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Abstract approve

The purpose of this thesis is to investigate the necessity of
transposition in the construction of overhead transmission lines.

Line currents, line voltages and line losses of both the transposed
and untransposed lines were calculated and compared for two different
voltage classes. The conventional method of symmetrical components
was used to determine both the negative- and zero-sequence currents
produced by the inductive and capacitive unbalance in the untransposed
lines.

Both system voltages and line currents are affected when a
transmission line is not transposed. This is a result of the two
phenomena, (1) electromagnetic fields, and (2) electrostatic fields.
To account for these effects, the transmission was modeled with a

nominal -T network. The conductor configuration represented a single



circuit, three-phase, three conductor system with a flat horizontal
spacing. Shielding was represented by two ground-wire conductors.
The necessary iterative calculations were performed on a digital
computer.

The unbalance generated by 100 miles of unbalanced line at a
nominal voltage of either 230 Kv or 500 Kv did not produce an unbal-
ance factor that exceeded the limits imposed by electrical machinery
operation. The major effect of line unbalance is the influence of
zero-sequence quantities on relaying systems and the additional power
loss of the transmission lines. Both of these are functions of the
length of the untransposed line.

The calculated unbalance factors for 100 miles of untransposed
lines are 0.0474 and 0. 0626 for the 230 Kv and 500 Kv lines respec-
tively. The above factors include the effect of the terminating equip-
ment, transformers and equivalent machinery.

Curves are presented to illustrate the phase currents, phase
voltage drops, and the difference in transmission line power losses
as functions of the length of the transposed and untransposed lines, for

each voltage level.
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THEORETICAL INFLUENCE OF UNTRANSPOSED
TRANSMISSION LINE CONSTRUCTION ON
SYSTEM LOSSES AND VOLTAGE BALANCE

I. INTRODUCTION

The electric energy demands have rapidly increased in every
country in the world, for example, in the United States, the energy
output rose at an average annual rate of 7.5 percent for the last 53
years (6). To meet the electrical energy demand, hydro-power plants,
thermo-power plants and nuclear-power plants have been widely
developed. Research is being performed on power transmission
methods, system protection, system control and system economics in
order to improve the electrical energy delivery to the ultimate con-
sumer.

It is the purpose of this thesis to investigate the magnitude of
system unbalance created by untransposed transmission lines of two
different voltage classes. As most engineering decisions involve
compromises, the cost of the transposition must be compared to an
allowable amount of system unbalance. The results of this investiga-
tion should provide some basis for evaluating the effect of neglecting
transposition.

Due to the iterative nature of the calculations involved in using
the system model, the investigation was performed with the aid of a

digital computer. The computer program was written in FORTRAN



IV for use on the CDC 3300 computer at Oregon State University.

The determination of transmission unbalance for two nominal
system voltages, 230 Kv and 500 Kv, are considered with various
transmission line lengths up to 100 miles. The results show that the
unbalance factor does not exceed the limit imposed by electrical
machinery operation. The system unbalance factors were determined
by including the effects of terminating equipment; transformers and
equivalent machinery. Effects which influenced the system when the
lines were not transposed were 1) zero-sequence currents which
affected the relaying system, and 2) the additional losses in the
transmission line.

Curves that show the different magnitudes of system unbalance
parameters are presented and can be used to determine if the trans-
mission line should be transposed at a required length according to a

particular operating policy.



II. DESIGN OF THE GENERAL TRANSMISSION LINE SYSTEM

In designing the overhead transmission line which is, even
nowadays, still the most economical means of transmitting energy
from remote generating sources to users at a distance, the following
factors have to be considered (7,9,15,19):

1) An insulation system that withstands steady-state and

transient voltage effects.

2) Supporting structure.

3) Appropriate conductor sizes, conductor per phase, and
conductor configuration within the limits imposed by radio
influence and corona loss.

4) The energy loss of the line as related to the total economic
problem of line construction and energy transmitted.

5) Right-of-way acquisition and maintenance.

In addition to the factors mentioned above, another item that
must be taken into account in designing a transmission line is the
unbalance factor. Different conductor configurations cause the unbal-
ance factor to vary over a considerable range when the lines are not
transposed.

In overhead transmission line systems, for any conductor
configuration, a certain amount of dissymmetry will always exist.

Even for equilateral spacings, the conductor arrangement is not in



balance with respect to the ground. Such a dissymmetry affects the
generation of the voltage and current unbalance in the power system
(13,16).

The unbalance of high voltage line leads to circulating residual
ground currents in a system which is solidly grounded (10). If the
system is ungrounded, a zero-sequence voltage will appear between
true ground and the neutral of the system. The negative-sequence
current resulting from positive-sequence current and charging cur-
rent will flow through the lines and also through the windings of
terminal equipments, such as transformers and rotating machines
(11,12, 18).

In order to bring the geometric unbalance into an effective
balance condition, the transmission lines should be transposed.
Power lines, in the early day, were transposed primarily to bring
their reactance into balance and to minimize inductive interferences
with parallel communication circuits, long distance telephone and
telegraph lines. Transposition is affected by changing the position of
conductors so that an individual conductor occupies each of the
respective phase conductor positions for approximately the same
length, Figures 1 and 2. The physical structure of transposition is
usually called a ''barrel of transposition.'' It should be kept in mind
that the transposition of transmission line conductors represents a

higher cost due to the transposition tower and also lowers the



mechanical and electrical strengths (8, 20).
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Figure 1. Cross section of Figure 2. Transposition cycles
three-phase line with for a three-wire, three-
unsymmetrical spacing. phase line.

Transmission lL.ine Parameters

From the point of view of power engineers, the transmission
line characteristics can be expressed in terms of the following param-
eters:

1) Line inductance, henrys per mile

2) Line shunt capacitance, farads per mile

3) Line resistance, ohms per mile

4) Line shunt conductance, mhos per mile

In practice, these are expressed as values for a unit length of
one mile. These parameters will be, respectively, symbolized by
L, C, R and G throughout this thesis.

In the calculation of transmission line impedances, many incon-

sistent factors are inevitable. Fortunately, the errors caused by



them are usually less than three percent. To save labor and time,
this error can be ignored and still produce acceptable results. Some
of the factors causing the inaccuracy of the transmission line param-
eters are (4,7):

1) The conductor sag changes with temperature and line loading.

2) The resistivity changes with temperature.

3) The capacitance is affected by the contour of the surrounding

ground, foliage, etc.

4) The presence of shunt leakage conductance.

Herein, the values of resistance, radius and geometric mean
radius of conductors are obtained directly from the tables of conductor

characteristics.

ILine Impedance

In the design of a transmission line, the series line impedance
is the most important factor. ILine resistance will be included with
the value of line inductive reactance to form the complex impedance of
the line.

The two equations used in this analysis are directly simplified
from Carson's formula (2). It is separated into two parts: 1) the
determination of the self-impedance of one conductor with earth
return, and 2) the mutual impedance between two conductors with

common earth return.



Z =R +0.00159f + j 0.004657 flogloé—ll\%% /fﬂ (1)

nn

ohms per mile

2160 [p
= 0.0015 +3j 0.004657 2
an 0.0 9 f+j0.0046 floglod f (2)
nm
ohms per mile

where:

R = resistance of the conductor, ohms per mile

f = frequency, Hertz

p = earth resistivity, ohms-meters

GMR = geometric mean radius of the conductor, feet

dnrn = distance between parallel conductors, feet.

ILine Shunt Capacitance

The two fundamental equations used in this determination are
derived from the classical method of calculating the capacitance of a
transmission line, Maxwell's coefficients. Similar to the inductance
calculation, the calculation for capacitance is separated into two
parts: 1) the self-potential coefficient, and 2) the mutual-potential

coefficient (1,3,13,17).

_ 6 2h .
Pnn =25.753 x 10 loglo - darafs per mile (3)
6 S
= . 1 i
an 25.753 x 10 loglo S darafs per mile (4)

nm



where:
r = radius of the conductor, feet

h = height of the conductor above ground, feet

5 m = spacing between two conductors, feet
S m spacing between one conductor and an image conductor,
n
feet

Then, it follows that the capacitance is the reciprocal of the

potential coefficient, and capacitive reactance can be, therefore,

obtained.
c =1 c = farad ile (5)
nn P 3 nm P aradas per mile
nn nm
and
Xe f———© Xe¢ = h e (6
°an  2wfC  ° Chm  2wfC ohms per mile (6)
nn nm

ILine Current

To find the transmission line current, the system will be
assumed linear, and the method of superposition will be used. The
problem is separated into two parts:

1) Current due to electromagnetic phenomenon only.

2) Current resulting from electrostatic effects.



Electromagnetic Current

To find the current components due to electromagnetic effects,
the equations of voltage drop along the 3 -phase line with two ground

wires will first be considered (1,13, 14).

Vv =17Z +1L2Z _ +17Z +12Z +17Z (7)

a a aa b ab c ac X ax y ay
= + + + +

Vb Ia.Za.b Ibeb Ic:Zbc: Ibex Iy'Zby 8)

Vv =1 2Z +1.2 +1 Z tr1Z +1 2 (9)
c a ac b bc c cc X CX y cy

Vv =12 +1.Z +12Z +12Z +1 Z (10)
X a ax b bx c cx X XX y Xy

vV =12 +1Z2 +17Z +17Z +1Z (11)

VX and V are set to zero because there is no active source
in the loop described by the ground-wire circuits. Thus the above
equations can be solved for IX and Iy_. These solutions are then
substituted into Equations (7), (8) and (9). This reduces the total
number of equations to the following three which describe each phase

voltage:

V =12 +L2Z' . +12 (12)
a aa a Cc acC

b ab

- ! ! ! 13
v Ia.Zab + Ibeb + Ichc (13)

= '+ Fo ! 14
v Ia.zac Ibzbc Iczcc (14)
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where:

Zl
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Z I
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Zl
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]
Zbc
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1
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1
= Z Z
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-Z

Z Z -
bc A xb yc xy
2
zZ Z - Z
XX vy Xy
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Xa XC yy

Z Z
yc ya XX
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chyb XX

bb

11

2
ya xx) (15)
2
ybzxx) (16)
2
(17)
yc XX
¥ bezya Xy
(18)
+2Z2 Z Z
XC ya Xy
(19)
+zZ2 Z . Z
xc yb xy
(20)
(21)

By assuming that only positive-sequence current is flowing in

the system, the following sequence impedances can be obtained.

le

21

01

W |~

W |

w].—

+Z. + - +Z  +

[(Zaa be ch) (Zbc Zac Zab” (22)

[(z +az +a’z ) + 2(Z, +aZ +a%z )] (23)
aa ““bb cc bc ac ab

[(z +0.2Z +aZ ) - (Z +0.2Z +aZ )] (24)
aa bb cc bc ac  ab
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The first subscript of the sequence impedance represents the
sequence of voltage drop while the second subscript represents the
sequence current causing the voltage drop.
By the same assumption, if only negative- and zero-sequence
currents are flowing in the system, the following sequence-impedances

can be obtained.

1 2 2
z12 =3 [(zaa+a zbb+azcc) + 2(zbc+azab+a zac)] (25)
1
= = + + - +
ZZZ 3 [(Zaa be ch) (Zbc+zac Zab)] (26)
Z —l[(z +aZ +Zz ) -(Z, +aZ +Zz )] (27)
02 3 aaabbCI cc -(bcaaca ab
Z. . = l[(z +aZz +azz ) - (Z, +aZ +azz )] (28)
10 3 aa bb cc bc ac ab
Z =l[(z +a’z. +az ) - (Z 1a®z  taz )] (29)
20 3 aa bb cc bc ac ab
1
= - + -
ZOO 3 [(Z.aa+zbb ch) 2(Zbc:-'-zac:-'-zab)] (30)

The transmission line termination, e.g., transformers, are
static components. Their positive- and negative-sequence impedances
are identical while the mutual impedances between the sequence net-
works are unaffected (7,17). Therefore, to find the total line

X_. and

impedances, the terminal impedances have to be added. Xl’ 2

XO are the total positive-, negative- and zero-sequence terminal

impedances, as shown in Figure 4. Therefore:



1
: le 11+X1 (31)

I
N

1
ZZZ 22 * XZ (32)

i
N

!
+
Z00 00 XO (33)

I
N

Figure 5. System showing terminal impedances and sequence
impedance of a transmission line..

where:
X1 =ZGl+X11+X21+ZLl (34)
X2 = ZG2 + X12 + X22 + ZLZ (35)
XO = X10 + X20 (36)

The input voltage to the combined transmission line and equiva-
lent load can be equated to the total potential drop in terms of
sequence currents and unbalanced impedances. This is shown in the

following equation set.
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ZE =1 Z' +1 Z +1 Z (37)
a.l a.l 11 a.2 12 a.O 10

ZE =1 Z +1I z'_+1 Z =0 (38)
a.2 a.l 21 a.2 22 a.O 20

ZE =1 Z +1 Z +1 Z' =0 (39)
a.0 a, 01 2, 02 a.0 00

Equations 38 and 39 are set to zero because they are not present

as generated voltages in an ordinary system. By using Cramer's

rule, currents I , I and I can be determined
a a a
1 2 0
ZE
21
- ! ! _ 4
Ia.l D (ZZZZOO ZOZZZO) (40)
ZE
2]
= _ !
Ia.2 D (ZZOZOl ZOOZZI) (41)
ZE
2]
= - 1
Ia.o D (ZIZZOZ ZZZZOl) (42)
where:
= ! ! ! + - !
D leZZZZOO+ZIZZZOZOI ZlOZZIZOZ ZOlZZZZlO
-Z . Z_.7Z' -Z. .7Z_ . Z' (43)

01720711 12721700

Electrostatic Current

To calculate the current components in the transmission line due

to electrostatic effects, the procedure is identical to the calculation
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for the currents due to the electromagnetic effects. The values of
impedances in the first calculation part are replaced by the values of
shunt capacitive reactance. Therefore, the detailed procedure will

not be reanalyzed but the final results are shown as follows:

ZE
21
Ical " X22%00 ~ X02%20 (44)
ZE
1
e, " X20%01 = %o0X21 (45)
2 c
ZE
21
e, * 1 XX %22%01) (46)
0 c
where:
D= X11%52%00 T %12%20%01 + X10%21%02 ~ %01%22%10
- X02%20%11 ~ *12%21%00 (47)
Ica of Equation (44) is called the normal charging current
1
whereas Ia from Equation (40) is called normal full load current.

1
Again, by the method of superposition, the total negative- and

zero-sequence currents along the line under consideration can be

expressed as:

and
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By using symmetrical components, the line currents Ia’ Ib

and Ic are expressed as follows (3,18).

Ia = ITa + ITa + ITa (50)
1 2 0
Ib = a ITa + alIT +IT (51)
1 32 0
2
Ic = alT + a IT +IT (52)
al aZ O
Line Drop

In order to improve the line representation, the nominal -T
circuit will be used. The currents at both sending and receiving ends
must be found. The transmission line drop is determined by reusing
Equations (7), (8) and (9) consecutively. The total line drop of the
transmission line can be obtained by summing the line drops '11;1 both

parts of the "T' circuit.

IS and IR in Figure 6 are sending and receiving end currents

whereas Es and ER are sending and receiving end voltages.

Z/2 zZ/2

—_ A —_—
IS IR

Figure 6. Nominal-T circuit.
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A transposed transmission line is constructed so that each phase
wire will occupy all positions in the conductor arrangement for equal
distances over the entire length of the line. Figure 2 illustrates a
transposed line using three conductors. The transmission line drop is
found by calculating the total voltage drop of each phase; 'a', 'b' and
'c' ; by representing each phase line as a nominal-T circuit. The
transposed line drop is obtained by averaging the total voltage drop

for each line.

Transmission Line loss

The general equation used to find the transmission line power

loss is (7).

P.=V.I cos ®, (53)
i ii i
then
n
= 54
Ptot ZPL (54)
i=1
where
P.1 = power dissipated by the ith impedance, watts
.th |
V,1 = voltage drop across 1 impedance, volts
I1 = conjugate current through ith impedance, amperes
6, = phase angle between voltage and current at the ith

impedance, radians
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Ptot = total power dissipated by the system, watts

Unbalance Factor

The unbalance factor of the transmission line can be determined
when the line is not in balance. It varies over a considerably wide
range, depending on the conductor configuration. The value of the

unbalance factor is equal to

', Z o, , . 55
UFmax<ZOL/Z 00 Zl/z 22 POL/POO PZL/P22> (55)

The Equation (55) means that the unbalance factor; 'UF'; is
1 1 1 »
the value of ZOl/ZOO’ ZZI/ZZZ’ POI/POO or PZI/PZZ whichever
is the largest.

The allowable unbalance current in a three-phase synchronous

or induction machines is determined by using Figure 7 (13).
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Figure 7. Determination of allowable current unbalance in 3 -phase
synchronous and induction machines.

Where:
K1 = ratio; smallest phase current/largest phase current
K2 = ratio; second largest phase current/largest phase current
K3 = ratio; largest phage current/rated current

All phase currents are determined at a specific load condition.

The shaded area represents the unacceptable system unbalance.
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IIT. DIGITAL COMPUTER PROGRAMMING

Program Description

The computer program was written in FORTRAN IV for use onthe
CDC 3300 computer at Oregon State University. The whole computer
program has been divided into a main program with several subrou-
tines. The functions of the main program and subroutines are
briefly described below:

Main Program: The main program is an executive type,

therefore it controls all input, output, and all of the logical flow of
the computations. Data which are read by the main program will be
subsequently used in the subroutines. The logical sequence of calcu-
lations relative to the combination of impedances, superposition of
currents, summation of line voltage drops, line losses and the unbal-
ance factor of the transmission lines for both transposed and untrans-
posed lines are alvso controlled by this main program.

Subroutine, Sub'l: This subroutine will be used to calculate all

the required conductor spacings, spacing between two conductors
and spacing between one conductor and the images of the other con-
ductor, which are required by other programs.

Subroutine, Sub 2: This subroutine uses the spacings from the

first subroutine and will calculate the self, and mutual-impedance of

inductive reactances. This subroutine is also used to calculate the
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self- and mutual-potential coefficients of the conductors and the self-
and mutual - capacitive reactances.

Subroutine, Sub 3: After calculating all the previously men-

tioned values, the impedance coefficient values for both the inductive -
and capacitive-reactance currents Ia, Ib and IC will be determined.
The effect of two ground wires will be considered by this subroutine,

see Equations 12, 13 and 14 for the definition of the coefficients.

Subroutine, Sub 4: This subroutine will be used to calculate

the values of the self- and mutual-sequence impedances of the con-
ductors. This includes both the inductive and capacitive reactance
values.

Subroutine, Sub 5: After the values of the current coefficients

have been found, this subroutine calculates the zero-sequence current
components in the series impedance elements. Charging current,
negative- and zero-sequence current components for the shunt branch
elements are also calculated. This is illustrated by Equations 40, 41,
42, 44, 45 and 46.

Subroutine, Sub 6: This subroutine is used to find the line

currents by using the method of symmetrical components. These
sequence currents are calculated by superimposing the negative- and
zero-sequence currents from subroutine, Sub 5.

Subroutine, Sub 7: Because the equivalent 'T' circuit is used

in this thesis, the total transmission line is separated into two parts,
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the sending end and receiving end. The main program which controls
the logical calculation sequence will be used to determine the line
currents for both the sending and receiving ends. This subroutine
will be used to calculate the transmission line drop, part by part, and
the main program will calculate the total line drop of both the trans-
posed and untransposed transmission lines.

Subroutine, Sub 8: This subroutine performs in the same

manner as the aforesaid subroutine, Sub 7. The main program con-
trols the flow and this subroutine calculates the line losses of the
sending and receiving ends. The total line loss of the transposed and

untransposed transmission lines is calculated in the main program.

Computer Operation

After the data and conductor configurations are read by the main
program, the subroutine, Sub 1, is called to calculate all the con-
ductor spacings. Subroutine, Sub 2, is called next to find the self-.
and mutual-line impedances and reactances. The self- and mutual-
line impedances and line reactances, then, will be used to perform
the calculation of the line impedance and reactance coefficients for
currents Ia, Ib and Ic including the effect of two ground wires by
calling subroutine, Sub 3. The subroutine, Sub 4, is called next to

calculate the self- and mutual-sequence impedances and reactances.

The units for the above calculations are ohms per unit mile length.
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Before calling further subroutines, the main program is used to set
the first initial length of transmission line and find the total positive-,
negative- and zero-sequence impedances and reactances for that
length of line. The subroutine, Sub 5, is called to calculate the
positive-, negative- and zero-sequence current components for the
impedance elements and the negative- and zero-sequence currents for
the shunt reactance branch. The subroutine, Sub 6, is called next to
calculate the total line currents after the currents in the series and
shunt branches have been superimposed by the main program.
Because the nominal-T circuit is used in this thesis, the transmission
line is separated into two parts, the sending end and receiving end.
The calculation of currents in the sending and receiving ends for both
the transposed and untransposed transmission lines is controlled by
the main program. The subroutine, Sub 7, is called to calculate the
transmission line drop in both end sections. To find the transmission
line loss, the subroutine, Sub 8, is called by the main program.

Before the next iteration is considered, the main program will
calculate the unbalance factor of the system. If the unbalance factor
is higher than the allowable value, the main program will be stopped
and all the desired results printed. Otherwise, the next iteration will
increase the line length and recalculate the unbalance factor until the
required length is obtained. All the required results will be printed

at each iteration of the transmission line distance.
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IV. CONCLUSION

At the present time, the first purpose for transmission line
transposition, to reduce or eliminate the interference with parallel
communication circuit is becoming gradually less important. In
modern practice, many communication systems have been greatly
improved. Some are now underground and others are being replaced
by microwave systems.

The second purpose, to bring the line currents and line voltages
into balance, still plays a great role in the design of transmission
lines. The unbalance of the transmission line leads to the negative-
and zero-sequence carrent circulation in the lines. The zero-
sequence current which flows in the terminal equipment connections
should be taken into consideration with respect to sensitive relaying
which sometimes operates on as little ag 0.5 -amperes of secondary
current. The negative-sequence current will flow through the
generators and transformers at the terminals of the line. Synchro-
nous machines of either salient-pole or solid-rotor type and induction
motors are subjected to additional heat generation in the stator and
the rotor. Because the transformer or winding rating is based on the
maximum current in any phase, the maximum current must not
exceed the rated phase current (10, 13).

Results from the calculations indicate that the unbalance factor
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for the 100 mile-long transmission lines considered are 0.0474 for the
230 Kv system and 0. 0626 for the 500 Kv system. These values are
below the limits recommended for electrical machinery operation;
i.e., 0.07.

Line currents, from Figure 8 for 230 Kv and Figure 11 for

500 Kv, vary directly with the transmission line length. For the

Taqt

230 Kv system, the current inthe 'a' phase conductor increases
from 603.0 to 612.2 amperes when the transmission line length is
increased from 10 to 100 miles. Under the same condition, the cur-

rent in phase 'b' increases from 602.5 to 604.2 amperes but, on

the contrary, that of phase 'c' decreases from 601.8 to 591.5

tat

amperes. For the 500 Kv system, the current in the 'a' phase con-
ductor increases from 1157.2 to 1178.5 amperes when the transmis-
sion line length is increased from 10 to 100 miles; the current in
phase 'b' changes slightly from 1154.4 to 1154.3 amperes, and the

'c' decreases from 1152.6 to 1132.3 amperes.

current in phase
These results occur because of the unbalanced line phenomena.
Figures 9 and 12 show that transmission line voltage drops
vary with transmission line length. For the 230 Kv line system, the
drop of phase 'a', phase 'b' and phase 'c' are 48.932, 53.482
and 52.406 Kv, respectively, when the transmission line length is

increased to 100 miles. For 500 Kv system, these line drops are

86.890, 93.359 and 91.185 Kv, respectively, when the transmission
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line length is increased to 100 miles.

Figures 10 and 13 indicate that the difference between transposed
and untransposed line losses increase in a parabolic curve form.
This means that losses of a transmission line increase very rapidly
with transmission line length. For the 230 Kv line, it is evident that
the difference in power loss ranges from 0.109 to 24.768 Kw when
the distance is increased to 100 miles. For the 500 Kv line, the dif-
ference is increased from 0.735 to 61.949 Kw. This considerable
amount of loss should be considered in the economical design of
transmission lines. Comparison of examples and calculated results
in this thesis, for both the 230 Kv and 500 Kv lines, will enable an
engineer to visualize the results of an untransposed transmission line

for any given length when making an economic evaluation of a design.
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Program Testing
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The calculations were performed for representative transmission

lines as shown in Figure 5 with the conductor configurations as shown

in Figure 3. These data are for the 230-Kv system. Other neces-

sary data for this program are shown below:

Input Data for 230-Kv Line

Line voltage

Line frequency

Ioad transmitted

Power factor at sending end terminal

Earth resistivity

Positive-sequence impedance of generator
Negative-sequence impedance of generator
Positive-sequence impedance of transformer #1
Negative-sequence impedance of transformer #1
Zero-sequence impedance of transformer #1
Positive-sequence impedance of transformer #2
Negative -sequence impedance of transformer #2

Zero-sequence impedance of transformer #2

230

60

240

100

100

120

20

10

10

10

10

10

10

percent
ohm-meter
percent
percent
percent
percent
percent
percent
percent

percent
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Unit
Positive-sequence impedance of load 100 percent
Negative-sequence impedance of load 10 percent
Phase Ground
Conductor Wire Unit
Radius of conductor 1.1080 0.492 inches
Resistance of conductor 0.1288 0.382 ohms /mile
Geometric mean radius 0.0375 0.01599 feet

Computer Qutput

The computer will print out information for each distance

iteration of the transmission line calculation. Line parameter, phase

currents, phase voltage drops, and losses are printed.

Computer

output for the 230 Kv transmission line is shown in Tables 1, 2 and

3. Results of this calculation sequence are plotted and shown in

Figures 8, 9 and 10.



Table 1. Sequence and phase currents of 230-Kv system transposed and untransposed transmission lines for different line
lengths.

SYSTEM 23G=-KV LINE
LOAD = Z4u.ls KW
DISTANCE, “ILZS
CURRENT , AMPLRZIS

TRANSFUSEJ PHASE CURRENTS UNTRANSFOSED PHASE CURRENTS
~==3EQUENCE CUSRENT ==~ -=-=PHASE CUBRENT ===== ~==3EQUENCE CUFRFENT==-- ee=eFHASI CURRENT====-
DISTANCE 208 NEG 2ERC A £ C 8¢S NEG ZERC A E] C

1633 61242 e ] Bi2ebH 63c.€ 6lZe% 622.5 245 2ol €U3.C ELZ.5 E21.8
2Lecd 8d2e5 C d Buled 6LCeF 802.¢ 632.5 4.8 341 ECbte1 Et2.0 6C0G. 8
30eud €El2e9 G 3 ol led 6NZ45 6025 632.5 te8 2.9 £0542 €{Z2.6 5GC.E
bield 1245 9 5 6L 2e5 EUCeE EC24F 6G2.% o€ L,E EGOQS EGZe8 64843
5Ce00 €32¢5 3 J ci2eb buceS 6L2eE uh2.% Leld LeC €EL7 o6 €29 5S7.1
6Qeu (30 P g < €El2¢5 IR 6lZ.F 602.5 11.6 fet €L8.7 €{l.1 5C5.¢
70ev? 63245 v Y 6L 2645 bl2e5 6025 6325 1360 Feb €537 €Lt243 5C4.38
Biyedl 6l2e2 i it Ei2e5 or2e% 502.C tEil.E 14.2 Ea7 €10.E €C2.¢ £G32.06
90.5¢e 0J2.5 ¢ 3 brled 6L2e% o2& td2.% 1243 L e9 €Ell.4 el3.9 582.6
10{.3C 65125 & i 8udeb duceC 642eF 6%2.5 1€t tel €122 ELl4.2 £<1.5

1€



Table 2.
line lengths.

SYSTEM 230=Kv LINI
LOAD = 243500 KW

DISTANCE, ™ILZS
FHASE vCLTAGE JROP, VCLTS
~=-=TKANSPCSZD
DISTANCE PHAS C=4
18F w33 e7327
2ielld SA8449355
2N 14949060918
wile 20 19938346629
CUeill 2498341236
6Leul 2333443548
7ieus Judi3e018y
56t 39337 45911
Jieul 450.943423
164t 2002063428

PHPASL
FraS-=-8

4G94 er 327

Q35G,¢3568
14€8C4%17
1S¢53.006e¢3
2453542268
2550445540
Jubuzetlcyd

VOL1&GE DRGPS====-

PHASE=C

--- - - - a--

433447227
5985,33¢€8
1498€4.0€C12
19933.0€c¢C
24y33412€¢E
29584,95L6
3Lc39.5189
39997.0C11
450094 3b20
202843429

-==UNTRANSFC

PHASE=-A

L334.51131C

9811.382¢
14674,1212
16538e4 824
2h4lu 5752
292¢%z.8131
3L1&€,0453
36U C.0T721
4uilEeu 337
+893cebiit

oF
F

£€223.9621
1048845336
1678244738
24100 7497
cE4hL1,4384
3180L.27¢E
3718G,257¢
4Z25GE 8098
4B z7.£ 348
S3aBZ.( 9LE

Phase voltage drops of 230-Kv system transposed and untransposed transmission lines for different

OLTAGE ORCPS=----

FHASE-C

E342.78523
10€E80.E25€E
15963, 78€4
21277.7104
26532.0€651
21757.8832
3665¢E.€LT8
42129.5184
47279.2737
£247€41762

(43



Table 3.

DISTANCE

’
LINC LGSS

DISTANC?H

10.08
ZSoUQ
3u-¢ﬂ
SUUGC
60 LL
7363¢
83.3¢C
3deul

130.090

TRANSPOSLD LINE LCSS

19134123
280c 777
4211.495
5617 . 2438
7.cbel48
8437 .34¢
9801 4834
112€G,c43
12634906
141154523

UNTRANSPOSLE

LINE LOSS

1462.231
2807.535
4213.495
Eozle€ 1l
71332.381
Bagbe3dl
3€3.E838
11285.&43
127412.082
141463.721

Line losses and difference in losses of 230-Kv system transposed and untransposed
transmission lines for different line lengths.

SYSTeM 235-Kv LINE
LOAD = Z2a35Ge

DIFFERENCE IN LCSS

s1CQ
757
2o 00C
3.6LC3
o132

beSE3

12.254
16,000
cl.17¢
2L.T7€3

13



Phase current, amperes
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Figure 8. Curve of untransposed phase currents versus distance for 230-Kv line.
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Phase voltage drop, kilovolts

60

50 o O ©-
b a C //
40 -
/%\ L Phase 'a'
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; /'
0
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Figure 9. Curve of untransposed phase voltage drops versus distance for 230-Kv line.
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kilowatts

Difference in loss,
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o P
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Figure 10. Curve of the difference in losses between transposed and untransposed lines versus

distance for 230-Kv line.
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APPENDIX II

Program Testing for 500-Kv
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The conductor configuration of Figure 4 will be used for the

500-Kv system (5). The other necessary data for this program are

as follows:

Input Data

Line voltage

Line frequency

Load transmitted

Power factor at sending end terminal

Earth resistivity

Positive-sequence impedance of generator
Negative-sequence impedance of generator
Positive-sequence impedance of transformer #1
Negative -sequence impedance of transformer #1
Zero-sequence impedance of transformer #1
Positive-sequence impedance of transformer #2
Negative-sequence impedance of transformer #2
Zero-sequence impedance of transformer #2
Positive -sequence impedance of the load

Negative-sequence impedance of the load

500

60

1000

100

100

120

20

10

10

10

10

10

10

100

10

percent
ohm-meter
percent
percent
percent
percent
percent
percent
percent
percent
percent

percent
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Phase Ground

Conductor Wire Units
Radius of conductor 2.5 0.492 inches
Resistance of conductor 0.0362 0.382 ohms /mile
Geometric mean radius 0. 09 0.01599 feet

Computer Output

Phase currents, phase voltage drops and losses are printed at
each iteration. The computer output is shown in Tables 4, 5 and 6.

The results have been plotted and shown in Figures 11, 12 and 13.



Table 4. Sequence and phase currents of 500-Kv system transposed and untransposed transmis-
sion lines for different line lengths.

SYSTEM 500-KV LINE

LOAD = 1000 Mu

DISTANCE,
CURRENT,

10.0¢
2G.00
30.00
40.00
50.00
66.00
70.00
80.00
30.00
100.00

MILES
AMPERES

POS

115447
1154.7
1154.7
1154.7
1154.7
1154.7
1154.7
1154.7
115%.7
1154.7

TRANSFOSED PHASE CURRENTS
===3SEQUENCE CURRENT===

NEG

OoOoOOO o OoE

ZERO

cocCooac OGac

-===PHASE CURRENT ====--
A B c
115447 1154.7 1154.7
1184.7 115447 1154.7
1156447 115L.7 115447
1154.7 1184.7 1184.7
1154.7 1154,7 11E4.7
115407 1154,7 1154.7
115447 1154.7 11E4.7
1154.7 1154.7 11%4.7
11%64.7 1154.7 11%54.7
1184.7 11847 1184,.7

=0S

11%4%.7
1184.7
1154.7
118407
11%4.7
115447
115447
1154.7
1154.7
11E4e7

UNTRENSFCSEC FHASE CLRRERTS
===3IQUENCE CURRENT-=--

NEG

4e8
.t
13.5
1€.5
13.7
Zce?
EEets
27 .S
.03
el

2FRC

2eC
2. €
Lot
£ed
£eS
€e
te7
7ot
72

7.€

-===FHASE CURRENT-====
A 3 C
1157.2 11fL4.4 11E2.6
116C.C 118444 11t5C.2
1162.8 1183.8 1147.7
11€5.5 14E3.€ 114%.3
116841 11%3.5 1142.9
11765 11£2.5 114{.7
1172.7 11¢3.6 1138.5
117647 1184.0 113463
11785 118442 1122.3

6¢



Table 5.

line lengths.

SYSTEM S00G~KV
LOAD = 1100 MA
DISTANCE, MILZ

PHASE VOLTAGE OROP, VCLTS
-===TRANSFCSED

DISTANCE PHASE=A
13,30 57 18 41343
20.080 L7637 .4738
30.00 26159,.,2114
40.3C 34B88L5567
56.00 43614,7072
60400 52355 .8€18
80.00 09845.9728
G0.0C0 786037 « 3145
1G60.30 37373 .45L3

LINE

S

PRASZ VCLTAG:

PHASC~8

8713,1243
17437.4705
26159,2114
34884.E5¢C7
+3cluwe?372
£2350.8€18
6159442153
6CBLU5,C723
7860743195
8737844503

OROPS-----
PHASE=C

871341243
17437.47L€C
26153.2114
3488U.EEET
43€1l4e7072
5235¢.8¢€18
5139442183
69845.9728
7863742155
87379.4543

Phase voltage drops of 500-Kv system transposed and untransposed tranmission lines for different

===UNTRANSPUSEC FRASF VOLTAGE CRCFS===-

PHASE-A

§o€Ce.3¢<19
172ct.5e47
253Z22.L83¢
345€1.9138
432¢c.t 229
519(€49213
60b15.7411
6834S.40 18
78107.84130
4b8cCle9838

FHASE-B

€214,2625
1845046050
cr17L9.t€7¢
2ESCZL.LDHT77
4€2G23.296¢
5%ecu3e30€Ec
ESC1€ .06
T44Z0L4EET
83871.27S¢
€3ZES.(917

PHASE=C

c2ec, i8St
185€1. 4082
277¢SL4173S
2ece1,1301
LEL1Z1.4828
E€Z1e. 4elul
ELZEE, 2851
73278,€348
822SC.4€72
C11€5.CL¢C7

S
o



Table 6.

SYSTEM 550-Kv LINE
LOAD = 13303 MW

DISTANCE,

LINE LCSS,

DISTANCE

18.00
204,40
36.00
40.02
50.00
60.u0
70,08
8Le30
S0.00
10d.4C

TRANSPCSLOD LINE LCSS

447,231
2895,£59
43454785
5768.1u5
7253.€18
B712.122
13177 4416
11647 ,297
12122.564
146074215

UNTRANSPOSZC LINE LOSS

148,265
23384357
4381.227
LE8(37.992
72€c.12¢€
873C.531
1{2u7.691
11€E7.L7¢
13172.838

14cE2.CEL

Line losses and difference in losses of 500-Kv system transposed and untransposed
transmission lines for different line lengths.

CIFFERSNCE IN LCSS

737
CelSE
beltlic
9.887

15,505
Cce37¢
Clel7E
€, 77C
SLec7t
E1eCUS

|84
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Figure 11. Curve of untransposed phase currents versus distance for 500-Kv line.
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Phase voltage drop, kilovolts
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Figure 12. Curve of untransposed phase voltage drops versus distance for 500-Kv line.

1574



kilowatts

Difference in loss,
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Figure 13.
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Curve of the difference in losses between transposed and untransposed lines versus
distance for 500-Kv line.

17474



Start

Read data: System constants
Tower design
Conductor configuration

Find all spacings between two conductors and spacings between one
conductor and images

Find self- and mutual-inductive- and capactive reactance of conductors

Find coefficients of both inductive and capacitive currents Ia’ I. and IC

b
with inclusion of ground wires

Find self- and mutual~sequence inductive and capacitive reactance

of conductors

Set iterative distance, X = 0

V

—y
el

Is this the

Yes

design length ?
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Sum the total self- and mutual-sequence inductive, and capacitive
reactance of the system

Find positive-, negative~ and zero-sequence currents of inductive
reactance only

Find charging current, negative- and zero-sequence currents of
capacitive reactance only

Superimpose negative~- and zero-sequence currents from impedance and
reactance to achieve the system negative- and zero-sequence currents

Find line currents by symmetrical components

Is this the

transposed line ?
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Yes

Is this the
untransposed sending
end terminal ?

Find the sending end phase voltage

drop and line loss

Find receiving end phase currents

Y

Find the receiving end phase
voltage drop and line loss

Is this the
transposed sending

-

end terminal ?

Find the sending end phase voltage
drop and line loss

Find receiving end phase currents

Y

Find the receiving end phase
voltage drop and line loss
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Total phase voltage drop and line loss of both transposed and

untransposed transmission lines

Find the unbalance factor

Print out all desired answers

Is unbalance

No s
factor in less than max.

limit ?

Advance iteration

Stop
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