMAT(3,3),DINVT(3,3),RL(3,3),ALL(3,3),ALG(3,3)
3,R0,R1,PLO,PL1,C0O,CL,X0,EM,FREG, KASE, LPROB, TREQ,CI(3)
4,RG(3,3),RCB(3,3),DU(3,3),TPst,TPS2,TPS3,RCCBO(3,3)
COMMON/STT/VW(3,3),VTI(3,3),VXZ2(3,3),2(3,3),VLM(3,3),
6ALBT(3,3),ALGM(3,3),0HM(3,3),DINVOC3,3),TEMP1(3,3)

II=II+1

DO 1d=1,4 -~
IF(KASE,.NE.1) GO TO 8
CALL: DERIVR(Y,YDOT,H,NEQ,K,KK)

GO TO 9

CALL DERIVT(Y,YDOT,H,NEQ,K,KK)
PO 1 1=1,NEQ
=CNACJ)*(YDOT(I)=CNB(JI*E(I))

Y(I)=Y(1)+H*X .
E(I)=ECI)43,0%X=CNCGI) *YDOT ()
CONTINUE
TF (KASE.NE,1) GO TO 10

CALL DERIVR(Y,yDOT,H,NEQ,K,KK)
GO TO 11
CALL DERIVT(Y,YDOT,H,NEQ,K,KK)
po 2 I=2,NEQ
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JsI=1

XDS(1I,J)=YDOT(I)
2 XSCII,J)=Y(I)

RETURN

END

¢ CALCULATION OF THE DERIVATIVE OF FUNCTION FOR INDUCTIVE LOADS

SUBROUTINE DERIVT(Y,YDOT,H,NEQ)

DIMENSION Y(7),YDOT(7),AK(3),AKD(3),AKDS(3),BS(3),BDS(3),AKS(3)
COMMON/STORE/ZIX,MD,ND,XS5(2001,6),XDS(2001,6)
COMMON/CONST/CNAC4) ,CNB(4),CNC(4)
COMMON/STAB/A(3),B(3),TD(3),TT(3),AB(3),EX0(3),M0,Nu,EPU
COMMON/INPUT/TMAT(3,3),DINVT(3,3),RL(3,3),ALL(3,3),ALG(3,3)
3,R0O,R1,PLOD,PL1,CD,C1,X0,EM,FREQ,KASE, LPROB, TREQ,CI(3)
4,RG(3,3),RCB(3,3),DU(3,3),7Ps1,TPS2,TPS3,RCBO(3,3)
COMMON/STT/VW(3,3),VII(3,3),VX2(3,3),2(3,3),VXM(3,3),
6ALRT(3,3),ALGM(3,3),0HM(3,3),DINVO(3,3),TEMP1(3,3)
COMMON/ATTEN/ATO,ATP,ATOS,ATPS

T=Y (1)

PO 2 I=2,4

M=I=1

$=0,0

po 1 J=1,3
JJ=Jd

S=S=VW(M,J)*Y(J+1)+VTI(M,JI*EG(JJ,T)

YDOT(I)=S

IF(T,LT.TD(1)) GD TO i5

K=1I~MU

po 3 I=2,3

L=T4+3

3 BS(I)=ATP*XS(K,L)

IF(T=TP(2)) 4,5,%

& BS(1)=0,0
GO TO 6
5 K=TX~=~NO
BSC(1)=ATO*XS(K,4)
DO 8 I=2,4
KES !
S=YDOT(T)
po 7 J=1,3

v
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SESHVXMCH, J)BS(I)
YDOT(I)=§
TF(T.LT,TT(1)) GD TO 15
K=IXI=MD
P09 1=2,3
AK(I)=ATPS*XS(K,I)
AKD(I)=ATPS*XDS(K,I)
IF(T=TT(2)) 10,141,111
AK(1)=0.
AKD(1)=0,
GO T0 12
K=II=ND
AK(1)=ATOS*XS(K,1)
AKD(1)=ATOS*XDS (K, 1)
DO 14 1=2,4
M=Im]
S=YDOT(I)
DA 13 J=1,3
S=S+ALBT (M, J) *¥AK (J)
YDOT(I)=S+AKD (M)
DD 17 1=5,7
M=T=4
S=0,
bo 16 yg=1,3
S=5=ALGM(M,J)*Y(J+4)
YDOT(I)=8
IF(T.LT.TD(1)) RETURN
K=II~M0O
PO 18 I=2,3
RKS(I)=ATP¥XS(K,I)
AKDS (I)=ATP*XDS(K,I)
IF(T=TD(2)) 19,20,20
AKS(1)=0,
AKDS(1)=0,
GO TO 21
K=II=Ny
AKS(1)=ATO*XS(K,1)
AKDS (1)=ATO*XDS(K,1)
DG 23 1=5,7
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M 01960 M=I=4

01970 S=YDOT(I)

01980 DO 22 J=1,3

01990 22 S=S+ALBT (M, J) *¥AKS (J)

02000 23 YDOT(I)=S+AKDS (M)

02010 RETURN

02020 END

02030 ¢ CALCULATION OF DERIVATIVE FUNCTION FOR RESISTIVE LOADS
02040 SURROUTINE DERIVR(Y,YDOT,H,NEG,K,KK)

02050 DIMENSION Y(4),YDOT(4),AD(3)

02060 COMMON/STORE/II,HMD,HD,X5¢2001,6),XD5(2001,6)
02070 COMMON/CONST/CNA(4),CNB(4),CNC(4)

7“'02080 COMMON/STAB/A(3),B(3),TD(3),TT(3),AB(3),EX0(3),M0,NO,EPU
02090 COMMON/INPUT/TMAT(3,3),DINVT(3,3),RL(3,3),ALL(3,3),ALG(3,3)
02100 3,R0,R1,PLO,PLY,C0,C1,X0,EM,FREG,KASE, LPROB, TREQ,CI(3)
02110 4,RG(3,3),RCB(3,3),DU(3,3),TPS1,TPS2,TPS3,RCBU(3,3)
02120 COMMON/STT/VW(3,3),VTI(3,3),VX2(3,3),2(3,3),VXM(3,3),
02130 GALBT(3,3) ,ALGM(3,3),0HM(3,3),DINVOC3,3),TENPL(3,3)
02140 COMMUON/ATTEN/ATO,ATP,ATOS,ATPS
02150 T=Y (1)

02160 DO 2 I=2,NEO
02170 $=0,0

02180 M=Im=1

02190 PO 1 J=1,3
02200 Jasd

v 02210 ¢ SEE=VW (M, J)¥Y (J+1)+VTI(M,J)*EG(JJ,T)
02220 2 YDOT(I)=8
02230 IFCT.LT4TT(1)) RETURN
02240 CC PRINT 9
02250 9 FORMAT(2X, "ENTERY ')
02260 K=XI=MD '
02270 DO 3 I=2,3
02280 ACL)=ATPS*XS(K,1)
02290 3 AD(Y)=ATPS*XDS(K,I)
02300 IF(T=TT(2)) 4,5,5

02310 AC1)=0,0

A 02320 4 ADC1)=040

02330 GO TO 6

02340 5§ KK=YI=ND
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C CALCULATION OF RECIEVING END VOLTAGE AND CURRENT
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ACL)EATOS¥AS (KK, 1)
AD(1)=ATOSXXDS (KK, 1)

PRINT 10

FORMAT(2X, 'ENTRY 2')

Do 8 I=2,NEQ

#=I=1

S=YDOT(I)

PO 7 J=1,3
S=84VXZ(M,J)XACII4Z (M, J)¥AD(I)
YDOT(I)=8

RETURN

END

C GENERATION OF FORCING FUNCTION

FUNCTION EG(J,T)
PI=3,1415926
OMGA=314,15926
ENM=326,59862

IF(J=2) 1,2,3

EG=EM*SIN(UMGA*T)

RETURN

EG=EMXSIN(OMGA*T=2,¥P1/3,)
RETURN

EG=EM¥SIN(OMGA*T+2,%P1/3,)
RETURN
END

SUBRQUTINE EX(Y)
DIMENSION Y(7),AMB(3)

COMMON/STORE/II,MD,ND,XS(2001,6),XDS(2001,6)
COMMON/CONST/CNA(4) ,CNB(4),CNC(4)

PAGE

CNMMON/STAB/A(3),B(3),TD(3),TT(3),AB(3),EX0(3),M0,NC,EPU
COMMON/ INPUT/TMAT(3,3),DINVT(3,3),RL(3,3),ALL(3,3),ALG(3,3)

3,R0O,R1,PLO,PLL,CO,C1,X0,EM,FREQ,KASE,LPROB,TREQ,CI(3)
4,RG(3,3),RCB(3,3),DU(3,3),TPSL,TPS2,TPS3,RCBO(3,3)
COMMON/STT/VW(3,3),VTI(3,3),VX2(3,3),42(3,3),VXM(3,3),
6ALBT(3,3),ALGK(3,3),0HM(3,3),DINVO(3,3),TENPL(3,3)

COMMON/ATTEN/ATO,ATP,ATOS ,ATPS
T=Y(1)
IF(T,LT.TD(1)) GO TO 12
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L=IT=k0 T
DO 1 I=2,3
ACL)=ATP*¥XS(L,I)
CONTINUE
IF(KASE.NE.2) GO TO 23
B(2)=Y(6)
B(3)=Y(7)
IF(T=TD(2)) 2,3,3
A(1)=0.0
IF(KASE,NE,2)GO TO 24
B(1)=0,0
GO TO 6
LL=II=ND
A(1)=ATO*XS(LL,1)
IF(KASE,NE,2) GO TO 24
B(1)=Y(5)
GO T0 6
DO 26 1=1,3
5=0.0
PO 25 J=1,3
$=S+7Z(I,J)*¥AJ)
B(I)=3
CONTINUE
D0 9 I1=1,3
AMB(I)=A(1)=B(I)
AB(I)=A(I)+B(1)
no 7 1=1,3
S=0,0¢tR=0,0
DO 8 J=1,3
R=R+TEMP1(I,J)¥AMB(J)
S=S+TMAT(L ,J)*AR(J)
EXQ(I)=S/EPU
CI(I)=R
CONTINUE ,
IF(T=10,E=03) 11,11,12
LPRI=LPRI+1
IF(LPRI=10)13,14,13
LPRI=0

PRINT 10,T,£X0(1),EX0(2),EX0(3),CI(1),CI(2),CI(3)
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10 FORMAT(2X,F7.4,5X,6F15,10)
876 FORMAT(1X,F7,4,3F14,10)
13 IF(ABS(ZMAX1) .GE,ABS(EXO(1))) GOTO21
ZMAX1=EXO(1)
ToC1=T
21 IF(ABS(ZMAX2) ,GE,ABRS(EX0(2))) GOTO15
ZMAX2=EX0(2)
ToC2=T
15 IF(ABS(ZMAX3),GE,ABS(EXQ(3))) GOTO16
ZMAX3=EX0(3)
TOC3=T
16 IF(II=2001)20,22,22
22 PRINT17,ZMAX1,TOCH
17 FORMAT(/,4X,'HMAX OV PH1I=',F12,6,2X,'AT TIME =',E12,6,/)
PRINT 18,ZMAX2,T0C2
18 FORMAT(/4X, 'MAX OV PH2=',F12,6,2X,'AT TIME=',E12,6,/)

PRINT 19,ZMAX3,TOC3
TYPE 876, TOC3,ZMAX1,2MAX2,ZMAX3
WRITE(21,876) TNC3,ZMAX1,2MAX2,ZMAX3

19 FORMAT(/,4X, 'MAX OV PH3=',F12,6,2X,'AT TIME=',E12,6,/)
20 RETURN
END

C SELECTION OF DIFFERENT CASES
SUBROUTINE PROB(Y,10)
COMMON/STORE/IL MD,ND,X5(2001,6),XD8(2001,6)
COMMON/CONST/CNA(4),CNB(4),CNC(4)
COMMON/STAB/A(3),B(3),TD(3),TT(3),AB(3),EX0(3),M0,NO,EPU
COMMON/INPUT/TMAT(3,3),DINVT(3,3),RL(3,3),ALL(3,3),ALG(3,3)
3,R0,R!,PLO,PLL,CO,CL,X0,EM,FREQ,KASE, LPROB,TREQ,CI(3)
4,RG(3,3),RCB(3,3),NU(3,3),TPSY,TP52,TPS3,RCBO(3,3)
COMMON/STT/VW(3,3),VT1(3,3),VX7(3,3),2(3,3),VXM(3,3),
6ALBT(3,3),ALGM(3,3),0HM(3,3),DINV0(3,3),TEKPL(3,3)
COMMON/ATTEN/ATO,ATP,ATOS,ATPS
DIMENSION Y(7)
GO TO (1,2,3,4,5,6,7) LPROB

1 IF((Y(1)+2,5E=07) JLT,TREQ) RETURN
IF(ICB,NE,0) RETURN
po 11 I=1,3
RCR(I,I)=0,0
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RG(I,1)=0,0 ToTTTEmm
CONTINUE
CALL CALMAT
1CB=ICH+1
RETURN
IF((Y(1)+2,5E~07),LT,TREQ) RETURN
1F(IR,NE,0) RETURN
DO 12 I=1,3
RL(I,T)=1190,25E406
CONTINUE
CALL CALMAT
IR=IR+1
RETURN
IF((Y(1)+2,5E=06),LT.TREG) RETURN
IF(IC1,NE,0) GO TO 41
IF(ABS(CI(1)).GT.0,01) GO TO 41
RL(1,1)=1190,25E+06
CALL CALMAT
IC1=IC1+1
IF(IC2.NE,0) GO 70 42
IF(ABS(CI(2)),GT.0,01) GO TQ 42
RL(2,2)=1190,25E406
CALL CALMAT
IC2=1C2+1
IF(IC3.NE.O) GO TO 43
IFCABS(CI(3)),6T,0,01) GO TO 43
RL(3,3)=ROPEN
CALL CALMAT
IC3=IC3+1
RETURN
IF(14,NE,0) GO T0 30
DO 14 1=1,3
RL(1,T)=RL(I,I)+ROPEN
CONTINUE
CALL CALMAT
T4=T44+1
IF(CY(1)+25,E=07) LT, TREQ) RETURN
IF(I5,NE.0) GO T0 31
DO 15 I=1,3
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RI(I,I)=RL(I,1)=ROPEN
CONTINVE
CALL CALMAT
IS=15+1
RETURN
IF(10,NE,1) GO TO 19
PO 20 I=1,3
RG(1,I)=RCBOCI,T)
CONTINUE
CALL CALMAT
10=10+1
IF(Y(1).GT,TPS1) GO TO 17
GO TO 18
IF(11,EQ,0) GO TO 29
GO TO 18
RG(1,1)=0,0
CALL CALMAT
I1=11+1
IF(Y(1),GT,TPS2) GO T0 21
G0 TO 22
IF(I2.EG,0) GO T0 23
GO TO 22
RG(2,2)=0,0
CALL CALMAT
1221241
IF(Y(1),GT,TPS3) GO TO 24
GO TO 25
IF(13.EQ,0) GO T0 26
G0 TO 1
RG(3,3)=0,0
CALL CALMAT
1321341
RETURN
IF(16.NE,0) GO TO 32
RCBC1,1)=RCBOCY, 1)
RL(1,1)=ROPEN
CALL CALMAT
I6=16+1
RETURN
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3 IF(I7.NE.0) GO TO 33
RL(3,3)=ROPEN
17=17+1
CALL CALMAT
33 RETURN
END
C CALCULATION OF CONSTANT MATRICES
SUBROUTINE CALMAT
DIMENSION TEMP2(3,3),TEMP3(3,3),TEMP4(3,3)
1,TEMPS(3,3), TEMP6(3,3) , TENPT(3,3), TEMPB(3,3),TEMPY(3,3)
2, TEMP10(3,3),Y(3,3),W(3,3),X(3,3),B7(3,3),GM¢3,3),TIL(3,3)
3,ALP(3,3),ALPI(3,3),VX(3,3)
COMMON/INPUT/TMAT(3,3),DINVT(3,3),RL(3,3),ALL(3,3),ALG(3,3)
3,R0,RL,PLU,PLL,CO,CL,X0,EM,FREQ,KASE, LPROB, TREQ, CI (3)
4,RG(3,3),RCB(3,3),bU(3,3),TPS1,TPS2,TPS3,RCBO(3,3) .
COMMON/STT/VW(3,3),¥T1(3,3),VX2(3,3),2(3,3),VXM(3,3),
6ALBT(3,3) ,ALGN(3,3),0HM(3,3),DINVOC3,3), TEMP1(3,3)
COMMON/ATTEN/ATO,ATP,ATOS, ATPS
pn 1 I=1,3
DO 1 J=1,3
OHM(I,Jd)=0,
1 CONTINUE
OHM(1,1)=50RT (PLG/CO)
T1=SQRT(PL1/C1)
DO 2 J=2,3
ORM(J,J)=T1
2 CONTINUE
CALL INV(OHM,DINVO)
CALL MUL(THAT,DINVO,3,TEMPL)
CALL MUL(DINVT,RL,3,TEMP2)
CALL MUL(TEMP2,TEMP1,3,TEMP3)
PO 3 I=1,3
PO 3 J=1,3
TEMP4(L,J)=TEMP3(I,J)+DU(I,J)
TEMPS5(I,J)=TEMP3(I,J)=DUCI,J)
3 CONTINUE
CALL INV(TEMP4,TEMP6)
CALL MUL(TEMP6,TEMPS,3,7)
CALL MUL (DINVT,ALG,3,TEMPT)
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CALL MUL (TEMPT,TEMP1,3,TEMPE)
CALL INV (TEMP8,V)
Do 7 I=1,3
RG(I,I)=RG(I,I)+RCB(I,1)
CONTINUE
CALL MUL (DINVT,RG,3,TEMP9)
CALL MUL (TEMP9,TEMP1,3,TEMP10)
N0 4 IK=1,3
DO 4 JK=1,3
K(IK,JK)=TEMPL10C(IK,JK)+DUCIK,JK)
X(IK,JK)=TEMP10C(IK,JK)=DU(IK,JK)
BT(IK,JK)=TEMPS5 (IK,JK)
GM(IK,JKI=TEMP4 (IK,JK)
CONTINUE
CALL MUL (V,%,3,VW)
CALL MUL (V,X,3,VX)
CALL MUL(V,DINVT,3,VTI)
CALL MUL(VX,%Z,3,VXZ)
CALL MULCDINVT,ALL,3,TIL)
CALL MULCTIL,TEMP1,3,ALPI)
CALL INVCALPI,ALP)
CALL MULCALP,BT,3,ALBT)
CALL MULCALP,GM,3,ALGH)
PO 6 I=1,3
PO 6 J=1,3
VXM(I,J)=VR(T,J)=ALGHCT,J)
CONTINUE
RETURN
END
SUBROUTINE MUL(D,E,M,X)

C T0 CALCULATE MATRIX MULTIPLICATION

10

DIMENSION D(3,3),E(3,M),X(3,3)
DO 101=1,3

PO 10J=1,M
X(1,d)=0,
DO 10 K=1,3
XCI,0)=X(T,+D(I,K)*E(K,J)
CONTINUE

RETURN
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END .

SUBROUTINE INV(X,A)

CALCULATES MATRIX INVERSE

DIMENSION X(3,3),A(3,3),B(3,6)

PO 1000 J=1,3

DO 1000 K=1,3

B(J,K)=X(J,K)

CONTINUE

N1=6
N2=4
DO 10M=1,3

DO 20 N=4,6

B(M,N)=0
MN=M+3

B(M,MN)=1,

DO 100 J=1,3

IF(B(J,J).EQ,0,) GO TD 102
DO 100 M=1,3

IF(M.EQed) GD TO 100

C=R(M,J)

C=c/B(J,d)

DO 105 N=1,N{
B(M,N)=B(M,N)=B(J,N)*C
CONTINUE

b0 106 J=1,3

R=1,/B(J,J)

DO 106 N=N2,NY

B(J,N)=B(J,N)*R

Do 1001 y=1,3

PO 1001 K=1,3

ACJ,K)=B(J,K+3)

RETURN

END
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