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ESTIMATION OF THE PARAMETERS OF A LVAC CABLE FOR A LVDC GRID
APPLICATION

Ferréol BINOT
Centrale Lille — L2EP — France
ferreol.binot@centralelille.fr

ABSTRACT

Despite the rise of LVDC grids, the type of cable to use is
still debated. An interesting solution would be the reused
AC cables. Through experimental measurements and
comparison with an analytical model, this works provides
values for steady state and transient analysis of a French
distribution cable in DC grids.

INTRODUCTION

In response to the climate emergency [1], new
applications, including photovoltaic panels (PV), electrical
mobility, and heat pumps, have been introduced on the
distribution grid [2], [3]. Most of these new uses are
powered in DC or via converters that go through a DC
level. To reduce grid losses and the number of converters,
the question arises of developing Low Voltage Direct
Current (LVDC) grids. For economic reasons, using
existing cables in DC seems preferred. Indeed, existing
Low Voltage Alternative Current (LVAC) cable are
already characterized for voltage operation up to 1500 V
RMS, according to IEC 60050. Therefore, the highest
possible voltage is 1800 V [4]. The absence of reactive
power, as well as the lower DC resistance, allows DC cable
to transmit more power. The actual limit being the cable
core temperature which shouldn’t exceed 90°C [5], [6].

In the literature, several authors propose to convert AC
cables to DC cables. The AC2DC project aims to develop
DC links for the German distribution grid [7]. German
distribution system operators are surveyed to find out
currently used cable technologies and their potential of
conversion to DC. For example, a 0.6/1 kV LVAC cable
can transfer at least double power in DC. To test the cable
performance, FEM modelling and experiments were
performed to determine the temperature of the cable in
service, showing the importance of knowing the values of
the parameters of these cables. Similarly the ANGLE DC
project aims to develop a MV DC link between the island
of Anglesey and the Welsh mainland [8]. Three phases are
connected in parallel to provide one pole. This project
wanted to demonstrate the feasibility of a DC link using
existing AC cable. In [9], the authors analyses several
methods of converting AC MV lines to DC lines, as well
as their control methods, in order to increase the transfer
capacities. Relations are given to estimate parameters and
losses in steady state operation. In a similar way, [10]
performed a techno-economic analysis of a LVAC grid
compared to the same grid in DC. Assuming the 400 V AC
cable can be operated at a higher voltage, the maximum
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transmitted power is multiplied by about 4 between AC
and DC solutions. Both studies underline the advantage of
using the current AC cables in DC. Nevertheless, the
authors scarcely determine impedance of the cables and
focus mainly on steady state analysis. [11], [12] propose
more complete models, but are limited to HVDC cables
configuration.

Analysis of the above literature draws attention to several
aspects that are insufficiently addressed. French cable,
whose geometry is different from other countries, is never
studied. Cable parameters are generally limited to the DC
resistance and no value is provided for transient analysis.
Our article offers to complete these gaps. In Section 2, the
methodology to determine the LVAC cable parameters
analytically and experimentally is described. Section 3
presents the characterization results on the French cable
based on the proposed methodology and gives parameters
to be exploited in later studies.

METHODOLOGY

Type of cable studied

In this article, we considered a typical 150/95 mm2 French
LV cable used in the distribution grid. This cable is
composed of 3 sector conductors for phases a, b, and ¢ and
one circular conductor for the neutral completed by a
crown that surrounds all the conductors. Depending on the
grounding system of the DC grids, four conductors could
be needed, as well as three.

(c) DC -1 -3 conductors

(d) DC - 2 - 3 conductors

Figure 1. Pictures of the French LV cable for four
configurations: (a) usual AC, (b) 4 conductors DC (b), (c) 3
conductors - option 1 and (d) 3 conductors - option 2
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The different possibilities are represented in Figure 1. In
this study, only configuration (b) and (c) are considered.
They correspond respectively to a TN-S and TN-C-S
grounding. Because we are interested in having symmetric
poles, configuration (d) is not studied.

Analytical model

In [13], an analytical model of a four conductors LV cable
has been developed. This model represents the
configuration (a) of Figure 1 and allows to determine the

impedance matrices at 50 Hz, as described on Figure 2.
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Figure 2. Analytical model of LV cable.

Based on this work, we extended the method for a variable
frequency while maintaining the same relation (1).
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To determine the DC parameters, we computed the matrix
z at 0.1 Hz in mQ.km™. According to this result an
estimation of the per-unit-length self-resistance would be
205 mQ.km, while the per-unit-length mutual and self-
inductances would be of 2 mQ.km™.

205+2j  2j 2j 2j
2j 20542 @ 2j 2j
a —
Zoanz = | o 2j 205425 2 @
2j 2j 2/ 25942

From the reference, the original matrix at 50 Hz is given
below. A decrease in resistance and inductance can be
noticed.
ZSonz
254 +758j 49+694j 49+ 680j 49 + 708
49 +694j 254+758] 49+694j 49+679j | (3)
49 4+680j 49+ 694j 254 +758j 49 + 708j
49 +708j 49+679] 49+708j 299 + 764j

Because the analytical model cannot be used for a three
conductors’ configuration, like the configuration (c), it is
proposed to approximate the impedance of the parallelized
conductors as the two self-impedances in parallel.

Laboratory measurements

To validate the analytical model, the platform PHILibert is
used to generate a power sinusoidal signal at different
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frequencies: 10 Hz, 30 Hz, 60 Hz, 120 Hz, 240 Hz and 480
Hz. 50 Hz is not considered to avoid the influence of the
main grid noise. A step-down transformer is inserted in
serial to increase the current and allow a voltage
measurement. The 10 m cable was disposed in a perfect
circle to minimize parasite inductance.

Cable

Figure 3. Experimental setup

When the phase a is supplied by the transformer, the
parameters are determined using the following equations:

1 T
P=7 [ @0 C)
_V (Va-la)z - Pa2 (5)
aa — Iaz
Xaa
Laa =57 (6)
P
Rea =7 Y]
v,
Xap = I_b 8

Where P, is the active power consumed in the phase a [W],
X, the self-reactance of phase a [Q], L,, the self-
inductance of phase a [H], R,, the resistance of phase a
[Q], X, the mutual reactance of phase a relatively to phase
b [Q], V, the RMS voltage of phase a [V], V;, the RMS
voltage of phase b [V], I, the RMS current in phase a [A],
f the frequency [Hz], i, the instantaneous current in phase
a [A], v, the instantaneous voltage of phase a [V].

The difference between the analytical and the
measurements is quantified with the relative error given
by:

e = 100.% )

Where V,, is the expected theoretical value of the studied
parameter and V., the measured value of the studied
parameter. With this formulation, having a positive error
means that the theoretical value is higher than the
measured value, while a negative error means the
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theoretical value is lower than the measured value.
120
CABLE STUDY AND CHARACTERIZATION o b
RESULTS 1008 ; %::
80 ik
In this section, the impedances of configurations (b) and o
(c) are compared to the impedances obtained analytically. > %
£ 40»,)
Per-unit-length resistance Sl
Each phase is characterized alone in a first time, to 3o 8 o S
describe the configuration (b). The measurements of N
conductor resistance are given in Table 1. ! *
-40F
*
Table 1 : Measured resistance in mf. km~tof each phase in 60

configuration (b) and (c) according to the frequency. The
superscript and the subscript of the resistance represent the
configuration and the phase respectively.

10 30 60 120 240 480
I 6782 1191 1653 240.1 416.6 4066
I 7470 1188 1519 246.7 5313 3995
68.18 120.1 151.9 229.6 537.2 3876
I 1236 1989 2348 247 7166 4032
71.01 1159 1636 2595 568 4054
I 2354 5445 8891 180.2 431.3 3723
82.51 140.3 173.3 279.1 603.3 4144

Figure 4 depicted the relative error based on (9). Despite a
high error at 480 Hz, the proposed method allows to get
accurate results at all frequencies. At around 50 Hz, the
results are more accurate than in [13]. The divergence of
results for high frequencies can be due to the proximity or
skin effects, which are not considered in (1). At 10 Hz, the
transformer deforms the signals which leads to the sudden
rise of error.

The measurements have been repeated for the
configuration (c). The results are shown in Table 1. The
resistance of conductors changes slightly for phase a and
¢, unlike phase b due to the connection in parallel of the
neutral. This change cannot be predicted by the proposed
model as illustrated by Err,, of the Figure 5, which
compares Ry, with Rg and Ry, in parallel.
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Figure 4 : Relative error for the characterization of phase
resistance in configuration (b) compared to the analytical model

CIRED 2023

L L L L L L L L L A
0 50 100 150 200 250 300 350 400 450 500
Frequency [Hz|

Figure 5 : Relative error for the characterization of phase
resistance in configuration (c) compared to the measurement in
configuration (b) for phase a, b, and c. Err,, compares Ry,
with RZ and Ry, in parallel.

To be able to give an estimation of the DC resistance from
AC measurements, we propose to approximate the data by
the following exponential function:

R(f) = RDc-ea‘f (10)
Where Rp. is the DC resistance of the conductor
[Q.km™1], f is the frequency and a a coefficient
depending on the conductor. The results are synthetized in
Table 2.

Table 2 : Value of parameters of model proposed at (10) for
configurations (b) and (c)

Phase | Rpc [mQ.km™1] | a [s]
Configuration (b)

a 59 8.8-1073

b 79 8.2-1073

c 80 8.0-1073

n 139 7.0-1073
Configuration (c)

a 86 8.0-1073

b+n 51 8.9-1073

c 96 7.8-1073

Although values are close, the resistance is different for
every phase. This phenomenon was already shown in
Figure 5. In a first approximation, it can be considered that
in configuration (b), average phase DC resistance is
73 mQ.km™!, while the neutral DC resistance is
139 mQ.km™?. In configuration (c), the average phase
resistance is 91 mQ. km™?, while the equivalent resistance
of parallel conductor is 51 mQ. km™2. These values are far
from the analytical one. To validate these results a third
measure, through a DC source has been performed. In
summary, this measure confirms the analytical result with
an average resistance of 196 mQ. km™?! for phases.

In case of a transient study, like a pole to pole short-circuit,
it is more relevant to consider an average value of the
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resistance measured between 30 Hz and 120 Hz: the
oscillating  phenomenon  occurring around these
frequencies. In configuration (b), average phase resistance
is 148 mQ.km~! and the neutral resistance values
226 mQ.km™1. In configuration (c), the average phase
resistance is 152 mQ.km™?! and the equivalent resistance
of parallel conductor values 87 mQ. km™1.

Per-unit-length inductance

Concerning the characterization of the cable self-
inductance, the results are shown in Table 3 for
configurations (b) and (c).

Table 3 : Measured self-inductance in mH. km™'of each phase
in configuration (b) and (c) according to the frequency

The relative errors are presented in Figure 6 and Figure 7.

10 30 60 120 240 480
295 232 224 215 208 2.66
304 231 216 202 209 278
292 233 216 205 209 275
3.69 242 216 209 217 261
297 231 211 206 211 273
224 204 194 191 202 251
311 232 21 206 212 269

O Err,
10+ o @ O Erry,
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- 9 O
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Figure 6 : Relative error for the conductor self-inductance in
configuration (b) compared to analytical model
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Figure 7 : Relative error for the characterization of phase self-
inductance in configuration (c) compared to the measurement in

CIRED 2023

configuration (b) for phase a, b, and c. Err,, compares Ry,
with Rg and Ry, in parallel.

As for the resistance estimation, it appears that the model
has a good accuracy for frequency between 30 Hz and 240
Hz. However, whatever the frequency, the absolute
relative error stays between 18 % and 3 % which is better
than for the resistance estimation. Furthermore, changing
the conductors’ configuration changes the inductance
value for the parallelised conductors, while it remains
almost constant for the others. Figure 7 demonstrates that
the value of the self-inductance these last conductors
cannot be predicted with the hypothesis made.

As the self-inductance is a parameter mostly used for
transient analysis [14], only the average value around 50
Hz is computed. Thus, in configuration (b), phases and
neutral conductor inductances is around 2.4 mH.km™?. In
configuration (c), the value of the parallelized conductors
decreases to 2.1 mH.km™1,

Per-unit-length mutual inductance

Figure 8 shows relative error between the analytical model
and the measurements in configuration (b) for mutual
inductance value.
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Figure 8 : Relative error of mutual inductance in configuration
(b) compared to analytical model
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Figure 9 : Relative error of mutual inductance between
configurations (c) and (b)
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A small difference of mutual inductance can be note:
X2, # XP,, unlike the analytical model. Apart from that
and based on the same method as previously, an average
value of the mutual inductance is 1.9 mH.km™! for
configuration (b). Based on Figure 9, where the error is on
average 3%, it can be inferred that almost no divergence
of results exists between configuration (b) and (c): the
mutual inductance is similar whatever the configuration.

Proposed values

Table 4 and Table 5 summarize proposed values in this
article for the studied distribution cable, depending on the
analysis to perform.

Table 4 : Proposed values for steady state analysis
Configuration (b) | Configuration (c)
Phase 196 mQ. km™? 196 mQ. km™?

Neutral 139 mQ. km™? 51 mQ.km™?!

Table 5 : Proposed values transient analysis
Configuration (b) | Configuration (c)

R | 148 mQ.km™* 226 mQ.km™?!
Phase | L 2.4 mH.km™! 2.4 mH.km™?!
M 1.9 mH.km™! 1.9 mH.km™!
R | 152mQ.km™?! 87 mQ.km™!
Neutral | L 2.4 mH.km™! 2.1 mH.km™?
M 1.9 mH.km™! 1.9 mH.km™!

CONCLUSION AND FUTURE WORKS

Parameters allowing to describe the behaviour of a French
LV cable has been determined for steady state and
transient analysis for two different configurations. The self
and mutual inductance of each conductor is dedicated to
transient analysis, while the resistance values concern
steady state and transient analysis. An analytical model,
validated by experimental measurements, allows to
determine accurately all the parameters of the cable
between 30 Hz and 120 Hz. At higher frequencies, only
self and mutual inductance can be retrieved, because
proximity and skin effect are not considered. As regards
low frequencies, the DC resistance value offers a
significant divergence between the analytical model and
the measurements at 10 Hz. A test with a high DC current
source allowed to validate the analytical value provided in
this article. Further studies will be needed to understand
the impact of parallelizing conductors.
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