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In [1], [2], the theoretical framework and the numerical results concerning
the class mapping of overhead and underground medium voltage
broadband over power lines (OV and UN MV BPL) topologies have been
presented on the basis of the recently proposed initial statistical hybrid
model (iISHM), modified statistical hybrid model (mSHM) and class map
definition procedure. In this paper, all the recent findings regarding the
statistical channel modeling and class mapping are first applied to
transmission BPL networks; say, OV high voltage (HV) BPL topologies.
The numerical results of OV HV BPL networks are compared against the
respective ones of OV and UN distribution networks revealing significant
similarities and differences. Finally, the impact of considering minimum
or maximum capacity value instead of the average one during the
definition procedure is investigated as well as the behavior of
the total simulation time of class mapping.
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1. Introduction

As the BPL channel modeling is concerned for the distribution and transmission
Broadband over Power Lines (BPL) networks, BPL channel models have typically
followed either a bottom-up approach or a top-down approach or appropriate synergies
of the aforementioned approaches until now [3]-[25]. Recently, statistical channel
models have been proposed for BPL networks [26]-[33]. Among them,
statistical hybrid models (SHMs) are based on the formality and validity of the
deterministic hybrid model, which interconnects the bottom-up and top-down approach
and has extensively been validated in transmission and distribution BPL networks
[5]-[10], [13], [15], [16], [20], [34], while SHMs results are considered as the filtered
deterministic hybrid model results through a set of proper channel attenuation statistical
distributions (CASDs). Initial SHM (iISHM), which has been proposed in [28], [29],
applies well-known CASDs of the communications research fields, such as Gaussian,
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Lognormal, Wald, Weibull and Gumbel CASDs [35], while modified SHM (mSHM),
which has been proposed in [30], exploits the Empirical CASD. As already been
mentioned in [28]-[30], CASD parameters, which are CASD maximum likelihood
estimators (MLEs) and CASD cumulative density functions (CDFs) for iSHM and
mSHM, respectively, can characterize each real distribution BPL topology while virtual
distribution BPL topologies can be defined by appropriately adjusting the
aforementioned CASD parameters [1], [2]. The significance of the combined operation
of SHMs with the definition procedure of the virtual indicative distribution BPL
topologies, which has been presented in [28], [29], mitigates the underrepresentation of
the distribution BPL topology classes during the BPL statistical channel modelling and
the graphical representation of the distribution BPL topology classes and subclasses in
terms of their average capacity through the proposed class maps. In this paper, all the
recent findings concerning iSHM, mSHM, CASDs, CASD parameters,
definition procedure and class maps are first applied to OV HV BPL topologies in this
paper. The results for the transmission BPL networks are compared against the ones of
distribution BPL networks. Interesting similarities and differences can be unveiled
between the distribution and transmission BPL networks since the different BPL signal
transmission characteristics can influence in different ways the behavior of CASDs and,
thus, of iISHM and mSHM. Also, an interesting contribution to the definition procedure
is the impact examination of applying maximum and minimum capacity value of the
distribution BPL topology subclasses instead of the average one. Finally, the theoretical
approach of the total simulation time of iSHM and mSHM class mapping is here
graphically investigated in terms of the time complexity when different number of
spacings, that is a critical factor of class mapping for the accuracy of the x- and y-axis,
are applied during the iISHM and mSHM class mapping.

The rest of this paper is organized as follows: In Section II, the OV HV MTL
configuration with the set of indicative OV HV BPL topologies of the main topology
subclasses are presented. In Section III, the numerical results concerning the application
of iISHM and mSHM are demonstrated as well as the respective CASD parameter
analysis, definition procedure and class maps. Also, a comparative analysis is given
between the distribution and transmission BPL topologies. Section IV concludes this

paper.

2. OV HV MTL Configurations and Respective BPL Topologies

Similarly to [1], a small briefing concerning the adopted OV HV MTL
configuration is given while the topological characteristics of the indicative OV HV BPL
topologies of the main subclasses are reported.

2.1 OV HV MTL Configurations

In Fig. 1, the typical OV HV MTL configuration that is used in the present work
is illustrated. The MTL configuration of this paper is a typical OV 400kV double-circuit
configuration with phase lines of radius »™" that hang at typical heights 4" above
ground —i.e., conductors 1, 2, 3, 4, 5, and 6—. These six phase conductors are divided into
three bundles. Each bundle is spaced by A?™ while the phase conductors of each bundle
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are connected by non-conducting spacers and are separated by A°". Apart from the
phase conductors, two parallel neutral conductors hang at heights »°" —i.e, conductors 7
and 8—. Neutral conductors are of radius »°"¥ and are spaced each other by A" .
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Fig. 1. Typical OV HV MTL configuration [9].

All phase and neutral conductors are Aluminium-conductor steel-reinforced (ACSR)
[4], [9], [36]-[39]. The exact dimensions concerning the radii, spacings and heights are
given in [9].

Similarly to distribution BPL networks, the ground is considered imperfect and as
the reference conductor. A realistic scenario, which is adopted in this paper, holds that
the conductivity of the ground is assumed o, =5mS/m while its relative permittivity

e, =13 [4]-[6], [9], [13], [40]-[44].

2.2 OV HV BPL Topologies and Respective Topology Subclasses and Classes
Transmission BPL topologies adopt the network architecture of distribution BPL
topologies. Actually, transmission BPL networks are divided into cascaded BPL
topologies of typical lengths of 25km. Similarly to distribution BPL topologies,
each transmission BPL topology is bounded by its transmitting and receiving end while
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different number of branches &k k=1,-,N , distribution cable lengths
L., k=1--,N+1 and branch lengths L., k=1--,N are encountered between the
transmitting and receiving end [5]-[10], [34].
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Fig. 2. Typical OV HV BPL topology with N branches [1].

As the BPL signal transmission across the transmission BPL topologies is
concerned, the following five indicative OV HV BPL topologies of the main subclasses
of the respective transmission BPL topology classes are examined, namely [4], [9], [45]:
(i) A typical OV HV BPL urban topology (simply denoted as urban case A);
(i1) An aggravated OV HV BPL urban topology (simply denoted as urban case B);
(ii1)) A typical suburban OV HV BPL topology (simply denoted as suburban case);
(iv) A typical OV HV BPL rural topology (simply denoted as rural case); and
(v) The “LOS” transmission along the same end-to-end distance L=Li+...+Lg+1=25km.
This topology corresponds to Line of Sight transmission of wireless channels (simply
denoted as “LOS” case). The topological characteristics of the aforementioned
five indicative OV HV BPL topologies of the main subclasses are reported in Table 1.

Table 1. Indicative OV HV BPL Topologies of the Main Subclasses and Respective BPL Topology Classes

OV HV BPL BPL BPL Topology Number Length of Distribution | Length of Branching Lines
Topology Class Topology Name of Lines
Number (and BPL Branches
(and BPL Topology Subclass
Topology Name)
Subclass
Number)
(U]
Typical OV HV OV HV1 Urban case A 3 L;=1,150m, Ly1=27,600m, Ly,=17,200m,
BPL urban (main subclass) L,=12,125m, Ly3=33,100m
topology class L3=8,425m, L4=3,300m
Aggravated OV OV HV 2 Urban case B 4 Li=125m, L,=3,950m, Ly,1=19,000m, Ly;=22,700m,
HV BPL urban (main subclass) L3=3,275m, Ly3=17,100m, Lp4=18,000m
topology class Ls=13,875m, Ls=3,775m
OV HV BPL OV HV 3 Suburban case 2 L:=9,025m, Lp1=46,800m, Ly=13,400m
suburban topology (main subclass) L>=12,750m, L3=3,225m
class
OV HV BPL rural OV HV 4 Rural case 1 L1=3,750m, L,=21,250m Lyp1=21,100m
topology class (main subclass)
OV HV BPL OV HV S “LOS” case 0 L=25,000m -
“LOS” topology (main subclass)
class
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3. Numerical Results and Discussion

In this Section, numerical results concerning the statistical channel attenuation
modeling of transmission BPL networks are first presented. First, CASD parameters of
iISHM and mSHM are computed for the indicative OV HV BPL topologies of the main
subclasses of Table 1. Second, the maximum, average and minimum of OV HV BPL
topology main subclass capacities for the CASDs of iSHM and mSHM are presented
while the percentage change and the average absolute percentage change for the
indicative OV HV BPL topologies of the main subclasses of Table 1 are reported.
Third, since CASD parameters of iSHM and mSHM are well defined, the definition
procedure of iSHM and mSHM is presented by focusing on the class mapping through
two scenarios, namely: (i) iISHM definition procedure for OV HV BPL topologies; and
(i) mSHM definition procedure for OV HV BPL topologies. Fourth, observations
regarding the simulation time of the aforementioned two scenarios are given.
Note that the operation settings that are required for the fine operation of the statistical
modeling in OV HV BPL networks are the same with the ones of OV MV BPL
topologies that are reported in Secs.2.1-2.4 of [2] for the deterministic hybrid model,
iSHM, mSHM and definition procedure, respectively.

3.1 CASD MLEs of iSHM and mSHM of OV HV BPL Classes for the
Default Operation Settings

The Business Process Modeling Notation (BPMN) diagrams of iSHM and
mSHM, that describe the operation flowcharts of iSHM and mSHM, are given in
Figs. 1(a) and 1(b) of [30], respectively. By comparing these flowcharts,
the main difference between iSHM and mSHM is concentrated on the definition of the
respective CASD parameters. As already been presented, the CASD parameters of iSHM
are the CASD MLEs of Table 2 while the CASD parameter of mSHM is the Empirical
CDF for given indicative BPL topology.

As the default operation settings are assumed, in Table 2, MLEs of the Gaussian,
Lognormal, Wald, Weibull and Gumbel CASDs of iSHM are reported for the indicative
OV HV BPL topologies of main subclasses of Table 1. With reference to Table 2,
in Fig. 3(a), CDFs of the five channel attenuation statistical distributions (say, Gaussian,
Lognormal, Wald, Weibull and Gumbel distributions) of the iSHM and of the Empirical
CASD of the mSHM are plotted versus the coupling scheme channel attenuation
difference for the case of the OV HV BPL urban case A. In Figs. 3(b)-(d), same plots
with Fig. 3(a) are given bur for the case of the OV HV BPL urban case B, suburban case
and rural case, respectively.
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Table 2

iSHM CASD MLEs of Indicative OV HV BPL Topologies for the Default Operation Settings

Topology
Name

BPL
Topology
Class
Description

iISHM

Gaussian MLEs

Lognormal MLEs

Wald MLEs

Weibull MLEs

Gumbel MLEs

~Gaussian|
HAMLE

~Ganszian
GMLE

- Lognormal
Huyie

~Lognormal
UMLE

~Wald
HMLE

TWald
AMTE

~Weibull
OMLE

ZWeibull
Buie

~Cumbel

GMLE

= Gumbel
EMLE

Urban case
A

Typical OV
HV BPL
urban
topology class

10.52

1.82

2.24

1.69

10.52

0

11.04

4.49

11.44

2.09

Urban case
B

Aggravated
OV HV BPL
urban
topology class

14.27

2.88

2.63

0.35

14.27

0.026x103

15.38

4.48

15.81

4.28

Suburban
case

OV HV BPL
suburban
topology class

6.96

1.68

1.91

0.24

6.96

0.11x10°

7.62

4.37

7.83

1.81

Rural case

OV HV BPL
rural topology
class

3.56

1.16

1.63

3.56

3.88

2.60

4.25

2.19

“LOS” case

OV HV BPL
4‘LO S 2
transmission
class

%1071

-25.33

2.62x10°
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Fig. 3. CDFs of the indicative OV HV BPL topologies of Table 1 versus coupling scheme channel
attenuation difference in the 3-30MHz frequency band when WtG! coupling scheme is deployed for
CASDs of iISHM and mSHM. (a) Urban case A. (b) Urban case B. (c) Suburban case. (d) Rural case.

By comparing Table 2 with Table 1 of [29] and by observing Figs. 3(a)-(d),
several comparative observations concerning CASD MLEs of iSHM and
the CDF behavior of the CASDs of iSHM and mSHM can be presented, namely:
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e Similarly to distribution BPL networks, as the complexity of the OV HV BPL

. . ~ 1 .‘\L I. T L i P
topologies increase so do Ayie", fyme s ayrald - gweibull and gGumbel
: : : . ~Gaussian ~Lognormal Sweibull
Conversely to distribution BPL topologies, dyig > Gy x , Bare - and

gSumbel of OV HV BPL topologies receive significantly lower values than the

respective ones of OV MV BPL topologies thus indicating that the variance of
coupling scheme channel attenuation differences of OV HV BPL topologies

remain lower than the respective ones of OV MV BPL topologies.

~Gaussian ~Lognormal .ywald ~Weibull ~Gumbel :
o i N (s , Bare s e and agpg - of OV HV BPL topologies

receive values that are comparable to the respective ones of OV MV BPL
topologies. This event indicates that the capacities of the main subclasses of
OV HV BPL networks are expected to have: (i) comparable values to the
capacities of the main subclasses of OV MV BPL networks; and
(1)) comparable iSHM class maps to ones of OV MV BPL networks.
Anyway, the capacities of the main subclasses determine the ones of the
respective BPL topology classes.

e In contrast with Figs. 3(a), 3(b) and 3(d), CASD CDFs of Fig. 3(b) start to
increase from a value different than zero. Actually, coupling scheme channel
attenuation differences of OV HV BPL urban case A, urban case B and rural case
present rare deep spectral notches that reach down to zero and, thus,
their CASD CDFs start from zero. Anyway, this type of spectral notches is not
present in OV HV BPL suburban case and for that reason its CASD CDFs start
from approximately 3dB coupling scheme channel attenuation difference. Note
that the coupling scheme channel attenuation differences of OV HV BPL
topologies are restricted to range above zero since OV HV “LOS” case is
characterized by the minimum coupling scheme channel attenuation due to the
lack of branches across the transmission path.

e When the CASD CDF starts to increase at zero coupling scheme channel
attenuation difference, certain CASD CDFs fail to follow the Empirical CASD
CDF. In the cases of Figs. 3(a), 3(b) and 3(d), Wald and Weibull CASD CDFs
present significant differences from the Empirical CDF since Wald CASD CDF
expects to early handle the majority of data while Weibull CASD CDF expects to
later handle the majority of data with respect to the aforementioned figures.
Due to the previous observation, Wald CASD CDF early reaches up to 1 but
Weibull CASD CDF later reaches up to 1. It is expected that these CDF
deviations will also entail capacity deviations in OV HV BPL topologies and
subclasses. In Fig. 3(c), CASD CDFs present similar behavior as the lack of zero
coupling scheme channel attenuation difference forces CASD CDFs to almost
coincide.

e By comparing Figs. 3(a)-(d) with respective Figs. 4(a)-(d) of [30],
there are no coupling scheme channel attenuation difference horizontal steps in
Empirical CDFs during the study of OV HV BPL topologies. In contrast with OV
MYV BPL topologies, there is no pattern regarding the depth, the extent and the
location of spectral notches of OV HV BPL topologies and this has as a result
a variety of values regarding the coupling scheme channel attenuation differences
that further implies smooth Empirical CDFs with no horizontal steps.
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In accordance with [2], [29], [30], it has been proven that the capacity
performance success does not solely depend on the realism of random coupling scheme
channel attenuation differences of the distribution BPL topology members, which are
produced by the random number generator module of Phase D of iSHM and mSHM
—see Figs. (2) and 2(b) of [1]-. In the following subsections, the capacity estimation
performance, which is assessed by applying the metrics of capacity, capacity percentage
change and average absolute capacity percentage change, is going to be investigated for
the different CASDs of iSHM and mSHM.

3.2 CASD Capacities and Capacity Estimation Performance Metrics of
OV HV BPL Main Subclasses for the Default Operation Settings

As the default operation settings are assumed, CASD parameters of iSHM and
mSHM are reported in Table 2 and in Figs. 3(a)-(d), respectively. With respect to Table 1
and 2, each OV HV BPL topology main subclass is enriched with 100 topology members
per each CASD through the random number generator of Phase D as described in [28].
Similarly to [29], [30], each OV HV BPL topology subclass can be described by the
maximum, average and minimum capacity of its topology members while the
corresponding capacity estimation performance metrics, say, capacity percentage change
and average absolute capacity percentage change, can be computed. In accordance with
[2], [29], although the graphical analysis can be very descriptive regarding the capacity
estimation performance of CASDs of iSHM and mSHM, the capacity estimation
performance of CASDs can also be examined by simply applying capacity estimation
performance metrics of percentage change and average absolute percentage change.
Therefore, the percentage change and the average absolute percentage change of each
CASD of iSHM and mSHM are given in Table 3 per each indicative OV HV BPL
topology main subclasses. Also, the capacity of the indicative OV HV BPL topologies of
main subclasses of Table 1 is also reported in the first column of the Table.

Table 3
Percentage Change between the Average Capacity of the OV HV BPL Topology Class and the Capacity of
the Indicative Topology of the Respective Class for the Five Examined CASDs of iSHM and the Empirical
CASD of mSHM when the Default Operation Settings are assumed (say, WtG!/StP! coupling scheme and
FCC Part 15)
(grey background: best results, black background: unsuccessful capacity estimation)

Indicative BPL Percentage Change
OV HV BPL Topology (%)
Topology Class iSHM
Name Description
(OV HV Gaussian Lognormal Wald Weibull Gumbel Empirical
Capacity in
Mbps)
Urban case A Typical BPL -0.0088
(187) urban class
Urban case B Aggravated 0.0031
(153) BPL urban
Suburban case | BPL suburban 0.0025
(218) class
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Rural case BPL rural -0.0045 0.42 0.98 0.078
(249) class
Average Absolute Percentage
Change
o,
(%) 0.012 1.02 2.00 0.17

By comparing Table 3 with Table 3 of [29] and Table 3 of [30],

significant similarities and differences that can be also explained by the study of
Figs. 1(a)-(d) of [29] and Figs. 6(a)-(d) of [30] can be pointed out for the behavior of
CASD capacity performance in OV HV BPL networks, namely:

CASD capacity estimation performance for OV HV BPL subclasses presents
significant similarities with the one of OV MV BPL topologies but also several
differences. Although the typical transmission path of OV HV BPL topologies is
typically equal to 25km and is significantly greater than the lkm typical
transmission path of OV MV BPL topologies, the capacities of the indicative
OV HV BPL topologies are slightly smaller than the respective capacities of the
indicative OV MV BPL topologies. Actually, OV HV BPL topologies are
characterized by a stronger “LOS” attenuation mechanism than the one of
OV MV BPL topologies while the multipath aggravation in OV HV BPL
topologies remains approximately the same with the one of OV MV BPL
topologies [10].

As already been mentioned in [29] for the distribution BPL subclasses,
from the graphical perspective, a successful CASD capacity estimation
performance should satisfy the following criteria: (i) capacity range of each
transmission BPL topology subclass comprises the capacity of its respective
indicative transmission BPL topology; and (ii) the average capacity value of the
examined transmission BPL topology subclass remains very close to the
respective one of the indicative transmission BPL topology. Without significant
differences, the average capacity of each OV HV BPL topology subclass can be
assumed to be equal to the capacity of its representative OV HV BPL topology.
From the capacity estimation metric perspective, the lower the percentage change
and average absolute percentage change in absolute values remain the better the
capacity estimation performance is.

Similarly to OV MV BPL topology subclasses, Weibull and Empirical CASDs
succeed in satisfying either the aforementioned criteria for a successful capacity
graphical estimation or the 3% threshold of percentage change and average
absolute percentage change in all the OV HV BPL topology subclasses examined.
But, apart from Weibull and Empirical CASDs, Gaussian CASD also succeeds in
successfully estimating capacity of OV HV BPL subclasses with excellent
performance. As the other CASDs are concerned, Lognormal, Wald and Gumbel
fail in two, three and one OV HV BPL topology subclasses, respectively.
More analytically, Lognormal CASD presents a mixed capacity estimation
behavior since it successfully estimates the capacity of OV HV BPL urban case B
and suburban case subclasses. In accordance with [29], [30], Wald CASD is more
suitable for estimating capacities of BPL subclasses that are characterized by
intense “LOS” attenuation and, for that reason, Wald CASD presents the best
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results when UN MV BPL topology subclasses are examined.
In OV HV BPL subclasses, Wald CASD only succeeds in estimating the capacity
of OV HV BPL suburban case subclass. Conversely, Gumbel CASD can be
considered as a general purpose CASD which prefers OV HV BPL subclasses of
low multipath aggravation.

e By recognizing the similarities and the differences of CASD performance,
it is evident that OV HV BPL topologies can be treated as a middle condition
between OV MV and UN MV BPL topologies. More specifically,
since OV HV BPL topologies suffer from both high “LOS” attenuation due to the
high 25km “LOS” transmission path and intense multipath aggravation,
Gaussian CASD behaves as the suitable CASD for these complicated
communications environments. In fact, Gaussian CASD is the middle solution
between the Weibull and Wald CASDs of OV MV and UN MV BPL topologies,
respectively. With reference to Table 3, the average absolute percentage change
of Gaussian, Weibull and Wald CASD is equal to 0.012% (best),
1.02% (successful capacity estimation) and 17.24% (unsuccessful capacity
estimation), respectively. Here, it should be noted that Empirical CASD of
mSHM

3.3 iISHM and mSHM Class Mapping for OV HV BPL Classes for the
Default Operation Settings

The definition procedures of iSHM and mSHM have been presented in [1] for the
distribution BPL classes. For the case of OV HV BPL classes, two scenarios regarding
the class mapping are here presented, namely: (i) iSHM definition procedure for OV HV
BPL topologies; and (i) mSHM definition procedure for OV HV BPL topologies.

As already been mentioned in Sec.3.2, Gaussian and Empirical CASDs are
considered to execute successful capacity estimations because the average capacity
values of the examined transmission BPL topology subclasses remain very close to the
capacities of the respective indicative transmission BPL topologies. Apart from the
average capacity value of the examined transmission BPL topology subclass,
the minimum and maximum capacities of each transmission BPL topology subclass
surround the capacity of its respective indicative transmission BPL topology while all
three capacity values lie very close among them for the CASDs that execute successful
capacity estimations in accordance with Figs. 1(a)-(d) of [29] and Figs. 6(a)-(d) of [30].
In this paper, the shift impact on the OV HV BPL topology class borderlines of iSHM
and mSHM class maps is going to be examined when the minimum and the maximum
capacities of each transmission BPL topology subclass are assumed to be applied instead
of the average capacity of each subclass. The latter argument implies that
the steps FL1.08 and FL2.08 of Figs. 3(a) and 3(b) of [1] that deal with the definition
procedure of iISHM and mSHM, respectively, are going to be modified; instead of the
computation of the average capacity of each virtual transmission BPL topology subclass,
the minimum and maximum capacities are going to be considered.

As the iSHM class map scenario is concerned, with reference to Table 3,
Gaussian CASD presents the best capacity estimation metric results among the other
CASDs in OV HV BPL topologies. For the five indicative OV HV BPL topologies of the

Tr Ren Energy, 2019, Vol.5, No.3, 282-306. doi: 10.17737/tre.2019.5.3.00101 293



Peer-Reviewed Article Trends in Renewable Energy, 5

~Gauszian ~Gaussian

main subclasses of Table 1, the respective fiyig and 5yl s , which are the
Gaussian CASD MLEgs, are reported in Table 2 while the respective capacities are given
in the first column of Table 3. Based on the Gaussian CASD MLEs and capacities of the
five indicative OV HV BPL topologies of the main subclasses, the spacings for the
ST — = 1427 and == = 0.288,
respectively, while the capacity borders between the adjacent distribution BPL topology
classes CBG:G’C,I =1,2,3,4 are equal to 169Mbps, 202Mbps, 233Mbps and 281 Mbps,
respectively.

The iSHM class map of OV HV BPL topologies is plotted in Fig. 4(a) with
respect to fisae=em and Gpo2=2" for the default operation settings when the minimum
capacity of each OV HV BPL topology subclass of step FL1.08 of Fig.3(a) of [1] is
considered instead of the average capacity. In the same class map, the Gaussian CASD
MLE:s of the five indicative OV HV BPL topologies of the main subclasses of Table 1
with the corresponding capacities are also shown. In Figs. 4(b) and 4(c), same plots with
Fig. 4(a) are demonstrated but for the case of average and maximum capacities,
respectively.

horizontal and vertical axis are equal to
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Fig. 4. iSHM class map of the OV HV BPL topologies in the 3-30MHz frequency band when
WtG! coupling scheme is deployed and FCC Part 15 is applied. (a) Minimum capacities of OV HV BPL

topology  subclasses. (b) Average capacitiecs of OV HV BPL topology subclasses.
(¢) Maximum capacities of OV HV BPL topology subclasses.

260

220

-
[3,]

Gaussian

TMLE

200

180

160

As the mSHM class map scenario is concerned, in accordance with [1], [2],
all the four indicative OV HV BPL topologies of the main subclasses of Table 1,
except for the OV HV “LOS” case, are examined separately during the preparation of
mSHM class maps. Since the behavior of different indicative OV HV BPL topologies of
the main subclasses has been examined in [2], only one of the indicative OV HV BPL
topologies of the main subclasses is going to be examined in this paper, say, the OV HV
BPL urban case A. As the horizontal shifts, vertical shifts, horizontal shift spacings and
vertical shift spacings of the mSHM class maps of OV HV BPL topologies are
considered, these are assumed to receive the same values with the respective ones of the
mSHM class maps of OV MV and UN MV BPL topologies, which are reported in [2];
say, the maximum and minimum horizontal shift is assumed to be equal to 30dB and
-30dB, respectively, while the maximum and minimum vertical shift is assumed to be
equal to 1 and 0, respectively. The capacity borders between the adjacent OV HV BPL
topology classes CBGEG €1=1,2,3,4are equal to the respective capacity borders during
the preparation of the iISHM class maps.

The mSHM class map of OV HV BPL topologies is plotted in Fig. 5(a) with
respect to the horizontal shift h_shift and vertical shift v_shift for the default operation
settings when the minimum capacity of each OV HV BPL topology subclass of
step FL2.08 of Fig.3(b) of [1] is assumed. In the same 2D contour plot, the capacity
borders between the adjacent transmission BPL topology classes and the capacity of the
reference indicative OV HV BPL urban case A of Table 1 are also shown. In Figs. 5(b)
and 5(c), same plots with Fig. 5(a) are demonstrated but for the case of average and
maximum capacities, respectively.
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Fig. 5. mSHM class map of the OV HV BPL topologies in the 3-30MHz frequency band when

StP! coupling scheme is deployed and FCC Part 15 is applied for reference indicative OV HV BPL urban
case A. (a) Minimum capacities of OV HV BPL topology subclasses. (b) Average capacities of OV HV
BPL topology subclasses. (¢) Maximum capacities of OV HV BPL topology subclasses.

By observing Figs. 4(a)-(c) and Figs. 5(a)-(c), several interesting conclusions can

be reported concerning the iISHM and mSHM class maps, namely:

By comparing iISHM class maps of OV HV BPL topologies against iSHM class
maps of OV MV and UN MV BPL topologies, which are presented in [2],
iSHM class maps of OV HV BPL topologies present more similarities to the
1ISHM class maps of UN MV BPL topologies due to the existence of five almost
rectangle capacity areas between the computed borders; say, the slope of the
capacity area borderlines relative to the horizontal axis is almost equal to
90 degrees. As the mSHM class maps of OV HV BPL topologies are concerned,
these are similar in format to the mSHM class maps of OV MV and UN MV BPL
topologies, which are presented in [2]. Anyway, the mSHM class maps are
characterized by a large left capacity area of respective “LOS” case capacity value
while a large capacity degrading area at the bottom right side of the class maps
occurs.

Similarly to &yl and gWald of OV MV and UN MV BPL topology
subclasses, respectively, in iISHM class maps of [2], as the multipath environment
of the examined OV HV BPL topologies becomes more intense with frequent and
deep spectral notches, this has as a result the value increase of afiF==" and
gizus=ian - Hence, OV HV BPL urban topologies tend to be located at the right
areas of the class map while the OV HV BPL rural topologies tend to be located
at the left areas.
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e By comparing Figs. 4(a)-(c) of iSHM class maps, there are differences concerning
the slope of the capacity area borderlines when the minimum, the average and
the maximum capacity of each transmission BPL topology subclass are
considered, respectively. Actually, when the minimum capacity of the OV HV
BPL topology subclasses is assumed, the slope of the capacity area borderlines
relative to the horizontal axis becomes more than 90 degrees whereas the slope of
the capacity area borderlines relative to the horizontal axis becomes less than
90 degrees when the maximum capacity of the OV HV BPL topology subclasses
is considered. This is due to the fact that #5822 of eq. (A3) of [28] can be treated
as the variance of the normal distribution that describes the deviation of a random
coupling scheme channel attenuation difference from its mean while jfgE==" of
eq.(A2) of [28] describes the mean. Hence, as #5**" increases for given
gfgussian - g0 decreases the minimum capacity of the OV HV BPL topology
subclasses that anyway depends on the coupling scheme channel attenuation thus
having as effect the shift of the capacity areas to the left. The opposite effect holds
for the study of the maximum capacity of the OV HV BPL topology subclass,
where the increase of #5828 triggers the increase of the maximum capacity of
the OV HV BPL topology subclasses.

e Similarly to the iSHM class map of Fig. 4(b), mSHM class maps of Fig. 5(b)
can support a plethora of virtual OV HV BPL topology subclasses by simply
identifying the five capacity areas and by setting the corresponding pair of
horizontal and vertical shifts of the coupling scheme channel attenuation of the
reference OV HV BPL topology; say OV HV BPL urban case A.

e By comparing Figs. 5(a)-(c), it is obvious that the selection among the minimum,
average and maximum capacity of each OV HV BPL topology subclass has very
small impact on the location of capacity area borderlines of mSHM class maps
(i.e., the shift of the capacity area borderlines is almost zero) and this is due to the
definition procedure of mSHM, which has been presented in [1]. By comparing
steps FL1.06 of iSHM of Fig.3(a) of [1] and FL2.06 of mSHM of Fig.3(b) of [1],
the modification of CASD MLEs of iSHM and the creation of CASD MLE pairs
have as a result the definition of new virtual CDFs that are characterized by
different =~ CDF  characteristics than the indicative @ CDF  ones.
Conversely, the definition of horizontal and vertical shifts of mSHM and
the creation of Empirical CDF shift pair have as a result the definition of new
virtual CDFs that are related in format to the representative Empirical CDF.
Note that the successful capacity estimation performance of Empirical CASD
implies that the average capacity value of all the examined OV HV BPL topology
subclasses remain close to the respective minimum and maximum capacity
values, as already been mentioned in Sec.3.2, and the latter observation combined
with the simple linear modifications of the representative Empirical CDF through
the horizontal and vertical shifts is reflected on the capacity range of all the
examined OV HV BPL topology subclasses and, thus, on the small impact on the
location of capacity area borderlines of mSHM class maps.

With reference to Table 3, although the capacity performance metrics of Gaussian
CASD of iSHM and Empirical CASD of mSHM reveal the capacity estimation success
of the aforementioned CASDs, the metrics of Gaussian CASD are better than the ones of
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Empirical CASD. However, a possible trade-off between the capacity estimation
performance and the simulation time, which has been proposed in [2], should be
examined in this paper for the OV HV BPL topologies; say, the simulation time of
Gaussian CASD capacity estimation performance is examined against the respective one
of Empirical CASD in Sec.3.4.

3.4 iISHM and mSHM Class Map Simulation Times for OV HV BPL Classes for
the Default Operation Settings

The trade-off between the capacity performance metrics and the simulation time
of class mapping, which has been proposed in [2], for given CASD is investigated for OV
HV BPL classes in this Section. Already been identified in Table 3,
different CASDs achieve various capacity estimation performances with respect to the
percentage change and the average absolute percentage change. Despite the capacity
estimation performance, a reliable CASD should, at the same time, be a successful one
and also be characterized by short simulation times of class mapping so that it can
provide fast and reliable results thus having practical interest. In [30], it has been shown
that Wald CASD of iSHM performs the best capacity estimation performance among all
CASDs of iSHM and mSHM but Empirical CASD of mSHM that also performs an
excellent capacity estimation performance has almost 30 times shorter simulation time
than the Wald CASD. As the OV HV BPL topologies are concerned, in Fig. 6,
the simulation time of class mapping is plotted against the number of spacings for the
Gaussian CASD of iSHM and Empirical CASD of mSHM when OV HV BPL urban case
A is assumed.

3500 T T T T T T

' Gaussian CASD (iSHM)
| ~[5)- Empirical CASD (msHM)|

3000 -

2500 -

2000 [~

1500 -

Simulation time (s)

1000 -

500 -

-0O-
o-5-8-805
2 4 6 8 10 12 14 16 18 20
Number of spacings (no_1=no_2=no_3=no_4)
Fig. 6. Class map simulation time of the OV HV BPL urban case A in the 3-30MHz frequency band for
WtG' coupling scheme and FCC Part 15 when different CASDs are applied and different number of
spacings is used.
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Note that the number of spacings (i.e., no_1, no 2, no 3 and no_4) of the default
operation settings is assumed to be equal to 10 either for the iSHM class maps or the
mSHM class maps. From Fig. 6, the simulation time of the Gaussian CASD and
Empirical CASD is equal to 164.9s and 756.3s, respectively, when the default operation
settings are assumed. If the aforementioned simulation times are compared against the
ones of Table 1 of [2] where the default operation settings have also been adopted,
it is clear that the Empirical CASD simulation time of OV HV BPL class mapping is
almost equal to the simulation time of the Empirical CASD OV MV and UN MV BPL
class mapping since the larger part of the simulation time is consumed during the SHM
phases and steps of the definition procedure rather than the deterministic hybrid model.
As the Gaussian CASD is examined, its simulation time of OV HV BPL class mapping is
significantly low and remains the lowest among the simulation times of Table 1 of [2]
when the default operation settings are assumed. This indicates that the Gaussian CASD
remains a reliable CASD for the preparation of the OV HV BPL class maps since it
succeeds in providing the best capacity estimation results at the best simulation time.

But the main concern of the preparation of Fig. 6 is to explain the impact of the
number of spacings on the simulation time of class mapping. Briefly presented in [2],
the class mapping complexity is quadratic and this fact is verified in Fig. 6 either for
Empirical CASD or the Gaussian CASD; e.g., the expected simulation time for
20 segments is almost four times greater than the expected simulation time for
10 segments. Small differences are due to the simulation time required for the operation
of the other SHM phases, steps of the definition procedure rather and the deterministic
hybrid model. Regardless of the number of spacings, Gaussian CASD presents
significantly lower simulation times in comparison with the one of the Empirical CASD.
Hence, there is no trade-off relation between the simulation time and the capacity
estimation performance in OV HV BPL topologies hence Gaussian CASD can be treated
as the most reliable CASD among the examined CASDs in iSHM and mSHM for the
OV HV BPL networks.

4. Conclusions

In this paper, the numerical results concerning the application of SHM
(i.e, both iISHM and mSHM) to OV HV BPL topologies have first been presented.
Initially, the CASD parameters of iSHM and mSHM have been computed for the
indicative OV HV BPL topologies of the main subclasses. Then, with respect to the
percentage change and the average absolute percentage change, Gaussian CASD of
iSHM and Empirical CASD of mSHM have been reported. Gaussian CASD can be
considered as the middle solution between the Weibull CASD and Wald CASD that are
anyway considered as the most successful iSHM CASD for the OV MV and UN MV
BPL topologies, respectively, and this is due to the fact that the transmission
characteristics of OV HV BPL topologies can be treated as the mix of transmission
characteristics of OV MV and UN MV BPL topologies. Moreover, on the basis of the
Gaussian CASD and the Empirical CASD, the definition procedure, which has already
been reported for distribution BPL topologies, has first applied to transmission BPL
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topologies. The iISHM and mSHM class maps of OV HV BPL topologies have first been
presented while the differences between distribution and transmission BPL topologies
have been highlighted. In this paper, the impact of considering the maximum, the
average and the minimum values of BPL topology subclasses instead of only the average
value has been highlighted and explained. Furthermore, the trade-off between the
simulation time and the capacity estimation performance has been checked if it is valid
in OV HV BPL topologies. Already been identified in UN MV BPL topologies,
the aforementioned trade-off is not valid in OV HV BPL topologies where Gaussian
CASD can be considered the most reliable CASD; say, Gaussian CASD achieves better
capacity performance metrics and simulation time than the respective ones of Empirical
CASD. Finally, the impact of the number of spacings on the simulation time has been
demonstrated validating the quadratic time complexity, which has theoretically explained
in [2]. After the application of SHM to transmission BPL networks,
new virtual transmission BPL topologies and topology subclasses can be defined that can
help towards various smart grid simulation scenarios that involve power line
communications technology.
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