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Until now, the neural network identification methodology for the branch
number identification (NNIM-BNI) and the neural network identification
methodology for the distribution line and branch line length
approximation (NNIM-LLA) have approximated the number of branches
and the distribution line and branch line lengths given the theoretical
channel attenuation behavior of the examined overhead low-voltage
broadband over powerlines (OV LV BPL) topologies [1], [2]. The impact
of measurement differences that follow continuous uniform distribution
(CUDs) of different intensities on the performance of NNIM-BNI and
NNIM-LLA is assessed in this paper. The countermeasure of the
application of OV LV BPL topology databases of higher accuracy is here
investigated in the case of NNIM-LLA. The strong inherent mitigation
efficiency of NNIM-BNI and NNIM-LLA against CUD measurement
differences and especially against those of low intensities is the key
finding of this paper. The other two findings that are going to be
discussed in this paper are: (i) The dependence of the approximation
Root-Mean-Square Deviation (RMSD) stability of NNIM-BNI and NNIM-
LLA on the applied default operation settings; and (ii) the proposal of
more elaborate countermeasure techniques from the literature against
CUD measurement differences aiming at improving NNIM-LLA
approximations.
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1. Introduction

During the recent years, the evolution of the traditional power grid, which
represents an omnipresent widely branched hierarchical network structure with relatively
few one-way communications modalities, to a modern power grid that is upgraded with
an intelligent IP-based communications network of two-way information flows may
support a myriad of broadband applications [1]-[9]. The supported broadband
applications can facilitate the today’s digital transformation of power utilities and
consumers, namely: (i) power utilities’ operations and management -e.g., real-time
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monitor, meter and control of the power grid equipment and wired infrastructure-; and
(i1) customers’ needs and demands -e.g., real-time monitor and control of their power
flows-. To implement the two-way information flow across the smart grid, Broadband
over Power Lines (BPL) networks exploit the available wired power grid infrastructure
while permitting their integration with other communications solutions, such as Radio
Frequency (RF) mesh, modified Long Term Evolution (LTE), Code Division Multiple
Access (CDMA) at sub GHz bands, dedicated fiber along high voltage lines and 5G
communications, through their BPL wireline / wireless interfaces [3], [7], [8], [10].

A plethora of channel models has been applied for characterizing BPL channels;
say, deterministic, statistical, bottom-up, top-down, hybrid BPL channel models and.
more recently, BPL channel models that exploit artificial intelligence (AI), machine
learning (ML) and neural network (NN) capabilities [1], [11]-[26]. On the basis of the
deterministic hybrid model (DHM) of [1], [2], which describes BPL signal propagation
and transmission across the topologies of the overhead low voltage (OV LV) BPL
networks, critical DHM broadband performance metrics, such as the channel attenuation
of the OV LV BPL topologies, may be further exploited by the BPL broadband
applications of the smart grid. Indeed, Topology Identification Methodology (TIM),
which has been proposed in [27], [28] and is among the BPL broadband applications of
the smart grid, can approximate the exact topological characteristics (i.e., number of
branches, length of branches, length of main lines and branch terminations) of an
examined BPL topology by comparing the available channel attenuation measurements of
the examined BPL topology with the theoretical DHM channel attenuation results of
various OV LV BPL topologies stored in the TIM BPL topology database. By exploiting
the available big data of the TIM BPL topology database for the OV LV BPL topologies
and AI - ML - NN capabilities, the neural network identification methodology for the
branch number identification (NNIM-BNI) and the neural network identification
methodology for the distribution line and branch line length approximation (NNIM-LLA)
have been proposed for the OV LV BPL topologies in [1] and [2], respectively. More
specifically, NNIM-BNI aims at identifying the number of branches and NNIM-LLA
tries to approximate the distribution line and branch line lengths for a given OV LV BPL
topology theoretical channel attenuation behavior when the corresponding OV LV BPL
topology does not lie among the ones of the TIM BPL topology database in both
methodology cases.

However, measurement differences between experimental and theoretical OV LV
BPL topology channel attenuation values may occur due to several practical reasons and
“real” life conditions while these measurement differences may significantly affect the
performance of the BPL broadband applications of the smart grid [28]-[32]. In this paper,
the effect of the measurement differences observed between the experimental and
theoretical OV LV BPL topology channel attenuation values on the performance of
NNIM-BNI and NNIM-LLA is first assessed. In accordance with [28], [29], [32], [33], a
typical scenario to take into account the measurement differences during the BPL
topology channel attenuation analysis is their handling as error distributions such as
Continuous Uniform Distributions (CUDs) and Normal Distributions (NDs) that are
superimposed to the coupling scheme transfer function theoretical numerical results of
DHM. In this paper, measurement differences are going to be simulated as CUDs of
various intensities. The procedure that is going to be followed so as to assess the impact
of measurement differences as CUDs on the NNIM-BNI and NNIM-LLA approximation
performance consists of two Phases, namely: (1) Phase 1: Exploiting the list of indicative

Tr Ren Energy, 2024, Vol.10, No.1, 30-66. doi: 10.17737/tre.2024.10.1.00164 31



Peer-Reviewed Article Trends in Renewable Energy, 10

OV LV BPL topologies of [1], [2], the representative database sets of the TIM OV LV
BPL topology database and the default operation settings A presented in [1], the branch
number approximations of NNIM-BNI are compared against the corresponding best
branch number approximation without measurement differences and the real branch
number for given indicative OV LV BPL topology when CUD measurement differences
of various intensities are assumed; and (ii) Phase 2: Focusing on the same list of
indicative OV LV BPL topologies of [1], [2], the default operation settings B of [2], are
here applied. In order to improve the NNIM-LLA performance and cope with the
insidious effect of measurement differences, the default operation settings C, that are a
more elaborate version of the default operation settings B of [2], are here proposed as a
fine countermeasure against measurement differences. First, the NNIM-LLA
approximations of the distribution line and branch line lengths, when CUD measurement
differences of various intensities and default operation settings B are assumed, are
compared against the corresponding approximations without measurement differences of
default operation settings B so that the performance of NNIM-LLA is assessed against
the measurement differences. Second, the performance of NNIM-LLA approximations of
the distribution line and branch line lengths is benchmarked when CUD measurement
differences of the same intensities and default operation settings C are assumed. Here, the
role of the default operation settings of higher accuracy against the CUD measurement
differences is investigated. In accordance with [1], [2], the performance metric that is
going to be applied in both Phases of this paper is the Root-Mean-Square Deviation
(RMSD) so that the impact of the CUD measurement differences on the NNIM-BNI and
NNIM-LLA approximation performance can be assessed. Conversely to [1], [2], it should
be noted that the theoretical channel attenuation measurements of the examined OV LV
BPL topologies will be included in the TIM BPL topology database of this paper as well
as the topological characteristics of the corresponding OV LV BPL topologies.

The rest of this paper is organized as follows: Section 2 briefly presents DHM,
NNIM-BNI and NNIM-LLA. Certain aspects that highlight the operation points of
NNIM-BNI and NNIM-LLA, which are vulnerable to measurement differences, are
presented in this Section. In addition, the mathematics concerning the involvement of
measurement differences during the NNIM-BNI and NNIM-LLA operation are reported.
In Section 3, the numerical results regarding the impact of measurement differences on
the approximation performance of NNIM-BNI and NNIM-LLA are given. Section 4
concludes this paper.

2. DHM, TIM OV LV BPL Topology Database, NNIM-BNI and NNIM-LLA

In this Section, DHM and TIM OV LV BPL topology database that are
responsible for the big data pool of NNIM-BNI and NNIM-LLA are first presented in
this Section. Here, DHM is presented by focusing on its output of OV LV BPL topology
channel attenuation that is appropriately included into TIM OV LV BPL topology
database as the theoretical coupling scheme channel transfer functions. Also, the effect of
CUD measurement differences on the DHM output is mathematically presented. Second,
NNIM-BNI and NNIM-LLA, which have been proposed in [1] and [2], respectively, are
briefly discussed as well as the corresponding useful conclusions of [1], [2] that are
going to be exploited in this pair of papers and may further affect the operation and
performance of NNIM-BNI and NNIM-LLA.
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2.1 DHM and the Mathematics of the Measurement Differences

DHM is a synthetic BPL channel model of three concatenated modules; say, the
bottom-up, the top-down and the coupling scheme modules [1], [2], [9], [11]-[13], [34]-
[36]. More specifically, the bottom-up and top-down modules of DHM address the
propagation and transmission issues of the BPL signal across the OV LV BPL topologies.
To deal with the aforementioned propagation / transmission problem, the bottom-up and
top-down modules of DHM require details about the applied OV LV Multi-conductor
Transmission Line (MTL) configurations and the OV LV BPL topologies, namely:

1. Asthe OV LV MTL configuration that is applied in this paper is concerned, the
typical OV LV MTL configuration of Fig. 1(a) is assumed. The examined OV LV
MTL configuration consists of four parallel non-insulated conductors (i.e.,
nOVLV = 4) of vertical distance that is equal to doyry. The upper conductor of
radius rovLy. 1s the neutral conductor while the lower three conductors of radius
roviv,p are the three LV phases. The lowest phase conductor is hung at height
hoyLv above the ground. The exact dimensions, the material of the conductors and
the structure of the conductors are detailed in [9], [11], [13], [15], [37], [38]. The
reference conductor of the OV LV MTL configuration is assumed to be the
imperfect lossy ground of properties reported in [39]-[41].

2. As the OV LV BPL topologies that are used in this paper are concerned, the
typical OV LV BPL topology of Fig. 1(b) is assumed. With reference to Fig. 1(b),
the typical OV LV BPL topology is bounded by the transmitting and receiving
ends while N branches of open-circuit terminations are encountered across the
transmitting path. The arbitrary &, k=1,...,N branch has length equal to Ly and is
located at distance Y'¥_, L; from the transmitting end. The same length ¥ N1 L; of
1000m is assumed between the transmitting and receiving ends for all the applied
OV LV BPL topologies of this paper [1], [25]. In accordance with [1], [2], [13],
[34] the topological characteristics and the number of branches for five indicative
OV LV BPL topologies —i.e., Line-Of-Sight (LOS), rural, suburban, urban A and
urban B- are listed in Table 1. The indicative OV LV BPL topologies that are
included in Table 1 may offer a general study of all OV LV BPL topology classes
that are encountered in BPL networks. The indicative OV LV BPL topologies of
Table 1 have already been used as OV LV BPL topology case studies during the
benchmark of TIM-BNI, NNIM-BNI, TIM-LLA and NNIM-LLA in [1], [26].
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Figure 1. (a) OV LV MTL configuration [1], [9], [13]. (b) Typical OV LV BPL topology with N

branches [1], [25].

Table 1

Indicative OV LV BPL Topologies [1], [13], [26], [34]

OV LV BPL Topology Branch Length of Main Lines Length of Branches
Name Number
™)
Urban case A 3 L1=500m, L,=200m, Ly =8m, Ly,=13m, Ly;=10m
(Typical urban case) L;=100m, L,=200m
Urban case B 5 L=200m, L,=50m, Ly=12m, Li,=5m, Ly;=28m,
(Aggravated urban case) L;=100m, L,=200m, Ly~41m, L,s=17m
Ls=300m, Lg=150m
Suburban case 2 L=500m, L,=400m, Ly,;=50m, Li,=10m
L3:1 00m
Rural case 1 L,=600m, L,=400m Ly,;=300m
LOS case 0 L;=1000m -
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By the interconnection of the bottom-up and the top-down modules of DHM, the
no"% x n®V line channel transfer function matrix HOVLV{:} of the typical OV LV BPL
topology of Fig. 1(b) is given by [1], [2], [9], [11]-[13], [34]-[36]

HOVLV{.} = TQVLV . gOVLV.m(.}. (T‘g)VLV)_l (1)
where HOVIV™ML3 is the nOVLV x nOVLY modal channel transfer function matrix and
TSV is the nOVLY x nOVLV transformation matrix. With reference to [1], [2], [9], [11]-
[13], [34]-[36] and observing eq. (1), the line channel transfer function matrix depends on
the examined OV LV MTL configuration (i.e., physical properties and geometry of the
OV LV MTL configuration) and the examined OV LV BPL topology.

By the concatenation of the bottom-up and the top-down modules with the
coupling scheme module of DHM, the theoretical coupling scheme channel transfer
function is given by [42], [43]

HOVLV,C{_} _ [cout]OVLV,C . HOVLV{_} . [cin]OVLV,C ()
for given coupling scheme where []* denotes the applied coupling scheme, C™ is the input
coupling n®*V x 1 column vector dealing with the BPL signal injection process and C°* is
the ouput coupling 1 x n°'tV line vector dealing with the BPL signal extraction process.
Actually, the coupling scheme channel transfer function of eq. (2) relates the output BPL
signal v°'*~ with the input one V™* of Fig. 1(b). It should be noted that the coupling
scheme transfer function of eq. (2) is a frequency dependent function due to the involved
frequency dependent function elements from eq. (1) (i.e., the modal channel transfer
function and the transformation matrices) and also depends on the applied coupling
scheme for the BPL signal injection / extraction across the examined OV LV BPL
topology. It should be noted that the theoretical coupling scheme channel transfer
function of eq. (2) is of interest for the preparation of the TIM OV LV BPL topology
database of the next subsection of this paper since for given OV LV MTL configuration
and coupling scheme, the corresponding theoretical coupling scheme channel transfer
functions can be computed by DHM and stored in the TIM OV LV BPL topology
database by only adjusting the topological characteristics of OV LV BPL topologies.
With reference to [42], [43], it should be noted that the applied coupling scheme is the
WtG' one.

The computation of the DHM coupling scheme transfer function of eq. (2) is a
rather theoretical issue since no measurement differences are taken into account.
However, a set of practical reasons and “real life” conditions, which can be grouped into
six categories [28], [30], [44], [45], can create measurement differences during the
practical determination of the coupling scheme transfer function. To assess the effect of
the measurement differences during the determination of the coupling scheme transfer
functions of the OV LV BPL topologies, in accordance with [28], [30], [44], [45] and

with reference to eq. (2), the measured coupling scheme transfer function Hp) 557 {} is

determined by

ngLzch(fq) = HOVLV'C(fq) + engz,i(ﬁz)’ g=1,....0, i=1,..,1 3)
where [-]? denotes the applied measurement difference distribution (i.e., CUD in this
paper), d1 is the first parameter of the applied measurement difference distribution (i.e.,
the minimum value —acyp of CUD in this paper), d2 is the second parameter of the
applied measurement difference distribution (i.e., the maximum value acyp of CUD in
this paper), egljdzli(]’CI) is the measurement difference at frequency f, for given
measurement difference distribution, / is the number of different 1 x @ line vectors of
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measurement differences per applied measurement difference distribution, first and
second parameter and i indicates the i among / line vectors of measurement differences.
In this paper, 1 representative line vector of measurement differences are going to be
assumed per applied measurement difference distribution, first and second parameter;
say, i=I=1. It should be noted that the measured coupling scheme channel transfer
function of eq. (3) is of interest for the NNIM-BNI and NNIM-LLA since for given OV
LV MTL configuration and coupling scheme, the corresponding / measured coupling
scheme channel transfer functions are approximated in terms of the branch number and
main / branch line lengths.

2.2 TIM OV LV BPL Topology Database

In accordance with [1], [2], TIM OV LV BPL topology database acts as the big
data pool for NNIM-BNI and NNIM-LLA. In fact, TIM OV LV BPL topology database
is the core part of TIM and is borrowed by the NNIM-based methodologies due to its big
data detail concerning the correspondence among topological characteristics and coupling
scheme transfer function behavior of the OV High-Voltage (HV), Medium-Voltage (MV)
and LV topologies [27]. Combining the database requirements of [1], [2], TIM OV LV
BPL topology database consists of the following fields for each OV LV BPL topology:
(1) the ID number p of the OV LV BPL topology when the number of all OV LV BPL
topologies in the TIM OV LV BPL topology database is equal to P; (ii) the actual number
of branches N of the OV LV BPL topology; (iii) the actual lengths of the distribution
linesL=[L;, L, - Ly41]o0f the OV LV BPL topology; (iv) the actual lengths of the
branch lines L, = [Ly:s Lpz - Luy] of the OV LV BPL topology; and (v) the theoretical
coupling scheme channel transfer function values with respect to the frequency of the OV
LV BPL topology as given in eq. (2). The size of the TIM OV LV BPL topology
database depends on the default operation settings that are applied during its preparation
(see Sec. 2.3).

2.3 Default Operation Settings

With reference to [1], [2], the applied default operation settings have a direct
impact on the size of the TIM OV LV BPL topology database and, thus, on the
performance of the NNIM-based methodologies. Actually, the default operation settings
define the values of the maximum number of branches M.y, the length spacing L for
both the branch distance and the branch length, the maximum branch length Ly ma.x and the
operation frequency range that are anyway essential factors for the five fields of TIM OV
LV BPL topology database [27], [28]. The following values of the default operation
settings of this paper are concerned, namely:

o The Default Operation Settings A for NNIM-BNI: In accordance with [1], the
number of branches for the OV LV BPL topologies of the TIM OV LV BPL
topology database ranges from 0 (say, “LOS” case of Table 1) up to 3 branches
(say, urban case A of Table 1). The length spacings for the branch distance and
the branch length are assumed to be equal to 100m and 25m, respectively, while
the branch line length may range from Om to 100m. Note that the total distribution
line length is assumed to be equal to 1,000m in all the OV LV BPL topologies of
the TIM OV LV BPL topology database. The amplitudes of the coupling scheme
channel transfer functions in dB are stored in the TIM OV LV BPL topology
database for the OV LV BPL topologies with respect to the frequency. The
frequency range is assumed to be equal to 3-30MHz while the flat-fading
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subchannel frequency spacing is equal to 1MHz. In accordance with [1],
representative sets of the TIM OV LV BPL topology database (database
representativeness) are assumed during the operation of the NNIM-BNI for the
branch number approximation of the urban case A (3 branches), suburban case (2
branches) and rural case (1 branch). Especially, in this paper, the following
improvements are additionally assumed after the observation of the NNIM-BNI
operation and performance of [1]: (i) The urban case A, suburban case, rural case
and LOS case will be included into the TIM OV LV BPL topology database.
Conversely to [1], NNIM-BNI does not blindly operate in this paper; and (ii) for
NNIM-BNI branch number approximations that are not in the range from 0
(minimum acceptable branch number value) to 4 (maximum acceptable branch
number value with respect to the preparation of the TIM OV LV BPL topology
database), NNIM-BNI approximation is again executed.

o The Default Operation Settings B and C for NNIM-LLA: As the default operation
settings B are concerned in [2], the number of branches for the OV LV BPL
topologies of the TIM OV LV BPL topology database are going to range from 0
(say, “LOS” case) up to 2 branches in this paper due to time delay reasons
regarding the application of the following default operation settings C; from [1],
[2], it has been verified that the preparation time of the TIM OV LV BPL
topology database exponentially increases with the increase of the demanded
accuracy of the default operation settings thus establishing a relationship between
the approximation performance and total duration time of the NNIM-based
methodologies. The length spacings for the branch distance and the branch length
are assumed to be equal to 100m and 100m, respectively, while the branch line
length may range from Om to 300m. Note that the total distribution line length is
assumed to be equal to 1,000m in all the OV LV BPL topologies of the TIM OV
LV BPL topology database. The amplitudes of the coupling scheme channel
transfer functions in dB are stored in the TIM OV LV BPL topology database for
the OV LV BPL topologies with respect to the frequency. The frequency range is
assumed equal to 3-88MHz while the flat-fading subchannel frequency spacing is
equal to IMHz. By comparing default operation settings A and B, it is evident
that default operation settings B are more elaborate in comparison with the default
operation settings A and this is due to the fact that the approximation of the
distribution line and branch line lengths remains a difficult challenge where
higher accuracy is expected from the TIM OV LV BPL topology database that is
going to be exploited by the NNIM-based methodology. To examine the further
improvement tomography potential of NNIM-LLA and its behavior when
measurement differences are applied, default operation settings C, which are
proposed in this paper, are more elaborate in comparison with the default
operation settings B. Anyway, the application of the default operation settings C
is also examined in this paper to act as a countermeasure again the measurement
differences. Hence, as the default operation settings C are concerned in this paper,
the length spacings for the branch distance and the branch length are assumed to
be equal to 100m and 30m, respectively, while the branch line length may range
from Om to 300m. Similarly to default operation settings B, the total distribution
line length, the frequency range and the flat-fading subchannel frequency spacing
are assumed to be the same. In addition, the following assumptions are made:
(1) The number of branches of the examined indicative OV LV BPL topologies is
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assumed to be known; and (ii) the database representativeness, which is analyzed
in [2] for the operation of NNIM-LLA, is assumed during the application of the
default operation settings B and C. In accordance with [2], only one of the
symmetrical OV LV BPL topologies is stored in the OV LV BPL topology
database so as not to disrupt the approximations due to the symmetry of BPL
topologies described in [64], [46]. Especially, in this paper, the following
improvements are assumed with respect to the NNIM-LLA operation and its
performance of [2]: (i) The suburban case, rural case and LOS case will be
included into the TIM OV LV BPL topology database in default operation
settings B and C while only the distribution line and branch line lengths of the
suburban case and rural case are going to be approximated by NNIM-LLA.
Conversely to [2], NNIM-LLA does not blindly operate in this paper; (ii) for
NNIM-LLA distribution line fragment length approximations that are not in the
range from Om (minimum acceptable distribution line length) to 1000m (total
distribution line length), NNIM-LLA approximation is again executed; and (iii)
for NNIM-LLA branch line fragment length approximations that are not in the
range from Om (minimum acceptable branch line length) to 150m or 300m for the
default operation settings B or C, respectively (maximum acceptable branch line
length), NNIM-LLA approximation is again executed. Note that the last two
improvements cope with the unacceptable NNIM-LLA approximations of [2]
(i.e., at least one of the approximated distribution and branch line lengths is below
zero given the fixed length of 1000m between the transmitting and receiving ends
for all the applied OV LV BPL topologies of this paper).
Finally, it should be noted that the default participation percentages of the three phases of
NNIM-based methodologies of [1], [2], [47], [48] are assumed in this paper; say, training,
validation and testing phases during the operation of NNIM-BNI and NNIM-LLA are
respectively assumed to be equal to 70%, 15% and 15%.

2.4 NNIM-BNI and NNIM-LLA in a Measurement Difference Environment
NNIM-BNI lies in the research fields of AI, ML and NNs [47], [49]-[51]. NNIM-
BNI has been proposed and numerically assessed in [1] against TIM-BNI, which is its
alternative deterministic BNI methodology. NNIM-BNI approximates the branch
numbers Nyyu_pn Of the examined indicative OV LV BPL topology per 4/ hidden layer
by comparing its coupling scheme channel transfer function values against the respective
ones of the available OV LV BPL topologies of the TIM OV LV BPL topology database.
Actually, the operation of NNIM-BNI depends on: (i) the TIM OV LV BPL topology
database; and (i1) the MATLAB NN program of [47], [48] that programmatically
supports the fully connected neural network architecture of Figure 2 of [1] as well as the
involved training, validation and testing phases. The factors that affect the accuracy
performance of the NNIM-BNI approximations and have been identified in [1] are: (i) the
default operation setting values that affect the accuracy and size of the TIM OV LV BPL
topology database; (ii) the representativeness of the TIM OV LV BPL topology database;
(ii1) the number HL of the hidden layers assumed; and (iv) the participation percentage of
the three phases. Another factor that may affect the accuracy performance of the NNIM-
BNI approximations when measurement differences occur is the inclusion of the
examined indicative OV LV BPL topologies in the TIM OV LV BPL topology database.
Until now, NNIM-BNI has exploited the performance metric of RMSD of the amplitude
of the coupling scheme channel transfer function in dB, as expressed in eq. (2) since the
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scenario of the existence of measurement differences is first examined in this paper. In
this paper, NNIM-BNI is again going to exploit the performance metric of RMSD of the
amplitude of the coupling scheme channel transfer function in dB but via the eq. (3)
where measurement differences occur and are mathematically taken into account.

In [2], NNIM-BNI has been extended to NNIM-LLA so that the lengths of the
distribution lines and branch lines for a given OV LV BPL topology coupling scheme
channel transfer function behavior with respect to frequency can be approximated; say,
NNIM-LLA achieves the tomography of the examined OV LV BPL topology. Indeed,
NNIM-LLA adopts the same fully connected NN architecture of NNIM-BNI while it
depends on the same factors with NNIM-BNI, say: (i) the default operation setting values
that affect the TIM OV LV BPL topology database; (ii) the representativeness of the TIM
OV LV BPL topology database when the number of branches for the examined OV LV
BPL topology is a priori known; (iii) the deliberate ignorance of symmetrical OV LV
BPL topologies during the preparation of the TIM OV LV BPL topology database;
(iv) the number HL of the assumed hidden layers; and (v) the participation percentage of
the three phases. The output of the NNIM-LLA approximates the distribution and branch
line lengths of the examined indicative OV LV BPL topology (i.e., the NNIM-LLA
approximation  lengths  of  the  distribution and  branch  lines  are
Laniv-ria = [Lanniv-tea  LanniM-ia o Lyvsinniv-rial and
Lynniv-iia = [LbinniM-tia  Loznniv-nea - Lovnnim-rial ,  respectively).  Similarly to
NNIM-BNI, the scenario of the inclusion of the examined indicative OV LV BPL
topologies in the TIM OV LV BPL topology database is first examined in this paper
when measurement differences are considered. Extending the application of NNIM-LLA
of [2], NNIM-LLA here exploits the performance metric of RMSD of the amplitude of
the coupling scheme channel transfer function in dB when measurement differences are
included, as expressed in eq. (3). In this paper, NNIM-LLA is again going to exploit the
performance metric of RMSD of the amplitude of the coupling scheme channel transfer
function in dB through the eq. (3) where measurement differences occur and are
mathematically taken into consideration. At the NNIM-LLA output, apart from the
approximation for the lengths of the distribution and branch lines, NNIM-LLA presents
its approximation RMSDs per hidden layer.

3. Numerical Results and Discussion

In this Section, numerical results concerning the performance of NNIM-BNI and
NNIM-LLA are presented as well as their evaluation when CUD measurement
differences of different intensities are applied. The higher accuracy of the applied default
operation settings is treated as the simplest countermeasure technique against
measurement differences in NNIM-LLA.

3.1NNIM-BNI — Base Scenario and Measurement Differences

As the operation of the NNIM-BNI is concerned, NNIM-BNI is based on the
MATLAB NN training program of [47], [48] while the default operation settings A of
Sec. 2.3 are assumed. Given the amplitudes of coupling scheme channel transfer
functions in dB for the urban case A, suburban case and rural case of Table 1, NNIM-
BNI gives as output in Table 2 the respective NNIM-BNI approximation of the branch
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Branch number approximation of NNIM-BNI without CUD Measurements

Table 2

Indicative OV LV BPL Topologies of Urban case A Suburban | Rural case | RMSD Notes
Table 1 (Typical urban case) case (m)
Actual Number of Branches 3 2 1 - -
N
NNIM-BNI 1* execution 2.67 1.80 1.13 0.24 Default Operation Settings A
(Approximated 2™ execution 3.02 2.01 1.12 0.07 +
Number of Branches) [ 3nd o o ivion 3 64 216 1.05 0.38 1 hidden layer
Nyniv—Bni 1* execution 3.06 2.16 1.28 0.19 Default Operation Settings A
2" execution 2.78 2.08 1.34 0.24 +
3™ execution 3.32 2.14 1.08 0.21 2 hidden layers
1* execution 2.82 1.87 1.18 0.17 Default Operation Settings A
2™ execution 2.78 1.97 121 0.18 +
3™ execution 2.06 1.78 1.44 0.61 3 hidden layers
1* execution 2.66 2.51 1.22 0.37 Default Operation Settings A
2" execution 3.12 2.02 1.10 0.09 +
3™ execution 2.94 2.01 1.12 0.08 4 hidden layers
1% execution 2.99 2.08 1.10 0.08 Default Operation Settings A
2™ execution 2.99 2.00 1.24 0.14 +
3™ execution 3.01 2.05 1.26 0.15 5 hidden layers

numbers Nyyw_pn Per hidden layer where the maximum number of hidden layers HL is
assumed to be equal to 5. Since the results of Table 2 are going to act as the basis
scenario for the effect study of measurement differences, CUD measurements are omitted
in the basis scenario (i.e., acyp of CUD measurements is assumed to be equal to 0dB).
Apart from the branch number approximations, the actual branch numbers of the three
examined OV LV BPL topologies of Table 1 are presented for comparison reasons while
the RMSDs of NNIM-BNI approximations for these three examined OV LV BPL
topologies are also computed. Note that three executions of NNIM-BNI are reported for
each of the three examined OV LV BPL topologies.

From Table 2, it is evident that the RMSD per hidden layer remains satisfactorily
stable when different executions occur for the default operation settings A and the three
examined OV LV BPL topologies of this paper. In fact, by assessing the RMSD values of
Table 2, reliable NNIM-BNI approximations can occur even if 1 hidden layer and only
one execution are assumed for given indicative OV LV BPL topology of Table 1. Since
no CUD measurement differences are applied in the basis scenario of Table 2, the RMSD
values may act as the benchmark for assessing the impact of higher acyp values of CUD
measurements on the NNIM-BNI approximation performance, apart from the
approximated branch numbers per OV LV BPL topology.

Similarly to Table 2, in Table 3, given the amplitudes of coupling scheme channel
transfer functions contaminated with measurements in dB for the urban case A, suburban
case and rural case of Table 1, NNIM-BNI gives as output the respective NNIM-BNI
approximations of the branch numbers Nyyw_py When various acyp values of CUD
measurements are assumed. Note that: (i) one hidden layer is assumed during the NN
preparation of NNIM-BNI in this subsection; (ii) one execution is performed in each
NNIM-BNI approximation case; and (iii)) one measurement difference 1xQ =1 x
(30 —3) =1 x 27 line vector is superimposed to the amplitudes of the coupling scheme
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channel transfer functions of the aforementioned three OV LV BPL topologies in each
NNIM-BNI approximation case. Apart from the branch number approximations, the
actual branch numbers of the three examined OV LV BPL topologies of Table 1 are
presented for comparison reasons while the RMSD values assess the approximation
performance for given acyp of CUD measurements for the aforementioned BPL
topologies. More analytically, to graphically examine the performance of NNIM-BNI for
the various acyp values of CUD measurements of Table 3, the rounded branch number
approximation of NNIM-BNI and the actual branch number are plotted in Fig. 2(a) for
the urban case A with reference to Table 3. Similar figures with Fig. 2(a) are given in
Figs. 2(b) and 2(c), but for the suburban and rural case of Table 3, respectively.

Table 3
Branch number approximation of NNIM-BNI for Different acyp Values of CUD Measurements
Indicative OV LV BPL Urban case A | Suburban Rural RMSD Notes
Topologies of Table 1 (Typical urban case case (m)
case)
Actual Number of Branches 3 2 1 - -
N
NNIM-BNI acyp of CUD Default
(Approximated | Measurememts Operation
Number of (dB) Settings A
Branches) 0 2.88 1.97 1.13 0.11 -
NyNIM—BNI 1 342 213 127 030 1 hidden
layer
2 3.19 2.21 1.28 0.23
3 3.02 1.97 0.98 0.03
4 2.12 1.24 0.41 0.75
5 2.68 1.90 0.98 0.19
6 2.52 2.01 1.57 0.43
7 3.91 2.86 1.89 0.89
8 2.33 1.95 1.60 0.52
9 2.15 1.51 1.14 0.58
10 2.23 2.04 1.93 0.70
11 2.68 1.61 0.91 0.29
12 2.34 1.47 0.73 0.51
13 3.37 1.92 1.61 0.41
14 2.94 2.62 2.26 0.81
15 1.30 0.64 0.32 1.32
16 2.50 2.06 1.57 0.44
17 2.71 1.51 0.66 0.38
18 2.81 2.32 1.98 0.61
19 1.49 1.31 0.88 0.96
20 2.02 0.85 0.20 0.99
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Figure 2. The rounded branch number approximations of NNIM-BNI with respect to acyp of CUD
measurements. (a) Urban case A. (b) Suburban case. (c) Rural case.

From Table 3 and Figs. 2(a)-(c), several interesting remarks concerning the
performance of NNIM-BNI can be pointed out when CUD measurement differences are
superimposed. More specifically:

e As the RMSD results of the NNIM-BNI branch number approximation of the
three indicative OV LV BPL topologies are examined, fluctuating RMSD values
can be observed when the acyp of CUD measurements increases. In fact, the
highest RMSD values of Table 3 that are equal to 0.99m and 0.96m are observed
when acup of CUD measurements is equal to 20dB and 19dB, respectively.

e When the acyp of CUD measurements increases the aforementioned RMSD
behavior is reflected on Figs. 2(a)-(¢); say, given the actual number of branches in
each one of the three indicative OV LV BPL topologies, the rounded NNIM-BNI
branch number approximation is almost equal to the actual number of branches
for each one of the indicative OV LV BPL topologies when the acyp of CUD
measurements remains lower or equal to 5dB. When acyp of CUD measurements
becomes greater than 5dB, fluctuations of the rounded NNIM-BNI branch number
approximations are observed in all the indicative OV LV BPL topologies. The
highest deviations between the actual numbers of branches and the rounded
NNIM-BNI branch number approximations, which are equal to 2 branches, is
observed in the urban case A of Fig. 2(a) when acyp of CUD measurements is
equal to 15dB and 19dB.

When acyp of CUD measurements remains low (i.e., below 5dB), NNIM-BNI can
intrinsically mitigate measurement differences thus giving accurate rounded NNIM-BNI
branch number approximations in the majority of the cases examined. Conversely, higher
acup values imply that appropriate mitigation techniques for the measurement differences
should be externally applied to the measured coupling scheme transfer functions of eq.(3)
prior to its consideration by NNIM-BNI.
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3.2NNIM-LLA — Base Scenario and Measurement Differences

As the base scenario of the operation of NNIM-LLA is concerned, the default
operation settings B of Sec. 2.3 are assumed. Already been mentioned, the number of
branches for the OV LV BPL topologies of the TIM OV LV BPL topology database are
going to range from 0 (say, “LOS” case) up to 2 branches in this paper so as to allow the
application of the default operation settings C bypassing: (i) the extremely high
preparation time delay of the TIM OV LV BPL topology database when 3 branches need
to be examined; and (ii) the high execution time of the MATLAB NN program of [47],
[48] due to the high number of OV LV BPL topologies and the mechanism of avoiding
the unacceptable NNIM-LLA approximations. Note that the suburban case, rural case and
LOS case will be included into the TIM OV LV BPL topology database in contrast with
[2] while only the distribution line and branch line lengths of the suburban case and rural
case are going to be approximated by NNIM-LLA.

As the base scenario without measurement differences is concerned, the length
approximations of the distribution and branch lines of NNIM-LLA are reported in Table
4 when the default operation settings B are assumed and the suburban case of Table 1 is
examined. Apart from the original approximations that are given in black font color, the
symmetrical approximations of NNIM-LLA for the suburban case are also given in blue
font color. Similarly to [2] and for comparison reasons, the real lengths of the distribution
and branch lines of the suburban case are presented while the RMSDs of NNIM-LLA
approximations for the suburban case are also computed. Similarly to [1], [2], three
executions of NNIM-LLA are reported for the suburban case per hidden layer. Table 5 is
the same with Table 4 but for the rural case of Table 1. Similarly to [2], note that RMSD
is computed in Tables 4 and 5 when 4 distribution line segments and 3 branches are
assumed for the two examined indicative OV LV BPL topologies so that the RMSD
effect of the inclusion of the two indicative OV LV BPL topologies during the
preparation of the TIM OV LV BPL topology database can be assessed through the
comparison of RMSD values with the respective ones of [2] where the two examined
indicative OV LV BPL topologies are excluded from the TIM OV LV BPL topology
database.
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Table 4

Distribution and Branch Line Length Approximations of NNIM-LLA for the Suburban Case and Default
Operation Settings B with no measurement differences (the symmetrical approximations are reported in
blue font color and the suburban case is included in the TIM OV LV BPL topology database)

Indicative OV LV BPL Topologies of Table 1 Suburban case RMSD Notes
Distribution Line Length L=[L; L, L; 0] [500m 400m 100m Om] - -
Branch Line Length Ly =[Ly,; Ly, 0] [50m 10m Om]

NNIM-LLA ™ [61.95m 689.88m 248.17m Om] | 216.18m | Default
Approximated Distribution Line Length Lyniv_1a = execution [134.76m 158.64m Om] Operation
[LinniM-LLa  Lznnim-tea  Lanniv-ria O] Settings
Approximated Branch Line Length Ly, xniv-11a = [248.17m 689.88m 61.95m Om] B
[LoinniM-ria  Lbznniv-ria O] [158.64m 134.76m Om] 158.68m +

2 [102.86m 509.38m 387.76m Om] | 201.03m | 1 hidden
execution [143.86m 156.92m Om] layer
[387.76m 509.38m 102.86m Om]
[156.92m 143.86m Om] 87.77m
3nd [106.12m 518.35m 375.53m Om] | 199.25m
execution [147.26m 162.89m Om]
[375.53m 518.35m 106.12m Om]
[162.89m 147.26m Om] 93.44m
1™ [109.41m 550.49m 340.10m Om] | 182.97m | Default
execution [52.35m 48.63m Om] Operation
Settings
[340.10m 550.49m 109.41m Om] B
[48.63m 52.35m Om] 84.60m +
2 [108.39m 532.83m 358.78m Om] | 216.65m | 2 hidden
execution [228.83m 252.06m Om] layers
[358.78m 532.83m 108.39m Om]
[252.06m 228.8m Om] 134.36m
3nd [57.82m 726.80m 216.30m Om] | 215.39m
execution [92.06m 94.40m Om]
[216.30m 726.80m 57.82m Om]
[94.40m 92.06m Om] 168.09m
1 [113.61m 522.69m 363.59m Om] | 183.17m | Default
execution [18.35m 4.77m Om] Operation
Settings
[363.59m 522.69m 113.61m Om] B
[4.77m 18.35m Om] 71.68m +
2 [136.05m 516.21m 347.74m Om] | 172.54m | 3 hidden
execution [19.02m 18.74m Om] layers
[347.74m 516.21m 136.05m Om]
[18.74m 19.02m Om] 74.68m
3nd [99.88m 498.15m 402.0lm Om] | 201.19m
execution [105.41m 149.07m Om]
[402.01m 498.15m 99.88m Om]
[149.07m 105.41m Om] 73.83m
1 [207.41m 487.87m 305.00m Om] | 150.02m | Default
execution [117.01m 143.02m Om] Operation
Settings
[305.00m 487.87m 207.41m Om] B
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[143.02m 117.01m Om] 105.15m +
n [138.22m 515.74m 346.14m Om] | 171.48m | 4 hidden
execution [41.75m 40.02m Om] layers
[346.14m 515.74m 138.22m Om]
[40.02m 41.75m Om] 75.25m
3nd [100.93m 573.22m 329.81m Om] | 186.24m
execution [25.96m 22.40m Om]
[329.81m 573.22m 100.93m Om]
[22.40m 25.96m Om] 92.57m
1 [106.50m 527.93m 365.66m Om] | 212.55m | Default
execution [227.01m 217.69m Om] Operation
Settings
[365.66m 527.93m 106.50m Om] B
[217.69m 227.01m Om] 125.17m +
2nd [152.23m 505.47m 313.49m Om] | 159.87m | S hidden
execution [15.87m 20.17m Om] layers
[313.49m 505.47m 152.23m Om]
[20.17m 15.87m Om] 84.14m
3nd [103.04m 522.04m 377.05m Om] | 189.23m
execution [43.48m 47.36m Om]
[377.05m 522.04m 103.04m Om]
[47.36m 43.48m Om] 66.70m
Table 5
Distribution and Branch Line Length Approximations of NNIM-LLA for the Rural Case and Default
Operation Settings B with no measurement differences (the symmetrical approximations are reported in
blue font color and the rural case is included in the TIM OV LV BPL topology database)
Indicative OV LV BPL Topologies of Table 1 Rural case RMSD Notes
Distribution Line Length L=[L; L, 0 0] [600m 400m Om Om] - -
Branch Line Length Ly =[L,; 0 0] [300m Om Om]
NNIM-LLA 1™ [278.75m 770.31m Om Om] 187.06m | Default
Approximated Distribution Line Length Lynpv_pia = execution [232.13m Om Om] Operation
[LinniM-Lea  Lonniv-ta O 0] Settings
Approximated Branch Line Length Ly, yniv-pia = [770.31m 278.75m Om Om] 83.08m B
[Loinnim-LLa 0 0] [232.13m Om Om] +
2n [205.33m 796.69m Om Om] | 217.65m | 1 hidden
execution [164.04m Om Om] layer
[796.69m 205.33m Om Om] 116.54m
[164.04m Om Om]
3nd [280.44m 719.56m Om Om] 170.81m
execution [299.50m Om Om]
[719.56m 280.44m Om Om] 63.91m
[299.50m Om Om)]
1 [266.99m 733.42m Om Om] 180.94m | Default
execution [215.69m Om Om] Operation
Settings
[733.42m 266.99m Om Om] 78.01lm B
[215.69m Om Om] +
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2 [297.29m 700.86m Om Om] 161.57m | 2 hidden
execution [276.04m Om Om] layers
[700.86m 297.29m Om Om] 55.16m
[276.04m Om Om]
3nd [308.12m 692.59m Om Om] 156.42m
execution [278.26m Om Om]
[692.59m 308.12m Om Om] 49.98m
[278.26m Om Om]
1 [278.28m 631.75m Om Om] 165.74m | Default
execution [112.72m Om Om] Operation
Settings
[631.75278.28m Om Om] 85.27m B
[112.72m Om Om] +
2 [239.99m 760.01m Om Om] 192.43m | 3 hidden
execution | [299.979397173821m Om Om] layers
[760.01m 239.99m Om Om] 85.53m
[299.97m Om Om]
3nd [296.21m 731.66m Om Om] 173.30m
execution | [210.946885278590m Om Om]
[731.66m 296.21m Om Om]
[210.95m Om Om] 71.75m
1 [250.02m 749.98m Om Om] 187.07m | Default
execution [300.00m Om Om] Operation
Settings
[749.98m 250.02m Om Om] 80.17m B
[300.00m Om Om] +
2 [350.10m 649.68m Om Om] 133.53m | 4 hidden
execution [295.77m Om Om] layers
[649.68m 350.10m Om Om] 26.66m
[295.77m Om Om]
3nd [349.94m 628.11m Om Om] 128.26m
execution [275.66m Om Om]
[628.11m 349.94m Om Om] 23.57m
[275.66m Om Om]
™ [234.69m 781.13m Om Om] 199.77m | Default
execution [325.14m Om Om] Operation
Settings
[781.13m 234.69m Om Om] 93.17m B
[325.14m Om Om] +
2nd [349.82m 649.66m Om Om] 133.59m | 5 hidden
execution [300.21m Om Om] layers
[649.66m 349.82m Om Om] 26.68m
[300.21m Om Om]
3nd [299.03m 686.21m Om Om] 157.03m
execution [310.08m Om Om]
[686.21m 299.03m Om Om] 50.33m
[310.08m Om Om]
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By comparing Tables 4 and 5 with the respective Tables 3 and 4 of [2], it is
evident that the inclusion of the examined indicative OV LV BPL topologies in the TIM
OV LV BPL topology database affects the accuracy of NNIM-LLA. Also, the mechanism
for encountering the unacceptable NNIM-LLA approximations fills the missing
approximations in Tables 4 and 5, especially those when the high number of hidden
layers is assumed. In total, apart from the elimination of the unacceptable NNIM-LLA
approximations, the RMSD values get significantly improved regardless of the examined
indicative OV LV BPL topology and the number of the applied hidden layers. To
graphically validate the aforementioned RMSD improvement, the best RMSD values of
the NNIM-LLA approximations (say, the minimum RMSD value between the original
and symmetrical approximated OV LV BPL topology given the number of execution and
the number of hidden layers) of Table 4 are plotted in Fig. 3(a) with respect to the
number of hidden layers when the default operation settings B are assumed. In Fig. 3(b),
the same plot with Fig. 3(a) is presented but for the rural case of Table 5.
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Figure 3. Best RMSD values of NNIM-BNI approximations whether the examined indicative OV
LV BPL topology is included in the preparation of the TIM OV LV BPL topology database or not.

(a) Suburban case. (b) Rural case.

Already been observed in Tables 3-5, the inclusion of the indicative OV LV BPL
topologies in the TIM OV LV BPL topology database and the mechanism for preventing
unacceptable approximations significantly improve the performance and accuracy of NN
related approximations of this paper, say, NNIM-BNI and NNIM-LLA. Also, the
following assumptions are made for the following CUD measurement study during the
application of NNIM-LLA, namely:

Tr Ren Energy, 2024, Vol.10, No.1, 30-66. doi: 10.17737/tre.2024.10.1.00164

49



Peer-Reviewed Article Trends in Renewable Energy, 10

e The best RMSD values of NNIM-BNI approximations imply that the selection
between the original and symmetrical approximations can be fulfilled. Anyway, in
accordance with [2], additional topological pieces of information or empirical
observations so that the distinction between these approximated OV LV BPL
topologies may help towards the selection between the original and symmetrical
approximations.

e Similarly to Sec.3.1 and without affecting the generality of the analysis, only one
repetition and two hidden layers are going to be applied in the following CUD
measurement analysis. As the one repetition is considered, best RMSD values of
Tables 4 and 5 can be considered to be relatively close for the different repetitions
for given examined indicative OV LV BPL topology and number of hidden
layers. As two hidden layers are assumed, best RMSD values of Figs. 3(a) and
3(b) can be considered to be relatively close for the different numbers of hidden
layers for given examined indicative OV LV BPL topology. Anyway, only one
hidden layer is assumed to be sufficient in general, but one and five hidden layers
are assumed so that the NNIM-LLA performance against the measurement
differences and the total duration time for the different default operation settings
can be investigated in the rest of this paper.

As the impact of CUD measurement differences on the performance of NNIM-
LLA is investigated, similarly to Table 4, in Table 6, given the amplitudes of coupling
scheme channel transfer functions contaminated with measurements in dB for the
suburban case of Table 1, NNIM-LLA gives as output its respective approximations of
the distribution and branch line lengths when various acyp values of CUD measurements
are assumed. Note that one 1x Q =1 x (88 —3) = 1 x 85 measurement difference line
vector for each acyp value that ranges from 0dB to 20dB is superimposed to the
amplitudes of the coupling scheme channel transfer functions of the suburban case for the
respective NNIM-LLA approximation cases. Also, the best RMSD value between the
approximated original and symmetrical OV LV topologies and the respective OV LV
BPL topology are presented per acyp in Table 6. Table 7 is similar to Table 6 but for the
rural case of Table 1. Note that the same 21 x 85 measurement difference vector with
Table 6 is here superimposed to the amplitudes of the coupling scheme channel transfer
functions of the rural case for all the examined NNIM-LLA approximation cases. In
Tables 6 and 7, the default operation settings B of Sec.2.3 are applied when one hidden
layer is assumed during the NNIM-LLA simulations.

Tr Ren Energy, 2024, Vol.10, No.1, 30-66. doi: 10.17737/tre.2024.10.1.00164 50



Peer-Reviewed Article

Trends in Renewable Energy, 10

Table 6

Distribution and Branch Line Length Approximations of NNIM-LLA for the Suburban Case and Default
Operation Settings B for Different acyp Values of CUD Measurements (the symmetrical approximations
are reported in blue font color and the suburban case is included in the TIM OV LV BPL topology

database)

Indicative OV LV BPL Topologies of Table 1 Suburban Case RMSD Notes
Distribution Line Length L=[L; L, L; 0] [500m 400m 100m Om)] - -
Branch Line Length L, =[L,; Ly, 0] [50m 10m Om]

NNIM-LLA acyp of CUD Default
Approximated Distribution Line Length Measurements Operation
LyNiM-LLA = (dB) Settings
[Linniv-tia  Lonnm-tia Lanniv-ia 0] 0 [514.49m 335.46m 150.05m Om] | 54.75m B
Approximated Branch Line Length [119.28m 106.45m Om] +
= [L _ L _ 0 1 hidd
Loswiv-tia = Lonnnm-ia - Lozwi-tia 0] I [225.07m 718.12m 56.81m Om] | 174.42m lalyere "
[168.35m 152.43m Om]
2 [263.82m 653.95m 82.22m Om] 134.08m
[81.64m 75.23m Om|]
3 [511.72m 343.71m 144.57m Om] 75.14m
[161.23m 157.85m Om]
4 [221.28m 716.98m 61.75m Om] 172.84m
[162.76m 139.54m Om]
5 [238.17m 707.35m 54.49m Om] 169.22m
[174.80m 150.64m Om]
6 [229.59m 711.73m 58.68m Om] 169.53m
[158.89m 141.56m Om]
7 [752.89m 34.22m 212.89m Om] 184.24m
[147.32m 142.86m Om]
8 [513.37m 380.09m 131.32m Om] 71.00m
[182.12m 137.55m Om]
9 [154.58m 805.21m 40.18m Om] 211.85m
[152.33m 138.91m Om]
10 [210.15m 723.15m 66.70m Om] 177.02m
[156.13m 146.19m Om]
11 [239.26m 694.45m 66.28m Om] 164.62m
[162.12m 155.94m Om]
12 [214.29m 732.38m 53.34m Om] 178.21m
[153.16m 141.86m Om]
13 [739.43m 47.12m 213.45m Om] 179.41m
[155.50m 149.49m Om]
14 [756.80m 28.69m 214.51m Om] 187.07m
[147.00m 146.54m Om]
15 [232.00m 716.22m 51.77m Om] 173.01m
[169.73m 155.13m Om]
16 [231.56m 704.34m 64.10m Om] 168.42m
[166.45m 147.98m Om]
17 [734.08m 66.52m 199.40m Om] 169.89m
[146.32m 139.96m Om]
18 [709.93m 87.39m 202.67m Om] 162.86m
[155.54m 158.97m Om]
19 [217.50m 713.43m 69.07m Om] 173.06m
[162.53m 144.14m Om]
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20

[219.18m 708.39m 72.43m Om]
[162.78m 132.21m Om]

170.03m

Table 7

Distribution and Branch Line Length Approximations of NNIM-LLA for the Rural Case and Default
Operation Settings B for Different acyp Values of CUD Measurements (the symmetrical approximations
are reported in blue font color and the rural case is included in the TIM OV LV BPL topology database)

Indicative OV LV BPL Topologies of Table 1 Rural Case RMSD Notes
Distribution Line Length L=[L; L, 0 0] [600m 400m Om Om] - -
Branch Line Length Ly, =[L,; 0 0] [300m Om Om]

NNIM-LLA acyp of CUD Default
Approximated Distribution Line Length Measurements Operation
Lyniv-tra = [Lanniv-tia  Lonniv-a 0 0] (dB) Settings
Approximated Branch Line Length 0 [591.84m 410.07m Om Om] 98.58m B
Ly nniv-tea = [Lbinnim-tia 0 0] [39.52m Om Om] +

1 hidden
1 [785.00m 216.36m Om Om] 104.87m layer
[204.93m Om Om]
2 [839.77m 207.39m Om Om] 116.78m
[329.55m Om Om]
3 [804.46m 108.34m Om Om] 159.17m
[75.35m Om Om]
4 [890.85m 109.17m Om Om] 190.74m
[7.61m Om Om]
5 [701.77m 421.63m Om Om] 43.49m
[250.88m Om Om]
6 [740.00m 260.00m Om Om] 135.86m
[0m Om Om]
7 [734.26m 223.51m Om Om] 112.54m
[101.29m Om Om]
8 [983.99m 23.43m Om Om] 205.58m
[218.82m Om Om]
9 [745.74m 241.63m Om Om] 91.49m
[189.25m Om Om]
10 [787.87m 212.13m Om Om] 114.97m
[151.87m Om Om]
11 [660.41m 338.10m Om Om] 49.31m
[202.32m Om Om]
12 [765.06m 238.30m Om Om] 102.07m
[160.25m Om Om]
13 [665.00 474.69 Om Om] 40.67m
[257.86m Om Om]
14 [573.36m 426.64m Om Om] 17.86m
[328.51m Om Om]
15 [737.08m 114.20m Om Om] 125.90m
[197.60m Om Om]
16 [590.81m 196.27m Om Om] 97.03m
[144.09m Om Om]
17 [722.22m 277.78m Om Om] 87.89m
[144.45m Om Om]
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18 [750.02m 249.98m Om Om] 95.54m
[162.60m Om Om]

19 [641.08m 353.70m Om Om] 31.96m
[242.41m Om Om]

20 [605.22m 309.40m Om Om] 42.89m
[368.12m Om Om]

From Tables 6 and 7, NNIM-LLA presents a similar behavior with NNIM-BNI
concerning the intrinsic mitigation of the measurement differences; although
measurement differences affect RMSD values of the NNIM-LLA approximations, a
strong correlation between RMSD values and acyp values of CUD measurements is not
observed in the examined suburban and rural cases. Similarly to Table 3 and Figs. 2(a)-
(c), a highly fluctuating RMSD trend can be observed when the acyp of CUD
measurements increases in suburban and rural cases. Indeed, with reference to Table 4,
the maximum difference between the best RMSD values of the three executions is equal
to 70.91m for the suburban case when one hidden layer is assumed (i.e. RMSD of the 1*
execution minus the RMSD of the 3™ execution). With reference to Table 6, the
maximum RMSD difference between the best values of the 21 different measurement
difference cases is equal to 157.10m for the suburban case when one hidden layer is again
assumed (i.e. RMSD of the measurement difference case of acyp=9dB minus the RMSD
of the measurement difference case of acyp=0dB). As the rural case is concerned, the
aforementioned maximum differences are equal to 52.63m and 187.72m with reference to
Tables 5 and 7, respectively. Therefore, a successful mitigation technique against the
measurement differences should be benchmarked through the prism of its performance to
reduce the maximum difference between the best values of the 21 different measurement
difference cases thus stabilizing the fluctuating behavior of the RMSD values of the
NNIM-LLA approximations. Finally, for comparison reasons, the total duration time for
preparing both Tables 6 and 7 is equal to 3,505s for the default operation settings B and
21 different measurement difference cases when one hidden layer is assumed. For the
time computations of this paper, the used PC consists of an 1.86GHz Intel Pentium with
4GB RAM while the worst case scenario of the preparation of TIM OV LV BPL
topology database is applied where the appropriate TIM OV LV BPL topology is
prepared per indicative OV LV BPL topology and CUD measurement difference case in
compliance with the database representativeness, which is analyzed in [2] for the
operation of NNIM-LLA and mentioned in Sec.2.3.

3.3NNIM-LLA — Default Operation Settings against Measurement Differences

In accordance with [1], the accuracy degree of the TIM OV LV BPL topology
database, which is affected by the selection of the applied default operation settings, has
significantly improved RMSDs of the branch number approximations of NNIM-BNI. In
this paper, default operation settings C, which allow higher accuracy degree of the TIM
OV LV BPL topology database in comparison with the one of default operation settings
B, are applied in order to improve the performance of NNIM-LLA against the
measurement differences. But the higher accuracy degree of the TIM OV LV BPL
topology requires higher time duration times of NNIM-LLA that can be a prohibitive task
when the required accuracy is set to be very high.

Similarly to Tables 6 and 7, in Table 8, NNIM-LLA gives approximations of the
distribution and branch line lengths when the same acyp values of CUD measurements of

Tr Ren Energy, 2024, Vol.10, No.1, 30-66. doi: 10.17737/tre.2024.10.1.00164 53




Peer-Reviewed Article Trends in Renewable Energy, 10

Table 6 are applied given the amplitudes of coupling scheme channel transfer functions
contaminated with measurements in dB for the suburban case of Table 1. The same
21 x 85 measurement difference vector with Tables 6 and 7 is here superimposed to the
amplitudes of the coupling scheme channel transfer functions of the suburban case for all
the 21 NNIM-LLA approximation cases. Similarly to Table 6, the best RMSD value
between the approximated original and symmetrical OV LV topologies and the respective
OV LV BPL topology are presented per acyp value in Table 8. Conversely to Table 6,
the default operation settings C are adopted during the preparation of Table 8 instead of
the default operation settings B. Table 9 is similar to Table 8 but for the rural case of
Table 7. To graphically examine the impact of the default operation settings that support
a more elaborate version of the TIM OV LV BPL topology database on the mitigation of
the measurement differences, the best RMSD values of the NNIM-LLA approximations
(say, the minimum RMSD value between the original and symmetrical approximated OV
LV BPL topology given the execution and the number of hidden layers) of Tables 6 and 8
are plotted in Fig. 4(a) with respect to the acup of the applied CUD measurements when
the default operation settings B and C are assumed, respectively. In Fig. 4(b), the same
plot with Fig. 4(a) is given but for the rural case and with respect to Tables 7 and 9.

Table 8
Distribution and Branch Line Length Approximations of NNIM-LLA for the Suburban Case and Default
Operation Settings C for Different acyp Values of CUD Measurements (the symmetrical approximations
are reported in blue font color and the suburban case is included in the TIM OV LV BPL topology

database)

Indicative OV LV BPL Topologies of Table 1 Suburban Case RMSD Notes
Distribution Line Length L=[L; L, L; 0] [500m 400m 100m Om] - -
Branch Line Length Ly =[Ly,; Ly, 0] [50m 10m Om]

NNIM-LLA acyp of CUD Default
Approximated Distribution Line Length Measurements Operation
LNNIM-LLA = (dB) Settings C
[Lunniv-tia - Lonniv-tia Lanwiv-iia 0] 0 [715.32m 71.28m 213.39m Om] 167.50m +
Approximated Branch Line Length [151.51m 147.17m Om] 1 hidden
= 1
FL*"NN‘M'LLA L 0] 1 [284.39m 650.09m 65.52m Om] 141.10m v
b1,NNIM-LLA  LDb2,NNIM-LLA [156.12m 143.70m Om]
2 [687.71m 110.29m 202.00m Om] 150.07m
[149.84m 144.56m Om]
3 [724.46m 62.99m 212.54m Om] 171.26m
[151.86m 145.33m Om]
4 [716.60m 72.80m 210.60m Om] 166.75m
[153.16m 143.41m Om]
5 [282.40m 656.36m 61.24m Om] 143.91m
[154.76m 149.40m Om)]
6 [706.15m 81.71m 212.15m Om)] 162.58m
[152.85m 144.42m Om]
7 [265.15m 676.45m 58.40m Om] 153.38m
[157.69m 150.64m Om]
8 [720.49m 70.19m 209.32m Om] 168.24m
[153.10m 144.78m Om]
9 [720.59m 67.92m 211.48m Om] 169.03m
[152.64m 144.57m Om]
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10 [280.41m 654.99m 64.61m Om] 143.94m
[156.07m 148.88m Om]

11 [283.95m 649.47m 66.58m Om] 141.06m
[152.87m 146.65m Om]

12 [281.65m 659.43m 58.93m Om] 144.85m
[154.30m 149.01m Om]

13 [272.07m 670.23m 57.71m Om] 149.82m
[156.43m 147.97m Om]

14 [700.18m 93.36m 206.46m Om] 158.45m
[155.07m 148.79m Om]

15 [283.23m 653.08m 63.69m Om] 141.94m
[155.45m 142.52m Om]

16 [719.25m 67.76m 212.99m Om] 168.79m
[151.70m 143.67m Om]

17 [280.28m 652.45m 67.27m Om] 143.24m
[156.30m 148.75m Om]

18 [271.65m 670.15m 58.20m Om] 149.58m
[151.95m 149.16m Om]

19 [281.00m 654.80m 64.20m Om] 143.49m
[155.11m 147.51m Om]

20 [270.20m 672.51m 57.29m Om] 150.60m

[154.15m 147.87m Om]

Table 9

Distribution and Branch Line Length Approximations of NNIM-LLA for the Rural Case and Default
Operation Settings C for Different acyp Values of CUD Measurements (the symmetrical approximations
are reported in blue font color and the rural case is included in the TIM OV LV BPL topology database)

Indicative OV LV BPL Topologies of Table 1 Rural Case RMSD Notes
Distribution Line Length L=[L; L, 0 0] [600m 400m Om Om] - -
Branch Line Length Ly =[L,; 0 0] [300m Om Om]

NNIM-LLA acyp of CUD Default
Approximated Distribution Line Length Measurements Operation
Lynv-ria = [Lonniv-tia  Lonniv-na 0 0] (dB) Settings
Approximated Branch Line Length 0 [790.25m 189.38m Om Om] 11344m | ©
Lynnv-ria = [Loinnm-tia 0 0] [202.45m Om Om] -
1 hidden
1 [750.59m 225.04m Om Om] 91.88m layer
[223.77m Om Om]
2 [716.01m 283.97m Om Om] 74.38m
[191.34m Om Om]
3 [732.49m 267.51m Om Om] 72.30m
[261.42m Om Om]
4 [665.20m 334.66m Om Om] 114.56m
[11.30m Om Om]
5 [740.38m 245.13m Om Om] 98.27m
[145.37m Om Om]
6 [670.96m 329.03m Om Om] 75.87m
[126.16m Om Om]
7 [739.60m 260.40m Om Om] 75.10m
[322.50m Om Om]
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8 [779.41m 220.59m Om Om] 117.20m
[121.76m Om Om]

9 [620.96m 379.04m Om Om] 135.01m
[655.98m Om Om]

10 [748.68m 251.30m Om Om] 111.04m
[94.85m Om Om]

11 [833.91m 164.90m Om Om] 134.51m
[170.90m Om Om]

12 [829.14m 166.38m Om Om] 137.34m
[142.01m Om Om]

13 [776.44m 223.03m Om Om] 122.03m
[95.56m Om Om]

14 [685.64m 93.61m Om Om] 152.71m
[50.95m Om Om)]

15 [730.21m 269.73m Om Om] 104.54m
[93.68m Om Om]

16 [808.70m 313.49m Om Om] 115.47m
[94.36m Om Om)]

17 [751.79m 248.21m Om Om] 125.58m
[46.39m Om Om]

18 [760.09m 235.28m Om Om] 116.33m
[95.14m Om Om)]

19 [691.35m 358.99m Om Om] 67.12m
[153.33m Om Om]

20 [727.00m 202.77m Om Om] 102.12m
[165.94m Om Om]
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Figure 4. Best RMSD values of NNIM-LLA approximations with respect to acyp of the applied

CUD measurements when the default operation settings B and C are applied and one hidden
layer is assumed. (a) Suburban case. (b) Rural case.

Comparing Tables 8 and 9 and examining Figs. 4(a) and 4(b), it is obvious that
the adoption of default operation settings that create more elaborate version of the TIM
OV LV BPL topology database, such as the default operation settings C of this Section,
reduces the mean RMSD of the NNIM-LLA approximations but the aforementioned
reduction is constrained by the representativeness of the OV LV BPL topologies in the
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TIM OV LV BPL topology databases that remains unaffected either in the suburban case
or in rural one [1], [2]. In addition, the default operation settings C critically reduce the
fluctuations of NNIM-LLA approximations with respect to acup of the applied CUD
measurements either in suburban case or in rural one; for the suburban case and with
reference to Table 8, the maximum difference between the best values of the 21 different
measurement difference cases gets improved from 157.10m to 30.20m when one hidden
layer is assumed and the default operation settings B and C are applied, respectively.
Similarly, for the rural case and with reference to Table 9, the maximum difference
between the best values of the 21 different measurement difference cases gets improved
from 187.72m to 85.59m when one hidden layer is assumed and the default operation
settings B and C are applied, respectively. As already been mentioned, a trade-off
between the improved performance of NNIM-LLA when more elaborate default
operation settings are applied and the total duration time of NNIM-LLA simulation
occurs; the total duration time for preparing both Tables 8 and 9 increases up to 29,364s
in comparison with the total duration time of 3,505s for preparing both Tables 6 and 7.

To validate the beneficial role of the default operation settings C against the CUD
measurement differences when various acyp are applied, the same procedure, which is
followed in Table 8, Table 9 and Figure 4 for one hidden layer, is repeated when five
hidden layers are applied during the NNIM-LLA approximations. Similarly to Fig. 4(a),
the best RMSD values of the NNIM-LLA approximations for the suburban case are
plotted in Fig. 5(a) with respect to the acyp of the applied CUD measurements when the
default operation settings B and C are assumed, respectively, and five hidden layers are
applied. In Fig. 5(b), the same plot with Fig. 5(a) is given but for the rural case. Note that
the same 21 x 85 measurement difference vector, which is applied across the latter
NNIM-LLA approximations, is again used for the NNIM-LLA approximation cases of
Figs. 5(a) and 5(b). For the sake of the paper size reduction, the respective Tables to
Tables 8 and 9 for preparing Figs. 5(a) and 5(b) are not analytically presented in this
subsection.
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Figure 5. Best RMSD values of NNIM-LLA approximations with respect to acyp of the applied
CUD measurements when the default operation settings B and C are applied and five hidden
layers are assumed. (a) Suburban case. (b) Rural case.

Observing Figs. 5(a) and 5(b), the mitigation efficiency of the default operation
settings C against CUD measurement differences is again validated in the suburban and
rural cases, respectively, when five hidden layers are assumed. Apart from the similar
RMSD general image and RMSD values of Figs. 5(a) and 5(b) with the respective Figs.
4(a) and 4(b), the application of the default operation settings C indeed reduces the mean
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RMSD and the RMSD fluctuations when compared to the ones of the default operation
settings B; for the suburban case of Fig. 5(a), the maximum difference between the best
RMSD values of the 21 different measurement difference cases gets improved from 52m
to 32m when five hidden layers are assumed and the default operation settings B and C
are applied, respectively (note that the best RMSD value of default operation settings C
when acyp is equal to 0dB is excluded during the previous maximum difference
computation due to its extremeness). Similarly, for the rural case and with reference to
Table 9, the maximum difference between the best values of the 21 different
measurement difference cases gets improved from 201m to 106m when five hidden
layers are assumed and the default operation settings B and C are applied, respectively.
The trade-off between the improved performance of NNIM-LLA and the total time
duration time of NNIM-LLA simulation also occurs; the total time duration time for the
suburban and rural case plots of Figs. 5(a) and 5(b) when the default operation settings C
are applied increases up to 45,556s in comparison with the total duration time of 11,270s
for preparing the suburban and rural case plots of Figs. 5(a) and 5(b) when the default
operation settings B have been applied. Note that the two improvements of Sec.2.3 that
deal with the unacceptable NNIM-LLA approximations of [2] have achieved the
elimination of the unacceptable NNIM-LLA approximations in Figs. 5(a) and 5(b) but the
increased total duration times of Figs. 5(a) and 5(b) with comparison to the ones of Figs.
4(a) and 4(b) are explained by the fact that the latter total time duration times also include
the required repetitions of the MATLAB NN program of [47], [48] that programmatically
supports the NNIM-LLA approximations so that the unacceptable NNIM-LLA
approximations can be eliminated. Surely, the worst case scenario of the preparation of
TIM OV LV BPL topology database per indicative OV LV BPL topology and CUD
measurement difference case significantly deteriorates the aforementioned total time
duration times thus indicating the significant delays that may be present if more elaborate
restrictions concerning the possible database representativeness improvements that may
be applied during the preparation of TIM OV LV BPL topology database per examined
case. This clearly unveils the need for: (i) smarter countermeasure techniques against
measurement differences prior to the application of the MATLAB NN program of
NNIM-LLA; and (i1) tailored-made and representative segments of the TIM OV LV BPL
database that holds per case groups and not per examined case.

After the previous observations, the companion paper of [52] starts the challenge
of searching and adopting of appropriate countermeasure techniques against
measurement differences from the literature so that the performance of NNIM-LLA could
be improved in terms of their RMSD fluctuations and, at the same time, the mean RMSD
gets improved and the total duration time remains close to the total duration time of the
default operation setting basis. From the literature, the application of piecewise
monotonic data approximation methods, such as LIPMA, L2WPMA and L2CXCV
which have theoretically been presented and experimentally verified in [30], [53]-[59] as
output module, is assessed as the intermediate module after the DHM module and before
the NNIM-LLA module when CUD measurement differences of various acyp values
occur during the operation of the OV LV BPL networks.
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5. Conclusions

In this paper, the impact of CUD measurement differences on the performance of
NNIM-BNI and NNIM-LLA has been assessed as well as the countermeasure role of the
adoption of diverse default operation settings against measurement differences. First, the
effect of the presence of CUD measurement differences of various acyp values has been
examined. Both NN methodologies have presented a strong inherent mitigation efficiency
against CUD measurement differences and especially those of low acyp values (i.e., acup
values lower than approximately 5dB). CUD measurement differences of high acup
values primarily affect the stability of the NNIM-BNI and NNIM-LLA approximations in
terms of their RMSD fluctuations rather than mean RMSD that depends on the accuracy
of the applied TIM OV LV BPL topology database and its representativeness. Second,
the adoption of default operation settings that allows more elaborate versions of the
applied TIM OV LV BPL topology significantly improves the stability of the
approximations by reducing the RMSD approximation fluctuations. Hence, the adoption
of the aforementioned default operation settings can act as a countermeasure technique in
environments where unknown or high CUD measurement differences are observed.
However, a trade-off between the accuracy of the applied default operation settings and
the total duration time of NNIM-LLA has been revealed. Third, improvements for the
finer operation of NN identification methodologies have been examined, such as the BPL
topology database representativeness, the BPL topology inclusion into the BPL topology
database and the unacceptable approximation elimination technique. The application of
more elaborate countermeasure techniques against measurement differences and / or
representative segments of the TIM OV LV BPL database should be further investigated
so that more accurate and stable NNIM-BNI and NNIM-LLA approximations can occur.
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