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ABSTRACT

This project aims at assessing the carrier propagation on a specified section of NEPA overhead

powerlines, namely, the Shiroro Complex 132kV lines.

Following an overview discussion of powerline carrier communication systems, consideration
was given to the type of parameters required for assessing the communication system on the Shiroro

Complex.

Line parameters obtained from the Kaduna 330/132/33kV transmission station were used to
determine the basic series impedance and shunt admittance matrices of the network. The parameters
for electrically short lines at power frequency and those for the electrically long lines at higher fre-

guencies were then derived from the matrices.

The results were analysed and conclusions drawn from the analysis. Finally, some recommen-
dations were presented for possible use by the management of NEPA and also for further work.

Vi
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CHAPTER ONE

INTRODUCTION
11 THESIS MOTIVATION

With the ever increasing interconnections and complexity of a power system network and the
need for transferring large amounts of power at extra high voltages, it has become necessary to moni-
tor and control the various states of a4 power system at various important locations for the load des-
patch centre. One of the means of achieving this is by employing the powerline carrier channel. The
powerline carrier is a term used to describe the significant use of carrier current communications when
utilising the high voltage transmission line as the medium of propagation. Carrier current is a means of
communication where the transmitted information is chanelled through a transmission medium which

may also be in the form of an ordinary cable or coaxial cable.

Powerline carrier facilities are used primarily to provide company-owned communication ser-
vices for power system operation. On large power systems, it is not possible to provide all the com-
munication nceds of the company by means of a powcrline carrier because of the limited frequency
spectrum available. Nevertheless, high-voltage transmission lines do provide a very reliable medium
for communication for essential services in large power systems as well as for all the needs of smaller

power systems.

The use of the powerline carrier is also justified because of the economy involved when com-
munication is required between adjacent substations for voice communication, telemetering, protec-
tive relaying and so on.

12 LITERATURE REVIEW

The determination of powerline carrier attenuation by calculation can best be regarded as an
esttmate because of the individual peculiarities which exist on any line due to many factors for which
consistent predicting methods are yet to be formulated. In order to be sure of proper powerline opera-
tion, mecasurements of carrier frequency response, that is, attenuation versus frequency, should be
made on all newly installed carrier channels. Examples of poor frequency response include very nar-
row bandwidth for required carrier service and periodic or erratic variations of attenuation versus
frequency. Some problems that could adversely affect the powerline operation include bad weather,
reflections, line configuration, tap lines and multiple path transmission.

!



Bad weather increases attenuation on transmission lines, so also do environmental contami-
nants. Other problems that could hinder proper operation of powerline carrier include reflections, due
to nonuniformity of line characteristics at towers and variable conductor heights above uneven terrain.

Line configuration changes also do cause severe reflections.

Tap lines and multiple path transmission also present real problems. It should be noted that
small differences in velocity between modes of similar attenuation may result in abnormally high
attenuation for certain conditions of energization of carrier coupling. This is due to the fact that the
method of energization is directly related 1o the frequency and line length. Also, attenuation increases
more steeply at higher frequencies in multiconductor powerlines with much wider proportionate spac-

ing, so that it is more nearly a linear function of frequency than parabolic.

Studies to determine the effects of ice on loss characteristics of intrabundle and conventional
powerline carrier channels were carried out by Wasley [1]. The effects of tap lines without carrier
traps on the carrier attenuation was lucidly discussed by Belous et al [2]. These two authors as well as
Senn and Morf [3] have considered the effect of transposition on carrier attenuation. The effect of sag
and insulation capacitance and resistance have been taken into account by Perelmen [4] and
Zakar-ltkin [5]. Although Zakar-Itkin considered the effect of sag on carrier attenuation based on a
continuous variation of the line parameters, the results were not compared to those in which the effect
of sag was ignored. Therefore, Zakar-1tkin's study does not provide the means of estimating how far

the sag influences the carrier attenuation.

Effects of earth resistivity on the modal parameters of an extra high voltage horizontal line at
powerline carrier frequencies was studied by Perz et al [6] and has been extended to a twin-bundle
conductor line by Indulkar et al [ 11]. Christina et al [7] developed a sensitivity model to compute the
partial derivatives of the carrier channel attenuation coefficient with regard to numerous line and earth
parameters. In [8], a mathematical model to evaluate the carrier channel performances on lossy non-
uniform, multiconductor transmission lines was presented by Christina and D" Amore. Wedepohl [9]
developed matrix methods for solving travelling-wave phenomena in a polyphase system. These
methods were used for the calculation of electrical parameters for short and long polyphase transmis-
sion lines [10]. Indulkar et al [11] also studied the effectiveness of a carrier channel on a powerline

under various power frequency load conditions.
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13 PROBLEM FORMULATION AND METHODOLOGY

A knowledge of multiconductor transmission line parameters is necessary in analysing a num-
ber of power transmission problems. These parameters may be divided into two groups, namely,
those at power frequency, which are required in order to study load flow, system stability and fault
levels, and those at higher frequencies, which are needed for studying the effects of restriking volt-
ages, switching overvoltages, radio interference and the propagation characteristics of powerline car-

rier signals.

In this thesis, however, the study of the propagation characteristics would be of interest. The
objective is to study among others, the signals attenuation on the lines at high frequencies as well as
the velocities at which such signals are propagated. The frequencies would be between the range of
kilohertz (kHz) and megahertz (MHz). From a careful assessment, one would be able to observe the
frequencies at which significant power would be obtained at the receiving end of the lines. The thesis

would also present the power frequency parameters.

Present transmission lines are electrically short at power frequency. Consequently, it is usually
permissible to calculate series and shunt parameters separately. This separation is not possible at
higher frequencies. Hence, the problem must be solved in terms of wave propagation parameters [9].
A digital computer program would, however, be used to trim down the complexity of the mathemati-
cal expressions involved in multiconductor line problems. The basic series impedance, Z and shunt
admittance, Y matrices will be developed and manipulated practically. These matrices which define
the parameters of electrically short lines may be expressed in terms of symmetrical components when

asymmetry of the line can be neglected.

For electrically long lines, a method of calculating the modal parameters of the lines which is
based on a solution to the wave equation [9] will be adopted. This method in turn, is based on the
evaluation of the eigenvalues and eigenvectors of a complex matrix derivable from the basic system
matrices.

14 THESIS OUTLINE

The thesis is divided into five chapters. Chapter One gives a general introduction of the project
work. The second chapter presents the essential parts and components of the powerline carrier com-

munications system. The chapter also presents the modulation systems employed by the powerline




carrier and discusses the analytical approaches to carrier propagation on overhead power lines.
Chapter Three presents the data obtained from NEPA, the data computed for analysis as well as

the computer-aided analysis of the data. The chapter also analysed the results obtained.

Finally, Chapter Four gives the conclusions drawn from the results obtained and presents some
recommendations which may be found useful by the management of NEPA, as well as for further

work.




CHAPTER TWO

POWERLINE COMMUNICATIONS SYSTEM
COMPONENTS AND ANALYSIS

21 INTRODUCTION

Electrical Power Transmission Lines are used extensively for communication purposes. In
such systems, transmission of intelligence takes place simultaneously with the transmission of electri-
cal energy and without mutual interference.

The Powerline carrier consists of a band of frequencies between 30 and 500 kilohertz, which is

transmitted over a powerline. The carrier frequency band is divided into suitable channels, for use for
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Fig 21: Schematic diagram of a powerline carrier equipment

voice communication, protective relaying, telemetering, load control and supervisory control. The
high frequency signals are transmitted through the powerlines and the carrier current equipment com-
prises coupling capacitors, line traps, tuning devices, and so on. Fig. 2:1 shows a schematic diagram of
a typical powerline carrier equipment.

The multiconductor transmission-line theory is well developed and, is applicable to both power

and communication lines. Attenuation is a measure of the energy lost when intelligence is transferred

from the transmitting terminal to the receiving terminal. This loss 1s dependent on the line configura-




tion, frequency, conductor size, presence and type of earth wires, transposition, earth resistivity and

the weather condition.

The attenuation of a carrier channel over a power transmission line can be determined by using
the series-impedance and shunt-admittance matrices per unit length of the line. These matrices give
the electrostatic and electromagnetic performance of the line and therefore depend on the physical and

electrical characteristics of the lines, their geometrical arrangement and height above the ground level.

The propagation characteristics of the transmission line can be predicted by a method known as
the modal analysis. This method provides accurate prediction of the line attenuation provided that end
effects and reflections are negligible. The modal analysis is analogous to the symmetrical compo-
nents used to calculate the short circuit currents during fault conditions on the power transmission
line. The only difference lies in the operator matrix. Modal analysis assumes the natural modes of
propagation of voltage and current associated with the carrier signals transmitted on the lines. The
modes are represented by a characteristic impedance, constant attenuation and the propagation veloc-

ity.

The accuracy of the results depends on how close the mathematical expressions for the basic
series impedance and shunt admittance matrices are to reality. The formation of ideal impedance and
admittance matrices of a real transmission line should consider the actual physical layout of the line
only and not on any assumptions about the geometrical layout of the conductors, the electrical proper-

ties of the conductor materials or the earth resistivity.

The natural mode concept which is helpful in predicting the distribution of carrier-frequency
current among the power conductors is also useful in explaining many apparently strange aspects of
the carrier behaviour. A transmission line with n conductors has n natural modes which, when com-
bined in appropriate proportions, can represent any current or voltage distribution among the n wires.
22 POWER LINE CARRIER EQUIPMENT
221 Coupling Capacitor

The Coupling Capacitor allows carrier Irequency signals to enter the carrier equipment but
opposes the 50Hz power frequency current from entering the carrier equipment which is connected to

the transmission line. To further reduce the impedance, an inductor of low inductance is connected in
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Fig 22: Schematic diagram of the coupling capacitor
series with the coupling capacitor to form a resonant circuit at carrier frequency. Fig. 2-2 shows a
schematic diagram of a typical coupling capacitor.
222 Line Trap Unit

The line trap unit is a parallel tuned circuit comprising an inductor, L and a capacitor, C and 1s
& |

inserted between the busbar and the connection of the coupling capacitor to the line. Line traps have
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C1
re ‘

Capacitors o—"—z
ol

Fig 23: Schematic diagram of a single frequency line trap




negligible impedance at power frequency and therefore do not affect normal power current. They
provide a means of confining the major portion of the carrier energy to its intended path and of isolat-
ing sources of high attenuation from the carrier circuit. Fig. 2.3 shows a schematic diagram of a
lypical single-frequency line trap. The function of the DE-Q resistor is to reduce the peak impedance
of the line trap thereby reducing distortion on wideband channels such as FM telephone carriers.

223 Tuning Devices

Al carrier frequencies, the load resistance presented by powerlines ranges from 400 1o 900
ohms. The reactance of coupling capacitors, effectively in series with this load, are appreciable and
must be compensated for if maximum coupling efficiency and a resistive load condition for the carrier
transmitter are to be obtained. This compensation can be achieved by placing in series with the cou-
pling capacitor, an inductor whose inductance can be varied so that its reactance cancels that of the

coypling capacitor at the carrier frequency.

The main function of a line-tuning device therefore is to furnish an adjustable inductance to
careel out the coupling capacitor reactance at carrier frequency. There are three types of line-tuning
devices, namely, the single-frequency, double frequency and the broadband.

224 Method of Coupling

The simplest and most popular way of utilizing one or more conductors of a three-phase power
line is to use one conductor of the powerline as one leg of the carrier circuit with ground return as the
other path. This system, referred to as line-1o-ground coupling is shown in Fig. 24 and requires the

least amount of coupling elements in the form of coupling capacitors, line traps and line tuners.

In cases where the ground characteristics are unfavourable or where the transmission line is
quite long, less carrier signal attenuation and a better signal to noise ratio can be obtained by using
line-to-line coupling as shown in Fig. 2-5. The line tuning unit used with the line-to-line method of
coupling has two variable inductances, one being used for each of the coupling capacitors.

23 CARRIER COMMUNICATIONS

A powerline carrier communications system can be classified as simplex or duplex depending
on its mode of operation. Only one carrier frequency is used in a simplex carrier unit, and only one

terminal transmits at a time since the transmitter blocks the local receiver. A simplex system is,
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therefore, a push-to-talk system. In the duplex system, continuous transmission of a carrier from each

terminal i1s made possible through the use of separate frequencies for the two directions.

231 Single-Frequency Manual-Simplex System

unit To transmission

Ringing B coupling

y l equipment
Relay
./ e
< Transmitter |
P‘fxmunm Calling unt —+
Modulator

Fig 26: Single-frequency manual simplex system

This system is shown in Fig. 2:6 where send-receive switching operations are performed by the
operator with a push button on the telephone handset.

232 Two-Frequency Duplex System

The basic units of this system are shown in Fig. 27. Besides the fact that the transmitter and
receiver operate at different frequencies, the most important difference between this system and the
simplex system is the addition of the audio hybrid unit. which makes it possible for the transmitter and
receiver to operate continuously during conversation without switching operations.

233 Modulation Systems

The three modulation systems that are employed in powerline carrier communications applica-

tions are amplitude modulation, AM, frequency modulation, FM, and single sideband system, SSB.

234 Amplitude Modulation

The amplitude modulation used in powerline carriers is basically the same as that used in the

standard broadeast band of commercial radio. It is the most valnerable of all systems to atmospheric

10
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and other line noises.

235 Frequency Modulation

The frequency modulation used in powerline carriers is of the narrowband type in order to
conserve space in the frequency spectrum. Noise encountered on powerlines affects the amplitude of
a received signal. Therefore, FM systems inherently offer an advantage over amplitude-modulated

systems in that FM are more immune to noise.
236 Single Sideband

This is a form of amplitude modulation which requires only one-half the bandwidth of an AM
or FM system transmitting the same audio-frequency range. The intelligence may represent the entire
transmitter power output even though, the normally suppressed carrier is reinserted at a reduced level
to be used for synchronizing or regulating purposes at the receiver, in some single sideband transmit-

ters.

Since the single sideband receiver does not require the presence of a continuous carrier in the
received signal, it can receive intelligible signals from more than one source simultaneously by rein-
serting one carrier to demodulate all signals. This principle is utilized in single sideband equipment to

provide party-line operation of duplex equipment. A repeater is used at intermediate points which

11



transmits the same band of frequencies in each direction and likewise receives the same from each
direction
237 Calling Systems

Different methods of establishing a call over a carrier channel exist. The simplest of these uses
the presence of the carrier wave at the receiver 10 actuate a relay 1o ring a bell, light a lamp, and so on.

This system is commonly used with the simplex communication circuits.

In the duplex system, transmitters are normally on and the carrier is present at all times. Call-

ing on this system is accomplished by using calling units and ringing units.

The calling unit modulates the transmitter with a low frequency, usually 20Hz. At the receiv-
ing end, the carrier wave is demodulated and the 20Hz operates the ringing unit, actuating a relay to

ring a bell or light a lamp as appropriate.

The calling system is compatible with a conventional private branch exchange (PBX) equip-
ment and automatic dialing, selective code ringing, and so on, can be provided.
24 CALCULATION OF THE BASIC MATRICES

A multiconductor line is defined by its series-impedance matrix, Z per unit length and its
shunt-admittance matrix, Y per unit length. These matrices are calculated from basic line data.
241 Calculation of the Admittance Matrix

The admittance matrix, Y is a function only of the physical geometry of the conductors relative
to the earth plane, because the conductor and earth surfaces may each be regarded as equipotential
surfaces. Since the conductance of the air path is negligible, Y has no real part. The physical location
of the conductors is defined with respect to a coordinate system, with the earth plane as horizontal

reference axis and the axis of symmetry of the tower as vertical reference.

From the coordinates of the conductors and conductor radii, elements of a matrix B are calcu-

lated with the i, " element defined as [9]:
D
Bz[H_,.I:Iug, ! 21
) d

where, d_is the distance between the i" conductor and the j™ conductor for i # j and is the radius of




the i conductor for i = j, and D,_is the distance between the

conductor and the image of the i

conductor.

This is shown schematically in Fig. 28. The values of d_and D can be found by applying

trigonometrical equations as follows:

d, J{'t__ 1} 4 [\ \) (2-2)

Tower

» X
: ; Earth
E \
|: é Image of
| i" conductor
(é) Image of
|" conductor

Fig 28: Schematic of conductors




D; = def +4yF — 4d;y, cos B; (2:3)

where, 3, = 180" — ((xﬁ + 6,.),) is the angle between the j* conductor and the image of the i™ conductor

2y,sin 8,

and a; = sin']( ] is the angle between the i conductors and its image.

j
It should be noted that the subscripts i and j are used for o to indicate the fact that its value
depends on the position of conductors t and j. The order of matrix B is 3p+q where p is the number of

circuits and q is the number of earth wires. Letting the charge matrix be ¥ and voltage matrix, V, then,
I
v=(,l e ew
2re

where , € is the conductor permittivity. Thus, from equation (2.4),
¥ =2nB'V (2:5)

Note that V is a column matrix whose last q elements are zero. This is because the earth wire
voltage is zero and since the g rows of the B matrix corresponds to the carth wire charges, they are
removed from the matrix. The matrix B,", which is obtained by discarding the last q rows and

columns of B! is of order 3p [9].
The shunt admittance matrix, Y is defined by the equation:

I=VY (2-6)

where ,

1= ﬂf— = jo¥ = 2rweB'V - (2:7)
p

and .
Y = 2nweB! (2-8)

where Y includes the effect of earth wires.

242 Calculation of the Impedance Matrix

The impedance matrix Z’ has five components and is defined as follows:
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Z =R +R +j(X,+X +X,) (29

where X_is the reactance due to physical geometry: X , R_are the reactance, resistance due to conduc-

tors; and X, R_are the reactance, resistance due to the effect of the earth-retumn path.

The order of matrix 7 is 3p+q where, p is the number of circuits and g, the number of earth

wires.
243 Reactance due to Physical Geometry
This reactance, X‘ is calculated from [9]:

_ HoB

x!
2r

(2-10)

where p is the permeability of free space and B is as defined in equation (2.1).
244 Effect of Earth-Return Path

The contribution of resistance, R_and reactance, X , due to the carth-return path, is calcu-
lated by using the infinite series developed by Carson [12]. The real and imaginary correction
component matrices PP, and Q_, respectively, can be expressed in terms of parameters r and 6, where,

r,=Jlou/p)D, (211
p is the carth resistivity and 6 is the angle subtended as shown in Fig. 2-8.

The elements of matrices P_and Q_can be determined as follows [12]:

For r; <5
P —”(1-5)4,11&2 S, 41085 -90492,.% (3.3
L] 8 4 2 !"y” 2 2 {2 JE 2 JE i -
ot (2), oy lye.0 &S, 0, 0,
Qo "4+2'"”(y,, ](I_'S‘)_za""’”ﬁ'_T*'J? , @B
For r, >3

cosfl, cos20, cos36, 3cos50,
])ru: = 2 S i ~ 3 e 5 {214}
v2r, r, J2r, J2r,

U




_cos8,; cos38, 3cosSH,

L= — + 2-15
QW \5’1} ﬁ’?j V2 'I-: ( )

where y = 1.7811 is the Euler’s constant;

S, = ia,, cos(4n +2)8,
Q

S'2 = i a, sin (4n + 2)9f;
]

S, = i(:n cos(4n +4)6U
0

S, = ic“ sin(4n +4)0,
0

o, = ien cos(4n + ])8”.
1]

a,= ;z': 8, (Sz ),‘

g, = i focos(4n+3)8,

0

o

0-4 = Z h:t(S4 )n

0

and

a, [ﬁ; T i
all = 2 _ . 3:: =
2n(2n+1)" (2n+2)\ 2 ) 8

c, = "1 I, ¢ -—-i
(2n+1)(2n+2)(2n+3)0 27 7 192
e, = s e, =L
" (4n-0)(4n-1)(4n+3)" " 3
= _fnﬂ !‘4 f =r‘_1'1
" (an+1)(an+3) (dn+s5) " 0 45
. l [ l -
B T g i1 2ne2 ansa BT g
h—h L, ! 1 | S

o+ + - , 0=
4n+2 2n+2 2n+3 4n+6 3
Therefore, the resistance and reactance due to the earth-return path will be given by:

R, =2F, un/2n (2-16)

i

X;=20,u0/2% 2-17)

245 Components due to Conductors

Al power frequency, it is assumed that R cquals the d.c. resistance per unit length of the
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conductor. If skin effect is significant, however, the manufacturer’s power frequency value is used.

At high lrequencies, current is confined to the surface of the outer layer of the strands, due to
skin effect. Assuming a small penetration depth, current density at the conductor surface is propor-
tional to the magnetic field intensity at the surface. Under these conditions, the internal impedance is

given by [13]:

Kmp
Z=—"_ 2-18
“ rn+2)r (2-18)

where, K = 225 is the conductor stranding factor; p is the conductor resistivity, r is the radius of each

outer strand, n is the number of strands in the outer layer, and m= /(jewu/p).

Thus,

Kmp

R=X ="
CY 2rn+ 2w

(2-19)

246 Effect of Earth Wires in Impedance Matrix

Sections 24-3 through 2-4-6 allow the calculation of Z' as defined in equation (2.9). The equa-

tion relating the series voltage drop and current is:
V=ZI=1=Z"'V (220

To determine the impedance matrix, Z, the last q rows and columns of Z-' are discarded for the same
reasons given earlier in section 244-3. The resulting matrix Z' which is of order 3p is then inverted to

obtain Z.

25 CALCULATION OF DERIVED PARAMETERS

The derived parameters are of two types:

(1) Electrically Short Lines - These are described in terms of symmetrical components assuming

conductor symmetry;

(1)  Electrically Long Lines - These are described in terms of modal parameters.
251 Parameters for Electrically Short Lines
The matrix Y, which is an imaginary matrix and Z which is a complex matrix are required in

the derivation of the power frequency symmetrical component parametcers. The elements of Z provide

17



HES

the series resistance and series reactance while the elements of Y provide the shunt-susceptance pa-

rameters. The parameters for the electrically short linesare 2 . Z . 72,72 . Z,,Z ,C,C,C, .C, .C,

and C_. The calculation of these parameters takes the form of arithmetical operations on the elements
as follows [10]:

NN
' K

1
Z| :g(zll+221+Z_\3_le*zm_zza) (2‘2])
H Z, = ;(z,] + Zpy + 2y + 27, + 27, +27,)  (2-22)
l
Zoy = g(zm t 2+ Lt Ly ¥ 2yt 2yt Lyt L + zaf,) (2:23)

1
1 Zn=,(2-2) @2 |
Z,=7,+2Z, (225

A z =%zm (2-26)

LR

For the shunt-susceptance parameters, let A = Y where A has elements a.

Then,
i C - 3 2-27)
' || m(“n+a22+a33_alz_a13_aza)
:l % 3
G = (2-28)
i L m(a,l +a,, +a,;+2a, +2an+2an)
3
COI'J — (2'29}
(@4 + a5+ Qg+ gy + Gyg + g + 8gy + g + Uy )
S 3
G G
! C,=- ! (Z2-3)
| oL _ 1
G G




The symbols are interpreted as follows:

Z, positive-sequence impedance;

Z, zero-sequence impedance;

v A% zero-sequence mutual impedance:
Zoo interphase mutual impedance;

Z, carth-loop impedance;

Z mntercircuit mutual impedance;

C, positive-sequence capacitance:

C. zero-sequence capacitance;

Ca zero-sequence mutual capacitance:

- interphase mutual capacitance;
C earth-loop capacitance:
C intercircuit mutual capacitance.
Fig.29 and Fig.2-10 show the equivalent circuits relating to the series and shunt parameters. It

should be noted that the parameters Z_

Z ,C and C_only apply to 330 kV lines.
252 Parameters for Electrically Long Lines

The parameters for the electrically long lines are the characteristic impedance, the characteris-
tic admittance, the mode propagation constants and the mode-distribution vectors. Here, the equations

are solved in terms of travelling-wave modes [9] which can be described as follows:

For a particular frequency, each mode 1s associated with a certain voltage and current distribu-
tion in the conductors and a propagation coefficient. A characteristic impedance matrix and a charac-
teristic admittance matrix is also obtained for that frequency. The solution is obtained using the root-
squaring method by first evaluating the eigenvalues and eigenvectors of the complex matrix, P, formed

from:

B
o
L]
—

P=7Y {

That is, the eigenvalues, A and the eigenvector matrix Q are found such that:




Al
Wiy
A
L4
Vi

Fig 29: Series symmetrical-component equivalent circuit for electrically short lines

Fig 210: Shunt symmetrical-component equivalent circuit for electrically short lines
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IP—id|=0 (2-34) 1 :

il QPQ™ =diug[4,]  (2:35)

The columns of Q, which are the eigenvectors of P, give the mode distributions of voltage correspond-

ing to the values A,
o The mode distributions of current are determined from:

, -1 .
it . s=[Q"] @30 bl

i e
where, T denotes matrix transpose. '

Propagation constant of mode i is given by:

vo=(Lea+jB) @37
where, 0, and 3, are the attenuation and phase of mode i respectively. Also, velocity factor is given by:

i wo=w/B, @38

where, ® is the angular frequency.

«if ~ The characteristic-impedance matrix Z, is:

Z,=Qr'Q'Z (239

and the characteristic-admittance matrix Y is:

il Y, =ZQy'Q " (2-40)

In order to consider a symmetrical twin-circuit line with a vertical axis of symmetry, Z and Y

will have to be factorized before the cigenvectors and eigenvalues are found [9].

This chapter has considered the requirements for the calculation of the basic impedance and
admittance matrices per unit length as well as the symmetrical component parameters and the modal
o

parameters, In the next chapter, the data collected from NEPA is analysed by using digital computer
programs.

e
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CHAPTER THREE

INTRODUCTION

COMPUTER-AIDED DATA ANALYSIS | ‘ 1

The use of a digital computer to aid in the analysis of carrier propagation on the 132kV trans-

mission lines became necessary because of the complexity of the mathematical expressions involved.

The SKV model computer machine which was used for this analysis has the following features:

e
Tk

GD5320 VGA ROM BIOS Version 308 ‘

Main processor
Numeric processor
Floppy drive A
Floppy drive B
Display

ROM BIOS date
Base memory size
Extended memeory size
Hard disk C

Hard disk D

Serial ports
Parallel ports

Opcrating system

: 80386

: None

: 1.44MB, 3.5"

: None

: VGA/PGA/EGA
: 04/30/91

: 640kB

: 1024kB

: Type 47

: None

: 3F8, 2F8

1 378

: Disk Operating System (DOS), version 621

The 132KV circuits of the National Electric Power Authority are divided into regions, one of

which is the Kaduna Region (see Appendix F). The Shiroro Complex of the Kaduna region is taken

for analysis because 1t 1s the most newly commissioned circuit and, for this reason, one expects the

lines in that complex to exhibit true propagation characteristics given accurate data or parameter speci-

fications. The location of the Shiroro complex is shown in Appendix E. Table 3-1 shows the line

impedances for Kaduna Region 132k V circuits as obtained from NEPA, and out of these, the follow-

ing lines constitute the Shiroro Complex.
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Table 3 1: Line impedances for Kaduna Region 132 kV circuits (See Appendix A)

A r=>
e Name Type l(‘:?lfnth l;npedance l;ne]?edance
(Ohms) (Ohms)

RN DC-WOLF 13 595/63° 18.49/74°
Kaduna-Zaria SC-WOLF 72 3326/63° 11590/74°
Zaria-Sokoto SC-WOLF 363 167.00/63° 58451/74°
Zaria-Kano SC-WOLF 145 6699/63° 233.48/74°
Kano-Dankata DC-WOLF 12 550/63° 17:07/74°
Kano-Katsina DC-WOLF 180 82.35/63° 25598/74°
Kano-Dan Agundi SC-WOLF 8 370/63° 12-88/74°
Dankata-Hadejia SC-WOLF 150 64-35/63° 24153/74°
Jos-Bauchi SC-WOLF 118 54.50/63° 190-00/74°
Bauchi-Gombe SC-WOLF 146 67-45/63° 235-10/74°
Gombe-Yola SC-WOLF 216 99.79/63° 347801747
Gombe-Biu SC-WOLF 126 5821/63° 202-89/74°
Gombe-Potiskum SC-WOLF 181 8361/63° 20148/74°
Biu-Maiduguri SC-WOLF 177 80-38/63° 28500/74°
Shiroro-Minna DC-WOLF 53 2425/63° 75:37/74°
Shiroro-Tegina SC-WOLF 65 3003/63° 104-66/74°
Tegina-Kontagora SC-WOLF 100 46-20/63° 16102/74°
Kontagora-Yelwa SC-WOLF 109 50.36/63° 17551/74°
Minna-Bida SC-WOLF 90 4158/63° 144-92/74°
Minna-Abuja DC-WOLF 136 62:22/63° 19341/74°




Table 3 2: Line parameters for Shiroro Complex 132 kV lines (See Appendix B)

S/No PARAMETER SPECIFICATION
1 Positive-sequence impedance, Z, 01937 + ] 04139 Q/km
2 | Negative-sequence impedance, Z, 01937 + {04139 Q/km
3 | Zero-sequence impedance, Z, 03863 + ] 13648 Q /km
4 | Mutual capacitance, G 1-12 x 10 F/km
5 | Operating capacitance, C, 8-82 x 10 F/km
6 | Capacitance-to-earth, C_ 545 % 10° F/km
7 | Surge impedance, Z 38647 Q
8 | Surge capacity, P,, 4508 MW
9 | Charging capacity, P, 00483 MVAR/km
10 | Charging current, |, 0211 A/km
11 | Earth-leakage current, |, 0-391 A’/km
12 | Maximum boundary field strength, L 133kV
13| Conductor type ACSR (WOLF)

14 | Conductor size, CSA 1944 mm?

15| Load current, |, 178 A

16 | Load current, 1, 178 A

17| Load current, | Not available

18 | Load current, | , 40 A

19 | Weight of conductor 726 kg/km

20 | Protecting treatment Steel core greased

211 Earth wire type Steel

22 | Earth wire size, CSA 386 mm?

23 | Shielding/shielding angle Single earth wire 30°

24 | Maximum wind span 390 m

25 | Design span 350 m (up to 400 m okay)
26 | Maximum weight span Ti10m

27 | Height of tower 242 m (SS2L) - 42-4 m(SSWL)
28 | Body extension +0to+9m

29 | Voltage level 132 kV
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Fig 31: Configuration of Shiroro Complex 132 kV line (See Appendix C)

1) Minna-Suleja-Abuja Line [ (Load Current, | = [78A)

2) Minna-Suleja-Abuja Line 11 (Load Current, [ = 178A)
3) Minna-Bida Line (Load Current, [ - 1s not available)
4) Shiroro-Tegina Line (Load Current, 1, = 40A).

The load current for the Minna-Bida Line is left blank because the value was not supplied by
NEPA.
32 DATA

The method of analysis discussed in Chapter Two was applied to NEPA 132KV lines, Shiroro
complex. The line configuration is shown in Fig. 3-1 and the line constants as obtained from NEPA
are presented in Table 3-2. Although, load currents no doubt have some effects on the attenuation,
they were not taken into consideration in this project. Perhaps in subsequent works, these effects can

be investigated.

The value of some parameters were based on assumption. For example, the carth resistivity, p_,

was taken as 100£2 m and the relative permeability, pt , was taken as 10", Also, since the resistivity of

Aluminium is 321 x 10°Q m and we have the Aluminium Steel Reinforced Concrete conductor, the




mean resistivity calculated as 3-82 x 10"Q m was used as the conductor resistivity.
321 Determination of Input Data for High Frequency Calculations( HFC)
From Table 3-2 obtained from NEPA | input data were derived for the calculation of high fre-
quency parameters as shown in the next two sections,
322 Determination of Conductor Input Parameters for HFC
Resistivity
[f p_and p, represent the resistivity of steel and aluminium, respectively, then the mean resis

tivity of the conductor will be given by:

) P
Ps—Pa

where, p =200 10"Qm

P, =321 x10"Qm.
Radius
The conductor radius is given by:

[(h;‘.( ] (3.2)
4

where, CSAC is the conductor cross- sectional area.

Radius of each strand

Since the conductor 1s made up of aluminium and steel, the conductor cross-sectional area is
the algebraic sum of the cross-sectional areas of aluminium and steel. If CSAA and CSAS denote the
cross-sectional area of aluminium and steel, respectively with N and N_number of strands, then the

radius of each strand of aluminium, r, and that of steel, r, will be given by:

- { CSAA (3.3)
N, )

\CSAS’
"[( 1 ‘ (3-4)

N J
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323 Determination of Earth Wire Input Parameters for HFC

Resistivity

given in equation 3-1.

.Iwhcre, CSAE is the earth wire cross-sectional area.
324 Determination of Input Data for Power Frequency Calculations{ PFC)
r

_3_-2-5 Determination of Conductor Input Parameter for PFC

Here, the physical layout of the line and the parameters r, r,, ¢ and r, would be used.

Coordinates

j o BR Ay
Radius r.,--.«“" RAK o
_ s e
. v )

) M T % i S i ¢ 't i . 3 ." ‘V M 3 i -~
he radius of the earth wire, r, is given by . Z 3 Aip A
H Turin NIGE 1
e ! . H .
CSAEY! O, o

Since the earth wire is made up of sicel, the resistivity simply corresponds to the value of p,

7

\

The coordinates are obtained directly from Fig. 3-1. The dimensions arc in metres(m). Each

position stated in the figure represents a mode. Mode distribution refers to an injection between a

conductor to ground with the remaining conductors grounded. For example, when the injection is

between conductor 2 to ground, the mode is referred to as mode 2 distribution,

| lF Therefore, the coordinates of the conductors in each mode are:
I:I | Mode | (-4-5,20-1)
| i Mode 2 (45, 182)
h Mode 3 (-45, 163).
. Tt should be noted that the mode distribution does not apply to the earth wire.
;1 . Resistance per unit length
" Generally, the resistance, R_, of a material is given by:
nl* Rm=ﬂ'i‘=~“‘ R= R_m =£ (3-6)
5 A I A
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area (CSA) of the material. R is the resistance per unit length of the material.
Therefore R , the conductor resistance per unit length is given by:

=P (3-7)
CSAC
where, p_and CSAC are as given in equations (3.1) and (3.2).

326 Determination of Earth Wire Input Parameters for PFC

Coordinates

The coordinates are obtained directly from Fig. 3-1. The dimensions are in metres. Since the

earth wire is shown tn position 4 of the figure, the coordinate is given by:
position 4 : (041, 22:0)
Resistance per unit length

The earth wire resistance per unit length, R , 15 given by:

R, = ‘(,)' (3-8)
CSAE

where, p_ is the resistivity of earth wire, and CSAE is the cross-sectional area of the earth wire.
33 INPUT DATA FOR HFC

The data supplied by NEPA (see Appendix B) are listed as follows:

CSAC = 1949 mm*
CSAA = 1500 mm’
CSAS = 449 mm’

N, = 30

N, = 7

CSAE = 386 mm’

Using equations (3.1) through (3.5), the input data was obtained for high frequency calcula-

tions as outhined in the next two sections.,

331 Conductor Input Data for HFC

Conductor mean resistivity, p. =382 x 10" Qm
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Conductor radius, r = 7-88 mm
Radius of one Aluminium strand, r, = 1262 mm

Radius of one Steel strand, r_ = 1429 mm.

332 Earth Wire Input Data for HFC
Earth Wire resistivity, p_ = 200 x 10*Q m
Earth radius, r_= 3-505 mm

10040 Q2 m

Earth resistivity, p,

Relative permeability, g = 10000,
34 INPUT DATA FOR PFC

The conductors geometry supplied by NEPA are listed as follows:

Position | : (-4-5, 20-1)
Position 2 : (45, 182)
Position 3 : (-4-5, 16:3)
Position 4 '. (00, 2200,

Using equations (3.7) and (3.8), the input data was obtained for power frequency calculations as

follows:

Conductor resistance, R_=0-1554 Q /km

Earth wire resistance, R_= 5181 £2/km

35 PROGRAM AND RESULTS

The use of digital computer is necessary to reduce the rigours of the mathematical expressions
involved in multiconductor-line problems. For this reason, the mathematical equations presented in
Chapter Three were used to develop a software applications program.

351 The Program

The modular approach to programming was used in this project instead of the block approach.
Programming which uses the modular approach is called structured programming. In the modular
approach, the program consists of a short main program and a series of subprograms or subroutines,
all linked to modules. The sequence of calling of these subroutines determines the sequence of proce-
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(sTART)

IDENTIFY
CONSTANTS

IDENTIFY
|VARIABLES

CLASSIFY
VARIABLES

READ IN
CONSTANT
VALUES

CALCULATE
AND FORM
ADMITTANCE
MATRIX

/ READ N/

READ X,,

XY, Y, , 0 /4
|

CALCULATE d,

d, = \.'Il v, —-x) +(y - v, )

CALCULATE B
p— I]'sin Ox2y, }

d

L

I

a=180"~(0+f3) T
|
CALCULATE D,
D. = V!{“"_ 42 \ 4d’ v, cos x

I

CALCULATE ELEMENTS OF B
B, =log ( D, /d, )

1
C=C+1

No

ISC > N?

Y

Yes

A

30

Fig 32: Flow chart representation
of the block program



O,
FIND INVERSE
OF MATRIX B

[

FORM IDENTITY
MATRIX

DECOMPOSE
MATRIX ONCE

|

FIND INVERSE
BY COLUMNS

l
ELIMINATE LAST q
ROWS AND
COLUMNS OF B
TO GET B,

CALCULATE ADMITTANCE
MATRIX, Y

Y = j2rweB)'

|
SET A LOOP 1
1]

CALCULATE REACTANCE DUE
TO PHYSICAL GEOMETRY

X =wuB/2r

l

INITIALISE SUMS
S, =0

S,=0
5,=0
$,=0
o,=0
a, =0
o, =0
o, =0

L Fig 32 (Continued): Flow chart representation
INITIALISE.TERMS of the block program
8

d, =71
c,=r"/192
es=r/3
fo=r/45
g =5/4

h,=r/3

S
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B

[SET LOOP 2|

_—~—READD,6, —

r; = \/(_(r)p' /p)D,

|CALCULATE q,|

ICALCU LATE c,
|CALEULATE e,

[ CALCULATE f,

[CALCULATE g |

CALCU

[_chm
[CALCULATE S,
[CALCULATE
[CALCULATE

U

|CALCULATE o,

| CALCULATE o,

C

Fig 32 (Continued): Flow chart representation
of the block program




®
I YES @ NO

CALCULATE P,

[CALCULATE P,

CALCULATE Q|

N
|[CALCULATE @,

= l

|_END LOOP 2 |

og:ell’z iLﬁMENTS
F D
INTO MAmgt’s

CALCULATE
RESISTANCE DUE
TO EARTH-RETURN
PATH, R,

2Pou/2n

R

CALCULATE
REACTANCE DUE
TO EARTH-RETURN
PATH, X,

X =20wu/2n

/_REAl:Jr,nj

[ 1
m=y Jpyp

I
CALCULATE
RESISTANCE DUE TO

CONDUCTOR, R,
R - K pm

V‘r_‘finfllfr

CALCULATE
EACTANCE DUE TO

CONDUCTOR, X.
X = Kpm

\;f.‘frin +2)m

CALCULATE
Z=R+R+iAX +X +X |

©
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Fig 32 (Continued): Flow chart representation
of the block program



P
CALCULATE

INVERSE OF Z
TO GET2"

ELIMINATE LAST q
ROWS AND

COLUMNS OF 2"
TO GET Z,"

INVERT Z,” TO
GET
IMPEDANCE
MATRIX, Z

" CALCULATE
'POSITIVE SEQUENCE
' IMPEDANCE, Z,

ALCULATE ZERO
SEQUENCE
IMPEDANCE, Z,

CALCULATE
INTERPHASE
MUTUAL
IMPEDANCE, Z,,

CALCULATE
EARTH-LOOP
IMPEDANCE, Z,

INVERT Y TO GET
ELEMENTS OF A
SUCH THAT

A=Y"'= [H_I_]

CALCULATE
SITIVE SEQUENCE
CAPACITANCE, C,

CALCULATE ZERO
SEQUENCE
CAPACITANCE, C,

®
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Fig 32 (Continued): Flow chart representation

of the block program



(®

‘ CALCULATE

INTERPHASE MUTUAL
CAPACITANCE, C,

CALCULATE
EARTH-LOOP
CAPACITANCE, C,

FORM COMPLEX
MATRIX
PC=[Y]x[Z]

FIND EIGENVALUES, )
AND EIGENVECTORS, @
OF PC

I
FIND MODE
DISTRIBUTION OF
VOLIAGE, @

FIND MODE
DISTRIBUTION OF
CURRENT

s=[Q"]"

CALCULATE
PROPAGATION
CONSTANT

:” - AI. -

DETERMINE
ATTENUATION,

|

DETERMINE

(_PHASE,

CALCULATE
VELOCITY FACTOR
H=w/f

Sy ’ f E ; » . " 1 . (3 k" 9
ALCULATE VELOCITY Fig 32 (Continued): Flow chart representation

DIFFERENCE of the block program
OV=C-p

CALCULATE
CHARACTERISTIC
IMPEDANCE MATRIX, Z,
Z,=0y'0'Z
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. [END LOOP 1]

it PRINT POSITIVE
i SEQUENCE
i CAPACITANCE, C,
S PRINT ZERO
in SEQUENCE
g CAPACITANCE, C,
RINT INTERPHASE
MUTUAL
CAPACITANCE, C,.
PRINT
i EARTH-LOOP
CAPACITANCE, C,
b PRINT POSITIVE
SEQUENCE
IMPEDANCE, Z,

i PRINT ZERO
e SEQUENCE
1 (MPEDANCE, Z,

ol PRINT INTERPHASE

MUTUAL
IMPEDANCE, Z,,

' PRINT EARTH-LOOP
MUTUAL
IMPEDANCE, Z,
i PRINT
EIGENVECTOR OF
EACH MODE,
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Irig 32 (Continued): Flow chart representation

of the block program



@
PRINT MODE
VELOCITY FACTOR,
PRINT VELOCITY
DIFFERENCE, 5V
/nmm A]TENUATI(V
a
PRINT MODE CURRENT
DISTRIBUTION, §
PRINT CHARACTERISTIC
IMPEDANCE IN OHMS

PRINT THE INVERSE OF
CHARACTERISTIC
ADMITTANCE TO HAVE
UNIT AS OHMS

| STOP
Fig 32 (Continued): Flow chart representation

of the block program
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dure, and ideally, everything passed through the main program would be an input and output param-

eter only. All modules are as GO TO-less as possible.

Structured programming was used in this project because structured programs are easier 10
read, easier to maintain, easier to modify, casier to test and debug and easier to learn. Although
structured programs, compared to block programs, have the disadvantages of consuming more core
space, more central processing unit time of compilation and execution, more design time from
programmer and more lines of code, they are preferred to block programs by many programmers

because of the advantages mentioned earlier.

Although the block program was not used in this project, it became necessary (o present a
schematic visual description of the logic of the block program module for greater coverage. This is
shown in Fig. 32, Also, the structured program used for this project may be represented by its struc-
ture chart and its main block shown in Fig. 3-3. The structured program identified as PLC_SHIR (sce
APPENDIX D) has been developed to conform to American National Standards Institute, ANSI FOR-

TRAN 77. Thus, the program is very portable.

352 Analysis of Results

The results have been divided into two groups, namely, those involving parameters obtained at

power frequency and those involving parameters at higher frequencies.

Tables 33 through 36, Fig. 34 and Fig. 35 describe the propagation characteristics of the

Shiroro Complex 132KV powerline carrier signals.

In this project, there are three mode distribution vectors comprising mode |, mode 2 and
mode 3 which are associated with conductor 1, conductor 2 and conductor 3, respectively. In Fig. 3.5,
the differences between the free space velocity and the mode propagation velocities are plotted for
clarity since as can be observed, the mode propagation velocities obtained are very close to the free

space velocity value, 3 x 10" kms ',

An interesting example is the situation shown in Table 3-5 where the attenuation of mode | at
a frequency of 100kHz is 0-82 dB/km. This is much higher than that of mode 2 which is 00748 dB/km
which means that at the receiving end, the only significant power is that contained in mode 2. The

power contained in mode 1 is much rapidly atienuated so that, relative to the total power, it is equiva-
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lent to a fixed insertion loss, independent of the line length. Therefore, the line attenuation for this
condition of cnergization requires mode 2 consideration only, having determined the insertion loss

due to mode 1. I

' Table 3-6 presents a situation which is similar 1o that shown in Table 3-5. Although the signal
attenuation on the line is high in modes 2 and 3, these modes still contain little power at the receiving
end compared to that in mode 1. One could see from this table that signal attenuation at IMHz is so

high that one gets little or no power at the receiving end. |

Table 37 shows the calculated parameters for the power frequency. The consideration of the

effect of the earth-return path in the cilculations as given in scction 244 provide a higher level of

accuracy.

L Fig. 3-6 shows the variation of attenuation with velocity difference. From this figure, it can be
observed that mode 2 provides an approximately linear characteristic. By drawing a tangent to point
(45000,0-36), mode | was found to be linear between points (87500,00072) and (45000,0-36). For
mode 3, a region exists for which there is inflexion. This region ts bounded between points (4250,0:02)
and {7500,0-096). The point of inflexion is about (6000,0-018) and is the point at which the curves for

mode 2 and mode 3 intersect.

SR ¢ It should he noted that the attenuation characteristics obtained were based on an average data

collected from NEPA for the Shiroro Complex taken as a whole and not on the four individual lines in
the complex. It is possible however, to consider the individual lines, in which case, the attenvation

characteristics will have to be studied for the individual load capacities of the lines. This could be

considered as a further study.
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Table 3 3: Derived parameters for electrically long lines ar 1 kH7 Jrequency
Characteristic impedance, Z, (Q)

509- 9 82— 76 141 /8
Z,=|82-j6 494- ;8 92_ e
141- j8 92— j6 482 jo

Characteristic admittance, Y, Q)

395- j5  —3045- jI54 —1889— j43
Y,=|-3045- jI54  381-;3  —2002- j68
~1889 - j43 2002~ j68  298— j2

Propagation constants

Mode |

o B i oV
0-01 0-0296 212000 82000
Mode 2

o B i 1%
0.-00748 0-0216 290720 9280
Mode 3

o B i oV

0-00712 0-0216 290360 2640

Mode-distribution vectors

Voltage
Mode 1 Mode 2 Mode 3

0-221-j0-002  0-053— j0-073 —0-342— j0.005
0-209- jO-004 -0 101~ j0.012 —0-097—0.016
0-198—0-004 0-021+ j0-004 —0-706+ j0.000
Current
Mode 1 Mode 2 Mode 3
[-178+ j0-041  3.342— j0-470 —-572— j0-009

11214 j0-013  —4-314+ j0-451 ~0-190+ j0-022
1:000+ j0-000  1-000+ jO-000  1-000+ j0-000
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Table 3 5: Derived parameters for electrically long lines at 100 kHz frequency

Characteristic impedance, Z, (£2)

435~ j7 68— j5 102- j6
Z,=| 68-j5 432-j7 79-j5
102-j6 79— j5 428- j6

Characteristic admittance, Y (£ )

398 — j4 3112 j154 2009 - j45
Y, =|-3112- j154 384 j3 2264 - ;73
2009~ j45 2264 j73 356 - j3

Propagation constants
Mode |

o I u oV
0-82 2-3413 268400 31600

Maode 2

o B i oV
0-0748 21080 298100 1900
Mode 3

o B u oV
0-0712 2-1012 299072 928

Mode-distribution vectors
Voltage
Mode | Mode 2 Mode 3
0-272—j0-002  0-083— jO-115 0-379- j0O-006

0-234— jO-005 -0-120- j0-014 -0-124+ jO-020
0-226— j0-005  0-025+ j0-005  0-736+ j0-000

Current

Mode 1 Mode 2 Mode 3

1-2594 j0-037  3-479- j0-481 —0-559— j0-010
11764+ jO-013  —4-788+ j0-497 —0-203+ j0-022
1-0004 jO-000  1-000+ j0-000  1-000+ j0-000
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Table 3 6: Derived parameters for electrically long lines at IMHz frequency

Characteristic impedance, Z, (€2 )

413-j7 62—-j4 95— j5]
Z 62— j4 405- ;6 67— j4
95— j5 67— j4 398— j5

Characteristic admittance, Y ()

426 - |5 3098 — jl45 [987 — j43
4 3098 — j145 413 j4 2018~ j65 |
1987 — j43 2818 j65 397 ;3

Propagation constants

l\ll."‘.ii.h I

o B It oV
6-04 21-535 291800 8200

Mode 2

o B 1 oV
0-496  20-991 299360 640

Mode 3

o p u ov
0-3772 20-984 299468 532
Mode-distribution vectors
Voltage
Mmiu' ] \1m|x.‘ .1 :\Il\lil' 3

0-296— jO-002  0-103—- j0-132  —0-383~ j0-006
0-275- j0-006 —0-134-j0-016 -0-141+ jO-024
0-248- jO-005  0-033+ 0-007  0-752+ jO-000

Current

Maode | Mode 2 Maode 3

[-313+ j0-039  3-596— j0-494 —0-585- j0-010

296+ jO-016 —4-948+ jO-507 -0-209+ jO-023
1- 000+ jO-000  1-:000+ j0-000 1- 000+ jO-000




Table 37: Derived parameters for electrically short lines at power frequency

Series parameters, 2 /km

Z,=02165 + j 04643
Z,= 03434 + j 12000

!‘pp

= 00423 + ) 02452
Z,= 02588 +j 07095

Shunt parameters, F/km

C, =7132x10”

C, =5618x10"

]

C,.=79394 x10"

re

C =6544 x10"
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CHAPTER FOUR

CONCLUSIONS AND RECOMMENDATIONS
CONCLUSIONS

The objectives of this research were defined as follows:

Characterization of signal attenuation and propagation velocities on the Shiroro Complex 132kV

lines;

[dentification of the frequencies at which significant power would be obtained at the receiving

end.
From the results obtained, the following conclusions were drawn:

Mode 3 has the least attenuation and a significant amount of power can be obtained between

IkHz and 500kHz;
Mode 3 is less lossy than mode 2;

Mode | has the highest attenuation which 1s abnormally high at about the frequency of IMHz.
This is also true for modes 2 and 3 at the same frequency. The high attenuation for mode 1 is

due to the fact that it utilises the earth as a return path;
Modes 2 and 3 are the aerial modes:
The earth-return mode (Mode 1) has the least propagation velocity;

The attenuations and propagation velocities of the aerial modes are approximately the same.
Their attenuations are relatively small and they have high propagation velocities which on the

average 1s about 9848% of that of light in free space;
The attenuation of the aerial modes are the same between the frequencies of 10kHz and 90-5kHz.

Between the 36kHz and 500kHz which is the frequency range used by NEPA, the attenuation
is between 0-028dB/km and 0.100dB/km while the propagation velocity is between 290360

km/s and 297500km/s;

For the high frequency calculations, modes 2 and 3 are acceptable for frequencies in the kilo-
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hertz range. Generally, by observing the range of frequencies considered in the high frequency
calculations, one may conclude that as far as the Shiroro Complex 132kV lines are concerned,

much power loss is associated with the mode | operation while mode 2 and modc 3 operations

""" are acceptable when the frequency is in the kilohertz range;

For the power frequency calculations, the earth-return path calculation gives a positive-se-

-+ quence resistance, which is greater than the conductor resistance. In the analysis of carrier
. propagation problems, the positive-sequence resistance should be slightly greater than the con-
. ductor resistance if the earth-return path correction is used [13]. In this thesis, the positive-

P p

| sequence resistance was found to be (0-2165€ /km and the conductor resistance was found to be

015548 fkm.

|

From the line data and the line configuralion obtained from NEPA, this reaecarch has estﬁh-

lished that the carrier performance is enhanced when the carrier frequencies is between 1kHz and

500kHz. The ESBS00 powerline carricrs which are manufactured by Siemens of Germany is now

being used by NEPA for some of its Kaduna region installations especially the Shiroro Complex. The

ESB powerline carrier frequency is between 36kHz and 500kHz which lies within the range estab-

lished by this research. The objective of the research is therefore achieved.

42

(1)

RECOMMENDATIONS

A computer program was developed to simplify the analytical rigours. This program could be

modified to form an applications package which could be used extensively to study and analyse

- carrier propagation problems,

The effects of the load currents of the four individual lines in the Shiroro Complex should be

considered in a future research on this complex.

Distortion to carrier channels may be caused by poor frequency response which is particularly

. detrimental to services employing frequency modulation. It therefore should be considered as

necessary to measure the carrier frequency response of all newly installed carrier channels to

|
ensure proper operation. I _

Sufficient margin should be allowed in the design of powerline carriers so that weather and

other environmental sctbacks would not affect their operation adversely. f i
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(8)

!
Line traps should be inserted in series with tap lines for the given permissible attennation for

the bandwidth of any carrier channel on the through circuit so as to prevent high frequencies

|

Assessment of carrier performance should be made on all installed carrier channels, especially,

from passing through the transmission line.

the newly installed ones, in order to be sure of proper powerline carrier operation.

A great deal of thought should be devoted to the subject of carrier performance and adequate
funds should be made available to support research and development in the subject. Commu-

nications System Reliability Studies should be conducted on the NEPA installations along the

_ lines adopted in this project to ensure an in-depth appreciation of the NEPA Power System

Communications as a whole.

The management of NEPA, especially those in charge of transmission need to be fully aware
and current about the subject of carrier propagation characteristics. They should strive for
effective transfer of intelligence over 50 Hertz frequency as well as for the forms in which
other powerlines are utilized in order to achieve a high reliability standard of communication.
Therefore, the suggestions stated in item (7) should be included as part of the corporate policy

and given top management attcention.

The characteristic impedance of a carrier circuit, very useful in powerline carrier studies may
also be used to determine the restriking-voltage transients associated with circuit breakers clearing
faults in powerlines. This restriking voltage which occurs during the critical period prior to the
ftrst reflection can be evaluated solely in terms of the characteristic-impedance matrix and the
appropriate energization conditions. 1t is therefore recommended that such a study be under-

tuken as further rescarch to this project.

The current research has taken into cognisance, the most recently commissioned 132kV lines,
that is, the Shiroro Complex. It is recommended that a similar rescarch be carried out on its

associated 330k V lines for greater coverage.
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(d)
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APPENDIX B {cont): Line parameters for Shiroro Complex 132 kV lines

Parameter Specification ]
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PROGRAM
PROGRAM

APPENDIX D: Program PLC_SHIR

IDENTIFICATION
NAME: PLC_SHIR

THIS PROGRAM COMPUTES THE POWERLINE CARRIER PROPAGATION
CHARACTERISTICS OF THE SHIRORO COMPLEX 132kV LINES

ok wkhhke

RHO1
RHO2
RHO3
MU
EXPS :
CONV

K :
PI §
GAMMA :
c :
'R R R R S
RHO1=100
RHO2=3.8
RHO3=20.
MU=4.*PI
EXPS=8.8
CONV=PI1/
K=2.25
PI=3.141
GAMMA=1.
C=3.0E-B
kR kAR
b 4

Z
ZINMO
XG

RC, XC
RC, XC
DBC
DBCI
BETA
BETAA
THETA
ALPHA
ALPHAA

e ss we ws

B T T T 1

BIN
BINMO
YIN
z1
z0
ZP
ZPP
cl
co
CcP
CPP
PC

R R T T T ]

.

e ws as as

** CONSTANTS IDENTIFICATION ****tvauuiid
EARTH RESISTIVITY

CONDUCTOR RESISTIVITY

EARTHWIRE RESISTIVITY

EARTH PERMEABILITY

PERMITTIVITY OF FREE SPACE

DEGREES TO RADIANS CONVERSION CONSTANT
CONDUCTOR STRANDING FACTOR

CONSTANT 3.14159

EULER'S CONSTANT

FREE SPACE VELOCITY

** CONSTANTS INITIALISATION re*wstddaddas
=0

2E-B

E-8

¥1.E-7

54E-12

180.

59
7811

*** VARIABLES IDENTIFICATION *#*#*®¢datwdwss
SHUNT ADMITTANCE MATRIX

SERIES ADMITTANCE MATRIX

INVERSE OF Z

REACTANCE DUE TO PHYSICAL GEOMETRY
RESISTANCE, REACTANCE DUE TO CONDUCTOR
RESISTANCE, REACTANCE DUE TO EARTH-RETURN PATH
DISTANCE BETWEEN CONDUCTOR i AND CONDUCTOR j
DISTANCE BETWEEN CONDUCTOR j AND IMAGE OF CONDUCTOR i
ANGLE SUBTENDED BETWEEN LINE DBC AND LINE DBCI
PHASE CONSTANT OR VELOCITY FACTOR

ANGLE SUBTENDED BETWEEN DBCI AND CONDUCTOR j
ANGLE SUBTENDED BETWEEN DBC AND CONDUCTOR i
ATTENUATION CONSTANT

MODE VELOCITY

CHARGE-COEFFICIENT MATRIX

INVERSE OF B

MODIFIED INVERSE OF B

INVERSE OF Y

POSITIVE SEQUENCE IMPEDANCE

ZERO SEQUENCE IMPEDANCE

EARTH-LOOP IMPEDANCE

INTERPHASE MUTUAL IMPEDANCE

POSITIVE SEQUENCE CAPACITANCE

ZERO SEQUENCE CAPACITANCE

EARTH-LOOP CAPACITANCE

INTERPHASE MUTUAL CAPACITANCE

COMPLEX MATRIX FORMED BY [Y]*[Z]
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NONNNANNNNNONNANANANANNNNOCNNANNNANDANDN n.

ly

OMEGA : ANGULAR FREQUENCY

F ; FREQUENCY

P : REAL CORRECTICN COMPONENT

Q : IMMAGINARY CORRECTION COMPONENT

Qc : MODE DISTRIBUTION OF VOLTAGE

8 : MODE DISTRIBUTION OF CURRENT

Z0 : CHARACTERISTIC IMPEDANCE MATRIX

Y0 : CHARACTERISTIC ADMITTANCE MATRIX
av : VELOCITY DIFFERENCE

£2,52P,54,54P,5G1,5G2,5G3 and SG4 are infinite series({constants)

AN,CN,EN,FN,GN and HN are terms of a seguence

FAkzxxdkAx SUBROUTINES IDENTIFICATION  rkddtrrsrt®

ADMAT : CALCULATES ADMITTANCE MATRIX

EIMMAT: CALCULATES IMPEDANCE MATRIX

LUBKSB: PERFORMS BACK SUBSTITUTION INTO A MATRIX

LUDCMP: DECOMPOSE MATRIX

JACOBI: FINDS EIGEMYALUES AND EIGENVECTORS

CONAN : CALCULATES TERM AN

CONCN : CALCULATES TERM CN

CONEN : CALCULATES TERM EN

CONFN : CALCULATES TEEM FN

CONGN : CALCULATES TERM GN

CONHN : CALCULATES TERM HN

CONS2 : FINDS ELEMENTS AND SUM OF SERIES §2

CONS2P: FINDS ELEMENTS AND SUM OF SERIES S2P

CONS4 : FINDS ELEMENMTS AND SUM OF SERIES 84

CONS4P: FINDS ELEMENTS AND SUM OF SERIES S4P

CONSGl: FINDS ELEMENTS AND SUM OF SERIES SG1

CONSG2: FINDS ELEMENTS AND SUM OF SERIES S5G2

CONSG3: FINDS ELEMENTS AND SUM OF SERIES SG3

CONSG4: FINDS ELEMENTS AND SUM OF SERIES SG4

INVERSE: COMPUTES THE INVERSE OF A MATRIX

IMPC : CALCULATES THE RESIETANCE AND THE REACTANCE DUE TO CONDUCTOR

IMPR : CALCULATES THE RESISTANCE AND THE REACTANCE DUE TQ THE EARTH
RETUEN PATH

REAG : CALCULATES THE REACTANCE DUE TO THE PHYSICAL GECMETRY OF THE
CONDUCTORS

dok ok ok odok ko koA T™YPE DECLARATION LR R E R L E X EEERE]

COMPLEX Y.,LXE, XG,XC,YIN,PC

LA SR A EEREESEESR] MAIN PROGRAM KRk ok ok ko bk ok ok

M=3

N=4

Np=4

CALL ADMAT(Y,MN,NP, B}

READ(*,*)F, THETA

DO 6 I=1,N

CALL BIMMAT({Z,N,M,XG,RC,RE, XE, XC)

CALL DEPARM{ZINMO,YIN,M,Z1l,Z0,ZP,2FP,C1l,CQ,CP,CPP)

CONTINUE

3T0OP

END
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C

74

77

78

81

84

96

91

92

93

94

95

SUBROUTINE DEPARM (ZINMO,YIN,M,Z1,Z0,Z2P,2PP,C1,C0,CP,CPP)
THIS ROUTINE CALCULATES AND PRINTS ALL DESIRED DERIVED PARAMETERS
21 = (ZINMO(1,1)+ZINMC(2,2)+ZINMO(3,3})-ZINMO(1,2)-ZINMO(1,3)
4-2ZINMO(2,3))/3.

Z0 = {(ZINMO({1,1)+ZINMO(2,2)+ZINMO(3,3)+ZINMO{1,2)+ZINMO(1,3)
5+ZINMO(2,3))/3.

ZPP = (20-21)/3.

ZP = Z1+ZPP

Cl = 3./{OMEGA* (YIN(1,1)+YIN(2,2)+YIN(3,3)-YIN(1,2)-YIN{2,3)
6-YIN(1,3)))

CC = 3./(OMEGA* (YIN(1,1)+YIN(2,2)+YIN(3,3)+2.*YIN(1,2)+2.*
TYIN(L,3)+2.*YIN{2,3)))

CPP = 1./((1./C0)-(1./C1))

CP = 1./((1./Cl)+(1./CcPP)}

CALL MATMUL (PC,ADMAT, Z, M)

CALL JACOBI{A,N,NP,D,V,NROT)

CALL INVERSE (GAMMA, GAMM, INDX)

CALL MATMUL(RE1,Q,GAMM, M)

CALL INVERSE(Q,Q1, INDX)

CALL MATMUL(REZ,RE1,Q1,M)

CALL MATMUL(Z0,RE2,Z,M)

CALL MATMUL(YO,RE2,Y,M)

TRANSPOSE MATRIX

DO 74 1 =1,N

DO 74 J = 1,N

V(J,IP} = V(IP,J)

VI(J,IQ) = V{I1Q,J)

CONTINUE

DO 77 & = 1N

Do 77 J = 1,N

A{I,J) = V(IP,J)

CONTINUE

CALL INVERSE(A,Y, INDX)

DO 78 I = 1,N

DO 78 J = 1,N

S(I,J) =Y(I.,J)

CONTINUE

DO 81 1 = 1,N

DO 81 J = 1,N

A(I,J) = V(IQ,J)

CONTINUE

CALL INVERSE(A,Y, INDX)
DO 84 I = 1,N

DO 84 J = 1,N

5(1,J) = ¥Y(I1,J)
CONTINUE

WRITE(*,96)

FORMAT (15X, “SERIES PARAMETERS”")

WRITE(*,91)21

FORMAT (10X, "POSITIVE SEQUENCE IMPEDANCE, 21=",F6.4,3X, *OHM/METER"/
6)

WRITE(*,92)Z0

FORMAT (10X, "ZERO SEQUENCE IMPEDANCE, Z0=*,F6.4,3X,“OHM/METER"/)
WRITE(*,93)2ZPP

FORMAT (10X, “INTERPHASE MUTUAL IMPEDANCE, ZPP=",F6.4,3X, “OHM/METER"
7/)

WRITE(*,94)2P

FORMAT (10X, "EARTH-LOOP IMPEDANCE, ZP=",F6.4,3X, "OHM/METER"/)
WRITE(*,95)

FORMAT (15X, "SHUNT PARAMETERS")
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WRITE(*,97)C1

97 FORMAT (10X, "POSITIVE SEQUENCE CAPACITANCE, C1=",F7.4,3X,"FARAD/MET
BER"/)
WRITE(*,98)C0

98 FORMAT (10X, *ZERQO SEQUENCE CAPACITANCE, CO=*,F7.4,3X,"FARAD/METER”/
9)
WRITE(*,99}CPF

99 FORMAT (10X, "INTERPHASE MUTUAL CAPACITANCE, CPP=",F7.4,3X, "FARAD/ME
ATER" /)
WRITE{*,100}CP

100 FORMAT (10X, “EARTH-LOOP CAPACITANCE, CP=<,F7.4,3X, "FARAD/METER” /)
RETURN
END

SUBROUTINE ADMAT(X1l,XZ,Y1l,Y¥2,THETA,A,C,¥Y, INDX, YM)
DIMENSION A(NP,NP},C(NP,NP),Y{(NP,NP),INDX(N),YM{M, M)
DO 10 I=1,H
Do 10 J=1,N
B READ(*,90) X1.X2Z,¥1,Y2,THETA,F
90 FORMAT{1X, ‘ENTER X AXIS COORDINATES=‘2AZ,‘' Y A¥XIS COORDINATES
2 =",232, 'AND SIZE OF ANGLES=‘,F4)
DBC({I,J)=8S0RT({{X1-X2)**2+(Y1-¥2}**2)
_ BETA=ASIN( (SINM{THETA*CONV}*2.*Y1) /DBECI(I,J}
4 ALPHA=180.- (THETA+BETA)
' © DBCI(I,J)=8SQRT(DBC**2+2 . *Y1+*2-2_+DBC*2_*Y1*C0OS {ALPHA*CONV))
C(I,J)=LOG{DRCI/DRC])
Aa(L,J)=C{L,J}
10 CONTINUE
FIND INVERSE
Do 12 1I=1,N
DO 11 J=1,H
Y{(I,J)=0.
11 CONTINUE
' Y(I,I)=1.
12 CONTINUE
CALL LUDCMP{A,N,NP, TNDX, D}
Do 21 J=1,N
CALL LUEBKSB(A,N,NP,INDX,Y(I,J)}
21 CONTINUE

: Y{1,4)=0.
. Y(2,4)=0.
b Y(3,4)=0.

v Y{4,4)=0.
L ¥{(4,1)=0.
T Y(4,2)=0.
Y{4,3)=0.
DO 22 I=1,M
DO 22 J=1,M
Sk YMI{T,J)=Y{I,J)
ADMAT=3*PI*EXPS*OMEGA*Z , *YM
A(I,J)=ADMAT
22 CONTINUE
CALI, INVERSE(A, Y, INDX)
DO 88 1 = 1,N
Do 88 J = 1,N
YIN(I,J) =Y(I,J}
88 CONTINUE
- RETURN
END
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28

30
31

33
34

42

43

SUBROQUTINE BIMMAT(Z,ZINMO,N,M,X&,RC,RE,XE, XC)
DIMENSION Z(N,N),ZINMO(M,M),XG(N,N),RC(N,N},XC(N,N),RE(N,N),

X XE(N, N}

OMEGA = 2.*PI*F

CALL REAGI(C,XG)

CALL IMPC (NO,RO,RC,XC)
CaLl, IMPE(DBCI,F, THETA)

DO 28I = 1,N

DO 28 J = 1,N

ZRES(I,J) = RE(I,J)+RC(I,J)

ZREAC (T, J) = XG({I,Jy+XC(I,J}+XE(T,J)

2(I,J} = ZRES{I,J)+j*ZREAC(I,J)

A(I,J) = Z(I,d)
CONTINUE

CALL INVERSE(A,Y, INDX)
¥Y{l.,4) 0.

Y(2.,4) =
Yi(3,4) =
v(d,4) =
Yi{4,3) =
Yi{d4,2) =
Y(4,1} = 0.
RO 31 T 1,M

DO 30 g 1.M

A(I,J) = Y(I,J)
CONTINUE

CONTINUE

CALL INVERSE(A,Y,INDX)
DO 34 I =1,M

DC 33 J = 1,M

ZINMO =Y{I,J]

CONTINUE

CONTINUE

RETURN

END

1l
oo oo OO0

SUBROUTINE CONAN{AN)
DIMENSION AN{16)
AN{Q)=R**2/8.

DO 42 N=1,16

AN(N)=-{AN(N-1) /(2. *N* (2. *N+1.) **2* (2 *N+2.})*R**4/2.

CONTINUE
RETURN
END

SUBRCQUTINE CONCN(CN)
DIMENSION CN(16)
CN{Q)=R**{4/192.

DO 43 N=1,16

CN(N)==(CN(N-1) /(2 _*N+1.)*{2 *N+2. )**2* (2 _*N+3 ) )*R**4/2,

CONTINUE
RETURN
END
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SUBROUTINE COMEN{EN)

DIMENSION EN(16)

EN(0})=R/3.

Do 44 N=1,16

EN(N)=-(EN{N-1) /4. *N-1,)* (4 . *N+1,)**2% {4, *N+3))*R**4
44 CONTINUE

RETURN

END

SUBROUTINE CONFN{FN)

DIMENSION FN{16}

FN{Q}=R**3/45,

DO 45 N=1,16

FN(N)=-(FN(N-1) /(4. *N+1}*{4.*N+3 . )**2* {4 *N4+5.) )} *R**4
45 CONTINUE

RETURN

END

SUBRQUTINE CONGN (GN}
DIMENSION GN(16)
GN(0)=5./4.
DO 46 N=1,16
Y BN(N)=GN(N-1)+{1./(4.*N+2.)+1./ (4. *N+2.)+1./(2 . *N+1)+1./{2.*N+2.)
3 +l./(4.*N+4.))
46 CONTINUE
RETURN
END

SUBROULINE CONS4{CN, S4, THETA)

DIMENSION CN{l6},S4(16)

84 (N} =0.

CALL CONAN (AN)

DO 50 N=1,16
T 84 {N)=S4{N)+(CH(N)*CCS(4.*N+4.) *THETA*CONV)
50 CONTINUE

RETURN

END

SUBROUTINE CONS4P(CN,S4P, THETA)

DIMENSION NC(16),54P(16)

54P(N)=0.

CALL CONCN{CN)}

o 51 N=1,16

S4P(N)=S4FP (N) +CN(N) *SIN{4.*N+4.) *THETA*CONV}
51 CONTINUE

RETURN

END

SUBROUTINE CONSGL (EN, SG1, THETA}

DIMENSION EN{16},8G1{16}

SEl(Ny=0,

CALL CONEN{EN)

DO 52 N=1,16

5G1 [N) =SG1 (N) + (EN (N) *COS (4. *N+1.) *THETA*CONV)
52 CONTINUE

RETURN

END
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53

47

48

54

55

49

SUBROUTINE CONSG2 (GN, SG2, THETA)
DIMENSION GN(16),SG2(16)
SG2(N)=0.

CALL CONGN {GN)

CALL CONS2 (AN, S2,THETA)

DO 53 N=1,16

SG2 (N)=SG2 (N) + (GN(N) *S2 (N))
CONTINUE

END

SUBROUTINE CONHN (HN)

DIMENSION HN({16)

HN(0)=5./3.

DO 47 N=1,16
HN(N)=HN(N-1)+1./{(4.*N+2,)+1./(2.*N+2.)+1./(2.*N+3.)~-1./(4.*N+6.)
CONTINUE

RETURN

END

SUBROUTINE CONSZ (AN, S2, THETA)

DIMENSION AN(16},82(16)

S2 (N)=0.

CALL CONAN(AN)

DO 48 N=1,16

S2(N)=S2(N)+ (AN(N)+COS{4.*N+2) *THETA*CONV)
CONTINUE

RETURN

END

SUBROUTINE CONSG3 (FN, SG3, THETA)

DIMENSION SG3(16),FN(16)

SG3(N)=0.

CALL CONFN (FN)

DO 54 N=1,16

SG3 (N)=5G3 (N)+FN(N) *COS((4.*N+3.) *CONV) *THETA
CONTINUE

RETURN

END

SUBROUTINE CONSG4 (HN, SG4,THETA)
DIMENSION HN(16), SG4(16)

5G4 (N)=0.

CALL CONHN (HN)

CALL CONS4 (CN, S4,THETA)

DO 55 N=1,16

SG4 (N)=5SG4 (N) +EN (N) *S4 (N)
CONTINUE

RETURN

END

SUBROUTINE CONS2P (AN, S2P, THETA)

DIMENSION AN(16),S2P(16)

S2P{(N)=D.

CALL CONAN {AN)

DO 49 N=1,16
S2P(N)=S2P(N)+(AN(N)*SIN(4.*N+2.) *TEETA*CONV)
CONTINUE

RETURN

END
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41

57

SUBROUTINE IMPC (NO,R,RC,XC)
DIMENSION RC(N,N),XC(N,N)
COMPLEX j,MS

4=SQRT(-1)

NO=30

R=1.262E-3

NO is the number of strands in the conductor outer layer while
R is the radius of each outer strand

MS=SQRT ( j *OMEGA*MU/RHO2)

DO 41 I=1,N

DO 41 J=1,N
RC=K*RHO2*MS/ (SQRT (2.} *R* (NO+2) *PI)
XC=RC

CONTINUE

RETURN

END

SUBROUTINE IMPE{(R,DBCI,F, THETA, RE, XE)

DIMENSION R(N,N),DBCI(N,N),RE(N,N),XE(N,N)

DO 57 I=1,N

DO 57 J=1,N

R(I,J)=SORT{OMEGA*MU/RHO1) /DBCI(I,J)

CONTINUE

CALL CONSZ2 (AN, 82, TEETA)

CALL CONS2P (AN, S2P, THETA)

CALL CONS4 (CN, S4,THETA)

CALL CONS4P(CN,S4P, THETA)

CALL CONSGI (EN, SG1, THETA)

CALL CONSG2 (GN, SG2, THETA)

CALL CONSG3 (FN, 8G3, THETA)

CALL CONSG4 (HN, SG4, THETA)

DO 58 I=1,N

DO 58 J=1,N

IF{R(I,J).LE.5.) THEN
P(I,J)=PI*(1-54(I,J))/8.40.5*S2(I,J)*LOG(2./(GAM*R(I,J))+0.5*THETA
A*S2P(1,J)-8G1(I,J)/SQRT(2)+0.5*SG2(1,J)+8SG3(1,J)/SQRT(2)
Q(1,J3)=0.25+0.5*LOG(2./ (GAM*R(I,J})*(1-S4(I,J))-0.5*THETA*S4P(I,J)
B+SG1(I,J)/SORT(2)-PI*S2(1,J)/8.+8G3{(I,J}/SQRT(2)-0.5*SG4(I,J)

ELSE
P(I,J)=COS(THETA*CONV)/(SQRT(2)*R(I,J))-COS{(2.*THETA*CCNV)} /R(I,J)"*
C*2+COS{3.*THETA*CONV) / (SORT (2) *R{I,J)**3)+3.*COS(5. *THETA*CONV) / (S
DQRT(2)*R(I,J)**5)

Q(I,J)=COS(THETA*CONV)/ (SQRT(2)*R(I,J))-COS(3.*THETA*CONV) / (SQRT (2
E)*R(I,J)**3)+3,.*COS{5.*THETA*CONV) / (SQRT (2) *R(I,J)**5)

END IF

RE(I,J)=2.*P(I,J)*OMEGA*MU/ (2.*PI)
XE(I,J)=2.*Q(I,J)*OMEGA*MU/(2.*PI)

58 CONTINUE

RETURN
END
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36

37
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14
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SUBROUTINE INVERSE(A,Y, INDX)
DIMENSION A(NP,NP),Y(NP,NP), INDX(NP)
DO 36 I=1,N

DO 35 J=1,N

Y(I,J)=0.

CONTINUE

Y(I,J)=1.

CONTINUE

CALL LUDCMP{A,N,NP, INDX, D)

DO 37 J=1,N

CALL LUBKSB(A,N,NP,INDX,Y(I,J))
CONTINUE

RETURN

END

SUBROUTINE LUDCMP(A,N,NP, INDX, D)
PARAMETER (NMAX=100, TINY=1.0E-20)
DO 12 I=1,N

AAMAX=0.

DO 11 J=1,N

IF(ABS(A(I,J)).GT.AAMAX) AAMAX=ABS(A(T,J))

CONTINUE

IF(AAMAX.EQ.0.) PAUSE ‘Singular Matrix’

VV(I)=1./ARMAX
CONTINUE

DO 1% J=1,N

DO 14 I=1,J-1
SUM=A(I,J)

DO 13 K=1,I-1
SUM=SUM-A(I,K)*A(K,J)
CONTINUE

A(I,J)=SUM

CONTINUE

AAMAX=0.

DO 16 I=J,N
SUM=A(I,J)

DO 15 K=1,J0-1
SUM=SUM-A(I,K)*A(K,J)
CONTINUE

A{I,J)=5UM
DUM=VV({I)**ABS(SUM)
IF(DUM.GE.AAMAX) THEN
IMAX=I

AAMAX=DUM

END IF

CONTINUE
IF(J.NE.IMAX) THEN
DO 17 K=1,N
DUM=A { IMAX, K)
A(IMAX,K)=A(J,K)
A(J,K)=DUM

CONTINUE

D=-D

VV (IMAX)=VV{J)

END IF

INDX (J) =IMAX
IF(A(J,J).EQ.0.) A{(J,J)=TINY
IF(J.NE.N) THEN
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1%

11

12

13

14

62
63

64

DUM=1./A(J,J)

DO 18 I=J+1,N
A(I,J)=A(I,J)*DUM
CONTINUE

END IF

CONTINUE

RETURN

END

SUBROUTINE LUBKSB(A,N,NP, INDX,B)
DIMENSION A(NP,NP), INDX(N),B(N)
I1I=0

DO 12 I=1,N

LL=INDX(I)

SUM=B(LL)

B(LL)=B(I)

IF(II.NE.0.) THEN

DC 11 J=1I1,I-1

SUM=SUM-A (I,J)*B{J)

CONTINUE

ELSE IF(SUM.NE.(0.) THEN

II=1

END IF

B(I)=8SUM

CONTINUE

DO 14 I=N,1,-1

SUM=B(I)

DO 13 J=I+1,N

SUM=SUM-A(I,J}*B{J)

CONTINUE
B{I)=SUM/A(I,I)
CONTINUE
RETURN

END

SUBROUTINE MATMUL (PC, ADMAT, Z, M)
DO 63 K=1,M

PC(I,J)=0.

DO 62 I=1,M

DO 62 J=1.,M
PC(I,J)=PC(I,J)+ADMAT(I,J)*Z(1,J)
CONTINUE

CONTINUE

DO 64 I=1,M

DO 64 J=1,M

A(I,J)=PC(I.J)

CONTINUE

RETURN

END
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SUBROUTINE JACOBI (A,N,NP,D,V,NROT)
PARAMETER (NMAX=100)

DITMENSION A(NP,NP),D(NP},V(NP,NP),B(NMAX), Z (NMAX)

COMPLEX GAMMA, BETAA
DO 12 IP=1,N

DO 11 IQ=1,N
V(IP,IQ)=0

CONTINUE

V(IP,IQ)=1

CONTINUE

DO 13 IP=1,N
B(IP)=Al1IP,1P)
D({IP)=B{IP)

Z(IP)=0

CONTINUE

NROT=0

DO 24 I=1,50

SM=0

DO 15 IP=1,N-1

DO 14 IQ0=IP+1,N
SM=SM+ABS (A(IP,IQ))
CONTINUE

CONTINUE
IF(SM.EQ.0.) RETURN
IF(I.LT.4) THEN
TRESH=0.2*SM/N**2
ELSE

TRESH=0

END IF

DO 22 IP=1,N-1

DO 21 IQ=IP+1,N
G=100.*ABS{A(IP,IQ))

IF(I.GT.4).AND. (ABS(D(IP)})+G.EQ.ABS(D(IP)}).AND. (ABS{D(IQ))+G.EQ.A

KBS(D(IP))) THEN
A(IP,IQ)=0

ELSE IF(ABS{A(IP,IQ)).GT.TRESHE) THEN

H=D(IQ)-D(IP)
IF(ABS(H)+G.EQ.ABS(H)) THEN
T=A(IP,IQ)}/H

ELSE
THET=0.5*H/A(IP,IQ)
T=1./(ABS(THET)+SQRT(1.+THET**2})
IF(THET.LT.0.) T=-T
END IF
C=1./SQRT(1+T**2)
S=T*C

TAU=S/ {1+C)
H=T*A(IP,IQ)
Z{IP)=2{(IP)-H
Z(IQ)=Z(IQ)+H
D(IP)=D|(IP)-H
D(IQ)=D(IQ)+H
A(IP,IQ)=0D.

DO 16 J=IP-1
G=A(J,1IP)

H=A(J, I0Q)
A(J,IP)=G-S* (H+G*TAU)
A(J,IQ)=H+S* (3-H*TAU)
CONTINUE

DO 17 J=IP+1,I0-1
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18

19

21
22

23
24

40

G=A{IP.,J)

H=A(J,IQ)
A(IP,J)=G-S* (H+G*TAU)
AlJ,IQ)=H+S* (G-H*TAU)
CONTINUE

DO 18 J=IQ+1,N
G=A(IP,J)

H=(IQ,J)

A{IP,J)=G-S* (H+G*TAU)
A(IQ,J)=H+5*(G-H*TAU)
CONTINUE

po 1% J=1,N
G=V({J,IP)

H=V(J, 1Q)
V(J,IP)=G-S* (H+G*TAl)
VI(J,IQ)=H+5* (G-H*TAU)
CONTINUE

NROT=NROT+1

CONTINUE

CONTINUE

DO 23 IP=1,N
B(IP)=B(IPF)+Z(IP)
D(IP)=B(IP)

Q=V(IP, IQ)

GAMMA=SQRT (D(IP))
ALPHAA=REAL (GAMMA)
BETAA=IMAG (GAMMA)
IF(BETAA.EQ.0.) RETURN
ELSE

MUU=0OMEGA /BETAA
Z{(IP)=0.

CONTINUE

CONTINUE

PAUSE '50 iterations should never happen’

RETURN
END

SUBROUTINE REAG(C,XG)

DIMENSION C{N,N),XG(N,N)

DO 40 I=1,N
DO 40 J=1,N

XG=0MEGA*MU*C(1,J)/(2.*PI)

CONTINUE
RETURN
END
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