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Abstract

The current paper presents an analysis for the dependency of propagation self-parameters (propagation
coefficient, attenuation factor and wave velocity) of some typical transmission lines (500, 330, 220, 110 kV)
besides the distribution lines of 35 and 10 kV. The wave-mode parameters are deduced in modal coordinates (a,
b, 0). Carson's equations for computation of frequency dependent parameters of overhead transmission lines are
modified for the homogenous earth and the optimal number of terms of Carson's series is considered. The
standard dimensions of towers are implanted, and the corresponding accurate propagation parameters of
overhead transmission lines are obtained. Different arrangements of conductors for transmission lines are
studied for the voltage levels of 500 and 220 kV. The mutual inductance and potential coefficient (mutual
capacitance) of such arrangements are based (mirror effect). The time response for the first 5 peaks of transients
for a long duration is intended and analyzed. The per unit system is accounted and the comparison is applied
where the points of overvoltage are derived based on the convolution theorem and Laplace inverse structure.
The voltages are computed for the specified points on the line (as SE, %, %, %, and RE) for considered voltage
levels where a tailored comparison has been analyzed for the major parameters of propagation (Propagation
Coefficient, Wave Velocity, Attenuation Factor). It is concluded that the time dependency is linearly with the

rise of standard voltage of a line.

Keywords: Laplace Domain; Switching Transients; Tower Geometry Effect; Transmission Distribution

Parameters; Wave Propagation.
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1. Introduction

Whatever, both resistances in the equivalent circuit of the system (transmission line, cable, winding, earth return
path) induce a great loss against the sudden waves of transients so that both distortion and attenuation must be
appeared to reduce theses sudden danger values [1-2]. Generally, there another type of transients which is
known as the slow transients or the electrodynamic transients. The electrodynamic transits {in ([/s)} is occurred
due to switching or tripping conditions but the electrodynamic transients {in a few (ms)} are appeared due to the
oscillation of generators in the united power network. Currently, it should be mentioned that the lightning surges
are induced in extremely less than the electromagnetic switching processes {in (<[1s)} [3-4]. Otherwise, the
lumped parameters electric circuit has a less time of electromagnetic transients relative to the transmission or
distribution system as well as the electric network because of the distributed parameters of transmission system

and that for the windings of either generators or transformers in the united electric network [5-6].

2. Problem Formulation

The current paper takes a homogeneous earth for the return path of voltages and currents during the
electromagnetic transients. This will save to a great extent all connected equipment and devices as well as the
components of the united network at all voltage levels. A few research has treated the effect of towers on the
transients where the line will be nonuniform. There are 3 different concepts for the consideration effect of tower

transients as [7-8]:

i- The Bewley Lattice diagram representing the travelling waves (lossless reflecting and refracting) method

according to the places of towers along each line [8].

ii- The sectionalization of tower into (L) multi-series section (usually dissimilar) where this concept is the
same as (p) and (T) equivalent circuits. Both Differential Equations for inductance currents and

capacitance voltage are simulated mathematically, for the nonlinearity (as corona), to be solved [9].

iii- The characteristic Equation for the tower propagation parameters in Laplace complex domain (Closed
Form) based on the specified tower locations (including the tower footing resistance if found) to be
solved analytically. The inverse Laplace transformation could be implemented for the return to the

original time domain [6, 10].

3. Theoretical Analysis

Generally, The study of travelling waves leads to the exact determination of voltages and currents through
different points along the specified line. This is the starting point for the insulation level across the transmission
system not the line alone. It is a starting point for the analysis of electromagnetic transients while the second
face may be appointed as the overvoltage which is occurred either internally due to switching processes or
externally with lightning surges. It is the first step for the analysis of insulation coordination for the power
system totally [11-12].
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3.1. Mathematical Base

There are some different approaches tried to regulate the parameters of a power system generally. Others went
to transmission lines or even to change the concept of transmission, but the final practical solution requires more
effort. The switching transients depends on the parameters of the system where the ground return effect plays a
key role. The earth will be considered as a homogenous for simplicity and so, the Carson concept would be
applied. Otherwise, the capacitance is taken as a constant without any ground effect while the frequency
dependent parameters are introduced. The self-capacitance will be (C;) and the mutual will be (C.,). Then, the
impedance matrix [Z] would be taken in the usual two parts of the resistance matrix [R] and the matrix of
reactance [X] as [7, 11]:

[Z2]1= [R]+]j[X] 1)

This Equation may be tailored into the original elements where the resistance matrix (R) would be expressed

through the conductor resistance (R.) besides the ground resistance (Ry) in the matrix form:

R+R, R, Ry
Rl= | R, R+R, Ry @)
Ry Ry RA+R,

Similarly, the matrix of inductive reactance (X) may be simply expressed as a function of the Self-inductance of

a line (L) besides the Mutual inductance (Ly,) according to the angular frequency (w) by:

,_
<
<

The current paper analyzes both systems of transmission at voltage levels 500, 330, 220, 110 kV and
distribution levels 35, 10 kV representing the united network to discover the propagation characteristics for a
system within electromagnetic transients. The overall geometry of phases is based on the standard towers [9].
Universally, the transient characteristics depend on the main parameters of transmission systems because they
come from the geometry of phases. Thus, the geometry allocation of phases will reflect the overall behavior in
the frequency domain of internal transients. Additionally, the voltage levels of distribution and transmission
systems would control the generalization process to be stamped. This may stress on the presented work
according to the performance of propagation parameters within switching transients in power system. After that,
a pattern for wave propagation along and across a line (and even with tower effect) can be computed simply
while the statistical study may assist [8]. Chiefly, voltage V(x) and current I(x) at a point x (measured from the

sending end) of the line having a length of I, would be expressed in the matrix form:

-0/ox [V(¥)] = [Z] [1(x)]

_ (4)
-0/ox [100] = [YT [V(¥)]
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Applying the Sylvester theorem, the voltage V(x) at a point x may be obtained as [7]:

V(x) = % {Ch y1(1-x) [Ma] + Chy2(I-x)[M]) V()]
+ 5 {Z1 Shya(1-x) [Mz] + Z Shya(1-x) [Mc])}HI(D]
()

The voltage {V(I)} and current {I(I)} are the values at the receiving end of the line. the elements of Equation

may be defined by the first mutual matrix [M4]:

1 1 1
Mi] = 1 1 1 (6)
1 1 1
The second mutual matrix [M,] becomes:
2 -1 -1
[M] = -1 2 110
-1 -1 2

Additionally, the characteristic impedances (Z; & Z,) can be stated through:

2, = R+p(L-M)
p(C-Cn) ®)
2, R+3R+p(L+2M)
{p(C+2Cy)}

Otherwise, the current 1(x) at a point x, depending on the surge impedance (Z.), goes to:
(1091 = {Sh v2(1-¥) [Z]™* [v()] + Chya (1) 1] (9)
3.2. Modal Coordinates {(a), (8), (0)}

The replacement of the matrix of propagation coefficient by a multi term Equation according to Sylvester

theorem will simplify the obtained expression for the propagation coefficient (y):
[y] =" i [M1] + %5 X2 [M2] (10)
The included roots of characteristic equation for the propagation coefficients variable may be specified as:

M? =y + 2y
21 21 2 (1)
A=A =172

Then, the propagation coefficient becomes:
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el =156 [M]+%e™" [My] (12)

The analysis would be more complicated for either non-transposed or partially transposed lines in the Laplacian
domain (closed form) and so the final formula can be solved in the wave-mode coordinates. The distribution
networks play a vigorous role in the processes of operation and many papers were analyzed this system. The
modal technique is a simple procedure to solve the problem in the complex plane where the main parameters
may be applied in each wave-mode {(a), (B), (0)},, individually. The modes are isolated channels without any

mutual relationship between them and they defined as {(a), (B), (0)}.

The propagation coefficient can be estimated mathematically in each channel to obey:

(vp- (Yory (va=v)(vp
me Do) )(voy) -7)
et = + +
. (vp- ey (Yo ol (Yo
Yo (Yo “/[3)(“/0' Yo) (YB'
Ya) ¥p) Yo)
(13)

This formula can be expanded in the modal coordinates as:

10 00 00
0 0 0
e = loo| + |o1 00 | (14
+ e’
ekl o e o 0 )
00 00 00
0 0 1

On the other hand, the attenuation factor plays a distinguished role in the limitation of overvoltage since it is
representing the effective part of the propagation process. The maximum ratio is corresponding to the higher
voltage class. The derived Equations will be more complicated for the non-transposed lines in the Laplacian
domain (p) and so the initial formula can be solved in modal coordinates. Also, the distribution networks play a
vital role in the operation conditions analyzed before. Many methods are known for the transient calculations
and the wave-mode propagation method will be selected since it is a valid expression for either transposed or

non-transposed lines. It depends on the transformation matrix [T], which takes the form:

1 1 1
[TI]=|l0 B A (15)
11 1

The appeared elements of the transformation matrix can be referred to the Clark Components for the

symmetrical lines (A = 1 & B = 2) but the coefficients in this Equations are (A = 1.2 & B = 1.8) for the
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asymmetry (non-transposed) lines [7, 13, 14].

If the basic differential Equations are specified to the modal coordinates individually, both expressions become:

-0/0X [V(X) ..ol = [Z] [1(X) .. .0]
(16)

010X [1(X) o p o] = [YTIV(X) o 0]

Both voltage V(x, p) and current I(x, p) at point x in modal coordinates will be:

[Chy(I-)] o, p. 0 V(LD o, 5.0
[Vx.p)le.p.0
= +[Shy(IX)] o p.0[Zda.p.0

[Pl e.p.0
[Shy(I-)]a 5.0 [Zd ™ 5.0
[P o.p.0 IVULP) w50

+[Chy(-X)] o p,o [11.P)] o 0
an

These Equations depend on the transformation of the phase system into another one, which is known as the
wave-mode system [7]. This means that the wave modal concept has three isolated modes without any mutual
effect between them as this can be reached through the mathematical theorem of Eigen values and Eigen
vectors. It should be noted that the transformation matrix represents the Eigen vectors for the system. A special
program is used for the calculations of parameters in wave-modes or the transients and modified to measure the
statistical values as presented here. The application of parameters in modal axes is based on the matrix

Equation:
[E]=[T][Z.Chyl/Shy [TI'[I(0)]  (18)

Normally, these Equations must be referred to the voltage source at the sending end (SE) instead of the voltage

at receiving end (RE). Then, a simplified formula for voltage V(x, p) and current I(x, p) may be formulated by:
[V(X, P)la,p.0= [Ch yX]a, 5,0 [V(0, P)]a, g0+ [Sh¥X]a, 5,0 [ Zela, 5,0 [HO, P)]o, 5,0
[0 P)a, p.0=[Sh ¥, 5,0 [Ze] Ma, 5.0 [V(O, P)]a, p. 0+ [Ch Xa, .0 [1O, P)]a .0
(19)
3.3. Laplace Domain

It is significant to state that the voltage source E(p) differs from the voltage at the sending end V(0, p) because
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of the internal impedance (Lgpply) OF the supply. This may be written in the mathematical expression:

VO, P)a,p.o= [E(M]a g0 - P [Leppy]  (20)

So, the voltage may be formulated through the transformation matrix:

VX, P)]e. [Chy(l-x) / Sh Ch
so= Map o[EP)] +A ()

B[ZJ].[Chy(-x)/ [Zp Sh

Shyll vlg

(1)

Therefore, voltages in phase coordinates can be determined numerically according to the convolution theorem

as:

V. (X,p)=AV, +B V+(A+B) V,

22
V. (X,p)=AV, +B V+(A+B) V, 22)
Ve (x,p) =AV, +B V -(A+B) V,

Similarly, the formulation of currents in phase coordinates can be deduced through the convolution theorem and
the Laplace Inverse. The software is based on the FORTRAN IV where it is scientifically used the Laplace
domain and the convolution theorem for the inverse Laplace. The main parameters (input data) are the line
dimensions and the time interval of T = 0.23 ms but the total time of 32.2 ms is considered for 140 points within
the time interval. The per unit system is applied for the computational processing to maximize the accuracy of
results. The overvoltage is accounted for different points along the line length of (I) as SE, Y4, %, %, and RE
where SE and RE represent the sending end and the receiving end, respectively. The data of study lines are
listed in Table 1.

Table 1: The specified line lengths

kv 500 | 330 |220| 110 35 | 10
Length, 500 | 300 | 200 | 100 | 30 | 10

km

3.4. Overvoltage Times

The paper is directed to the peaks of transients where 5 peaks are deduced within analysis. The results for the
number of points in each point above the standard voltage are accounted as plotted in Figure 1. Globally, a
power system operates under a steady-state condition where transients and oscillation as well as the system drop
are a faulty case. However, these transients are normally occurred due to either disturbances (switching) or

sudden short-circuits or even disasters of lightning strike for a very extremely short time. Figure 1 illustrates
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that the longer time for overvoltage presence is appeared always at the % of the line length for all studied levels
of voltage in the transmission system, but it is constant along the distribution level along each line (35 and 10
kV). It is also seen that the rate of rise of time is greater for the higher voltage in the transmission system. The
time distribution of overvoltage points for the full length of lines (RE) is calculated and the results are plotted in
Figure 1 (The second drawing). Both transmission and distribution systems are introduced for the computations
where the results show that number of points above the nominal voltage during a specified time are presented
for the lengths indicated on the graph for each voltage. The transmission voltages are 110, 220, 330, 500 kV for
lengths of 100, 200, 300, 500 km, respectively, when the distribution voltage is represented for voltages 10 and
35 kV.

40

(%) \  Transients Voltages go Transients Distribution
LAY %) —==
' — 4L 35 +7 ==-- 500kV500 kin
30 L e 330kV 300 km
#l 30 /! 220KV 200km
55 22;4) L / 110KV 100 km
A 5 i 35KV-30Kkm
2 / == 10KV 10km
0 !
15
15
10
10
5
Voltage & Line Length 5
S00km 300km 200km 100km 30km 10km & o | L ;;'L';"g't; """"""
500kv 330KV 220kv 110kv  35kv  10kv (/gL %L %L %L (4L

Figure 1: The overvoltage times for lines & at RE %

The average performance for these results is computed as drawn in Figure 2 (a). It is in the percentage scale
where the maximum value is going always towards the higher voltage. The spread average is linear without any
fluctuations while the voltage level 500 kV stands at 32.97%. Since the distribution characteristics are steady
without any change along the duration or the type of lines and voltages, the contents of time for the line voltages
may be estimated for a few points (SE, % 1, %2 |, %1, RE) along each line. The results are plotted in Figure 2 (b)

for the rise of overvoltage along the lines in transmission systems in per unit scale.

d : 13 '
(%) Average Transients , :
i U RiseRate " Rise Slope

3 \ - —RieslopePl

02 \

-=-= MeanPU
2 \
A\
15 R NS &, W N
: \
0 (A '\
; | \
Voltage & Line Length ,
¢ = Distance \
$00kn 30km 20kn 10kn B0km 10kn | 0 Valtage
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Figure 2: The time distribution of overvoltage points (a) at RE (b) overvoltage rise (c) P U rise slope
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It is seen that the overvoltage is going up toward the end of the line in the transmission system but there is a
direction for the rise of overvoltage. This may be defined across the rate of rise each so that the deduced rise

slopes are indicated in Figure 2 (c).

4. Overvoltage Peaks

Five peaks are accounted for a switching on process for each line where the return earth effect is inserted based
on Carson formulation. The frequency dependency is parameters is included with a homogeneous earth return
effect where the Laplace transform, and the convolution theorem are considered [7, 11]. It is seen that the total
number of points above the unity is higher for the higher voltage while the characteristics give a linear down
with voltage. It is a linear relationship approximately. The number of points is corresponding to the time under
pressure which press on the insulation level of the lines. It should be remarked that the first peak has a higher
voltage than the next and so on. The time assumed the summation of time for each peak although the value is

not constant for all points. The research measures the total time above the nominal in general.

4.1. First Peak

Figure 3 indicates that the time dependency first peak of the oscillation of voltage curve for different points
along the line length has the same rise shape of the total summation curve. It is also seen that the higher voltage
is the greater time for the duration in the first peak, but it is constant and low for the two lines in the distribution
system. It is remarked that an oscillation in the shape appeared for the voltage 110 along the line because of the
reduction in the voltage duration at the middle point of the line. Secondly, the RE and SE are approximately the

same relative to the first peak while the RE is always higher for the voltages above.

8 First Peak
(2€) —~ T
7 -
-
=]
5
S00 kWi 330 kWS
4 - 220 kWG — 110 kW3
3 35 kW3 - — — = 10kV?
2 —
X / \
o Line Length
S5E Ma e a RE

Figure 3: The characteristics of the first peak.

4.2. Second & Third Peaks

High drop for the time of second peak is appeared in Figure 4 for the voltage 220 kV while the mean duration is

2.6%. All other curves say the same as for the first peak.
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) Second Peak 0 - Third Peak
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i 5 / Mean
; 4
3
: 2
1 ] —-vyI)f——
) e e e o 0 Length
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Figure 4: The characteristics of the 2" and 3" peaks.

The third peak as shown in Figure 4 also gives another characteristic relative to the first and second peaks where
the SE points for 220 and 110 kV are closed to each another. Also, the SE of 500 kV goes down than that for
330 kV while the RE keeps the same shape relative to the SE for all lines. Contrary, the distribution system is

still idle for all calculated points and cases.
4.3. Fourth / Fifth Peaks

The fourth peak according to Figure 5 get a modified shape for the duration of overvoltage where a smooth slow
rise is initiated for all lines in the transmission system. This slow began at the middle point of the line for all
except 110 kV which started before (at ¥4) of the line length.

3 8 :
(%) ~ Fourth Peak Fifth Peak
7 7(%)
500 kV% 330 kv% 500 kv% 330 kv%
6 220kV% 110kv% 6 20 kV% 110kv%
---- 35kV% - 10kV% — k% ---- 10kV%
5 Mean 3 —— Mean
4 4
3 3
2 2
1 1
T S s T ———
SE % % % RE SE % % % RE

Figure 5: The characteristics of the 4"/5" peaks.

The overvoltage duration for the fifth peak has the same values for the fourth but the characteristics goes to the

first and second peaks (Figure 5).

4.4. Total Time dependency
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The assembling of all results of all overvoltage points, in Figure 6, where all rise rates for all peaks are the same
(about 0.6 PU) at 500kV. A difference began at the level of 330 kV while the 4™ peak becomes the highest rate
with a continuous maximum rate for all next voltages. The other rates oscillated under the rate of 4™ peak.
Otherwise, the average of rise rate is the same for all levels of voltage individually. This is proved according to
the results listed in Table 2.

9.8 Rise of Peaks Times

Rise, PU Pealk 1
Peak 2

0.6 Peak 3
Peak 4
Peak 5

N _______\

. \

5 Voltage i
500 kv 330kV 220 kv 110 kv

Figure 6: The development of peaks times of overvoltage in transmission systems (P U)

Table 2: The mean value for the peak’s times

kV 500 330 220 110
kv kV kV kV
Peak
) 0.26 0.26 0.26 0.26
Timesl
Peak
) 0.245 | 0.245 | 0.245 | 0.245
Times2
Peak
. 0.313 | 0.313 | 0.313 | 0.313
Times3
Peak
0.445 | 0.445 | 0.445 | 0.445
Times4
Peak
04 0.4 0.4 04
Times5

5. Statistical Analysis

Principally, the electrical state of the line during switching will not reach the steady state instantaneously.
Usually, elapses between start and final steady states because of the internal transient phenomenon within a very
short time in the rate of [Is. so, this case is defined as the electromagnetic transients or internal overvoltage.
When the long circuits such as the transmission line this case becomes more important to save the components
of the circuit against the overvoltage induced. The switching processes are increased with the long transmission

line because of its distributed parameters. Contrary, the electric circuit are more defined and accurately
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determined while the distributed parameters of a line send the problem to another mode to be solved. For
transmission lines, the voltage wave travels along the line till its end although the surges of lightning strokes
move in the same way. The voltage wave is always accompanied by a current wave where both waves travel at
the light velocity [12, 15]. Moreover, the variation of time domain length can be examined by different
intervals, but the given paper assumed an interval of 0.23 ms for 700 ms. The low voltage 10kV gives slowly
decrease with time duration while it is practically constant for 35 kV. Also, the overall average voltage for

studied lines is decreased due to the presence of steady state period inside the process of calculations.

5.1. Standard Deviation (s)

The standard deviation is a vital factor for the statistical studies where the statistical points above the standard
voltage may be evaluated according to the standard deviation. The results are plotted in Figure 7 while different

shapes are received for all lines in either transmission or distribution systems.

Standard Deviation

0.0239
500 kV 330 kV
g 220 kv 110 kv
00189 '3 35KV 10kv

—— Mean
0.0139 /

Ei-

0.0089

Line Length
0.0039

SE Ya b Ya RE
Figure 7: The standard deviation for higher points of overvoltage (V > 1) at different distances of the line.

The populations for the readings of overvoltage above the unity are inserted totally in the computation of
standard deviation. The accounted overvoltage is the values for the different voltage levels as well as for the
spreading along the line as (SE, % 1, %2 1, %1, and RE) when all results are sketched in Figure 7. The distribution
network is introduced besides the transmission system. It is seen that the 35 kV level stands alone above all
while the average value for the resulted standard deviation is located near all readings away from the level 35
kV. This remark may be referred to the tower dimension of 35 kV level. Similarly, the overall mean value for
all studied standard transmission and distribution lines is 0.01138 while the standard deviation for the
transmission lines is fluctuating between 0.0039 for 500 kV at the SE and 0.01338 for 330 kV at % of the line.

5.2. Mean Value

Specifically, the propagation properties of transmission lines should be formulated by the distributed parameters
of a line so that the control of these parameters can reach a good statement. The parameters of transmission lines
at the steady state condition differ completely from the same at the electromagnetic durations. This difference

comes from the asymmetry of parameters individually where the parameters of each phase diverse from the
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other two.

PU Statistical Mean
1.35 o
7 o~
1.2 —/&ﬂuw 330 k™
Pl 110 kV
1.25 35 kW 10 kv
- Mean
1.2
1.15
1.1
1.05
1 Length
SE Y b3 % RE

Figure 8: The mean value for higher points of overvoltage (V > 1) at different line distances.

Additionally, the mean value (corresponding to the results of standard deviation) must be extracted when the
results are graphed in Figure 8 for all studied lines. The mean value for all readings in the studied model is
1.1159 in per unit system while the mean value is constant for both lines in the distribution system. The mean

value is the highest at % of the line length for all transmission lines except the line 110 kV.

6. Wave Parameters

Then, the symmetrical assumption will give wrong results although the wires are beside each other for a long
distance. Mainly, this problem may be partially solved depending on the transposition concept but contrary this
is difficult for the transients’ durations. If the propagation characteristics are the target, the major parameters of
the line must be inserted. These parameters may be divided into two parts while the first will contain the basic
three parameters (resistance, inductance, capacitance). These parameters are distributed along the line length
symmetrically although for transients they become different. Secondly, the propagation parameters may be

required to explain the performance of such lines during the transients’ processes [8, 12].

6.1. Propagation Factor (g)

The second part is the return parameters where the earth is the return path which is usually inequal for all
contents. The first assumption is the consideration of the earth as a homogeneous (symmetrical earth
parameters) although each parameter would be dissimilar. Therefore, the Carson mathematical simulation for
the earth could be applied for the present analysis where the propagation parameters for the line can be
estimated correctly. These propagation parameters may be concentrated in the propagation coefficient (g), the
attenuation factor (d) and the wave velocity (v). Additionally, the time effect may be introduced for the
evaluation of the effect of time of overvoltage (time-harmonic) on the insulation coordination when the
reflection coefficient for Lattice diagram has no meaning because of the applied Laplace method. The
propagation coefficient is varied in these coordinates where per unit system is considered. The frequency
presence inside the processes of transients may reach 60 kHz due to the HF loads and interference with

electromagnetic fields. The power frequency 50 Hz at zero-mode position is taken as the reference (unity value)
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and then its value is illustrated for studied voltage levels. The coefficient is increasing with frequency in zero-
mode while it is decreased in other channels. The maximum ratio of this coefficient is appeared for 110 kV,
where the 35 kV distribution lines approaches the case of 500 kV. The results of calculations are sketched in
Figure 9 for all investigated lines but in the wave-modal coordinates (a, b, 0) based on the Laplace method [7].
The drawing proves that the propagation coefficient is higher for the lower voltage within the transmission
system. It should be mentioned that the frequency of 60.05 kHz is added for the main program where the margin
of frequencies become (50 Hz-60.05 kHz) instead of the original margin of (50 Hz-50 kHz) to cover the over

frequencies inside the transients’ processes.

10 Propagation Coefficient
g PU 0py The Propagation Coefficient
: — 00k —— 1005 ¢
- —— 2005k ——30.05 g
—ffall0 beta 110

6 EMEE i Zeol0 afta 208
5 60,05k —beta220  —TZero 20a

5 ——alfa50a  —— hetaS00a
4 S~ Tero 500 - Mezn
3 sy ‘\..,_____u.‘__
2 3o
1 2
) WaveMode (e, B,0) )

00 (] 'a ¢ &0 Frequency, Hz
I WMM foegeey
o w“ oy

Figure 9: The P U dependency of (g) on the frequency in modal coordinates (a, b, 0).

Calculations of the new wide margin of frequencies leads to some modification in the wave-modal parameters
as printed in Figure 9 where parameters have a very slowly increase in all wave-modal coordinates (a, b, 0). The
low frequency band has a visible change up to the 10 kHz when it is increasing for the parameters in 1* wave-
mode (a) for all lines. Contrary, these parameters are decreasing in both the 2" wave-mode (b) and the zero
wave-mode (0). Accordingly, the chosen 4 lines are tested by comparison for the propagation coefficient when
the test results are plotted in Figure 9. The results are given in the wave-modal coordinates (a, b, 0) while a

difference is appeared for both levels of voltage.
6.2. Wave Velocity (v)

When a transmission line is energized (connected to a voltage source), the line end will not instantly energized.
This is occurred because the electricity moves at the light velocity (3.108 km/s). Normally, the waves travel
along the line at a modified wave shapes and magnitudes momently when this change is specified by the
distortion (attenuation) factor due to the presence of line resistance as well as the resistance of earth return

during the transient processes [8].
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Figure 10: The dependency of (v) for different levels of voltage in modal coordinates (a, b, 0).

The frequency characteristics are deduced as drawn in Figure 10 while the results are given in modal
coordinates (a, b, 0). Figure 10 presents the wave velocity in each wave-mode (a, b, 0) for the chosen voltages
(110, 220, 500 kV) as transmission system. The wave velocity in the first mode (a) is the higher but it decays
from the light velocity with the frequency rise. Contrary, the velocity is increasing in the wave-modes (b, 0) in
the range of 0.25, 0,4, 0.6 for the voltages 110, 220, 500 kV, respectively. These values are referred to the light
velocity since the first wave-mode (a) has lower resistance relative to the others. The total mean value is 0.515

for the wave velocity in the system which may be defined as shown in Figure 10.

6.3. Attenuation Factor (d)

Since the accurate estimation for the insulation coordination depends on the good analysis for the main
parameters of the line which has distributed parameters. So, the current paper treats the fundamental propagation
parameters in three values as the wave velocity, the attenuation factor and the propagation coefficient are
analyzed. The frequency dependent for parameters is considered while the mirror effect (as a reflection for the
topology) is accounted. Moreover, the earth return effect is introduced according to the mathematical formula of
Carson. Since the single-frequency simulation would not be appropriate, the long term of frequency presentation
could be implemented. The attenuation factor is the important element in the transients’ processes because it is
the breaking force for the voltage development. Therefore, the attenuation factor must be resolved for
illustration. It has been estimated in the wave-mode coordinates (a, b, 0) as given in Figure 11 where has the
highest value for the wave-mode (a) for all voltages. Similarly, the other two wave-mode (b, 0) have the same
performance of the first (a). The attenuation factor (Figure 11) is increased individually in each wave-mode (a,
b, 0) with the higher transmission voltage for all frequencies when the low frequency takes less attenuation

value. The zero wave-mode (0) has the less attenuation as proved in Figure 11.
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Figure 11: The dependency of (d) for voltages in the modal coordinates.

The attenuation factor (Figure 11) is vital for stopping the peaks where its dependency (in the wave-modal
coordinates a, b, 0) is linear for all cases. These values are given for the supposed frequencies which means a
higher attenuation for higher harmonics where it is purely positive (high value) in the 1° wave-mode (a). The
general mean value for all data on the graph is -95.22 db while the attenuation in each wave-mode (a, b, 0) is

highly rising towards more attenuation effect.
6.4. Tower Dimensions

Globally, there are different types of towers for each voltage of either transmission or distribution systems
although there are also, a few of dimensions for each type of towers. Consequentially, the results may vary
according to the used dimension so that a current comparison would be treated simply to illustrate this
phenomenon. The effect of tower dimensions is appeared in the results of as plotted in Figure 7 for the
calculated standard deviation of all. The 35 kV dimension gave a high value than all others either above (500,
220, 1110 kV) or less as 10 kV. Continuously, the paper is simply simulating a comparison procedure for the
three fundamental propagation parameters through two dimensions for two different voltage levels as listed in
Table 3.

Table 3: The selected dimensions for overhead lines.

Voltage | Height | Spacing | Height | Spacing
a a b b

220kvV | 8 6 8 5

500 kv | 12.54 13 13.2 11

Then, a specific study for comparison would be presented based on the data of Table 3.

i- Propagation
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Since there are different dimensions for towers of the same voltage, the current research dealt with this into two
voltage levels (220 and 500 kV). Two different dimensions for standard towers are selected as listed in Table 3.
The wave-mode (a) indicates that the case b of dimensions 220 kV is higher than the case a, referring to Figure
12 but both cases of 500 kV are approximately the same. The second wave-mode (b) proves that the case b of
dimensions 220 kV is more relative to the case a while case b is higher for 500 kV than case a (in less ratio).
Finally, the zero wave-mode (0-mode) illustrates the same conclusion of wave mod (b). This concludes that the

dimension is important for the propagation coefficient so that a recommendation can be declared.

7 Propagation Comparison
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Figure 12: The frequency dependent of (g) for comparison between standard dimensions of towers (220 & 500

kV) in modal coordinates (a, b, 0).
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Figure 13: The average of (g) for compared voltages (220 & 500 kV) in modal coordinates (a, b, 0).

Consequentially, the average value of propagation coefficient would be derived as graphed in Figure 13
according to each wave-mode (a., B, 0) where always the wave-mode (o) is the higher and the wave-mode (B) is
the lower for both voltages. The zero-mode closes to the wave-mode () but higher a little. Specifically, the
propagation coefficient in the modal coordinates (o, B, 0) for the 500 kV as (0.9733, 0.8661, 0.8725) is higher
than the corresponding for 220 kV (0.8758, 0.7325, 0.7353), respectively.

Therefore, the parameters of the system must be evaluated. Two limits (upper and lower) are indicated where
both channels {1st (o)) & 2nd (B)} have a higher value than that for the zero wave-mode (0). It is increasing with
voltage level in the two modes, but it is a constant in the zero-mode
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Figure 14: The velocity function for compared voltages (220 & 500 kV) in modal coordinates.

Similarly, the comparison between different dimensions of the towers may be introduced based on the data of

Table 3 and the results are dropped in Figure 14. The results are the ratio of velocity of the case a to the velocity
of the case b. Wave velocity in all wave-modes (a, b, 0) for 220 kV is higher than that for 500 kV. On the other

side, the ratio in the wave-mode (a) is increasing for the 220 kV case although it is decreasing for the 500 kV.

The other two modes (b, 0) have a constant velocity except at the 60 kHz condition. The average dependency of

(v) for compared voltages (220 & 500 kV) in modal coordinates (a, b, 0) is given in Figure 14.

iii- Attenuation
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Figure 15: The dependency of (d) for compared voltages (220 & 500 kV) in modal coordinates.

Notably, the tower surge impedance may be added to the line characteristic impedance mathematically to reach

the actual representation for the overhead transmission lines. It should be noted that the tower surge

characteristic has higher effect in the cases of lightning strikes where it plays a vital role in the damping
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coefficient besides the mutual induced values across. Accordingly, towers resonance response may be deduced
when the lightning strikes [9]. Similarly, the comparison for the attenuation factor is obtained as drawn in
Figure 15 where the ratio of the tower type (a) to the tower of type (b) is deduced as printed in Figure 15.

However, the wood towers prove a lower attenuation so that its value for 35 kV towers may exceed that for the
110 towvers.

7. Discussion

An analysis for the current research may be required for the clarification of the subject. Chiefly, the first item of
work is mainly the asymmetry configuration of conductors due to their allocations along a long distance from
SE to RE points. This asymmetry appears in all overhead lines without exception but practically, the companies
try to balance the difference between phases by installing the transposition towers. Since these towers are very
expensive, a transposition cycle is considered for this process. This means that the total line length is divided
into three parts or 6 or 9, etc. The best number is the larger (9 or more) although the lowest number (3) is
always the selected because of the economic consideration. This clarifies that the line parameters will not be
symmetry exactly so that a semi-symmetry will be injected instead. This situation is real for the steady state
conditions (operation) but it becomes asymmetry totally for the transients conditions (switching processes and
lightning strikes). Firstly, the current paper works on this transient case so that the symmetrical lines are not
real. Most papers treat such problem as symmetry while others consider the asymmetry configuration. This last
part of research always depends on either the partition of the lines into several p or T equivalent circuits or on
the Fourier Analysis in the time domain. Both are limited due to the multi term of series or equivalent circuits.
Contrary, the present work depends on Laplace domain in the frequency domain, which is an exact solution,
mathematically. Secondly, the modal analysis depends on the wave propagation on the wires of conductors in
the modal coordinates (a, b, 0) where the (0) mode has a lowest velocity and highest impedance. The paper
emphasizes on propagation coefficient (wave velocity and attenuation factor) for decaying the travelling waves
on the conductors. Thirdly, the paper concentrates on danger part of voltage during transients so that the values
above unity may be the danger. So, the peaks of voltage (above the nominal unity) are considered for the
analysis through the propagation coefficient.

8. Conclusion

From the results and analysis of the current paper, it can be concluded that:

1- The peaks times for the distribution network is invisible so that it can be neglected.

2- The insulation level of overhead lines in transmission systems should be integrated with distance towards
% of the line length.

3- The average rise of peaks times is independent on the voltage level.

4- The rise of peaks times for first peak only is increased with voltage level rise.
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5- The dependency of wave attenuation is purely linear with frequency.

6- A widespread dimension for all towers must be introduced for the generalization of transients’

performance in either transmission or distribution systems.

7- The modal analysis is a clear way for comparison between towers or lines.

8- The peaks times are important for the protection of the insulation level against damage.

9- The wave velocity in the zero-wave mode is lower.
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