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This first paper assesses the performance of three well-known piecewise
monotonic data approximations (i.e., LIPMA, L2WPMA, and L2CXCV)
during the mitigation of measurement differences in the overhead
medium-voltage broadband over power lines (OV MV BPL) transfer
functions.

The contribution of this paper is triple. First, based on the inherent
piecewise monotonicity of OV MV BPL transfer functions, L2ZWPMA and
L2CXCV are outlined and applied during the determination of theoretical
and measured OV MVBPL transfer functions. Second, L1IPMA, L2ZWPMA,
and L2CXCV are comparatively benchmarked by using the performance
metrics of the percent error sum (PES) and fault PES. PES and fault
PES assess the efficiency and accuracy of the three piecewise
monotonic data approximations during the determination of transmission
BPL transfer functions. Third, the performance of L1PMA, L2ZWPMA, and
L2CXCV is assessed with respect to the nature of faults —i.e. faults that
follow either continuous uniform distribution (CUD) or normal distribution
(ND) of different magnitudes—.

The goal of this set of two papers is the establishment of a more effective
identification and restoration of the measurement differences during the
OV MV BPL coupling transfer function determination that may
significantly help towards a more stable and self-healing power system.

Keywords: Smart Grid; Intelligent Energy Systems,; Broadband over Power Lines (BPL) networks,
Power Line Communications (PLC); Faults; Fault Analysis; Fault Identification and Prediction; Power
System Stability; Distribution Power Grids

1. Introduction

In recent years, the broadband over powerlines (BPL) technology has attracted
significant popularity as a connectivity solution in homes and a provider of various smart
grid related applications [1]. More specifically, the deployment of BPL networks across
the vintage transmission and distribution power grids transforms them into an intelligent
[P-based communications network further enhancing power system stability [2], [3].
Among the characteristics of this communications network, its low-cost deployment and
potential of broadband last mile access through its wired/wireless interfaces render the
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BPL technology both as a wuseful power grid complement and a strong
telecommunications competitor to wireless networking solutions [4].

Thanks to the HomePlug Powerline Alliance, which is leading the standardization
process of the BPL technology, more than 100 million BPL devices with an annual
growth rate of 30% have already been deployed and are able to deliver high-bandwidth
applications (e.g., HD video streaming and VoIP) with data rates that exceed 1Gbps [5]-
[7]. To achieve these data rates, various inherent BPL deficiencies, such as high and
frequency-selective channel attenuation and noise, should be overcome [8]-[13].

As the determination of the transfer functions of overhead medium-voltage
(OV MV) BPL networks is concerned in this paper, the well-established hybrid method,
which is employed to examine the behavior of various multiconductor transmission line
(MTL) structures, is also adopted in this paper [2], [8]-[12], [14]-[25]. Given the OV MV
BPL network topology, OV MV MTL configuration, and the applied coupling scheme as
inputs, the hybrid method gives as an output the corresponding transfer function.

Despite the theoretical accuracy of the hybrid method during the determination of
OV MV BPL transfer functions, a number of practical reasons and “real-life”” conditions
may create measurement differences between experimental and theoretical results. On the
basis of six measurement difference categories, which are analyzed in [2], [24], [25],
OV MV BPL transfer functions are significantly distorted critically affecting the
monitoring and surveillance of the distribution power grid. To mitigate the
aforementioned measurement differences and restore the undistorted OV MV BPL
transfer function, a piecewise monotonic data approximation is applied [26]-[33].
Until now, only LIPMA has been applied and examined in transmission and distribution
BPL networks [2], [24], [25]. Here, another two piecewise monotonic data
approximations by Demetriou are first applied and comparatively benchmarked in
comparison with the already validated LIPMA; say, L2ZWPMA [34] and L2CXCV [35].

The rest of this paper is organized as follows: In Sec. II, the OV MV MTL
configuration and the respective indicative OV MV BPL topologies are presented.
Sec. III synopsizes the principles of BPL signal propagation and transmission across
OV MV BPL topologies. In Sec. IV, a brief presentation of the LIPMA is given.
Also, L2ZWPMA and L2CXCYV are analytically outlined. In the same Section, the percent
error sum (PES) and fault PES, which are applied in order to benchmark L1PMA,
L2WPMA, and L2CXCV, are reported. Sec. V discusses the simulations of various
OV MV BPL networks intending to mark out the efficiency of LIPMA, L2ZWPMA, and
L2CXCV and to mitigate the occurred measurement differences. Sec.VI concludes this

paper.

2. Distribution Power Grids
2.1 OV MV MTL Configuration

The overhead MV distribution lines, which are examined in this paper, are shown
in Fig. 1(a) of [2]. Overhead MV distribution line consists of:

® Phase lines: These lines with radii r,,, are hung at typical heights /v above
ground. The three phase conductors of the OV MV MTL configuration are further
spaced by Amv.

e Neutral conductors: There are no neutral conductors in the examined OV MV
MTL configuration.
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As regards the overhead MV distribution line configuration, it consists of ACSR
three-phase conductors [8], [9], [17]. Exact values concerning conductor properties and
configuration geometries are reported in [19].

In accordance with [21], [36]-[38], the ground with conductivity
o, =5mS/m and relative permittivity ¢ =13 is considered as the reference conductor.

The aforementioned ground parameters define a realistic scenario during the following
analysis while the impact of imperfect ground on broadband signal propagation via
OV MV power lines was analyzed in [8], [9], [17], [19], [21], [39]-[41].

2.2 Indicative OV MV BPL Topologies

In accordance with [8]-[12], [14]-[22], [36], [42]-[44] and with reference to
Fig. 1, average path lengths of the order of 1,000m are considered in OV MV BPL
topologies. Hence, the following four indicative OV MV BPL topologies, concerning
end-to-end connections of average path lengths, are examined, namely:

1. A typical urban topology (OV MV wurban case) with N=3 branches
(L1=500m, L,=200m, L3=100m, L4=200m, Ly1=8m, Ly>=13m, Lp3=10m).

2. A typical suburban topology (OV MV suburban case) with N=2 branches
(L1=500m, L,=400m, L3=100m, Ly1=50m, Lp>=10m).

3. A typical rural topology (OV MV rural case) with only N=1 branch
(L1=600m, L,=400m, Ly1=300m).

4. The “LOS” transmission along the same end-to-end distance
L=Li+...+Ly+1=1000m when no branches are encountered. This topology
corresponds to Line of Sight transmission in wireless channels.

The four indicative OV MV BPL topologies are going to be used so that the accuracy of
LIPMA, L2ZWPMA, and L2CXCYV is evaluated in Sec. V.

The assumptions for the circuital parameters of OV MV BPL topologies, which
are concerned in this paper, are the same as [2], namely: (i) The branch lines are assumed
identical to the transmission ones; (ii) The interconnections between the transmission and
branch conductors of the lines are fully activated; (iii) The transmitting and the receiving
ends are assumed to match the characteristic impedance of the modal channels; and (iv)
The branch terminations are assumed to be open circuits.

network
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Figure 1. General OV MV BPL topology [2].
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3. A Briefing of BPL Propagation and Transmission Analysis

3.1 Hybrid Method and Channel Transfer Function

The well-established hybrid method, which has been tested successfully in
various transmission and distribution BPL networks [8]-[12], [14]-[23], [40]-[42], is also
applied in this paper. Consisting of: (i) a bottom-up approach that is based on the MTL
theory, eigenvalue decomposition (EVD), and singular value decomposition (SVD); and
(i1) a top-down approach that is denoted as TM2 method and based on the concatenation
of multidimensional chain scattering matrices, the hybrid method gives as an output the
corresponding transfer function when the OV MV BPL network topology,
OV MV MTL configuration and the applied coupling scheme are given as inputs.

3.2 MTL Theory, EVD and Channel Transfer Functions

As it has already been mentioned in [8]-[12], [14]-[18], [21], [36],
the standard TL analysis can be extended to the MTL case through a matrix approach.
Since the n°YMY+1 conductors of the OV MV MTL configuration are laid parallel to the z

axis, n°Y™V modes are supported by the MTL configuration. Through TM2 method, their

spectral behavior is described by the n°"™ x n®™V EVD modal transfer function matrix

H" {} whose elements H" {}, i, j =1,...,n°"™" are the EVD modal transfer functions

where H", denotes the element of matrix H™ {} in row i of column ;.

Since the EVD modal transfer function matrix is already evaluated, the

n®"™ xn®™ channel transfer function matrix H{} is determined by

H{j=T, -H"{}- T, (1)
where T, is an®™ xn°™ matrix that depends on the frequency, the OV MV MTL
configuration and the physical properties of the cables [8]-[12], [14]-[18], [21], [36], [45].

3.3 Coupling Schemes and Coupling Transfer Functions

According to how signals are injected into OV MV lines, two categories of
coupling schemes are mainly supported by the OV MV BPL networks, namely [2], [16],
[18], [24], [25], [46]-[48]: (1) Wire-to-Ground (WtG) coupling schemes; and
(i) Wire-to-Wire (WtW) coupling schemes. Since the main interest of this paper is the
comparative benchmark of the piecewise approximation methods, only one of the
previous coupling schemes is going to be applied in the following analysis for the sake of
clarity and terseness; say, WtG coupling scheme.

In the case of WtG coupling schemes, the coupling WtG channel transfer function

H™'% {}is given from

WV {}: [CWtG]T T, -H" {} T .CVE )
where CV*° is a 3x1 coupling column vector with zero elements except in row s where
the value is equal to 1. Note that WtG coupling schemes inject the signal onto the

conductors, s=1,...,3 while the signal returns via the ground. WtG coupling between
conductor s and ground will be denoted as WtG’, hereafter.
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4. Presentation of L1IPMA, L2ZWPMA, and L2CXCV

4.1 Introduction to Piecewise Monotonic Data Approximation Methods of
Demetriou

Similarly to LIPMA, various monotonic data approximation methods have been
proposed by Demetriou, such as L2ZWPMA and L2CXCV. Their application, which is
theoretically presented and experimentally verified in [2], [24]-[31], successfully copes
with problems that are derived from the presence of measurement differences during the
OV MV BPL transfer function determination. Until now, only the efficiency of the best
LIPMA to mitigate measurement differences during the determination of OV MV BPL
transfer functions has been assessed [2], [24], [25]. In this paper, L2ZWPMA and
L2CXCV are comparatively benchmarked against LIPMA when the mitigation of the
occurred measurement differences during the OV MV BPL transfer function
determination is required.

4.2 L1PMA

L1PMA exploits the piecewise monotonicity property that always occurs in
transmission and distribution BPL transfer functions [2], [24], [25]. Actually, LIPMA
decomposes the BPL transfer function into separate monotonous sections between its
adjacent turning points (primary extrema) [28], [29]. Since the separate monotonous
sections are identified, LIPMA separately handles them. On the basis of the minimization
of the moduli sum of the measurement differences, LIPMA achieves to mitigate the
uncorrelated measurement differences by neglecting the existence of few large ones [2],
[49]. A detailed analysis concerning the application of LIPMA to distribution and
distribution BPL transfer functions is given in [2], [24], respectively.

Apart from its sound theoretical background, another strong point of LIPMA is
its easy and online software availability. In fact, the Fortran software package that is
applied to implement the LIPMA has extensively been verified in various scientific fields
[29], [31], [50]-[52] and is freely available online in [53]. In general terms, L1PMA
software receives as inputs the measured OV MV BPL coupling transfer function, the
measurement frequencies and the number of monotonic sections (i.e., either user- or
computer-defined) and gives as outputs the optimal primary extrema and the best fit of
the measured OV MV BPL coupling transfer function.

4.3 L2ZWPMA

In accordance with [34], L2ZWPMA decomposes the examined BPL transfer
function, which is contaminated by measurement differences, into separate monotonous
sections between its primary extrema. Then, LZWPMA minimizes the weighted sum of
the square of the measurement differences by requiring specific number of sign changes
in the first divided measurement differences of the approximation. The number of sign
changes is equal to the number of monotonic sections minus one where the number of
monotonic sections is either user- or computer-defined.

Similarly to LIPMA, the Fortran software package that is applied to implement
L2WMPA is freely available online in [34]. In fact, Fortran software employs a dynamic
programming technique that divides the BPL transfer function data into disjoint sets of
adjacent data and solves a problem of monotonic fit or isotonic regression for each set.
The number of disjoint sets is at most equal to the defined number of monotonic sections.
In comparison with the Fortran software of L1PMA, L2WPMA is characterized by
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shorter computation times due to its lower complexity. In general terms, L2ZWPMA
software receives the same inputs with the LIPMA one and gives as outputs a spline
representation of the solution, the corresponding Lagrange multipliers and the best fit of
the measured OV MV BPL coupling transfer function.

4.4 L2CXCV

In accordance with [35], L2ZCXCV smooths the OV MV transfer function data (in
the least square error sense), which are contaminated with measurement differences. In
fact, L2CXCV smoothing is subject to one sign change in the second divided differences
of the smoothed values. In contrast with LIPMA and L2WPMA, the number of
monotonic sections is neither user- nor computer-defined since L2ZCXCV partitions the
data into two disjoint sets of adjacent data and calculates the required fit by solving a
strictly convex quadratic programming problem for each set. The quadratic programming
technique makes use of active sets and takes advantage of a B-spline representation of the
smoothed values [35].

Similarly to LIPMA and L2ZWPMA, the entire Fortran code that is required to
implement L2CXCYV is freely available online in [54]. In general, L2ZCXCV receives as
input the measured OV MV BPL coupling transfer function and gives as output the fit of
the measured OV MV BPL coupling transfer function.

4.5 The Nature of Measurement Differences and the Mathematics of Piecewise
Monotonic Data Approximation Methods

As already been mentioned, a set of practical reasons and “real-life” conditions
create significant differences between experimental measurements and theoretical results
during the transfer function determination of BPL networks. The reasons for these
measurement differences can be grouped into six categories that are analytically reported
in [2], [24], [25], [55]-[57]. The measured OV MV BPL coupling transfer function

H"'%{} is then determined by
HY(f,)=H"(f)+elf,), i=1,....u 3)

where fii=1,...,u denotes the measurement frequency, e(f)) synopsizes the total
measurement difference due to the aforementioned six categories and u is the number of
subchannels in the examined frequency range.

Generalizing eq. (3), the measured OV MVBPL coupling transfer function

column vector H"'® is then determined by
WSRO - ) )] o

where f =[f1 e fe o S ]T is the measurement frequency column vector and
fi, i=1,...,u are the measurement frequencies. Similarly to the measured OV MV BPL

coupling transfer function column vector HV' | the theoretical OV MV BPL coupling

transfer function column vector H"'” can also be defined.

With reference to Secs. IV B-D, the measured OV MV BPL coupling transfer
function column vector, the measurement frequency column vector and the number of
monotonic sections (only for LIPMA and L2ZWPMA) are received by the three examined
piecewise monotonic data approximation methods. With reference to Secs. IV B-D, each
monotonic data approximation methods processes its inputs and gives as output the
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approximated OV MV BPL coupling transfer function column vector HWtG(f) by
applying its algorithm.

4.6 PES and Fault PES for L1IPMA, L2ZWPMA and L2CXCV

As it has already been mentioned in Sec. IV E, to evaluate the approximation
accuracy of the piecewise monotonic data approximation methods of this paper and, thus,
to comparatively benchmark them, the performance metrics of [2] are used.
More specifically, the PES expresses as a percentage the total sum of the relative
differences between the approximated coupling transfer function and the theoretical
coupling transfer function for all the used frequencies, namely

> H () - 1)

PES =100% - =—— 4
Z ‘HWtG ( le
i=1
With respect to eq. (4), to assess the mitigation efficiency of the piecewise monotonic
data approximation methods towards the faults, PES is compared against the fault PES
that is given by

U

Z HWtG(j(;)_ HWtG(f[)(
PES, , =100%- = (5)

i‘HWtG(fi)‘

i=1

5. Numerical Results and Discussion

5.1 Simulation Goals and Parameters

Various topologies of OV MV BPL networks are simulated with the purpose of
comparatively benchmarking the approximation efficiency of the piecewise monotonic
data approximation methods that are examined in this paper when various faults occur.

As regards the simulation specifications, those are the same with [2], [24], [25].
More specifically, the BPL frequency range and the flat-fading subchannel frequency
spacing are assumed equal to 1-30MHz and 1MHz, respectively. Therefore, the number
of subchannels in the examined frequency range is equal to 30. Arbitrarily, the WtG?
coupling scheme is applied during the following simulations. As it is usually done [12],
[14], [15], [17], [19], [58], the selection of representative coupling schemes is a typical
procedure for the sake of reducing manuscript size.

5.2 Theoretical and Approximated OV MV BPL Transfer Functions by Applying
L1PMA, L2ZWPMA and L2CXCV

Prior to comparatively benchmarking L1IPMA, L2WPMA, and L2CXCV, their
overall performance against the mitigation of measurement differences during the
determination of the OV MV BPL coupling transfer functions is presented in this
subsection.

In Figs. 2(a)-(d), the theoretical coupling transfer function is plotted versus
frequency for the four indicative OV MV BPL topologies, respectively, when WtG?
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coupling scheme is applied. In each figure, LIPMA result is also plotted for a number of
representative monotonic sections (i.e., ksect=2, kseet=5, and ksect=20). In Figs. 3(a)-(d) and
Figs. 4(a)-(d), similar curves with Figs. 2(a)-(d) are shown for LZWPMA (same cases of
monotonic sections) and L2CXCV (no monotonic sections), respectively.
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Figure 2. OV MV BPL Coupling transfer function when L1PMA is applied for three representative
cases of monotonic sections. (a) Urban case. (b) Suburban case. (c) Rural case. (d) “LOS” case.
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Figure 3. Same curves with Fig.2 but for LZWPMA for three representative cases of monotonic

sections.
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Figure 4. Same curves with Fig.2 but for L2CXCV.

From Figs. 2(a)-(d), 3(a)-(d), and 4(a)-(d), it is evident that LIPMA and
L2WPMA very accurately approximate all the examined coupling transfer functions of
the indicative OV MV BPL topologies while the number of monotonic sections remains
high. As the number of monotonic sections decreases so does the accuracy of the
approximation of LIPMA and L2ZWPMA. When the number of monotonic sections falls
below three, all the three piecewise monotonic data approximations (i.e., LIPMA,
L2WPMA, and L2CXCV) present comparable results. In fact, if the number of
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monotonic sections is equal to one or two, all the piecewise monotonic data
approximations tend to approximate the coupling transfer function data closely to the
linear approximation.

As it’s already been mentioned in [2], the presence of branches along the end-to-
end transmission path causes signal reflections, thus, creating a richer multipath
environment that adds new spectral notches (extrema) across the coupling transfer
function of “LOS” case. The new extrema that appear in the coupling transfer functions
of these topologies (i.e., urban case) differ in depth and extent while they require
additional monotonic sections so that the approximation may be accurate. Thanks to their
adjustable number of monotonic sections, LIPMA and L2ZWMPA can improve their
approximations so that a better accuracy is achieved and these new extrema can be
embodied in their approximations —see approximations of ks.:=20 of Figs. 2(a) and 3(a).
Indeed, not even one coupling transfer function data is outside the LIPMA and
L2WPMA approximations of 20 monotonic sections in the two aforementioned figures.
Conversely, L2ZCXCV approximates the coupling transfer function data without the use
of monotonic sections having several approximations of low accuracy as a result when
OV MV BPL topologies are examined. As a matter of fact, L2ZCXCV creates a general
approximation rather than an approximation that tries to embody all the coupling transfer
function data. To assess the performance of LIPMA, L2WPMA, and L2CXCV, their
PES is reported in Table 1 for the four indicative OV MV BPL topologies when different
numbers of monotonic sections are applied and no measurement differences are assumed.

TABLE 1
PES between Theoretical and Approximated Coupling Transfer Functions when
L1IPMA, L2WPMA, and L2CXCV Are Applied

PES
(%)
Number of Urban case Suburban case Rural case “LOS” case
Monotonic LIPMA L2WPMA L2CXCV LIPMA L2WPMA [ L2CXCV LIPMA L2WPMA L2CXCV LIPMA L2WPMA L2CXCV
Sections

1 37.53 48.02 34.55 44.10 74.16 36.64 24.68 30.54 9.45 29.51 40.74 11.39

2 27.06 41.05 34.55 22.45 38.66 36.64 3.79 3.92 9.45 3.93 3.99 11.39

3 15.14 16.57 34.55 22.45 37.04 36.64 3.79 3.92 9.45 3.93 3.99 11.39

4 8.50 9.60 34.55 6.00 6.44 36.64 1.24 1.36 9.45 0.77 0.83 11.39

5 8.50 9.60 34.55 6.00 6.44 36.64 1.24 1.36 9.45 0.77 0.83 11.39

6 3.37 4.26 34.55 438 4.81 36.64 | 7.36x10° | 7.47x10° 9.45 7.37x10°° 7.59x10%° 11.39

7 3.37 4.26 34.55 438 4.81 36.64 | 7.36x10° | 7.47x10° 9.45 7.37x10°° 7.59x10% 11.39

8 0.35 0.35 34.55 3.35 3.59 36.64 | 7.36x10° | 7.47x10° 9.45 7.37%10¢ 7.59%10%° 11.39

9 0.35 0.35 34.55 3.35 3.59 36.64 | 7.36x10° | 7.47x10° 9.45 7.37%10¢ 7.59%10% 11.39

10 0.07 0.07 34.55 2.56 3.01 36.64 | 7.36x10° | 7.47x10° 9.45 7.37x10°° 7.59x10%° 11.39

11 0.07 0.07 34.55 2.56 3.01 36.64 | 7.36x10° | 7.47x10° 9.45 7.37%10¢ 7.59x10°¢ 11.39

12 1.79 2.11 36.64 | 7.36x10° | 7.47x10° 9.45 7.37%10°¢ 7.59x10°° 11.39

13 1.21x10° | 1.17x10° | 34.55 1.79 2.11 36.64 | 7.36x10° | 7.47x10° 9.45 7.37x10°° 7.59x10%° 11.39
14 1.21x10° | 1.17x10° | 34.55 1.21 1.57 36.64 | 7.36x10° | 7.47x10° 9.45 7.37%10°¢ 7.59x10°¢ 11.39

15 1.21x10° | 1.17x10° | 34.55 1.21 1.57 36.64 | 7.36x10° | 7.47x10° 9.45 7.37%10°¢ 7.59x10°° 11.39

16 1.21x10° | 1.17x10° | 34.55 0.67 0.67 36.64 | 7.36x10° | 7.47x10° 9.45 7.37x10°° 7.59x10%° 11.39

17 1.21x10° | 1.17x10° | 34.55 0.67 0.67 36.64 | 7.36x10° | 7.47x10° 9.45 7.37x10°° 7.59x10% 11.39

18 1.21x10° | 1.17x10° | 34.55 0.31 0.31 36.64 | 7.36x10° | 7.47x10° 9.45 7.37%10°¢ 7.59%10%° 11.39

19 1.21x10° | 1.17x10° | 34.55 0.31 0.31 36.64 | 7.36x10° | 7.47x10° 9.45 7.37x10°¢ 7.59x10% 11.39
20 1.21x10° | 1.17x10° | 34.55 | 7.16x10° | 7.28x10° | 36.64 | 7.36x10° | 7.47x10° 9.45 7.37x10°° 7.59x10%° 11.39
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The previous remarks concerning Figs. 2(a)-(d), 3(a)-(d), and 4(a)-(d) are
reflected on the results of Table 1. Actually, the number of monotonic sections
determines the approximation accuracy of LIPMA and L2WPMA to the coupling
transfer functions of OV MV BPL networks. In contrast, L2ZCXCV performance remains
stable and relatively poor regardless of the number of monotonic sections since this
piecewise data approximation method does not include this property during the
computation of its approximation. Further comparing L1IPMA and L2WPMA
performance, their approximation behavior remains nearly the same when different OV
MV BPL topologies are examined and different number of monotonic sections is
assumed. Actually, LIPMA presents slightly lower PES results than the respective ones
of LZWPMA in the majority of the cases examined.

Already been identified for LIPMA in [2], there is an optimal number of
monotonic sections above which the PES improvement remains marginal and uniquely
describes the pattern of an OV MV BPL topology. This optimal number mainly depends
on the OV MV BPL topology and remains the same either for LIPMA or for L2ZWPMA.
In fact, as the OV MV BPL topology comprises more branches the optimal number of
monotonic sections generally increases. From Table 1, the optimal number of monotonic
sections is equal to 12, 20, 6, and 6 for the urban, suburban, rural, and “LOS” case,
respectively.

On the basis of its identity characteristics, the optimal number of monotonic
sections also acts as an efficient countermeasure technique against the measurement
differences. Since the optimal number of monotonic sections remains the same for given
OV MV BPL topology, the presence of measurement differences can be mitigated for the
sake of the preservation of the number of monotonic sections. To validate this concept,
the performance of LIPMA, L2WPMA, and L2CXCV is assessed as a measurement
difference mitigation technique in the following subsection.

5.3 L1PMA, L2ZWPMA and L2CXCV against Measurement Differences

In accordance with [2], [24], [25], the six categories of measurement differences
can create significant differences between experimental measurements and theoretical
results during the determination of OV MV BPL coupling transfer functions. The total
measurement difference can be assumed to follow either CUD with minimum value
-acup and maximum value acup or ND with mean uxp and standard deviation onp.
Since the conclusions concerning the performance of piecewise monotonic data
approximations have been verified to remain almost the same either CUD or ND is
applied [2], [25], only one of the previous measurement difference distributions is
adopted in the following analysis; say, CUD.

Piecewise monotonic data approximations achieve to mitigate the additive
measurement differences by simply maintaining the monotonicity pattern of each OV
MYV BPL coupling transfer function. To examine the impact of measurement differences
on the determination of OV MV BPL coupling transfer functions and the potential of
counterbalancing the measurement differences, in Figs. 5(a)-(d), the theoretical and
measured coupling transfer functions are plotted versus frequency for the four indicative
OV MV BPL topologies, respectively. Note that the measured coupling transfer function
corresponds to CUD of acup=6dB when the corresponding optimal number of monotonic
sections for each OV MV BPL topology is assumed. In each figure, the approximated
coupling transfer function of the measured one is also drawn when LIPMA is applied.
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In Figs. 6(a)-(d) and 7(a)-(d), same plots are given with Figs. 5(a)-(d) but for the
application of LZWPMA and L2CXCV, respectively.
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Figure 5. Theoretical, measured, and approximated OV MV BPL coupling transfer function when
L1PMA is applied for the indicative measurement difference CUD ofacup=6dB. (a) Urban case
—the optimal number of monotonic sections is equal to 12—. (b) Suburban case —the optimal
number of monotonic sections is equal to 20—. (c) Rural case —the optimal number of monotonic
sections is equal to 6—. (d) “LOS” case —the optimal number of monotonic sections is equal to 6—.
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Figure 6. Same curves with Fig.5 but for L2ZWPMA.
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Figure 7. Same curves with Fig.2 but for L2ZCXCV.

From Figs. 5(a)-(d), 6(a)-(d), and 7(a)-(d), it is clearly demonstrated that all the
examined piecewise monotonic data approximations are attempting to identify the
primary extrema of the measured OV MV BPL transfer functions and, then, interpolate
the coupling transfer function data at these extrema. In the case of LIPMA and
L2WPMA, the low optimal number of monotonic sections poses restrictions so that high
fluctuations due to the high magnitudes of measurement differences, which distort the
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monotonicity pattern and exceed the optimal number of monotonic sections, can be
mitigated. Hence, both LIPMA and L2ZWPMA very efficiently approximate the OV MV
BPL coupling transfer functions of rural and “LOS” cases. However, when aggravated
OV MV BPL topologies are examined (e.g., urban and suburban case), the need for high
number of monotonic sections is required so that the depth and the extent of spectral
notches of the theoretical OV MV BPL coupling transfer function are successfully
included. The high optimal number of monotonic sections gives sufficient freedom to fit
the measured OV MV BPL coupling transfer function data without excluding
measurement differences of high magnitude. Conversely, L2ZCXCV creates an average
approximation that remains almost stable reducing the influence of gross measurement
differences. Exploiting the CUD measurement difference nature, L2CXCV
approximation generally follows the theoretical OV MV BPL coupling transfer functions
in all the indicative OV MV BPL topologies examined.

To comparatively benchmark LI1PMA, L2WPMA, and L2CXCV when
measurement differences of different CUD occur, PES of each
piecewise data approximation method as well as the PEStui: of indicative urban OV MV
BPL topology are demonstrated in Table 2 when different maximum CUD values are
applied. In Table 3, 4, and 5, same reports with Table 2 are presented but for the
suburban, rural, and “LOS” case, respectively. Note that the optimal number of
monotonic sections, which is presented in Table 1, is used for each indicative OV MV
BPL topology.

TABLE 2
PEStuicand PES for the Indicative Urban OV MV BPL Topology when
L1PMA, L2WPMA, and L2CXCV Are Applied for Different Maximum CUD Value

Urban Topology
Maximum PES

CUD PES it (%)

Value (%) L1PMA L2WPMA | L2CXCV

(dB)
1 3.51 3.51 3.51 34.65
2 7.51 7.61 7.03 3591
3 9.63 9.79 9.39 35.35
4 13.27 13.86 12.94 35.58
5 16.27 15.72 16.30 36.58
6 18.76 18.68 17.95 3451
7 20.22 20.17 20.22 38.06
8 24.70 24.59 24.67 36.72
9 27.31 37.66
10 36.17 34.64 36.89 41.56
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TABLE 3
PESgu and PES for the Indicative Suburban OV MV BPL Topology when
L1PMA, L2WPMA, and L2CXCV Are Applied for Different Maximum CUD Value

Suburban Topology
Maximum PES
CUD PES fuu (%)
Value (%) LIPMA L2WPMA | L2CXCV
(dB)
1 5.74 5.74 5.74 36.77
2 12.27 12.27 12.27 36.71
3 15.74 15.74 15.74 36.21
4 21.69 21.69 21.69 37.46
6 30.68 30.68 30.68 36.01
7 33.07 33.07 33.07 40.07
TABLE 4

PEStui and PES for the Indicative Rural OV MV BPL Topology when

LIPMA, L2WPMA, and L2CXCV Are Applied for Different Maximum CUD Value

Rural Topology
Maximum PES
CUD PEStauit (%)
Value (%) LIPMA L2WPMA | L2CXCV
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TABLE 5
PESt.uir and PES for the Indicative “LOS” OV MV BPL Topology when
L1PMA, L2WPMA, and L2CXCV Are Applied for Different Maximum CUD Value

“LOS” Topology
Maximum PES
CUD PEStuu (%)
Value (%) L1PMA L2WPMA | L2CXCV
(dB)
1 15.57 11.66 9.74 13.45
2 33.28 25.90 26.67 20.77
3 42.69 37.87 32.82 29.80
4 58.82 54.80 50.82 40.76
5 72.16 59.28 86.18 39.34
6 83.21 60.95 108.25 39.51
7 89.68 91.99 123.44 38.58
8 109.52 95.25 276.60 55.97
9 121.10 112.46 228.31 66.99
10 160.38 161.53 413.36 84.38

From Tables 2-5, a plethora of interesting conclusions can be revealed as follows:
e When the PES of a piecewise monotonic data approximation is lower than the
respective PEStaure of the examined OV MV BPL topology for a given maximum
CUD value, this implies that the approximated OV MV BPL coupling transfer
function resembles more to the corresponding theoretical OV MV BPL transfer
function than the measured one. Therefore, the mitigation of measurement
differences may occur in the cases where the examined piecewise monotonic data
approximations present lower PES than the corresponding PESgur. Indeed,
comparing PESf.uic with PES of LIPMA, L2ZWPMA, and L2CXCV, at least one of
the aforementioned piecewise monotonic data approximations achieves to
mitigate the occurred measurement differences in 33 of the 40 cases examined,
which is equivalent to 82.5%. Schematically, these 33 cases are illustrated with
green background color in Tables 2-5.
e Further analyzing the cases where a measurement difference mitigation can be
achieved, the following analytics can be pointed out:
o LI1PMA presents the best PES in 4 of the 33 examined cases, say 12.12%.
o L2WPMA presents the best PES in 6 of the 33 examined cases, say
18.18%.
o L2CXCV presents the best PES in 22 of the 33 examined cases, say
66.67%.
o L1PMA and L2ZWPMA present the same best PES in 1 of the 33 examined
cases, say 3.03%.
e Correlating the previous piecewise monotonic data approximation analytics with
the examined OV MV BPL topologies, it is observed that:
o During the OV MV BPL coupling transfer function approximation of
topologies with low number of branches, such as “LOS” and rural cases,
the spectral notches that observed in coupling transfer functions are

Tr Ren Energy, 2017, Vol.3, No.1, 2-32. doi: 10.17737/tre.2017.3.1.0029 25



Peer-Reviewed Article Trends in Renewable Energy, 3

shallow and rare. Hence, OV MV BPL coupling transfer functions present
wide ranges of flat spectral behavior while the optimal number of
monotonic sections remains low. The measurement differences create
fluctuations that can be counterbalanced by a simple approximation
method, such as L2CXCV, that maintains a steady monotonicity pattern.
Therefore, it is obvious that L2ZCXCV presents the best PES in comparison
with LIPMA and L2ZWPMA when “LOS” and rural cases are examined.

o As the branch complexity of the OV MV BPL topologies raises so does
the extent and the depth of spectral notches across the coupling transfer
functions. Since an intense multipath environment is investigated, the need
for including more primary and secondary extrema requires higher optimal
number of monotonic sections. In these cases, the simple approximations,
such as L2CXCV, fail to describe the richness of the notches cancelling
the efficiency of these approximations. Here, LIPMA and L2ZWPMA are
able to catch the complexity of the OV MV BPL coupling transfer
functions. Indeed, LIPMA and L2WPMA can almost equivalently
mitigate the measurement differences of the examined urban OV MV BPL
topology.

e Relating the previous piecewise monotonic data approximation analytics with the
different applied maximum CUD values, it can be pointed out that:

o When the maximum CUD value remains low, i.e., below 6-7dB, the
measured OV MV BPL coupling transfer functions little differ from the
theoretical ones due to the weak fluctuations. Based on the optimal
number of monotonic sections, LIPMA and L2ZWPMA approximate the
measured OV MV BPL coupling transfer functions near the theoretical
one by omitting the weak fluctuations.

o As the maximum CUD value increases, the measurement differences
become important and comparable to the spectral notches of OV MV BPL
coupling transfer functions. On the basis of the optimal number of
monotonic sections, LIPMA and L2ZWPMA approximate the data through
the prism of specific monotonic sections. Here, the high optimal number
of monotonic sections may permit the overfit of LIPMA and L2ZWPMA
during the approximations rendering unable the rejection of the extrema
due to measurement differences. Conversely, L2ZCXCV produces a simple
approximation, which tries to create an average fit neglecting the general
fluctuations, that avoids the deficiency of the overfit of LIPMA and
L2WPMA.

e To exploit the strong points of each of the aforementioned piecewise monotonic
data approximations, an adaptive countermeasure technique against measurement
differences should be proposed, as follows:

o When the examined OV MV BPL topology is characterized by significant
number of branches of short length (i.e., urban topologies), LIPMA and
L2WPMA should be adopted due to their proneness to easily adapt to the
versatility of the coupling transfer functions of these topologies.

o In contrast, when the examined OV MV BPL topologies consist of few
long branches, a simple approximation, such as L2ZCXCV, is required to
give an overall and more general picture of the measured OV MV BPL
coupling transfer function. Since the theoretical OV MV BPL coupling

Tr Ren Energy, 2017, Vol.3, No.1, 2-32. doi: 10.17737/tre.2017.3.1.0029 26



Peer-Reviewed Article Trends in Renewable Energy, 3

transfer functions present shallow spectral notches, their behavior is close
to the approximation generated by the L2CXCV.

e The most crucial role during the comparative benchmarking of the previous
piecewise monotonic data approximations plays the selection of the optimal
number of monotonic sections. In fact, the optimal number of monotonic sections
determines: (i) the accuracy of LIPMA and L2ZWPMA that is expressed by PES;
and (i1) the result of the comparison between piecewise monotonic data
approximations of monotonic sections (e.g., LIPMA and L2WPMA) and the
approximations without monotonic sections (e.g., L2ZCXCV). Also, comparing
PES results of this paper with those of [2], it is obvious that even if same OV BPL
topologies are examined the PES results are differentiated because of the different
applied coupling schemes and the optimal number of monotonic sections. Here,
additional investigation should be made in order to clarify the impact of specific
factors, such as the applied coupling scheme, the examined OV MV BPL
topology, and maximum CUD value, on the optimal number of monotonic
sections. Identifying this need for PES performance improvement of piecewise
monotonic data approximations that are based on the number of monotonic
sections, a detailed analysis of the influence of the previous factors on the PES
performance of OV MV BPL topologies is given in the companion paper of [59].

Conclusions

In this paper, the performance of LIPMA, L2ZWPMA, and L2CXCV against the
measurement differences, which can occur during the determination of OV MV BPL
coupling transfer functions, has been assessed in terms of PES and PESauit.

From the various PES comparisons among the examined piecewise monotonic
data approximations and the measurement differences, it has been pointed out that the
mitigation of measurement differences is possible in the vast majority of the OV MV
BPL cases examined regardless of the occurred magnitudes of the measurement
difference distributions. In fact, piecewise monotonic data approximations that are based
on the optimal number of monotonic sections (i.e., LIPMA and L2ZWPMA) better cope
with the measurement differences in OV MV BPL topologies of intense multipath
environments (i.e., urban topologies) whereas piecewise monotonic data approximations
without monotonic sections better deal with the measurement differences of OV MV
BPL topologies of “quiet” multipath environments (i.e., suburban, rural, and “LOS”
topologies). Depending on the examined OV MV BPL topology, a versatile
measurement difference mitigation technique, which is going to use: (i) L2ZCXCV for the
rural and “LOS” cases; and (i1)) LIPMA or L2ZWPMA for the suburban and urban cases;
could exploit all the 82.5% potential of mitigating measurement differences.

However, LIPMA and L2ZWPMA may further be enhanced if the selection of the
optimal number of monotonic sections is further studied. The companion paper of [59]
strengthens the PES efficiency of LIPMA and L2ZWPMA of this paper.
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