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ABSTRACT:

Travelling vaves in power systems is of importance in aolving problens
relating to power-line carrier communication, protection of very long lines,
energisation of unloaded lines and calculation of recovery voltages on cire
cuit breakera under fault conditions, This paper presents comprehensive
analyses for wave propagation on single-phase and on three-phase overhead
power transmission lines. Using modal quantities, the wave squation are
solved, Natural modes are illustrated to clarify the propagation of carrier
signals on single circuilt lines as well as on double cireuit lines. Different
tranmeission line configurations are considered. The effect of power line
transposition on carrier modes ie aleso included.

1.  INTRODUCTION:

Electrical energy is trnsmitted by O,H.T.L. from one point to ancther
in the form of electromagnetic wave propagation’tz. Any tramsmission line can
be thought of as a wvaveguide where the field i= externmal to the guiding metal,
i.e. the conductors. In the case of energy propagation, this field correaponds
to the induction field, The amount of the power transmitied and the particular
mode of propagation depends on these fields3, For this, the effects of the
electric and magnetic fields are considered here in terms of the primary line
parnnotora4, e.g. inductance, resiatance, capacitance and conductance per
unit length of the line (R,L,C and G). But if the oonductors of the T.L, are
employed as conventional power line carrierP*6»7, the fields surrounding
these conductors can be divided intc two components, namely; the induction
field and the radiation fieldl.

The most convenient method presently used for solving propagation per-
formance and the problem of r-line carrier {FIC) on T.L, is based on the
concept of natural modenS:9»10, Thus, by understanding the propagation modes
it is possible to selec frequsnciea and coupling phases for PIC chanmels on
long transmission linea®sB¢17,
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2, WAVE PROPAGATION ON TRANSMISSION LINES:

2.1 Propagation on single-phase two-wire lineas:

Considering an infinitely small length dx of a two-wire line, the
voltage and current at the input and output of the section are as shown in

Pig.1. Suppese that R,L,C and G represent the primary parameters per unit
length, thus

V-(VHdV) = Rdx I + jwl dx I

or - 511 (R + JwL) I
and I-(I+dI) ='C dx V + j®WC dx Vv~ eovseo(l)
or -ﬂn(c+jwc)v

By differentiating these equations with reapect to x, then
2
c-1--‘-; = (R + JWL)(G + Jwc) V.= Y2y

dx e

and veiede(2)

2
‘l_g = (G + JOC)(R + JWL) I = Yf I
ax

where }
Y is known as the propagation constant;
¢ and 1 subscripts denote voltage and current respectively.

_BEquations (2) have solutions of the form
V=4 exp(-vex) + B exp( ﬂex)

and 1 .. i 0oooq_a(3)
I=C¢C oxp(-—yix) +D exp(fix)

vhere 4A,B,C apd D are constants whose values depend on the conditions
existing at the ernds of the line. Thuas, if x = O then

V= Vﬂ = A + B
where va is the sending end voltage. .
Assuming an infinitaly long line, then
V=0 as x—wm '+ B0 and V =4
Therefore, for an infinitely long line, the volt_aé‘o and current at any point
are ' ¥ : :
Vo exp(= ex)

C exp(-?ix-)

v

and
I
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Considering this case, i.e, infinite line length, then

- dV = (R + jwlL) I = Ye v, exp(—xgx)

I=%, V, exp(-{x}/(R + jwl)

LA exp(~¥ xL/h/ 5_:—%235) (from eqn.2)

Va exp(—‘gex)/ Z,

H
.

E exp(—“ex) vosees(d)

where ;
Z, = ,fg—%—géﬁé is known as the characteristic impedance of the linej

G c;and ¥i=$e

For loass-free linea or with high frequency on tranamission line, we
have wiL >> R and 0 C>> G. Therefore;

_ /L ., R G L

Z, =/ ¢ [1 iomt - é"w—c)] =/ z verene(3)
Since we are dealing,at the moment, with a single-phase (infinitely long)
line, the propagation constants Ye and ~gi are the same, % , say. Thus, from

it
[
\
-
.
&

equation {2) the general expression for the propagation constant  becomes

\fzg % « 3 /it =t +3f3 RN(S.

where: z R
o< is the attenuation constant = %RVG; = é'if Np/unit length
¢
/3 is the phase-shift constant = /LC rad/unit length
¥, o¢and /3, together with the characteristic impedance Z.» &aTe known
as the mecondary coefficients of the line, Thus, if the values "of the

primary coefficients are known at a particular frequency, the secondary
coefficients for that fregquency can be calculated.

2.2 Wave propagation on multi-conductor T.L.:@

The differential equations describing electromagnetic wave propagation
on a multi-conductor transmimsion system ared

_8["] [L]é[] [a] [4]

[i] o] vereee(T)
aveuie [C]"'gt— + [c] [v]
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where x is the distance along the line, measured from the sending end; gi]
and [v] are column matricee of line currents andi voltages; and [L] , (R] ,
[¢c] and [G] are square matrices.

The Fourier transform converts the partial differential equations (7)
into ordinary differential equations, which are functions of frequency.
Then, equations (7) becomes:

] ﬂ@ = [RE)] [T + je[n()] [1] = [2(w)] [1]
and veseee(B)
) ‘;_[Il = Lo V] + 3 [e@)] [v] = [¥(e] [¥]

where { V] and [I] are the Fourier transform of [v] and [ 1] respectively,
The second derivative w.r.t. x, of (V] and [I] gives,

2
2 Gl Cxe)) (]
ax
and 2 veeoesl9)
“Cl - tren tzen o)

For an infinitely long line, equations (9) are solved in the form
[v] = [a] exp(-[¥,] x)
and '....(10)

[1] = (] exp(-(¥] x

#

where [ Y ] and [¥] are square matricee and [A] and [ B] are column vectors
of constints to be‘determined by the boundary conditions.

Expansion of exp(-[ng x) using Cayley-Hamilton thecrem and then Jif-
ferentiating the resulting expansion, the following result is obtained.

a exp(;i‘fel x) V) exp(-[3] x)

Similarly ( L}’] )
d exp(~-Ly. ] x
T L ) exp(-Y,] x)

Differentiating eqn.(10) twice, we get;

2 U’] = [Y_J [v]
e

and a2 [I] ceaea(11)

[Y] [1]
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Substituting from eqn.(11) into eqn.(9)} produces

(¥,1° = ()] [y
veennid)

[%]° = [x@)] [z(]

Therefor?, current and voltage propagation conatants [K and[x s are
defined in terms of line parameters. Alao, the first deFivative 3f [I] in
eqn,(10) gives,

U ) Mo [ -] )
Equating this equation to the second equation of (8) gives;
131 [ =[x [v]
or, v]=[x(]"’ [Yi] (1]

Since at any point along the line the voltage and current must be related by
the characteristic impedance of the line, then

[v] ={z] (1]
[} 'Y,

[}

giving [Zc]
eraed(13)

H

@] §Lx)] Bedt

At the sending end of the infinitely-long line, LV,]= (2] [1,] and (4] = [v;]
and [B] = [1_]
e A =[z] [8] or  [38]=[2]" [4]

Therefore, the voltage and current at any point along the infinitely long
line may be expreased in terms of the characteristic impedance and their
values at the sending end. Thus

[¥] = [7,] exa(-[¥,J0)

ceess{14)
[1]=[2,]7" [v,]exn(-[¥)x) = [1,] exp(-[¥]x)
Equations (14) are the solution of equations (9).

Ags shown before, the difference in the propagation constanta for current
and voltage is determined by the order of multiplication of Z and Y matrecis
in equation (12).

If the line is considered as transposed 3-phase line, the sell impedance
and admittance values are the mame for each phase. The mutuals between the
phasea will alsc be the same for each phase, This means that both impedance
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and admittance of the line are symmetric. Hence

[2@)] = ()], e [x(w)] « )],
[a@)]-[rw)] = [z xe)],
-Jr ] Lz@)],
¥ = [¥.], | veere{14a)

and, owing. to symetr'}, [_‘i ] =[Y] = [X]

In this case(transposed 3-phase line), the propagation constant matrices for
voltage and current are equal and equation {14) becomes

[v] = [v] exp(-[¥]x)
T = (2 [ Jen- o) = 1 Jexs(-¥] )

ceees(15)

[}

2.3 Solution of wave equation using modal guantities;

With mutusal coupling between the phases of the transmission line, the
modal analysis is used to study the prepagation problem

Expansion of "exp(-[xe]x)“ to a matrix exponent in numerical terms can
be affected in different waya, Sylveser's Formula is straightforward and
produces interesting physical results. For the case where [Y is 2 3 by 3
matrix, the results are

exp(-¥% x

exp(- [\fe]x) = (?; - 3,2)(,‘1 3’,;’.{[‘5’0]- )’2 [U]}{[’e]- Y5 [U]S

(%, jx:':;f?x:)- zgj‘ihfo] -¥, [U]H[‘o‘;,] ~X; [v]%

¥ -GI;S)(%:)- 32)‘{[‘63]"‘1 [U]}{[}e]* Y, [U]}....(m)

In equation (16), [U] is & 3x3 unit matrix, ‘51, 3 and ‘6 are the eigenvalues

of the [Ye]matrix, which are the values that satiary the oharacteristic eqn.
derived from the voltage propagation constant matrix, Therefore, the analysis
of propagation on overhead transmission lines, conducted completely in phase

quantities, requires an eigenvalue analysis when actually producing general
nunerical resulta,

If eqn. (16) is substituted in eqn.(14) the result will etill appear . -

rather forwmidable, If [91 is an eigenvector of the[‘{e] matrix, the following'
equation is wvalidj; '

Eie:l [e1—_| = Y1'[e1] veeea(17) \\Ik_;jle;

[
ket

e
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where \g is the eigenvalue associated with the eigenvector [e1].
By assuming that [V ] in eqn.(14) tc be equal to [e ] for a specific

L}
example, it is evident 7 that each term in eqn,(16) will ve multiplied by
e,|» For example, equation (18) is a portion of the required operations;

using (17);
IRARRROISC RN CA IR O
Y, le] - ¥ Le,]
(% - Y [e]] ceees(18)

The term (Y, ~ Y5) is just a number, not a matrix. It may, therefore, be used
in the equations without regard to the order of multiplication as is required
in matrix operations. Repeated use of eqn.(16) producea

exp(-[?e]x) [e1] = exp{- 31 x) [91] reesa{19)

From the acove example, the simplicity of eqn,{16) is apparent, If a
voltage proporticnal f{¢ the eigenvector of the Eﬁ matrix is applied to the
system, this voltage will propagate witih only atténuation and phase shift as
described by eqn.(19). The propagation constant for this signal will equal
the eigenvalue of [Xe] associated with the eigenvector [ej] described in{17).

In an even more general manner than previoualy illustrated, any voltage

applied to the system can be broken intc the sum of three components propor-
tional to the eigenvectors of [Xe] as

[Vs] = [91] + [ez] + [e3] cesea(20)

A8 in the previous example, if this voltage is applied to eqn.(14),
using eqn.(16) and {(19), the result is

(]

[V} [91] exp(-[%e]x) + [e2] exp(-[ﬂe]x) + [85] exp(-[fe]x)

[e1] exp(-%é x) + [92] exp(-!; x) + [ei] exp(-¥_ x)
.I’Q.(21)

This shows that, any arbitrary signal applied to the system (T.L.) will

propagate as three distict natural sigmals or in three natural modes of

propagation, and the three signals will be proportional to the eigenvectors
of the propagation conastant matrices.
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3. PRCPAGATION COF CARRIER SICNAL ON P.T.L.:

3.1 Propagation of carrier modes:

The most convenient method presently known for solving propagation
problems on P.T.L, with high frequency signal, is based on tne concept of
natural modes described above. The natural mode analysis allows cne to deter-
mine the factors which govern the ratio of power mode to the total input
power of the carrier signal, and to estimate the propagation performance of
FLC signal on P.T.L.

The idea of modes of propagation of PLC has physical significance. For
example, 1f a given carrier-frequency power was fed from a transmitter into
a sangle-conductor line, it could be observed that this power rapidly dec-
reases with distance, following the exponential law (3). At a distance of
about 10 miles approximately 1% of the input power could be extracted from
the line?. In this case there exists one mode of propagation, called the
"ground mode“, which ia characterized by a high attenuation. For the same in-
put power fed inte only one conductor of a 2-phase line, the presence of the
second deenergised conductor would extend the range of the 1% signal from 10
miles to about 50 milesa. For this system (2-conductor line), the ground mode
is attenmuated in the first few miles and a second mode between the two conduc-
tore carries the signal at larger distances., But if the same input power fed
into only one phase conductor of a three-phase horizontal line, the 1% aignal
can be obtained from any of the phase conductors at a distance of about 250
miles, At this distance, nearly equal signals appear on the two outer phases
and on the center phase (the return path), the signal is somewhat higher. This
is called "line-to-line mode", which is charactexrized by tne lowest atten-
uation, and plays a very important role in long PLC systems.

3,2 FPower line carrier modes on horizontal 3-phase lineas:

In the case of mode analysis, a system (T,L.) is specified in terms of
phase self- and mutual-impedances., Thus, the mode analysis is completely
general in that the K,L,C, and G matrices include all system parameters.

Now, a numerical example is presented for caliculating high-frequency
njtural-mode impedances and current or voltage components, and, alsc, the
retioc of the total mode power to the input power.

Tor a lossless 3-phase horizontal line, with no transposition, the eqns.
are:

Zyqly + 2yp8p + Byglz = Yy

Zoq Ty + 2505 + 22313 = ¥, eeeesf22)
23111 + 23212 + 23313 = Va
Equations (22) can be written in the form
A I1 + 3B 12 + C I3 = V1
B Lo D 12 + B 13 = Vz N ”
C I1 + B 12 + A 13 = V3 =
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0r, in matrix form;

1 1
B D B 12 = V2 oo.n-(?i)
c B A 15 V3

where 4 and D are the sgelf surge-impedances, and B and C are the mutual aurge-
impedance between the phase conductors, determined by the line geometry 92,

For the determination of natural mode components, consider a very loeng
single-conductor line, with relatively low losses, connected to a high freq-
uency generator impressing a voltage and current V(s) and I(s) reapectively,
as shown in Fig.2. Thus, at the sending end

V(o)™ %s) Ya)

But, the voliage and current decreaae exponentially with distance x from the
generator, thus

V(x)= v{a) exp(-e€x)  ang I(x)= I(a) exp{ -+« x)

v
Therefore, Zc = fill = constant for a simple, reflection-free lipe.
(x)
This is feasible for three sets of phase voltages and currentas of a long
reflection-free line, for which

V:(x) = VE(B) exp(-a<n x)

and --oo-(?d:)

I;(x) = I:(s) exp(- o x)

e Egiﬁl - 0 nd o=zt 1P
A B & k(x) = “e “k(x)
k(x)

where k = 1, 2, 3 designates the phase number and, n = 1, 2, 3 designates

the particular set corresponding to natural mode of propagation. Thene modes
are characterized by quite different valuee of attenuation coefficient o<
and different ypropagation velocities. At & large distance from the generator,
more than 50 miles, the current and voltage of one mode would be much larger
than those of the other two (see ssction 3.1). The mode which permite a long
distance PLC i called “mode 17,

The phase current and voltage of each mode n are related by expressiocn
(24) and,at the same time, must satisfy the line equatiom (23), Thus
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— - ' n - n p=
a0 cf |1 I, ] v,
n n|.n| _
B 0 B |Lj| =z, || = |v, veeee(25)
n I
Lc B A_ ,I3J LIS J .vl;.,

For morizontal 3-phase line, the line equation reduces t09:
(C- A +2]) [232 -(D-z)(C +A - zg)] = 0

Then, if the values 2" satisfying the latter line esquation as eigenvalues of 9
the square matrix, these values are the natural mode characteriastic impedancel

Hence;

1 2

vode 1 o) oA+ C+D VE _
c p; 2 i
2

Mode? ZC =4 - C 01000(26)

2

3 A+C+D VB

Mode 3 37 =ArZr P T ]

where E2 = A2 + 832 + 02 + D2 + 2{AC - AD - CD).

For each value of Zg, equations (26), the ratioa of mode n currents and
therefore voltages of vafious phase conductors are

R TS T S
p_i_lz_"?_ve_zc""c
T T3 3°3° 37 B )
oIy v,
2 2
¢ v
3 _ 3 _
7= 5=
I, v,
I."I(2?)
22
L.%
2. 2=
L "%
3 3 3 3 s -
1 13 v, Vv, 2]-4-C ]
)

where p and q are the center-phase natural-mode coefficienta.

In any particular problem, the values of mode phase current or voltage
can be calculated from the actual wvalues, Thus, if the phame currents are
known, then from equation (27};
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1 2 3
I, + I1 + 11 = I]
1 2 3 _ 1 3
12 + I2 + I2 = pI1 + 0 + qI1 = 12
1 a2 5_ 1 2 j_
13 + 13 + I3 = I1 - I1 + I1 = I3
In matrix form;
- . T - - 1.
i, R 1 1 I,
I = P Q . I2
2 q 1 00001(28)
. 3
| 5] L 1 1] ] 17

By replacing the I'e in equation (28) by V's, the relations are estab-
lished between the phase and the mode voltages. The columns of the coefficient
matrix in (28) are called “eigenvectors” of the system, Thus, for each mode
impedance 27, equations (26}, (27) and (28) determine the mode phase current
and voltages. Thua, for phase 1,

V1 = V} + Vf + V? mede voltage

and veves{29)

11 = I: + If + I? mode current

S0, the reaults of mode analysis can be written as given by Table 1.

Table 1 : Resulta of medal analysis of a 3%-phase T,L,

W Mode 1 Mode 2 Mode 3
Phase 1 1 2 2 3 3
I1 or V1 I1 or V1 I,| or V1
1 1 1 1
2 r G q
3 1 -1 1
ImpedanceJ 7! z? #} 2%
c ¢ c

The power delivered to the line is Pin = I1V1 + 12V2 + IBV3 .
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It is useful to ecaleulate the mode coupling efficiencies, which mean
the ratio of the total mode power P? to the input power. Hence;

Mode n power = Pp = Pn + Pn + Pn

1 2 3

<

= I1 it 12 5 * Igvg
- . I . n #]
« »+ The mode n coupling efficiency =5
in

For a long PIC link, the best ocoupling arrangement would be thaﬁ which
produces maximum mode 1 power with mirimum mode attenuastion exp(- o¢' X).

2.3 (arrier modes propagation on a double-circuit line:

As before, there are three modes of propagation which applies to single-
circuit horixontal link. Mode 1 out going on the center conductor, returning
on both outer conductors, is characterized by the lowest attenuation. Moda 2
cutgoing on one outer ccnductor, returning on the other outer conductor,gives
medium attenuation., Mode 2, the ground mode, outgoing on all other conductors,
returning through the ground gives very high attenuation.

Each mode has its own velocity of propagation. Modé 1 travels close to
the speed of light, mode 2 is about 1.5 % slower and, mode 3 iz somewhat
slower again.

For Double-circuit lines, there exist & modes. Mode 1 is the ground mode.
The other five modes may be discussed as followa.

For a given mode, the parameters define the voltage on each conductor
compared to that on the lower left conductor (called conductor 1) am shown in
Fig.3%. In the case of mode 2, for a particular 230-kV, double-circuit line,
if there is 1 volt on conductor 1, there ism 1.35 volis on conductor 2, and 1

volt, 180° out of phase, on conductor 4, -0.77 volt on conductoer 6, etc, as
ghown in table 2.

Table 2: Measured modal parameters of a 230-k¥, double-circuit line

Conductor Mode number

number ; > 3 4 5 6
1 1,0Q0 1,00 1.00 1,00 1.00
2 1.35 -0.25 0.00 =2.49 -1.739
3 - 'ga 0.77 1,31 1,32 1,38 1,06

Q

4 a a -1-00 1000 1!00 1000 -1.00
5 8| 1.3 ~0.25 0400 -2.49 1,39
6 -0.77 -1, %1 1.32 1,38 -1.06
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The relative mode velocities with respect to the velocity of mode & ia
found by

n 2l
v

= 2"{'}"1""0 seses{30)

where n = 2, }l 4l 5;

vn= velocity of mode n compared to velocity of mode 6 ( assumed to be
equal to c); and / is the line length in milesj f ia the frequency of inter-
ference between medes in Hz: and ¢ is the velocity of light in milea per sec,
Therefore, the velocity of mode 2 = 99.5% of that of mode 6, velooity of mode

2 = 99,60 of that of mode 6 and velocities of modes 4 and S are approximately
equal to that of mode 6.

For measured and computed attenuation on a 120-mile line (not transposed)
with line-to-line intercircuit coupling and line-to-ground couplinga, it would
appear that the use of top-to-tfop (3 to &), or bottom-to-bottom (1 to 4) coup-
ling, Fig.3, for the intercircuit line-to-line cese would be optimum, and that
there is no obvicus choice for line-to-ground coupling.

2.4 Propagation on ground-return carrier circuit:

The symmetrical-component treatment of ground-return carrier transmission
on 3-phase lines, are given by the analysis of voltage into positive, negative
and zero-sequence compenents, and using corresponding propagation constant and
characteristic impedance with each component. Therefore, if a carrier voltage
E is applied between phase 1 and ground, Fig.4, the voltage tc groumnd on
phases 1, 2 and 3 at a distance x from the sending point ares

E
28"
B = g op(-hn) » g By exe(-Y 0
e ¥ i 4 1)
E, = 77377 exp(-%,x) + 5y 557 Eg exp(~¥ x) coensl3
Ey = E J

and the corresponding currents are:

E
1 B 2z _
L= g o) gy B xR U

E
1 8 Z!
I, = f;'T"1”§§7 exp(~3;x) AT Eq exp(-¥ x) f-+.-(32)

2
T =
Iy = I, J
7 Z+Z
where 7V = 2 ¢ -——%  as given bty keference 13;
ZO L o+ 22
o = zero~sequence propagation conatant;
Z = zero-seguence characteristic impedance (of all 3 phases

o

in parallel with ground return);
Y’= positive or negative-sequence propagation constant(:JE?):
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Z = positive or negative sequence characteristic impedancejand

Z2== load impedance to neutral at coupling peint.

The firat term in equations (31) and (32) is a zero-sequence term. The
attenuation of the zero-sequence terms is high on lines without ground wires,
because of the high resistivity of the ground return path. These terms
become negligible on long lines in comparison with the positive and negative
seguence terms at a certain distance from coupling point, and propagation
takes place between the coupled phase and the other two. Therefore, the
atternuation per unit of distance is greater on short line-to-ground channels
than on long line-to-ground ones.

3.5 Effect of p.T,L., transposition on carrier modes:

Since the number of trangposed, high voltage lines are now far less than
used tc be in the past, the attenuation and impedance of the carrier circuit
may be strongly dependent on which phase conductor is selected for coupling.
Thus, the carrier signals are resolved into several modea withi different
propagation constant and modal parameters. These parameters are sufficient
for a full understanding of carrier propagation on a long untransposed line,.

On multi-transposed lines, for example, the three phases may be considered
identical. Therefore, only two methods of coupling are used} line-to-line and
line-to-ground. This assumption of symmetry is not true when the number of
transpositions is drastically reduced. For a 230-km, 500-kV line, which has a
tranaposition 100 km from the transmitter end, with a mode 1 signal applied,
the result!! are shown by the curves of Fig.5. Thus, the two center phase
curves show that, the mode 1 component is attenuated é 4B more than for the
untranspesed iine, The other three quarters of the incident mode 1 power is
converted to mode 2 at the transposition, and decrease or decrease the outer
phase signals at the recelving terminal. If the single transposition is located
near the middle of a long line, mode 3 vanishes. As to mode 2, the simplast ia
to consider that it may be in or out of phase with mode 1,

At the point of transposition, the sum of the incident and reflected
phase quanitities must be equal to the refracted (transmitted) quantities.
Thus, with the aid of Fig.6, we have for the currents

I, 1 1y
L +|13] =|1y
I eI

or, [Ik] s [-1;(]-= [ng] ceeea(33)

and, similarly, for the voltages

[ﬁ]*[vé]z [VEk] eree(34)
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where k = 1, 2, 3; designates the phase sequence to the left of the trans-
position and the subscript t indicates that the phase sequence is transposed,
Equations (33) and {34) directly calculate the reflected quantitiee in
terms of the incident values. This reflects less than 1% of the incident
power. Therefore, the transposition induces a reduction of the received sig-
nal by about 6 aB'%s17. this cccurs because a transposition acta as a mode
converter and, in this case, the preponderantly mode 71 incident power is
converted into 23.6% for mode 1 and 74.5% for mode 2 of the treflected pover,
Before reaching the receiving end, the signal of mode 2 is much lower than
the signal of mode 1 and this causes the apparent loss.

4. CONCLUSIONS:

A comprehensive analysls for the sclution to wave propagetion on trana-
misaion lines is introduced. Single and multi-phase lines, with single- and
double-circuit structuree, are considered. In all but the single-phase case,
matrix algebra is employed, i.e. natural modea. The paper investigates both
power and carrier wave propagation problems, end gives attention to the
effect of line transposition when studying the propagation of carrier signals.

All solutions given, however, are for the steady state case; only one
frequency is regarded throughout the solutions. This is ao done because there
is no general asclution to the wave equation for arbitrary waveshapee, even
for the simplest case.

The main conclusion which can be drawn out of this investigetion is that,
although some simplification may be possible for particular cases, the
gensralized solutions require digital computer facilities for evaluation.

Regarding the effects on the propagation of carrier wave sigoals of .
line tranaposition, this is shown to depend on the number o¢f transposition
pointa along the whole length of the line, The attenuation and impedance
of the carrier circuit may also be dependant on which phase conductor is
aelected for coupling.
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Fig. 3. Double-circuit line configuration.

Fig. 4. Configuration assumed in discussion of
propagation on ground retusrn circuits.
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