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Abstract—This paper evaluates the impact of using
approximate versus exact internal impedance formulations
in Overhead Transmission Lines (OHTL), focusing on
Half-Wavelength Transmission lines (HWTL) and high-surge
impedance loading applications, where multiple conductors per
phase are employed. Approximate formulations for the internal
impedance of conductors simplify calculations but may introduce
minor errors that, in specific applications, can become more
significant. These inaccuracies affect key parameters, including
active power transfer, surge impedance loading (SIL), and Joule
losses, and can also compromise the accuracy of transient
analysis. The study compares approximate and exact impedance
formulations under steady-state and transient conditions across
three OHTL configurations of varying designs. Results reveal that
approximate formulations reduce accuracy in SIL and voltages
calculations, resulting in potential power transfer limitations
and increased voltage drops. Furthermore, a statistical analysis
of switching manoeuvres demonstrates that the approximate
model predicts higher overvoltages than the exact formula, with
phase C exhibiting the most significant deviations. These findings
underscore the critical importance of precise internal impedance
modelling in HWTL studies to ensure reliable power system
analysis.
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transmission line, internal impedance, overvoltage, statistical
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I. INTRODUCTION

CCURATE computation of electrical parameters in

overhead transmission lines (OHTL) is essential for
designing and analysing power systems, particularly in
applications involving long-distance power transmission.
Parameters such as series impedance and shunt admittance
are influenced by conductor properties and their
position concerning ground, ground characteristics, and
frequency-dependent behaviour, including skin effect and
electromagnetic field interactions. In ultra-long transmission
lines, power transfer efficiency is impacted by increased line
impedance, voltage stability concerns, and significant reactive
power generation, requiring specialised solutions such as
high-voltage direct current (HVDC) transmission systems
or half-wavelength transmission lines (HWTL) [1]-[3], to
mitigate these effects, as seen in large continental countries
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like Brazil, where generation sources and demand centres
are widely separated. HWTL designs can optimize power
transfer, reduce losses, and enhance grid resilience, proving
indispensable for large-scale power applications.

The concept of a HWTL is predicated on the electrical
length that corresponds to half the wavelength of the operating
frequency. For a 60 Hz system, the wavelength in a vacuum
is approximately 5000 km; however, the propagation velocity
of electromagnetic waves in transmission lines is affected by
the line’s construction and the surrounding medium, resulting
in a velocity factor that is less than unity. This reduction
in propagation speed leads to a shorter wavelength within
the transmission line [4]. It can thus be concluded that the
half-wavelength of practical 60 Hz transmission lines is less
than 2500 km. However, to ensure a stable response, it is
necessary that the line should be slightly longer than half the
wavelength [5], [6] Consequently, the HWTL examined in this
study spans 2600 km.

Some electromagnetic transient (EMT) programs use
approximate internal impedance formulations to become
computationally more efficient and hold good accuracy
in the results. However, these approximations may
introduce deviations that affect the calculation of power
losses, surge impedance loading (SIL), and transient
performance—particularly under switching manoeuvres and
high-surge impedance loading (HSIL) conditions. Therefore,
the central aim of this work is to address the implications
introduced by such approximations.

Therefore, this paper evaluates the influence of approximate
versus exact internal impedance formulations on the
modelling of HSIL HWTLs. Unlike previous studies that
primarily focus on the computational efficiency of different
formulations [7], this study emphasises the accuracy of the
resulting electrical models. Through simulations of three
OHTL configurations with multiple conductors per phase,
this research assesses the impact of internal impedance
approximations on SIL calculations, active power transfer,
and transient overvoltage predictions. The findings contribute
to improving the modelling accuracy of HWTLs, supporting
more informed decision-making in their potential application
for ultra-long-distance power transmission.

II. COMPUTING ELECTRICAL PARAMETERS

To accurately calculate the series impedance and shunt
admittance matrix of an overhead transmission line (OHTL),
it is essential to account for the medium surrounding the
conductors as well as the electrical properties of the ground. In



this context, it is possible to calculate the series impedance and
shunt admittance using (1) and (2), where all the terms depend
on the frequency, except for Y(, which remains constant
across the entire frequency domain; meanwhile, Y, plays an
important role in high-frequency phenomena, in the order of
hundreds of kHz. In (1), the first term, Zj,, corresponds to
the electromagnetic field within the conductors, incorporating
the effects of skin depth. The second term, Z.y, accounts for
the electromagnetic field in the air, while the third term, Z,,
adjusts for deviations from the assumption of an ideal ground.

Z:Zint+Zext+Zg (D

Y =jwP'=Ys+Y, (2)

For the internal impedance, Z;,,;, which only has terms in
the diagonal matrix, calculations can be made using Bessel
functions [8], as indicated in (3). This formulation is the exact
one.
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where Iy, I, Ky and K represent modified Bessel functions
of the first and second kind with orders zero and one,
respectively, ~; denotes the propagation constant of the
conductor medium, p,; represents the relative permeability
of the medium, &,; represents the relative permittivity of
the medium, g is defined as 47 x 107 H/m, &y is equal
to 8.854 x 10712 F/m, w symbolises the angular frequency
in rad/s, o corresponds to the conductivity of the medium,
assuming the conductivity of air to be zero, r; denotes the
external radius of the conductor, and g; signifies the internal
radius of the conductor.

However, due to the computational demands of this
expression, different approximations have been proposed
in the literature, such as those found in [9] and [10].
Electromagnetic transients programs such as ATP [11], use
the exact formulation indicated in (3); meanwhile, others
programs, like the PSCAD/EMTDC [12], use approximated
formulations through its Line Constants Program (LCP), in
order to be computationally more efficient and stable without
altering the accuracy of the results [13]. These approximate
formulations are indicated in (5) and (6), when the conductor
is a solid cylinder and hollow core, respectively.
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where p; corresponds to the inverse of o;.

These formulations apply the method described in [10] but
with varying degrees of freedom, denoted by the constant
k. This arbitrary constant must be chosen to optimise the
formula at lower frequencies. In [10], k£ is set to 0.777,

while in [13], it is adjusted to 0.733. The resulting error
from using this constant is approximately 0.5 % at mid-range
frequencies compared to the exact formulation [13]. While the
associated error is comparatively minor, its potential to induce
appreciable discrepancies under specific conditions reinforces
the need for enhanced modelling precision, forming part of
the motivation for this research.

On the other hand, the earth-return impedance can be
calculated using various expressions found in the literature,
with the choice of formulation depending on the specific type
of study being conducted [14], [15]. Key differences become
apparent when examining phenomena at high frequencies
above 100 kHz. However, since our work focuses on lower
frequencies, we use Carson formulation [16] to calculate the
earth-return impedance.

III. DIFFERENCE BETWEEN INTERNAL IMPEDANCE
FORMULATIONS

To assess the impact of using the internal impedance
calculated by the approximate formulation, as employed by
PSCAD/EMTDC, instead of the exact formulation based
on Bessel functions, we conducted an analysis using three
different OHTL: TL1, TL2, and TL3, featuring four, six,
and eight conductors per phase, respectively. The principal
information about these OHTLs was extracted and adapted
from [2], [15] and is provided in Table I. The physical position
of conductors and shield wires in the tower are shown in Table
II. In the latter table, the coordinates of each conductor are
presented, with the X-axis representing the horizontal distance
and the Y-axis indicating the average height. TL1 and TL2
correspond to a conventional transmission lines; meanwhile,
the TL3 corresponds to a line with HSIL [17], and is lately
used for HWTL studies [3], [18].

TABLE 1
INPUT DATA OF THE OHTLS
Description Unit TL1 TL2 TL3
Voltage level 440 765 800
N° of conductors - 4 6 8

Internal radius mm 4.64 4.135 4.135
External radius mm 12.57 16.56 16.56
DC Resistence at 20°C~ /km 0.08989  0.0478  0.0478

Considering both the approximate and exact internal
impedance formulas discussed in the previous section, it is
possible to calculate the electrical parameters at the system
frequency (60 Hz) for the positive and zero sequences of
these OHTLs, as well as the surge impedance (Zc) and surge
impedance loading (SIL). The results are shown in Table III,
which demonstrates that as the number of conductors per
phase rises, the absolute difference in SIL also increases.
Specifically, the percentage deviation in SIL is 0.0374% for
TL1, 0.0579% for TL2, and 0.0717% for TL3. While these
deviations may appear negligible, they will become significant
in the context of electromagnetic transient studies for the
HWTL, where even minor discrepancies in impedance and
power transfer can influence the voltage variations during
manoeuvres, the accuracy of fault detection algorithms and



TABLE II
POSITION OF THE CONDUCTORS AND SHIELD WIRES OF THE OHTL ANALYSED

OHTL TLI1 TL2 TL3
N° Conductor Phase A Phase B Phase C Phase A Phase B Phase C Phase A Phase B Phase C
1 (-9.37:15.18)  (-0.1;18.78)  (9.17;15.18) | (-9.47;15.43)  (-0.2;19.03)  (9.07;15.43) | (-8.09; 22.73) ~ (1.39;22.87)  (8.09; 21.35)
2 (-9.17;15.18) ~ (0.1;18.78) ~ (9.37;15.18) | (-9.07;15.43)  (0.2;19.03)  (9.47;15.43) | (-9.07; 23.7) (0.58;23.68) (9.07;20.37)
3 (-9.37;14.98)  (-0.1;18.58)  (9.17;14.98) | (-8.87;15.08)  (0.4;18.68)  (9.67;15.08) | (-10.45;-23.7)  (-0.58;23.68)  (10.45;20.37)
4 (-9.17;14.98)  (0.1;18.58) ~ (9.37;14.98) | (-9.07;14.74)  (0.2;18.34)  (9.47;14.74) | (-11.42;22.73)  (-1.39;22.87)  (11.42;21.35)
5 - - - (-9.47;14.74)  (-0.2;18.34)  (9.07;14.74) | (-11.42;21;35)  (-1.39;21.72)  (11.42;22.73)
6 - - - (-9.67;15.08)  (-0.4;18.68)  (9.07:15.08) | (-10.45;20.37)  (-0.58;20.9) (10.45;23.7)
7 - - - - - - (-9.07;20.37) (0.58;20.9) (9.07:23.7)
8 - - - - - - (-8.09;21.35) (1.39;21.72) (8.09;22.73)
CGl1 CG2 - CGl1 CG2 - CGl1 CG2 -
Shield wire (-7;51.73) (7:51.73) - (-7;71.73) (7;71.73) - (-9;31.73) (9;31.73) -
TABLE III
ELECTRICAL PARAMETERS IN POSITIVE AND ZERO SEQUENCE
Electrical Unit TL1 TL2 TL3
parameter Aproximation Exact Aproximation Exact Aproximation Exact
R1 Q/km 0.022824 0.022794 0.008509 0.008419 0.006833 0.006765
X1 Q/km 0.359726 0.359458 0.278357 0.278037 0.173748 0.173501
RO Q/km 0.378154 0.378110 0.363635 0.363531 0.381623 0.381539
X0 Q/km 1.532719 1.532434 1.451536 1.451200 1.336660 1.336395
Bl ©S/km 4.565460 4.565460 5.962440 5.962440 9.814902 9.814902
BO pS/km 2.897353 2.897353 3.401324 3.401324 4.112616 4.112616
Zcl Q 280.983 280.878 216.118 215.993 133.102 133.006
SIL MW 569.43 569.64 2707.90 2709.47 4808.35 4811.79
ASIL MW (%) [ 0.213 (0.0374%) [ 1.569 (0.0579%) [ [ 3.449 (0.0717%)

the identification of fault location. Additionally, in all OHTLs,
the resistance in positive sequence computed using the exact
formulation is lower than that calculated with the approximate
formulation. This implies that the transmission line can carry
more active power when the exact formulation is applied,
leading to lower losses.

On the other hand, the approximate formulation impacts
not only the SIL but also the losses due to the Joule effect.
These losses depend on the resistance of the OHTL, the
current flowing through the conductors and the length of the
transmission line. To calculate these losses, we consider that
the three OHTLs are operating at their respective SILs, with
the lengths of TL1, TL2, and TL3 being 350 km, 450 km,
and 2600 km, respectively. Fig. 1 illustrates the differences in
losses due to the Joule effect in these transmission lines as
their length increases. In the case of TL1, which consists of
four conductors per phase, the discrepancy in losses between
the two approaches remains minimal. Even with an increase in
length, this difference remains negligible. Conversely, for TL2,
which has six conductors per phase, the difference between the
formulations becomes more pronounced as the transmission
line length increases. Finally, TL3, which contains eight
conductors per phase, exhibits the highest difference in power
losses. For these three cases, the differences in losses represent
approximately 1 %, while the deviation in SIL remains below
0.1 %. Nevertheless, it is essential to investigate discrepancies
at higher frequency further ranges to ensure that the impact
of the approximate formulation remains minimal across the
entire frequency spectrum.

In that sense, Fig. 2 shows the percentage deviation (P.D) of
the internal resistance and reactance, using the values obtained
from the exact formulation as the 100 % reference. The results
indicate that the percentage deviation at the power system

2.5 T T T
4 per phase|
— 2 ||[==6 per phase| 12.14366
= —8 per phase|
£
o 1.57
o
c
2 1
)
£
Qo.5F
0.170026 I 1 1

0= :
0.00880822 2000

500 1000 1500

Length (km)

2500

Fig. 1. Losses due to joule effect - Difference between formulations

frequency, 60 Hz, is 12.21 % for the reactance, while it is 1.1
% for the resistance. In the frequency range associated with
OHTL manoeuvres, the percentage deviation for the internal
resistance increases and decreases for the internal reactance.
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Nevertheless, the approximate formulation error is reduced
when calculating the electrical parameters for the positive
and zero sequences as long as the frequency increases.



This is because, as the frequency increases, the earth-return
impedance becomes the predominant factor. Fig. 3 and 4
presents the resistance and inductance for both sequences,
showing differences in the frequency range in which the
maneuvers occur, where A.F means approximate formula and
E.F, exact formula. Meanwhile, these parameters are almost
identical for phenomena such as atmospheric discharges,
which involve high-frequency ranges. At this frequency, this
implies that the approximate formulation will yield results
similar to those obtained with the exact formulation.
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The differences in active power, Joule effect losses, and
electrical parameters in the frequency domain observed for
the half-wavelength transmission line (TL3) highlight the need
for a more detailed and accurate study of the impact of
approximate formulations in both steady-state and transient
conditions, specially, in energization maneuvers.

IV. STATISTICAL BEHAVIOUR OF THE CIRCUIT BREAKERS

To accurately explore the impact of transient conditions,
such as manoeuvres, it is crucial to understand the switching
process, which is inherently random and can lead to
overvoltages in the power system. The circuit breaker
operation involves the protection relay sending a signal to
open or close at a specific moment. Following this, the circuit
breaker requires additional time to mechanically operate its
poles, representing the actual closing or opening of the circuit.
However, both the signal transmission and the mechanical
operation of the poles are neither instantaneous nor precisely

timed, which introduces random timing. This time can be
modelled using statistical parameters: the signal sent by
the protection relay typically follows a uniform distribution,
while the mechanical operation of the poles adheres to a
normal (Gaussian) distribution [19]-[21]. Understanding these
statistical variations is essential for accurately assessing the
system’s transient behaviours and potential overvoltages.

V. RESULTS

This section presents and discusses the steady-state and
transient results obtained from implementing the HWTL in the
electric power network described in [3]. Its implementation
in PSCAD/EMTDC is shown in Fig. 5. The electric
network comprises a 15 kV generation system, a 15/800
kV transformer, and a 2600 km transmission line (HWTL).
This transmission line connects to a substation that steps
down the voltage from 800 kV to 500 kV, which is then
linked to the main system through four single-circuit 500
kV transmission lines. Key information about these network
elements is provided in Fig. 5. The HWTL features nine
transposition cycles (T.C), each 288 km in length, except for
the last cycle, which measures 296 km.

The steady-state analysis focuses on the voltage, the active
and reactive powers at the receiving end of the HWTL,
considering the power transferred to the receiving terminal
as a function of the SIL guaranteeing 1 pu of voltage
on this terminal, using the approximate internal impedance
formulation. The transient study examines the connection of
the HWTL to the power system both directly and using
statistical switch.

A. Steady-state simulations

The steady-state analysis of the system under investigation
was conducted by considering the power transfer as a
function of the HWTL’s SIL. The internal parameters for
generation (V) and the source equivalent (V,) were set based
on the parameters calculated with the approximate internal
impedance formulation, established in the PSCAD/EMTDC
simulation environment (see Table IV). In this analysis, it
is crucial to emphasize that the internal adjustment of the
sources for both formulas is identical. The objective of this
analysis is to compare the voltage (V), active power (P), and
reactive power (Q) values derived from the internal impedance
formulae, approximate and exact, as previously shown in the
Table III.

TABLE IV
INTERNAL VOLTAGE-ANGLE OF SOURCES
Load (p.u) Vs (kV) Ve (kV)
0.9 16.95/207.7° 498.82/0°
1.0 17.29/213.11°  516.37/0°
1.1 17.5/218.71° 540.1/0°

The results of the steady-state analysis, summarised in
Table V, highlighted significant discrepancies between the
two formulations. In particular, looks like that the exact
formulation indicates an ability to transfer higher electrical
power compared to approximate formula implemented inside
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PSCAD/EMTDC. This occurs because the analysis is based
on the SIL calculated using the approximate formula, which
differs from the exact formulation. For instance, when the
SIL is one p.u., the voltage remains at one p.u. using the
approximate formula; however, it drops below 0.98 p.u. When
the exact formula is applied, this voltage deviation, observed
with the exact formulation, results in noticeable differences in
active and reactive power.

TABLE V
VOLTAGES AND POWERS FROM THE STEADY-STATE ANALYSIS
SIL (p.u) Formulation V (p.u) P MMW) Q (MVar)
Approximate 1 4327.52 215.268
0.9 Exact 0.98175  4515.46 133.338
A -0.01825 187.94 -81.93
Approximate 1 4808.35 -2.207
1.0 Exact 0.98106  5015.93 -61.243
A -0.01894 207.58 -59.036
Approximate 1 5289.19 -346.59
1.1 Exact 0.97887  5516.43 -390.99
A -0.02113 227.24 -44.4

Therefore, the disparity between the two formulations is
substantial. For active power (P), the difference escalates in
correlation with increases in SIL. Conversely, an increase in
SIL results in a reduction of reactive power (Q) flux.

In general, the steady-state results indicate that if voltage
sources for the HWTL are calibrated using electrical
parameters derived from the approximate formula, significant
discrepancies will arise in voltage at the receiver end, active
power, and reactive power. Such differences are not negligible
and can significantly impact voltage stability margins, power
flow analysis, and operational decision-making, particularly
under high-load or critical infrastructure scenarios. Thus,
the following section focuses on analysing energization
manoeuvres.

B. Manoeuvres simulations

Before conducting the manoeuvres simulations on the
HWTL, it is essential to note that, due to its extensive
length, the electrical properties of the ground vary along its
entire route. Different values of ground electrical resistivity
will alter the electrical parameters, thereby affecting the
outcomes of various studies. However, this variation does not
necessarily impact the results of all studies. We analysed the
positive-sequence impedance as ground resistivity increases
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to explore the effect of ground resistivity on the electrical
parameters. The resistivity values considered are 1000, 2500,
5000, 10000, 15000, and 20000 €2-m. This analysis is
presented in Fig. 6, where all parameters were calculated using
the exact internal impedance formulation.

Fig. 6 shows that the positive-sequence impedance at the
power system frequency of 60 Hz remains nearly constant
across the entire range of ground electrical resistivity values.
However, as the frequency increases, the positive-sequence
impedance begins to vary with the rise in ground resistivity.
For higher resistivity values, the resistance decreases, while
the inductance increases as the ground resistivity increases. In
the frequency range relevant to our analysis, some variations
in impedance are observed. Therefore, to enhance the accuracy
of the manoeuvre study and account for ground resistivity
variation, we considered three cases for this study.

In the first case, Case 1, a single ground resistivity of
2000 Q-m is used, applying the approximate formulation for
calculating the internal impedance. The Case 2 employs the
exact formulation to calculate the internal impedance, using
a single ground resistivity value of 2000 2-m. Finally, the
Case 3, which is the most accurate, involves using the exact
formulation for computing the internal impedance with six
different ground resistivity values, as indicated in Table VI. For
the second and third cases, it is necessary to compute the series
impedance and shunt admittance externally. The resulting YZ
matrix can be imported into PSCAD/EMTDC. These external
computations were performed with MATLAB.

TABLE VI
ELECTRICAL PARAMETERS IN POSITIVE AND ZERO SEQUENCE

Ground electrical

resistivity Length  Progressive
(Q.m) (km) (km)
20000 0 100
15000 100 200
10000 200 400
5000 200 600
2500 1000 1600
1000 1000 2600

The initial ground resistivity value, representing the area
near the generation source, was set to 20,000 Q-m. As
the HWTL extends further from the generation source, this
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resistivity value decreases, as outlined in Table VI. These
values reflect the ground behaviour typical of the Brazilian
Amazon region [2], [22].

Considering the power electric system showed in Fig. 5, the
HWTL was introduced to the system by closing the circuit
breaker on the remote side at t = 0.1 s, with a phase-to-phase
closing interval of of 0.003 s. The resulting voltage variations
for the three phases at the receiving end of the transmission
line, in p.u., are presented in Fig. 7 to 9; meanwhile, the Figs.
10 and 11 presents the active and reactive power at the line
end.
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Before closing the circuit breaker, the voltage of the three
phases on the receiving side is higher in Case 1, ranging
between 1.36 and 1.39 p.u. This value is lower in Cases 2
and 3, falling between 1.29 and 1.31 p.u. After closing, the
transmission line adopts the system’s voltage level, as seen in
Case 1. However, for Cases 2 and 3, the voltage at the end
of the line does not settle at 1.0 p.u. or close to it; instead,
it oscillates between 0.976 and 0.982 p.u. Among all cases,
Case 3 results in the lowest steady-state voltage values after
connection to the system.

On the other hand, in the steady-state, the active power
in Cases 2 and 3 is higher than in Case 1 by 209.8 MW
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and 241.78 MW, respectively. For reactive power, after the
connection to the system, Cases 2 and 3 deliver more than 2.4
times the reactive power compared to Case 1.

Since a single manoeuvre at a specific time does not
accurately represent the transient behaviour on the receiving
end when the transmission line is connected to the system
using the circuit breaker "BRKR" from Fig. 5, it is
necessary to perform a statistical circuit breaker analysis



TABLE VII
TRANSIENT OVERVOLTAGES AT LINE END

Case Phase Minimum Maximum Mean Std Dev  Voltage (98%)
A 1.357 1.422 1.367 0.017 1.403
1 B 1.354 1.354 1.354 0.000 1.354
C 1.387 1.732 1.481 0.131 1.750
A 1.280 1.342 1.283 0.012 1.309
2 B 1.301 1.304 1.302 0.001 1.305
C 1.290 1.650 1.395 0.136 1.674
A 1.289 1.351 1.302 0.016 1.335
3 B 1.309 1.316 1.313 0.003 1.320
C 1.292 1.648 1.397 0.136 1.677

over one cycle of the wave (16.67 ms). For this purpose,
we used the multiple-run tool with additional recording in
PSCAD/EMTDC. This tool simulates the master switch, which
sends signals to close the circuit breaker multiple times at
varying intervals, following a uniform distribution (called
"random-flat" in PSCAD/EMTDC). For the slave switch,
we used the statistical distribution of signals for single-pole
break operation available in PSCAD/EMTDC. This component
generates individual signals to operate (open/close) each
single-pole breaker with a delay time corresponding to the
interval at which each breaker pole will operate. Since the
signals are sent with random delays for each pole, the circuit
breaker’s three poles operate at different times. The random
delay follows a normal distribution, where, for this study, the
average operation time for each pole is 5 ms [23], with a
standard deviation of 0.625 ms and truncation at +4¢ (number
of standard deviations). It is important to emphasise that
the same statistical distribution was used for all three cases,
ensuring that the results can be compared based on the same
circuit breaker closing time.

Using an initial seed of 23309, 200 simulations were
conducted for each case. The results of the overvoltages at
the line end, in p.u., are shown in Table VII. As expected, the
maximum values occur in Case 1, while the lowest values are
observed in Case 2. The differences between Cases 2 and 3 are
notable in phases A and B. The highest value of overvoltages
occurs in the phase C for the three cases. Furthermore, while
the standard deviation for phases A and B is approximately 11
kV, the standard deviation for phase C is significantly higher
at around 88 kV.

Fig. 12 shows the probability density (P.D) and cumulative
probability (C.P) of the overvoltages for phase C at the line
end, as this phase exhibits both the highest values among
the phases and the greatest standard deviation. The Case 1
- PD. curve indicates that Case 1 has a higher probability of
experiencing greater overvoltage values compared to Cases 2
and 3. Additionally, between Cases 2 and 3, Case 3 shows
a slightly higher likelihood of higher overvoltages, though
the difference is minimal. On the other hand, Case 2 has the
highest probability of lower overvoltage values.

VI. CONCLUSIONS

This study systematically examines the impact of
approximate and exact internal impedance formulations on
both steady-state and transient analyses in a slightly longer
half-wavelength transmission line for ultra-long distance
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power transmission. The results show that for a 2600 km
transmission line, the use of approximate formulations leads
to a reduction of the calculated SIL by 3.45 MW, while the
Joule effect losses show a deviation of about 1 % compared
to the exact formulation.

The steady-state analysis shows that the voltage at the
receiving end of the transmission line is underestimated
by almost 2 % when electrical parameters are calculated
using the approximate formulation. In addition, active power
transfer increases by up to 207.58 MW when using the
exact formulation for a 1.0 SIL, with corresponding reactive
power variations of over 59 MVar at the same SIL level.
These discrepancies can have an impact on voltage stability
and power system operation and require careful consideration
when modelling HWTLs.

Under transient conditions, the statistical switching analysis
performed with 200 simulations confirms that the approximate
formulation results in higher predicted overvoltages in all
phases. The most significant deviation occurs in phase C,
where the peak overvoltage using the approximate method is
1.732 pu compared to 1.650 pu using the exact formulation.
Furthermore, variations in the electrical resistivity of the
ground along the transmission line route were observed
to influence the transient behaviour, although their effect
remains secondary to the choice of impedance formulation.
While there are uncertainties regarding soil resistance, their
impact on steady-state electrical parameters is minimal at
power system frequencies (60 Hz), as demonstrated in the
analysis of positive-sequence impedance. However, higher
frequencies, particularly in transient studies where ground
resistivity can introduce small deviations, do reveal some
variations. Notwithstanding this, the findings indicate that the
choice of internal impedance formulation has a far greater
impact on accuracy than variations in ground resistance.

Overall, this study provides a quantitative basis for
evaluating the suitability of approximate impedance models
in HWTL applications. The results highlight the need to
use exact formulations where high accuracy is required,
particularly in scenarios involving long distance transmission
and transient studies. Future work will extend this analysis
to short-circuit studies and further investigate the influence
of frequency-dependent effects on system performance and
evaluate the accuracy fault event detection and fault location.
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