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ABSTRACT: The electrical parameters calculations of the overhead transmission lines are very important to the areas concerned
to electromagnetic compatibility and transitional processes in power systems. Therefore, accurate calculations of these parameters
were performed in this research, taking into account the ground-return parameters (Carson correction factors). The return parameters
of the homogenous ground (one-layered ground) the overhead transmission line passes over were taken into consideration via using
the actual value of the ground resistivity. In this research, the effect of ground-return parameters on transitional voltages at switching-
off an unloaded transmission line using SFe circuit-breaker was recorded and clarified. As a result, when the ground-return
parameters are taken into account, the overall transmission line inductance increases. This has an obvious impact on the rate of rise
of recovery voltage for the SFg circuit-breaker inter-contact space that consequently affects the transitional voltages during
switching-off process.
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1. INTRODUCTION

For studying transitional processes, the calculating method
of the electrical parameters of overhead power transmission
lines is crucial. Based on some assumptions about the
geometry of the overhead transmission line and the physical
properties of its conductors, these parameters were estimated
using well-known equations [1-4].

The ground effect may not be taken into account when
calculating the electrical parameters of the overhead power
lines. This implies that, these parameters might not match
those calculated when the ground dielectric properties were
taken into account [3, 4].

It is well known that; the ground permittivity and ground
resistivity are the dielectric properties of the ground that
influence its ground-return parameters [4, 5]. Only the ground
resistivity is taken into account in this research because the
ground permittivity has no significant effect at power
frequency (50 Hz).

J. R. Carson proposed a creative method to solve the
ground-return parameters problem in 1926 [5]. It was based
on the presumption that, the ground had not perfect
conductive, and the power voltage and current propagated
along the overhead line like waves.

Carson took into consideration the basic system, which
consists of two parallel wires with a ground return, and
created equations to calculate the return parameters of the
homogeneous ground (one-layered ground). Consequently,
the obtained solution of the two parallel wires system can be
extend to multi-wired systems [3, 5].

Two components make up the impedance of the double-
wired overhead line that passes over the homogeneous
ground: one is essentially geometric in nature, while the other
is computed using Carson integration [5-8]. The geometrical
spacing of the overhead line conductors were used to
determine the first component. This component considers
that, the double-wired overhead line passing over a
superconductive homogeneous ground. As a result, this
component has no ground contribution to the two-wired
overhead line's electrical parameters [5, 7]. The second
component that considers how the ground resistivity affects
the two-wired overhead line parameters is the ground-return
impedance. This consequently have an impact on the
propagation of electromagnetic waves and transitional
voltages in high-voltage power systems [6, 8].

Besides the transmission line electrical parameters, there
are other parameters that affect the transitional voltages
during switching processes. These parameters are concerned
to high-voltage circuit-breaker modeling that must be taken
into consideration. The most significant parameters required
for circuit-breaker modeling are dielectric strength
restoration, chop current and full operation time [9-12]. These
parameters are very important in order to model the electric
arc phenomenon in the inter-contact spaces of the high-
voltage circuit-breakers.

It is known that, the differential equations that formalized
voltages and currents during switching processes in electrical
networks belong to the class of so-called “stiff” differential
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equations. Therefore, the numerical solution of such
equations requires paying special attention [13-16].

This research discusses how the ground-return parameters
affect the overhead transmission line parameters via using the
actual value of ground resistivity and, in turn, how those
parameters affect the transitional voltages. PSCAD/EMTDC
program was used to create the simulated results at switching-
off three-phase unloaded transmission line using an auto-
compression circuit-breaker (SFs CB). Keep in mind that the
ground the transmission line passes over is considered as
homogeneous ground (infinite one-layer ground).

2. ELECTRICAL PARAMETERS CALCULATIONS

OF OVERHEAD POWER TRANSMISSION LINE

In this section, the resistance, inductance, and capacitance
of three-phase power transmission line (110 kV) were
calculated. According to [8], the conductor of a 110 kV
transmission line has an AC resistance equals 0.1181 Q/km
per phase at frequency 50 Hz when the ground considered as
superconductive. This value of resistance takes the correction
factor due to skin effect into consideration as given [17, 18].

The geometric configuration described in [8] for the three-
phase overhead transmission line (110 kV) that passing over
a homogeneous ground is considered in order to compute the
transmission line inductance and capacitance. This geometric
configuration is shown in figure (1) that presents an
unsymmetrical spacing between the transmission line
conductors.

h,=17.4m
15.7m

hy

hy

b, (5)--Y-
..... v

Figure 1. Geometric configuration of the three-phase
power transmission line (110 kV) under study

As shown in figure (1), the second electrode (ground) is
replaced by a conductor in the ground below the real
electrode, at a depth equal to the height of the conductor
above the ground, in order to compute the line inductance and
capacitance [19-23].

ha, hb, he: are correspond to mean heights of conductors; [m]
Xab, Xpe, Xca: are horizontal distances between conductors; [m]
dab, doc, dea: are distances between the conductors; [m]

Dap, Doe, and Dea: are distances between the conductors and
images of conductors; [m]

a', b, and c¢': are images of the conductors a, b, and c.

When the ground is assumed to be perfectly conductive,
the transmission line inductances (self and mutual) are
computed using the following formulas,

o Zhl

Lii I;TL' In=* 7 (1)
D..

Lj =% In-L )

Y 21 dij

where,
Li;, Lyj: are self and mutual inductances for overhead
transmission line; [H/m]
D;jr, dy;: are distances determining the overhead line’s mutual
inductance; [m]
r{ = r;e”#r/4: is effective radius of conductor (i); [m]
Lo: is magnetic permeability for air; [H/m]
w = 1.0: is relative permeability for non-magnetic ground.

In early researches the ground is thought to be perfectly
conductive (ground resistivity is equal to zero Q.m), but the
conductivity of the ground actually varies depending on the
type of soil in the homogenous ground [7, 24]. Therefore, it
is crucial to adjust the transmission line electrical parameters
using the Carson correction factors.

In 1926, Carson assumed the earth is not perfect
conductive and took into account the exact value of the
ground conductivity in his integration method [5]. It should
be noted that, Carson integration method only considers the
calculations of the ground-return parameters. In other words,
only the resistance and inductance have correction factors
(AR, AL9"). According to [5, 25, 26], the following formulae
present the Carson correction factors for the power line
resistance and inductance (self and mutual);

AZJ" = AR]" + jAX]" = AR]" + jwALY (3)

_on [ _expl2md

T . A+JA%2+jou/p

gr _ ar gr gr . gr
AZJ = AR + jAXS = ARY + jwALY) 4)
wi [ My + B2
—Mf =C n)] COS(XL-]-)L) da
T 2 +jou/p

0

where,
where, Az, AZ{: are self and mutual return impedance; [Q/m]
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AR, AR{: are self and mutual return resistance; [Q/m]

i
AX;]", AX3": are self and mutual return reactance; [©/m]
AL, AL} are self and mutual return inductance; [H/m]
w: is angular frequency; [rad/s]
U = U, Kyt is magnetic permeability of the ground; [H/m]
p: is ground resistivity; [Q.m]
\: is integration variable.

It is known that, without any expensive geological
measurements, it is quite challenging to estimate the accurate
resistivity value of the homogenous ground [24, 27, and 28].
Since these measurements are difficult to achieve,
approximated values of ground resistivity were used. The
selected value of ground resistivity that taken into
consideration in this research equals 150 Q.m.

Tables (1, 2) show the self and mutual values of
transmission line resistance and inductance for the selected
value of ground resistivity (150 Q.m). These tables show the
geometric parameters, Carson correction factors, and overall
parameters of the power transmission line under study.

It is clear from the results shown in tables (1, 2) that, the
computed values of the overall transmission line parameters
differ significantly from those that ignored the ground effect
(geometric parameters). Consequently, this can affect the
transitional voltages in high-voltage power systems during
switching-off processes.

Table 1. Self and mutual values of transmission line
resistance when the ground resistivity equals 150 Q.m

Resistance [QQ/km]
Item | Geometric Correction Overall

(R) (AR?) (R+ARY)
Raa 0.1181 0.04806 0.16610
Rbb 0.1181 0.04820 0.16630
Ree 0.1181 0.04835 0.16640
Rab - 0.04813 0.04813
Ribc - 0.04827 0.04827
Reca - 0.04820 0.04820

Table 2. Self and mutual values of transmission line
inductance when the ground resistivity equals 150 Q.m

Inductance [mH/km]
Item | Geometric Correction Overall
(L) (AL (L+AL®)
Laa 1.664 0.7038 2.368
Lbb 1.644 0.7239 2.368
Lec 1.621 0.7463 2.367
Lab 0.366 0.7113 1.077
Lbc 0.316 0.7308 1.047
Lca 0.438 0.7238 1.162

Normally, for transmission lines have lengths more than
80 km (medium transmission line), it is important to consider
the transmission line capacitance due to its effect on the

transitional voltages [22, 23]. With the geometric
configuration of the transmission line shown in figure (1), the
general procedures for calculating self and mutual
capacitances are based on the following formulae,

Py =— In2k (5)
2meg Ti
N
Pij = 220 In a4 (6)
[C]=[P]™" (")
where,

ri: is conductor (i) radius; [m]

go: is permittivity of free space; [F/m]

P;;, By self and mutual Maxwell potential coefficients; [m/F]
[PT: is inverse of potential coefficients matrix; [F/m]

[C]: is matrix of transmission line capacitances; [F/m]

By inverting the potential coefficient matrix using formula
(7), the matrix of power transmission line capacitances is
obtained. Hence, table (3) shows the capacitances values of
the three-phase transmission line under study.

Note that, the capacitance has no correction factor. It
means that, the capacitance matrix of the power transmission
line depends only on the geometric spacing of its conductors.

Table 3. Self and mutual values of transmission
line capacitance

Item Capacitance [nF/km]
Caa 7.714

Chob 7.523

Cec 7.828

Cab -1.400

Chbe -1.124

Cea -1.869

3. SEQUENCE PARAMETERS CALCULATIONS OF
OVERHEAD POWER TRANSMISSION LINE

From the results shown in tables (1, 2, and 3) it is clear
that, the overhead power transmission line under study has
unsymmetrical electrical parameters. It means that, this
transmission line has unbalance in voltage and current due to
the unbalance of its inductive and capacitive reactances. To
reduce this unbalance and consequently reduce the system
power loss, the transmission lines are transposed [29, 30].

By transposing the power transmission lines, both self or
mutual electrical parameters are equal to each other. Hence,
transposed transmission lines can be fully represented with its
zero and positive sequence parameters. Zero and positive
sequences for the geometric configuration shown in figure (1)
were calculated according to [31, 32]. The values of these
sequences are listed in tables (4, 5) for two different values of
ground resistivity (zero Q.m, 150 Q.m). Remember that, the
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transmission line capacitance is not affected by varying the
ground resistivity. It means that, zero and positive sequences
of the transmission line capacitances are not changing with
the ground resistivity.

Table 4. Positive sequence parameters for the transposed

transmission line under study

Resistance Inductance Capacitance
{’Q | 10/km] [mH/km] [nF/km]
) R1=Rs-Rm Li=LsLm C1=Cs-Cn
zero 0.1181 1.2695 9.1526
150 0.1181 1.2722 9.1526

Table 5. Zero sequence parameters for the transposed

transmission line under study

Resistance Inductance Capacitance
p [Q/km] [mH/km] [nF/km]
Q. R =
[£2.m] R; R Lo=Le+2Lm | Co=Cs#2Cm
zero 0.1181 2.3895 4.7596
150 0.2627 4.5580 4.7596
where,

Rs, Ls, Cs: are average values of line self-parameters,

Rm, Lm, Cm: are average values of line mutual parameters,
Ry, L1, C1: are positive sequences of line parameters,

Ro, Lo, Co: are zero sequences of line parameters.

4. AUTO-COMPRESSION (SFs) CIRCUIT-BREAKER
MATHEMATICAL MODELING

It is well known that; the dielectric strength of the circuit-
breaker inter-contact gap starts to rise when the circuit-
breaker contacts begin to move away from each other.
Furthermore, from the beginning of contacts separation of
circuit-breaker, an electric are is formed between them. Due
to the formation of that arc, the electric current continues to
flow until the next zero crossing.

Successful arc extinction at next zero crossing results in
the termination of the electric current conductance and the
beginning of the transient recovery voltage (TRV). The TRV
rises quickly, and the circuit breaker's dielectric strength is
not fully restored yet. Dielectric re-ignition or re-strike
happens if the rate of rise of recovery voltage (RRRV) is
greater than the recovery rate of the circuit-breaker dielectric
strength; otherwise, interruption will occur.

A high-frequency current starts to flow through the circuit
breaker in the event of dielectric re-ignition or re-strike
occurs, resulting in interruption failure. The TRV then returns
to zero and does not rise again until the arc is quenched. So,
circuit-breaker's dielectric withstand is considered as an
important parameter in switching analysis [10, 11].

Since the dielectric strength restoration is one of the main
features of circuit-breakers modeling that define their
influence on the switching processes, the following

restoration law of dielectric strength in the inter-contact space
of SF circuit-breaker according to [9] is used. This law gives
an acceptable coincidence with the real law for SFg circuit-
breakers that presented in [12].

Ve (6) = 210, {1 — cos [w } (®)

Trun

where,

Veer (t): is dielectric strength restoration law of SFs circuit-
breaker,

V.. is dielectric strength maximum value,

t: is the time,

Ty is full switch-off time of SFs circuit-breaker (50 msec),
tor: is initial instant of contacts separation of SFs circuit-
breaker [9, 12].

It should be noted that, arc repeated ignitions and strikes
in the inter-contact spaces of SFs circuit-breakers are set
according to the following condition;

|AV] = Vg (2) ©)

Furthermore, the modelling of SF¢ circuit-breakers takes
into account the phenomena of current chopping. In other
words, circuit-breakers current interruption is set according to
the following condition;

lil < Len (10)

where,

AV: is recovery voltage between SFs circuit-breaker poles,

I: is current passing through SFs circuit-breaker during
switching-off process,

Ien: is chop current depending on the circuit-breaker type.

5. SWITCHING-OFF UNLOADED THREE-PHASE
POWER TRANSMISSION LINE

In this section, numerous simulations were performed to
record the values of transitional voltages during switching-off
an unloaded power transmission line (transposed).

In some literatures, the medium power transmission lines
have lengths between 80 km and 160 km (or 50 and 100
miles) [33]. So, the simulation results were performed in
cases of with and without arc repeated re-strikes while
changing the transmission line length from 80 km to 160 km
(medium line, 110 kV).

The behaviors of phases terminal voltages and recovery
voltages across SFg circuit-breaker poles during switching-off
process will be investigated. All simulations for the system
shown in figure (2) were performed while the transmission
line is modeled as a pi-section and has no loads (unloaded
regime).

Note that, the effect of ground-return parameters is not
considered into account in this section. It means that in this
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section, all simulations were performed for the case of zero
ground resistivity (p = zero Q.m).

Syst e
V™ 020 23mH phea SECCR,

0.2Q 23mH Ph-b Unloaded T.L.

0.2Q 23mH Ph-c

g % L
= 2
) Lt;ad

Figure 2. System configuration for switching-off three-
phase unloaded power transmission line (110 kV)

110kv

NN

1.5pF
1kQ
1.5pF
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5.1 Switching-off without arc re-strikes occurrence

Switching-off unloaded medium transmission line has
length more than 80 km is the same as capacitor bank
switching-off because of the unloaded transmission line has a
dominantly capacitive behavior.

Figure (3) shows the voltage waveforms at switching-off
unloaded overhead transmission line with length 160 km. In
this case, the effect of ground-return parameters is ignored
(ground resistivity equals zero Q.m) and no re-strikes
occurred during switching-off process. As seen in figure (3),
phase-a which is firstly switched-off has the highest voltage
value. This is due to the electromagnetic coupling of the other
phases and due to Ferranti effect. The sequence of switching-
off process is explained in details as following,

- To analyze three-phase unloaded transmission lines
switching-off, the capacitive coupling between
phases and the capacitance to ground are taken into
account.

- When the first phase (phase-a) switched-off, it
remains connected to the other phases (b, c) through
the neutral point. This will occur when the voltage
of phase-a is at its peak value. It means that, the input
voltage of the neighboring phases (b, c) is coupled
into the terminal voltage of phase-a through the
neutral point. The voltage of neutral point is then
added to phase-a terminal voltage. That is the reason
of why phase-a has the highest voltage.

- When the second phase (phase-c) switched-off, the
third phase (phase-b) is still at system voltage and
this voltage couples into the terminal voltages of the
other phases (a, ) through the neutral point. It means
that, the voltage of neutral point is then subtracted
from phase-c voltage. That is the reason of why
phase-c has the lowest voltage.

- When the current in phase-b (last phase) interrupted
at next zero crossing, phase-b is now connected to
zero voltage of neutral point. So, the terminal
voltage of phase-b remains at its maximum value.

5.2 Switching-off with arc re-strikes occurrence

In this subsection, numerous simulations were performed
to have the highest values of transitional voltages in case of
the re-strikes occurred. All simulation results were

pisection [

accompanied with a single re-strike in phase-a for all lengths
of transmission line under study (80-160) km.

Due to phase-a is the first phase switched-off, it has the
highest probability of re-strikes occurrence since the
dielectric strength of SF¢ circuit breaker is not enough yet. In
contrary, the other phases have lower probability of re-strikes
occurrence especially the last phase (phase-b) since they are
not switched-off yet. When these phases (b, c) are switched-
off, the dielectric strength of SFs circuit-breaker will be
stronger since it increases as the contacts continue to separate.

Line length 160km -

= -y =i 4
50—

404
30 4
20 4
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4 L3

(a) switched-off phases currents

Line length 160km o
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Terminal voltage (K\v)
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(b) switched-off phases terminal voltages
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50 4
-100 4
-150 4

tlsec)  pzgg 0.570 0.580 0.500 0.600 0E10 0.620

Recovery voltage (Kv)

(c) recovery voltages across SFs CB poles

Figure 3. Switched-off currents and voltages waveforms
with no arc re-strike occurrence when the ground-return
parameters are not taken into account

Figures (4, 5) show the waveforms of phases terminal
voltages and recovery voltages in case of the effect of ground-
return parameters are not taken into consideration (p = zero
Q.m) when the transmission line has lengths 160 km and 80
km respectively. As shown, the greatest values of transitional
voltages were got for transmission line with length 160 km.
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(b) recovery voltages across SFs CB poles
Figure 4. Switched-off transitional voltages for 160 km
transmission line with arc re-strike occurrence when the
ground-return parameters are not taken into account
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Figure 5. Switched-off transitional voltages for 80 km
transmission line with arc re-strike occurrence when the
ground-return parameters are not taken into account

In order to more clarifying, the ratios of phases terminal
voltages (V) and recovery voltages (AV) for this line length
are shown in table (6). It is evident that, phase-a has the

greatest ratios of transitional voltages due to the re-strike that
occurred when it compared with other phases (b, c).

Table 6. Ratios of transitional voltages for overhead
transmission line with length 160 km when the ground-
return parameters are not taken into consideration

phase V [p.u] AV [p.u]
a 1.99 2.72
b 1.19 2.17
c 1.53 2.52

It should be mention that, the transitional voltages have
higher values for longer transmission lines due to the slower
rate of rise of recovery voltage (RRRV). To determine
RRRYV, divide the peak value of transient recovery voltage by
the total time elapsed from zero voltage to peak voltage.

It is known that, RRRV depends on both the inductance
and capacitance of the system at the instant of switching-off.
In other words, RRRV is inversely proportional to the
transmission line inductance and capacitance according to the
relation (RRRV a 1/+/LC). It means that, as the overhead
transmission line becomes longer, its parameters (L, C) will
be higher that make the RRRV slower. Consequently, the
intersection point between recovery voltage and dielectric
strength of SFe circuit-breaker (dielectric breakdown point)
has a longer time delay, that leads to higher transitional
voltages. As a result, the time delay increases from 5.45 msec
to 5.6 msec when the overhead line length changed from 80
km to 160 km (see figure 12).

Furthermore,  switching-off  process for  longer
transmission lines flows smoother due to lower natural free
frequencies (transitional voltages have less steepness). In
contrary, we face with the possibility of high-frequency
current interruption at switching-off shorter lines. As a result,
according to the relation ff,., = 1/(2nVLC), the natural
free frequency is reduced from 1200 Hz to 575 Hz when the
transmission line length increases from 80 km to 160 km (see
figure 13).

6. EFFECTS OF GROUND-RETURN PARAMETERS
ON SIMULATION RESULTS

The actual value of ground resistivity let researchers to
take the ground-return parameters into account via
calculating Carson correction factors (AR, AL). This
consequently increases the overall transmission line electrical
parameters (R, L), that have an impact on the simulation
results during switching off processes. Note that, the selected
value of ground resistivity used in this study is equal to 150
Q.m.

Therefore, in this section numerous simulations were
performed for the case of switching-off an unloaded
transmission line (transposed, 110 kV) when varying its
length from 80 km to 160 km. The simulation results show
that, the ground-return parameters can affect the maximum
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values of transitional voltages. Furthermore, these parameters
can affect the dielectric breakdown voltages of SFs circuit-
breaker inter-contact space, the time required for dielectric
breakdown (delay time), and the natural free frequencies of
transitional voltages. Each will be discussed in details in the
following substations.

6.1 Effect of ground-return parameters on maximum values
of transitional voltages

This subsection investigates the transitional voltages
behaviors during switching-off the unloaded transmission
line under study, taking into account the ground-return
parameters. Figures (6, 7) show the maximum values of
phases terminal voltages and recovery voltages across SFs CB
poles respectively against the transmission line length (80
km-160 km). The simulations were performed for two values
of ground resistivity (zero Q.m and 150 Q.m).
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Figure 6. Maximum phases terminal voltages at
switching-off using SFs circuit-breaker with arc re-strike
occurrence for the both cases of ground resistivity

The simulation results show that, the maximum values of
transitional voltages are higher for all phases in case of the
ground-return parameters were taken into account (p = 150
Q.m). Furthermore, these maximum values are increase as the

transmission line length increases. In other words, the
overhead transmission line with length 160 km has the
highest values of transitional voltages during switching-off
processes related to this research.
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Figure 7. Maximum recovery voltages at switching-off
using SFs circuit-breaker with arc re-strike occurrence
for the both cases of ground resistivity

When the ground-return parameters are not taken into
account (p = zero .m), the same behaviors were got except
the behaviors of phase-b (decreasing with line length
increases) due to the natural free frequency. It means that, the
lower free frequencies and consequently lower voltages
correspond to the higher lengths of transmission line.

For more clarifying, figure (8) shows the waveforms of
phases terminal voltages and recovery voltages across SFs CB
poles at taking the effect of ground-return parameters into
consideration for 160 km transmission line (worst case in this
research). As shown, the simulation results are accompanied
with a single re-strike in phase-a.

For easier comparison, the ratios of phases terminal
voltages and recovery voltages across SFg CB poles for this
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case are shown in table (7). As shown, phase-a has the
greatest ratios when it compared with other phases due to the
presence of arc re-strike. Comparing these results with
previous results shown in table (6) we can state that, taking
the ground-return parameters into account causes higher
magnitudes of phases terminal voltages, and inter-contact
recovery voltages of SFs CB.

Line length 160km -
=\ = Vb =Vc e
200 =
150 4

100

-100 4
-150 4

-200 - -

Terminal voltage (kv

tlsec) 560 0.570 0.580 0.590 0.600 0,610 0.620

(a) switched-off terminal voltages

Line length 160km -
= pole-a = pole-b = pole-c

N

-300 4 -
tlsecl o560 0.570 0.580 0.590 0.600 0.610 0.620

Recovery voltage (kKv)

4 3

(b) recovery voltages across SFs CB poles

Figure 8. Switched-off transitional voltages for 160 km
line length with arc re-strike occurrence when the
ground-return parameters were taken into account

Table 7. Ratios of transitional voltages for 160 km
transmission line when the ground-return parameters
were taken into consideration

phase V [p.u] AV [p.u]
a 2.06 2.86
b 1.81 2.63
c 1.87 2.74

Although taking the ground-return parameters into
consideration overestimate the ratios of transitional voltages,
these ratios do not exceed the triple value of the allowable
voltage in transitional processes at switching off an unloaded
overhead transmission line (see tables 6, 7).

To deeply compare between the results shown in tables (6,
7), figure (9) shows the percentage differences between them.
It is clear that, the ground-return parameters have more
impact on the phases that not experienced any arc re-strikes
(phases b, c). Note that, the last phase switched-off (phase-b)
has the greatest percentage differences on phases terminal
voltages and recovery voltages when it compared with other
phases.

Note that, the same behaviors were got for most lengths of
the overhead transmission line under study when the return
parameters of the homogenous ground are taken into account.

60 phase-b

50

40

30 phase-c
20

hase-a
10 P

Percentage Difference [%]

0
M voltage recovery voltage

Figure 9. Percentage differences of transitional voltages at
switching-off unloaded transmission line (160 km)

6.2 Effect of ground-return parameters on dielectric
breakdown voltage of SFs CB and its time delay

The behavior of dielectric breakdown voltage of SFs CB
inter-contact space taking into account the effect of ground-
return parameters is investigated in this subsection. Figure
(10) shows the waveforms of terminal voltages and recovery
voltages of phase-a at switching-off overhead transmission
line with length 160 km for the both cases of ground
resistivity (zero Q.m, 150 Q.m). This figure clarifies the value
of dielectric breakdown voltage of SFs circuit-breaker inter-
contact space and the time required to reach it (time delay) of
phase-a for the both cases of ground resistivity under study.
As shown, as the time delay of breakdown increases, the
dielectric breakdown voltage becomes higher. As a result,
taking into account the effect of ground-return parameters
leads to longer time delay (T gelay150) and consequently higher
dielectric breakdown voltage (Vbreakiso). This leads to higher
values of transitional voltages. The reason of this behavior is
related to RRRV during switching-off process as discussed
before.

For more comprehensive, the maximum values of
dielectric breakdown voltage across pole-a of SFs circuit-
breaker when the transmission line length is changing from
80 km to 160 km are shown in figure (11). As shown, the
value of dielectric breakdown voltage increases with the line
length due to increasing the transmission line parameters (L,
C) for the two cases of ground resistivity under study (zero
Q.m, 150 Q.m). As a result, the maximum value of the
dielectric breakdown voltage increases from 124 kV to 135
kV when the ground-return parameters were taken into
account (p = 150 Q.m). The same behavior was got for the
case of zero ground resistivity. For this case, the dielectric
breakdown voltage increases from 120 kV to 125 kV as
shown. Remember that, in this case the ground-return
parameters were not taken into account.
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Figure 10. Transitional voltages of phase-a at switching-
off wusing SFe circuit-breaker with arc re-strike
occurrence for the both cases of ground resistivity
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Figure 11. Dielectric breakdown voltages across pole-a of
SFe circuit-breaker at unloaded transmission line
switching-off for the both cases of ground resistivity
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Since the transmission line capacitance is constant and not
changed with the ground resistivity for the selected line
length, the main parameter that affects the RRRV when the
ground-return parameters are taken into account is the
transmission line inductance. In our case study, taking the
ground-return parameters into consideration (p = 150 Q.m)
increases the overall transmission line inductance which
increasing the inductive coupling factor from 23% to 46%
(K; = L,,/Ls). This leads to decreasing of the RRRV and
consequently increasing the time required for dielectric
breakdown occurrence for SFe circuit-breaker inter-contact
space. It other words, taking the ground-return parameters
into account leads to higher values of dielectric breakdown
voltages and consequently higher values of transitional
voltages.

It should be mention that, the time required for dielectric
breakdown occurrence of SFe circuit-breaker inter-contact
space becomes higher when the transmission line length
increases due to slower RRRV for the two cases of ground
resistivity under study as shown in figure (12). As a result, the
dielectric breakdown voltage increases from 125 kV to 135
kV for 160 km transmission line when the ground resistivity
changed from zero Q.m to 150 Q.m (see figure 11).
Consequently, the time required to achieve that increases
from 5.6 msec to 6 msec (see figure 12).
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Figure 12. Time delay of dielectric breakdown voltages
at switching-off unloaded transmission line using SFe
circuit-breaker for the both cases of ground resistivity

6.3 Effect of ground-return parameters on natural free
frequencies of transitional voltages

In this subsection, we will investigate the effect of ground-
return parameters on the transitional voltages’ free
frequencies when the transmission line length is changing
from 80 km to 160 km. Figure (13) shows the behaviors of
natural free frequencies of transitional voltages against the
transmission line length for the both cases of ground
resistivity under study (zero Q.m, 150 Q.m). These behaviors
demonstrate how the natural free frequencies are affected by
the transmission line length and by the ground-return
parameters.

As shown, the natural free frequencies of transitional
voltages decrease as the transmission line length increases for
the both cases of ground resistivity under study. Furthermore,
the transitional voltages have lower natural frequencies when
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the ground-return parameters are taken into account (p = 150
Q.m). As a result, the range of natural free frequencies for the
transmission line with lengths (80-160) km is reduced from
(1200-575) Hz to (850-450) Hz when the ground-return
parameters were considered into account. Note that, the
higher frequencies correspond to the lower lengths of
transmission line.

1200

p=zero 0.m
—— p=1500.m
1000

natural free frequency (Hz)
oo
=3
o

—
— —
600 e —
—
‘_\—7¥
T
400
80 90 100 110 120 130 140 150 160
Line length (km)

Figure 13. Natural free frequencies of transitional
voltages at switching-off unloaded line using SFs circuit-
breaker for the both cases of ground resistivity

7. CONCLUSIONS

Considering the actual value of ground resistivity into
account at unloaded transmission line switching-off, makes it
possible to investigate the ground effect on the transitional
voltages during the switching-off process.

In general, the rate of rise of recovery voltage for the SFs
circuit-breaker inter-contact space decreases as the length of
overhead transmission line increases due to increasing of
transmission line parameters (L, C). So, the transitional
voltages (phases voltages, recovery voltages) have higher
values for longer transmission lines due to the slow rate of
rise of recovery voltage after the electric arc extinction.

Taking the ground-return parameters (Carson correction
factors) into account via using the actual value of ground
resistivity, increase the overall value of the transmission line
parameters (R, L). In other words, considering the effect of
ground-return parameters makes the rate of rise of recovery
voltage becomes slower due to the higher transmission line
inductance. As a result, it increases the time required for
dielectric breakdown of SFg circuit-breaker inter-contact
space, and consequently higher value of dielectric breakdown
voltage. This in turn, overestimates the transitional voltages
during switching-off processes. Furthermore, it can improve
the stability of the differential equations numerical solutions
via reducing the free frequency oscillations of the transitional
voltages.
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