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Carbon dioxide (CO2) and other greenhouse gases (GHG) emissions, which cause
global warming, have become a major worldwide concern with ten global ‘mega’
challenges that are currently impacting the planet in particular climate change, water,
energy, and material resource scarcity. Increase in urbanization rate will continue to
increase its need for natural resources, building materials, power and electricity, water,
etc. that leads to bio-capacity deficit with a sharp increase in generation of ecological
footprints. Power-generating plants running on fossil fuels have been identified as the
main source of greenhouse gases (GHG). Approximately, 80% of the world primary
energy consumption is still dependent on fossil fuels; thus, the substitution by renewable
energy sources, in conjunction with other clean energy sources, appears to be the best and
necessary alternative. There are many other sources of renewable energy such as solar,
wind, and geothermal, but biomass have been receiving a lot of attention lately. Biomass
has gained increased attention in the past decade because it does not only provide an
effective option for the provision of energy services from a technical point of view, but
also based on resources that can be utilized on a sustainable basis all around the globe.
Another benefit of biomass utilization is that this resource can be converted to C3-C4
hydrocarbons and/or synthetic gas (H> and CO).

Statistics shows that the urban areas with industrial, residential and commercial
activities are the large energy “deficit zones”. Thus, the transfer of biomass energy
sources from the “surplus zones”, which are those surrounding rural / plantation areas to
the major urban cities, can be a solution that bring numerous benefits to the regions: (1)
Environmental — minimization of CO; emissions and other gases of the greenhouse effect
(i) Energy - improvement in the regional energy balance, reinforcement of energy
independence, and (iii) Economical — maximization of the utilization of local energy
sources and adding the value to the “waste”.

There is a great potential for exploitation of local energy sources from wastes but
the strength of policy support and stimulation measures are far from sufficient. At this
moment, there is lack of studies about the integration of different types of wastes and the
application of green technology approach, in addition to proper supply chain analysis and
synthesis for waste-to-energy (WTE) system. These missing studies are crucial for
solving both energy and environmental problems especially in the urban area. Further
innovative and cost effective process needs to be developed to ensure the competitiveness
of green industry. Producing biodiesel from non-edible feedstock is one of the solutions
to reduce the import volume. Furthermore, public awareness and acceptance on the
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utilization of green fuels needs to be promoted and increased. Knowledge dissemination
on the advantages of the biofuel utilization in the transportation sectors could be achieved
through outreach initiatives to young minds and public.

Increasing demand of transportation fuel has made utilizing biofuels more
attractive since it helps to reduce CO: to 78.45% compared to if purely fossil fuel based
is utilized. The sector which emits the most CO> is the transportation sector. Energy for
transportation is projected to be the fastest growing sector during the next five years,
expanding at an annual rate of 5.3%. Non-edible resources as fuel are thus important to
avoid food vs fuel crisis and reduce dependency on fossil fuel. Furthermore, world
population is projected to grow from 6.5 billion in 2005 to nearly 9.2 billion by 2050. To
feed a population of more than 9 billion, global food production must be doubled by 2050.
Additionally, reliance on a single source of feedstock for biodiesel production has its
setback. Thus, diversification of the feedstock towards non-edible materials with a
minimal retrofit to existing production facilities will help to overcome the situation.
Sustainable development of the energy sector is one of the key factors to maintain
economic competitiveness and progress.

The initiative of the Green Technology promotes minimization growth of energy
consumptions while enhancing economic development. In addition, it will increase
national capability, capacity and awareness for innovation in Green Technology. Overall,
the policies and incentives on renewable energy are important to promote low carbon
economy and society in future.

This work is licensed under a Creative Commons Attribution 4.0 International License.
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This first paper considers the identification of the structure of overhead
high-voltage broadband over power lines (OV HV BPL) network
topologies by applying the best L1 Piecewise Monotonic data
Approximation (best L1PMA) to measured OV HV BPL transfer functions.
Even if measurement differences occur during the determination of an
OV HV BPL transfer function, the corresponding OV HV BPL network
topology may be revealed through the curve similarity of the best L1IPMA
result compared with the available records of the proposed OV HV BPL
transfer function database.

The contribution of this paper is triple. First, based on the inherent
piecewise monotonicity of OV HV BPL transfer functions, best L1PMA is
first applied during the determination of theoretical and measured OV HV
BPL transfer functions. Second, the creation procedure of the OV HV
BPL network topology database is demonstrated as well as the
curve similarity performance metric (CSPM). Third, the accuracy of the
proposed Topology Identification Methodology (TIM) is examined in
comparison with the traditional TIM with respect to the nature of the
measurement differences during the determination of OV HV BPL
transfer functions.

Keywords: Smart Grid; Intelligent Energy Systems; Broadband over Power Lines (BPL) networks,
Power Line Communications (PLC); Faults, Fault Analysis; Transmission Power Grids

1. Introduction

The deployment of broadband over power lines (BPL) networks across the
traditional overhead high-voltage (OV HV) power grid provides a plethora of advantages
that render these networks both a useful power grid complement and a strong
telecommunications  competitor to  wireless networking  solutions  [1]-[4].
Among the characteristics of the emerging power network, some of them that deserve
special attention are: (i) its IP-based communications network capabilities;
(i) a great number of smart grid applications; (iii) the low-cost deployment; and
(iv) the potential of broadband last mile access through its wired/wireless interfaces due
to the power grid ubiquitousness [5]-[13].
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Nevertheless, when considered as a medium for the transmission of
communications signals, OV HV BPL networks are subjected to various inherent
deficiencies such as high and frequency-selective channel attenuation and noise [5], [8],
[14]-[17]. The broadband potential of OV HV BPL networks is significantly influenced
by each of the aforementioned insidious factors [18], [19].

As the channel attenuation is concerned in this paper, the well-established hybrid
method, which is employed to examine the behavior of multiconductor transmission line
(MTL) structures, is also adopted in this paper [5]-[7], [14]-[17], [20]-[27].
Successfully tested in various transmission and distribution BPL networks [8], [24], [28],
the hybrid method is based on: (i) a bottom-up approach that consists of the MTL theory,
eigenvalue decomposition (EVD) and singular value decomposition (SVD)
[7], [14], [18], [22], [25], [27], [29], [30]; and (ii) a top-down approach that is denoted as
TM2 method and is based on the concatenation of multidimensional chain scattering
matrices [5]-[7], [14]-[17], [20]-[22], [26], [29]. When the OV HV BPL network
topology, OV HV MTL configuration and the applied coupling scheme are given as
inputs, the hybrid method gives as an output the corresponding transfer function.
In this paper, an OV HV BPL transfer function database is created where all the possible
OV HV BPL network topologies are recorded as well as their corresponding transfer
functions.

Despite the fact that a plethora of experimental results and theoretical analyses
validate the theoretical accuracy of the hybrid method [16], [17], [31], [32], a number of
practical reasons and “real-life” conditions may create measurement differences between
experimental and theoretical results during the transfer function determination of OV
HVBPL network topologies. On the basis of six measurement difference categories,
which are analytically reported in the following analysis, their impact on the transfer
functions of transmission BPL networks is evaluated and analyzed. In accordance with
[1], to mitigate the aforementioned measurement differences and restore the underlaid
theoretical transfer function, best LIPMA has been successfully applied in distribution
BPL networks. Among the myriad of data approximation methods that has been proposed
in the literature, the application of the best LIPMA, which is theoretically presented and
experimentally verified in [33]-[39], is adopted in this paper. Due to its remarkable
efficiency to cope with the measurement differences of distribution BPL networks [1],
best LIPMA is first applied during the revelation of theoretical OV HV BPL transfer
functions. By recognizing the theoretical OV HV BPL transfer function, the respective
OV HV BPL network topology can be identified through its curve similarity with the
available records of the OV HV BPL transfer function database.

The rest of this paper is organized as follows: In Sec. II, the OV HV MTL
configuration and the respective indicative topologies are presented. Sec. III summarizes
the principles of BPL signal transmission through the lens of the well-validated hybrid
method. The creation procedure of the OV HV BPL transfer function database is also
detailed. In Sec.IV, a presentation of the best LIPMA is given. Implementation details,
mathematical analysis and the appropriate curve similarity performance metric (CSPM)
concerning best LIPMA are analytically reported. Sec.V discusses the simulations of
various transmission BPL networks intending to mark out the efficiency of the proposed
topology identification methodology (TIM) either to mitigate the occurred measurement
differences or to identify OV HV BPL network topologies. Sec.VI concludes this paper.

Tr Ren Energy, 2016, Vol.2, No.3, 85-112. doi: 10.17737/tre.2016.2.3.0026 86
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2. Transmission Power Grids

2.1 OV HV MTL Configuration

A typical OV 400kV double-circuit MTL configuration is depicted in Fig. 1 [6],

[8]. This OV HV MTL configuration consists of eight conductors (#°*" =8) that are
divided into two categories, namely:

Phase lines: These lines with radii »°""Y

. =15.3mm are hung at typical heights

hpOVHV equal to 20m above ground —i.e., conductors 1, 2, 3, 4, 5, and 6-.

The six phase conductors of the OV HV MTL configuration are further divided
into three bundles; the phase conductors of each bundle are connected by non-
conducting spacers and are separated by AC;ZHV equal to 400mm, whereas bundles

are spaced by AOPIVHV equal to 10m.

Neutral conductors: Except for the phase conductors, two parallel neutral
conductors, which are the conductors 7 and 8, are hung at heights 2°""" equal to

23.7m. The neutral conductors with radii """ AV

A =9mm are spaced by
to 12m.

equal
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Figure 1.0V 400kV double-circuit MTL configuration [6], [8].

In accordance with [5], [6], [8], [40], [41], 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 HV power lines was analyzed in [5], [6], [14]-[17], [21], [25], [40], [42], [43].

2.2 Indicative OV HV BPL Topologies

Since OV HV BPL networks suffer from various inherent deficiencies such as
high and frequency-selective channel attenuation and noise, BPL networks are divided
into cascaded BPL topologies in order to cope with these deficiencies [1], [5], [8],
[14]-[17], [44], [45]. Each OV HV BPL topology, which is denoted as network module,
is bounded by the transmitting and receiving end where respective BPL repeaters are
installed. The role of BPL repeaters is to extract the attenuated BPL signal, amplify it
while improving its signal-to-noise ratio and inject it in OV HV lines. Between the two
BPL repeaters of each OV HV BPL topology, N successive branches are encountered.

Tr Ren Energy, 2016, Vol.2, No.3, 85-112. doi: 10.17737/tre.2016.2.3.0026 88
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According to the previous description, a general OV HV BPL topology is presented in
Fig. 2.

In accordance with [5]-[7], [14]-[17], [20]-[26], [29], [40], [46], [47] and with
reference to Fig. 2, average path lengths of the order of 25km are considered in OV HV
BPL topologies. The following three indicative OV HV BPL topologies, concerning
end-to-end connections of average path lengths, are examined, namely [5], [6]:

1. A typical suburban topology (OV HV suburban case) with N=2 branches (L1=9km,

L>=13km, L3=3km, Lv1=17km, Lv>=13km).

2. A typical rural topology (OV HV rural case) with only N=1 branch

(L1=4km, L>=21km, Lb1=24km).

3. The “LOS” transmission along the same end-to-end distance

L=Li+...+Ly+1=25km when no branches are encountered.

This topology corresponds to Line of Sight transmission in wireless channels.

The three indicative OV HV BPL topologies are going to be used so that the accuracy of
the proposed TIM is evaluated in Sec.V.

As the circuital parameters of OV HV BPL topologies are regarded [5]-[7],
[14]-[17], [20]-[26], [29], [40], [41], [46], [47], several assumptions need to be taken into
account: (i) The branching cables are assumed identical to the transmission cables;
(i1)) The interconnections between the transmission and branch conductors are fully
activated; (iii) The transmitting and the receiving ends are assumed matched to the
characteristic impedance of the modal channels; and (iv) The branch terminations are
assumed open circuits.

2.3 OV HV BPL Topologies of the Proposed Database

As it has already been mentioned in Sec.IIB, average path lengths L of the order
of 25km are considered in OV HV BPL topologies. To create a detailed OV HV BPL
topology database, all the possible OV HV BPL topologies concerning the number of
branches, branch distance from the transmitting end and branch length need to be inserted
in the database. In order to simplify the following analysis without harming the generality
of the proposed TIM, the maximum number of branches, the length spacing for both
branch distance and branch length and the maximum branch length are assumed to be
equal to N, Ls in km and Lv in km, respectively. Therefore, the following cases are
reported for each number of branches with reference to Fig. 2:

e 1 topology when no branches are encountered (i.e., “LOS” transmission case).

e When one branch is assumed, there are L/Lst+1 possible branch locations for the
length L1 across the “LOS” transmission path. Here, it should be noted that the
branch may also be located either at the transmitting (L1=0km) or at the receiving
end (Li1=L). If the Lv/Ls+1 possible branch lengths of the length Lbi are considered

then (%+1Jx(%+l} topologies of one branch should be inserted in the
OV HV BPL topology database.

e When two branches are assumed, let the first branch be located at distance Li
from the transmitting end. To avoid duplicates in the OV HV BPL topology

database, the second branch can be located at distance L» from the first branch

Tr Ren Energy, 2016, Vol.2, No.3, 85-112. doi: 10.17737/tre.2016.2.3.0026 89
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Figure 2. General OV HV BPL topology [6], [8].

that varies from 0 (double branch) to L-Li. Since the average path length is
assumed equal to L in all the cases examined, the length L3 is equal to L-Li-Lo.
If the branch length Lvi and Lb2 are also taken into account then the number of
possible OV HV BPL topologies, which is inserted in the OV HV BPL topology

L/L,+1 I 2
database, is equal to Z i X (fb + lj :
ip=1 s

e Similarly to the two branch case, when N branches are considered across the
“LOS” transmission path, there are

LIL+1 | g in-p N
> {Z{"'Z_{"N-l}}}{%“} (1)

possible OV HV BPL topologies that should be inserted in the OV HV BPL

topology database.

Since all the possible OV HV BPL topologies are inserted in the database as
separate records, each record is accompanied by: (i) its theoretical OV HV BPL transfer
function by applying the hybrid method, whose evaluation is detailed in Sec.IIIB and IIIC;
and (i1) its approximated OV HV BPL transfer functions by applying the
best LIPMA, whose evaluation is detailed in Sec.IVC.

3. A Briefing of BPL Propagation and Transmission Analysis

3.1 MTL Theory

As it has already been mentioned in [5]-[7], [14]-[17], [20]-[22], [25], [40], [44],
through a matrix approach, the standard TL analysis can be extended to the MTL case.
In the traditional case of a two-conductor line, one forward- and one backward-traveling
wave are supported. However, in the MTL case where the MTL structure consists of
n°VHV+1 conductors parallel to the z axis (see Fig. 1), n°Y"V pairs of forward- and
backward-traveling waves with corresponding propagation constants may be supported.
Each pair of forward- and backward-traveling waves is referred to as a mode and their
OV HV spectral behavior has already been investigated in [5]-[7], [14]-[17], [20]-[22],
[25]-[27], [29], [30], [40]-[44], [47], [48].
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3.2 EVD Modal Analysis and Channel Transfer Functions

With reference to Fig.1, the n°VY modes, which are supported by the examined
MTL  configuration, may propagate across OV HV BPL topologies.
Through TM2 method, which is based on the scattering matrix theory and presented

analytically in [7], [22], their spectral behavior is described by the n®"" xn®""™ EVD

OVHV

modal transfer function matrix Hm{} whose elements H l“; {}, iL,j=1...,n are the

EVD modal transfer functions where H."; denotes the element of matrix H™ {} in row i

of column j. Through appropriate similarity transformations, which are presented in
[5]-[7], [14]-[17], [20]-[22], [25], [40], [44], the EVD modal transfer functions are related

OVHV OVHV

with the line transfer functions through the n Xn channel transfer function
matrix H{} that is determined from

Hij=T, -H"{}- T, @
where T, is an®™™ xn®" matrix depending on the frequency, the MTL configuration

and the physical properties of the cables.

3.3 Coupling Schemes and Coupling Transfer Functions
According to how signals are injected into OV HV lines, two coupling schemes
are mainly supported by the OV HV BPL networks, as folows [6], [7], [11], [12], [28]:
e Wire-to-Ground (WtG) when the signal is injected into one conductor and returns
via the ground; say between conductor s,s=1,...,8 and the ground. The coupling

WtG channel transfer function H ™' {-}is given from
VG {}: [CWtG]T T, -H" {} Tr;l .CVG 3)

where CV'“ is an 8x1 coupling column vector with zero elements except in row s
where the value is equal to 1. WtG coupling between conductor s and ground will
be detoned as WtG?*, hereafter.

o Wire-to-Wire (WtW) when the signal is injected between two conductors; say
between conductors p and g#p, p,g=1,...,8. Similarly to eq. (3), the coupling
WtW channel transfer function H "™ {} is given from

HWtW{} — I:CWthut]T . TV H" {} Ty;l X CWtW,in (4)

CWleul CWthn

where and
respectively.

Since the main interest of this paper is the accuracy evaluation of the proposed TIM, 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 schemes.

are 8x1 output and input coupling column vectors,

4. Best L1IPMA

4.1 Best L1PMA and BPL Networks

Among the various proposed monotonic data approximation methods,
the application of the best LIPMA, which is theoretically presented and experimentally
verified in [33]-[38], successfully copes with problems that are derived from the
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univariate signal restoration such as those presented during the BPL transfer function
determination. Until now, the efficacy of best LIPMA to mitigate measurement
differences during the determination of distribution BPL transfer functions has already
been verified in [1]. In this paper, best LIPMA is first applied to OV HV BPL transfer
functions either to mitigate the occurred measurement differences or to identify OV HV
BPL topologies.

4.2 Implementation Details

Contrary to spline and wavelet approximation methods [49], [50],
best LIPMA avoids the assumption that BPL transfer functions depend on certain critical
parameters. Actually, the smoothing process is a straightforward data projection when
best LIPMA is adopted [1], [34], [35].

Best LIPMA exploits the piecewise monotonicity property that always occurs in
transmission and distribution BPL transfer functions [1]. Best LIPMA decomposes BPL
transfer functions into separate monotonous sections between adjacent turning points
(primary extrema) of the examined transfer functions [35], [36]. By identifying the
separate monotonous sections, best LIPMA separately handles them, thus, achieving
very good results especially concerning the mitigation of uncorrelated measurement
differences [1], [S1]. Since best LIPMA is based on the minimization of the moduli sum
of the measurement differences, the existence of few large measurement differences
among the data make no difference to the best fit [S1]. Therefore, the undulation of the
OV HV BPL coupling transfer function data due to the existence of deep spectral notches
and other measurement differences can be comfortably accommodated through the
application of the best LIPMA.

Apart from its easy theoretical implementation concept, another basic advantage
of the best LIPMA is its software availability and comprehensibility.
The Fortran software package that is applied to implement the best L1PMA has
extensively been verified in various scientific fields [36], [38], [52]-[54] and is freely
available online in [39]. As the easiness plays critical role, based on the best LIPMA
software specifications of [39], best LIPMA receives as inputs the measured OV HV
BPL coupling transfer function, the measurement frequencies, the number of monotonic
sections (i.e., either user- or computer-defined) and the type of the first monotonic section
(i.e., either increasing or decreasing). Then, by executing the Fortran software package,
which is a straightforward procedure, the outputs of best LIPMA are the optimal primary
extrema and the best fit of the measured OV HV BPL coupling transfer function.

4.3 The Nature of Measurement Differences and Best L1PMA Mathematical
Analysis

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, namely [1], [55]-[57]:
(1) Isolation difficulties of specific MTL parameters in time- and frequency-domain;
(1)) Low accuracy and sensitivity of the used equipment during measurements;
(ii1) Cross-talk and resonant phenomena due to the parasitic capacitances and inductances
of OV HV lines; (iv) The weakness of including specific wiring and grounding practices;
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(v) Practical impedance deviations of OV HV lines, branches, terminations and
transmitting/receiving ends; and (vi) The isolation lack of the noise effect during the
transfer function computations. Taking under consideration the six measurement
difference categories and eq. (4), the measured OV HV coupling transfer function

H"'%{} is then determined by

HY(f,)=HY(f,)+elf,) ()
where f; denotes the measurement frequency and e(f;) synopsizes the total measurement
difference due to the aforementioned six categories.

Generalizing eq. (5), the theoretical OV HV coupling transfer
functions H WtG( fi), i=1,...,u with respect to measurement frequencies f;, i =1,...,u are

regarded as elements of H"'® where

HYOC = erc(f) _ [HWtG(fl) L HWtG(fi) HWtG(]pu )]T (6)
is the wux1 theoretical OV HV coupling transfer function column vector and
f =[ Lo e fu]T is the ux1 measurement frequency column vector. Similarly,

the measured OV HV coupling transfer functions H WtG( f,) , i=1,...,u with respect to

measurement frequencies f;, i =1,...,u are regarded as elements of H"'® where
I

HWtGEHWtG(f):[HWtG(fI) W(fz‘) W(fu)]T (7)

is the ux1 measured OV HV coupling transfer function column vector. Thus, with
reference to Sec.IlIC, best LIPMA receives as inputs the measured OV HV coupling

transfer function column vector H"* (f ), the measurement frequencies f, the number of

monotonic sections ksect and the type of the first monotonic section while best LIPMA
gives as outputs the optimal primary extrema and the approximated OV HV coupling

transfer function column vector HWtG(f ,ksm) by minimizing the sum of the absolute

meas

€Irors

U

EF(WJ‘W ): D Hu (K )—W(fi)( (8)

i=1

subject to the piecewise monotonicity constraints

ngt:s} (f¢j,l ’ksect )S HX:;S (f¢/,l+l ’ksect )S S Hn\:,etaf (fgﬁj ’ksect )> if ] is odd

©)

WtG WtG WtG : .
Hmeas (f¢/.,1 ’ksect )Z Hmeas (f¢,,1+1 ’ksect )2 2 Hmeas (f(,ﬁ/. ’ksect ) lf ] 1seven

where the integer numbers ¢, j= 1,...,ksect define the positions of the primary extrema of
the best LIPMA satisfying the conditions

l=¢<p<---<¢_ =u (10)

sect

4.4 Best L1PMA and Theoretical OV HV Coupling Transfer Functions

Apart from its theoretical OV HV BPL coupling transfer function, each OV HV
BPL topology is accompanied with a number of approximated theoretical OV HV BPL
coupling transfer functions that come from the application of the best LIPMA for
different monotonic sections. With reference to eqgs. (8)-(10), the approximated
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theoretical OV HV BPL coupling transfer function column vector H) < (f k ) is the

theor \™ > "sect

output of the best LIPMA when the measured OV HV BPL coupling transfer function
column vector HV(f) is replaced by the theoretical one H"'°(f) for given number of
monotonic sections.

4.5 Traditional TIM
The traditional TIM is rather a rule of thumb than an accurate description.
The traditional TIM is based on the minimization of the sum of the absolute errors

between measured OV HV coupling transfer function column vector HWtG(f ) and

theoretical OV HV coupling transfer function column vector H"'® (f ) , say

EF(HWtG’HWtG(f)):ZHWtG(fi)_HWtG(fiX (11)
i=1
and the belief that the underlaid OV HV BPL topology is the one that presents the
minimum sum of eq. (11). However, this belief is far away the truth since the decision
becomes more wrong as the maximum magnitude of measurement differences increases.
Even if small measurement difference magnitudes are assumed, the OV HV BPL
topology of the database that presents the minimum sum of eq. (11) rarely is the desirable
one (see Sec.VE). In contrast, a successful TIM is the one that could give either the exact
OV HV BPL topology, which is difficult due to the high number of OV HV BPL
topologies of the database and different difference measurement magnitudes, or a set of
candidate OV HV BPL topologies. Indeed, the proposed identification method offers a
set of candidate OV HV BPL topologies where the desired OV HV BPL topology lays
among them.

4.6 CSPM and the Proposed TIM
With reference to eqgs. (8)-(10), best LIPMA gives the approximated OV HV

coupling transfer function column vector Hmﬁ (f k ) when measured OV HV one

> "sect
H"'“(f) and a number of monotonic sections kst are considered. The performance

metric of the sum of the absolute errors, which is presented in eq. (8) and is, hereafter,
denoted as CSPM, is also applied for the assessment of the curve similarity between the
best LIPMA measurement approximation and theory, namely:

u

CSPMkm, = CSPMkm, (HWtG’ksect ): Z HXtG (f;"ksect )_ HW[G (]Fi’ksect * (12)

eas theor
i=1

The proposed TIM is based on the CSPM and the OV HV topology database in
order to identify the OV HV BPL topology when a set of coupling transfer function

measurements is available. Actually, the methodology follows the following three steps
so that the OV HV BPL topology is revealed:

1. Given the measured OV HV coupling transfer function column vector H"'(f),

the approximated OV HV coupling transfer function column vector Hmaf (f ,ksect)
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is evaluated for monotonic sections that range from 1 to Asect,max Where Ksect,max 1S
the maximum number of monotonic sections considered.

2. For each OV HV BPL topology and each monotonic section of the OV HV BPL
topology database, the respective CSPMisect of €q. (12) is computed. Then, for

each OV HV BPL topology, the total CSPMiot is determined from
kSEC, ax

CSPM,, = Y CSPM, (13)
kgt =1

3. A set of candidate OV HV BPL topologies with their respective CSPMiot is
provided by the TIM. This set of candidates OV HV BPL topologies is
characterized by the lowest CSPMiwt among all the available OV HV BPL
topologies of the database. The number of candidate OV HV BPL topologies
depends on the topological characteristics of the underlaid topology (i.e., number
of branches, branch length), the nature of measurement differences
(i.e., measurement difference distributions, characteristics of distributions) and the

number of monotonic sections applied.
As it is evident from the previous steps, CSPM acts either as a curve similarity metric or
as a topology identification tool. Finally, the simulation results of the proposed TIM are

shown in Sec.VE.

5. Numerical Results and Discussion

5.1 Simulation Goals and Parameters

Various types of transmission BPL networks are simulated with the purpose of
evaluating the proposed TIM. More specifically, the efficiency of the methodology is
assessed with reference to a number of factors, such as the transmission BPL topology
and the nature of measurement differences.

As regards the hybrid method specifications, 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 u 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 [5], [20]-[23], [58], the selection of representative
coupling schemes is a typical procedure for the sake of reducing manuscript size and
simplicity.

As the OV HV BPL topology database specifications are concerned,
the maximum number of branches N, the length spacing Ls for both branch distance and
branch length and the maximum branch length Ly are assumed equal to 3, 1km and 25km,
respectively.

Finally, the maximum number of monotonic sections Asect,max that is going to be
used during the application of best LIPMA is assumed to be equal to 20 [1].

5.2 Theoretical and Approximated OV HV BPL Transfer Functions

Prior to understanding the proposed TIM, there is a need for recognizing:
(1) how best LIPMA approximates theoretical coupling transfer functions of transmission
OV BPL topologies, such those presented in Sec.IIB, and (ii) the role of the number of
the monotonic sections during the OV HV BPL coupling transfer function approximation.
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In Figs. 3(a)-(c), the theoretical coupling transfer function is plotted versus
frequency for the three indicative OV HV BPL topologies of the Sec.IIB, respectively. In
each figure, the best LIPMA result is also plotted for a number of representative
monotonic sections (i.e., ksect=2, ksect=5 and ksect=20). In Table 1, the average error
between theoretical coupling transfer function and the respective best LIPMA output is
reported for different number of monotonic sections when the three indicative OV HV
BPL topologies are considered.
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Figure 3. Theoretical and approximated coupling transfer functions of the three indicative
topologies of OV HV BPL networks when best L1PMA is applied (a) Suburban case.
(b) Rural case. (c) “LOS” case.

Average Errors between Theoretical and Approximated Coupling Transfer Functions

TABLE I

Average Error

Number of (dB)
Monotonic Suburban case Rural case “LOS” case
Sections

1 0.08 0.29 -0.01

2 -0.23 0.44 0.26

3 -0.01 0.23 0.35

4 -0.10 0.38 0.31

5 -0.05 0.37 0.28

6 -0.14 0.26 0.17

7 -0.14 0.26 0.15

8 -0.04 0.16 0.04

9 -0.04 0.16 0.04
10 0.03 0.01 5.33x107°
11 0.03 0.01 5.33x10°
12 0.04 1.79%107 426%10°
13 0.04 1.79x1073 4.26x10
14 0.03 -2.26x107 1.81x107
15 0.03 -2.26x107 1.81x107
16 4.76x107 -2.26x107 1.81x107
17 4.79x107 -2.26x107 1.81x107
18 4.79x107 -2.26x107 1.81x107
19 4.79x107 -2.26x107 1.81x107
20 4.79x107 -2.26x107 1.81x107
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Comparing Figs. 3(a)-(c) with Table 1, several interesting remarks can be pointed
out, as follows:

As already been observed in distribution BPL networks [1], best LIPMA may
successfully approximate the coupling transfer functions in all the OV HV BPL
topologies examined, namely:

(@]

“LOS” case is characterized by coupling transfer functions with few and
shallow spectral notches. Due to the proximity of the conductors with
reference to their height above the ground, significant cross-talk
phenomena arise between the conductor couples of the same phase having
as a result the presence of notches even during the “LOS” transmission
case. Anyway, best LIPMA curves practically coincide with the
“LOS” coupling transfer functions. In fact, only eight monotonic sections
are required so that the coincidence clearly occurs. Note that the threshold
of the coincidence is assumed equal to 0.1dB.

Rural topologies are characterized by shallow and less-frequent spectral
notches. Actually, because of their high branch length, OV HV BPL rural
topologies act as power dividers of the “LOS” one, adding an
approximately 3dB decrease in their coupling transfer functions for each
branch encountered [7]. Therefore, the poor multipath environment of
both “LOS” and rural topologies allows to the best LIPMA to achieve an
excellent approximation in both cases with low number of monotonic
sections. Indeed, best LIPMA achieves to follow the curve from the first
monotonic section while the coincidence occurs after ten monotonic
sections.

Suburban and urban topologies are characterized by deep and frequent
spectral notches that pose a significant approximation challenge to the best
LIPMA [1], [6]. This is due to the fact the branch length becomes short
enough so that the channel attenuation of the different multipath paths
during the BPL signal transmission become comparable, thus, creating a
rich multipath environment. In fact, the spectral notches are added to the
OV HV BPL coupling transfer functions of the “LOS” topology. Even in
the bad case of the suburban topology, best LIPMA achieves to coincide
with the OV HV coupling transfer functions after 16 monotonic sections.

In contrast with wavelet or spline approximations [1], [49], [50], best LIPMA
result successfully includes either the primary extrema or the tail of the OV HV
coupling transfer functions.

With reference to Table 1, even from the first monotonic section, the best LIPMA
achieves an average error that is equal to 0.08dB, 0.29dB and -0.01dB for the suburban,
rural and “LOS” case, respectively. This indicates that best LIPMA identifies and
follows the crucial areas of OV HV BPL coupling functions whose neglect significantly
affects the average error. At the same time, best LIPMA disregards the frequent
fluctuations whose contribution to the average error remains topically and low. In reality,
this is the cornerstone of the TIM; the measurement differences are ignored by the best
L1PMA while the curve essence of the OV HV BPL coupling transfer functions remains.

Tr Ren Energy, 2016, Vol.2, No.3, 85-112. doi: 10.17737/tre.2016.2.3.0026 99



Peer-Reviewed Article Trends in Renewable Energy, 2

5.3 OV HV BPL Topology Database and Computational Load

With reference to Sec. IIC, to create a detailed OV HV BPL topology database,
all the possible OV HV BPL topologies concerning the number of branches, each branch
distance from the transmitting end and each branch length need to be added in the
database. Taking under consideration the OV HV BPL topology database specifications
of Sec.VA, there is a need for inserting 20 approximated theoretical OV HV BPL
coupling transfer function column vectors per each possible OV HV BPL topology of the
database, which corresponds to the respective 20 monotonic sections. Note that each
approximated theoretical OV HV BPL coupling transfer function column vector consists
of 30 elements, which corresponds to the respective 30 measurement frequencies.
Therefore, the detailed OV HV BPL topology database comprises:

o “LOS” transmission case: 1 topology and 1x20=20 corresponding approximated
theoretical OV HV BPL coupling transfer function column vectors.
In total, 600 elements are required to be inserted in the database.

e OV HV BPL topologies with one branch: With reference to eq. (1), there are 676
topologies and 13,520 corresponding approximated theoretical OV HV BPL
coupling transfer function column vectors. In total, 405,600 elements are required
to be inserted in the database.

e OV HV BPL topologies with two branches: With reference to eq. (1), there are
237,276 topologies and 4,745,520 corresponding approximated theoretical OV
HV BPL coupling transfer function column vectors. In total, 142,365,600
elements are required to be inserted in the database.

e OV HV BPL topologies with N branches: With reference to eq. (1), there are

i{Z{ - iNZZ{iN—I }H x26" and i{z{ . ii{iNfl }H x26" x 20 corresponding

iy=1 |iy=1 iy =l iy=1 | iy =1 iy =l

approximated theoretical OV HV BPL coupling transfer function column vectors.

26 i in_s

In total, Z{Z{ . Z{z Vol }}} x 26" x 600 elements are required to be inserted in

iy =1 |iy=1 iy =l
the database.

Practically, to create the OV HV BPL topology database, the computational load
of only inserting the elements of the “LOS” transmission case and OV HV BPL
topologies with one branch is equal to 406,200 records or 7,886s. This implies that each
record approximately requires 0.0194s so that both the hybrid method and the best
L1PMA are applied and the element insertion is complete. In Table 2, the number of
elements and the approximated time duration of inserting OV HV BPL topologies of
different number of branches is reported. Note that as the technical characteristics of the
system performing the simulations are concerned, it has an Intel Pentium 1.9GHz CPU
and 4GB RAM.

From Table 2, it is evident that the approximated time duration poses significant
technical difficulties during the consideration of OV HV BPL topologies with high
number of branches in the database. In fact, when the number of branches is equal or
greater than four, the approximated time duration exceeds the year. These cases rarely
occur in OV HV BPL topologies of average path length of 25km and for that reason are
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TABLE 11
Number of Elements and Approximated Time Duration of OV HV BPL Topologies
Number of Branches Number of Elements Approximated Time Duration

(hours)

0 600 0.003

1 405,600 2.19

2 142,365,600 767.19

3 3.45%10" 1.86x10°

4 6.51x10" 3.51x10’

5 1.2x10" 5.47x10°

omitted in this paper. Anyway, as detailed in the Sec.IVH of [59], the optimization of the
insertion methodology in OV HV BPL topology database is among the critical steps of
the future research. In this paper, only the cases of “LOS” case and topologies with one
branch are considered during the proposed TIM for the sake of simplicity and speed
(see Sec.VE).

5.4 OV HV BPL Coupling Transfer Functions and Measurement Differences

As already been reported in Sec.IVB, there are six categories that can create
significant measurement differences between measurements and theoretical results
during the determination of OV HV BPL coupling transfer functions. Based on the
hybrid method and best LIPMA, the theoretical OV HV BPL coupling transfer functions
can be revealed even though significant measurement differences may occur. In fact, best
LIPMA achieves to mitigate the additive measurement by simply maintaining the
monotonicity pattern of each coupling transfer function, which is imposed by the number
of monotonic sections. In accordance with [1], the total occurred fault due to the six
measurement difference categories e(-), which is described in eq. (5), can be assumed to
follow either continuous uniform distribution (CUD) with minimum value -acup and
maximum value acup or normal distribution (ND) with mean mnp and
standard deviation snp.

The impact of measurement differences on the OV HV BPL coupling transfer
functions is investigated in the subsection. More specifically, in Figs. 4(a)-(c),
the theoretical coupling transfer function is plotted versus frequency for the indicative
OV HV BPL topologies, respectively. In each figure, the measured coupling transfer
function is also given when measurement differences follow the indicative measurement
difference distributions: (i) CUD with acup=3dB; and (ii)) ND with mnp=0dB and
sno=2dB. Moreover, the result of best LIPMA is also curved for the measured coupling
transfer function when six monotonic sections are assumed.
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Figure 4. Theoretical, measured and approximated coupling transfer functions of the three
indicative OV HV BPL topologies when best L1PMA is applied and two indicative fault
distributions (CUD and ND) are adopted. (a) Suburban case. (b) Rural case.
(c) “LOS” case.

From Figs. 3(a)-(¢c), it has been pointed out that best LIPMA first identifies the
most important local extrema of the theoretical coupling transfer functions, which are
treated as primary extrema. Then, best LIPMA interpolates the data at these extrema.
The increase of the number of monotonic sections implies that the best LIPMA achieves
to include even more secondary extrema in its results, thus, enhancing the accuracy of
the approximation. From Figs. 4(a)-(c), it is obvious that the measurement differences,
which may follow either CUD or ND, little affect the general form of the coupling
transfer functions. Indeed, given the number of the monotonic sections, best LIPMA first
tries to include the primary extrema of measured coupling transfer functions, which little
differ from the respective primary extrema of the theoretical transfer functions, and
second performs the best fit among the data in every monotonous section. In general
terms, best LIPMA tries to restore the theoretical coupling transfer functions through its
data smoothing capability.

5.5 TIM and the Set of Candidate OV HV BPL Topologies

As the restoration effectiveness of best LIPMA to theoretical and measured
coupling transfer functions is well presented in the case of the indicative suburban, rural
and “LOS” topologies, there are two significant drawbacks concerning the topology
identification from the measured coupling transfer functions: (i) When a low number of
monotonic sections is assumed, best LIPMA result follows the general trend of the
respective measured coupling transfer function that resembles to the respective
theoretical one but it loses significant primary extrema. (ii) When a high number of
monotonic sections is assumed, best LIPMA result tends to identify both primary and
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secondary extrema but exaggerates to include them, thus, giving important role to the
measurement differences during the approximations. Taking into account the previous
two performance tips, during the proposed TIM: (a) The TIM test is going to be applied
between the approximated theoretical and measured coupling transfer functions for the
same number of monotonic sections in both cases. (b) To exploit the advantages of the
different number of monotonic sections, the TIM test includes the entire range of the
available monotonic sections.

1.

With reference to Sec.IVF, the three steps of the proposed TIM are now detailed:
The computation of measured OV HV coupling transfer function column vector

HYC (f ) and the approximated OV HV coupling transfer function column vector

HY(f, k. ) for different number of monotonic sections has been presented in

> "Vsect

Sec.VD.

With reference to eq. (13), the OV HV BPL topology database of Sec.VC and the
approximated measured OV HV BPL coupling transfer functions of Sec.VD, the
CSPM:ot of the indicative topologies is calculated with respect to the topologies of
the database. In Fig. 5(a), the CSPMiot of the indicative rural topology and its
position among the 677 OV HV BPL topologies of the database in ascending
CSPMiot order are plotted versus the CUD maximum value acup. Apart from the
proposed TIM, the respective position of the traditional TIM is also demonstrated.
Similar curves with Fig. 5(a) are given in Fig. 5(b) but for different values of ND
standard deviation snp when mnp i1s equal to 0dB. In Figs. 5(c) and 5(d),
similar curves with Figs. 5(a) and 5(b) are presented but for the indicative “LOS”
topology.

A set of candidate OV HV BPL topologies with their respective CSPMiot is
provided by the TIM as it is shown in Figs. 5(a)-(d). All these topologies present
the same CSPMiot and coincide at the first position in ascending CSPM:ot order.
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Figure 5. CSPMot ('EI') and position in ascending CSPMiw: order versus measurement

difference distribution characteristics when traditional TIM ('@') and proposed TIM (—)(—) are
applied. (a) CUD / Rural case. (b) ND / Rural case. (c) CUD / “LOS” case. (d) ND / “LOS” case.

Observing Figs. 5(a)-(d), several interesting remarks concerning the TIM can be
pointed out:

e “LOS” topology presents slightly lower CSPM values in comparison with the

indicative rural ones. This is an obvious result since the additive spectral notches

of the indicative rural topology challenge the efficiency of the proposed TIM in
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contrast with the “LOS” case where its revelation from TIM is a straightforward

procedure.

e The proposed TIM succeeds in identifying the underlaid OV HV BPL topology
more precisely than traditional one in the vast majority of the cases examined.
Actually, TIM successfully reveals the “LOS” and indicative rural topology even
if respective critical measurement differences that may reach up to 10dB of
measurement difference magnitude occur.

e Apart from curve similarity metric and topology identification tool, CSPM value
warns about its accuracy degree. In fact, higher values of CSPM imply that:
(1) topology identification becomes more precarious due to the rich multipath
environment of the underlaid OV HV BPL topology; (i1) the spectral notches that
are superimposed by the measurement differences on the coupling transfer
functions become comparable with the inherent ones. In fact, CSPM values
increase as the magnitude of measurement differences increases too in all the
cases examined; (iii) even if the position of the underlaid OV HV BPL topology is
first in ascending CSPM:ot order among the other database topologies, the number
of candidate topologies that are characterized by the same CSPMiwt with the
underlaid one increases; and (iv) the CSPM:t difference between the candidate
OV HV BPL topologies of the set and the first topology outside the set decreases.

e The main component of TIM is its best LIPMA module. Based on the primary
extrema, which are the main spectral notches, best LIPMA decomposes BPL
transfer functions into separate monotonous sections between the primary extrema
[1], [35], [36]. Since the number and the length of branches critically determine
the number and the depth of spectral notches, the best LIPMA outputs of OV HV
BPL topologies with the same branch number and length resemble each other
regardless of the number of monotonic sections considered. This is verified by the
same branch number and length that present the candidate OV HV BPL
topologies of the set. Here, it is expected that the number of the candidate rural
topologies is high since all the OV HV BPL topologies of one long branch
resemble to the power divider behavior as described in Sec.VB.

e If the OV HV BPL topology is already known then the exact measurement
differences can be computed on the basis of CSPMiot curves. Note that steep
changes in the characteristics of the measurement difference distribution imply
changes in the surrounding environment of OV HV BPL topologies.

Since the proposed TIM can identify an OV HV BPL topology even if
measurement differences occur during the determination of its coupling transfer function,
each OV HV BPL topology is almost uniquely characterized by the curve trend and the
values of the CSPMiot. Since two OV HV BPL topologies present different CSPMiot
behavior, these topologies can be differentiated from each other. This implies that various
serious faults and instabilities across the transmission power grid (e.g., line faults and line
termination instabilities) can be first differentiated from the measurement differences and,
then, be identified for given OV HV BPL topology. In the companion paper of [59], the
proposed TIM is extended to the Fault and Instability Identification Methodology (FIIM)
so that faults or instabilities across an intelligent energy system can be identified and the
personnel, who is monitoring the transmission power grid, is warned so as to restore the
power grid to default settings.
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Conclusions

In this paper, the proposed TIM of an OV HV BPL topology, when a
corresponding OV HV BPL coupling transfer function with measurement differences is
available, has been presented. The TIM consists of: (i) the hybrid method;
(i1) the best LIPMA; (iii) the proposed OV HV BPL topology database; and (iv) CSPM
that serves as the assessment metric of the TIM accuracy.

As the validation of the TIM is concerned, the CSPM has achieved to reveal a set
of candidate OV HV BPL topologies with the underlaid topology lying inside it even
though measurement differences of various distributions and magnitudes have been
applied.

In the companion paper of [59], TIM is extended to FIIM so that faults and
instabilities across the OV HV BPL networks can be identified and the responsible
personnel is warned.
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This companion paper of [1] focuses on the prediction of various faults
and instabilities that may occur during the operation of the transmission
power grid when overhead high-voltage broadband over power lines
(OV HV BPL) networks are deployed across it. Having already been
identified the theoretical OV HV BPL transfer function for a given OV HV
BPL network [1], the faults and instabilities of the transmission power
grid are first differentiated from the measurement differences, which can
occur during the determination of an OV HV BPL transfer function, and,
then, are identified by applying the best L1 Piecewise Monotonic data
Approximation (best L1PMA) to the measured OV HV BPL transfer
function. When faults and instabilities are detected, a warning is issued.
The contribution of this paper is triple. First, the Topology Identification
Methodology (TIM) of [1] is here extended to the proposed Fault and
Instability Identification Methodology (FIIM) so that faults and instabilities
across the transmission power grid can be identified. Also, the curve
similarity performance percentage metric (CSPpM) that acts as the
accompanying performance metric of FIIM is introduced. Second, the
impact of various fault and instability conditions on the OV HV BPL
transfer functions is demonstrated. Third, the fault and instability
prediction procedure by applying the FIIM is first reported.

Keywords: Smart Grid; Intelligent Energy Systems, Broadband over Power Lines (BPL) networks,; Power
Line Communications (PLC); Faults; Fault Analysis; Transmission Power Grids

1. Introduction

The deployment of broadband over power lines (BPL) networks across the
vintage overhead high-voltage (OV HV) power grid can transform it into a modern
IP-based communications network with a great number of smart grid applications [1].
Among the available smart grid applications, this companion paper focuses on the
transmission power grid protection that is a critical matter for both operational and safety
reasons [2]-[5].
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In fact, the development of an efficient protection scheme, which can ensure the
adequate operation of the power grid as well as the protection of its equipment, has
attracted the academic interest for many years. The protection scheme proposals have
mainly been based on traditional circuit analysis solutions [6], artificial intelligence
methods [7]-[10], wavelet transformations [11]-[15] and narrowband power line
communications applications [12], [13], [16]. Only recently, the broadband potential of
power grid has been recognized and exploited as a formidable basis on which the
protection capability of the power grid is further enhanced [2], [17]-[21].

In this companion paper, the Fault and Instability Identification Methodology
(FIIM) 1s proposed that exploits the well-validated knowledge concerning:
(i) the BPL network operation across transmission and distribution power grids
(i.e., hybrid method of [22]-[36]); (ii) the anti-fault operation of best LIPMA [1], [37];
and (iii) the Topology Identification Methodology (TIM) of [1]. More analytically,
a number of practical reasons and “real-life” conditions may create measurement
differences between experimental and theoretical results during the transfer function
determination of OV HV BPL networks. By adopting best LIPMA, which is theoretically
presented and experimentally verified in various systems including transmission and
distribution BPL networks [1], [37]-[44], an OV HV BPL network topology can be
identified despite the fact that measurement differences occur during the determination of
its measured OV HV BPL transfer function. However, various serious faults and
instabilities can occur across the transmission power grid and create significant fault
conditions whose nature differ from the aforementioned “innocent” measurement
differences (e.g., line faults and instabilities). By applying FIIM, these fault conditions
are first differentiated from the measurement differences and then are identified. In fact,
the contribution of the FIIM in comparison with the traditional one is that it can surely
identify fault and instability conditions without creating a fault alarm situation despite the
fact that measurement differences occur. From the moment that a fault or instability is
identified, the personnel, who is monitoring the transmission power grid, is warned so as
to restore the power grid to default settings.

The rest of this companion paper is organized as follows: In Sec. II, the faults and
instabilities, which are examined in this paper, are detailed with reference to indicative
topologies and the hybrid-method. In Sec. IIlI, a presentation of the FIIM and its
appropriate curve similarity performance percentage metric (CSPpM) are given.
Sec.IV discusses the simulations of various transmission BPL networks intending to mark
out the efficiency of FIIM to issue warnings due to serious faults and instabilities of the
transmission intelligent energy system. Sec.V concludes this paper.

2. Faults and Instabilities in Transmission Power Grids

2.1 Indicative OV HV BPL Topologies

In accordance with [1], [22]-[35], [45]-[48] and with reference to Fig. 1(a),
average path lengths of the order of 25km are considered in OV HV BPL topologies.
Apart from the three indicative OV HV BPL topologies of [1], another one that describes
the OV HV BPL signal propagation and transmission in more aggravated environments
such those of urban areas is added. Hence, the following four indicative OV HV BPL
topologies, concerning end-to-end connections of average path lengths, are examined, as
follows:
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1. A typical urban topology (OV HV wurban case) with N=3 branches
(L1=1km, L>=12km, L3=8km, Ls=4km, Lv1=24km, Lv>=2km, Lp3=7km).

2. A typical suburban topology (OV HV suburban case) with N=2 branches (L1=9km,
L>=13km, L3=3km, Lv1=17km, Lv>=13km).

3. A typical rural topology (OV HV rural case) with only N=1 branch
(L1=4km, L>=21km, Lb1=24km).

4. The “LOS” transmission along the same end-to-end distance
L=Li+...+Ly+1=25km when no branches are encountered. This topology
corresponds to Line of Sight transmission in wireless channels.

The four indicative OV HV BPL topologies are going to be used so that the accuracy of
the proposed FIIM is evaluated in Sec.IV.

The assumptions for the circuital parameters of OV HV BPL topologies, which
are concerned in this companion paper, are the same with [1], namely:
(i) The branch Ilines are assumed identical to the transmission lines;
(i1) The interconnections between the transmission and branch conductors of the lines are
fully activated; (ii1) The transmitting and the receiving ends are assumed matched to the
characteristic impedance of the modal channels; and (iv) The branch terminations are
assumed to be open circuits.

2.2 Modeling of Faults and Instabilities in OV HV BPL Topologies

As already been mentioned in [1], a set of practical reasons and “real-life”
conditions can create significant differences between measurements and theoretical
results during the transfer function determination of BPL networks. The reasons for these
measurement differences have been grouped into six categories [1], [37], [49]-[51].
According to [1], [37], the total occurred fault due to the six measurement difference
categories can be assumed to follow either continuous uniform distribution (CUD) with
minimum value -acup and maximum value acup or normal distribution (ND) with mean
mnp and standard deviation snp.

Apart from the aforementioned “innocent” measurement differences, which can
be anyway satisfactorily mitigated by the TIM of [1], various serious problematic
conditions across the transmission power grid can occur whose nature differs from this of
the aforementioned measurement differences. In fact, these problematic conditions cause
permanent damage to the transmission power grid, do not follow any error distribution
and their impact on the determination of OV HV BPL transfer functions totally change
the form of the result. In this paper, the problematic conditions are divided into two
categories, namely:
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e Faults: This category describes all the interruptions that can occur in the lines of a
transmission power grid. There are two subcategories of line interruptions that are
examined in this paper:

o Fault in Transmission Line: This fault subcategory describes the condition
where a transmission line is interrupted due to physical or human reasons.
With reference to Fig. 1(b), let the transmission line be broken at the

k
position sz +L,; from the transmitting end. This incident has as a

i=1
result the communications failure between the transmitting and receiving
end. Since all the other BPL network settings are well-verified,
the personnel that is responsible for the transmission power grid operation
is immediately warned by the FIIM with the reason of a fault in
transmission line. The methodology of the exact fault position has already
been presented in [2], [17]-[20]. Anyway, the localization of the faults and
instabilities 1s outside of the scope of this paper and is not analyzed further.
o Fault in Branch Line: Similarly to faults in transmission lines, this fault
subcategory describes the condition where a branch line is interrupted.
With reference to Fig. 1(c), let the branch N be broken at the position Z, ,

from the branching interconnection Ay with the transmission line.
In contrast with faults in transmission lines, this problematic condition
does not critically influence the communication between the transmitting
and receiving end, nevertheless, it may create permanent undetectable
failure and severely degrade the BPL network performance.
However, the interruption of the N branch (i.e., open circuit) transfers the
termination from Loy to Lbvf, thus, converting the examined N-branch OV
HV BPL topology into a new N-branch OV HV BPL topology.
Even if measurement differences occur, FIIM recognizes this fault
condition and warns the responsible personnel. Simulation results
concerning faults in branch lines and their identification by FIIM are
presented in Sec.IVD.

e [nstabilities: This category describes all the failures that can occur in the
equipment across the transmission power grid. There are two subcategories of
equipment failures that are examined in this paper:

o Instability in Branch Interconnections: One assumption of the hybrid
method definition is that the interconnections between the transmission
and branch lines are fully activated. However, these connectors may
present faults having as a result the partial or total interruption of the
branch line. With reference to Fig. 1(d), the total interruption of the
second branch at the point A2 cancels the presence of this branch, thus,
converting the examined N-branch OV HV BPL topology into a
(N-1)-branch OV HV BPL topology. Depending on the termination of this
branch (i.e., transformer HV/MV, load or source), significant instability
during the operation of the transmission power grid can occur.
FIIM can recognize this instability condition and warn the responsible
personnel. Simulation results concerning instabilities in branch
interconnections and their identification by FIIM are presented in Sec.IVE.

*Corresponding author: AGLazaropoulos@gmail.com 113
Tr Ren Energy, 2016, Vol.2, No.3, 113-142. doi: 10.17737/tre.2016.2.3.0027



Peer-Reviewed Article Trends in Renewable Energy, 2

o Instability in Branch Terminations: Again, one assumption of the fine
hybrid method operation is that the branch terminations are assumed to be
open circuits. This is due to the fact that HV/MV transformers are
connected to the branch terminations, which are treated as open circuit
terminations when high-frequency signals are considered. Physical stress
on transformer windings, overloads, thermal aging of winding insulation,
mechanical shake of windings and overflow or tank rupture are among the
main causes of faults in HV/MV transformers. Since HV/MV transformers
are critical pieces of equipment during the operation of power systems,
their failure can create significant instabilities during their operation.
With reference to Fig. 1(e), let the branch termination of first branch stop
to act as open circuit termination. In that case, the branch termination
fluctuates and so does the performance of transmission power grid. Again,
FIIM can recognize this instability condition and warn the responsible
personnel. Simulation results concerning instabilities in branch
terminations and their identification by FIIM are presented in Sec.IVF.

3. FlIM and CSPpM

3.1 Implementation Details

In accordance with [1], 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 have been grouped into six categories. Then, the measured OV HV coupling

transfer function H "' {} is determined by

HYO(f,)=H"(f;)+elf) (1)
where f; denotes the measurement frequency, H "¢ {} is the theoretical OV HV coupling

transfer function and e(f)) synopsizes the total measurement difference due to the
aforementioned six categories. The measurement frequencies fi, i=1,...,u,

the measured OV HV coupling transfer functions H WtG( f,) , i=1,...,u and
the theoretical OV HV coupling transfer functions H WtG( fl) , =1,....u

can be treated as elements of f, HY'® and H"'°, respectively, where

t=[f - f - £, =1, )
HY =70 = () o BY(f) o B e ®)

HVC = HWtG(f): [HWtc(fl) HWtG(fi) HWtG(ij )]T =1, (4)

As the application of best LIPMA is concerned, best LIPMA and its
corresponding curve similarity performance metric (CSPM) achieve to reveal the OV HV
BPL topology even though measurement differences of various distributions and
magnitudes have been applied [1]. In this paper, each indicative OV HV BPL topology of
Sec.IIA is accompanied with a number of approximated measured OV HV BPL coupling

meas \" ? " sect

transfer function column vector H )\ (f k ) and approximated theoretical OV HV BPL
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WtG
theor

the best LIPMA for different monotonic sections .

sect

coupling transfer function column vector H (f ,ksed) that come from the application of

. Note that monotonic sections may

range from 1 to Asectmax Where ksect,max 1S the maximum number of monotonic sections
considered in this paper. Hence, for each indicative OV HV BPL topology, the total
CSPMiot is determined from

ksec ax

CSPM,, = > CSPM, (5)

tot
Kgeer =1

where

u

C"S’P“Alkseu = CSPMkm, (HWIG’HWtG’ksect ): Z Hl\uyeta(z (.fl ’ksect )_ Ht\})&l]etci (ﬁ’ksmt * (6)
i=1
denotes the sum of the absolute errors between the best LIPMA measurement
approximation and best LIPMA theory approximation for given monotonic section.
On the basis of eq.(5) and eq.(6), the proposed curve similarity performance
percentage metric (CSPpM), which acts as the accompanying performance metric of
FIIM, is here determined from

WtG WtG
Kectmax _u Hmcas (f; s kscct )_ chcor (f; s kscct *

P WtG (
sea = cheor f;”ksect

k XU

sect,max

CSPpM =100% - (7)

Actually, CSPpM is a percentage metric that presents a specific pattern for an OV HV
BPL topology. Hence, on the basis of TIM of [1], CSPpM may easily be retrieved during
the normal operation of the transmission power grid for given OV HV BPL topology. As
it is verified in Sec.IVB, this pattern stability allows CSPpM to act as health metric for an
OV HV BPL topology.

In accordance with Sec.IIB, if a fault or instability occurs across the examined
original OV HV BPL topology then a modified OV HV BPL topology should be

examined. In that case, the measured OV HV coupling transfer function H"'" {} of the
modified topology is determined by

HY(f)=H"(f))+e (/) ®)
where H"'" {} is the theoretical OV HV coupling transfer function of the modified

topology and e'(fi) synopsizes the new total measurement difference due to the
aforementioned six categories. Similarly to the original OV HV BPL topology,
the CSPpM of the modified OV HV BPL topology is given from

HE (k) - HAE U )

k=1 i=1 W‘G(
sea =0 ! cheor f; > ksect

Kectmax 1

CSPpM" =100% - 9)

Xu

sect,max

where H'¥ (f k ) is the approximated measured OV HV BPL coupling transfer

meas > Vsect
function column vector of the modified topology that comes from the application of the
best LIPMA for different monotonic sections k.., . Here, it should be noted that as the
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original OV HV BPL topology is already known via [1], so does its theoretical OV HV
BPL coupling transfer function as well as its best LIPMA approximation.

Based on eq. (7) and eq. (9), FIIM can recognize either fault or instability that
may occur across the transmission power grid and warn the responsible personnel.
Actually, FIIM first computes the CSPpM difference between the original OV HV BPL
topology and the modified one that is given by

ACSPpM"™ = CSPpM — CSPpM" (10)
Then, FIIM compares ACSPpM~ with a warning threshold ACSPthhr*

Details concerning the determination of the warning threshold ACSPthhr* and the
relative decisions are provided in SecIVD-F.

3.2 Traditional FIIM

The traditional FIIM is mainly based on the observation and the experience of the
responsible personnel. When greater differences of the usual case of measured OV HV
coupling transfer function are observed then a warning is issued. However, the traditional
FIIM is significantly unreliable due to the fact that a temporal or continuous
concatenation of significant measurement differences (e.g., physical phenomena, random
events) may wrongfully trigger the alarm.

In mathematical terms, traditional FIIM can be approximated by a methodology
less sophisticated than the proposed FIIM one. Indeed, the percentage error sum (PES)
that is given from

v [HYS () -HS (/)
z ‘HWtG ( ]FIX

PES” =100% - — mess

(11)

u
is compared against an empirical warning threshold PES thr* that is typically equal to zero

(risky decisions). If PES” is greater or equal than PES thr*, a warning message is sent to

the responsible personnel. As already been mentioned, this warning threshold primarily
depends on the experience of the personnel and the employee’s individuality.

4. Numerical Results and Discussion
4.1 Simulation Goals and Parameters

Various types of transmission BPL networks are simulated with the purpose of
evaluating the proposed FIIM against the traditional one. Similarly to the TIM of [1],
the efficiency of the FIIM is assessed with regards to the transmission BPL topologies
and the nature of measurement differences.

As regards the hybrid method and best LIPMA specifications, those are the same
with [1]. 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 u in the examined frequency range is equal to 30.
Arbitrarily, the WtG> coupling scheme is applied during the following simulations.
Finally, the maximum number of monotonic sections ksectmax that is going to be used is
assumed to be equal to 20 [37].
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4.2 CSPM, CSPpM and Indicative OV HV BPL Topologies

As already been reported in [1], [37] and Sec.IIIA, there are six categories that
can create significant measurement differences between measurements and theoretical
results during the determination of OV HV BPL coupling transfer functions.
The total occurred fault due to the six measurement difference categories, which is
described in eq. (1) and eq. (8), can be assumed to follow either CUD with minimum
value -acup and maximum value acup or normal distribution ND with mean mnp and
standard deviation snp.

With reference to eq. (7), CSPpM is based on the CSPM:t of TIM [1] and acts as
the accompanying performance metric of FIIM. In Fig. 2(a), the CSPM:ot of the indicative
urban, suburban, rural and “LOS” topologies is plotted versus the CUD maximum value
of the occurred measurement differences. Similar curves with Fig. 2(a) are given in
Fig. 2(b) but for different values of ND standard deviation when m~p is equal to 0dB.
In Figs. 3(a) and 3(b), the same plots are given with Figs. 2(a) and 2(d) but for the
CSPpM.

From Fig. 2(a), 2(b), 3(a) and 3(b), it is evident that:

e (CSPM and CSPpM are generally increasing functions of CUD maximum value or
ND standard deviation regardless of the OV HV BPL topology examined.
Since both CSPM and CSPpM describe the integrity of OV HV BPL coupling
transfer functions, as the measurement difference magnitudes increase so does the
diversity of transfer functions.

e Although CSPM and CSPpM are both increasing functions of CUD maximum
value or ND standard deviation, their behavior with respect to the multipath
environment intensity changes. For given CUD maximum value or ND standard
deviation, as the multipath environment becomes richer, CSPM curves increase
whereas CSPpM curves decrease. Say, CSPM curves of “LOS” topology
generally lay on bottom whereas the respective CSPpM ones lay on top.

e The smoothness trend of CSPM and CSPpM curves (i.e., the transition from zero
to a maximum value), the maximum value of the curves and the curve notches act
as an identity pattern for given OV HV BPL topology. This property of CSPM
and CSPpM curves is exploited by the FIIM in order to distinguish the faults and
instabilities from the measurement differences.

e The same CPSM and CSPpM conclusions can be deduced regardless of the
measurement difference distribution applied (i.e, either CUD or ND).

In the following subsections, the FIIM performance is examined against the faults,
instabilities and measurement differences. The proposed FIIM efficiency is compared
against the traditional FIIM efficiency. Note that since the faults and instabilities that are
examined in this paper has to do with branches, branch terminations and branch
interconnections with the transmission lines, “LOS” topology is not further examined.
Also, since the results concerning the performance of CSPM and CSPpM are almost the
same and for the sake of simplicity and manuscript size, only one of the previous
measurement difference distributions (e.g., CUD) will be applied, hereafter.
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Figure 2. (a) CSPMit versus CUD maximum value for the indicative OV HV BPL topologies.
(b) CSPMet versus ND standard deviation for the indicative OV HV BPL topologies.
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Figure 3. Same curves with Fig. 2 but for CSPpM.

4.3 Fault in Transmission Line

As already been reported in Sec.IIB, this fault subcategory deals with an
interrupted transmission line across the transmission power grid. With reference to
Fig. 1(b), since this fault has as a result the immediate communications failure between
the transmitting and receiving end, its identification is a straightforward procedure. When
such a case occurs, a warning is issued to the responsible personnel. Anyway, details
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concerning the exact fault position localization are outside of the scope of this paper and
this problematic case is not analyzed further.

4.4 Fault in Branch Line

This fault subcategory describes the condition where a branch line is interrupted.
With reference to Fig. 1(c), let the first branch of each indicative OV HV BPL topology
be broken at 100m from the branching interconnection A1 with the transmission line.
Note that the interruption of the first branch, which is treated as an open circuit in this
subsection, transfers the termination from L1 to Lv~=100m, thus, converting the
examined original OV HV BPL topologies into new modified ones. The modified OV
HV BPL topologies are characterized by new respective OV HV BPL coupling transfer
functions and measurement differences. It is expected that the multipath environment of
the modified OV HV BPL topologies becomes richer than the one of the original OV HV
BPL topologies due to the new shorter branch.

Even if two different measurement differences occur during the determination of
the original and modified OV HV BPL coupling transfer functions, FIIM recognizes the
branch line fault and warns the responsible personnel. On the basis of eq. (10), FIIM can
identify branch line faults by applying ACSPpM " . In Fig. 4(a), CSPpM of the original
urban OV HV BPL topology, CSPpM" of the modified urban OV HV BPL topology and
their ACSPpM~ are plotted versus the CUD maximum value of the occurred

measurement differences. Note that even though two different measurement difference
CUDs are applied during the determination of original and modified OV HV BPL
coupling transfer functions, respectively, their CUD maximum value acup remains the
same for each curve marker. This is due to the fact that the surrounding environment of
either the original OV HV BPL topology or its modified version remains the same and so
does the chargeable event of measurement differences. Similar curves with Fig. 4(a) are
given in Figs. 4(b) and 4(c) but for the suburban and rural case, respectively.

From Figs. 4(a)-(c), it is evident that CSPM’s of all the modified OV HV BPL
topologies significantly differ from the respective original CSPMs. Especially, the
difference, which is expressed by the respective ACSPpM curves, is easily observable
when measurement differences remain relatively low. As the measurement differences
increase, the ACSpM” values decrease and so does the identification potential of branch
faults.

With reference to Figs. 3(a) and 3(b), a strict ACSpM" threshold is proposed that
comes from the equity of the examined ACSpM" with the CSPpM of the respective
original OV HV BPL topology in order not to confuse the branch fault with the high

magnitude of measurement differences. When ACSPpM " s greater or equal than
ACSPpM thr* , either fault or instability surely occurs across the OV HV BPL network and
a warning message must be sent to the responsible personnel. If ACSPpM "~ ranges from

approximately 2-3dB to ACSPthhr* then there is significant possibility of fault across
the OV HV BPL network and a preparation of the responsible personnel should be made.
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Figure 4. Fault in the first branch of the indicative OV HV BPL topologies and the behavior of
CSPpM and ACSPpM?*. (a) Urban case. (b) Suburban case. (c) Rural case.

Conversely, if ACSPpM " is below 2-3dB then there is uncertainty concerning the
presence of fault or instability across the OV HV BPL network. Not to trigger a false
alert, ACSPthhr* should receive a decent value that ranges from 6% to 9%.

For example, ACSPthhr* is equal to 6.44%, 7.97% and 8.67% for the urban, suburban
and rural topology, respectively.
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4.5 Instability in Branch Interconnection

This subsection examines the possibility of identifying an instability that occurs in
a branch interconnection. With reference to Fig. 1(d), the interruption of the last branch at
the point Ay cancels the presence of this branch, thus, converting the examined N-branch
OV HV BPL topology into a (N-1)-branch OV HV BPL topology. Similarly to the faults
in branch lines, the modified OV HV BPL topologies are characterized by new respective
OV HV BPL coupling transfer functions and measurement differences.

Based on eq. (10), FIIM can identify branch interconnection faults by applying
ACSPpM™ . Similarly to branch line faults, in Fig. 5(a), CSPpM of the original urban OV
HV BPL topology, CSPpM" of the modified urban OV HV BPL topology and their
ACSPpM™ are plotted versus the CUD maximum value of the occurred measurement

differences. Similar curves with Fig. 5(a) are given in Figs. 5(b) and 5(c) but for the
suburban and rural case, respectively.
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Figure 5. Instability in the last branch interconnection of the indicative OV HV BPL topologies and
the behavior of CSPpM and ACSPpM*. (a) Urban case. (b) Suburban case. (c) Rural case.

CuD (

Comparing Figs. 5(a)-(c) with the respective Figs. 4(a)-(c), ACSPpM" s of branch
interconnection instability present lower values in comparison with the respective ones of
branch line faults. This indicates that the branch interconnection instability establishes a
problematic condition more difficult to be recognized in relation with the one of branch
line fault. Nevertheless, ACSPpM"~ identifies the branch interconnection instability
regardless of the considered OV HV BPL topology and the applied CUD magnitude.
Although the identification of the branch interconnection instability becomes more
challenging when measurement differences magnitude exceeds 4dB, ACSPpM " triggers

the alarm in the majority of the cases since ACSPpM "~ values exceed zero in all these

cases. If a stricter decision needs to be taken then ACSPthhr* ranges from 5% to 7%.

The latter threshold values are lower than the ones of Sec.IVD; it is clear that the
difficulty of the identification of branch interconnection instability is also reflected on

ACSPpM,,".

4.6 Instability in Branch Terminations

This subsection examines the possibility of identifying an instability that occurs in
a branch termination. Prior to proceeding to the analysis of this problematic condition,
it is expected that this condition is going to be the more challenging one since FIIM needs
to identify an instability that comes from a circuit anomaly at a specific piece of
equipment. With reference to Fig. 1(e), let the branch termination of the first branch of
each indicative OV HV BPL topology stop to act as open circuit termination. Since the
branch termination fluctuates, OV HV BPL coupling transfer functions present
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instabilities that resemble to measurement differences. Assuming that the modified OV
HV BPL topologies present a general short circuit in their HV/MV transformers at their
first branch, FIIM can identify that an instability occurs by applying ACSPpM" ;
similarly to branch line faults and branch interconnection instabilities, in Fig. 6(a),
CSPpM of the original urban OV HV BPL topology, CSPpM" of the modified urban OV
HV BPL topology and their ACSPpM " are plotted versus the CUD maximum value of
the occurred measurement differences. Similar curves with Fig. 6(a) are given in
Figs. 6(b) and 6(c) but for the suburban and rural case, respectively.

Also, in Figs. 7(a)-(c), similar plots are curved with the respective Figs. 6(a)-(c)
but for matched termination at the first branch (e.g., connection of a BPL unit at the
HV/MV transformer).
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Figure 6. Termination instability (short circuit) at the first branch of the indicative OV HV BPL
topologies and the behavior of CSPpM and ACSPpM*. (a) Urban case. (b) Suburban case.
(c) Rural case.
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Figure 7. Same plots with Fig. 6 but for matched termination at the first branch.

From Figs. 6(a)-(c) and Figs. 7(a)-(c), FIIM can immediately identify any damage
or change concerning pieces of equipment across transmission power grid. Although the
termination instabilities define a rather difficult challenge, as it is seen by the lower

ACSPthhr* s in comparison with the ones of the former examined problematic

conditions, FIIM can separate measurement differences from the termination instabilities.
Indeed, ACSPpM™ presents positive values in the vast majority of the cases examined,

even if measurement differences of 10dB are present. Also, as the length of the
termination branch increases, the behavior of OV HV BPL coupling transfer function
tends to the one with matched termination rendering the identification more difficult. For
example, CSPpM curves of the original and modified rural case little differ each other
due to this power divider behavior of long branches regardless of the type of termination
—see Figs. 6(c) and Fig. 7(c)—.

4.7 Performance of Traditional FIIM
The traditional FIIM is mainly based on the observation and the experience of the
responsible personnel. With reference to eq. (11), the responsible employee should
recognize unusual activity between measurements of different time instances and trigger
the alarm. Each time instance is assumed to be characterized by different measurement
difference CUDs but of the same maximum value since the general conditions regarding
the surrounding environment do not change (same as in Secs.IVC-IVF). However, the
fault and instability warning of the traditional FIIM proves to be a risky venture in all the
kinds of faults and instabilities. More specifically:
e Fault in Branch Lines: Respective figures with Figs. 4(a)-(c) are given in
Figs. 8(a)-(c). More analytically, in Figs. 8(a)-(c), the PES* is plotted versus the
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CUD maximum value of the occurred measurement differences for the urban,
suburban and rural topology, respectively. In each figure, both the PES* of the
original topology and the modified one are given when the branch line fault
occurs.

e [nstability in Branch Interconnections: Respective figures with Figs. 5(a)-(c) are
given in Figs. 8(d)-(f). Note that Figs. 8(d)-(f) are the same figures with
Figs. 8(a)-(c) but when the branch interconnection instability occurs.

e [nstability in Branch Terminations: Here, two different cases are examined, as
follows:

o Matched Termination: Respective figures with Figs. 6(a)-(c) are presented
in Figs. 8(g)-(1). Note that Figs. 8(d)-(f) are the same figures with
Figs. 8(a)-(c) but when the matched termination occurs.

o Shor Circuit Termination: Respective figures with Figs. 7(a)-(c) are
demonstrated in Figs. 8(j)-(1). Note that Figs. 8(j)-(1) are the same figures
with Figs. 8(a)-(c) but when the short circuit termination occurs.
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Figure 8. Traditional FIIM, faults and instabilities. (a)-(c) Branch line faults.
(d)-(f) Branch interconnection instability. (g)-(i) Branch termination instability (matched

termination). (j)-(I) Branch termination instability (short circuit terminations).

Comparing the performance of the proposed and traditional FIIM, it is evident
that the decision regarding the various faults and instabilities that may occur across the
transmission power grid is easier by applying the proposed FIIM in all the cases
examined. Especially, when the measurement differences exceed 3dB, the proposed FIIM
can still give a reliable identification regarding faults and instabilities despite the large
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measurement differences. But the main deficiency of the traditional FIIM is its
performance when faults and instabilities occur in OV HV BPL topologies of poor
multipath environment (e.g., indicative rural OV HV BPL topology). In these cases, the
traditional FIIM faces difficulties to identify either a fault or instability since the
differences between original and modified PES* curves remain marginal even if small
measurement differences are applied. In fact, PES* curves are significantly affected by
the presented measurement differences in contrast with the respective ACSPpM* curves
that are less distorted by the measurement differences due to the error filtering of the best
L1PMA. Finally, if PES"ur is assumed to be equal to CSPpM i (i.e., safe decisions are
required) then traditional FIIM is treated as extremely conservative ignoring a great
number of problematic conditions.

4.8 Future Research

From both papers, it is clearly indicated that either TIM or FIIM may be used as
the basis for a plethora of smart grid applications concerning system protection, load and
distributed generation management, distribution automations and diagnostic monitoring
[52]. More analitically, among the following research steps, the combined operation of
TIM and FIIM 1is going to focus on: (i) fault recognition and location;
(i1)) VAR control; (iii) isolation of faults on single phases; (iv) predictive maintenance;
and (v) EMI and noise analysis.

To implement the aforementioned research goals, some structural changes should
be made either in TIM or in FIIM procedure. As the TIM is concerned, the OV HV BPL
topology database should be enriched so that higher accuracy is achieved (i.e., lower
values for the length spacing, higher values for the maximum branch length and a variety
of branch terminations) and more multi-branch OV HV BPL topologies are inserted.
This implies that significant work should be done in the field of the optimization of the
database (i.e., faster algorithms during the database creation, insertion and update).
As the FIIM is concerned, CSPpM curves should be further analyzed in order to become
identity metrics for the OV HV BPL topologies and ACSPpM* curves should be further
investigated in order to become fault identities for various faults and instabilities that may
occur across the transmission power grid. Finally, to become real-time application,
significant optimization efforts should be concentrated to the minimization of FIIM
computations and the reduction of today’s overall execution times of FIIM for the various
fault and instability conditions.

5. Conclusions

In this companion paper, the proposed TIM of [1] has extended to FIIM that deals
with the fault and instability identification across transmission power grids. FIIM
consists of: (i) the hybrid method; (ii) the best LIPMA; (iii) TIM; and (iv) CSPpM and
ACSPpM* that serve as fault identification metrics.

As the assessment of the FIIM is concerned, FIIM has easily achieved to identify
faults in branch lines, instabilities in branch interconnections and instabilities in branch
terminations of various kinds during the real-time operation of indicative OV HV BPL
topologies. Actually, FIIM have identified the faults and instabilities in all the cases
examined even though measurement differences up to 10dB have been considered.

Exploiting the virtues of the emerging intelligent energy systems, both TIM and
FIIM can be an invaluable tool during the surveillance and monitoring of transmission
and distribution power grid supporting a myriad of smart grid applications.
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