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Abstract: In this paper, we study the propagation of the on‍‑line carrier currents (PLC) on the domestic electrical network con‑
taining the power lines and the medium/base voltage transformer (MV/LV). To achieve this, we propose an efficient and precise 
modeling through the power transformer. Electrical energy is a physical quantity that can be measured in an unambiguously 
way, which is not the case for voltage and current. The bond graph analysis (integrated under SIMULINK (Matlab), based on en‑
ergy and its conservation, appears to be the most suitable method for modeling low‍‑level signal transmission. To demonstrate 
this advantage, we treat an application on a power transformer. The results obtained through numerical simulation are com‑
pared and validated by the measurement. Good agreements are found between this approach and measurement.
Keywords: Line carrier currents (PLC), Transformer (MV/LV), Measurement, EMTP‍‑ATP software.
Streszczenie: W tym artykule badano propagację prądów nośnych on‍‑line (PLC) w domowej sieci elektrycznej zawierającej 
linie energetyczne i transformator napięcia średniego/podstawowego (MV/LV). Aby to osiągnąć, proponuje się wydajne i pre‑
cyzyjne modelowanie za pomocą transformatora mocy. Energia elektryczna jest wielkością fizyczną, którą można zmierzyć 
w sposób jednoznaczny, co nie jest prawdą w przypadku napięcia i prądu. Analiza wykresu wiązań (zintegrowana w ramach 
SIMULINK (Matlab), oparta na energii i jej zachowaniu, wydaje się być najbardziej odpowiednią metodą modelowania trans‑
misji sygnału niskiego poziomu. Aby zademonstrować tę zaletę, autorzy rozpatrują aplikację w transformatorze mocy. Wyniki 
uzyskane za pomocą symulacji numerycznej są porównywane i weryfikowane za pomocą pomiaru. Znaleziono dobrą zgodność 
między tym podejściem a pomiarem.
Słowa kluczowe: Prądy nośne linii (PLC), transformator (SN/nn), pomiary, oprogramowanie EMTP‍‑ATP.

Introduction
The transport of electrical energy from production 

centers to consumption centers is ensured by a com‑
plex network that connects all production centers and 
enables exchanges with foreign countries. This net‑
work allows for the continuous adjustment of pro‑
duction to match consumption, the technical and eco‑

nomic optimization of the production fleet, and the 
assurance of a  reliable energy supply. This process, 
which is essential for electricity suppliers, is known 
as the operation of a production‍‑transport system [1].

Unfortunately, the distribution network, which pri‑
marily consists of MV/LV transformers, is not designed 
to transmit high‍‑frequency (HF) signals and may lead 
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to unforeseen situations for engineers. To prevent such 
issues, modeling the propagation of line carrier cur‑
rents (PLC) in this network is an essential step. It helps 
engineers analyze signal attenuation, identify weak 
points in the network, and determine acceptable fre‑
quency bands for information transmission [2‒5].

The purpose of PLC technology is to transmit data 
over electrical cables, which serve as carriers for data 
transmission. Unlike other communication media, such 
as Ethernet, coaxial cables, and optical fibers, the pri‑
mary function of electrical cables is not data transmis‑
sion [6]. Therefore, data transmission must coexist with 
the delivery of electrical energy, as these cables supply 
electrical equipment from the public power grid. De‑
signed for widespread applications, PLC products must 
remain cost‍‑effective, and modifications to the electri‑
cal grid connecting them should be minimized [7‒9].

The electrical wiring used for power transmission 
was never designed to carry high‍‑frequency (HF) sig‑
nals. Experimental network results and the challeng‑
es in establishing corresponding standards confirm the 
presence of significant and critical losses and leaks. 
Modern wired telecommunications networks, on the 
other hand, use shielded cables, optical fibers, or sym‑
metrical pairs, aiming to minimize signal leakage in 
interconnections and junction boxes [10].

Note also the presence of power transformers, which 
present in HF non‍‑linearities to which are added a pro‑
nounced effect of eddy currents in the iron core, capaci‑
tive effects as well as resonance phenomena [11], [12].

In this work, we address the aforementioned prob‑
lem by emphasizing the concepts of transfer func‑
tion and, in particular, the power transmitted by high
‍‑frequency (HF) signals. Our objective is to analyze 
the propagation of PLC signals on power transmission 
lines and cables, as well as within the distribution net‑
work. The first goal relates to the need for a dedicated 
telecommunication system for the energy transmission 
network, requiring additional information to expand its 
scope and enhance its performance. The second goal 
concerns the injection of HF signals into the distribu‑
tion network through the MV/LV transformer, which 
has become a reality, offering greater convenience (In‑
ternet, home automation, cable television, etc.), pro‑
vided that certain obstacles are overcome [13,14].

Real Transformer
Figure 1 represents the equivalent electrical dia‑

gram of a transformer:
Where:
R1: Primary winding wire resistance.
R2: Secondary winding wire resistance.

m: Transformation ratio.
Rpf: Iron loss image resistance.
Lmf: Magnetizing inductance.
Lf1 and Lf2 are the primary and secondary leakage induct‑
ances, respectively.

High frequency transformer modeling
At (HF), even if the nonlinear effects of the iron 

core are neglected, transformer modeling becomes 
significantly more complex compared to its behavior 
at 50 Hz due to several phenomena:
•	 Effects of eddy currents in the iron core and in the 

coil conductors.
•	 Non‍‑linear effect of iron core.
•	 Actions of the abilities that appear between coils 

and between coils and mass.
•	 Possibilities of resonance phenomena.

Detailed model
This type of model consists of representing the 

transformer by a  large network of capacitances and 
inductances (figure 2). The calculation of its parame‑
ters requires the resolution of complex electromagnetic 
equations and information on the materials and detailed 
geometry of each transformer. As each turn is modeled 
in detail, this type of model is rather intended for the 
study of the voltage distribution in the windings [5]

Extensive research has been conducted to devel‑
op a universal model for high‍‑frequency (HF) trans‑
formers. However, this goal remains far from being 
achieved due to the dependencies mentioned above, 
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Fig.1. Electrical diagram of a real single-phase transformer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Detailed equivalent circuit of a winding.

Fig. 1. Electrical diagram of a real single‍‑phase transformer
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which stem from the varying structures of different 
transformers.

In practice, power transformer modeling is typically 
based either on transient analysis or on voltage distribu‑
tion within the windings to design insulators that with‑
stand over voltages. Consequently, transformer models 
can be categorized into two main approaches [5]:

CHIMKLAI model
In this work, the author builds upon a  classical 

50  Hz model, which consists of an ideal transform‑
er, the winding resistance and inductance, and the 
magnetizing impedance. The extension to a  high
‍‑frequency (HF) model is achieved by:
•	 Considering the frequency dependence of the wind‑

ing’s resistance and inductance, referred to as the 
winding impedance (as shown in figure 3). This im‑
pedance is synthesized using a nonlinear approxima‑
tion method to derive an R, L, C circuit (Figure 2).

•	 Adding a system of capacitances, including the ca‑
pacitance between the windings and the ground, the 
capacitance between the turns of a  single winding, 
and the capacitance between the outer layers of differ‑
ent windings. All these capacitances are assumed to 
remain constant within the studied frequency range.
This work provides us with a  good basis for de‑

veloping our models of the HF transformer. Howev‑
er, there are still limitations: it assumes the phases are 
symmetrical, and the frequency up to which the model 
remains valid is 100 kHz.

ANDRIEU model
In the work of C. Andrieu et al [2]. The proposed 

high frequency transformer model is considered as 
a black box with eight (08) connections as shown in 
figure 5:
•	 The primary side is a triangle with three (03) con‑

nections.
•	 The secondary side is star‍‑shaped with four (04) 

connections and the last one is mass.
According to C. Andrieu the capacities in the high fre‑

quency transformer are divided into two types (figure 5):

Fig. 4. Coil impedance

 

Fig. 5. Andrieu transformer model.
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Fig. 3. S. Chimklai transformer model.

n: transformation ratio
b. simplified circuit

•	 Capabilities between the two primary and second‑
ary conductors.

•	 Capabilities in the windings.
This model follows the same principles as that of 

S. Chimklai and takes into account:
•	 The capacities between the different windings.
•	 High voltage resonances.
•	 The low voltage winding impedance and its varia‑

tion with frequency (Zcc).
With:
Zcc: Given by the following equivalent circuit (fig‑

ure 4):
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Several measurements of the impedance of a pow‑
er transformer as a  function of frequency, published 
in the literature, have shown that from a certain fre‑
quency level, the iron core no longer plays a role in the 
measurement of impedance [3]

A. T. TRAN model
For frequencies above 100 kHz, the author sug‑

gests disregarding the iron core. A.T. Tran [3] there‑
fore proposes eliminating the ideal transformer from 
the model originally proposed by S. Chimklai [1].

In this high‍‑frequency (HF) transformer model 
(figure 7), only electrostatic phenomena and resonanc‑
es are considered. To represent these phenomena, the 
model proposed by A.T. Tran [3] consists of:
•	 The capacities between the coils, and between the 

coils and the mass;
•	 The resonances of LV windings

With:
Zf: Leakage impedance which represents the loss of flux that 
closes off outside the iron core.
C1: Capacity between the outside of the coil and the ground.
Several studies have shown that the latter can be divided 
into two capacities, each at one terminal of the coil.

C12: The capacitance between the inner and outer parts of 
the winding, represented by two parallel, non‍‑identical ca‑
pacitances.
The sharing rate of each capacity is determined by meas‑
urement and simulation work. But in principle, this rate re‑
flects the arrangement of the windings and their geometric 
structure.
C2: Capacity between the inside of the coil BV and the 
ground, this capacity comes from the fact that the iron core 
of the transformer is connected to the ground.

The parameters of this model are determined by 
different measurements; of resonances on the side 
which LV (Zf) is represented by R‍‑L‍‑C a parallel cir‑
cuit.

Determination of parameters

Leakage impedance Zf

The frequency‍‑dependent characteristic of the 
leakage impedance is obtained by measuring a short 
circuit. In fact, to represent this characteristic, we can 
use a parallel R, L circuit.

The impedance of a parallel R, L circuit is calcu‑
lated by the formula as in equation:

(1)	
1

RZ Rj
wL

=
−

When the frequency is very low |Z (f)| is practi‑
cally linear, because ZL = wL becomes small com‑
pared to R, Z » ZL = wL. So L can be calculated by 
the equation:

(2)	 ( )
2 .

Z f
L

fπ
∆

=
∆

The impedance of a parallel R, L, C circuit is cal‑
culated by the formula as in equation:

(3)	 0( )R Z w=

(4)	
0.

RL
Q w

=

(5)	
0.

QC
R w

=

With:
w0: resonant point angle velocity.
Q: quality factor, calculated in equation:

(6)	 0
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With
f0: frequency at the resonant point.
f01, f02: frequency at the ‍‑3dB point.

Electrical characteristics of the 
transformer

Figure 8 illustrates the geometry and structure of 
the transformer studied in this work. It is a three‍‑phase 
transformer with two windings. The iron core has 3 
columns and 2 sockets. For each phase, the primary 
(MV) and secondary (LV) are mounted on the same 
column, the MV is outside and the LV is inside.

To determine the transfer function of the quadru‑
pole equivalent to our transformer, we use decibels 
(dB). Therefore, we normalize our results using the 
following expression [6]:

(7)	 20log output

input

V
Transfer function

V
 

=  
  

As source of excitation we use the voltage genera‑
tor given by the following expression:

(8)	 V = sin(i. .t)
1

Excitation

n

i
ω∑

=
n : It is the number of frequencies
ω = 2.π.f
t : The time that encompasses all harmonics

Multi‍‑wire line with (n+1) conductors
Consider an element of a uniform line represented 

by an elementary length (figure 9). We assume that the 
line is made up of (n + 1) conductors whose (n + 1)iéme 
conductor and reference conductor taken as ground 
plane [12].

Fig. 8.Transformer structure Model

 

 

 

 

 

 

 

 
 

Fig.8.Transformer structure Model 
 

 

 

 

 

 

 

 

 

 

 

 

To better understand the structure of the transform‑
er, some details on the tests are shown in table 1.
Table. 1 Transformer test parameters

Nominal 
power

BV and HV 
Connexion

voltage 
ratio

no‍‑load 
loss

Loss of 
load

Short circuit 
voltage

160KVA Δ/Yn 20/0.4KV 553W 2837W 5.58%

Table. 3 Capacity measurement results.

C1 C2 C12–1 C12–2

36pF 157mH 10pF 65pF

Table. 2 Measurement result

Rf Lf Cf

2210Ω 157mH 1.46nF

The equivalent representation model used in this 
study is shown in Figure 6. The measurements con‑
ducted by this author cover the frequency range of 100 
kHz to 10 MHz and yield the following results.
•	 For the impedance represented by a parallel R, L, 

C circuit,

It should be noted that above 100 kHz, the trans‑
former behaves as a  simple R‍‑L‍‑C circuit; the mag‑
netic circuits no longer function to transform currents 
and voltages according to the defined ratio for indus‑
trial frequencies.
•	 For different abilities,

Fig. 9. Part of a multi‍‑wire line
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This element can be described by the equations 
(matrix form) of the following lines [12]:

(9)	 � � � � � �)(.)( xIZ
dx
xUd

��

(10) � � � � � �)(.)( xUY
dx
xId

��

With:
[U(x)]: Complex vector of n order of phase stresses.
[I(x)]: complex vector of order n of phase currents.
[Z] and [Y]are the n‍‑order matrices of admittances and linear 
complex impedances, they are symmetric.
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Such as:

(11)	 [ ] [ ] [ ]LjRZ ..ω+=

(12)	 [ ] [ ] [ ]CjGY ..ω+=

Or:
[R] and [L] are respectively the matrices of resistors and real 
n‍‑order linear inductances.
[G] and [C] are respectively the matrices of conductance and 
real linear capacitances of order n.

Representation of a tube by the 
string matrix ф

Generally speaking, the chain matrix Φ(L) express‑
es the currents and voltages at the output of the multi‑
pole as a function of their values at the input. For a line 
of length L, the voltages and phase currents at both 
ends of the line can be linked by the chain matrix Φ(L), 
of order 2N, by the relation (13) [10]:
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With:
φij(L): Under matrix of order n.

The evaluation of [U(y)] et [I(y)], y =0 and y =L, 
and eliminating Im

±    we get the φij(L).
The chain matrix is deduced after modal analysis. 

The essential task in solving MTL equations is to de‑
termine the expressions of sub‍‑matrices given by [10]:
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Representation of a tube by the 
string matrix (s)

In general, a two‍‑port transmission line can be de‑
fined by [13]:

(18)	 1 11 1 12 2

2 21 1 22 2

. .

. .
b S a S a
b S a S a
= +

 = +

Or by a matrix representation:
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a
a
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b
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Or :
b1 : The voltage wave reflected at the quadrupole inlet;
a1 : The voltage wave incident at the entry of the quadripôle;
b2 : The voltage wave incident at the output of the quadru‑
pole;
a2 : The voltage wave reflected at the output of the quadru‑
pole;
S11  : Reflection coefficient at the input when the output is 
adapted;
S22:Reflection coefficient at the output when the input is 
matched;
S12  : Reverse transmission coefficient when the input is 
matched;
S21 : Direct transmission coefficient when output is matched;

The voltage waves mentioned above are calculated 
from the following expressions [12]:
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With :
V1 : Represents the voltage at the line input;
V2 : represents the voltage at the output of the line,

From equations (19), the S parameters are obtained 
as follows:

(22)	
01

1
11

2 =

=
aa

bS

Fig. 10. Representation of a transmission line in voltage waves
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Which represents the reflection coefficient at the in‑
put of the line knowing that the output of the line is 
adapted.

(23)	
02

2
22

1�

�
aa

bS

Which represents the reflection coefficient at the out‑
put of the line with a matched line input.

(24	  
02

1
12

1�

�
aa

bS

Which represents the reverse propagation of the sig‑
nal through the line, given that the input of the line is 
adapted.

(25)	
01

2
21

2 �

�
aa

bS 	(III.31)

Applications and results

Influence of the impact of the phase connection 
mode on the transfer function of the power 
transformer

The simulation using the EMTP‍‑ATP software is 
performed with an electrical circuit‍‑based approach 
and involves solving the nodal matrix equation [3]. 
For its applications, we tested several structures, la‑
beled from H5 to H10. The difference between these 
structures lies in the injection point of the HF signal 
and the location where the response is measured. In 
our study, we present only two structures (H6 and H7). 
The modeling results obtained using EMTP‍‑ATP soft‑
ware are validated through measurement.

Structure H6
In this simulation (figure 11), we inject the signal 

on the first phase of the LV side of the transformer and 
the signal recovery will be on the second phase of the 
MV side.

Structure H7
The signal is now injected into the first phase on 

the MV side of the transformer, and the response is 
measured on the first phase of the LV side (figure 13).

Fig. 11. H6 measurement diagram.

Fig. 14. Simulation and measurement of transformer transfer function 
variations (Structure H7)

Fig. 13. H7 measurement diagram

Fig. 12. Simulation and measurement of transformer transfer function 
variations (Structure H6)

Fig.11. H6 measurement diagram 
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Study of the propagation of the plc signal 
through a transformer equipped with its lines

In this part, we propose to study an electrical net‑
work consisting of a transformer equipped with its lines 
(input and output). This study will allow us to analyze:

The effect of the transformer;
•	 The effect of the number of departures;
•	 The effect of the network structure (looped or radial).
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•	 Throughout the following study, we will use the 
H7 transformer structure, as it provides a  better 
transformation ratio around 200 kHz, ensuring im‑
proved transformer performance.

Direct impact of the transformer on the 
transmission of the signal

To analyze the effect of the transformer on PLC sig‑
nal transmission, we propose simulating the network 
shown in Figure 15 under two scenarios: first, without 
the transformer, and then with the power transformer 
present.. The line is of length L = 150m and of end 
load equal to the characteristic impedance of the line.
The conductors have a conductivity equal to 5.107 S/m 
and that of the ground is σs = 0.01 S/m.

Effect of network looping
In this final application, we analyze the effect of 

network looping on signal propagation. figure 19 illus‑
trates the configuration of the proposed network. We 
examine the frequency variation of the transfer func‑
tion (U (L)/U (0)) in two cases:
•	 Radial network
•	 Looped network

Analyzing the results in figure 20, we observe 
a clear improvement in the transfer function when the 
network is looped, indicating that signal transmission 
is more efficient in a looped network.

Fig. 15.The network studied during the simulation
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Figure 16 below illustrates the variation of the 
transfer function with frequency, representing the ra‑
tio between the output voltage, denoted asU (L), and 
the input voltage, denoted as U (0).

For our simulation frequencies (>200 kHz), the 
transformation ratio is no longer relevant, as the mag‑
netic circuit no longer plays a  role at high frequen‑
cies. We can conclude that the transformer increases 
signal attenuation, as demonstrated by our results in 
figure 16.

Effect of the number of feeders
For this application, we propose to study the be‑

havior of the network illustrated in figure 17 by vary‑
ing the number of feeders (i.e. the number of loads).
We analyze the variation of the ratio of the output volt‑
age U (L) of the same feeder to the input voltage U (0), 
for several cases (1 feeder, 2 feeders, etc.).

The results in figure 18 clearly show that an in‑
crease in the number of branches (derivations) leads 
to greater attenuation in the propagation of the PLC 
signal. This can be explained by the variation of the 
output impedance with the number of connected con‑
nections; we note that the quality of the transmitted 
signal (CPL) degrades with the increase in depar‑
tures, but with practically the same location of the 
resonances.

Fig. 17. Configuration studied during the simulation

Fig. 16. Influence of the transformer on the propagation of PLC
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types of equipment are randomly connected and dis‑
connected, continuously altering the network load. Ad‑
ditionally, the characteristics of this equipment change 
over time, depending on factors such as its lifecycle, 
time of day, and frequency of use, sometimes mak‑
ing modeling unreliable. Therefore, it is crucial to de‑
velop a  tool capable of modeling an entire electrical 
network, including its various cables and topology, to 
facilitate engineering analysis and enhance the under‑
standing of PLC signal behavior on electrical cables.

We have therefore developed a  MATLAB code 
that simulates the propagation of high‍‑frequency (HF) 
signals on a network of lines or cables using the S‍‑ma‑
trix method. To validate our theoretical developments, 
we have conducted several applications. For overhead 
lines, we tested signal propagation across different 
configurations. These applications have primarily al‑
lowed us to conclude that issues related to signal at‑
tenuation, bandwidth, and the effect of derivations can 
be effectively addressed by analyzing the transmitted 
power.

After analyzing our simulation and measurement 
results, we observed some discrepancies. A  theoreti‑
cal analysis of the approach used allowed us to iden‑

Fig.18. Influence of the number of departures

Fig. 19. Configuration of the networks studied during the simulation
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Fig. 18. Influence of the number of departures
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b. Looped network 

  

 

 

Fig. 20. Influence of network looping on the transfer function

 

 

 

10
5

10
6

10
7

-80

-70

-60

-50

-40

-30

Fréquence (Hz)

Fo
nc

tio
n 

de
 tr

an
sf

er
t e

n 
te

ns
io

n 
(d

B)

réseau bouclé
réseau radial

Frequency [Hz] 
 

Looped network 
Radial network 

 

 

10
5

10
6

10
7

-160

-140

-120

-100

-80

-60

-40

Fréquence (Hz)

Fo
nc

tio
n 

de
 tr

an
sf

er
t e

n 
pu

is
sa

nc
e 

(d
B

)

réseau bouclé
réseau radial

Conclusion
Just as modeling electrical networks is challeng‑

ing, modeling electrical equipment connected to the 
network is equally complex. This is because various 
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tify the source of these differences. Consequently, we 
adopted an alternative approach that led to a signifi‑
cant improvement in the calculation results.

However, we encountered challenges in introduc‑
ing the equivalent circuit, which significantly compli‑
cates the development of the structural data. Regarding 
the transformer and its associated lines, our calcula‑
tions of the linear parameters ensure that the results 

are usable. Nevertheless, modeling using the S‍‑matrix 
method would be more suitable, as it provides a more 
accurate characterization of high‍‑frequency (HF) sig‑
nal propagation.
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