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Due to the significant volatility of Broadband over Power Lines (BPL) 
networks regarding their circuital and topological characteristics,  
channel statistical modeling recently gains special attention from the BPL 
communications engineers. Among the recently presented channel 
attenuation statistical models, initial statistical hybrid model (iSHM) and 
modified statistical hybrid model (mSHM) have been theoretically defined 
and applied to overhead medium voltage (OV MV), underground medium 
voltage (UN MV) and overhead high voltage (OV HV) BPL networks so 
far. Apart from the iSHM and mSHM definition and application, the theory 
of the definition procedure of new virtual distribution and transmission 
BPL topologies, which describes the phases towards defining statistically 
equivalent BPL topologies and topology subclasses to the real indicative 
ones, has been demonstrated as well as the class maps,  
which are 2D capacity contour plots with respect to the channel 
attenuation statistical distributions (CASDs) parameters of iSHM and 
mSHM. 
In this pair of papers, iSHM, mSHM, the definition procedure of  
new virtual BPL topologies and the class mapping are first applied to 
overhead low voltage (OV LV) BPL networks. Based on the class maps 
and the BPL topology database of Topology Identification Methodology 
(TIM), the required theory for illustrating the footprint of the real OV LV 
BPL topologies is first presented on class maps in this paper. On the 
basis of the class maps and the BPL topology database of Fault and 
Instability Identification Methodology (FIIM), the required theory for 
illustrating the footprint of the OV LV BPL topologies with branch line 
faults is first identified on class maps in this paper. On the basis of the 
class maps and the BPL topology database of hook style energy theft 
detection method (HS-DET method), the required theory for illustrating 
the footprint of the OV LV BPL topologies with a hook style energy theft 
is first demonstrated on class maps in this paper. 
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Nomenclature 
 

AAAC All Aluminum Alloy Conductor 

AWGN Additive White Gaussian Noise 

BPL Broadband over Power Lines 

BPMN Business Process Model and Notation 

CASD Channel Attenuation Statistical 

Distribution 

CDF cumulative density function  

CS2 module Coupling Scheme version 2 module 

DHM deterministic hybrid model 

EMI ElectroMagnetic Interference 

FIIM  Fault and Instability Identification 

Methodology 

FL noise model Flat noise model 

HS-DET method hook style energy theft detection method 

HV High Voltage 

ICT Information and Communication 

Technology 

IPSD limits injected power spectral density limits 

IP  Internet Protocol 

iSHM initial Statistical Hybrid Model 

LOS Line-of-Sight 

LV Low Voltage 

L1PMA L1 Piecewise Monotonic Approximation 

MLE Maximum Likelihood Estimator 

mSHM modified Statistical Hybrid Model 

MTL multiconductor transmission line  

MtM MultiWire-to-MultiWire 

MV Medium Voltage 

OV Overhead 

PES Percent Error Sum  

PSD Power spectral density 

SG Smart Grid 

SHM Statistical Hybrid Model 

TIM  Topology Identification Methodology 

TL Transmission Line 

TM2 method Transmission Matrix version 2 method 

UN Underground 

WtG Wire-to-Ground 

WtW Wire-to-Wire 

 

 

 



 

Peer-Reviewed Article   Trends in Renewable Energy, 6 

 

 

 

Tr Ren Energy, 2020, Vol.6, No.1, 61-87. doi: 10.17737/tre.2020.6.1.00112 63 

 

 

1. Introduction 
 

During the recent years, the traditional power grid, which represents an 

omnipresent widely branched hierarchical network structure and has been designed to 

facilitate the one-way power delivery from producers to consumers with relatively few 

one-way communications modalities is transformed into the smart grid, which is based on 

the traditional power grid infrastructure and may support two types of flows;  

say, a two-way power and a two-way information flow [1]-[3]. As the two-way 

information flow is concerned in this paper, the smart grid can be treated as an advanced 

IP-based communications network where a plethora of broadband applications can be 

supported that can facilitate either power utilities (e.g., real-time monitor, meter and 

control of the power grid equipment and wired infrastructure) or customers  

(e.g., real-time monitor and control of their power flows). To implement the two-way 

information flow across the smart grid, BPL technology attracts great attention from the 

stakeholders among the available communications technology proposals since it exploits 

the already installed wired power grid infrastructure [4]-[6]. However, transmission and 

distribution power grids have intentionally been designed to deliver power and for that 

reason power grids are a hostile medium for communications signals, such as BPL ones, 

through their infrastructure and equipment [7]-[11].  

 High and frequency-selective channel attenuation is considered as one of the 

critical inherent deficiencies of the BPL signal propagation and transmission across the 

power grid, thus requiring an accurate BPL channel model to be developed.  

So far, two main categories of BPL channel models are available: the deterministic and 

statistical BPL channel models. Here, it should be noted that statistical BPL channel 

models are based on the deterministic BPL channel models to a large degree.  

Hence, as the deterministic BPL channel attenuation modeling is first concerned, the 

relevant deterministic BPL channel models typically follow either a bottom-up approach 

or a top-down approach or hybrid approaches that synthesize the aforementioned  

bottom-up and top-down ones [7], [8], [12]-[23]. Among the available deterministic BPL 

channel models of the literature, DHM is selected for the analysis of this paper due to its 

exhaustive validation in various MTL configurations of transmission and distribution 

BPL networks [7], [8], [12], [24]-[30]. DHM consists of two interconnected modules, 

say: (i) the bottom-up approach module that is based on the formality of the MTL theory 

and its interaction with various similarity transformations; and (ii) the top-down approach 

module (TM2 method) that is based on the handling of the multidimensional transmission 

matrices of the cascaded BPL topologies of the examined BPL networks and topologies, 

the coupling scheme module, which determines the way that the BPL signal is 

injected/extracted onto/from power lines, and the capacity module that computes the 

highest information rate without errors that can be achieved in the examined BPL 

networks. Among the broadband performance metrics that are available as output from 

the DHM, channel attenuation and capacity are of interest during the application of the 

statistical BPL channel model of this pair of papers. Apart from the aforementioned 

deterministic framework, that is anyway required for the analysis of this pair of papers, 

the attention of BPL communications engineers and scientists regarding the BPL channel 

attenuation modeling has also been focused on statistical BPL channel models.  

So far, a great number of statistical BPL channel models, which are based on the results 
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of deterministic BPL channel models, has been proposed in a variety of BPL technology 

application fields [31]-[42]. SHM, which has been proposed in [35]-[37], is based on 

DHM and is hereafter applied. In fact, iSHM and mSHM, which are the two versions of 

the SHM, are both based on DHM while their simulation results may be considered as the 

statistically processed DHM numerical results through a set of appropriate CASDs; say, 

iSHM applies Gaussian, Lognormal, Wald, Weibull and Gumbel CASDs while mSHM 

applies Empirical CASD. By combining the channel attenuation results of DHM and 

CASDs through a six-phase flowchart procedure, iSHM and mSHM may give as output 

capacity ranges for given MTL configuration, IPSD limit, noise PSD level, coupling 

scheme and BPL topology subclass where a BPL topology subclass is uniquely 

characterized by its respective real indicative BPL topology and consists of statistically 

equivalent BPL topologies to the indicative one in terms of the MLE parameters of the 

applied CASDs (CASD MLEs). The capacity simulation results of iSHM and mSHM are 

based on real indicative BPL topologies whose topological results are well defined in 

terms of the topology length, the interconnections between branches / main lines, branch 

lengths, branch distances and branch terminations. Depending on the average value of 

their capacity range, BPL topology subclasses can be further classified into five BPL 

topology classes; say, LOS, rural, suburban, urban A and urban B BPL topology classes 

regardless of the type of power grid. In accordance with [36], [37], [45], it should be here 

noted that the capacity estimation success and the total simulation time of CASDs for 

given SHM version have been benchmarked for different transmission and distribution 

BPL networks revealing the strong dependence of the capacity estimation success on the 

applied CASD and SHM version. In fact, the definition procedure of virtual indicative 

BPL topologies, which has been analyzed in [43]-[45] and is hereafter simply denoted as 

definition procedure, enriches BPL topology classes with BPL topology subclasses 

whose respective virtual indicative BPL topologies are not defined in terms of the 

topology length, the interconnections between branches and main lines, branch lengths, 

branch distances and branch terminations but are only statistically defined in terms of the 

applied SHM version and its corresponding successful CASD MLEs.  

The definition procedure is a three-group eleven-step flowchart procedure that defines the 

MLE parameter ranges for given CASD and SHM version while its output is the class 

map, which is a 2D contour plot, that illustrates the borders between the BPL topology 

classes and corresponds each CASD MLE parameter pair to its BPL topology subclass 

average capacity for given power grid type, SHM version, CASD, coupling scheme, 

IPSD limits and noise levels. The simulation results of the definition procedure are 

presented for distribution and transmission BPL networks in [44] and [45], respectively, 

when the most successful CASDs for given SHM version are adopted. 

 In this set of papers, iSHM, mSHM, the definition procedure and the class maps 

are first applied to OV LV BPL networks. By exploiting the already acquired application 

experience of SHM to OV MV, UN MV and OV HV BPL networks [36], [37], [45],  

new results are provided for OV LV BPL topologies thus: (i) revealing the most 

successful CASD among the aforementioned ones for iSHM and mSHM; and  

(ii) benchmarking the performance of iSHM and mSHM. 

 But the main contribution of this set of papers is the proposal of the footprint 

areas on the class maps, hereafter simply denoted as footprints, that allows the impact 

investigation of critical events that may occur during the operation of OV LV power 
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grids. To determine a footprint in the class maps, the OV LV BPL topology databases of 

three smart grid broadband applications that are supported by the BPL technology  

(e.g., TIM [46], FIIM [46] and HS-DET method [47]) are here retrieved and applied. 

First, since the class maps are 2D contour plots that are curved with respect to CASD 

MLEs for given CASD, the average capacity results of all the possible BPL topology 

subclasses are grouped among the five BPL topology classes and are demonstrated on 

class maps into five BPL topology class areas. By exploiting the BPL topology database 

of TIM that contains all the possible real OV LV BPL topologies, respective OV LV BPL 

subclasses are defined and their average capacities are computed with respect to the most 

successful CASDs of iSHM and mSHM. Then, the footprint of the real OV LV BPL 

topologies is going to be first illustrated on the class maps thus separating the real OV LV 

BPL topology footprint from the virtual one. Second, a critical issue concerning the 

supply security and the fine operation of the OV LV power grid is the immediate 

response and repair to faults that may occur across the OV LV power grid infrastructure. 

In this paper, by exploiting the BPL topology database of FIIM, the impact of a single 

branch line fault across an OV LV BPL topology is first assessed through the footprint of 

the OV LV BPL topologies with branch line faults on class maps for given indicative OV 

LV BPL topology. Third, energy theft defines a multi-billion problem for power utility 

companies either in traditional power systems or in the emerging smart grid. In this 

paper, by exploiting the BPL topology database of HS-DET method, the impact of the 

hook style energy theft across an OV LV BPL topology is first assessed through the 

footprint of the OV LV BPL topologies with a single hook for energy theft on class maps 

for given indicative OV LV BPL topology. In this paper, the theory that is required for 

the introduction of the footprint concept for real OV LV BPL topologies, OV LV BPL 

topologies with branch line faults and OV LV BPL topologies with hook-style energy 

thefts is detailed. 

The rest of this paper is organized as follows: In Section II, the OV LV MTL 

configuration is presented as well as the real indicative OV LV BPL topologies of this 

pair of papers. Section III summarizes the basics of DHM, iSHM, mSHM, the definition 

procedure and the class maps as well as the required settings for their default operation 

during the study of OV LV BPL topologies. Section IV briefly presents TIM, FIIM and 

HS-DET method as well as the required settings for the update of the respective 

databases. Also, the theory concerning the iSHM and mSHM class maps footprints of 

real OV LV BPL topologies, of OV LV BPL topologies with branch line faults and of 

OV LV BPL topologies with hook-style energy thefts is carefully presented.  

Section V concludes this paper. 

 

 

2. OV LV MTL Configuration and Indicative OV LV BPL Topologies 
 

 Due to the physical properties of OV LV TLs and the involved power grid 

equipment, the BPL signal propagation and transmission across the OV LV power grid 

considerably differs from the one of well-known communications media such as twisted-

pair, coaxial or fiber-optic cables. This Section presents the applied OV LV MTL 

configuration and indicative OV LV BPL topologies that mainly affect the BPL signal 

propagation and transmission, respectively. 
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2.1 OV LV MTL Configuration 

 In Fig. 1(a), the typical OV LV MTL configuration that is examined in this paper 

is illustrated. The examined OV LV MTL configuration consists of four parallel non-

insulated conductors (i.e., ), which are spaced each other by a vertical distance 

ΔOVLV in the range from 0.3m to 0.5m. The upper conductor of radius rOVLV,n is the 

neutral one, while the lower three conductors of radius rOVLV,p stand for the three phases.  

 

 

 
Fig. 1.  (a) OV LV MTL configuration [12]. Typical OV LV BPL topology with N branches [35]. 

 

 

 Note that the lowest phase conductor is hung at height hOVLV in the range from 6 

m to 10 m above the ground. As the dimension, the material and the structure of 

conductors are concerned, the three-phase four-conductor OV LV MTL configuration 

consists of 3×54.6 mm2+1×34.4 mm2 AAACs [12], [48]. The ground is considered as the 

reference conductor with conductivity σg and relative permittivity εrg that are equal to 5 

mS/m and 13, respectively [7], [12], [15], [23], while the impact of imperfect lossy 

ground on BPL signal propagation over OV power lines has been analyzed in [49]-[51]. 

 

 

2.2 Real Indicative OV LV BPL Topologies 

 To study OV LV BPL networks, each network is assumed to be divided into 

cascaded OV LV BPL topologies. A typical OV LV BPL topology is illustrated in  

Fig. 1(b). Each OV LV BPL topology is bounded by the transmitting and receiving ends 
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where BPL devices, such as BPL signal injector, BPL signal extractor and BPL signal 

repeater, are installed depending on the relative location of the topology across the 

network. Across the BPL signal transmission path, N branches with their respective 

terminations may be encountered. The arbitrary k branch has length equal to Lbk, 

k=1,…,N and is located at distance  from the transmitting end. In accordance 

with TM2 method of DHM [12], [24], each OV LV BPL topology is treated as a 

concatenation of N+1 network modules; say, each of the first N network modules 

comprises the k branch and the TL of length Lk, which is the distance between the 

examined branch and its previous one, while the last network module only comprises the 

TL of length LN+1, which is the distance between the last branch and the receiving end. 

 In accordance with [12], [47], [52]-[54], five OV LV BPL topology classes (i.e., 

LOS, rural, suburban, urban A and urban B) with their respective representative BPL 

topologies can be defined so that a thorough study of all OV LV BPL topologies may be 

fulfilled during DHM application. In Table 1, the representative OV LV BPL topologies 

of the respective five OV LV BPL topology classes (real indicative OV LV BPL 

topologies) are reported in the case of DHM as well as their topological characteristics. 

Similarly, when SHM is applied the representative OV LV BPL topologies of Table 1 act 

as the representative ones for the respective main subclasses of the OV LV BPL topology 

classes. The selection of the main subclass for given OV LV BPL topology class remains 

critical during the preparation of class maps since its capacity influences the capacity 

boundaries among the topology classes. 

 

 

3. The Basics of DHM, SHM, Definition Procedure and Class Maps 
  

Class maps, which are the main graphical metric in order to access the case 

studies of this pair of papers, are the output of the definition procedures of iSHM and 

mSHM, which are anyway the two versions of SHM. Apart from the required statistical 

processing, SHM is based on DHM results that are the channel attenuation and the 

capacity. In this Section, a brief synopsis of DHM, SHM, definition procedure and class 

maps is provided as well as their interoperability. 
 

3.1 DHM 

In this paper, DHM can be treated as the module concatenation of the bottom-up, 

the top-down, the coupling scheme and the capacity computation modules.  

On the basis of its first two interconnected modules, say, the bottom-up and the 

top-down approach module, several useful intermediate metrics, among them is the line 

channel transfer function matrix, may be calculated by DHM for given OV LV MTL 

configuration and OV LV BPL topology. Since  phase conductors that are greater 

than 2 are encountered in OV LV MTL configurations, the standard TL analysis is 

extended by DHM to the MTL analysis. Extensively been analyzed in [7], [8], [12], [25], 

[26], [27], [52], [55]-[58], bottom-up module of DHM computes the  modes that are 

supported and propagate across the OV LV MTL configurations in the frequency range 

of interest. By receiving the results of the bottom-up module and applying TM2 method 

of the top-down module, the  line channel transfer function matrix  that 

relates line quantities with modal ones is given by 
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                    (1) 

where  is the  modal channel transfer function matrix that 

mainly depends on the examined OV LV MTL configuration and OV LV BPL topology 

and  is a  matrix that depends on the frequency, the physical 

properties of the TLs and the geometry of the OV LV MTL configuration. 

 As the line channel transfer function matrix is computed by the top-down module 

of DHM, the coupling scheme module can implement different coupling schemes that 

define the practical way that the signals are injected into and extracted from the TLs of 

the OV LV BPL networks. With reference to [29], [59], CS2 module, which is the most  

 
Table 1 

Representative OV LV BPL Topologies (Real indicative OV LV BPL Topologies) for DHM and SHM 

OV LV BPL 

Topology Class 

OV LV BPL 

Topology Name 

(and OV LV BPL 

Topology Subclass 

Name) 

Number 

of 

Branches 

(N) 

Length of Main Lines Length of Branches 

Typical urban 

topology class 

Urban case A 

 (main subclass) 

3 L1=500m, L2=200m, L3=100m, 

L4=200m 

Lb1=8m, Lb2=13m, Lb3=10m 

Aggravated urban 

topology class 

Urban case B 

(main subclass) 

5 L1=200m, L2=50m, L3=100m, 

L4=200m, L5=300m, L6=150m 

Lb1=12m, Lb2=5m, Lb3=28m, 

Lb4=41m, Lb5=17m 

Suburban 

topology class 

Suburban case  

(main subclass) 

2 L1=500m, L2=400m, L3=100m   Lb1=50m, Lb2=10m 

Rural topology 

class 

Rural case  

(main subclass) 

1 L1=600m, L2=400m Lb1=300m 

LOS topology 

class 

LOS case  

(main subclass) 

0 L1=1000m - 

 

 

recently upgraded coupling scheme module for BPL networks, is adopted in this paper. 

CS2 module can describe the BPL signal coupling procedure using two interfaces, 

namely: (i) BPL signal injection; and (ii) BPL signal extraction interface while it can 

support three types of coupling schemes for the OV LV BPL networks, namely:  

(1) Coupling Scheme Type 1: WtG coupling scheme; (2) Coupling Scheme Type 2:  

WtW coupling scheme; and (3) Coupling Scheme Type 3: MtM coupling scheme.  

With reference to eq. (1), CS2 module computes the coupling scheme channel transfer 

function that relates output and input BPL signal through  

                (2) 

for given coupling scheme where  C  denotes the applied coupling scheme,  is the 

input coupling  column vector that deals with the BPL signal injection interface 

and  is the ouput coupling  line vector that deals with the BPL signal 

extraction interface. Different coupling schemes involve different conductors of the 

examined OV LV MTL configuration and entail corresponding power restrictions and 

thus corresponding in
C  and out

C  as explained in [59], [29].  

As the coupling scheme channel transfer function is well defined by eq.(2) for 

given coupling scheme, the last module of DHM is the capacity one that computes the 

maximum achievable transmission rate that can be reliably transmitted for given OV LV 

BPL topology and remains the crucial measure for the class maps. Apart from the 
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coupling scheme channel transfer function of eq. (2), two other critical parameters (i.e., 

IPSD limits and noise PSD levels) should be defined so that the capacity of a given OV 

LV BPL topology can be determined, namely: 

• IPSD limits: Since BPL systems operate in a common frequency range with other 

already licensed communications services, by adopting suitable IPSD limits the 

unintentional EMI to the other already licensed communications services  

(e.g., aeronautical radionavigation, radio astronomy, mobile satellite and 

maritime mobile) can be significantly mitigated. Among the most noted 

proposals that define suitable EMI policies and thus respective IPSD limits are 

FCC Part 15, German Reg TP NB30 and the BBC / NATO Proposal.  

More analytically, the electric field strength limits proposed by the 

aforementioned proposals are presented in [10], [60], [61] while the respective 

IPSD limits are determined in [61] for OV BPL networks. 

• Noise PSD levels: OV BPL networks suffer from colored background and 

impulsive noise [7], [12], [25], [27], [52], [53], [55], [56]. However, FL noise 

model of [62] suggests that the assumption of AWGN PSD levels can remain a 

simple but accurate noise approximation during the capacity computations of OV 

LV BPL networks in the 3-30MHz frequency that is anyway the frequency range 

of interest of this paper. Hence, the AWGN PSD level of OV LV BPL networks 

that is adopted in this paper is assumed to be equal to –60 dBm/Hz. 

Since the coupling scheme channel transfer function, IPSD limits and  

noise PSD levels are well defined for given MTL configuration, OV LV BPL topology, 

applied coupling scheme, EMI policy and the noise environment, the capacity C is given 

by [52], [55], [56] 

                         (3) 

,                                            (4) 

                                          (5) 

where  is the flat-fading subchannel start frequency,  is the flat-fading subchannel 

frequency spacing,  is the number of subchannels in the examined 3-30 MHz frequency 

range,  is the 1×Q line vector that consists of the flat-fading subchannel start frequencies 

,  is the applied IPSD limits in dBm/Hz,  is the applied AWGN PSD levels in 

dBm/Hz and  is an operator that converts dBm/Hz into a linear power ratio (W/Hz).  

 

3.2 SHM 

 SHM, which consists of iSHM and mSHM that are its two versions, has been 

proposed in [35]-[37]. SHM exploits the deterministic results of DHM while SHM can be 

considered as a statistical BPL channel model with its recent application to various 

transmission and distribution BPL networks of interest [35]-[37]. The BPMN diagrams of 

iSHM and mSHM that describe their operation and the transformation of the DHM 

deterministic results to the SHM simulation results of this paper are demonstrated in  

Figs. 2(a) and 2(b), respectively. Either iSHM or mSHM consists of six Phases  

(Phase A-F) while each Phase is graphically constrained by a grey container and is 

characterized by its corresponding procedure and produced files shown in light blue 

color. The red elements of the BPMN diagrams are analyzed in Sec.3.3 since these are 

modifications required by the definition procedure. Significant similarities and 
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differences between iSHM and mSHM occur and they are analytically highlighted in this 

subsection.  

 

 

 

 
Fig. 2.  BPMN diagrams of SHM. (a) iSHM [35]. (b) mSHM [37]. 

 

 

 In accordance with [35] and with reference to Fig. 2(a), the operation of iSHM 

can be described through the concatenation of the Phases A-F. More specifically,  

Phase A of iSHM deals with the bottom-up, the top-down and the coupling scheme 

modules of DHM by taking as input the l real indicative OV LV BPL topology of  

Table 1, its corresponding OV LV MTL configuration and the applied coupling scheme 

while it gives as output the 1×Q coupling scheme channel transfer function line vector 

. As the coupling scheme channel transfer function line vector is well delivered, 

Phase B of iSHM computes the 1×Q channel attenuation difference line vector  

of the l real indicative OV LV BPL topology with respect to the LOS case for given 
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coupling scheme through its Δ module. Then, Phase C of iSHM computes the MLEs of 

the supported iSHM CASDs (i.e., Gaussian, Lognormal, Wald, Weibull and Gumbel 

CASDs) by applying MLE computation module for given channel attenuation difference 

line vector. Note that the MLE estimation method of the five supported iSHM CASDs is 

presented in Appendix A of [35] as well as the respective CDFs. By deploying the 

random number generator module, Phase D of iSHM gives as output the 1×Q random 

number line vector  for given indicative OV LV BPL topology and coupling 

scheme where  denotes the applied CASD and p, p=1,…,P+1 is the member number 

in the OV LV BPL topology main subclass. Thus, each OV LV BPL main subclass 

finally comprises its real indicative OV LV BPL topology (p=1), which is one of the first 

four OV LV BPL topologies of Table 1, and P statistically equivalent virtual OV LV 

BPL topologies in terms of the CASD MLEs of the real indicative OV LV BPL topology. 

Phase E of iSHM performs the inverse procedure of Phase B through its Δ-1 module by 

computing 1×Q coupling scheme channel transfer function line vector  of each 

of the P members of each BPL topology main subclass for the examined coupling scheme 

and CASD. Finally, Phase F of iSHM computes  

the capacity range  of 

each OV LV BPL topology main subclass for given coupling scheme and CASD by 

applying capacity module of DHM where  

, p=1,…,P+1             (6) 

is the capacity line vector of the examined OV LV BPL topology main subclass,  

is the capacity of the p member of the examined OV LV BPL topology main subclass, 

,  and  computes the minimum, the average and the maximum 

value of an array, respectively. More details concerning the operation of iSHM are given 

in [35]. 

 In accordance with [37] and with reference to Fig. 2(b), the operation of mSHM 

can be described by revealing the similarities and the differences between mSHM Phases 

and the respective ones of iSHM. Phases A and B of mSHM remain the same with the 

respective Phases of iSHM. The main differences between mSHM and iSHM are 

concentrated in Phases C and D; since mSHM adopts the Empirical CASD instead of the 

five CASDs of iSHM, the Empirical channel attenuation statistical distribution module is 

deployed in Phase C for mSHM that receives as input the coupling scheme channel 

attenuation difference and it gives as output the Empirical CDF of the coupling scheme 

channel attenuation difference  for given OV LV BPL topology and coupling 

scheme. Then, the random number generator of mSHM Phase D gives as output the 

random number 1×Q line vector  for given coupling scheme and indicative 

distribution BPL topology after the inverse interpolation to achieve the Empirical CDF 

projection of the random values taken by Phase C. Similarly to iSHM, mSHM Phase E 

computes the 1×Q coupling scheme channel transfer function line vector  of 

each of the P members of each BPL topology main subclass for the examined coupling 

scheme while mSHM Phase F computes the capacity range  of each OV LV BPL 

topology main subclass for given coupling scheme in accordance with the iSHM capacity 

range  and eq. (6) when Empirical CASD is applied. 
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3.3 The Definition Procedure and Class Maps 

 In accordance with Sec. 3.2., when the topological and circuital characteristics of 

real OV LV BPL topologies are available, iSHM and mSHM may define the respective 

BPL topology subclasses and compute the corresponding capacity ranges. As already 

been identified in [43]-[45], the underrepresentation of the BPL topology classes during 

the BPL statistical channel modelling can be mitigated through the insertion of virtual 

indicative BPL topologies and their respective subclasses through the adoption of the 

definition procedure. In [43], the theoretical framework of the definition procedure has 

been detailed while in Figs. 3(a) and 3(b) the flowcharts of the definition procedure of 

iSHM and mSHM are demonstrated, respectively. Note that the definition procedure 

imposes the operation of virtual topology module with its corresponding file output  

(i.e., red elements of BPMN diagrams) in Figs. 2(a) and 2(b) for iSHM and mSHM, 

respectively. 

 In accordance with [43] and with reference to Fig. 3(a), iSHM definition 

procedure flowchart consists of eleven steps; nine of them (i.e., FL1.02-FL1.10) are 

categorized into three groups (i.e., Group 1.A-1.C) while the first and eleventh steps (i.e., 

FL1.01 and FL1.11) deal with the definition of main subclasses and the graphical 

preparation of class maps, respectively. Since the real indicative OV LV BPL topologies 

of main subclasses of Table 1 have already been delivered by the step FL1.01,  

Group 1.A computes the capacities of these topologies  and the 

capacity borders between the adjacent OV LV BPL topology classes 

 in accordance with eq.(1) of [43]. At the same time, Group 1.B, 

which consists of five steps (i.e., FL1.04-FL1.08), first computes each MLE pair 

(  and ) of the real indicative OV LV BPL 

topologies of the main subclasses per CASD at step FL1.04. Second, the step FL1.05 of 

Group 1.B defines the presentation resolution of the upcoming class maps by computing 

the length of horizontal spacings ,  and of vertical 

spacings ,  by taking into account the number of spacings 

for the horizontal axis  and vertical axis , respectively. Third, step FL1.06 

computes all  MLE pair combinations of the virtual indicative 

OV LV BPL topologies of virtual subclasses per CASD 

 by 

taking into consideration the horizontal spacings  and vertical ones 

 –see eqs. (4) and (5) of [43]. Fourth, step FL1.07 activates the random 

number generator of Phase D of Fig.2(a) that exploits the MLE pair combinations of the 

virtual indicative OV LV BPL topologies of virtual subclasses per CASD while P 

members for each virtual OV LV BPL topology subclass are generated and added. Fifth, 

by activating the operation of Phases E and F of iSHM of Fig. 2(a), FL1.08 computes the 

average capacity value average{ }, , 

 of each virtual OV LV BPL topology subclass. By deploying 

Group 1.C, step FL1.09 receives as input all the  MLE pair 

combinations of the virtual indicative OV LV BPL topologies of virtual subclasses per 

CASD 
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from the step FL1.06 of Group 1.B and provides the minimum and maximum values of 

horizontal and vertical axes of the 2D contour plot of the class map per CASD (i.e., 

CASD parameter mapping) while the step FL1.10 receives as input the CASD parameters 

from step FL1.09 and the average capacity values average{ }, 

,  of all possible virtual OV LV BPL 

topology subclasses from step FL1.08 of Group 1.B and provides the existing CASD 

parameter map enriched with the average capacities of all possible virtual OV LV BPL 

topology subclasses. Finally, by synthesizing its inputs into a 2D contour plot, step 

FL1.11 receives the CASD parameter map from Group1.C and the capacities of  

 

 

 
Fig. 3.  Definition procedure flowcharts [43]. (a) iSHM. (b) mSHM. 
 

 

the real indicative OV LV BPL topologies of main subclasses accompanied with the 

capacity borders between the adjacent OV LV BPL topology classes from Group1.A 

while step FL1.11 gives as output the class map that is the result of the definition 

procedure of iSHM. 

 Similarly to Sec.3.2, in accordance with [43] and with reference to Fig. 3(b),  

the operation of mSHM definition procedure can be described by simply highlighting the 

similarities and the differences between mSHM steps and groups and the respective ones 

of iSHM. Since the initialization of the definition procedure deals with the insertion of 

the real indicative OV LV BPL topologies of main subclasses of Table 1, step FL2.01 of 

mSHM and step FL1.01 remain the same. Also, Group 2.B of mSHM that consists of 

steps FL2.02 and FL2.03 deals with the capacities of the real indicative OV LV BPL 

topologies and the capacity borders between the adjacent OV LV BPL topology classes 

without any differences from the operation of Group 1.A of iSHM. The main differences 

between mSHM and iSHM definition procedures are concentrated in Group 2.B of 

mSHM and Group 1.B of iSHM; since mSHM adopts the Empirical CASD instead of the 

five CASDs of iSHM, step FL2.04 first computes the Empirical CDFs 

 of the real indicative OV LV BPL topologies of main 
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subclasses. Then, step FL2.05 computes the repetition horizontal step 

 and vertical step  with 

respect to eqs. (6) and (7) of [43] by taking into account the spacing of the horizontal 

shift  and vertical shift  of the Empirical CDFs of the real 

indicative OV LV BPL topologies of main subclasses where  and  are the 

number of spacings for the horizontal and vertical axis, respectively. Afterwards, step 

FL2.06 computes all  shift pair combinations of the virtual 

indicative OV LV BPL topologies of virtual subclasses 

 

by taking into consideration the repetition horizontal step  and vertical 

one  –see eqs. (8) and (9) of [43]–. In fact, the aforementioned repetition 

steps and shifts are used so that the Empirical CDF of the virtual OV LV BPL topologies 

of subclasses can be computed with respect to the Empirical CDFs of the real indicative 

OV LV BPL topologies of main subclasses. Similarly to the steps of Group 1.B of iSHM 

definition procedure, step FL2.07 exploits the random number generator of Phase D of 

Fig. 2(b), step FL2.08 enriches each virtual OV LV BPL topology subclass with P 

members and step FL2.09 computes the average capacity values average{ }, 

,  of all possible virtual OV LV BPL 

topology subclasses of step FL2.08. As the Group 2.C and the step FL2.11 of mSHM 

definition procedure are concerned, these remain the same with the respective Group 1.C 

and step FL1.11 of iSHM definition procedure with the only difference that the axes of 

mSHM class maps that anyway the primary result of the described procedure comprise 

horizontal and vertical shifts while in the case of iSHM, the axes of iSHM class maps 

comprise CASD MLEs. 

 

 

3.4 Default Operation Settings for DHM, iSHM, mSHM, Definition Procedures 
and Class Maps 

 Since DHM, iSHM, mSHM, definition procedures and class maps support an 

interconnected system, a set of default operation settings, which have already been 

reported in [35]-[37], are simply reported in this paper. 

 As the default operation settings for DHM are assumed, these are further divided 

into two categories; say, the topological and circuital operation setting categories. In the 

case of the default topological operation setting category, the real indicative OV LV BPL 

topologies that concern average long end-to-end connections of 1000m have already been 

presented in Table 1. In the case of the default circuital operation settings, these have 

explicitly been detailed in [7], [8], [12], [15]-[17], [23], [25]-[27], [48], [52], [53], [55], 

[56], [63]-[72]. The default circuital operation settings comprise four assumptions 

regarding the interpretation of the indicative OV LV BPL topologies from DHM, namely: 

(i) the branching and distribution cables are assumed identical; (ii) the interconnections 

between the distribution and branch conductors are fully activated; (iii) the transmitting 

and the receiving ends are assumed to be matched to the characteristic impedance of the 

supported modal channels; and (iv) the branch terminations are treated as open circuit 

terminations. 
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As the default operation settings for iSHM are assumed, these operation settings 

can be further divided into seven categories as already been outlined in [36], [44], 

namely: (i) BPL operation frequency range: The BPL operation frequency range that is 

considered in this paper is equal to 3-30 MHz while 270 subchannels of 0.1MHz 

frequency spacing (i.e, 0.1 MHz) are considered so that the assumption of the flat-

fading subchannels, which is a typical scenario during the capacity computations in BPL 

channels, is valid [25]-[27], [30], [52], [56]; (ii) Default coupling scheme system:  

Already been mentioned in Sec.3.1, CS2 module, which has been detailed in [29], [59], 

can be considered as the default DHM coupling scheme module. Among the available 

coupling schemes that are supported by CS2 module, only WtG1 coupling scheme is 

assumed to be the default one so that a direct comparison between the results of this 

paper and those of [36] and [37], can be performed; (iii) Computation of the coupling 

scheme channel attenuation differences: To prevent the appearance of infinite terms 

during the application of Lognormal, Wald and Weibull CASDs in iSHM, the coupling 

scheme channel attenuation differences are assumed to be equal to an arbitrarily low 

value, say 1×10-11, when zero or negative coupling scheme channel attenuation 

differences rarely occur; (iv) Members of each BPL topology subclass: 100 member OV 

LV BPL topologies (i.e., P=100) are going to be added in each BPL topology subclass 

per CASD in iSHM Phase D of Fig. 2(a); (v) IPSD limits: In accordance with Sec.3.1, 

FCC Part 15 is assumed to be the default EMI policy in this paper. In the frequency range 

3-30MHz of interest, -60 dBm/Hz are the FCC Part 15 IPSD limits suitable for the 

operation of OV LV BPL networks [25], [26], [73]; (vi) Noise PSD levels: Already been 

mentioned in Sec.3.1, FL noise model of [62], [74] is adopted for the capacity 

computations in the 3-30MHz frequency range [25], [26], [30], [52], [75];  

say -105 dBm/Hz is assumed to be the default AWGN PSD limit level  for OV LV 

BPL networks; and (vii) Best CASD with respect to its capacity estimation: This is one of 

the main objective of the companion paper of [76] to be determined for the OV LV BPL 

networks. Anyway, in accordance with [36], [37], it has been demonstrated for the iSHM 

that Weibull and Wald CASDs perform the best capacity estimations in OV MV and UN 

MV power grid types, respectively, regardless of the examined BPL topology subclass 

when the respective default operation settings concerning IPSD limits, noise PSD levels 

and applied coupling scheme are assumed. Seventh, in accordance with [36], [37],  

the performance of iSHM and the accuracy of its capacity results significantly depend on 

the selection of the CASD. Based on the findings of [36] and [45], it has been 

demonstrated for the iSHM that Weibull and Gaussian CASDs perform the best capacity 

estimations in OV MV and OV HV BPL networks, respectively, regardless of the 

examined BPL topology subclass when the aforementioned default operation settings are 

adopted. Anyway, one of the main interest of the companion paper of [76] is the 

identification of the best CASD for the OV LV BPL networks with respect to the best 

capacity estimations when the default operation settings are applied. 

As the default operation settings for mSHM are assumed, these operation settings 

remain the same with the iSHM ones when the only difference lies in the seventh 

category (i.e., best CASD with respect to its capacity estimation). In contrast with iSHM, 

only one CASD, say, the Empirical CASD, is adopted by mSHM by default. 

Finally, as the default operation settings of the definition procedures are 

concerned, these are further divided into two groups: (i) iSHM definition procedure 
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default operation settings: With respect to FL1.05 of Fig. 3(a), the number of spacings 

for the horizontal and vertical axis (i.e.,  and , respectively) is assumed to be 

equal to 10 in both cases. Note that the most suitable CASD with respect to its capacity 

estimation is going to be determined in [76] where the spacings for the horizontal and 

vertical axis are there applied; and (ii) mSHM definition procedure default operation 

settings: Since Empirical CASD is the only examined CASD, CDFs are of interest and 

not MLEs. With respect to FL2.05 of Fig. 3(b), the number of spacings for the horizontal 

and vertical axis (i.e.,  and , respectively) is assumed to be equal to 10 in both 

cases. Since CDF shifts are applied during the mSHM definition procedure, the 

maximum and minimum horizontal shift is assumed to be equal to 30 dB and -30 dB, 

respectively, while the maximum and minimum vertical shift is assumed to be equal to 1 

and 0, respectively. Since the last step of both definition procedures (i.e., FL1.11 or 

FL2.11) deals with the class mapping, the aforementioned iSHM and mSHM definition 

procedure default operation settings have significant impact on the appearance of the 

class maps. 

 

 

4. TIM, FIIM and HS-DET method – The Basics and their Class Maps 
Footprints 
 

 Class maps define the graphical basis where the footprints of the three smart grid 

broadband applications of interest (i.e., TIM, FIIM and HS-DET method) are going to be 

projected. In this Section, the three smart grid broadband applications are briefly outlined 

as well as the default operation settings that are required to be adopted. Note that 

numerical details concerning the default operation settings are also given in [76]. 

 

4.1 TIM 

 In accordance with [46], a BPL topology can be accurately identified with respect 

to its topological characteristics (i.e., number of branches, length of branches, length of 

main distribution lines and branch terminations) when TIM is applied. In fact, TIM can 

recognize the BPL topology even if significant measurement differences may occur by 

appropriately approximating the measured coupling scheme channel transfer function 

data of the BPL topology, which are contaminated by measurement differences.  

To approximate measured coupling scheme channel transfer function data, TIM exploits 

the application of L1PMA, which is a piecewise monotonic data approximation [77], 

[78], to its TIM BPL topology database where real BPL topologies with their respective 

theoretical and measured coupling scheme channel transfer functions stand.  

Depending on the required examined scenario, corresponding TIM BPL topology 

database specifications are concerned for the database preparation; say, the maximum 

number of branches N, the length spacing Ls for both branch distance and branch length 

and the maximum branch length Lb for the OV LV BPL topologies. 

In the companion paper, to illustrate the TIM footprint on the class maps of all 

possible real OV LV BPL topologies, the OV LV BPL topology database can be 

appropriately adjusted when the measurement differences are assumed to be equal to 

zero. For each real OV LV BPL topology of the TIM BPL topology database and with 

reference to its coupling scheme channel transfer function data, the following 
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corresponding records are inserted: (i) the MLEs of the supported CASDs as described in 

iSHM; (ii) the Empirical CDF as described in mSHM; and (iii) the capacity; when the 

default operation settings of Sec.3.4 are assumed.  

With reference to Sec.3.3, each OV LV BPL topology of the TIM BPL topology 

database can be represented on the iSHM class map for given CASD by appropriately 

exploiting its respective CASD MLEs. Therefore, the TIM footprint on the iSHM class 

map consists of all TIM database OV LV BPL topology points, which are expected to 

create a subarea οn the entire class map since class maps consist of all possible OV LV 

BPL topologies (i.e., virtual OV LV BPL topologies) in terms of the corresponding 

CASD MLEs. As the capacity of each OV LV BPL topology of the TIM BPL topology 

database is concerned, its capacity remains very close to the average capacity of the OV 

LV BPL topology subclass whose virtual indicative OV LV BPL topology is 

characterized by the same CASD MLEs with the ones of real OV LV BPL topology of 

the TIM database when the examined CASD performs successful capacity estimation in 

terms of the percentage change metric [36], [37].  

With reference to Sec.3.3, each OV LV BPL topology of the TIM BPL topology 

database cannot be directly represented on the mSHM class map for given real indicative 

OV LV BPL topology of the main subclasses but a capacity correlation should be first 

computed so that the best fit between the examined OV LV BPL topology of the TIM 

BPL topology database and one horizontally and vertically shifted version of the real 

indicative OV LV BPL topology (i.e., virtual indicative OV LV BPL topologies) may 

occur. Strictly theoretically, with reference to eq. (3), the aforementioned best fit is 

achieved through the minimization of the following Frobenius distance with regards to 

the subchannel capacities, namely: 

   (7) 

where  is the q-th element of the 1×Q coupling scheme channel transfer 

function line vector  of the examined OV LV BPL topology of the TIM BPL 

topology database and  is the q-th element of the 1×Q coupling 

scheme channel transfer function line vector  of the first virtual OV LV 

BPL topology of mSHM that corresponds to the  shift pair 

combination. The minimization of the Frobenius distance of eq.(7) implies that the 

capacity of the examined OV LV BPL topology of the TIM BPL topology database 

remains almost equal to the capacity of the shifted version of the real indicative OV LV 

BPL topology with  shift pair combination (say, best shifted version of 

the real indicative OV LV BPL topology). Practically, the best shifted version of the real 

indicative OV LV BPL topology can approximately be computed by comparing the 

capacity of the examined OV LV BPL topology of the TIM BPL topology database with 

all the capacities of the virtual OV LV BPL topologies and finding the corresponding 

 shift pair combination (i.e., practical approximation of Frobenius 

distance). Thus, the examined OV LV BPL topology of the TIM BPL topology database 

can be indirectly characterized by the  shift pair combination of the 

best shifted version of the real indicative OV LV BPL topology and, hence, can be 

represented on the mSHM class map at the respective coordinates of the horizontal and 

vertical shifts. Similarly to the TIM footprint on the iSHM class map, the TIM footprint 
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on the mSHM class map consists of all TIM database OV LV BPL topology points, 

creating a subarea οn the entire class map. Similarly to iSHM class maps, the capacity of 

the OV LV BPL topologies of the TIM BPL topology database remain very close to the 

average capacity of the OV LV BPL topology subclass whose virtual indicative OV LV 

BPL topology is characterized by an Empirical CDF that almost coincide with the one of 

real OV LV BPL topology of the TIM database when the Empirical CASD performs 

successful capacity estimation in terms of the percentage change metric [36], [37]. 

 

4.2 FIIM 

 In accordance with [46], FIIM achieves to identify any faults and instabilities that 

may occur in BPL topologies. FIIM repertory of faults and instabilities can be divided into 

two categories with two subcategories each, namely [79]: (i) Faults: This category describes 

all the interruptions that may occur across the lines of the power grid and can be further 

divided into two subcategories of line interruptions, say Fault in transmission line and Fault 

in branch line; and (ii) Instabilities: This category describes all the failures that can occur in 

the equipment across the power grid and can be further divided into two subcategories, say 

Instability in branch interconnections and Instability in branch terminations.  

Similarly to TIM, FIIM applies L1PMA to the measured coupling scheme transfer 

function data while FIIM supports its own FIIM BPL topology database where real BPL 

topologies that suffer from all the aforementioned faults and instabilities with their 

respective theoretical and measured coupling scheme channel transfer functions stand. In 

this paper, only the subcategory of one sole fault in one branch line is going to be 

examined. For given indicative OV LV BPL topology of Table 1, as the FIIM OV LV 

BPL topology database specifications are concerned for the database preparation, these 

remain the same with the TIM OV LV BPL topology database as described in Sec.4.1 

while the fault location at the existing branch of the indicative OV LV BPL topology 

ranges from 0.1m to the end of the corresponding branch with a step of 0.1m. Note that 

the faulty branch termination is assumed to be open-circuit.  

 Similarly to the examined TIM iSHM and mSHM footprints of Sec.4.1, OV LV 

BPL topologies of the FIIM BPL topology database with one sole fault in one branch line 

can be represented on the iSHM class map for given CASD and indicative OV LV BPL 

topology of Table 1 by appropriately exploiting their respective CASD MLEs (FIIM 

iSHM footprint). As the FIIM mSHM footprint is concerned, by applying the practical 

approximation of Frobenius distance, virtual OV LV BPL topologies, which are 

characterized by respective  shift pair combinations, that approximate 

the behavior of the corresponding examined OV LV BPL topologies of the FIIM BPL 

topology database with one sole fault in one branch line can be identified (corresponding 

best fits). Hence, OV LV BPL topologies of the FIIM BPL topology database with one 

sole fault in one branch line can be represented on the mSHM class map at the 

coordinates of the horizontal and vertical shifts of their corresponding best fits (FIIM 

mSHM footprint).  

 

4.3 HS-DET Method 

 In accordance with [47], HS-DET method achieves to identify any hook style 

energy theft in OV LV BPL networks either in theoretical or in real operation conditions; say 

with or without measurement differences, respectively. In [80], [81], the detection efficiency 

of HS-DET method has been exhaustively verified even in special operation cases of OV LV 
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BPL networks (e.g., high measurement differences, very long hooks, “smart” hooks, feint 

“smart” hooks and hook interconnection issues). In contrast with TIM and FIIM,  

HS-DET method does not apply piecewise monotonic data approximations but adopts the 

metric of PES between the results collected by in-situ measurements and the theoretical 

results derived from DHM that occur during the normal operation of channel attenuation 

determination –see eqs.(3)-(8) of [47]–. Since the measurement differences are neglected 

during the determination of the coupling scheme channel transfer functions in this paper, PES 

is computed between the theoretical coupling scheme transfer functions of the real OV LV 

BPL topology of the TIM BPL topology database and the corresponding OV LV BPL 

topology that suffers from the hook style energy theft. Note that one sole hook is assumed 

during the energy theft from the real OV LV BPL topology but a plethora of different 

variations of the real OV LV BPL topology can be examined in terms of the hook distance 

from the transmitting end and the hook length. Hence, for given real OV LV BPL topology of 

the TIM BPL topology database, HS-DET method BPL topology database consists of all the 

possible corresponding real OV LV BPL topology with hook that can be assumed when the 

length spacing for both hook distance and hook length is assumed as well as the 

maximum hook length Lb. In accordance with [47], except for the aforementioned 

assumptions concerning the HS-DET method BPL topology database specifications, the hook 

termination is assumed to be open circuit while the hook interconnection with the distribution 

lines is assumed to be complete (i.e., hook derivation points at the same distance from the 

transmitting end on all the three phases) and horizontal. Therefore, the hook can be treated by 

DHM as a branch. As already been verified in [80], [81], the previous assumptions are made 

in order to simplify the following analysis without losing its generality. 

 Similarly to the examined FIIM iSHM and mSHM footprints of Sec.4.2, OV LV 

BPL topologies of the HS-DET method BPL topology database with one sole hook can 

be represented on the iSHM class map for given CASD and real indicative OV LV BPL 

topology of Table 1, by appropriately exploiting their respective CASD MLEs  

(HS-DET method iSHM footprint). As the HS-DET method mSHM footprint is 

concerned, by applying the practical approximation of Frobenius distance, virtual OV LV 

BPL topologies, which are characterized by respective  shift pair 

combinations, that approximate the behavior of the corresponding examined OV LV BPL 

topologies of the HS-DET method BPL topology database with one sole hook can be 

identified (corresponding best fits). Hence, OV LV BPL topologies of the HS-DET 

method BPL topology database with one sole hook can be represented on the mSHM 

class map at the coordinates of the horizontal and vertical shifts of their corresponding 

best fits (HS-DET method mSHM footprint).  
 

 

5. Conclusions 
 

 In this paper, a review concerning the interoperability of DHM, iSHM, mSHM, 

the definition procedure and the class maps has been first presented for OV LV BPL 

networks as well as the required default settings for their fine combined operation. 

However, the main interest of this paper has focused on the theory presentation of the OV 

LV BPL topology footprints of TIM, FIIM and HS-DET method on the class maps rather 

than on the numerical evaluation that is demonstrated in [76]. With respect to specific 

settings concerning the applied OV LV BPL topology databases of TIM, FIIM and HS-
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DET method, the following footprint cases have been theoretically defined, namely: (i) 

iSHM and mSHM footprints of the real OV LV BPL topologies as described in TIM 

database; (ii) iSHM and mSHM footprints of OV LV BPL topologies of the FIIM BPL 

topology database with one sole fault in one branch line for given real indicative OV LV 

BPL topology; and (iii) iSHM and mSHM footprints of OV LV BPL topologies of the 

HS-DET method BPL topology database with one sole hook for given real indicative OV 

LV BPL topology. In [76], the numerical results concerning the first application of the 

combined operation of iSHM, mSHM, the definition procedure and the class maps on OV 

LV BPL topologies are demonstrated as well as the proposal of the aforementioned 

footprint cases. 
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