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MODELLING OF DATA COMMUNICATION
OVER MEDIUM-VOLTAGE POWER DISTRIBUTION LINES

The paper is dedicated to different topologies of medium-voltage power distribution lines with respect to their properties influencing the
transmission of communication signals. We provide very basic introduction to the problems of signal transmission over these lines, discuss

their parameters and examine the typical behaviour and characteristics. We conclude our considerations with some specific recommendations

concerning the most advantageous configurations for the purposes of Power Line Communication (PLC). The data transmission capacity is

calculated for different topologies and network conditions.
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1. Introduction

The concept of Smart Grids in power distribution systems
[ 1] naturally implies the need for transmission of communication
signals over medium-voltage lines, and therefore it is necessary
to solve some specific problems related to this environment,
sometimes substantially different from the issues known in
conventional telecommunication lines and cables [2]. In this
paper we introduce and analyse some of these problems, with
special emphasis on typical topologies and their particular
consequences.

2. State of the Art

A) Basic model of the line

Actual resources relevant for the power line network modelling
are [3] and [4]. If we want to determine the transmission function
of a line composed of several sections with different parameters
and containing also taps or other elements, we can express it
from the product of matrices describing the individual cascaded
sections. We should use the cascade parameters of a two-port
network ABCD [5]. The resulting matrix of the cascade will be
given by the product of the sectional matrices:

_[a(s) b(f)]
c(f) d(f)

where A to A are matrices describing the cascaded elements

()

and a(f) to d(f) are the resulting parameters of the entire cascade.
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The matrix for section of a homogeneous line with length /,
characteristic impedance Z and propagation coefficient y, can be
calculated using the following formula:

(cosh(yi(f)- 1) (Za(f)-sinh(yi(f) L))
Vi(f) !

Ay =|{sinh(y.(f) 1) ()
(UYL (o))

B) Modelling of medium-voltage lines

Let us consider the initial values for modelling of a 22kV line
according to [6], which lists the following primary parameters:
L = 1.9-10° H/m, C = 8-10"> F/m, R(200kHz) = 0.03 Q/m, and
G(200kHz) = 1.5-10® S/m. Some other important parameters
of British Telecom model (BT9) [7] include: DC resistance
r, = 1; frequency characteristics slope constant a = 0.0002;
leakage for low frequencies g, = 7.5-10"% and growth coefficient
towards higher frequencies g = 1. Then the characteristic

impedance Z can be calculated as:

= /L _ /19 06 _
Ze=\C =473 10° = 487Q (3)
and the propagation velocity v as:
v =% = 256495km/s @

Local maximums of the attenuation characteristics can be
estimated using the following formula:
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(2k+1)

fimx = fork=0;1;2;3.. (5)

YV

4l,°
where [, denotes the length of a bridged tap and v the signal
propagation speed on the given line [8] and [9].

3. Medium-voltage Lines with Branches

Medium-voltage power distribution network has, in general,
a tree topology with many branches (that we refer to as
bridged taps, with respect to the common terminology used
in the telecommunications area [5]). For the purposes of
modelling of the medium-voltage transmission environment for
PLC communication we will consider three basic topological
configurations:
1. Tree topology,
2. Linear topology with very short taps,
3. Star topology.

These topologies will be compared in a situation with testing
length 12.26 km between the central unit (placed in a HV/MV
transformer station) and the most distant modem in a distribution
transformer station (DTS). It is assumed that the taps are bridged
with a combination of an equivalent impedance of the distribution
transformer and a coupling element; so, we can assume that
a PLC modem is connected in all DTS nodes.

A) Tree topology

The first considered topology (Fig. 1) is a tree with taps in
nodes No. 2, 4, 6, 8, 9, 12, 14 and 15; their respective lengths are
152 m, 2630 m, 81 m, 1870 m, 54 m, 289 m, 42 m and 521 m, and
the lengths of the individual sections are 385 m, 4491 m, 27 m,
1751 m, 3420 m, 1290 m and 923 m.
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Fig. 1 Configuration #1
The graph in Fig. 2 shows modelled attenuation for the tree

(o0

topology (blue curve) compared to a homogeneous line (green
curve). In order to compare different situations, let us focus on an
identical tree topology, but with extremely increased leakage (10
times higher than in the previous situation), which corresponds to
very high values of humidity in rain and fog (see Fig. 3).
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Fig. 2 Frequency dependence of attenuation
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Fig. 3 Frequency dependence of attenuation (for extremely
increased leakage)

It can be observed from the frequency dependence of
attenuation that thanks to substantial increase of specific
attenuation the reflections are attenuated as well (i.e. the
maximums are flattened), but - especially in the higher frequency
range - the values of attenuation are very high, and therefore
the practical usability of such channel for transmission of
communication signals is limited to the band up to 100 kHz at
most.

C) Linear topology with very short taps
The next considered topology is linear, with short taps leading
from the main line to the individual DTS (see Fig. 4).
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Fig. 4 Configuration #2 (linear topology with short taps)

The lengths of the respective short taps are 27 m, 81 m, 54 m,
42 m, 16 m, 18 m, 29 m and 98 m. The lengths of line sections
remain the same as in the case of tree topology. The graph in Fig.
5 shows the modelled attenuation for linear topology with short
taps (blue curve) compared to a homogeneous line (green curve).
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Fig. 5 Dependence of attenuation on frequency (linear topology with
short taps)

From the graphs it is clear that up to approximately 300 kHz
the taps do not disturb the transmission and the values of
attenuation are almost comparable with homogeneous lines. Also
the impulse response is much cleaner.

D) Star topology

The last considered case is a star topology - lines towards the
individual DTS begin in the same node. Other transformers may
be deployed on these lines, as we can see on the scheme in Fig. 6.

+——010

Fig. 6 Configuration #3 (star topology)
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Besides the main examined line (12.26 km) we consider also
five other “beams” of the following lengths: 3853 m; 1527 m;
4491 m; 6762 m; 2630 m. The graph in Fig. 7 shows the modelled
attenuation for the star topology (blue curve) compared to
a homogeneous line (green curve).
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Fig. 7 Frequency dependence of attenuation (star topology)

The modelled dependencies show that their nature is totally
different, which is caused by substantial influence of reflections.
The most remarkable difference against the previous cases is
substantially lower input impedance caused by connecting several
lines in parallel. This fact can be used to decrease the internal
impedance of modems in the central node of a network with star
topology.

4. Data transmission performance

We have performed initial modelling, using the tree topology
that appears to be the most critical one from the viewpoint of
transmission parameters (exhibiting multiple reflections, the
most rippled transfer function as well as impulse response).
We considered OFDM scheme with 1kHz subchannel width
and QAM modulation, noise margin NM=4 (6dB), permissible
symbol error rate 107 (Shannon gap 9.5) and signal amplitude
0.1 V - RMS value per 1kHz channel (typically corresponding
to 10 Vpp for transmission in the entire considered bandwidth).
We did not consider any error correction method. The maximum
number of allocated bits is 8, which corresponds to the maximum
number of states for 256-QAM modulation.

Furthermore, we considered background noise typical for
industrial environments, taken from low-voltage networks, and
interference from LW radio transmitters - DCF77 (time code
at 77.5 kHz) and LW radio broadcast (at 270 kHz, 153 kHz,
183 kHz, 234 kHz and 225 kHz).
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Figure 8 shows power spectral density of the considered
noise, and Fig. 9 illustrates frequency dependence of attenuation
in the channel under optimum transmission conditions for line
length (transmitter - receiver) 20 km.
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Fig. 8 Power spectral density of noise (star topology)
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Fig. 9 Frequency dependence of attenuation for 20km length
(configuration #1)

The graph in Fig. 10 shows theoretical maximum transmission
speed - the blue curve represents line length dependence of the
speed for QAM modulation and the green one for OFDM. The
graph of bit allocation for OFDM (Fig. 11) shows the usability of
different spectral bands (dependence on subchannel sequential
number).

If the lower part of the band between 10 and 60 kHz is used for
transmission, the resulting data rate is practically independent of
the distance. The comparison above does not allow unambiguous
decision whether it is more advantageous to use the single-carrier
(QAM) or multi-carrier (OFDM) modulation. However, it is
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positive that acceptable data rates can be achieved even under
worsened conditions when the frequencies in the lower part of
the band are used.

The current trend in communication systems is the deployment
of turbo codes [ 10] and [ 11], which leads to lower achievable data
rate, but it also rapidly increases system robustness, i.e. noise
immunity and acceptable attenuation of the transmission path
under extreme conditions.
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Fig. 10 Dependence of data rate on distance (configuration #1)
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Fig. 11 Example of bit allocation for OFDM transmission format

5. Conclusion

The graphs displayed above clearly show that the resulting
channel properties for the respective topologies differ substantially,
being influenced mainly by reflections. The most remarkable
difference of star topology against the other cases consists in
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much lower input impedance, as several lines are connected
in parallel; this approach can be used to decrease the internal
impedance of a modem in the central node of a star network
accordingly.

The most advantageous topology - from the viewpoint of
reflections - is the linear one with short taps, where we can
identify relatively wide band, suitable for PLC communication,
the parameters of which nearly approach those of a homogeneous
line.
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