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Due to the smart grid (SG) operation, the power utilities are dealing with
a cataclysm of big data that demands advanced information technology
(IT) infrastructure and business analytics while one cause of this growth
is the nature of the power grid operation that demands real-time
measurements. In [1], [2], the theoretical framework and the numerical
results for the interoperability of Deterministic Hybrid Model (DHM),
initial Statistical Hybrid Model (iSHM), the definition procedure and
the class maps have been presented for the overhead low-voltage
broadband over power lines (OV LV BPL) networks as well as
the iSHM footprints. On the basis of the five real indicative OV LV BPL
topologies of [1], [2], the impact of measurement differences that follow
either continuous uniform distributions (CUDs) or normal distributions
(NDs) of different intensities is first highlighted on iSHM footprints.
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Additive White Gaussian Noise
Broadband over Power Lines
Business Process Model and Notation
Channel Attenuation Statistical
Distribution
Cumulative Density Function
Coupling Scheme version 2 module
Continuous Uniform Distribution
Deterministic Hybrid Model
ElectroMagnetic Interference
Information and Communication
Technology
Injected Power Spectral Density Limits
Information Technology
initial Statistical Hybrid Model
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L1 Piecewise Monotonic Approximation
L2 Weighted Piecewise Monotonic
Approximation
Maximum Likelihood Estimator
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1. Introduction
To support various SG applications, the vintage transmission and distribution
power grids need to obtain additional intelligence by rendering ITs as their key aspect
[1]-[3]. Actually, the supported SG applications impose a big data challenge that requires
IT infrastructure and advanced business analytics techniques in order to face with the vast
amounts of data and their analytics [4], [5]. The adoption of the available SG ICT
solutions may help towards the support of reliable and secured bi-directional data
communications across the entire power grid, better power grid monitoring and
management, further data integration of other power grid related sources,
the improvement of power grid efficiency and the deal with fervent issues of modern
energy networks [6]. Among the available SG ICT solutions, BPL networks attract the
great attention from the stakeholders among the other available communications
technologies since these networks can exploit the already installed wired power grid
infrastructure without the need for additional wiring costs except for the ones that are
related with network equipment [7]-[9].
As the operation of BPL networks is concerned across the power grid,
a lot of evolution steps took place recently by focusing on the statistical processing of the
communications channel that is proven to be a hostile medium for communications as the
infrastructure and the equipment of transmission and distribution power grids are
designed to deliver power rather information [1], [10]-[14]. On the basis of
the well-validated DHM for transmission and distribution power grids [10], [11],
[15]-[18], the proposed SHM framework, which consists of its iSHM and mSHM
versions, has recently been proposed in [19]-[21]. Also, new tools that are integrated with
SHM and further exploit its operation are available in [1], [2], [22]-[24], namely:
(i) The definition procedure: This procedure enriches the existing BPL topology classes
with virtual BPL topology subclasses statistically defined in terms of the applied
SHM version and its corresponding successful CASD parameter pairs
(i.e, MLEs and CDF for iSHM and mSHM CASDs, respectively);
(ii) The class maps: 2D contour plots illustrate the borders between adjacent BPL
topology classes while CASD parameter pairs with the corresponding BPL topology
subclass average capacities are represented on the class map; and
(iii) The class map footprints of critical events of the operation of power grids:
The real OV LV BPL topologies, the real OV LV BPL topologies with a sole branch line
fault and the real OV LV BPL topologies with a single hook for energy theft can be
illustrated as superimposed white areas upon the class maps for given power grid type,
SHM version, CASD, coupling scheme, IPSD limits and noise levels. In accordance with
[2], the most descriptive class map footprints are the iSHM ones, which are going to be
exploited in this paper, since their representation depends on a straightforward procedure
rather than the approximation of mSHM ones. Until now, the results of iSHM and its
accompanying tools have exploited as inputs the theoretical numerical results came from
the operation of DHM.
Already been mentioned in [25]-[29], measurement differences between the
experimental and theoretical results may occur due to a number of practical reasons and
“real-life” difficulties thus having as a result the influence of the DHM numerical results
in terms of the transfer function and capacity and, from now on, the destabilization of the
entire iSHM framework operation (i.e., iSHM results as well as the accompanying tools).
In accordance with [25], [26], [29], [30], a typical scenario to take into account
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measurement differences during the BPL network analysis is their handling as error
distributions such as CUDs and NDs that are superimposed to the coupling scheme
transfer function theoretical numerical results of DHM. In this paper, the impact of
measurement differences as CUDs and NDs on the iSHM framework operation is first
assessed through the iSHM class map footprints of a list of real indicative OV LV BPL
topologies.
The rest of this paper is organized as follows: In Section II, the interaction among
DHM, iSHM, the definition procedure, the class maps and footprints of OV LV BPL
topologies is briefly outlined. Section III deals with the measurement differences and the
mathematics concerning the integration of the corresponding measurement difference
CUDs and NDs in SHM and its accompanying tools. In Section IV, the numerical results
regarding the impact of measurement differences on the iSHM footprints of the
aforementioned real indicative OV LV BPL topologies are shown. Section V concludes
this paper.

2. The Basics of DHM, iSHM, the Definition Procedure, the Class Maps and
the Footprints of OV LV BPL Topologies
Prior to examine the interaction of DHM, iSHM, the definition procedure, the
class maps and the footprints of OV LV BPL topologies, brief details concerning the
applied OV LV MTL configuration and indicative OV LV BPL topologies are given in
Sec.2.1. Helpful operation details for DHM, iSHM, the definition procedure,
the class maps and the footprints of OV LV BPL topologies are reported in Secs 2.2-2.7,
respectively.
2.1 OV LV MTL Configuration and Indicative OV LV BPL Topologies
As the BPL signal propagation is examined, the typical OV LV MTL
configuration that is applied in this paper is shown in Fig. 1(a) of [1]. Note that the
applied OV LV MTL configuration consists of four parallel non-insulated conductors
(i.e., 𝑛OVLV = 4), which are hung in vertical arrangement. More details concerning the
MTL configuration dimensions, the conductor dimensions and the conductor structure
are given in [18], [31] while the ground properties and the role of ground
during the BPL signal propagation over OV power lines are detailed in [10], [18],
[32]-[36].
As the BPL signal transmission is studied, the typical OV LV BPL topology that
is used in this paper is shown in Fig. 1(b) of [1]. In fact, the examined typical OV LV
BPL topology is the division result of OV LV BPL networks into simpler topologies of
fixed end-to-end connection length (say, 1000m in this paper) but different topological
characteristics (say, number of branches, distances between branches and branch lengths)
that depend on the underlying power grid. In accordance with [37], [38], [18], [39], five
OV LV BPL topology classes (i.e., “LOS”, rural, suburban, urban A and urban B) with
their respective representative OV LV BPL topologies, which act as the real indicative
OV LV BPL topologies of this paper, can be defined so that a classification of all OV
LV BPL topologies (i.e., either real or virtual ones) can be made in terms of their
capacity. In Table 1 of [1], the five real indicative OV LV BPL topologies of this paper
are reported as well as their topological characteristics.
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2.2 DHM
With reference to BPMN diagrams of iSHM [1], [19], [21], it is evident that the
numerical results of DHM act as the cornerstone of iSHM, class maps and footprints.
DHM is a well validated model that has extensively been employed to examine the
behavior of various transmission and distribution BPL networks [10], [11], [15]-[18],
[32], [40]-[43]. In general terms, DHM consists of four interconnected submodules; say,
two internal submodules (i.e., the bottom-up and top-down approach modules) and two
external ones (i.e., the coupling scheme and the capacity computation modules).
The numerical results of DHM that are of interest for iSHM and its tools of this paper are
the transfer function and the capacity for given BPL topology, MTL configuration,
coupling scheme, EMI policy and noise level. Mathematically, the output of the
interconnection of the aforementioned internal submodules is the 𝑛OVLV × 𝑛OVLV line
channel transfer function matrix
−1
𝐇 OVLV {∙} = 𝐓VOVLV ∙ 𝐇 OVLV,m {∙} ∙ (𝐓𝑉OVLV )
(1)
OVLV,m {∙}
OVLV
OVLV
where 𝐇
is the 𝑛
×𝑛
modal channel transfer function matrix that
mainly depends on the examined OV LV MTL configuration and OV LV BPL topology
and 𝐓VOVLV is a 𝑛OVLV × 𝑛OVLV matrix that depends on the frequency, the physical
properties of the TLs and the geometry of the OV LV MTL configuration. With reference
to eq. (1), the output of the coupling scheme module is the coupling scheme channel
transfer function that relates output and input BPL signal through
𝐻OVLV,𝐶 {∙} = [𝐂 out ]OVLV,𝐶 ∙ 𝐇 OVLV {∙} ∙ [𝐂 in ]OVLV,𝐶
(2)
for given coupling scheme where  denotes the applied coupling scheme among the
supported coupling schemes of CS2 module [44], [45], 𝐂 in is the input coupling 𝑛OVLV × 1
column vector that deals with the BPL signal injection interface and is defined by the
applied coupling scheme and 𝐂 out is the ouput coupling 1 × 𝑛OVLV line vector that deals
with the BPL signal extraction interface and is also defined by the applied coupling
scheme. With reference to eq. (2), the output of the capacity computation module is the
capacity C that is given by [1], [37], [46], [47]
〈𝑝(𝑓 )〉
2
𝐶 = 𝑓𝑠 ∑𝑄𝑞=1 log 2 {1 + [〈𝑁(𝑓𝑞 L ∙ |𝐻OVLV,C (𝑓𝑞 )| ]}
(3)
)〉
C

𝑞

L

𝑓𝑞 = 3MHz + (𝑞 − 1) ∙ 𝑓𝑠 , 𝑞 = 1, … , 𝑄
𝐟 = [𝑓1 ⋯ 𝑓𝑞 ⋯ 𝑓𝑄 ], 𝑞 = 1, … , 𝑄

(4)
(5)
where 𝑓𝑞 is the flat-fading subchannel start frequency, 𝑓𝑠 is the flat-fading subchannel
frequency spacing, 𝑄 is the number of subchannels in the examined 3-30MHz frequency
range, 𝐟 is the 1×Q line vector that consists of the flat-fading subchannel start frequencies
𝑓𝑞 , 𝑝(∙) is the applied IPSD limits in dBm/Hz, 𝑁(∙) is the applied AWGN PSD levels in
dBm/Hz and 〈∙〉L is an operator that converts dBm/Hz into a linear power ratio (W/Hz).
More details concerning the applied coupling scheme, IPSD limits and AWGN PSD
levels are given in [1], [2].
2.3 iSHM
Already been mentioned, SHM consists of iSHM and mSHM. With reference to
the BPMN diagrams of iSHM and mSHM [1], [19], iSHM consists of six Phases
(i.e., Phase A-F) while each Phase is clearly defined in terms of its procedure and the
input / output files.
In accordance with [19] and with reference to Fig. 2(a) of [1], the operation of
iSHM can be described through the concatenation of six Phases (i.e., Phases A-F).
Tr Ren Energy, 2020, Vol.6, No.2, 156-186. doi: 10.17737/tre.2020.6.2.00117

160

Peer-Reviewed Article

Trends in Renewable Energy, 6

The input of iSHM, which coincides with the input parameters of its Phase A,
is the topological characteristics of the examined real indicative OV LV BPL topologies,
the applied coupling scheme, IPSD limits and AWGN PSD levels. The output of iSHM,
which coincides with the output of Phase F, is the capacity range of each OV LV BPL
topology main subclass for given CASD when each OV LV BPL topology main subclass
consists of its representative real indicative OV LV BPL topology from Phase A and
P statistically equivalent virtual OV LV BPL topologies to the real indicative one
in terms of CASD MLEs. Note that iSHM may support five CASDs with their
corresponding MLEs (i.e., Gaussian, Lognormal, Wald, Weibull and Gumbel CASDs)
while each CASD exhibits different performance depending on the input parameters of
Phase A.
In accordance with [2], the performance of iSHM CASDs is assessed in terms of
the best percentage change and average percentage change results that are performance
capacity metrics. By evaluating the CASD approximation accuracy to the real capacity
results, the best CASD is chosen for iSHM and are further applied during the definition
procedure, class maps and footprints.
2.4 The Definition Procedure and Class Maps
As already been identified in [23], [24], [48], OV LV BPL topology classes are
underrepresented since iSHM only exploits the five main OV LV BPL topology
subclasses in order to define the respective classes for given CASD. The definition
procedure, which has been introduced in [48], clearly solves this issue by statistically
defining and inserting virtual indicative OV LV BPL topologies with their respective
subclasses in the existing five OV LV BPL topology classes of iSHM by appropriately
computing MLEs of iSHM CASDs. An appropriate flowchart that describes the
definition procedure of iSHM for OV LV BPL networks is given in Fig. 3(a) of [1].
In accordance with [48], as the definition procedure of iSHM is concerned,
it consists of eleven steps (i.e., FL1.01-FL1.11) that can be further categorized into three
groups (i.e., Group 1.A-1.C). The input of the iSHM definition procedure is the five main
OV LV BPL topology subclasses with their respective representative real indicative OV
LV BPL topologies for given CASD. The output of the iSHM definition procedure is the
class map that is a 2D contour plot where (i) each CASD parameter pair is corresponded
to its OV LV BPL topology subclass average capacity; (ii) real and virtual OV LV BPL
topology subclasses are described by corresponding CASD parameter pairs; (iii) the
borders between the OV LV BPL topology classes are illustrated; and (iv) by taking into
the capacity arrangement of OV LV BPL topology subclasses and the borders between
the OV LV BPL topology classes, OV LV BPL topology class areas can be
demonstrated.
In Secs 2.3 and 2.4, DHM, iSHM, definition procedure and class maps have been
presented that form all together an interconnected system but with specified settings.
The set of the default operation settings that are used in this paper are simply reported in
Sec3.4 of [1] as a whole.
2.5 iSHM Footprints of Real OV LV BPL Topologies on Class Maps
The theoretical definition of footprints has been presented in [1] while the first
numerical results concerning the application of footprints during critical events of the
operation of OV LV power grids have been demonstrated in [2], say, the iSHM footprints
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of the real OV LV BPL topologies, of the OV LV BPL topologies with a sole branch line
fault and of the OV LV BPL topologies with a single hook for energy theft.
As the iSHM footprints of the real OV LV BPL topologies are of interest
in this paper, their computation is based on TIM that allows the accurate identification of
an OV LV BPL topology with respect to its topological characteristics (i.e., number of
branches, length of branches, length of main distribution lines and branch terminations)
by applying piecewise monotonic data approximations even if significant measurement
differences may occur [49]-[51]. In fact, the computation of footprints is feasible by
exploiting: (i) the OV LV BPL topology database of TIM that consists of OV LV BPL
topologies with their respective theoretical and measured coupling scheme channel
transfer functions when appropriate TIM BPL topology database specifications
(e.g., the maximum number of branches, the length spacing for both branch distance and
branch length and the maximum branch length) are assumed; and (ii) the computation of
CASD MLEs of each OV LV BPL topology of the TIM BPL topology database for given
best CASD for the preparation of the iSHM footprint [1]. As been demonstrated in [2],
iSHM footprints of the real OV LV BPL topologies without measurement differences can
be shown as areas of superimposed white spots upon the iSHM class maps for given
power grid type, CASD, coupling scheme, IPSD limits and noise limits. By studying
iSHM footprints of the real OV LV BPL topologies of [2], it is clear that the footprint
extent of the real OV LV BPL topologies remains a small area of the respective class
maps thus highlighting the significant and successful role of the respective definition
procedures towards the enrichment of OV LV BPL topology classes with virtual OV LV
BPL topologies.
Although iSHM footprints of the real OV LV BPL topologies graphically reveal
the internal zones of the respective class maps where real OV LV BPL topologies can be
located, the measurement differences during the computation of the coupling scheme
transfer functions have been ignored in [2]. In this paper, the option of the TIM OV LV
BPL topology database that considers measurement differences during the computation
of coupling scheme transfer functions is activated thus allowing the impact assessment of
measurement differences when various distributions are applied. In the following Section,
the mathematics of the measurement difference distributions are reported as well as their
interaction with DHM, iSHM, definition procedures, class maps and footprints. Note that
although default operation settings have been assumed in Sec 2.4 of [2] for the interaction
of iSHM footprints with the remaining set (i.e., DHM, iSHM, definition procedures and
class maps), there are no need for these assumptions here since the impact of
measurement differences is going be studied with reference to the five real indicative OV
LV BPL topologies of Table 1 of [1].
3. The Involvement
iSHM Footprints

of

Measurement

Differences

from

DHM

to

In this Section, the way the measurement differences are taken into account in
DHM are presented. In addition, the approach and the settings for the study of
iSHM footprints when measurement differences are applied are reported.
3.1 Measurement Differences in DHM
From DHM to iSHM footprints, the theoretical computation of the coupling
scheme channel transfer function, which is mathematically described in eq. (2), has been
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applied so far since no measurement differences have been assumed. However, a set of
practical reasons and “real-life” conditions, which can be grouped into six categories
[25], [27], [52], are taken into account in this paper so that the role and the effect of
measurement differences can be further investigated. In accordance with [25], [27], [52]
OVLV,𝐶,𝐷
{∙} after the
and eq. (2), the measured coupling scheme transfer function ̅̅̅̅̅̅̅̅̅̅
𝐻𝑑1,𝑑2,𝑖
consideration of measurement differences is determined by
OVLV,𝐶,𝐷
𝐷
̅̅̅̅̅̅̅̅̅̅
𝐻𝑑1,𝑑2,𝑖
(𝑓𝑞 ) = 𝐻OVLV,𝐶 (𝑓𝑞 ) + 𝑒𝑑1,𝑑2,𝑖
(𝑓𝑞 ), q=1,…,Q, 𝑖 = 1, … , 𝐼
(6)
𝐷
where [∙] denotes the applied measurement difference distribution –either CUD or ND–,
d1 is the first parameter of the applied measurement difference distribution (the minimum
value −𝑎CUD or the mean 𝜇ND of CUD or ND, respectively), d2 is the second parameter
of the applied measurement difference distribution (the maximum value 𝑎CUD or the
𝐷
standard deviation 𝜎ND of CUD or ND, respectively), 𝑒𝑑1,𝑑2,𝑖
(𝑓𝑞 ) is the measurement
difference at frequency 𝑓𝑞 for given measurement difference distribution, I is the number
of different 1 × 𝑄 line vectors of measurement differences per applied measurement
difference distribution, first and second parameter and i indicates the ith among I line
vectors of measurement differences. In this paper, 100 line vectors of measurement
differences are going to be assumed per applied measurement difference distribution,
first and second parameter (I=100).
3.2 Measurement Differences and Settings for the SHM Footprints
In order to highlight the impact of measurement differences on iSHM footprints
for the five real indicative OV LV BPL topologies of Table 1 of [1], the iSHM class map
that is shown in Fig. 1 of [2] is adopted as the graphical basis. With reference to the five
real indicative OV LV BPL topologies of Table 1 of [1] and the BPMN diagrams of
iSHM [1], [19], it is evident that the applied theoretical coupling scheme transfer
functions are going to be replaced by the measured ones, which are described in eq. (6),
thus directly affecting the output of DHM module of Phase A of the iSHM BPMN
diagrams –see Fig. 2(a) of [1], respectively–.
To illustrate the impact of each line vector of measurement differences on the
class maps of each real OV LV BPL topology of Table 1 of [1], the corresponding
measured coupling scheme transfer function is accompanied by: (i) the respective MLEs
of the Weibull CASD as described in iSHM BPMN diagram Phase C of Fig. 2(a) of [1]
(i.e., MLE computation module). Here, it should be noted that the Weibull CASD has
been verified to be the best CASD for OV LV BPL topologies in [2]; and
(ii) the capacity; when the default operation settings of Sec.3.4 of [1] are assumed.
As the iSHM footprint of each real OV LV BPL topology of Table 1 of [1] is
considered for given measurement difference distribution, first and second parameter,
the same procedure that is presented in [1] for the iSHM footprint of real OV LV BPL
topologies is also followed here but with the following two differences: (i) Only the five
real OV LV BPL topologies of Table 1 of [1] are used and not the entire TIM OV LV
BPL topology database; and (ii) for each of the five real OV LV BPL topologies of Table
1 of [1], 100 white spots are expected to appear on Weibull CASD class maps as
footprint that correspond to the respective combination of Weibull CASD MLEs and
capacity of the 100 line vectors of measurement differences that are superimposed to the
coupling scheme transfer function of each of the five real OV LV BPL topologies of
Table 1 of [1].
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4. Numerical Results and Discussion
In this Section, numerical results assessing the impact of measurement differences
on iSHM footprints of OV LV BPL topologies are demonstrated. First, the effect of the
different measurement distributions (i.e., CUD or ND) is highlighted through
the iSHM footprints for the five real OV LV BPL topologies of Table 1 of [1].
Second, the sensitivity of the aforementioned real OV LV BPL topologies to the
measurement
differences
is
revealed
through
their
iSHM
footprints.
Third, for given real OV LV BPL topology, the effect of the intensity of measurement
differences, say, the change of the first and second parameter values of the CUD and ND
measurement distributions, on iSHM footprints is revealed.
4.1 iSHM Class Maps of OV LV BPL Topologies
In accordance with the iSHM definition [1], [19], [20], the CASD MLEs of
iSHM are computed at the Phase C of Fig. 2(a) of [1]. As the default operation settings
have been assumed in [1], MLEs of the Gaussian, Lognormal, Wald, Weibull and
Gumbel CASDs of iSHM have been reported in Table 1 of [2] for the main subclasses of
the real indicative OV LV BPL topologies of Table 1 of [1]. Their capacity estimation
performance of CASDs of iSHM has been benchmarked via the percentage change and
the average absolute percentage change of Table 2 of [2]. In accordance with Table 2 of
[2], Weibull CASD performs the best performance among the available iSHM CASDs
with respect to the percentage change and average absolute percentage change in all the
examined OV LV BPL topology main subclasses. Therefore, only Weibull CASD is
going to be applied during the following subsections. In accordance with [2], [23], [24],
the iSHM class map of OV LV BPL topologies is plotted in Fig. 1 with respect to
Weibull ̂ Weibull
𝑎̂MLE
, 𝛽MLE
and the average capacity of each OV LV BPL topology subclass.
4.2 iSHM Footprints of Measurement Differences – The Effect of the Different
Distributions of Measurement Differences on OV LV BPL Topologies
The impact of measurement differences on iSHM class maps of OV LV BPL
topologies is examined via footprints. Actually, the effect of the different distributions of
measurement differences (i.e., CUD or ND) and the behavior of each of the real
indicative OV LV BPL topologies when measurement differences are applied are going
to be studied in this subsection. With reference to the iSHM class map of Fig. 1,
the iSHM footprint of the real indicative OV LV BPL urban case A is illustrated as
superimposed white spots on class maps in Fig. 2(a). Note that the CUD measurement
difference of maximum value 𝑎CUD of 3dB and 100 line vectors of random measurement
differences of the aforementioned CUD are assumed during the preparation of Fig. 2(a).
In Figs. 2(b)-(e), similar footprints with Fig. 2(a) are illustrated but for the case of urban
case B, suburban case, rural case and “LOS” case, respectively, when the same 100 line
vectors of measurement differences are applied. In Figs. 3(a)-(e), similar footprints with
Figs. 2(a)-(e) are given but for the case of ND measurement differences of mean 𝜇ND and
standard deviation 𝜎ND that are equal to 0dB and 3/2dB, respectively. Note that the same
100 line vectors of ND measurement differences are applied among Figs. 3(a)-(e).
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Fig. 1. iSHM class map of OV LV BPL topologies when 3-30MHz frequency band, WtG1 coupling
scheme and FCC Part 15 are assumed [2].
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Fig. 2. iSHM footprints of the real indicative OV LV BPL topologies when 3-30MHz frequency band,
WtG1 coupling scheme, FCC Part 15 and CUD measurement differences of maximum value aCUD = 3dB
are assumed. (a) Urban case A. (b) Urban case B. (c) Suburban case. (d) Rural case. (e) “LOS” case.
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Fig. 3. Same plots but for ND measurement difference of mean 𝜇ND = 0dB and standard deviation
𝜎ND = 3/2dB.

By observing Figs. 2(a)-(e) and 3(a)-(e), several interesting observations can be
made regarding the presence of measurement differences, namely:
• By comparing the aforementioned figures with Figs. 3(a) and 3(b) of [2],
it is evident that the iSHM footprint behavior when measurement differences are
applied present similarities to the behavior of OV LV BPL topologies with short
branches for given OV LV BPL topology class. With reference to the theoretical
Weibull
Weibull
values of 𝑎̂MLE
and 𝛽̂MLE
of the real indicative OV LV BPL topologies that
act as the representative ones of classes, measurement differences tend to reduce
Weibull
Weibull
the theoretical values of 𝑎̂MLE
and 𝛽̂MLE
of the representative OV LV BPL
topologies thus forming the iSHM footprint as a diagonal white area of 100 white
spots that is located at the lower left area of the examined class with approximate
direction to the axis origin.
• As the location and the extent of the iSHM footprint are concerned for given
OV LV BPL topology class, the footprint remains almost the same when the
standard deviation 𝜎ND of ND measurement differences is approximately equal to
the half of the maximum value aCUD of CUD measurement differences while the
mean value 𝜇ND of ND measurement differences is equal to zero. This fact can be
explained by the distribution of PDFs of the previous CUD and ND measurement
differences. Note that the mean 𝜇ND of ND measurement differences is assumed
to be equal to 0, hereafter.
• As the maximum value aCUD of CUD measurement differences and the standard
deviation 𝜎ND of ND measurement differences remain low –say, Figs. 2(a)-(e) and
3(a)-(e)–, the footprint remains within the class area boundaries for given real
indicative OV LV BPL topology.
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The direction of the footprint as well as its location can be explained by the
management of the measurement differences with respect to the measured
coupling scheme channel attenuation difference between each measured
OV LV BPL topology and its respective theoretical “LOS” case [19].
More analytically, as the measured coupling scheme channel attenuation
difference between each examined OV LV BPL topology and its respective
theoretical “LOS” case is concerned, this should be remain greater or equal to
zero (zero restriction of the measured coupling scheme channel attenuation
difference). The zero restriction of the measured coupling scheme channel
attenuation difference is a crucial condition for the fine iSHM procedure so that
the MLE computation module of Phase C of iSHM BPMN diagram can operate
and produce the Weibull MLEs of the examined OV LV BPL topology [19].
In accordance with [20], the coupling scheme channel attenuation differences are
assumed to be equal to an arbitrarily low value, say 1×10-11, instead of zero so
that MLEs of Weibull CASD, which comprise natural logarithms and
denominators, can be calculated.
Depending on the intensity of measurement differences and the examined real
indicative OV LV BPL topology, the zero restriction of the measured coupling
scheme channel attenuation difference has as a result the greater concentration of
channel attenuation difference values at zero that further affects the Weibull
CASD approximation and its corresponding MLEs. In fact, as more channel
attenuation difference values are located at zero, the approximated Weibull PDF
tends to increase its maximum PDF value and to shift he location of the maximum
Weibull
Weibull
PDF left tthat further entail simultaneously lower values of 𝑎̂MLE
and 𝛽̂MLE
Weibull
Weibull
with respect to the theoretical values of 𝑎̂MLE
and 𝛽̂MLE
for given real
indicative OV LV BPL topology.
The aforementioned zero restriction of the measured coupling scheme channel
attenuation difference explains the dependence of the extent of the footprint on
the multipath aggravation of the examined real indicative OV LV BPL topologies.
Since coupling scheme transfer functions of less aggravated OV LV BPL
topologies (i.e., suburban and rural case) are closer to the “LOS” case,
the zero restriction of the measured coupling scheme channel attenuation
difference may be activated more frequently than in the cases of aggravated OV
LV BPL topologies (i.e., urban case A and B) when measurement differences are
applied. Struggling to approximate the greater number of zero channel attenuation
differences, the deeper notches due to the remaining measurement differences for
given line vector have little effect to the approximated Weibull PDFs and, hence,
small differences are expected to the Weibull CASD MLEs for the assumed line
vectors of measurement differences thus entailing reduced sizes of the footprints
of the less aggravated OV LV BPL topologies.
As the OV LV BPL “LOS” case is examined as well as its iSHM footprint
behavior when measurement differences are applied, the iSHM footprint of
“LOS” case is located very close to the axes origin while its extent remains the
smallest among the examined ones of real indicative OV LV BPL topologies. As
measurement differences are superimposed to the coupling scheme channel
attenuation of OV LV BPL “LOS” case, this has as effect almost the half of the
measured coupling scheme channel attenuation difference values between the
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measured OV LV BPL “LOS” case and the theoretical “LOS” case be equal to
zero due to the zero restriction of the measured coupling scheme channel
attenuation difference and the other half of the measured coupling scheme
channel attenuation difference values be affected by the measurement differences.
The latter values are responsible for the little shift of the iSHM footprint of
“LOS” case with reference to the axis origin.
Until now, the impact of measurement differences on class maps of the real indicative
OV LV BPL topologies has been investigated in terms of the relative location and the
extent of the corresponding iSHM footprints. The most important characteristic of
measurement differences that is their intensity is studied in the following subsection.
4.3 iSHM Footprints of Measurement Differences – The Effect of the Different
Intensities of Measurement Differences on OV LV BPL Topologies
Higher intensities of measurement differences imply higher maximum values
𝑎CUD and standard deviations 𝜎ND when CUD and ND measurement differences are
applied, respectively. With reference to the iSHM class map of Fig. 1, the iSHM footprint
of the real indicative OV LV BPL topology of urban case A is illustrated as
superimposed spots on class maps in Fig. 4(a) when the maximum value 𝑎CUD of CUD
measurement differences ranges from 0B to 15dB. Conversely to Fig. 2(a), only one
random line vector of measurement differences is applied for each maximum value 𝑎CUD
while the color of superimposed spots becomes redder as the maximum value 𝑎CUD
increases. In Figs. 4(b)-(e), similar footprints with Fig. 4(a) are illustrated but for the case
of urban case B, suburban case, rural case and “LOS” case, respectively, when the same
line vectors of measurement differences per maximum value 𝑎CUD are applied.
In Figs. 5(a)-(e), similar footprints with Figs. 4(a)-(e) are given but for the case of ND
measurement differences where the mean 𝜇ND is equal to 0dB and the standard deviation
𝜎ND ranges from 0dB to 15/2dB, respectively. Note that the same line vectors of ND
measurement differences per standard deviation 𝜎ND are applied in Figs. 5(a)-(e).
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Fig. 4. iSHM footprints of the real indicative OV LV BPL topologies when 3-30MHz frequency band,
WtG1 coupling scheme, FCC Part 15 and CUD measurement differences of maximum value aCUD that
ranges from 0dB (black spot) to 15dB (red spot) are assumed. (i) Urban case A. (ii) Urban case B
(iii) Suburban case (iv) Rural case (v) “LOS” case.
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Fig. 5. Same plots but for ND measurement difference of mean 𝜇ND = 0dB and standard deviation
𝜎ND that ranges from 0dB (black spot) to 7.5dB (red spot).

By combining Figs. 4(a)-(e) and 5(a)-(e) with the respective figures of the
previous subsections, interesting conclusions can be deduced regarding the behavior of
iSHM footprints when measurement differences of different intensities are applied.
More specifically:
• As the maximum value 𝑎CUD of CUD measurement differences or
standard deviation 𝜎ND of ND measurement differences increase,
Weibull
Weibull
𝑎̂MLE
and 𝛽̂MLE
of the measured real indicative OV LV BPL topologies
simultaneously decrease. The iSHM footprint that is created from the increasing
measurement differences, denoted hereafter as iSHM footprint due to the
Weibull
increasing measurement differences, starts from the theoretical values of 𝑎̂MLE
Weibull
and 𝛽̂MLE
of the examined representative OV LV BPL topologies and tends to
the iSHM footprint of “LOS” case that is located very close to the axes origin.
The trend of the iSHM footprint due to the increasing measurement differences is
explained by the fact that higher measurement differences force the measured
coupling scheme channel attenuation of the real indicative OV LV BPL
topologies to the zero restriction of the measured coupling scheme channel
attenuation difference or to deeper spectral notches. Hence, the decrease of
Weibull
Weibull
𝑎̂MLE
and 𝛽̂MLE
of the measured real indicative OV LV BPL topologies
compared with the respective theoretical ones is explained by the effort of the
Weibull PDF to approximate the empirical PDFs of the measured coupling
scheme channel attenuation differences.
• By observing Figs. 4(e) and 5(e), the iSHM footprint of the OV LV BPL “LOS”
case due to the increasing measurement differences remains close to the axes
origin. In fact, the distance of the iSHM footprint of the OV LV BPL “LOS” case
from the axes origin when no measurement differences are applied is explained by
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the fact that the coupling scheme channel attenuation differences is assumed to be
equal to 1×10-11 instead of zero so that Weibull CASD MLEs can be calculated
[19].
• The iSHM footprint due to the increasing measurement differences depends on
the examined OV LV BPL topology class since its trend becomes steeper as more
aggravated BPL topologies are studied. Actually, for high values of maximum
value 𝑎CUD of CUD measurement differences and standard deviation 𝜎ND of ND
measurement differences, the iSHM footprint due to the increasing measurement
differences can exceed the boundaries of the examined OV LV BPL topology
class. As it was expected, the latter situation complicates either the identification
of the examined OV LV BPL topology or the categorization of the examined
OV LV BPL topology into the five classes.
• The significant Weibull MLEs distortion that is caused by the presence of
high measurement differences may affect the monitoring and controlling of the
OV LV power grid [28], [29]. To mitigate the measurement differences and
preserve the validity of the collected data, piecewise monotonic data
approximations, such as L1PMA [27] and L2WPMA [53], have been extensively
applied in distribution and transmission BPL networks until now so that measured
data can be filtered and restored. The future research is focused on the
exploitation of the piecewise monotonic data approximations so that the lower left
direction of the iSHM footprint due to measurement differences towards the axes
origin can be inverted so that predictive tools that can exploit SHM footprints,
such as the identification of OV LV BPL topologies and the detection of hooks
for energy thefts [2], are not critically affected.
As been demonstrated, the operation of the SG produces big data whose wiser
management may allow higher performances concerning the monitoring and controlling
of the SG. Indeed, measurement differences combined with the real time operation are
going to create a cataclysm of data that may mislead the existing predictive tools of the
SG if they are not appropriately filtered. The interaction of iSHM footprints with
piecewise monotonic data approximations may enhance the quality of business analytics
of SG under the harsh real time conditions.
5. Conclusions
The numerical results concerning the behavior of iSHM footprints of the
OV LV BPL networks when measurement differences are applied have been
demonstrated as well as countermeasures proposals for ensuring the quality of business
analytics and the tools of the SG. From iSHM footprints of the real indicative OV LV
BPL topologies due to the increasing measurement differences, it has been verified that:
(i) iSHM footprints of more aggravated OV LV BPL topologies (i.e., urban case A and
case B) are more sensitive to the measurement differences (higher extent of the
corresponding iSHM footprints); (ii) When measurement differences remain relatively
low, the iSHM footprint of the affected OV LV BPL topology remains within the
corresponding class area boundaries; (iii) iSHM footprints due to the increasing
measurement differences of all examined real OV LV BPL topologies present the same
direction; say, towards the axes origin; (iv) As the measurement differences remain high,
all affected OV LV BPL topologies tend to present similar Weibull CASD MLEs; and
(v) High measurement differences jam the broadband tools of the SG, such as the
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topology identification technique via iSHM footprint, thus influencing the quality of
business analytics of the SG. To mitigate the measurement differences and retrieve the
theoretical iSHM footprint from the measured one, piecewise monotonic data
approximations, such as L1PMA and L2WPMA, are investigated in [54], [55].
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