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Abstract

When alternating current power transmission lines exceed a certain length,
the electrical parameters become highly dependent on distance and frequency.
Under these conditions, the lines behave like electromagnetic waveguides,
generating significant capacitive and inductive effects. The propagation of
these waves leads to phenomena such as no-load overvoltages Ferranti effect,
reactive power losses, harmonic currents in the neutral conductor, trans-
former saturation, and nuisance tripping of protection systems. These disturb-
ances can also affect electronic control circuits and, to a lesser extent, pose
health risks to workers exposed to intense electromagnetic fields, this aspect is
considered outside the scope of the analysis of this article. Controlling these
phenomena is crucial for maintaining the quality and stability of the transmit-
ted power, which poses a significant challenge for modern electrical grids. The
objective of this work is to simulate and study the consequences of electro-
magnetic wave propagation in a long-distance, high-voltage alternating cur-
rent transmission line and to propose strategies for reducing no-load overvolt-
ages. To this end, two complementary approaches are investigated, an analyt-
ical approach based on classical telegraph equations, derived from Maxwell’s
equations, and a numerical approach based on the FDTD method, widely used
to solve nonlinear transient phenomena. The long-distance, high-voltage AC
transmission line was modelled by an equivalent passive two-port network,
while Kirchhoff’s laws and Ohm’s law were used to optimise the representa-
tion of disturbances. The distributed insertion of series capacitors and shunt
inductors was also studied as a solution for reducing capacitive current. The
two-dimensional simulations performed show that the analytical and numer-
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ical approaches used provide consistent and satisfactory results, allowing for a
better understanding and prediction of the occurrence of overvoltages over
long distances.
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1. Introduction

Electrical energy is a key driver of economic and social development, as it is gen-
erated, transmitted, and distributed to consumption centres via complex networks
[1]-[3]. In most countries, high-voltage power is transmitted using alternating
current (AC), although high-voltage direct current (HVDC) lines are experienc-
ing significant growth due to their low losses over very long distances [4]-[7].
Overhead high-voltage lines are generally made of aluminium alloy conductors
supported by pylons or poles made of steel, concrete, or composite materials [8]-
[10].

They are subject to the same constraints as conventional lines, including ther-
mal limits, voltage drop, voltage stability, and the management of active and re-
active power [11]-[13]. Since the 1960s, some lines have been operated at voltages
above 765 kV, which has significantly increased their transmission capacity [14]-
[16]. Although HVDC systems reduce line losses, their use is sometimes limited
by the absence of DC transformers and the complexity of converter stations [17]-
[18]. In contrast, HVDC lines remain widely used due to their flexibility, voltage
transformation capacity, and compatibility with existing infrastructure [18]-[20].

However, when the length of a line exceeds a certain threshold (/> 250 km),
electromagnetic phenomena become predominant: electrical quantities are highly
dependent on distance and frequency, making purely analytical approaches diffi-
cult [21] [22]. Long lines then behave like distributed structures where significant
capacitive and inductive effects appear, which can cause no-load overvoltages (or
the Ferranti effect), reactive power losses, harmonic currents in the neutral, trans-
former saturation, and nuisance protection tripping [23]-[25]. These disturbances
can affect network performance, cause dangerous transients, and disrupt sensitive
electronic circuits [26] [27].

In this context, understanding and modeling electromagnetic phenomena in
long-distance high-voltage AC transmission lines is crucial for the stability of
modern networks. Analytical methods based on telegraph equations are effective
for lines of moderate length but become difficult to apply when wave propagation
must be taken into account [28]. Conversely, numerical methods such as Finite-
Difference Time-Domain (FDTD) allow for the solution of Maxwell’s equations

in complex transient regimes, including for very long lines.
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This article addresses this issue and aims to study, through simulation, the ef-
fects of electromagnetic waves in a long-distance high-voltage AC transmission
line. Two complementary approaches are used:

1) The analytical approach, based on telegraph equations and the equivalent
two-port network model;

2) A numerical approach, based on the FDTD method, is used to solve Max-
well’s equations in the time domain.

Furthermore, solutions such as the distributed addition of series capacitors and
shunt inductors are analysed to reduce no-load overvoltages and optimise the
quality of the transmitted power. The resulting 2D simulations demonstrate that
the models and tools used allow for the accurate evaluation of the phenomena

under study and guide technical choices regarding disturbance mitigation.

2. Methods

A simulation study of the consequences of electromagnetic waves on a long-dis-
tance AC power transmission line can be carried out using several methods. This
article explores two methods, analytical and numerical. The first method relies on
Mazxwell’s equations, which study electromagnetic fields and their interactions
[21]-[23]. In their differential form, these equations describe the sources (charges
and currents) and the evolution of the electric ( E ) and magnetic ( B ) fields [24]-
[27]. The second method relies on telegraph equations, solved using the FDTD
method, to predict this phenomenon. The passive two-port network model was
chosen and used to model the long-distance EHV line. Kirchhoff's laws and
Ohm’s law were also used to optimise these disturbances. Appropriately distrib-
uted series capacitors and shunt inductors can be used along the EHV line to re-

duce the capacitive current.

2.1. Modeling of the High Voltage Power Line

Power line modeling allows us to represent their expected electrical behaviour.
The main modeling method is based on a system of two partial differential equa-
tions that describe the evolution of voltage and current on a power line as a func-
tion of distance and time. Two methods, with completely distinct foundations, are
used:
o Field theory, developed from Maxwell’s equations [23], is rigorous but not al-
ways easy to apply and allows us to establish the second theory (circuit theory).
e Circuit theory: modeling propagation along the line by constructing an equiv-
alent circuit (inductors, capacitors, resistors), the analysis of which is simple.
In this article, we will limit ourselves to field theory. Indeed, field theory, devel-
oped from Maxwell’s equations [27], is rigorous but not always easy to apply and
allows us to establish the second theory (circuit theory). At any point in space,
which is not located on a surface separating two media, that is, in a linear, homo-
geneous, and isotropic (LHI) medium, Maxwell’s general equations specify that
[28]:
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oB (t, r)
VxE(t,r)=—- 1
(tr)=-——2 M
OE (¢,
vXH(z,r)=J(t,r)+go% @)
V-D(t,r)=p(t,r) (3)
V-B(t,r)=0 (4)
The basic variables of these equations are:
B : Magnetic induction (T);
H : Magnetic field strength (A/m);
D : Electric flux density (C/m?);
E : Electric field density (V/m);
J : Electric current density (A/m?);
p : Electric charge density (C/m?).
With:
B=uH (5)
D=¢E (6)
J=cE (7)
and:

1 : Magnetic permeability in Tm?/A;

¢: Electrical permeability in Cm™/V;

o : Electrical conductivity.

In this form, called local or differential, Maxwell’s equations express relation-
ships between spatial variations of certain fields and temporal variations of other
fields [26] [27].

In a vacuum:
B(t,r) = ,uOH(t,r) (8)
D(t,r) = SOE(t,I") 9)

Then Maxwell’s equations become [26] [27]:

VxH(t,r)=¢, —GE(t,r) (10)
ot

V-H(t,r)=0 (11)

V-B(t,r)=0 (12)

The differential operator nabla "V " is used to express the curl operation
V x=rot and the divergence operation V -=div.Maxwell’s equations can also
be expressed in “global form” as follows [26] [27]:

GB(t,r)

¢ E(t,r)dl :—LanA (13)
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gSCH(t,r)dl=—Ln(%+J(t,r)}dA (14)

After integrating Equations (13) and (14), using the divergence theorem, the
two Equations (4) and (6) then become [26] [27]:

¢ nD(t,r)dd = p(t,r)d4 (15)
[ nB(t,r)d4=0 (16)

The boundary conditions for the fields are [26] [27]:
nx|E, (t,r)-E (t,r)]=0 (17)
nx[H,(t,r)-H,(t,r)] = js (18)
nx[ D, (t,r)=D,(t.,r)]= ps (19)
nx| B (t,r)-B,(t,r)]=0 (20)

or:

n: is the normal to the separation surface, going from medium 2 to medium 1I;

Js: is the surface current density in (A/m?);

Py : is the surface charge density in (C/m?).

Modeling of High-Voltage AC Power Lines

The 7 modeling of power lines (see Figure 1 below) allows us to represent their
expected electrical behaviour. It is based on telegraphers’ equations [28]-[30]. This
model provides accurate results within a certain range of assumptions corre-
sponding to its use; these are black boxes (four-pole models) for which the notion
of representing the physical reality of the phenomena disappears, and only the
data-results relationship matters. Models used for the design and operation of net-
works fall into this category. Their limited use leads to simpler models requiring less
computing power. Consequently, they are more easily integrated into large simula-
tion suites that allow us to discover a wide range of phenomena [31].

A portion of a power line can be represented by the four-terminal network in
Figure 2 below, where [31]-[35]:

o The linear resistance (per unit length) R of the conductor is represented by a
series resistance (expressed in ohms per unit length).
e The linear inductance L is represented by an inductance (Henry per unit

length).

R — c——
U, P

Figure 1. Simplified model of a high-voltage power line [28]-[30].
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Rdx Ldx
Gdx T Cdx

©

Figure 2. Two-port network model of a high-voltage power line [36]-[40].

e Thelinear capacitance Cbetween the two conductors is represented by a shunt
capacitor C (Farad per unit length).

e The linear conductance G of the dielectric medium separating the two con-
ductors is represented by a shunt resistance (Siemens per unit length). The
resistance in this model has a value of 1/ G Ohms.

In this model, the voltage at any point a distance x from the beginning of the
line is defined, and at any time ¢ the voltage U (x,7) and the current 7(x,z) are

defined. The equations can be written [36]-[40]:

U ety =2 X (et) = RE ()
Ox ot
ol ou 21)

a(x,z) = —Cg(x,t)— GU (x,1)

From the formulation above, we can derive two partial differential equations,

each involving only one variable [36]-[40]:

2 2
Y (wi)=1LC ‘38 [(2](x,t)+(RC+GL)aa—(t](x,t)JrGRU(x,t)

N : (22)
o o ol

7(x,t) = LCa7(x,t)+(RC+ GL) (x,t) + GRI(x,t)

>

High-Voltage Line Parameters

The calculation of the electrical parameters used for modelling is based on Max-
well’s equations. The model with a single Pi section is only valid for low frequen-
cies and short power lines; otherwise, several Pi sections must be connected in
series [34]-[37].

1) Resistance model

Starting from the local Ohm’s law in local form [40]:

j=0E (23)

or:
J : Current density (A/m?);
& : Electrical conductivity (Q7');
E : Electric field strength (V/m).
The resistance of conductors depends on temperature and frequencys it is de-
fined by [39]-[40]:
/

r=_L Pl (24)
GS =

The resistivity of a material increases with temperature according to the follow-

DOI: 10.4236/0japps.2026.161009

120 Open Journal of Applied Sciences


https://doi.org/10.4236/ojapps.2026.161009

A. B. S. Nzao, M. H. Christian

A\ 8%

ing law.
p=p,(1+ahi) (25)

or:
o : The coefficient of thermal expansion;
At: The temperature change in °C;
p,: is the resistivity of the conductor at 20°C (Qm).

1+ aAr)l
p o Po(l+ad) 26)
A

2) Inductance Model

A conductor carrying a varying current “/” generates a magnetic flux “¢”. The
variation of this flux is the cause of the appearance of induced voltage. To account
for these effects, the linear inductance of a conductor alone is defined as follows
[36]-[40]:

L:Q:&(ln%+Lj (27)
I 4

With: A(m): height of the line relative to the ground. D(mm): diameter of the
conductor. n: Number of conductors in the bundle [36]-[40].

3) Capacitance Model

The electric field established between the line and ground is the cause of the
appearance of capacitive current (leakage current). To account for these effects,
capacitance is defined as follows [36]-[40]:

2
C:g:n_g) (28)
V' =
h

where: Cis the line capacity in Farads; Qis the electrical charge carried by the line

in Coulombs; and vis the line voltage in kV.

2.2. Simplified Models of AC HV Lines with Uniformly Distributed
Constants

In electrical engineering, each electrical circuit can be represented as a four-ter-
minal network, for which the constants A, B, C, and D, which link the input and

output parameters, must be mathematically determined (see Figure 3) [36].

=
\ &

A

Figure 3. Power line represented by a two-port network [41]-[44].
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From Figure 3 associated with the theory of two-port networks, the general
equations are [45] [46]:

V, = AV, +BI, (29)

I, =CV,+DI, (30)

The constants 4, B, C, and D depend on the electrical parameters of the line

and are generally complex numbers. These equations in matrix form can be writ-

U } :[g fjm (31)

The validity of Equations (29), (30) is based on the possibility of representing

ten as follows [45]:

the transport line by a linear, passive and bilateral network, which imposes [46]:
AD—-BC =1 (32)

On the other hand, we can write [45] [46]:
{Vl =V, +2I,

33
ol (33)

Starting from Equations (29)-(33), we derive the values of the constants A, B,
G, and D from the line considered [45] [46].

1
z
0 (34)
1

SO %
Il

m :B ﬂ{ﬂ (35)

The  model stipulates that the capacitance of the line is divided into two parts,

Hence:

(J2 each, which are connected to the two ends of the line, while the resistance and
inductive reactance (series impedance of the line) of the line are totally concentrated

in the center of the line as shown in the electrical diagram below Figure 4 [47]-[49].

X B
Il A I R IZ
Lac Ibe
Vi L C/ e V2
C D

Figure 4. The m model of a long-distance AC high-voltage line [47]-[49].
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From the electrical model in Figure 4, by applying Kirchhoff’s current law at
current node “A”, the current /flowing through branch “AC” is therefore of the
form [49]:

[:[2+Ibd:[2+§V2 (35)

The source voltage is modeled by the following relationship [47]-[49]:
Vi=V,+Z-1 (36)

It can be shown from Figure 4 that [48]:
ZY
Vl=[l+7JV2+Z'12 (37)
The current source is given by the following Equation (38):
Y
I]:I+ch:I+EV, (38)

or:

4 :(H%)Vz +Z1I,

I, = Y(1+QJV2 +[1+£Jl2
4 2

In matrix notation, Equation (39) can be written as follows [48] [49]:

M_ y( ZY) (Hﬁj H {c DM

I+—
4 2

(38)

Also, the constants A, B, C, and D of the network of an electrical line in the

model are deduced from the following expression (41) [49]:

A:D:(Hz]
2
B=7 (41)

C=Y(1+£)
2

Let the uniformly distributed constants of line [50] be denoted by R: resistance
in (Q); L: inductance in (H); G: conductance in (Q™'), and C capacitance of one
phase in (uF). We define Z (impedance) and Y (admittance) by the system of
Equations (42) following [51].

{Z:R+ﬂw (42)

Y=G+ jCaw

The operating equations of the lines with uniformly distributed constants char-
acterising V; and 7 at the input of the AC HV line, established from the solution
of Equations (21) and (22), are then given by the expressions (43), (44) [51]:
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V.=V, -cosha+Z,sinha-1, (43)

|
I, =V, -Z—-s1nha+12 -cosha (44)
0

If we consider that:

a=~Z-Y-I (45)

Z
Z, = \/; (46)

And, as we know that, cosh® a—sinh’ a =1, Equations (43) and (44) satisfy the
passive two-port network equation.

For the transmission of electrical energy over very long distances, the Joule ef-
fect must be minimised, and consequently, the ohmic resistance (R) and conduct-
ance (G) are extremely low and negligible compared to (/Lw and jCw). Further-
more, all high-voltage lines are constructed with a surface potential gradient of
the conductors well below the critical gradient in order to reduce losses due to the
corona effect. Lateral losses in the insulators are also negligible. In short, we can
write [45].

{Z = jLlow (47)
Y=jCw

Taking into account these relationships, the quantity (a) defined by Equation

(45), we therefore find:

a=joNL-C-l (48)
Furthermore, the approximate models of expressions (27-28) are respectively
[39] [40]:
S Yo
L=2In| — 107 in H/km (49)
a

If we neglect the internal flux of the cables.
-6

10
C= 5 in F/km (50)
181n(,j
a

In these expressions, (a) is the fictitious equivalent radius of a beam of (22) con-

o 2 n—1
a'=r n[zrj (51)

ductors and (a) is given by:

or:

r. is the outer radius of the cable used in mm, $ is the equivalent phase spacing
in mm, and D is the conductor diameter in mm.

This phase spacing can be determined by [39] [40] [45]:

S =48, S5 Sy (52)

Multiplying terms (49-50) gives the value of 3.10°, which is close to the numer-
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ical value of the speed of light and, given the units used, is indeed (¢) the speed of
light.

1
L.C=— —
(3X105)Z (53)

Under these conditions (48) is transformed as follows:
a= '-2n~f(l)-l— QTCL— ’2111 (54)
/ c / c: f / A

where (1) is the wavelength of the sinusoidal alternating current, which, if £= 50
hertz, is 300,000 + 50 = 6000 km. Therefore, we finally have:

a=j-2n (55)

6000

According to [45], complex hyperbolic equations possess the mathematical

property of equivalence with ordinary trigonometric functions given by:
cosh jx =cosx (56)
sinh jx = jsinx (57)
2.3. Modelling of No-Load Overvoltage Induced by

Electromagnetic Fields (EMFs)—Capacitive
and Inductive Effects

Taking into account expressions (43-44) and Equations (55)-(57), the simplified
form of equations (43-44) is:

/ /
V.=V, -cos| 2w +1,-jZ, sin| 2w 58
e ( 6000) 2% ( 6000) (58)
N / /
1, =V, j-—sin| 2n—— |+, -cos| 2n—— (59)
Z, 6000 6000

For a high-voltage AC line operating at no load, 4 = 0 and Equation (58) be-

comes:

V,=V,-cos2n (60)

000

Equation (60) shows that, for (/) equal to 1000 km, the voltage at the end of
the AC HV line is twice that of the input:

v, =2, (61)

When alternating current power transmission lines exceed a certain length, as
shown in Equation (60), they become sensitive to distance and frequency, gener-
ating electromagnetic waves. These waves are the basis of capacitive and inductive
effects that can cause high no-load overvoltages of almost 200%.

For (7 ) reaching a quarter-wavelength, 7.e., 1500 km, the overvoltage is infinite.
For (/) exceeding a quarter-wavelength, the overvoltages along the line take on

excessive values when the line is unloaded [45]-[57].
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2.4. Compensation Model for High Voltage AC Lines Subject to
High No-Load Overvoltage

Assume that the series capacitor C; is inserted at the end of the line and that the

resulting situation is that defined by the following Figure 5 [45]:

Ci
Il 12
s s | |

A A | I A

V1 Vl V2

Figure 5. Insertion of a serial capacitor C at the end of a line segment considered in (n)
segments. [45]-[58].

The vector equations relating to Figure 5 are:

V,=AV'+BI, (62)
1, =CV'+DI, (63)

I
V'=V,-j—- 64
2 ]CICO (64)

By eliminating y’ we have:
V.=A-V,+B,-1, (65)
1,=C-V,+D,-I, (66)
or:

A
B =B-j— 67
1 ]Clw (67)

Cc
D =D-j— 68
1 ]Clw (68)

Equations (65) and (66) obviously satisfy expressions (29)-(30). Let us adopt

the following simplified expressions as equations of the lines:

A=D= cos(2n ! j (69)
6000
B=j-Z -sin| 2w ! (70)
J %0 6000
N /
C =]—~sm(2rc j (71)
Z, 6000

For very long lines, the capacitive current is significant. It causes overvoltages

(see Equation (60)), which can be excessive, and it is necessary to cancel this ca-
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pacitive current completely or partially. An insertion (or several suitably distrib-
uted along the line) of a shunt reactance can serve this purpose. Suppose we in-
troduce a shunt reactance Xat the incoming end of the line in Figure 5, where the
capacitor C; is inserted. The resulting situation will be that of Figure 6 below,

allowing us to deduce the vector equation below:
D,
I, = AV, + D, Luz’ = C+—=L|V,+D]I; (72)
JX JX

The presence of the shunt reactance in Figure 6 allows the HTAC line to be
artificially transformed into a DC connection, with A being negligible. This results
in compensation of the capacitive current Z,, provided the line is not compensated
at 100%. Consequently, at no load, I, =0, and the overvoltage at the end of the
line is therefore reduced (see Equation (73)).

I Iz I’
— > — 5 —2 5

I
I
1

L
Gw I
Vi X% l * Va

Figure 6. Insertion of a shunt reactance X at the end of a line (or line segments).

I = (m%jr@ (73)
J.

Therefore, the capacitive current of the line, equal to C-V,, is reduced and
could even become inductively reactive, which is not desirable. For a long line, the
introduction of a shunt reactance produces an overly abrupt concentrated effect,
and it is more appropriate to distribute the insertions of shunt reactances and se-
ries capacitors evenly along the line. Consider a line of length (Z) divided into ()

equal segments. Let (d) be the length of a segment. We have [29]:
l=n-d (74)

In a practical implementation, the intersection points could be determined in a
mandatory manner:

e Presence of an electrical power supply station. The intersection of the reac-
tances and capacitors should preferably be made at such a location because it
is under surveillance, and the connection would also be less expensive.

e Geographical (topographical) impossibility of easily accessing the theoretical
intersection point. For example, a river crossing at that location or the pres-
ence of a mountain that is difficult to access.

e Favourable location for accessing such a point due to the presence of a road,

railway, or navigable river.
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If this is the case, Equation (74) will be replaced by the following expression
(75):
l=d +d,=d;+-+d, (75)
To illustrate our ideas, we will consider the simple case of dividing the line into
(n) equal segments. For segment (1)-(2) we have:
V,= AV, + B, (76)
And,
I, =CV,+D]I, (77)

And the insertion node of the shunt reactance X; we have:

v,

I =I +—2%~ 78
2= bty (78)
Following the same reasoning, for the segment (2)-(3), we have:
V,=AV,+B,I, (79)
and,
I, =GV, + DI, (80)

Substituting V7, and I, into Equations (76) and (77) with their expressions,

we obtain the following results after grouping:

AB B!
V,=| A +—L+BC |-V, +| AB+——+BD, |I,=A"-V,+B'L, (81)

JX JX

and similarly, 7, isequal to:

I, =C'V,+ D', (82)
The next node at the end of the second segment is another reactance X, and we
proceed in the same way as before. Finally, the various A4, B, C, and D coefficients
can be obtained from the algorithms shown in Table 1 below, clearly illustrating

the general law governing the formation of the A4, B, C, and D coefficients of the

two-port network.

Table 1. Coefficients of the various equations as a function of the number of segments.

Segments A B C D

1-2

2-3

3 4 A B1 C Dl

4-5
AB 2 AD, BD

1-4() A+ - 1-i-BIC ABI+I.;7]+BlD1 AC+ . lJrCD[ BIC+%+D12
fF X J X
B BB’ AD' BD

140) AA'+——+B'C A'B +=—+B'D, AC'+——+CD"  BC'+——+DD
J J JY J

150" Ay+4B+BQj ma+%B+BTq AU+AP-HIY &@+B$)+QD”
iz iz iz J
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2.5. Numerical Model of the EHV or HV AC Power Line

Obtaining the recurrence model for a high-voltage AC line segmented into n
segments using the finite difference method relies on discretising the telegra-
pher’s equations and applying an iterative four-pole formalism. The continu-
ous transmission line is governed by the telegrapher’s equations in the steady

state (frequency £ angular frequency w), as a function of the position x along

the line:
r(x) ~Z-1(x) (83)
%: Y (x) (84)

where Z =R+ joL is the series impedance per unit length, and Y =G+ joC
is the parallel admittance per unit length.

For a segment of length Ax = L/n, we approximate the derivatives at the dis-
cretisation points kand k+1 (where &k varies from 0 to n— 1):

Vk+1 —

v, . . .
Voltage: £ ~-Z-I, (oramore precise centered approximation)

I, -1 . .
Current: % ~-Y-V,,, (oranother approximation)

Modeling a segment (Elementary Quadripole)
The use of the chain of transfer matrices (ABCD or transmission matrices),

where the total matrix 7,

=T -T,---T,, links the input parameters (V;,/,) to
the output parameters (V,,,,/,,,) via a recursive relation between each segment
where, each segment 7 (length Ax) is represented by a transmission matrix 7;, the

input parameters ( 7, /,) and output parameters (V,,,,/,,, ) are linked by the fol-

V[ _ . V;H
(o))

Recurrence relation for n segments

lowing relation (85):

The complete line is a cascade of n transmission matrices 7. If the segments

are identical (7; =7 for all J), the total matrix is:

T,

tatol

=T,-T,--T,=T" (86)

The overall input/output relationship becomes:

V] Vn+] Vn+l n Vn+]
:T;utol' :T{T'ZT;« =T (87)
11 In+l ]n+1 I,H]

The recurrence model allows us to calculate the state of the row at any point by

iteratively applying the matrix 7'based on the initial or final conditions. We note

A B
Tn — (Cnl Dn—l \J (88)

n—1 n—1

that the matrix 7" equals:

Substituting expression (88) into Equation (87), we find:
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Vl — An—l Bn—l Vn+l (89)
11 Cnfl anl [n+1
From model (89), we can deduce the recurrence model for an HT AC line seg-

mented into 12 segments.

=4,V +B_-1,, (90)

1,=C, -V

n+l

+Dn—1 '1n+l (91)

The coefficients 4, , and C,, define the no-load overvoltage at the end of
the line, while B, , and D

n-1

define the capacitive current.

3. Simulation Results

The main limitation in the analytical solution of the two-port network model ap-
plied to long-distance extra-high-voltage (EHV) lines lies in the complexity of the
mathematical expressions involved. Indeed, the distributed representation of the
line leads to equations involving hyperbolic functions (sinh, cosh), which become
difficult to manipulate when the length exceeds a certain threshold, generally
greater than 250 km. In this case, the electrical quantities exhibit a strong depend-
ence on distance and frequency, further complicating any attempt at an analytical
solution, particularly for asymmetrical configurations or when the line parameters
are not constant.

This difficulty is also encountered in the calculation of compensation parame-
ters, which vary directly with the number of segments considered in the model.
Thus, in transient conditions, the use of a numerical solution becomes necessary,
given that the analytical solution often becomes impractical or even nonexistent.

To achieve this, a numerical approach was chosen in this study, offering a more
robust and suitable method for simulating the dynamic behaviour of long-dis-
tance EHV lines.

Our major contribution in this study is to present a numerical method for the
dynamics of an EHV line, regardless of its length, to provide insight into its be-
haviour under overvoltage at the line’s end, capacitive current in response to series
capacitance compensation, and shunt reactance. The numerical method used in
this study is based on Equations (72), (83), and (84) and the algorithms in Table
1. These equations are then solved using a MATLAB program. However, this ap-
proach will be validated by comparing the analytical results obtained from models
(76)-(82).

3.1. Declaration of Characteristic Parameters of the AC EHV Line

¢ Line voltage: length U= 400 kV;

e Line length /= 1200 km;

e Line inductance L = 0.292 H/km;

e Line capacitance C= 3.58 x 10~° F/km;

e Characteristic line impedance 2, = 286 ().
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3.2. Results of the Analytical Approach

1) Parameters (A, B, Cand D) of the Two-Port Network
The parameters of (4, B, Cand D) of the four-terminal network modelling the
AC high-voltage line in our study for the 3 scenarios are presented in Tables 2-4

below:

Table 2. Coefficients of the various equations as a function of the number of segments
(Scenario 1: Case of nn = 4 segments).

Segments A B c D
1-2 0.951 j 5.06j 88.37 J 1.08 x 107 0.856
1-3 0.9041 j 9.1709 j0.0011 0.7319
1-4 0.8595 j 12.4749 j 0.0011 0.6251
1-5 0.816 j 15.0954 j0.0011 0.533

Table 3. Coefficients of the various equations as a function of the number of segments
(Scenario 2: Case of n = 6 segments).

Segments A B c D
1-2 0.978 j85.9 j0.73 x 1073 0.935
1-3 0.9572 j 4.4919 j4.1429 x 107 0.8749
1-4 0.9369 j 6.456 j 1.2479 x 107 0.8192
1-5 0.9184 j 8.2497 —j 1.405 x 107 0.7678
1-6 0.9008 j9.8878 —j 3.8346 x 107 0.7201
1-7 0. 8842 j 11.3825 —j 6.058 x 107 0.6760

Table 4. Coefficients of the various equations as a function of the number of segments

(Scenario 3: Case of n = 8 segments).

Coefficients/Segments A B C D
1-2 0.987 j 1.38 (B1) j0.54 x 1073 1.0106
1-3 0.9749 j2.7587 j7.316 x 107° 1.0221
1-4 0.9629 j4.1374 —j5.244 x 10 1.0344
1-5 0.9526 j 5.5162 —j0.0011 x 10™* 1.0476
1-6 0.9431 j 6.8974 —j 0.0016 x 10~ 1.0617
1-7 0.9344 j 8.282 —j 0.0021 x 10~ 1.0768
1-8 0.9265 j9.671 —j 0.0027 x 107* 1.0927
1-9 0.9195 j 11.067 —j 0.0032 x 10~ 1.1096

2) Voltage and Capacitive Current Behaviour at the End of the EHV Line
By implementing models (76)-(82) in the Matlab environment, we obtain the

analytical results presented in the following Figures 7-9:
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Figure 7. Variation of current as a function of voltage (Scenario 1: Case of n = 4 segments).
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Figure 8. Voltage variation as a function of current for a line arranged in six sections (Scenario 2:
Case of n = 6 sections).
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Figure 9. Voltage variation as a function of current for a line divided into eight sections (Scenario 1:

Case of n = 8 sections).

3.3. Results of Numerical Approach

1) Parameters (A4, B, C, and D) of the Two-Port Network

The parameters (A4, B, G and D) of the two-port network modeling the AC
high-voltage transmission line in our study for the 3 scenarios are presented in
Figures 10-12 below.

2) Voltage and Capacitive Current Behaviour at the Output of the EHV Line

By clicking the “display voltage-current curves” interface shown in the GUI in-
terface of Figures 10-12, we obtain the analytical results presented in the follow-
ing Figures 13-15 and Table 5.

4. Discussions

The effects of electromagnetic waves on long-distance high-voltage AC power
lines are a current topic of interest, as the presence of magnetic and electric fields
around transmission lines can lead to capacitive and inductive effects. These phe-
nomena are inherent to the operation of power lines and can intensify over long
distances due to the accumulation of electrical charges and electromagnetic in-
duction, thus affecting the network and causing disturbances. The combination
of capacitive and inductive effects can lead to transient overvoltages or switching
overvoltages, which can impact the stability of the electrical system.

To obtain the results of various simulations, the four-port network model

derived from Maxwell’s and telegraphers’ equations was used for the analytical
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Figure 10. Scenario 1: Case of n

= 4 segments.
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Figure 12. Scenario 3: Case of = 8 segments.
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Figure 13. Voltage and capacitive current behavior at the output of the EHT line (Scenario 1: Case of 1 = 4 sections).

and numerical modeling of the problem addressed in this article. To this end, the

following results were obtained:
Tables 2-4 show that the coefficients 4, B, C, and D of the two-port network

modeling the line as a function of its characteristic parameters decrease with in-

creasing numbers of samples n (number of segments).
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Figure 15. Voltage and capacitive current behavior at the output of the EHT line (Scenario 3: Case of 1 = 8 sections).
Table 5. Comparison of overvoltage results at the output of the HV line.
Number of segments  Analytical Method Numerical Method Difference
4 segments 22% 22.29% 0.29%
6 segments 13% 14.29% 1.29%
8 segments 8% 10.5% 2.5%
10 segments - 8.31% -
12 segments - 6.87% -
14 segments - 5.87% -

Figure 7 shows the variation of the capacitive current as a function of the volt-

age at the end of the line for the case of n = 4 segments. We observe a phase-to-

ground voltage at the end of the line of 282.8 kV, representing an overvoltage of
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22% once the line is divided into 4 segments by the insertion of a compensator.
This overvoltage is unacceptable according to current standards.

Figure 8 visualises the capacitive current profile as a function of the voltage at
the end of the line for the case of n = 6 segments. We observe a phase-to-phase
voltage of 261.2 kV at the end of the line, representing a 13% overvoltage once the
line is divided into 6 segments by the insertion of compensators. This overvoltage
is also unacceptable according to current standards.

However, Figure 9 simulates the variation of the capacitive current as a func-
tion of the voltage at the end of the line for the case of 7 = 8 segments. As can be
seen, the phase-to-phase voltage at the end of the line is 251.2 kV, representing an
8% overvoltage once the line is divided into 8 segments by the insertion of com-
pensators. This overvoltage is also unacceptable according to current standards.
Therefore, the overvoltage at the end of the line is inversely proportional to the
number of compensator insertion points.

Figures 10-12 present the user interfaces generated by the root program devel-
oped in MATLAB. These tables allow for the numerical calculation of the ABCD
coefficients of the two-port network modeling the line as a function of its charac-
teristic parameters. The results corroborate those presented in Tables 2-4. We also
observe that these coefficients decrease with increasing numbers of samples n
(number of segments).

Figures 13-15, obtained using the numerical approach, present the results of
the capacitive voltage-current behaviour at the end of the high-voltage AC line
configured with 4, 6, and 8 segments. Figure 13 shows a phase-to-phase voltage
at the end of the high-voltage AC line of 282.28 kV, representing an overvoltage
of 22.49%; Figure 14 shows a phase-to-phase voltage at the end of the high-voltage
AC line of 263.68 kV, representing an overvoltage of 14.29%; and finally, Figure
15 shows a phase-to-phase voltage at the end of the high-voltage AC line of 255
kV, representing an overvoltage of 10.5%. These results are_close to those of Fig-
ures 7-9 obtained by the analytical approach, as shown in Table 5, which presents
the percentage errors of overvoltages recorded by comparing the two methods.
For a 1200 km AC high-voltage line segmented into 04 sections, we observe an
overvoltage error of 0.029, or 0.29%; for 06 sections, an overvoltage error of
0.0129, or 1.29%; and finally, for 08 sections, an overvoltage error of 0.025, or
2.5%. The root mean square error for these three scenarios is 2.6%, a value less
than 5% as required by the standard (RMSE) [57]. We can thus confirm the valid-
ity of our results obtained by the numerical approach.

Although the proposed models give realistic results, their potential limitations
lie in the assumption of linear components; non-linear phenomena such as the
corona effect, rapid transients such as lightning, and complex couplings (proxim-

ity effects) are not accounted for in the modeling.

5. Conclusions

The global energy market is characterised by two major trends: sustained demand
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growth and the increasing distance between production centres and consumption
areas. In this context, alternating current (AC) power transmission lines, when
they cover long distances, exhibit electrical phenomena that are highly dependent
on distance and frequency. This dependence promotes the propagation of electro-
magnetic waves, generating capacitive and inductive effects that can cause no-load
overvoltages and various disturbances in the grid. Reducing these undesirable ef-
fects related to electromagnetic wave propagation in long-distance power trans-
mission raises essential issues concerning the quality of electrical power.

Controlling overvoltage phenomena, in particular, is a major challenge for en-
suring voltage and power stability during transmission.

To address these constraints, the use of series or parallel compensation devices
provides an effective solution for mitigating the disruptive phenomena associated
with long transmission lines. The objective of this article is to study, through sim-
ulation, the impact of electromagnetic waves on a long-distance AC transmission
line, with a view to reducing no-load overvoltage stresses. To this end, we com-
pared two approaches: analytical and numerical, to model and predict observed
overvoltages and evaluate their attenuation conditions.

This article focused on the case of a 1200 km line where we conducted a study
of line configurations with 4, 6, and 8 segments, incorporating series capacitors
and shunt reactances to improve network stability. After applying two methods,
we obtained the following results:

e A configuration with four (4) segments resulted in an overvoltage of 282.28
kV at the end of the line, representing an overvoltage of 22.49%. Unlike the
analytical method, which resulted in an overvoltage of 282.8 kV, or 22%.

e A six-section configuration reduced the overvoltage to 263.68 kV, or 14.29%;
in contrast, the analytical method resulted in an overvoltage of 261.2 kV, or
13%.

¢ To significantly improve stability, a shunt configuration (8 sections) was con-
sidered, resulting in an overvoltage at the end of the line slightly lower than
the 10% recommended by the IEC standard. However, the numerical method
achieved an acceptable overvoltage for a ten-section configuration.

The results of the various 2D simulations obtained demonstrate that the ana-
lytical approaches and computer tools used are satisfactory.

In future research, we plan a comparative study using the Russian method,
which applies insertion and that of the Americans by inserting the Shunt reac-

tances at both ends of the line.
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