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Abstract: The real-time management of the Production-Transport-Consumption system
reveals the need for information on the state of the network and the means of action on
it at all times. This need is met through the use of telecontrol systems. These operate
mainly on substations, complex installations that ensure the interconnection of lines and the
transformation of voltage levels. In this work, we are interested in the propagation of Power
Line Carrier (PLC) communication technology in power cables, both on a single cable and
on a Y topology. We will analyze respectively the effect and the influence of several factors
on the transfer function such as: effect of the end loads, the length of cable, the junction
between two sections of cables in order to deduce the frequency channel of most favorable
transmission. The results of the transfer function predictions obtained by the analytical
formulation are compared and validated with full-field simulations using the CST software.
Keywords: frequency channel, Power Line Carrier (PLC), power transmission cable, transfer
function
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1. Introduction

Even in today’s world of high-speed internet and fiber optics, Power Line Carrier (PLC) is
still widely used to provide real-time communications for protection of high voltage transmission
lines [1]. PLC is often the most economical and reliable high-speed dedicated channel available for
protective relaying. A power line carrier system includes three basic elements [2]: a transmission
line, presenting a channel for the transmission of carrier energy; tuning, blocking, and coupling
equipment, providing a means of connection to the high-voltage transmission line; transmitters,
receivers, and relays. Driving an electrical system is, first of all, defining the sharing of roles
and responsibilities between the many actors involved [3–5]. Then, for the “transmission system
managers” who, in each country or major area of operation, have the role of conductor and the
direct control of the means of conduct [6], it is a question of preparing the situations to come, then,
from their control centers or “dispatching”, to monitor the system and to control it, to anticipate
the possible difficulties.

In order to drive the production-transport-consumption system, reliable information must be
collected at the enslaved electrical substations (points of the electricity grid) and then transmitted to
the treatment centers [7–9]. The system of data transmission between the slave stations (SS) and the
various control stations (CS) is an essential link in the overall remote monitoring system. Its depend-
ability must be carefully studied: Reliable media and information transmissions in themost sensitive
conditions and protection of information against different types of disturbances (pipes and radii).

The different technologies used to ensure data transmission are as follows: leased telephone
lines, carrier currents on line, cables with telecommunication circuit and radio links [10]. PLC
technology is nowadays the most desired for multiple advantages; the most important one is the
use of the network even in charge of the transmission of electrical energy [11]. The major arteries
of the electricity network are overhead lines or underground buried cables. Moreover, in the
electricity grid, we are increasingly encountering the use of overhead or underground cables for
the transmission of energy; these cables, originally planned technically for the routing of power
frequency energy, are now more and more used to transmit low energy medium and high frequency
signals [12–15].

2. Modeling the propagation of PLC in a cable network

To model the propagation of PLC in a cable network, we use the topological formalism of
the type [A][X] = [B] proposed by A. Amétani et al. [1]. This formalism applies particularly
to wire structures, guaranteeing a relatively low computation time. For the elaboration of this
formalism, we propose the presentation of some theoretical concepts relating to the representation
of a multifilar line by matrix [φ].

2.1. Formalism of transmission lines

To model this cable by the theory of transmission lines we use the formalism proposed by
A. Amétani [1].We give the main lines of this formalism in the following subparagraphs. Consider
a multi-wire line, whose return conductor is the n-th conductor as shown in Fig. 1.
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Fig. 1. Diagram of a multi-wire line

It is characterized by the following equations:
d
[
U (y)

]
dy

= −
[
Z
] [

I (y)
]

d
[
I (y)

]
dy

= −
[
Y
] [

U (y)
] , (1)

with:
[
U (y)

]
and

[
I (y)

]
: the vectors of voltages and currents at a distance y along the cable,

[
Z
]
and[

Y
]
, respectively, the matrices (of order N × N) of linear impedance and admittance of the line.
The matrices

[
Z
]
and

[
Y
]
are frequencies dependent and defined as follows:[

Z
]
= [R] + jw [L] , (2)[

Y
]
= [G] + jw [C] . (3)

We recall the characteristics of these different parameters:
– Linear inductance matrix [L]: characterizes the inter and intra conductor magnetic fluxes,
– Linear capacity coefficient matrix [C]: characterizes the electrical energy stored in the lines
of the electric field between two conductors separated by a dielectric and the conductors,

– Linear conductance matrix [G]: power dissipated as heat in the dielectric characterizing the
losses in the dielectric and the insulation defects,

– Linear resistance matrix [R]: corresponds to the power dissipated as heat in the conductors.

2.2. Calculation of impedance and admittance matrices of amultilayer cable
2.2.1. Calculation of the impedance matrix

To carry out this work, we use, as we have previously stated, the approach developed by
A. Amétani [1] which uses the formalism of transmission lines defined by the equivalent electrical
circuit in Fig. 2.
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Fig. 2. Equivalent circuit of impedances

This circuit is developed [1] taking into account the different couplings between the three
layers (core, screen and shields) as well as the transfer impedances of each conductive layer with:

– Ic, Is, Ia and Ie: the currents flowing in the core, the screen, the shielding and the external
environment there in y,

– I2, I3, I4, I5: the currents on internal and external surfaces of the screen and shield,
– V12,V23,V34: the tensions between the soul, the screen, the shielding and the ground in y,
– V12 + ∆V12V23 + ∆V23V34 + ∆V34: the tensions between the soul, the screen, the shielding,
and the ground in y + ∆y.

From the equivalent circuit, we have the following relations:

−
∆Va

∆y
= (Z30 + Z34 − Z3m + Z0) (Ic + Is) + (Z30 + Z34 + Z0) Ie, (4)

−
∆Vs

∆y
= (Z20 + Z23 + Z3i + Z30 + Z34 − 2Z3m − Z2m + Z0) Ic

+ (Z20 + Z23 + Z3i + Z30 + Z34 − 2Z3m + Z0) Is + (Z30 + Z34 − Z3m + Z0) Ia, (5)

−
∆Vc

∆y
= (Z11 + Z12 + Z2i + Z20 + Z23 + Z3i + Z30 + Z34 − 2Z3m − 2Z2m + Z0) Ic

+ (Z20 + Z23 + Z3i + Z30 + Z34 − 2Z3m − Z2m + Z0) Is + (Z30 + Z34 − Z3m + Z0) Ia . (6)

By doing ∆y →, we obtain
d
[
V
]

dy
= −

[
Z
] [

I
]
, (7)

with:
– the voltage vector

[
V
]
=


Vc

Vs

Va

 , (8)
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– the current vector [
I
]
=


Ic

Is

Ia

 . (9)

[
Z
]
=

[
Z inter

]
+

[
Zsol

]
, (10)

with[
Z inter

]
: matrix of the specific parameters of the internal conductors of a cable relative to the

shielding which surrounds it,[
Zsol

]
: matrix which takes into account the influence of the environment external to the cable.

The matrix
[
Z inter

]
is defined as follows:

[
Z inter

]
=


Zcc Zcs Zca

Zcs Zss Zsa

Zca Zsa Zaa

 , (11)

with

Zcc = Z11 + Z12 + Z2i + Z20 + Z23 + Z3i + Z30 + Z34 − 2Z3m − 2Z2m, (12)
Zss = Z20 + Z23 + Z3i + Z30 + Z34 − 2Z3m, (13)

Zaa = Z30 + Z34, (14)
Zcs = Z20 + Z23 + Z3i + Z30 + Z34 − 2Z3m − Z2m, (15)

Zca = Z30 + Z34 − Z3m, (16)
Zsa = Zca = Z30 + Z34 − Z3m, (17)

where:
Zcc is the self-impedance of the soul,
Zss is the screen’s own impedance,
Zaa is the shielding self-impedance,
Zcs is the mutual impedance between the core and the screen,
Zca is the mutual impedance between core and shield,
Zsa is the mutual impedance between screen and shield.
Zcc , Zss , Zaa, Zcs , Zca, Zsa depend on physical and geometric parameters.

2.2.2. Calculation of the admittance matrix
The internal admittance matrix (the reference being the external layer) of a single-core cable is

evaluated from the matrix of potential coefficients, we have:

[Y ] = jw
[
P−1] , (18)

with [P] as the matrix of potential coefficients.
For a single-core cable consisting of a core, a screen, and a shield, the equivalent electrical

circuit of the admittances is given in Fig. 3.
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Fig. 3. Equivalent electrical circuit of the admittances of a portion of length ∆y

Using Kirchhoff’s relations on currents, we have:

−
∆Ic
∆y
= YcsVcYcsVs, (19)

−
∆Is
∆y
= YcsVc + (Ysa + Ycs)VsYsaVa, (20)

−
∆Ia
∆y
= YsaVs + (Ysa + Ya4)Va . (21)

By writing the limit of these last three equations when ∆y tends to 0, we deduce the following
matrix system:

d
dy


Ic

Is

Ia

 = −


Ycs −Ycs 0

−Ycs (Ysa + Ycs) −Ysa

0 −Ysa (Ya4 + Ysa)




Vc

Vs

Va

 = −
[
Y i

] [
V
]
, (22)

with:

Ycs =
©«
( jw2πε0εi1)

ln
(
r3
r2

) ª®®®®¬
, (23)

Ysa =
©«
( jw2πε0εi2)

ln
(
r5
r4

) ª®®®®¬
, (24)
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Ya4 =

©«
( jw2πε0εi3)

ln
(
r7
r6

) ª®®®®¬
. (25)

Potential coefficients are inversely related to admittances [1]:

[Pi] =


Pc + Ps + Pa Ps + Pa Pa

Ps + Pa Ps + Pa Pa

Pa Pa Pa

 , (26)
with:

Pc =
jw
Ycs

, (27)

Ps =
jw
Ysa

, (28)

Pa =
jw
Ya4

. (29)

2.3. Representation of a line by the chain matrix φ

2.3.1. Representation of a single-wire line
The telegraphic equations for a single-wire line (developed from the Maxwell equations) are [1]:

d2U (y)
dy2 = ZYU (y) , (30)

d2I (y)
dy2 = Y ZI (y) . (31)

The resolution of Eqs. (30), (31) in frequency gives us:
U (y) = Ae−γy + Be+γy

I (y) =
1
Zc
(Ae−γyBe+γy)

, (32)

γ =
√

ZY, (33)

such as:
Ae−γy: the incident wave,
Be+γy: the reflected wave,
A, B: integration constants, determined taking into account the boundary conditions as follows:{

U (y = 0) = Us

I (y = 0) = Is
, (34)

Zc =

√
Z
Y
: characteristic impedance,

γ =
√

ZY : exponent of propagation.
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After a mathematical development we get the voltage and current equations based on the
variable’s space “y” along the length of the line, exposing gamma propagation and the quantities
of entries [2]. 

U (y) = cosh (γy)UsZc · sinh (γy) Is

I (y) =
sinh (γy)

Zc
Us + cosh (γy) Is

. (35)

These last two expressions allow us to calculate the current and voltage values at any point of
the line (Fig. 4). The system in matrix form is then written as

U (y)

I (y)

 = [φ]


Us

Is

 , (36)

with the chain matrix for the single-wire line

φ =


cosh (γy) Zc · sinh (γy)

−
sinh (γy)

Zc
cosh (γy)

 . (37)

 
Fig. 4. Quadrupole representation by matrix [φ] of a single-wire line

2.3.2. Representation of a multi-wire line by the chain matrix φ
The cable is considered to be a multi-wire line. The equations of the line describing all drivers

Fig. 1 (Eq. (1)) [2].
After some mathematical manipulations, we deduce the two telegraphic equations for a multi-

wire line 
d2 [

U (y)
]

dy2 =
[
Z
] [

Y
] [

U (y)
]

d2 [
I (y)

]
dy2 =

[
Y
] [

Z
] [

I (y)
] , (38)

with[
U (y)

]
: voltage matrix a multi-wire line,[

I (y)
]
: current matrix a multi-wire line.[

Z
]
and

[
Y
]
, are respectively, the matrices of linear impedance and admittance of the multi-wire line.
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2.3.3. Representation by the multi-pole chain matrix φ
In our study, we are interested in the values of voltages and currents at the ends of each tube

(multilayer cable), these values can be linked by the chain matrix φ (L) as the following[1, 2]:
[
U (L)

][
I (L)

]  = φ (L)

[
U (0)

][
I (0)

]  =

φ

11
(L) φ

12
(L)

φ
21
(L) φ

22
(L)



[
U (0)

][
I (0)

]  , (39)

or φ
i j
(L): under matrix of order n.

With the evaluation of
[
U (y)

]
et

[
I (y)

]
, y = 0 and y = L, and eliminating

[
I±m

]
we get[

φ
i j
(L)

]
. [

φ
11
(L)

]
=

1
2

[
Y
]−1 [

T
] (

e+γm
L
+ e−γm

L
) [

T
]−1 [

Y
]
, (40)[

φ
12
(L)

]
= −

1
2

[
Y
]−1 [

T
]
γ
m

(
e+γm

L
− e−γm

L
) [

T
]−1

, (41)[
φ

21
(L)

]
= −

1
2

[
T
] (

e+γm
L
− e−γm

L
)
γ−1
m

[
T
]−1 [

Y
]
, (42)[

φ
22
(L)

]
=

1
2

[
T
] (

e+γm
L
+ e−γm

L
) [

T
]−1

, (43)

The matrix [T] and the matrix γ are deduced by modal analysis [8].

γ2
m
=



γ2
1

0 . . . . . . 0

0 γ2
2
. . . . . . . . .

. . . . . . γ2
3
. . . . . .

. . . . . . . . . . . . 0

. . . . . . . . . . . . γ2
n


, (44)

where T is a matrix of size N ×N defined such that it diagonalizes the matrix [YZ], that is verifying
the relation T−1 [ZY ]T = [γm]2. γm represents the diagonal matrix of squared propagation
constants.

2.4. System construction [A] [X] = [B]
The topological formalism that we will expose is that proposed by A. Amétani et al. [1]. This

formalism makes it possible to model the propagation of harmonic currents in a mesh or radial
network of tubes (multi-wire line or multi-layer cable) (Fig. 5).

2.5. Principle of the analysis
The principle of the analysis consists in separating the propagating networks (tubes) from the

localized networks (nodes and junctions). This resolution allows us to deduce all the currents and
voltages on all the nodes (junction and end node) of the network, and thus to analyze the transfer
function between the input and output (Fig. 6).
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Fig. 5. Illustration of transmission lines network: (a) representation by a graph; (b) definitions of a tube and
a network

 
Fig. 6. Propagating networks and the localized networks

This approach will allow us to define the matrix [A] composed of two sub-matrices [3].

[A] =

[A1]

[A2]

 is the network topology representation matrix.

[A1] is the sub matrix deduced from all matrix representations of all the tubes in the network.
[A2] is the sub matrix deduced from Kirchhoff’s laws for junctions and terminations nodes.
Once the matrix [A] has been constructed, the resolution of the system of equations

[A] [X] = [B] allows us to deduce the electrical quantities sought.
There, [X] is the vector of the unknowns (currents and voltages on all the nodes) and [B] is the

source vector.
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2.5.1. Sub-matrix of the tubes [A1]
The sub-matrix defines the propagation on each of the tubes, and is given by the following

equation:

[12N ]


[
U(L)

][
I(L)

]  −

[
ϕ

11
(L)

] [
ϕ

12
(L)

][
ϕ

21
(L)

] [
ϕ

22
(L)

] 

[
U(0)

][
I(0)

]  =

0

0

 . (45)

This approach makes the elements of the matrix Φ appear directly in the sub-matrix [A1].
[A1] contains all the data relating to the L multi-wire lines.

2.5.2. Sub-matrix of junctions [A2]
The sub-matrix corresponds to the representations of all the nodes (end and interconnection

networks) of the transmission network. This sub-matrix is obtained by applying the theorems of
Thévenin and Norton in each node with

[A2] =


Network i 0

Network j

0 Network k

 . (46)

Suppose, for example, that we want to characterize the interconnection network ‘m’, which
performs the interconnection of the three tubes: i, j and k, as illustrated in Fig. 7.

The combination of Kirchhoff’s laws in voltage and current allow us to describe:
NT∑
l=1

( [
Ym
l

] [
Um

l

]
+

[
Zm
l

] [
Iml

] )
=

[
Pm

]
, (47)

where:[
Um

l

]
,
[
Im
l

]
and

[
Pm

]
are of dimensionNT, they represent, respectively, the vectors of voltages

and currents at the input and output of the network and the generators of voltages and /or currents
located at the network level,[

Ym
i

]
,
[
Ym
j

]
,
[
Ym
k

]
,
[
Zm
i

]
,
[
Zm
j

]
,
[
Zm
k

]
are, respectively, the admittances, impedances are

obtained by writing the equations of the meshes and of the nodes for the multi-pole l.
[A2] contains all the data relating to the m networks.

2.5.3. The vector [B]
This vector is composed of two sub-vectors [0] and [B1], such as

[B] =

[
[0]
[B1]

]
. (48)

The second sub-vector [B1] contains the generators located at each node (of voltages and/or
currents), that is to say it includes the second members of the combination (48) written for each
network m.

[B1] =


...

[Pm]

...

 . (49)
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Fig. 7. Illustration of a junction node

3. CST software

Computer Imulation Technology software is a specialist tool for the tridimensional electro-
magnetic simulation of high frequency components. The software code is based on the integral
method [16–19]. The choice of this software is for the calculation of the voltage transfer function
which translates the relationship between the output voltage and the input voltage of the core
(TF = V(L)/V(0)) in a broad frequency band [20].

The Computer Imulation Technology settings are used in all simulations, and the technique is
FIT in time-domain. The version is CST EMC Studio-2017. It should be noted that all simulations
were made using an Intel Core i7 2.60 GHz processor with 16 GB RAM.

4. Results and application

4.1. Physical and geometric parameters of the cable

The physical and geometric data used to perform the different applications, proposed in this
paper, are shown in Fig. 8 below.

There: r1 = 1 cm, r2 = 1.34 cm, r3 = 1.48 cm, r4 = 1.64 cm, r5 = 1.81, and r6 = 2 cm. The
electrical conductivity of the ground is σsol = 0.01

s
m
.

4.2. Validation of results
4.2.1. Validation of the self-internal impedance of the core

The first validation concerns the proper internal impedance of the core (without taking into
account the effect of the ground); we compare our results with those published by Amétani [1],
(Fig. 9). There:

NC = 1(c): single-layer cable (core and its insulation),
NC = 2(b): cable made up of two conductive layers (core, screen) and their insulators,
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Fig. 8. Cross section of a coaxial cable

 
Fig. 9. Z-inter of a single core cable for different layers

NC = 3(a): cable made up of three conductive layers (core, screen, shielding) and their
insulation.

4.2.2. Verification of the present method

For verifying the present method, the results of analytical method are compared with the
results given by the simulation with the CST software (FIT). The buried cable was tested in this
part with the frequency variation of the voltage transfer function which translates the relationship
between the output voltage and the input voltage of the core (TF = V(L)/V(0)), and for a suitable
cable (Z = Zc).
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According to Fig. 10, we notice that the results obtained by the numerical method (FIT), and
those obtained by the analytical model are in good agreement.

 
Fig. 10. The comparison result of the tension ratios (VL/V0) between circuital approach and CST software

Examination of the different curves obtained by the two methods with more than precision,
allowed us to note the existence of a slight difference in terms of amplitudes of the resonant
frequencies. This difference in levels can be explained by the following points:

The fact that the programmed numerical and analytical methods are based on certain ap-
proximate assumptions, unlike the CST software which is based on the method FIT and solves
Maxwell’s equations directly without neglecting any approximation.

4.3. Analysis of the propagation of HF signals over a single cable

The first part of the applications concerns the case of a simple cable with two end networks; in
this part we are interested in the frequency variation of the voltage transfer function which translates
the relationship between the output voltage and the input voltage of the core (TF = V(L)/V(0)).
We will respectively analyze the effect and the influence of several factors on the transfer function
such as: effect of an installation method, effect of end loads, cable length and the junction between
two sections of cables.

4.3.1. Effect of installation method

Consider the two configurations representing two cables laid differently, the first is overhead
and the second is buried for Z = 10 Ω.

From the result in Fig. 11 below, we deduce that the transfer function is the same for both the
aerial cable and the buried cable with the exception of a very slight difference at low frequencies.
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(a) Voltage ratio of an overhead and buried cable

 
(b) Asolute error

Fig. 11. Voltage ratio on the core of an over head and buried cable and absolute error of the difference
between us for all frequencies

4.3.2. Effect of end loads

Either the configuration in Fig. 8, representing a buried cable, with the screen and the shield in
short circuit and the core charged by an impedance Z .

By putting the screen and the shielding in short circuit on both sides of the cable, we note in
Fig. 12 that the increase in the load of the core causes an improvement of the transfer function in
amplitude while keeping the same resonances and the same optimal signal transmission bands.

 
Fig. 12. Voltage ratio with the variation of the end load of the core
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4.3.3. Effect of cable length

Keeping the same configuration as above Fig. 8 we simulate the propagation of the signals on
three cables of different lengths (Z = 10).

From the results in Fig. 13, we note that the transfer function is strongly linked to the length of the
cable; which is to be expected because on the one hand the transfer function will depend on the ratio
between the length of the cable and that of the wavelength as well as on the attenuation of the signal
which is linked to the distance traveled and therefore increases with the length. Note also that the
resonant frequencies are now shifted, which translates into a difference in the transmission channel.

 
Fig. 13. The effect of varying the length

4.3.4. Effect of the junction between two cable sections

The goal is to show the effect of a discontinuity on the propagation.
The presence of a junction in the cable highlights the appearance of attenuation on the transfer

function over the entire frequency range and causes the disappearance of certain resonance
frequencies; this last point can be explained by the appearance of signal reflection phenomena at
the junction unlike the direct cable which causes a change in resonance frequencies (Fig. 14).

4.4. Analysis of the propagation of HF signals over a cable network in T

As a second type of application, we propose to treat propagation in the case of a T-shaped
network made up of three cables of the same length (L) and a junction as shown in Fig. 5. The
analysis will focus on the variations of the transfer function.
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Fig. 14. Effect of the presence of a junction

4.4.1. Effect of end loads (l = 1000 m, Z2 = 100 Ω, Z3 = 200 Ω)

Either the configuration in Fig. 5, where we have a T-shaped network made up of three cables
(tubes); initially at the signal injection end we consider the case where the screen and the shield
are grounded.

From the results in Fig. 15, we can easily see that the highest load leads to a better amplitude
transfer function.

 
Fig. 15. Effect of the end load of a T network
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4.4.2. Effect of screen connection mode and network shielding 1, 2 and 3
From the results in Fig. 16, we note that the grounding of screens and shields for all localized

networks leads to a better-quality transfer function; we note indeed that the amplitude is greater
and the transmission channel is much wider with fewer resonant frequencies.

 
Fig. 16. Effect of short circuit

These results clearly show that the grounding of screens and shields for all localized networks
leads to a better-quality transfer function; we note indeed that the amplitude is greater and the
transmission channel is much wider with fewer resonant frequencies.

5. Conclusion

In this work, we approach the propagation of the HF signals as well on a simple cable as on
a topology in T. We look more particularly at the effect of a junction, the connection mode of the
screen and the shielding, and the cable length on the transfer function between the input and the
output of the cable. We can also say that all the results clearly confirm the choice currently used for
the frequency range up to 400 kHz; indeed, our simulation results clearly show that in this range
there is an absence of resonances, therefore possible signal cutoff. The PLC system is an effective
means of transmitting information via power cable for utilization in power stations. However, the
reservations made by the channel being the power line in terms of bandwidth is low. In addition,
with the advancements of networking and information technology and other communications
modes, there is a need for development in the power line carrier system to enable the transfer
of a large amount of information at a specified bit rate possible. The traditional PLC system
for control and communication purposes is still widely revered in power systems despite other
advancements in communication modes; it remains highly reliable in issuing control commands to
power systems equipment.
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