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SYNOPSIS 

With the increasing complexities of power system control, protection, operation and 

SCAD A, there is a need to have a very reliable telecommunication network to provide 

data transmission in steady state and transient conditions of the system. Integrity of the 

data should be verified with the use of different back-up communication systems eg. 

microwave, power line carrier (PLC), fibre optic and private telecommunication 

networks etc. PLC is a very convenient back-up and is available at a very low cost, as 

it uses the same line for power transmission and PLC signal propagation. Due to the 

presence of ehv signal on the line, PLC equipment eg. line trap shows inefficient 

behaviour in providing appropriate attenuation to the PLC signal at busbars. As a 

result, leakage signal interferes with the PLC signal on adjacent line sections, operating 

at the same fi^equencies, which ultimately limits the utility of the available PLC 

spectrum. In this thesis, adaptive interference cancellation schemes based on adaptive 

identification, fiizzy logic and artificial neural network theories have been implemented 

on PLC systems. Studies of these cancellation schemes were also extended on a 

laboratory model of power line, which was designed based on Modal Analysis. The 

development of these techniques can help in providing extra attenuation to the PLC 

signal at the busbars and hence the power industry could use the same frequencies on 

adjacent line sections to make the maximum use of PLC for the power system utilities. 



ACKNOWLEDGMENTS 

The work presented in this thesis was carried out under the supervision of Associate 

Prof A Kalam. My sincere gratitude is extended to Dr Kalam for his constant 

encouragement, learned suggestion and invaluable support in both academic and 

personal matters. Without his support, I would not have achieved what I have achieved 

today. 

Gratefiil acknowledgments are made to the Head of the Department, my co-supervisor, 

academic and support staff and colleagues for their splendid assistance at the various 

stages of this work. 

Sincere thanks are due to Suzaime Donisthorpe fi'om ABC Radio for her time to edit 

my thesis. Finally I would like to thank my family and fiiends for their support and 

encouragement to make this work complete. 

Iqbal Gondal 



TABLE OF CONTENTS 

SYNOPSIS Page No 

ACKNOWLEDGMENTS 

LIST OF PUBLICATIONS 

LIST OF ABBREVIATIONS 

LIST OF FIGURES 

LIST OF TABLES 

CHAPTER 1: INTRODUCTION AND LITERATURE SURVEY 

1.1 Introduction 1 

1.2 Background 2 

1.3 Objective of this Research 12 

1.4 Originality of the Thesis 15 

1.5 Organisation of the Thesis 16 

CHAPTER 2: MATHEMATICAL MODEL FOR PLC SIGNAL 

PROPAGATION USING MODAL ANALYSIS 

2.1 Introduction 17 

2.2 Model of PLC Signal on Transmission Lines 19 

2.3 Model of Line Traps 20 

2.4 Model of Adaptive Interference Canceller 22 

2.5 Mathematical Model for RLS Method 23 

2.6 Mathematical Model for SA Method 26 

2.7 Fuzzy Set Theory 28 

2.8 Design Model of Artificial Neural Network Based Interference 30 

Canceller 

CHAPTER 3: CIRCUIT PARAMETERS 

3.1 Introduction 32 

3.2 Transmission Line 32 



3.2.1 Parameters of Transmission Line for Computer 

Simulation 33 

3.2.2 Transmission Line Parameters for Hardware 3 8 

3.3 Line Traps 39 

3.4 Coupling Capacitor 40 

3.5 Adaptive Interference Cancellation 43 

3.6 Low Pass and Band Pass Butterworth Filters 44 

CHAPTER 4: HARDWARE DESIGN OF PLC MODEL WTTH 

ADAPTIVE INTERFERENCE CANCELLER 

4.1 Introduction 46 

4.2 Hardware Design of Line Traps 47 

4.3 Design of Transmission Line Model 49 

4.3.1 Implementation of Laboratory Model 49 

4.4 Implementation of Different Coupling Schemes on Power Line Model 51 

4.4.1 Couplings for Interference Cancellation 51 

4.4.2 Studies of Different Coupling Schemes 52 

4.5 Data Acquisition 55 

4.5.1 Main Feature of A/D and D/A Adaptor 55 

4.5.2 The Driver Routines 56 

4.5.3 Hardware Specifications of Interface Adaptor 56 

4.6 Design of Adaptive Interference Canceller 57 

4.6.1 Interface of Hardware Data with Adaptive Canceller 5 9 

4.6.2 RLS and SA Adaptive Interference Cancellers 59 

4.6.3 Program Development 61 

4.6.4 AFLIC Interference Canceller 62 

CHAPTER 5: SIMULATION OF DIFFERENT MODES OF 

PROPAGATION FOR PLC USING MODAL ANALYSIS 

5.1 Introduction 63 

5.2 Calculation of Natural Modes of PLC 64 

5.3 Representation of Natural Modes 66 

m 



5.4 Steady State and Transient Studies of PLC Circuit 68 

5.4.1 Steady State Studies 71 

5.4.2 Transient Studies 71 

5.4.3 1-Phase-to-GroundFauh 72 

5.4.4 2-Phase-to-Ground Fauh 73 

5.4.5 3-Phase-to-Ground Fault 73 

5.4.6 Phase-to-Phasp Fault 73 

5.5 Studies of Natural Modes of PLC 80 

CHAPTER 6: SIMULATION OF RLS ADAPTIVE INTERFERENCE 

CANCELLATION SCHEME 

6.1 Introduction 82 

6.2 Simulation of PLC Equipment 84 

6.2.1 Simulation of Sources 85 

6.2.2 Simulation of Line Traps 86 

6.2.3 Simulation of Coupling Capacitors 89 

6.3 Computer simulation of PLC Model 92 

6.4 Computer simulation of PLC Interference 94 

6.5 Computer simulation of Adaptive Interference Canceller 95 

CHAPTER 7: IMPLEMENTATION OF RLS METHOD 

7.1 Introduction 104 

7.2 Behaviour ofPower Line Model Under Different Coupling Schemes 105 

7.2.1 Conventional Couplings 105 

7.2.1.1 Single-Phase-to-Ground Coupling 106 

7.2.1.2 Phase-to-Phase Couplings 106 

7.2.1.3 Three-Phase Coupling 108 

7.2.2 Non-Conventional Couplings 109 

7.3 Testing of Line Traps on Power Line Model 112 

7.4 Implementation of RLS Method on Realistic System 112 

7.4.1 Assessment of RLS Method on Line Trap Model 113 

IV 



7.4.2 AppHcation of RLS Method on PLC Model Communication 

System 119 

CHAPTER 8: IMPLEMENTATION OF STOCHASTIC 

APPROXIMATION 

8.1 Introduction 126 

8.2 Mathematical Model 127 

8.3 Computer Simulation of SA Algorithm 127 

8.4 Hardware Implementation of SA Method as a Interference Canceller 129 

CHAPTER 9: INTELLIGENT INTERFERENCE CANCELLATION 

SCHEMES 

9.1 Introduction 147 

9.2 Fuzzy Logic Processing 148 

9.2.1 Fuzzification 149 

9.2.2 Inference Processing 151 

9.2.3 Defiizzification 152 

9.3 PLC Model for AFLIC Implementation 153 

9.4 Simulation of AFLIC for a PLC System 153 

9.4.1 Design of AFLIC Using Linear Membership Functions 154 

9.4.1.1 Test Results for Canceller Using Random Signal 156 

9.4.1.2 Performance Evaluation of Canceller Using Different 

Frequency Spectrums 156 

9.4.2 Use of Non-Linear Membership Functions for the Canceller 160 

9.4.3 Improved Design of AFLIC for the Identification of Small 

Signal 163 

9.4.4 A Novel Adaptive Interference Cancellation Technique 166 

9.5 Implementation of AFLIC on Hardware Model 168 

9.6 Application of Artificial Neural Network 171 

9.6.1 Performance of ANNIC for a given PLC System 171 



CHAPTER 10: COMPARISONS AND CONCLUSIONS 

10.1 Introduction 176 

10.2 Comparison of Techniques 177 

10.3 Conclusions 181 

10.3.1 Model Studies and Design 181 

10.3.2 Design of PLC Model and its Associated Equipment 181 

10.3.3 Real-Time Interference Cancellation 182 

10.4 Future Work 183 

REFERENCES 185 

APPENDIX A: Solution of Travelling Wave Phenomena in 

Poly-phase System 194 

APPENDIX B: Simulation Details 

APPENDIX C: Publications Related to the Work Presented 

APPENDIX D: Simulation of PLC Model using ATP6 

APPENDIX E: Scaling of the Parameters 

VI 



LIST OF PUBLICATIONS 

(1) Gondal I, Kalam A, 'Fauh transient Simulation of ehv Transmission Systems" 
AUPCEC92 Proc. p 321-326, QUT, Brisbane, Australia, October 1-2 1992. 

(2) Gondal I, Kalam A, 'Simulation of Phase to ground Coupling for Power Line 
Carrier Communication Systems using Modal Analysis" Proc. MS' 93 vol. 1 p 
277-285, July 12-14 Victoria University of Technology, Australia, 1993. 

(3) Gondal I, Kalam A, Xia L 'Application Of Matiab For Simulation OfPower Line 
Carrier Communication Systems" AUPCEC 94 University of South Australia, 
1994. 

(4) Gondal I, Kalam A, Xia L "Adaptive Interference Cancellation For Data 
Communication On Power System" Eight National Power System Conference, 
Indian Institute of Technology, Delhi, India, 1994. 

(5) Gondal I, Kalam A, Xia L "Application Of Modal Analysis For The Studies Of 
Different Coupling Schemes On Laboratory Model Of Power Line" IPEC '95 
International Power Engineering Conference, Singapore, 1995. 

(6) Gondal I, Kalam A, Xia L 'Use of RLS Identification for Hne trap for Adaptive 
Interference Cancellation on PLC Communication Networks" (Paper has been 
accepted for publication in Journal of Electrical Engineering lEAus) 

VII 



LIST OF ABBREVIATIONS 

ACSR 

ACPIC 

A/D 

AFLIC 

AMDSB-SC 

AMSSB 

ANN 

ANNIC 

ATP6 

BTF 

C 

CC 

cm 

COG 

dB 

D 

D/A 

DMA 

DR 

DSP 

DS-SSMA 

e 

ehv 

ERR 

EV 

f 

FDM 

FLBIC 

Aluminium Conductor Steal Reinforced 

Adaptive Cross-Polarisation Interference Cancellation scheme 

Analogue to Digital Converter 

Adaptive Fuzzy Logic based Interference Canceller 

Double Side Band Amplitude Modulation with Suppress Carrier 

Single side band amplitude modulation 

Artificial Neural Network 

Artificial Neural Network Interference Canceller 

Alternative Transient Program version 6 

Breaking Terminal Fault 

Shunt capacitance of line 

Coupling capacitors 

Centimetres 

Centre Of Gravity (defiizzification method) 

Deci Bell 

Diagonal matrix 

Digital to Analogue Converter 

Direct Memory Access 

Drain coil 

Digital Signal Processing 

Direct-Sequence Spread-Spectrum Multiple-Access 

Earth 

Extra high voltage 

Crisp input for flizzy logic tuner for canceller 

Expected Value 

Centre frequency of PLC signal to calculate the parameters of system 

Frequency division muUiplexing 

Fuzzy Logic Based Interference Canceller 

VUI 



FLC 

FM 

Y 

y' 

GVA 

HF 

HPF 

Hz 

Ic 

Ir 

r 
r 

Is 

/ ; 

I/O 

J 

km 

kV 

LA 

LAN 

LCR 

msec 

mu 

MATLAB 

MATRIXx 

mH 

Q. 

Pk 

PA 

PCM 

PLC 

Fuzzy Logic Controller 

Fuzzy Mean (defiizzification method) 

Propagation constant 

Eigen values of ZY 

Gega Volt Ampere 

High Frequency 

High Pass Fiher (Coupling Capacitor) 

Hertz 

Modal values of current on the line 

Receiving end current on the line 

Modal values of current at receiving end 

Sending end current on the line 

Modal values of current at sending end 

Input and Output 

Performance Index 

Kilometre 

Kilo Volts 

Learning Automata 

Local Area Network 

Inductance, Capacitance and Resistance 

milli second 

Average inter-channel mismatch correlation coefficient 

Computing environment for high performance numeric computing and 

visualisation 

Computing environment for high performance numeric computing and 

visualisation 

Milli Henry 

Ohms 

Internal state matrix for RLS and SA methods 

Perturbation Analysis 

Pulse Code Modulation 

Power Line Carrier 

IX 



PLS 

PN 

PSS 

Q 

QAM 

R+jL 

RF 

RLS 

Rx 

S 

SA 

SCADA 

STARIMA 

t 

T 

TNA 

TRV 

Tx 

U 

Ul,U2 

uF 

UT 

VF 

Ve 

V 

' can 

VcCL 

Vg 

V, 

v., 
Vf 

Recursive Partial least Squares regression 

Pseudo Noise 

Power System Stabiliser 

Current Eigen vector 

Quadrature Amplitude Modulation 

Series impedance of the line 

Radio Frequency 

Recursive Least Square 

Receiver terminal 

Voltage Eigen vector matrix 

Stochastic Approximation 

Supervisory control and data acquisition 

Space-time Autoregressive Integrated Average 

Estimated parameters of line trap 

Time for simulation 

Pulse repetition interval 

Transient Network Analysers 

Transient Recovery Voltage 

Transmitter terminal 

Crisp output from flizzy logic block for canceller 

PLC signal for canceller 

Micro Farad 

Crisp output from flizzy logic tuner for canceller 

Voice Frequency 

Modal values of voltage signal 

Leakage signal after cancellation 

Estimated PLC signal leakage by cancellers 

PLC signal generated with the use of MATLAB "sine wave or random 

signal" 

PLC signal at receiving end 

Leakage signal at receiving end 

Modal values of receiving end voltage 



Vs PLC signal at sending end 

Vsi Leakage signal at sending end 

Vf Modal values of voltage signal at sending end 

Vf^ Modal values of leakage signal at send end 

F ,̂, Estimates of signal leakage for kth value 

XPIC Cross-Polarisation Interference Canceller 

W Watts 

WFM Weighted Fuzzy Mean (defiizzification method) 

X Input and output state vector 

Y Admittance matrix of transmission line 

yi,y2 Leakage signal values for canceller 

Z Impedance matrix of transmission line 

Z" Characteristics impedance 

ZLT Line trap impedance 

Zo Surge Impedance 

XI 



LIST OF FIGURES 

Figure 2.1 Schematic diagram of Line Traps with tunnmg unit 

Figure 2.2 Schematic diagram of adaptive interference canceller for PLC system 

Figure 2.3 Graphical representation of Adaptive Fuzzy Logic Based Interference 

Canceller 

Figure 2.4 Graphical representation of ANNIC for a PLC System 

Figure 3.1 Transmission Line Construction 

Figure 3.2 Model of Transmission Line for Hardware Simulation 

Figure 3.3 Physical Connection of CoupUng Capacitors with Transmission Lme 

Figure 4.1 Frequency response of the line model using central-phase-to-ground 

couplings 

Figure 4.2 Photographic representation of a line model for PLC apphcation 

Figure 4.3 Circuit arrangement for power line model network analysis 

Figure 4.4 PLC Model for MATLAB Simulation 

Figure 4.5 Flowchart of procedure for hardware datastorage 

Figure 4.6 Schematic diagram of Interface Adaptor for PLC model 

Figure 5.1 Block diagram of the PLC system 

Figure 5.2 Graphical representation of PLC modes 

Figure 5.3 Schematic diagram of PLC circuit for ATP6 sunulation 

Figure 5.4 Single line diagram of the transmission Une 

Figure 5.5 Effect of the line traps on the power signal at the sending end 

Figure 5.6 Level of protection for PLC terminal equipment against high voltage 

transients 

Figure 5.7 1-phase-to-ground fault at the sending end 

Figure 5.8 2-phase-to-ground fault in the middle of the system 

Figure 5.9 3-phase-to-groundfauU at the receiving end of the lme 

Figure 5.10 phase-to-phase fault in the middle of the line 

Figure 6.1 Flow chart for the simulation of Line Trap 

Figure 6.2 Performance of Line Trap at 60 kHz Frequency 

Figure 6.3 Level of Attenuation Offered by Line Trap at 60 kHz Frequency 

Xll 



Figure 6.4 Frequency Response of Narrow Band Line Trap at Centre Frequency 

of 65 kHz 

Figure 6.5 Frequency Response of Broad Band Line Trap 

Figure 6.6 Assessment of line trap using ATP6 

Figure 6.7 Flow Chart for the Simulation of Coupling Capacitors 

Figure 6.8 FrequencyResponseof Coupling Capacitors 

Figure 6.9 Attenuation Offered by Coupling Capacitors at 100 kHz Frequency 

Figure 6.10 Flow Chart for the Simulation of PLC model and Adaptive 

Interference Canceller 

Figure 6.11 Convergence of Identification Parameters of Line Trap usmg RLS 

method 

Figure 6.12 Performance of RLS Canceller at 60 kHz PLC signal 

Figure 6.13 Performance of canceller for spectrum of 5-70 kHz fi-equencies 

Figure 6.14 Performance study of RLS method for a spectrum of 100-150 kHz 

Figure 6.15 Operation of RLS canceller for spectrum of 3 00-3 50 kHz fi-equencies 

Figure 6.16 Working of RLS method for whole PLC spectrum (5-500 kHz) with 

the use of narrow band Une traps 

Figure 7.1 Performance of the line model with the use of central-phase-to-ground 

coupling 

Figure 7.2 Use ofphase-to-phase coupling on the power line model 

Figure 7.3 Test results for three phase coupUngs 

Figure 7.4 Studies of non-conventional couplings when signal injection and 

reception were performed on the top and bottom phases respectively 

Figure 7.5 Frequency and phase responses of the hne model with signal injection 

and reception on top and central phases respectively 

Figure 7.6 Behaviour of the line model with the signal injection and reception at 

bottom and centre phases respectively 

Figure 7.7 Test results for non-conventional coupUngs when signal was mjected 

and received at central and top phases respectively 

Figure 7.8 Performance of RLS Canceller on signal with very smaU bandwidth 

having centre fi-equency of 5 kHz 

X l l l 



Figure 7.9 Apphcation of RLS Canceller on leakage signal havmg centre 

fi-equency of 10 kHz 

Figure 7.10 Performance evaluation of RLS algorithm on PLC having centre 

fi-equency of 20 kHz 

Figure 7.11 Application of RLS canceUer on line trap model with operating signal 

having centre frequency of 30 kHz 

Figure 7.12 Performance of RLS canceUer on the sending end busbar of the line 

model with low attenuation line trap usmg signal having centre 

fi-equency of 15 kHz 

Figure 7.13 Performance of RLS canceUer using efficient Une trap with the use of 

signal having centre frequency of 20 kHz 

Figure 7.14 PLC signal attenuation studies with low performance line trap with the 

signal having centre frequency of 25 kHz 

Figure 7.15 Performance evaluation of RLS canceller on line model using Une trap 

offering high attenuation with the signal having centre fi-equency of 30 

kHz 

Figure 8.1 Convergence of line trap parameters usmg SA identification 

Figure 8.2 Application of SA method on PLC circuit for a signal having 

fi-equency of 60 kHz 

Figure 8.3 Performanceof SA canceller for spectrum of 5-70 kHz 

Figure 8.4 Apphcation of SA canceUer for signal having bandwidth of 100-150 

kHz with broad band line traps 

Figure 8.5 Working of SA canceller for spectrum of 300-350 kHz 

Figure 8.6 Performance of canceUer for whole PLC spectrum using broad band 

line trap 

Figure 8.7 Performance of SA canceUer on a signal having centre firequency of 5 

kHz on line trap model with low attenuation 

Figure 8.8 Test results of performance evaluation of canceUer using the signal 

having centre fi-equency of 10 kHz 

Figure 8.9 Application os SA canceUer on line trap model with signal havmg 

centre frequency of 20 kHz 

XIV 



Figure 8.10 Application of S A algorithm on line trap model with the use of signal 

having centre frequency of 30 kHz 

Figure 8.11 Performance of SA canceUer on Une model with the use of line trap 

showing low attenuation to the signal having centre fi-equency of 15 

kHz 

Figure 8.12 Behaviour of SA canceller on the line model with less efficient Une 

trap using signal of 25 kHz fi-equency 

Figure 8.13 Use of efficient Une trap for the performance evaluation of the 

canceller with the use of signal havmg fi-equency of 20 kHz 

Figure 8.14 Application of S A canceller on the Une model with the use of efficient 

line trap with the signal havmg centre frequency of 30 kHz 

Figure 9.1 Model of Fitzzy Logic Based CanceUer with adaptive self Tuner 

Figure 9.2 Representation of linear membership fimctions for AFLIC design 

Figure 9.3 Performance ofFLC based canceUer with the use ofrandom signal as a 

leakage signal 

Figure 9.4 Performance of AFLIC with the use of signal havmg spectrum of 5-50 

kHz 

Figure 9.5 Application of AFLIC with the use of linear membership functions to 

cancel the interference with fi-equency spectrum of 150-200 kHz 

Figure 9.6 Representation of non-linear membership function 

Figure 9.7 Useofnon-linear membership function for the application of AFLIC 

in interference signal having fi-equency spectrum of 5-50 kHz 

Figure 9.8 Application of AFLIC on a PLC network for the canceUation of 

interference having frequencies of 150-200 kHz 

Figure 9.9 Graphical representation of zero membership function into three 

membership function: Leflzero, Rightzero and Single Tone 

Figure 9.10 Application of AFLIC with the use of Unear and non-linear 

membership functions on a leakage signal having fi-equency spectrum 

of 5-50 kHz 

Figure 9.11 Apphcation of AFLIC on PLC network with a special focus on the 

identification of small signal using frequency spectrum of 150-200 

kHz 

XV 



Figure 9.12 Block diagram of a novel interference canceUation technique 

Figure 9.13 Representation of membership functions for fuzzy logic based 

compensator for canceller based on novel technique 

Figure 9.14 Performance of AFLIC on the line model to cancel the signal having 

centre fi-equency of 20 kHz 

Figure 9.15 Test results offuzzy logic based canceUer on the Une model with the 

signal having centre frequency of 30 kHz 

Figure 9.16 Application of ANNIC for PLC system to cancel the signal having 

spectrum of fi-equencies 50-100 kHz 

Figure 9.17 Working of ANNIC on PLC network to cancel the leakage signal 

having bandwidth of 50 kHz with the spectrum of fi-equencies 150-200 

kHz 

Figure A. 1 Shunt and Series CoupUngs between the conductors of n-conductors 

system 

XVI 



LIST OF TABLES 

Table 3.1 Parameters of ehv transmission line derived using ATP6 software 

Table 6.1 Simulation results for the application of RLS method 

Table 7.1 List of non-conventional couplings 

Table 7.2 Results from the apphcation of RLS method on line trap 

Table 7.3 Results form the application of RLS method on line trap 

Table 7.4 Results firom the application of RLS method on PLC model 

Table 7.5 Results form the application of RLS method on PLC model 

Table 8.1 Simulation results for the application of S A method 

Table 8.2 Apphcation of SA method on a Une trap with low attenuation 

Table 8.3 Application of SA method on a lme trap with high attenuation 

Table 8.4 Implementation resuUs of SA method on PLC model with low 

attenuation fi'om the line trap 

Table 8.5 Resuhs form the apphcation of SA method on PLC model with high 

attenuation in the leakage signal 

Crisp input (Y) and output (U) for the FLC as an interference canceUer 

Crisp input (ERR) and output (UT) for the tuner for FLC canceUer 

Application of AFLIC using Unear membership functions 

Apphcation of AFLIC using non-Unear membership functions 

Application of AFLIC using left zero and right zero membership 

functions 

Application of Novel Interference CanceUation Technique 

Application of AFLIC on hardware PLC model 

Application of ANNIC on PLC model 

Application of ANNIC using AMDSB-SC and AMSSB modulation 

Table 9.1 

Table 9.2 

Table 9.3 

Table 9.4 

Table 9.5 

Table 9.6 

Table 9.7 

Table 9.8 

Table 9.9 

XVU 



CHAPTER 1 

INTRODUCTION AND LITERATURE SURVEY 

1.1 INTRODUCTION 

Power line carrier (PLC) is widely used for the communication of RF signals over 
high voltage lines. The rapid development over the last few decades of power lines 
for long distance transmission has caused an increasing demand for PLC facilities 
[1]. PLC is applied to power lines for providing voice communication and many 
other vital services viz. 

* protective relaying 

* telemetering 

* load-frequency control 

* supervisory control 
* fault location. 

The power lines are very robust and use large conductors with generous spacing. It 

also provides reliable and low-attenuation path for carrier-current signals. 

Frequencies in the range of 30-300 kHz are commonly utilised in PLC. This 

frequency band is high enough to be isolated from the power frequency and 

associated noise, yet not so high enough so as to encounter excessive attenuation. 

Although it has been suggested [2] that frequencies somewhat lower than 30 kHz can 

be used, however it is difficult to couple them efficiently to the line by using 

coupling capacitors. 

PLC is known to be more secure than microwave based lines and is as reliable as the 

transmission lines. Economically, the cost of PLC is reasonable as transmission lines 

house PLC and also its source of power supply. Due to the robust nature of the 

power lines it can be readily used as a path for carrier signals. The constructions of 
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transmission towers are such that they can withstand natural hazards like sleet, snow, 
wind, floods etc. On many instances, under fault inception a power line is incapable 
of carrying power, but still has enough insulation for relatively low carrier voltage to 
provide reliable carrier operation. 

A PLC system consists of three parts: 

* terminal assemblies-comprismg of transmitters, 
receivers and associated components 

* coupling and tuning equipment 

* high voltage system-which provides a suitable path for 
transmission of the high frequency energy between 
terminals. 

Transmitters and/or receivers are requured at terminals. Termmal equipment is 
usually the same and is independent of line length except for variations in 
transmitters output =10-100 W. Coupling to power line conductors is accomplished 
by using coupling capacitors. This is performed to conduct the carrier signal and 
blocking power frequency. In order to minimise the reactive loss at the frequency 
band centre, line towers are used. High voltage coupling capacitors must withstand 
many tunes the rated lme voltage («400 kV). Line traps minimise the loss of carrier 
power and direct the signals over the line section. This involves large dimensions 
and very high manufacturing costs [3]. 

Lack of sufficient spectra is being recognised by many power utilities as a serious 

limitation to the future growth of PLC communications systems. In fact, spectrum 

usage has increased to the extent that additional chaimels are no longer possible. 

There is a wastage of spectral resources because of the maimer in which interference 

between channels operating in the same frequency band is avoided [8]. 

1.2 BACKGROUND 

In a typical application, several independent PLC chaimels can be in use on each luie 

section of modem power network. As the lme sections are joined at sub-station 

buses, there is bound to be interference between PLC signals. Isolation between 

channels at the same frequency is difficult to achieve. Normally 15-20 dB cross-

bus attenuation is provided over the coupling bandwidth usmg reasonable size line 

traps. Conventionally "bus grounding" techniques, providing good levels of isolation 

Introduction and Literature Survey ' ~ "" T 



are used. However, this requires several line traps and coupling capacitors, which is 
at a considerable high manufacturing cost. Isolation is usually achieved by luniting 
the reuse of a carrier frequency to every third line section. This gives advantage of 
propagation losses, which attenuates interfering signals in the same frequency band. 
The efficiency of frequency is thus reduced to one-third. 

Naredo et al. [9] in their paper have exammed some widely accepted coupling 
recommendations for PLC systems, which do not prevent modal cancellation. It is 
shown that computer system programs for calculating line frequency response may 
fail to detect modal cancellation conditions. A method of PLC system design for 
multi-transposed horizontal and delta transmission Imes is proposed. A technique 
that makes use of shunt capacitors connected to a few points along the line is also 
discussed. The risk of modal cancellation is decreased and, in some cases, it can be 
eliminated. Evaluation of the electromagnetic field generated by a digital 
transmission system on multi-conductor PLC channels is presented by Cristina et al. 
[10]. In this reference it stated that the vertical component of the electric field and 
the horizontal component of the magnetic field are defmed by approximate formulae 
of varying accuracy, depending on the frequency and the distance from phase 
conductors. Field sources are the currents travelling along the line, which are 
evaluated by means of an accurate simulation model of the transmission system and 
rigorous wave propagation algorithm. Frequency spectra and lateral profiles of the 
field components are computed for suigle-phase and two-phase couplmgs of a 
horizontal power line. Digital chaimel capacity is shown to increase as the pulse 
repetition interval (T) decreases. However, if T increases, the harmonic content of 
the input signal code increases and consequently, electromagnetic pollution rises for 
a given carrier channel. It is concluded that the electromagnetic interference level is 
an important constraint which must be taken mto account when choosing T and more 
generally, in the design of the digital transmission system. 

The effect of inter-channel mismatch on adaptive array mterference cancellation for 

an arbitrary number of channels and arbitrary bandwidth waveforms for a particular 

adaptive array used in a muhiple side-lobe canceller is analysed by Nitzberg [11]. A 

general equation giving the residue power as a function of the inter-channel 

mismatch, the radar bandwidth, and the array parameters is derived. To aid in 

clarifying the dependence of cancellation on inter-channel errors, a Tylor series 

expansion is obtained. It shows that the ratio of adapted power to the unadapted 

main power is greater than 1 mu (where mu is the average inter channel mismatch 

correlation coefficient) for all interference locations, power levels and any number 
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of auxiliary antennas. The special simple geometry case of narrow band orthogonal 
direction is evaluated. For this case, the ratio of adapted to unadapted power is 
approxunately equal to 1 mu. Graupe et al. [12] has described an approach for 
adaptive noise cancellation, which is based on adaptive control principles. The 
approach aims at creating a physical noise-reduced environment in the vicinity of 
noisy machinery, for a stochastic machine noise. The system described uses a single 
microphone, in contrast to previously described two-microphone systems. Computed 
results on two types of recorded industrial noise are presented to support the 
theoretical design. 

Traditional approaches to the design and operation of HF (high frequency) systems 
have involved the specification of fixed parameters such as ttansmitter power, 
modulation format, data rate, etc. This is, however, sub-optunal for the HF band, 
which exhibits a time-varying channel capacity due to muUi-path propagation, 
dispersion, fading and high levels of co-channel interference. These conditions often 
result in a considerable mismatch between available and desired channel capacities. 
Ideally, therefore, a system should be capable of adapting rapidly to changes in 
prevailing channel conditions. A number of adaptive communication systems have 
been designed which operate on 'traditional Imes', ie. usmg a procedural approach 
by Chesmore [13]. The paper is essentially a discussion paper describmg an 
alternative non-procedural approach exploiting knowledge-based techniques. The 
remainder of the paper mtroduces this approach and proposes radio system 
architectures for its unplementation. 

Amore et al. [14] have exammed the possibility of transmittmg digital signals on 

PLC chaimels. An accurate model of multi-conductor transmission line is used. A 

computer aided procedure is presented to evaluate channel transient response to any 

input digital signal code. The discrete convolution method uses the inverse Fourier 

Transforms of channel frequency response in amplitude and phase. The eye diagram 

approach [21] permits evaluation of chaimel performance. The "eye diagram" 

approach is employed to determine whether the numerical transmission is made with 

or without errors. A method is indicated for mcreasing channel capacity using an 

equalising circuit. Transmission can be made roughly sensitive to the termmal 

impedances of the transmission lines. 

The proposed design criteria are applied to the study of a digital signal transmission 

on 400 kV three-phase PLC channels. Kohno et al. [15] proposed and investigated 

an adaptive canceller of inter-symbol and co-channel interference in a direct-
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sequence spread-spectrum multiple-access (DS-SSMA) system. This uses channel 

distortion and cross-correlation among pseudo noise (PN) sequences assigned to 

individual users. The use of DS-SSMA has been investigated to implement a local 

area network (LAN) by using a power line mstalled in a building wall, for which 

this approach had some advantages. The canceller is needed because the restricted 

transmission bandwidth of a power line makes it difficult to suppress co-channel 

interference. Since the canceller is adaptive, it can facilitate synchronisation and 

increase the simultaneous users in a channel with the restricted processing gain such 

as a power line. The error probability of the canceller is theoretically calculated for 

the steady-state case using a Markov model [15]. In this paper it is shown that 

computer sunulation illustrates stable convergence properties. 

Basic probabilities of the influences of induction between a power lme and a parallel 
communication line are described by Horak et al. [16]. Corresponding magiutudes 
of short circuit currents in the case of one sided feeding are determined. The 
probability of occurrence of induced longitudinal voltage is analysed in connection 
with the cited CIGRE report [17]. The calculations are performed under certam 
simplified mitial conditions including the analysis of the magnitude of the 
longitudinal voltage. This uses mathematical simulation with the application of the 
Monte-Carlo method, however, not as yet respecting the safety regulations and 
economical aspects. The report contains results of experimental studies of high 
frequency (HF) paths for a transposed ac 1150 kV power line. The attenuation and 
input impedance of paths with various couplings including the phase and earth wire 
couplings of a bundled earth wire with insulated components (an intra wire path) are 
investigated by Ishkin et al. [17]. A cross-taUc attenuation between different paths 
and the influence of a three-phase-to-ground short-ckcuit on phase paths attenuation 
are investigated. 

lEC recommendation 353 for line traps presumes that lightning over-voltages 

constitute the highest dielectric stresses. Morf et al. [18] described how, line trap 

insulation has to withstand these dielectric stresses. Tests performed in switching 

stations, however, have shown that the transient phenomena caused by disconnectors 

in networks witii high system voltages subject lme traps to even higher stresses. 

Newly developed tuning devices with a much higher dielectric strength make 

allowance for increases in the reliability of the PLC link as a whole. Morg et al. 

[18] present an unproved line trap featuring these new devices and improved surge 

arresters which is able to withstand such stresses. 
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Due to the lunitations of line traps in offering reasonable attenuation to PLC signals, 

some other means of interference cancellation should be used for PLC systems. 

Widrow et al. [39] have described general concept of adaptive noise cancellation, an 

alternative method of estimating signals corrupted by additive noise or interferences. 

The method uses a prhnary input containing the corrupted signal and a reference 

input containing noise correlated in some unknown way with the primary noise. The 

reference is adaptively filtered and subtracted from the primary input to obtain the 

signal estimates. The paper describes a number of applications of adaptive filtering 

eg. electrocardiography, the cancellation of periodic interferences in speech signals, 

and cancellation of broad-band interferences m the side-lobes of an antenna array. 

The work presented in this thesis is based on research published in reference 39. 

Estunates of interferences or desired signals can be used very effectively for 
interference cancellations on communication networks. In recent digital microwave 
radio communication systems, multi-level modulation and dual-polarisation 
techniques have been apptied to improve frequency utilisation efficiency. Frequency 
utilisation efficiency of 5 bits/s/Hz has been already achieved using a 16 QAM 
technique [47]. Moreover, a 256 QAM modulation system [48] is being developed 
to obtain 10 bits/s/Hz efficiency. However, this advanced system is greatly 
influenced by the propagation conditions. In order to combat multi-path fadmg, it is 
necessary for realisation of the 256 QAM system to develop both higher 
performance equalisers [49,50] and cross-polarisation interference cancellers (XPIC) 
[51-53]. Digital signal processing (DSP) technique is one of the most effective ways 
to attain higher performance, precise cancellation and equalisation. Matsue et al. 
[54] has presented more precise XPIC, applicable to multi-level QAM system, usmg 
digitised transversal filters. The paper shows analytical method of digitised XPIC 
performance for various modulations and interference conditions. 

For the application of cross-polarised interference cancellers, level of interference 

can be estimated from the identified model of the interference sources. System 

identification becomes very vital for the parameter variant systems. The process of 

system identification has been applied to ancraft model structure determination and 

parameter estimation from flight data [55]. The formulation of aircraft dynamics is 

based on known rigid body equations of motion, the unknown structure and 

parameters. They are related to the aerodynamics forces and moments actmg on the 

aircraft. However, the introduction of highly manoeuvrable and often inherentiy 

unstable aircraft has been presenting new challenges to aircraft identification and 

parameter estunations. The aircraft can perform rapid large amplitude manoeuvres. 
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often extended to the stall and poststall region where non-linear and transient 
aerodynamic effect could be pronounced. This introduces a problem of determining 
how complex the model should be. Although a more complex model can be justified 
for more accurate description of aircraft motions. The high performance aircraft may 
have more control surfaces moved through a flight control system than conventional 
aircraft. Such a system can introduce a close relationship between the deflections of 
various surfaces and at the same time can preclude manoeuvres from being suitable 
for system identification. Klein [56] has proposed a general approach to high 
performance aircraft identification. 

Chandler et al. [57] have described the system identification where the highest 
derivates are measured. A prior knowledge of the stability and control deviates is 
incorporated into the linear regression algorithm, through Ridge Regression and 
Mixed Estunation methods. The example problem considered a linearised fourth-
order model of the F-16 aircraft pitch channel and includes appropriate measurement 
noise. The paper describes that even during short periods of low excitation, the short 
period parameter estunates are improved by utilising prior Phugoid information. 

Industrial processes usually involve a large number of variables, many of which vary 

in a correlated manner. To identify a process model which has correlated variables, 

an ordinary least squares approach demonstrates ill-conditioned problem that is 

sensitive to changes in sample data. Qin [58] has proposed a recursive partial least 

squares (PLS) regression for on-lme system identification of the ill-conditioned 

problem. PLS method is used to remove the correlation by projecting the original 

variable space to an orthogonal latent space. The paper describes the application of 

this method on a chemical process modelling. 

Mahloch et al. [59] have proposed the solution for approxunation of a possibly 

infinite-dimensional multi-input and multi-output system by a finite-dunensional 

system. Unlike most of the methods appeared in the literature, the method described 

in this paper does not assume a prior knowledge of an analytic expression eg. 

transfer function. 

Improvements in identifying the parameters of the systems can be made with the 

combination of various identification techniques. Lee et al. [60] have used 

Perturbation Analysis (PA) with Stochastic Approxunation (SA) and Learning 

Automata (LA) to knprove the network performance in handling various types of 

messages by on-line adjustment of protocol parameters. Multiple-access computer 
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networks are designed to provide communication between spatially distributed 
heterogeneous devices via. common media and flexibility for changes in the system 
configuration. They are, therefore, well suited to serve large-scale mtegrated 
systems like banking and brokerage, battlefield command and control, autonomous 
manufacturing and processing plants, and advanced akcraft and spacecraft. Since 
system requirements may widely vary according to the required specification of 
application. A computer network must be arranged the design stage by selection of 
appropriate protocols and assignments of default parameters [61-63]. However, since 
the conditions under which a network actually operates may change from those 
considered at the design stage, control and management actions are required to adjust 
the network parameters so that the design and operational objectives are satisfied. 
For example, an aircraft control system network, the Al-based decision support 
systems for aircraft management are expected to generate a significant amount of 
additional traffic when dealing with component failures or inflicted damage. 
Therefore, the network must adapt to the dynamic envhonment especially if it is 
required to serve a large collection of heterogeneous users. 

The responsibility of adapting the network to the dynamic environment belongs to 
network management. The major components of network management are fault 
management, configuration management, and performance management. As it is 
stated in reference 60, the performance management has been addressed, which is 
responsible to manipulate the adjustable parameters of the protocol in the real-tune 
so that the network can adapt itself to a dynamic envkonment. Conceptual design, 
development, and implementation of a performance management tool for multi­
access computer communication networks based on PA, SA and LA [61-63] are 
presented. 

Also, Stankovic et al. [64] made use of SA method for self-tuned tracking of 

stochastic references in the general delay case. The paper also describes global 

stability, asymptotic optimality, convergence of the adaptive control law in a Cesaro 

sense, and strong consistency of the parameter estunates. 

Deutsch et al. [65] have presented a comparison study of different stochastic 

approaches with special application to a case of stochastic demand of the 

transportation problem. This paper describes comparison of space-time auto­

regressive integrated average (STARIMA), expected value (EV) and stochastic 

approximation (SA). According to the paper's findings, STARIMA showed the best 

performance in forecasting the stochastic demand of four products of brewery from 
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five plants to 64 distribution centres. While SA and EV stood at second and tiurd 
places respectively. 

Controllers requiring real-time parameter identification of die plants need two stages 
to generate control signals eg. system identification and conttol signal based on the 
estimates of parameters. On-line system identification is very tune consuming and 
needs high computational capacity. Fuzzy logic can be used to design tiie controllers 
without system identification. To show the comparison and to overcome this 
problem, rule based and fiizzy logic based power system stabilisers were designed 
[66-68]. Hiyama et al. [68] have proposed the use of Imear membership function for 
the development of power system stabiliser for multi-machine systems. Further this 
stabiliser [68] was improved by Shi et al. [69] and compared with the rule-based 
power system stabUiser [66]. The paper [69] showed that fuzzy logic based power 
system stabiliser with the use of non-linear membership is superior to rule-based 
stabiliser. 

Fuzzy logic controllers are based on experts knowledge of the processes. 
Ramaswamy et al. [70] have made use of fuzzy logic conttoller to track a suitable 
trajectory by automating the tuning process usmg a simplified Kalman filters. 
Robustness of proposed design approach has been demonstrated on a non-linear six 
delayed neutron group plant that utilises estunated nuclear reactor temperature from 
one group delayed group observer. The paper has proposed use of linear 
membership function for inputs of controller in terms of temperature (error and 
change of error) of the reactor. Also, Chand [71] has proposed a fuzzy logic based 
tuner for continues on-line tuning of proportional, integral and derivative (PID) 
controllers. Application of fuzzy logic appears to be very suitable for Ul-defined 
systems. 

With or without system identification, application of artificial neural network 

(ANN) can be another alternative with its vast applications to control complex 

process in the industrial world. Application of ANN has been described by Aicardi 

et al. [72] with its application to decentralise routing for mput flows of tele-traffic 

to a node. In tiiis paper, a communication network with stochastic input flows has 

been considered. The nodes which route the traffic are requned in order to: 

i) react mstantaneously to the variations of their incoming flows so as 

to minimise an aggregate transmission cost; 

ii) to compute or adapt the incoming flows; 
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iii) obtain some local information (eg. the characteristics of tiie 
system, possibly tune-varying of the links coimecting each node 
with its upstream and downstream neighbours). 

The second requirement calls for a computational distributed algorithm. This fact 
and intractability lead to assign each routing node a multi-layer feed-forward neural 
network, which generates the routing variables. For these neural networks the 
stochastic input flows play the role of training patterns. The paper also highlights, 
that the weights of neural network are then adjusted by means of efficient algorithm 
based on back on back-propagation and SA. 

Application of neural network has been made by Polcarpou et al. [73] in identifying 
the parameters of non-linear systems. This paper presents an approxunation theory 
perspective in the design and analysis of non-linear system identification schemes 
using neural network and other on-line approximation models. The identification 
process is based on discrete-tune formation models. Depending on the location of 
the adjustable parameters, networks are classified mto Imear and non-linear 
parameterised networks. Applications of conventional adaptive techniques, fiizzy 
logic and neural networks can be extended to power system and signal processing. 

The traditional medium of PLC communication has limitations in respect of 

frequency allocation and channel availability. Dubey et al. [20] have suggested that 

optical fibre systems being characteristically wide band and interference free are not 

constramed with these problems. The concept of mtegrated operation power system 

has been recognised. Load dispatch centtes are bemg provided at state system levels 

as well as regional levels. These centres have to be connected to various pomts of 

grid with high capacity, reliable and rapid communication system for data as well as 

voice communication. Power utilities are now largely aunmg at independent 

dedicated communication systems. Optical fibre communication comes as a real 

backbone in this direction. No separate right-of-way and watchword staff are 

required as the fibre cable could either be clamped with the existmg phase/earth wire 

of the power line or a composite earth wire could be planned for a new transmission 

line. The paper [20] starts with introduction to tiie physics of fibre optics and its 

evolution culminating into mono mode fibre system. It deals with the system 

engineering for data, video and text transmission. It also concludes why and how 

optical fibre technique should be adopted for the widely ranging operational 

communication requirements of the power sector keeping in view the hierarchical 

system for load dispatching. 
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Application of the fibre optics for power system protection also has been suggested 
by Aggarwal [22]. Fibre optics have extremely high bandwidth allowing for very 
large amount of information to be carried through a very thin fibre strand. Due to 
100% dielectric nature of fibre optics, it is not affected by ground loops, inductive 
pick ups, cross-taUc or lightning. Development of high capacity, long haul digital 
communication system with fibre optic links has made the development of digital 
current differential relays possible. Using time-division multiplexing of pulse code 
modulation (PCM) signals, it is possible to send the current signals of each phase to 
the remote end of the line obviating some of die problems. These problems mclude 
electromagnetic interference, lunitations unposed by the rented pilot circuits etc. 
suffered by conventional current differential protection. 

Travelling waves and surge phenomena in power systems are of importance in 

solving problems relating to PLC commuiucation, protection of very long lines, fault 

location, switching of unloaded lines and calculation of recovery voltages on chcuit 

breakers under short lme conditions. A significant advance in the solution of such 

problems was made by Fallou [6], who, with an assumption of complete symmetry 

of the conductors, applied the concept of symmetrical components to the solution of 

travelling-wave phenomena. This method is limited, however in that it yields 

average values for surge unpedances and propagation coefficients, and this 

unfortunately masks unportant effects produced by asymmetry of conductors [35]. In 

investigating radio interference arising from overhead power lines, Adam [46] 

introduced the use of matrix algebra methods in the disttibution of radio-frequency 

currents in an asymmeterical system of conductors. It was valid for this 

investigation, to assume zero resistance in the conductors and mfmitely conducting 

earth plane. The results were of a restricted nature but the method of analysis was 

important as a foundation for the complete solution of the problem. Furthermore, 

Wedepohl [35] extended the use of matrix theory to indicate the rapidly growmg 

complexity of the problem with the increasing number of conductors when solving 

using classical methods. 

The various waveforms of the transient recovery voltage (TRV) caused by a 

breaking terminal fault (BTF) were studied by Zhu [19]. The TRV characteristics of 

500 kV circuit breakers in the north China power system are presented for 10%, 

30%, and 60% of the rated short-circuit breaking current. It is shown that the TRV 

can exceed the lEC standard under certain operating conditions. When the short-

circuh current is comparatively large, the initial TRV is greatly mfluenced by high-
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voltage line trapper of the PLC communication during the first few microseconds 
after current interruption. 

Propagation of PLC signal on power lines, in terms of their natural modes on 
horizontal three phase lines, was investigated by Perz [23]. The analysis was carried 
out with the use of elementary algebra and paralleled by corresponding equivalents 
of matrix eigenvalue analysis. Propagation of the PLC signal for longer distance is 
due to the presence of mode 3 [24]. Aerial modes are tiie least attenuated modes, 
results have been developed based on tiie fault transient sunulation of EHV 
transmission systems using Modal Analysis [25]. TraveUing wave phenomena 
remained in action for longer time m faults without ground due to the dommation of 
the mode 3. 

For the application of spread spectrum system to the PLC system, knowledge of 
noise and transmission characteristics up to a few hundred megahertz are required 
for the system design. The use of the installed power lines for the LAN provides a 
convenient means of transmission with a simple and readily accessible interface. 
Since it is possible to use the wall sockets of the already installed power lines as a 
terminal for data transmission, the use of the power lines for the LAN application is 
feasible [26]. Before taking the installed power lines as data communication channel, 
it is necessary to consider the noise and transmission characteristics of the power line 
at high frequencies for the reliability of the communications. Different nature of the 
varymg loads, fluctuatmg impedance, transmission loss and mefficiency of system 
equipment eg. line traps may cause serious noise and interference problems for the 
RF signals. 

Transmission lines can be used for data communication up to 100 MHz reliably [27], 

the laboratory model results agreed closely with the theoretical results. The signals 

are attenuated up to 20 dB and their attenuation is affected by the connections of the 

wires. 

1.3 OBJECTIVE OF Tins RESEARCH 

The communication of RF signals takes place sunultaneously with the transmission 

of the power signal without serious mutual interference. In large power systems, it is 

not possible to provide all communication needs by means of PLC because of limited 

frequency spectrum available. High voltage transmission Imes provide very reliable 
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means of communication. Normally lines operating at 33 kV and above are most 
prevalent to the PLC communication. 

PLC spectrum for different applications eg. voice communication, telemetering and 

protection etc. varies from 15-500 kHz. The bandwidth of the frequencies used for 

different applications varies, depending on the nature of the data bemg transmitted 

and the security required against errors. Normally 4 kHz bandwidth is taken for VF 

(voice frequency) signal for reasonable recogiution of the voice. For system 

protection and for each measured supervisory control, a bandwidth of 1 kHz is 

enough for reliable transmission of the measurements. These signals of 1 kHz 

bandwidth are normally multiplexed to form one chaimel of 4 kHz to give way to 

accommodate more number of channels in the existing PLC frequency spectrum. 

The transmission of VF signals and supervisory control signals can be conducted by 

multi-purpose equipment or by single-purpose equipment. The use of multi-purpose 

equipment increases the risk of false transmission of pulses m supervisory conttol 

systems. On the other hand, it may result in a falsified picture of the operating 

conditions witiiin the network or in extreme cases, prevent operation of the system 

altogether. Another frequentiy adopted arrangement provides for the interruption of 

speech for fractions of a second to transmit network protection signals and similar 

information. 

Despite the probability of these errors, inefficiencies of system equipment due to the 

presence of line traps may cause serious interference among different channels. Line 

traps act like low pass filters, as 50 Hz power signal with its large amount of current 

is catered to pass through to the busbar without any attenuation. This ultunately 

limits the efficiency of the line traps and makes it difficult to monitor and control the 

mutual interference of PLC signals, as a result, the number of channels for PLC 

applications is limited. Due to interference caused by lme traps, same spectra of 

frequencies cannot be used on adjacent line sections. The efficiency of the line traps 

is lunited due to their cost and size. Maximum crossbus attenuation that can be 

obtained is not sufficient enough to suppress the FLC leakage signal through to bus 

bar. This leakage signal causes crosstalk among different channels and also lunits the 

use of frequency spectrum. 

To overcome this problem, this research investigates adaptive interference 

cancellation schemes to cancel these interferences. Adaptive interference cancellation 

schemes are active filtering techniques. Generally speaking cancellation is achieved 

by adjusting the amplitude and phase angle of the reference signal so as to get 
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maxmium correlation with the main input, and then subtracting it from the main 
input. The adjustment proceeds until no correlation is detected between the output 
and reference input. From the literature review presented in Section 1.2, some ideas 
can be gathered to design cross-polarised interference cancellers based on system 
identification or without system identification. To develop suitable interference 
cancellation schemes, use of conventional adaptive schemes eg. recursive least 
square (RLS) and stochastic approximation (SA) along with fuzzy logic and neural 
network based techniques have been made. Application of RLS and SA method is 
very tempting methodology used to cancel the PLC leakage signal through the line 
traps. For this method, knowledge of the transfer function of lme traps is not 
required. Depending on the previous knowledge of mputs and outputs of the line 
traps, RLS and SA methods identify the parameters of dynamic response of the line 
traps, and based on these estimated parameters expected output of the lme traps is 
evaluated. With each iteration, estimates of the line ttap parameters are improved 
adaptively and ultimately estunates of the expected output are unproved. Then this 
expected output is subtracted from the actual output to cancel out the leakage of the 
PLC signal. These methods work efficiently with the frequency varying parameters 
of the line traps. 

Fuzzy logic is applied to identify the pattern of the leakage signal with the use of 
MATRIXx software package. Use of linear and non-linear membership functions has 
been made to identify the level of interferences on the busbar. Then on-line 
identified patterns have been cross-polarised to attenuate the interferences on the 
busbar. Further, RLS method is used to identify the model of line trap and to 
produce the expected output of the device. Then, this expected output is corrected by 
making use of fuzzy logic by identifying the unwanted phase and magnitude effects 
introduced by the coupling capacitors. 

Use of adaptive feedward artificial neural network has been made to act as 

interference canceller. In this research, canceller algorithms are tested using 

sinusoidal, random and modulated signals. 

Modal Analysis is one of the best sunulation schemes for the study of travelling 

wave phenomena on the transmission lines. Voltage and current signals on the 

transmission line are decomposed into their modal values. Different modes of these 

signals propagate with different velocities and show different levels of attenuation. 

Earth mode is the most attenuated as compared to aerial modes, so aerial modes are 

considered responsible for the propagation of the PLC signals for longer distance. 
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This work also shows the propagation study of PLC signals in terms of their modal 

values. For this particular application a well known ATP6 (Alternative Transient 

Program) is being used. The application of ATP6 also has been extended to find the 

distributed parameters of the given transmission lines from the given geometry of the 

lines. From these parameters, steady state and transient behaviours of different EHV 

systems have been studied and data obtained from these studies can be used for 

proper system protection schemes. Application of ATP6 also has been made to 

design optimum coupling and broadband line traps for the PLC systems. 

Based on the computer sunulation studies for PLC systems, usmg ATP6, MATRIXx 

and MATLAB (computing environment for high performance numeric computation 

and visualisation), designs of the transmission line model and its associated PLC 

components (broadband line traps and optimum couplmg capacitors) have been 

developed and tested. Then the leakage signal through lme traps to busbars was 

anticipated to cancel by appropriate design of the adaptive interference cancellers. 

1.4 ORIGINALITY OF THE THESIS 

The work presented in this thesis is based on Modal Analysis, adaptive control 

theory, fuzzy logic and artificial neural network for interference cancellation on PLC 

systems. Mathematical designs of adaptive cancellers based on the theory of natural 

modes have been presented in Chapter 2. Literature review presented in Section 1.2 

shows the lack of implementation studies of adaptive filters and intelligent schemes 

on PLC model based on modal analysis for interference cancellation of The original 

contributions of this thesis are summarised as follows: 

1. Two types of adaptive interference cancellers based on RLS and SA 

identification methods have been analysed and proposed; 

2. Three types of adaptive interference canceller based on fuzzy logic 

with linear and non-linear membership functions have been proposed 

and implemented on PLC model; 

3. Use of neural network has been made for adaptive interference 

cancellation on a PLC network; 

4. PLC laboratory model has been designed based on Modal Analysis to 

test tiie performance of different coupling schemes; 

5. PLC laboratory model was also used to test the performance of 

different interference cancellers in real-tune envu-onment; 
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6. Based on computer and laboratory simulation studies presented in 
Chapters 6-9, recommendations are made for the suitability of the 
cancellers for PLC systems. 

1.5 ORGANISATION OF THE THESIS 

The work presented in this thesis consists of ten chapters. In Chapter 1, inttoduction 
of PLC systems, with special consideration of problem definition of interference 
cancellation is described. This chapter further presents a brief literature review about 
the published work, which shows close associations with PLC application. Also, 
objective and contribution of the research along with organisation of thesis is 
outlined. 

Chapter 2 describes the application of Modal Analysis Theory for modellmg PLC 
systems along with its associated equipment eg. line ttap, couplmg capacitors and 
cancellers. Applications of identification techniques (RLS and SA) to PLC network 
have been described. Briefly, modelling of cancellers using fuzzy logic and neural 
network have been outlined. Chapter 3 describes the chcuit parameters used for 
computer and hardware simulation of the PLC network and cancellers. 

Based on the parameters described in Chapter 3, studies of modal values of PLC 

signal are performed using ATP6 and results are given in Chapter 5. Steady state 

and transient studies of the transmission line from Chapter 5 and circuit parameters 

from Chapter 3 are used to construct the test-bed laboratory model of PLC network 

along with its data acquisition facilities. This test-bed has been used to investigate 

the implementation of different cancellation schemes and couplings of various types. 

Chapters 6 and 7 present simulation results of RLS method on computer and 

hardware simulated models of PLC systems. Chapter 8 describes application of SA 

method as a PLC interference canceller. Applications of fuzzy logic and neural 

network have been outiined in Chapter 9. Comparison of all used techniques in the 

thesis, conclusions and future work are given in Chapter 10. 

Several appendixes are attached to provide additional detaUs such as modal theory, 

circuit block diagrams and published work etc. 
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CHAPTER 2 

MATHEMATICAL MODEL FOR PLC SIGNAL PROPAGATION 

USING MODAL ANALYSIS 

2.1 INTRODUCTION 

Accurate modeUing of power system circuits for different applications eg. fault 

location, telemetry, system protection, transient and steady state studies of systems, 

PLC signal propagation and supervisory control of power systems etc. is a primary 

requirement for effective design of the described appUcations. To test the realistic 

model, the study of transient phenomena is carried out using some form of simulation. 

The accuracy of the modelling techniques mainly depends on the assumptions being 

made, calculation of system parameters (lumped or distributed) and the mathematical 

tools. 

Different techniques can be used, for the simulation of the power system. Three of the 

most fi-equently used simulation tools are: 

• The model called "simulators" or "Transient Network Analysers" (TNA) has been 

used by down scaling the analogue model in which transmission lines are 

represented by a large number of lumped Il-parameters and T sections [28,29]. 

Although it has always been a powerfiil tool for transient simulation, TNA is not 

convenient to simulate the distributed nature of line parameters [28,29]. Besides, in 

a line model with finite number of sections, it is not possible to cover the infinite 

frequency response bandwidth, so approximate response is unavoidable [30]. 
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TNA proved to be a very useful tool for laboratory modelling of the transmission 

lines, which can be used for appropriate system equipment testing. In this work 

scaled down model of the transmission line was obtained from ATP6 modeUing. 

The laboratory model was constructed for the apphcation of PLC equipment and 

adaptive interference cancellation schemes on PLC systems. The tests showed very 

close resemblance to the actual Une model using ATP6. The frequency response of 

the laboratory model described the behaviour of the Unes carrying PLC signals. 

The results described in Chapter 7 helped to decide on the spectrum of the 

frequencies that can be used for PLC applications for this particular case. 

An obvious alternative to study power system transients is the use of digital 

techniques. Based on travelling wave phenomena, a number of methods are 

available to solve system equations (2.1 and 2.2): 

dV IdX =-Z.I (2.1) 

dlldX^-Y.V (2.2) 

These equations may be solved using the Laplace transformation [31,32,33]. 

Applied to system equations for the phase voltages, the method produces a 

number of independent second order differential equations for voltage in terms of 

distance. These are separated by transforming the voltage into independent modes 

which travel on the line without interaction. Once the modal waves are known, the 

phase voltages are evaluated by adding the forward and backward modal waves 

and using the inverse of modal transformation. This method considers the 

distributed nature of the line parameters, which is more realistic. This technique 

has been used for the modelling of the transmission line for the studies of the 

propagation of PLC signals. 

A third method is based on the well known lattice-diagram technique which is 

described by Bewley [34]. This method is based on the assumption of lossless or 

distorsionless propagation. The calculations are performed in terms of voltage 

wave increments which travel on the line. The behaviour of the travelling wave at 

point of discontinuity is determined by reflection and refraction coefficients. In 

single-phase calculations the coefficients are calculated from the individual line 

surge impedances. However, in three-phase studies, they are replaced by surge 

impedance matrices and in this way mutual effects between phases are taken into 

account. Line surge impedance matrix is evaluated at the transient predominant 
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frequency or if this is not known, at a frequency band on the travel time of the line 

being subject to transient. 

2.2 MODEL OF PLC SIGNAL ON TRANSMISSION LINES 

In this work, the theory of natural modes is used for the solution of the travelling wave 

phenomena in polyphase systems to formulate the model for PLC signal propagation 

on the power lines. Complete analysis of theory of natural modes is presented in 

Appendix A. 

PLC signal propagates on the transmission lines exactly like power signal but at PLC 

frequencies. The propagation velocity of the modal values of PLC signal depends on 

the signal frequencies. The modes have different propagation constants and different 

propagation velocities. The modes are related to the properties of the system used, in 

particular the formation of the impedance matrix. The propagation level of the injected 

signal from sending to receiving ends can be calculated at any point along the line 

from the knowledge of the modal values. 

The currents due to the PLC signal, at both sending and receiving ends can be obtained 

in terms of boundary voltages (Vs and Vr) from the results of analysis presented in 

Appendix A: 

Y^ScothylS-' -YJcosechylS-' 

Y^ScosechylS-' -YJ cosechjIS'' V 
.(2.3) 

or 

V. 

ScothylS~'Z^ -ScosechjdS~'Z^ 

Scosech)IS-'Z^ -ScothylS-'Z^ I 
_ r_ 

.(2.4) 

Equation 2.4 can be represented in terms of modal values: 

Y" coth yl -Y" cosech)! 

Y" cosechyl -Y" cosechji L^J 
.(2.5) 

Usually it is more adequate to write the transmission network equations so that the end 

quantities are related to the receiving end quantities by a two port transfer matrix. This 

can be achieved by using equations A.30, A.31 and A.33 (Appendix A): 
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Scosh)dS-' Ssinh ylS-'Z^ 

Y,S sink ylS-' YJ sinh ylS''Z^ 
.(2.6) 

For a single-circuit, 2-conductor line, the dimension of any of the matrices is given in 

equation 2.6 is (3x3). In modal form, equation 2.6 becomes: 

i: 

'cosh yl -Z'sinh}! 

Y" sinh yl - cosh yl 

v: 
.(2.7) 

2.3 MODEL OF LINE TRAPS 

For the use of modal analysis for the PLC equipment (ie. line traps) the voltages and 

currents of PLC signal obtained on remote ends (Vg and Ig) are considered at the inner 

ends of the broad band line traps as shown in Figure 2.1. Broad band line traps are 

considered as band stop filters, their band width is mainly decided by the value of 

impedance at the particular spectrum of frequencies. For the simplicity of analysis, line 

traps are considered at the sending end only. The equivalent impedance of the line 

traps can be represented as: 

1 
' (2^C, ) 

Z^=2nfL^ 

-t-(2;^J 

where f is the PLC signal frequency, Lj is the main line traps inductance which is the 

biggest and the most expensive part of the equipment, v\ equals to the characteristics 

impedance of the transmission line and other components eg. C^, C2, and L2 are for 

the resonance of the circuit. Total impedance of the line traps can be taken as: 

z..= 
(z,z,z,) 1 2 3-

{ZZ+ZZ +Z Z) 
^ 1 2 2 3 3 1-' 

In the analytical analysis, principle of superposition has been adopted for the PLC and 

power signals. If Vg is the PLC signal voUage at the sending end and Ig is considered 

as the current flowing through the line traps due to Vg, then the level of the attenuated 

signal at the sending end busbar can be calculated as follows: 
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K^=K-{LZ,r) (2-8) 

Substituting the values of Vg and Ig in equation 2.8: 

F,, = {S cosh )IS-X + S sin ylS'^ZJ^) -

{Y^S sinh ylS-'V^ + ̂ o "̂  sinh ylS-' ZJ^ )Z,^ (2.9) 

The leakage signal through busbar can be represented in modal form in terms of 

receiving end voltage and current: 

F ; = (cosh ̂ V; - Z" sinh ylF^) - {Y' sinh ylV; - cosh }dIf)Z^j. (2.10) 

Vg] is the leakage signal through line trap which interferes with the PLC signals from 

the adjacent line sections. To avoid the interference, same frequencies are not used on 

the adjacent line sections, which ultimately limits the number of channels for PLC 

utilities. The efficiency of the line traps is Umited due to their size and cost. 

Cancellation of the leakage signal on busbar can help to make use of the same 

frequencies on adjacent line sections which will improve the number of channels for 

the PLC utilities. 

Line traps are fourth order low pass fiUers. Their low pass nature prevent any possible 

attenuation to the 50 Hz power signal. Transfer function of the line trap can be 

generalised as given below: 

s^ +z.s^ -\-z.s 
k 

5̂ * +PiS^ +P2^^ '^Ps^^ + A 

Where k is the gain and zi, Z2, pi, p2, Ps, and p4 are constants. These constants depend 

on the realistic parameters (capacitive, inductive and resistive) of the line traps. 

It was anticipated in this work to analyse the adaptive interference canceUation 

schemes for the cancellation of the leakage signal. The leakage signal can be 

constructed from its modal values as shown in equation 2.10. 
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Figure 2.1 Schematic diagram of Line Traps with tunning unit 

2.4 MODEL OF ADAPTIVE INTERFERENCE CANCELLER 

Adaptive interference canceller uses "primary" input containing the corrupted signal 

or leakage signal and a "reference" input containing noise correlated in some 

unknown way with the primary noise. The reference input is adaptively filtered and 

subfracted from the primary input to obtain the estimated signal. Adaptive filtering 

before subtraction allows the treatment of inputs that are deterministic or stochastic, 

stationary or time variable. Adaptive filter differs from a fixed filter in that it 

automatically adjusts its own impulse response. Application of adaptive interference 

cancellation schemes for a PLC system appear to be very feasible as the inputs at both 

ends of the line trap are readily available to determine composite dynamic response 

characteristics of the line ttap. 

In order to adaptively cancel unwanted signal, it is necessary to have prior knowledge 
of the signal before the filter is to be designed, or before it could adapt. Figure 2.2 
shows the adaptive interference canceller for PLC systems [39]. In the figure, 
^EHv^P^CLeakage ̂ ^ccL ^^^ ^^ ^^ ĥc 50 Hz powcr slgual, PLC leakage signal through 
line fraps to busbar, signal generated by adaptive canceller (which should be a very 
close replica of the leakage signal) and interference free power signal respectively. If 
four of the signals described are statistically stationary and have zero means, also 
V^y is uncorrelated with PLC^^^^ and reference input. Suppose reference input is 

correlated with leakage signal. Then output can be taken as: 

7t=V +PIC -V 
•^* ' EHV ^ •* ^^Leakage ' CCL 
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The application of least-means-square (LMS) adaptive algorithm helps to adjust the 

total output power [40]. Squaring the equation and taking expectation: 

Zt-V^Hv+(PLC,,.-V,,J' +2V,,APLC Leakage CCL V ) '^ CCLJ- (2.11) 

Taking the expectations of both sides of equation 2.11: 

E[Zt']=E[Vl,,YE\^PLC^^^^^-V,J 

= E[VI,,]+E\[PLC,,^,^^,-V,J 

+ 2E VEHV \ PI'C Leakage *'^CCL )) 

(2.12) 

The power signal E[V^^^,\ will be unaffected as the filter is adjusted to minimise 

E\Zt^\ Accordingly, the minimum output power is: 

min E[Zt']=E[V^^, ] + min E\(PLC,,^,^^^ - V,,,) (2.13) 

When adaptive filter is adjusted so that E\Zt^] is minimised, E [PLC^^^g^-V^^^j 

is, therefore, also minimised. V„^, will be the best estimate of the PLC, , if the 
'-'~^ Leakage 

above-mentioned conditions were fulfilled. Minimising the total output power 

maximises the output signal-to-noise ratio [4,5,7,8]. 

State vector of adaptive filter for interference canceller has been adopted to have four 

elements, because the line trap model is of the fourth order as described in Section 2.3. 

2.5 MATHEMATICAL MODEL FOR RLS METHOD 

The general review of adaptive interference canceller and line trap model of PLC 

system gives optimum choice of RLS method [41,42,43]. In this particular case, Vg 

(PLC signal firom equation 2.6) and interference signal Vgi (fi-om equation 2.9) are 

available on both ends of line traps. RLS method works very efficiently to capture 

composite dynamic response characteristics of the line trap (weighting coefficients) 

and to predict the expected interference being caused by the line trap. Interference is 

equal to the product of adjusted weighting coefficients and a vector of previous two 

states of input and output. 
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HPF = High pass filter (Coupling capacitors) 

Zt = Power signal after adaptive cancellation of PLC leakage signal 

0 ̂ ^ = Estimated elements of dynamic response of the Line Traps 

VccL ̂  Estimated PLC leakage signal through Line Traps 

Figure 2.2 : Schematic diagram of adaptive interference canceller for PLC 

system 
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For initialisation 0^ (actual weighting coefficients), X^ (input and output state vector) 

and P^^ internal state matrix are taken as zero. ̂  are estimated weighting coefficients 

of line traps for kth state: 

^^=[0 0 0 0] P . , = k-\ 

1 

0 

0 

0 

0 

1 

0 

0 

0 

0 

1 

0 

0' 

0 

0 

1 

w = 0 M = 0 V = 0 V = 0 
1 2 -'^l -^2 

^A y^ y. ". "2] 

The projection operator matrix for next state P^ can be obtained from the initial 

conditions: 

p — p ^k-X-^ k-\-^ k-\Pk-\ 
k~ ^k-\ \+x^_^p^_^x^ 

(2.14) 

The resuhs of equation 2.14 can be used to find the weighting coefficients of line traps 

based on the updated input and output state vector: 

^k-0,^-P,X,{V,,-X'M (2.15) 

Estimated output of line traps can be predicted based on the latest estimate of the 

parameters: 

^s\t -^k^k (2.16) 

Improved estimates of the weighting coefficients and internal state matrix are updated 

with previous values to find adaptively optimum values to have best possible estimate 

of leakage signal through the line trap. For recursive adaptation, updating is done as 

foUows: 

e =^ 
k k 

p =p 
k-\ k 

y^-yy u^ =u 
2 1 

y^ = F 
s\{k) 

u =V 
1 s(,k) 
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These new values of input and output are used to make updated state vector for 

adaptive learning of the algorithm. The estimated output of the algorithm Vsu is 

subtracted from the actual leakage signal (Vsi) through line trap to get the cancellation 

of the interference on the busbar. In computer and hardware simulation the estimated 

output of line trap was injected on to the busbar with negative sign to get the adaptive 

cancellation: 

Kar,=K,-K,, (2.17) 

In this work, the above-mentioned mathematical model has been used for computer 

and hardware simulation of the PLC system and adaptive interference canceUation to 

test its practicality. 

2.6 MATHEMATICAL MODEL FOR SA METHOD 

Application of S A method for parameter estimation of line trap can be made to follow 

the same steps that were used to implement RLS method as explained in Section 2.5. 

PLC and PLC leakage signals (Vsand Vsifrom equations 2.6 and 2.8 respectively) can 

be taken as inputs for this algorithm as well for parameterisation. 

In this particular case Vg (PLC signal from equation 2.6) and interference signal Vgi 

(from equation 2.9) are available on both ends of line trap. SA method works very 

efficiently to capture composite dynamic response characteristics of the line trap 

(weighting coefficients). It also has a strong ability to predict the expected 

interferences being caused by the line traps. Interferences are equal to the product of 

adjusted weighting coefficients and a vector of previous two states of inputs and 

outputs. SA is simpler than RLS method in programming the algorithm as interference 

canceller. SA method uses internal state matrix as a scalar, contrary to RLS method. 

For the application of this approach, PLC was considered as a stochastic system, 

which was the true representation of the line trap behaviour. Using this algorithm, 

based on the previous estimates, the next state of interferences was predicted. For 

initialisation 6k (actual weighting coefficients), Xk (input and output state vector) and 

Pk (internal state scalar) are taken as zero. In the simulation they are represented as 

follows: 
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^ , = [ 0 0 0 0 ] P,=0 

M, = 0 U2=0 >"! = 0 >̂2 - 0 

^ t = b i yi «i ^̂ 2] 

The projection operator matrix for next state can be obtained from the initial 

conditions: 

^̂  =ft^'^.] (218) 

The resuhs of equation 2.18 can be used to find the new weighting coefficients of line 

trap, based on the updated input and output state vector. 

^k =Ok+Pk^k(Vsy-KO,) (2.19) 

Estimated output of Une trap can be predicted from the latest knowledge of estimates 

of the line trap parameters: 

Ku=K^k (2.20) 

Improved estimates of the weighting coefficients and internal state scalar are updated 

with previous values to find adaptively optimum values to have best possible estimate 

of leakage signal through the line trap. Updating is done as foUows: 

^k-^k Pk-\ - Pk 

y^^y, U2 =w, y, =V^,^,^ w, = F Ak) 

The updating of parameters, input and output state vector and internal state scalar is 

done for adaptive learning of the algorithm from previous stochastic estimates to get 

the true estimate of next state. The estimated output of the algorithm Vsu is subtracted 

from the actual leakage signal (Vsi) through line traps to get the cancellation of the 

interference on the busbar. In computer and hardware simulation, the estimated output 

of line trap was injected on to the busbar with negative sign to get the adaptive 

cancellation. Mathematically this is represented in equation 2.21: 

Vs.-V,, (2.21) 
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The performance of the algorithm has shown poor results for initial estunates of 

interferences due to zero initial conditions. Performance index for the given algorithm 

can be analysed from equation 2.22: 

k 2 

Performance_Index{J) = YJ[KX-K^k) ..• • (2.22) 
1=0 

Frequency variant non-linear behaviour of the line trap can also be analysed fi-om the 

performance indicator eg. performance index. The algorithm presented in this section 

was used for the computer and hardware implementation studies of cross-polarisation 

adaptive interference canceUation on a PLC system. MATLAB software was used for 

the simulation of PLC model and SA algorithm as an interference canceller. For 

hardware implementations, laboratory power line model was used as a communication 

charmel for PLC signals. Design details of power line model and line traps are 

described in Chapters 3 and 4. 

2.7 FUZZY SET THEORY 

Fuzzy set theory (fuzzy logic) is used to represent and reason with some particular 

form of knowledge. It is assumed that the knowledge would be expressed in a 

linguistic or verbal form. It should not be a mere intellectual undertaking, but must be 

operationally powerful so that the computer can be used for simulation. However, 

when using a language-oriented approach for representing knowledge about a certain 

system of interest, one is bound to encounter a number of non-trivial problems. 

Systems having no sharp boundaries can be considered having the property of 

vagueness [74,75]. 

The fuzziness of a property lies in the lack of well defined boundaries of the set of 

objects to which this property appUes [74]. Let U be the universe of discourse, 

covering definite range of objects. Considering a subset F of U, where the transition 

between membership and non-membership is gradual rather than abrupt. The fuzzy set 

F certainly has no well defined boundaries. In fuzzy set theory, 'normal' sets are caUed 
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crisp sets, in order to distinguish them from flizzy sets. Considering C as a crisp set 

defined on the universe U. For any element u of U, either u e C or u ^ C. In fuzzy 

theory this property can be generalised, therefore in fuzzy set F, it is not necessary that 

either u G F or u ^ F [76]. The generaUsation is performed as foUows: 

For any crisp set C, characteristics fimction can be defined as: ŵ  : L/^=^|0,l} . In 

flizzy set theory, the characteristics function is generalised to a membership function 

that assigns to every u e U a value from the unit interval [0,1]. This set is called flizzy 

set [74]. The membership function UF of a fuzzy set F can be described as: 

Up -.U [0,1] .(2.23) 

Every element u from U has a membership degree UF(U) G [0,1]. Generally fuzzy set 

can be expressed in terms of elements and the membership degree: 

F = [[u,Up(u))\u &u] .(2.24) 

Use offuzzy set theory was made successfully for adaptive interference canceUation on 

PLC network. Conventional design procedure was adopted for the implementation of 

Adaptive Fuzzy Logic Based Interference Canceller (AFLIC), using flizzy tool in 

MATRIXx. Graphical representation is shown in Figure 2.3. 

ispCV,,) 
nputs 

Fuzzification 

Fuzzy 
Inputs Inference 

Processing 

Fuzzy 
Outputs 

Defiizzification 

Crisp(V,u) 
Outputs 

Figure 2.3 : Graphical representation of Adaptive Fuzzy Logic Based 

Interference Canceller 
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2.8 DESIGN MODEL OF ARTIFICIAL NEURAL NETWORK 

BASED INTERFERENCE CANCELLER 

For interference cancellation on the given system, RLS, SA and AFLIC methods have 

been implemented successfully, results are given in Chapters 6-9. In this application, 

similar to the AFLIC algorithm, line trap identification was also avoided but network 

was trained to determine weighting coefficients and bias of the adaptive network. 

Adaptive training is used to update weighting coefficient and bias recurrsively. For 

supervised learning of ANN, both leakage signal and combined (leakage and PLC 

target (zero) signals) signals were used as inputs. Block diagram of Artificial Neural 

Network Based Interference Canceller (ANNIC) is given in Figure 2.4. Power signal is 

the only desired signal on the busbars. For the application of ANNIC, power signal 

was fihered out using coupling capacitors. In the working of canceUer, PLC signal was 

considered as a vector of zeros, which was the ultimate requirement of the canceller. 

Both the input signals were used to adapt the connection weights and biases for the 

network. These adaptively updated cormection weights and biases were used to 

process the input stimulus presented at the input buffer. For the processes of learning 

and recall, MATLAB functions "initiin" and "adaptwh" [77] were used to obtained the 

true estimates of interferences and PLC signals. Interference cancellations on the 

busbar were obtained by cross-polarising the estimates of interferences in real-time 

mode. 

This technique can be well used in the situations where the total signal is the sum of 

actual signal and also function of noise. Major applications can be in separating the 

engine and tyre noises fi-om the actual signals in case of pilot voice fi-om cockpit and 

mobile phone signal in car respectively. In this application, power signal was separated 

using high pass filter, so PLC signal was taken as zero reference signal. Canceller was 

tested for different signals having four different bandwidth, three 
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channels having their separate carriers using single side band amplitude modulation 

(AMSSB) and double side band amplitude modulation with suppress carrier 

(AMDSB-SC). Three of the channels were multiplexed using frequency division 

multiplexing (FDM) technique. 

In this chapter, analytical modelling of PLC network and PLC signals have been 

described with the use of modal theory of natural modes. Based on this model, 

various types of cancellers have been developed, their model descriptions are given in 

Sections 2.5-2.8. The modal analysis is a very convenient tool for the propagation 

studies of PLC signal on the line. Interference cancellers are based on adaptive digital 

fitters. Developed cancellers use PLC and leakage signals for interference 

cancellation. Mathematical analysis presented in Sections 2.2-2.6 show that modal 

analysis does not contribute in providing additional attenuation to the leakage signal. 

Models presented in this chapter were used for the computer and hardware simulation 

studies of the canceller. 

Line 
Line Trap 

fHPF 
h 

PLC reference Signal (0)-

:0 Busbar 

Figure 2.4 : Graphical representation of ANNIC for a PLC System 
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CHAPTER NO. 3 

CIRCUIT PARAMETERS 

3.1 INTRODUCTION 

A system's behaviour mainly depends upon the nature of the parameters and type of 

the domain (frequency, time or discrete time) used for a particular application. For 

reliable propagation of PLC signals on the transmission lines and through the PLC 

equipment (line traps and coupling capacitor), parameters of concerned circuitry play a 

very important role. For the determination of attenuation and distortion levels of the 

signals on the transmission lines, knowledge of the impedance matrix and admittance 

matrix is a primary requirement. To find out the velocities of different modes of PLC 

signal, propagation constants are developed from the impedance and admittance 

matrices, on the boundaries (receiving or sending end) of line, where PLC signal is 

reconstructed from its modal values. This composite signal should be cancelled by the 

line traps otherwise it will interfere with the PLC signals operating at the same 

frequencies on the adjacent line sections. Proper choice of parameters of PLC 

equipment eg. line traps and coupling capacitors help to prevent unnecessary 

attenuation in the PLC signal. In this chapter, the parameters of transmission line, line 

traps, coupling capacitors and adaptive interference cancellers are presented. 

3.2 TRANSMISSION LINE 

Transmission lines are costless means of communication for PLC signals, as the 

transmission of intelligence takes place simultaneously with the transmission of 

electrical energy without mutual interference. On large power systems, it is not 

possible to provide all communication needs [44] by means of PLC because of the 

limited spectrum available. Inefficiency of the PLC equipment eg. line traps also limits 

the availability of the existing frequency spectrum. Transmission lines operating at 33 

kV and higher voltages are the most prevalent for data communication. Lower voltage 

lines are usually tapped or looped through a greater number of stations between 
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terminals, which increases the cost of maintaining a suitable path for communication 

signals. Tapping of the lines reduces the power of the communication signal due to 

leakage of signal through line traps at tapping points. Transmission lines are very 

reliable means of communication for data communication, even in case of short 

circuits, the communication of signals can be made successfully. 

The uhimate goal of the transmission lines is to transmit power with minimum losses. 

Data transmission for power system utilities is an extra advantage, which should not 

interrupt the power transmission at any stage. The selection of the parameters for the 

design of transmission line is mainly for fulfiUing the purpose of power transmission 

but data transmission is also kept in mind as well. Shunt capacitors are used at some 

points along the lines to improve the sensitivity of the PLC system response to the line 

parameter changes. In some cases, modal cancellation can be completely eliminated 

with the shunt capacitors [9]. Communication signal loss due to modal cancellation is a 

major concern in the design of PLC systems. An electromagnetic wave on a multi-

conductor line can be considered as an ensemble of modes, each one with its own 

propagation velocity and attenuation [35]. 

3.2.1 Parameters Of Transmission Line For Simulation 

In this work, PLC systems are connected to 500 kV ehv transmission line with bundled 

conductor in a horizontal configuration. Figure 3.1 describes the geometry of the line 

showing two earth wires on the top of the tower. Complete details of the line are 

described below: 

Operating voUage = 500 kV 

Frequency of the system = 50 Hz 

Line length = 400 km 

Earth resistivity = 250 Q-m 

Outside diameters of phase conductor = 3.25 cm 

Outside diameters of earth conductor = 2.50 cm 

Number of bundles in each conductor = 4 

Phase conductor size = 4 x 5 4 / 7 / 3 . 2 5 ACSR 

Ground wire conductor size = 2 x 3 0 / 7 / 2 . 5 ACSR 

Allowable sag = 13.8 m 

DC resistance of the phase conductor = 0.0522 Q/km 
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DC resistance of the earth conductor 

Ratio of thickness to diameter of the 

phase tubular conductor 

Ratio of thickness to diameter of the 

earth solid conductor 

= 0.36 a/km 

= 0.231 

= 0.5 

13.868 m 

: 9.741 m 
• 

• • • • • 

: / 

• i • • 
i 10.058 m 
1 

38.83 m 
w 

• • 

10.058 m 

• 

• 

Earth 

Figure 3.1 Transmission Line Construction 

Based on the geometry of the ttansmission line in Figure 3.1, Z and Y matrices of the 

ttansmission can be found using ATP6 software. This method of finding ttansmission 

line parameters gives a choice of different types of parameters eg. Z matrix, Y mattix 

and also Z, Y matrices in their sequence (zero and positive) form. Z and Y mattices 

are given below in different forms: 
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Capacitance matrix, in units of [farads/km] for the system of physical conductors. 

1 9.892976E-09 

2^,154444E-11 1.195846E-08 

3 -7.645313E-12-1.341446E-11 1.OO5250E-O8 

4-6.471943E-09-4.163076E-n -7.655479E-12 9.893I38E-09 

5 -7.648849E-12-1,341593E-11 -7072954E-10-7.659020E-I2 1.OO5250E.O8 

6 -7 557957E-12 -1.325363E-11 -7.0520g5E-10 -7.568006E-12 -6.3n«89E-09 1.O05373E.OX 

7.4.148719E-11 -t.480881E-09-1.350413E-n .4.157318E-n -1.350561E-n -1.334220E-11 1.195787E-08 

8 A153980E-11 -3.474626E-09-1.341593E-11 -4.162611E-11 -1.341446E-11 -1.325216E-1I -2.371634E-09 1.195846E-08 

9.4.148255E-11 -2.371634E-09-1.35056lE-n ^.1S6854E-U -1.350413E-11 -1.334074E-U -3.475219E.09^.480g81E-09 I.195787E-08 

10 -7.554443E-12 -1.325216E-11 -6.311889E-09 -7.564486E-12 -7.052085E-10 -7.060655E-10 -1.334074E-11 -1.325363E-11 -1.334220E-11 

1.0O5373E-08 

11 -8.489279E-10.4.153980E-11 -7.648849E-12-8.474774E-10-7645313E-12-7.554443E-12^.148255E-11 ^.154444E-11 A148719E-11 

-7.557957E-12 9.892976E-09 

12 -8.474774E-10 -4.16261 lE-11-7659020E-12 -8.487657E-10 -7.655479E-12 -r564486E-12 ^.156854E-11 -4.163076E-11 ̂ .157318E-11 

-7568006E-12 -6.471943E-09 9.893138E-09 

13 -1.242767E-10-2.510633E-10-2.320961E-11 -1.245836E.10-2.323120E-11 -2.295184E-11 -2.487825E-10-2.507589E-10-2.484799E-10 

-2.293039E-11 -1.241361E-10-1,244426E-10 5.453252E-09 

14 -1.241361E-10 -2.507589E-10 -2.323120E-11 -1.244426E-10 -2.320961E-11 .2.293039E-11 -2.484799E-10 -2.510633E-10 -2.487825E-10 

-2.295184E-11 -1.242767E-10 -1.245836E-10 -1.913650E-09 5.453252E-09 

Capacitance matrix, in units of [farads/km] for the system of equivalent phase 

conductors. 

1 1.426381E-08 

2.4.394814E-10 6,522916E-09 

3 -6.277266E-09 -4.394814E-10 1.426381E-08 
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Capacitance matrix, in units of [farads/km] for symmetrical components of the 
equivalent phase conductor. Rows proceed in the sequence (0, 1, 2), (0, 1, 2), etc.; 
colunms proceed in the sequence (0, 2, 1), (0, 2, 1), etc. 

0 6,912694E-09 

O.OOOOOOE+00 

1 3.171851E-10 3.236077E-09 

-5.493807E-10 5.605050E-09 

2 3,171851E-I0 1.406892E-08 3.236077E-09 

5 493807E-10 O.OOOOOOE+00-5.605050E-09 

Impedance matrix, in units of [ohms/km] for the system of physical conductors. 

1 5.316680E-01 

8.274928E-01 

2 1.159068E-02 5.365832E-01 

9.868073E-02 8.014656E-01 

3 1.535689E-02 2.088207E-02 5.584502E-01 

3.106794E-02 4.947646E-02 7.439008E-01 

4 9.625161E-03 1.159159E-02 1.535846E-02 5.316692E-01 

6.045188E-01 9.869994E-02 3.107239E-02 8.274846E-01 

5 1.535715E-02 2.088209E-02 3.640335E-02 1.535873E-02 5.584502E-01 

3.106901E-02 4.947660E-02 2.885327E-01 3.107346E-02 T439008E-01 

6 1.535873E-02 2.088495E-02 3.641191E-02 I.536030E-02 3.641531E-02 5.584673E-01 

3.105161E-02 4.944800E-02 2.884992E-0I 3.105606E-02 5.209167E-01 7.438723E-01 

7 1.159159E-02 1.454116E-02 2.088493E-02 1.159249E-02 2.088495E-02 2.088781E-02 5.365860E-01 

9.865166E-02 5.784896E-01 4.948775E-02 9.867087E-02 4948789E-02 4.945928E-02 8.014533E-01 

8 1.159068E-02 1.453975E-02 2.088209E-02 1.159158E-02 2.088207E-02 2.088493E-02 1.454116E-02 5.365832E-01 

9.868048E-02 5.612867E-01 4.947660E-02 9.869970E-02 4.947646E-02 4.944786E-02 5.469453E-01 8.014656E-01 

9 1.159158E-02 1.454116E-02 2.088495E-02 1.159249E-02 2.088493E-02 2.088779E-02 1.454258E-02 1.454116E-02 5.365860E-01 

9.865142E-02 5.469453E-01 4.948789E-02 9.867062E-02 4.948775E-02 4.945915E-02 5.612745E-01 5.784896E-01 8.014533E-01 

10 1.S35846E-02 2.088493E-02 3.641531E-02 1.536003E-02 3.641191E-02 3.642047E-02 2.088779E-02 2.088495E-02 2.088781E-02 

3.105055E-02 4.944786E-02 5.209167E-01 3.105499E-02 2.884992E-01 2.885042E-01 4.945915E-02 4.944800E-02 4.943928E-02 

5.584673E-01 

7.438723E-01 

11 9.624461E-03 1.159068E-02 1.53S715E-02 9.625090E-03 1.535689E-02 1.535846E-02 1.159158E-02 1.159068E-02 1.1591S9E-02 

3.69801 lE-01 9.868048E-02 3.106901E-02 3.697791E-01 3.106794E-02 3.105055E-02 9.86S142E-02 9.868073E-02 9.865166E-02 
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1.535873E-02 5.316680E-01 

3.105161E-02 8,274928E-01 

12 9.625090E-03 1.159158E-02 1.535873E-02 9.6257I9E-03 1.535846E-02 1.536003E-02 1.159249E-02 I.159159E-02 I.159249E-02 

3.697791E-01 9.869970E-02 3.107346E-02 3.697929E-01 3.107239E-02 3.105499E-02 9.867062E-02 9.869994E-02 9.867087E-O2 

1.536030E-02 9.625161E-03 5.316692E-01 

3.105606E-02 6.045188E-01 8.274846E-01 

13 1.121292E-02 1.395481E-02 1.971709E-02 1.121377E-02 1.971773E-02 1.972029E-02 1.395612E-02 1.395481E-02 1.395611E-02 

1.121304E-01 1.999226E-01 4.505354E-02 1.121546E-01 4505740E-02 4.503165E-02 1.997713E-0I 1.999I17E-01 1.997605E-01 

1.971965E-02 1.121279E-02 1.121364E-02 3.736373E-01 

4502780E-02 I.121171E-01 1.121413E-01 8.294106E-OI 

14 1.12I279E-02 1.395481E-02 1.971773E-02 1.121364E-02 1.971709E-02 1.971965E-02 1.395611E-02 1.395481E-02 1.395612E-02 

1.121171E-01 1,999117E-01 4505740E-02 1.121413E-01 4.505354E-02 4.502780E-02 1.997605E-01 1.999226E-01 1.997713E-01 

1.972029E-02 1.121292E-02 1.121377E-02 1.340872E-02 3.736373E-0I 

4.503165E-02 1.121304E-01 1.121546E-01 3.392191E-01 8.294106E-01 

Impedance matrix, in units of [ohms/km] for the system of equivalent phase 

conductors. 

1 1.499809E-01 

3.4I5236E-01 

2 1.83191 lE-02 1.570599E-01 

4724190E-02 5.571148E-01 

3 1.946809E-02 1.831911E-02 1.499809E-01 

1 689972E-01 4.724190E-02 3.415236E-01 

Impedance matrix, in units of [ohms/km] for symmetrical components of the 

equivalent phase conductor. Rows proceed in the sequence (0, 1, 2), (0, 1, 2), etc.; 

columns proceed in the sequence (0, 2, 1), (0, 2, 1), etc. 

0 1.897448E-01 

5.890413E-01 

1 -2.807644E-02 1.309684E-01 

-1.392747E-02 -7.922386E-02 

2 2.609977E-02 1.336385E-01 -1.340941E-01 

-1.735117E-02 3.255604E-01 -7.381006E-02 
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Table 3.1: Parameters of ehv transmission line derived usin 

Surge 

impedance 

Attenuation 

Velocity 

Wavelength 

Resistance 

Reactance 

Susceptance 

Zero Sequence 

5.33818E-H)2 

< -8.92752E+00 

1.56262E-03 

2.74317E+05 

5.48634E-K)3 

1.89745E-01 

5.89041E-01 

2.17169E-06 

Positive Sequence 

2.82174E+02 

<-L11588E+01 

2.09646E-03 

2.56750E+05 

5.13500E+03 

1.33638E-01 

3.25560E-01 

4.41988E-06 

g A TP6 software 

Units 

Magnitude(ohm) 

Angle(degree.) 

db/km 

km/sec 

km 

Q/km 

a/km 

mho/km 

Table 3.1 shows the parameters for a 400 km line that is used for the computer 

simulation. For fault location and transient studies, line is divided into four subsections 

of 100 km. Sources of different capacities from 3.5 GVA to 35 GVA are used for 

transient and steady state studies. Driving sources are represented in their source 

impedances. 

3.2.2 Transmission Line Parameters for Hardware 

To investigate the propagation of the PLC signal and interference caused due to 

inefficiency of the line traps on practical bases, hardware of the transmission line was 

constructed by scaling down the parameters of line obtained from computer 

simulation. The parameters were scaled down from 500 kV to 415 V. Series and 

parallel parameters were lumped for 100 km, to make 3-phase four II circuits. Values 

of the parameters (series impedance R + jL and parallel capacitance C) were modified 

to the available values for the hardware. With the new modified values, accuracy of the 

line model was tested with the simulation tool (ATP6). The values used for the 

construction of the line model are: 

Series resistance = 0.6 Q/lOO km-per phase 

Series inductance = 30 mH/100 km-per phase 

Shunt capacitance = 0.385 ^tF/l 00 km-per phase 

The above mentioned parameters were used to make 3-(l) Il-circuits for the required 

length of the line. The line was divided into four sections of 400 km. The 

characteristics impedance of the model line can be calculated as foUows: 
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System fi-equency "f" = 50Hz 
Resistance for fliU length of line "R" = 0.576*4 D 
Inductance for fiiU length of line "L" = 30e-3 * 4 mH 
Capacitance for fiiU length of line "C" = .388e-6 * 4 ^F 
Let 

S = 2 ' ^ n * f * j 

Z = R + S * L 

Y = S * C 

Z, = yj{abJ,Z/Y)) 

= 278.3233 Q 

This line model was tested for a large spectrum of fi-equencies ranging fi-om 10 Hz 
to 1 MHz. The performance of the line was acceptable for the PLC applications for the 
frequency less than 95 kHz. Graphical representation of the line model is shown in 
Figure 3.2. 

3.3 LINE TRAPS 

Line traps are used for the isolation of the carrier charmel from certain detrimental 
conditions and also to isolate carrier channels from one another to prevent 
interference. Broad band line traps were used for the computer and hardware 
simulation of the system. Due to size and cost constraints of the line traps, 
interferences can be prevented to some extent. For complete isolation of the PLC 
signals at busbars, adaptive interference canceUation schemes appear to be very 
supportive for this kind of appUcation. The schematic diagram of the line traps is 
shown in Figure 2.1. 

The main coil and its tuning elements are always protected against lightning surges by 

suitable arresters. In the line model, operating voltage was within a safe limit eg. 415 

Vohs, protection against high voltage surges was eliminated. The parameter values 

used for the line traps for the hardware and computer simulation studies were as 

follows: 

Inductance of the main coil" h\ " = 0.300 mH 

Capacitance in parallel with the coil" Cj " = 0.0158 |iF 
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Capacitance for the tuning circuits " C2 " = 0.0030 |JF 

Inductance for the tuning circuit" L2 " =1.200 mH 

Resistance for the tuning circuit" R " = 300.0 Q 

Required isolation level and spectrum of the frequencies depend on the selection of the 

parameters of the line traps. To obtain isolation for a certain spectrum of frequencies, 

appropriate choice of the capacitors and fine tuning of the main coil, play the major 

role. 

3.4 COUPLING CAPACITOR 

Different types of couplings can be used for injecting the PLC signal on the power 

lines, which mainly depends upon the required specifications and the allowable level of 

attenuation. Phase-to-phase and phase-to-ground couplings are mostly used in the 

power industry. Phase-to-phase coupling is more secure for injection of the signal on 

the line. If one phase becomes faulty, propagation of the signal will continue on the 

other healthy phase. From practical field studies, the efficiency of this type of coupling 

is higher but this type of coupling is more expensive. Phase-to-ground coupling is less 

expensive but the efficiency drops to a lower value. In this work, phase-to-ground 

coupling is used. Parameter values of the coupling capacitors depend on the spectrum 

of fi-equencies used for the PLC signals. In power system utilities, data transmission 

for the protection, telemetry and voice communication is conducted at different 

bandwidths. To separate the data for different applications, coupling capacitors are 

divided into two groups. 

For simulation of the PLC system and adaptive interference cancellation, only one 

stage of coupling capacitors is used, as the data is considered only for voice 

communication. Drain coils are used to facilitate the current flow through to ground 

and also signal is picked up and injected across the drain coils, depending upon the 

nature of application (transmitter or receiver). Figure 3.3 shows the physical 

connection of the coupling capacitors with the transmission lines. The leakage signal 

through Une trap is also sensed across the drain coU of coupling capacitors. That is 

used as an input for cancellers for the estimation of output signal of the line trap. This 

estimated output is used to cancel the interference caused by line trap. For computer 

and hardware simulation studies, central-phase-to-ground coupling is used because this 

type of coupling is the most optimum and its attenuation is less than that of any other 

phase to ground coupling [9]. 
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Figure 3.2 : Model of Transmission Line for Hardware Simulation 



Couplings preventing modal cancellation and whose attenuation levels are below 20 

dB [9] thus are referred to as "recommended couplings". For the studies of adaptive 

interference cancellation on the power line model, PLC signal is being injected on the 

centtal phase, without considering the attenuation caused by the coupling capacitors. 

The parameters of the coupling capacitors for required spectta are as follows: 

Value of capacitors used 

Inductance of the drain coil 

= 0.027 [He 

= 0.8443 mH 

In general, coupling capacitors are considered as high pass filters for PLC 

applications. They are made of capacitive voltage ttansformers to serve all the 

purposes ie. protection, telemetry and data communications. 

Busbar 

Line Traps 

Transmission Line 

CC 

PLCsignal 

CC = Coupling Capacitor 

DR = Drain Coil 

e = Earth 

Figure 3.3 : Physical Connection of Coupling Capacitors with Transmission Line 

Circuit Parameters 42 



3.5 ADAPTIVE INTERFERENCE CANCELLATION 

Falsified transmission of data on line may result in a fatal situation in power system 

control and operation. There are many factors, which may contribute to reach the 

situation of data corruption. The factors, which contribute to the interferences in the 

PLC signal propagation may be classified into two major groups: 

a. Source with constant and unpredictable interferences eg. corona, switching 

operations and transient fauUs on the system etc. 

b. Source of interferences due to inefficiencies of the PLC equipment eg. line 

traps etc. 

In this work, interferences caused due to inefficiency of the line traps are studied. For 

the cancellations of these interferences, adaptive interference canceUations are used to 

get the acceptable level of attenuation. These interferences due to leakage signal 

through line trap can cause inter talk among different channels of adjacent line 

sections. In this work RLS, SA, AFLIC and ANNIC methods are used to cancel the 

interferences. Fast learning methods (RLS and SA) are very efficient in adapting the 

parameters of dynamic response of any plant, where plant parameters vary with time 

and frequency. For the application of this method, prior knowledge of the PLC signal 

and leakage signal through line traps is required. Cancellers predict the estimated 

output of the line traps that is subtracted from the actual leakage signal through the 

line traps to get adaptive interference cancellation. 

Computer and hardware simulation studies of adaptive interference cancellation have 

been analysed using MATLAB, MATRIXx and ATP6 mathematical and designing 

tools. As mentioned in Section 3.2.2, a frequency spectrum of 15-75 kHz is suitable 

for transmission line model. However, frequency selection constraints due to limited 

data acquisition facilities further narrowed the frequency spectrum to the maximum of 

50 kHz. Mathematical model and operations of the cancellers are explained in Chapter 

2. For simulation, PLC signals have been generated using sinusoidal sources of 

required frequencies. 
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The parameters of the adaptive canceller algorithms depend upon the level of the PLC 

signal and leakage signal through line traps. For RLS and SA methods, internal state 

matrices are estimated on the latest values of the input and output of the line traps. 

The parameters defining the conventional adaptive algorithm vary with the varying 

behaviour of the line traps. 

3.6 LOW PASS AND BAND PASS BUTTERWORTH FILTERS 

For the true modelling of PLC signals for simulation, signal processing tool of 

MATLAB was used to create a random noise of bandwidth of 2 MHz. The 

constraints being imposed due to the parameters of hardware model of the 

transmission line and limitation of data acquisition facilities (data acquisition card 

PCL_818 can have a maximum sampling frequency of 100 kHz) forced to use the 

signals having frequencies less than 50 kHz. Chapter 4 describes the results of 

frequency response of the transmission line model under different coupling 

arrangements. 

The signal used to analyse the performance of the PLC system is a digitised analog 

signal. To make the resolution of PLC signal very high, sampling frequency of 2 MHz 

was used. To create the signal for some particular channel of required band width, low 

pass and band pass butterworth fiUers were designed using signal processing tool of 

MATLAB. The signal of 2 MHz was passed through the fiUers to get the required 

signal. The parameters of the low pass filter are given below: 

Order of the fiher = 4 

Bandwidth of filter = 80 kHz 

Discrete time transfer function of the fiher can be represented as: 

10"̂  (0.1329+0.5317 Z~' + 0.7976 Z~' + 0.1329 Z"') 

^ ( 2 ) = Z-' - 3.6717 Z-' + 5.068 Z"' + 0.7199 Z ^ 
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The filtered signals are taken as PLC signals at the transmitter terminal. Then these 

signals were used to test the performance of line traps and adaptive interference 

cancellers. 

The parameters used for the computer and hardware simulation studies of PLC system 

are presented in this chapter. Selection of parameters of PLC equipment can be varied 

to suit required application and specifications. For the computer simulation of the 

required system, MATLAB, MATRIXx and ATP6 proved to be very flexible tools for 

the modelling of PLC network and complex cancellation algorithms. Frequency 

responses of line traps and coupling capacitors obtained using MATLAB helped to 

find appropriate parameters for required spectrum of frequencies. Results of the 

studies are presented in Chapter 6. 

ATP6 software was used to study the steady state and transient behaviour of the PLC 

equipment under different operating conditions of the system. Studies of propagation 

of different modes of PLC signal on transmission line were studied, results are shown 

in Chapter 5. 
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CHAPTER 4 

HARDWARE DESIGN OF PLC MODEL WITH ADAPTIVE 

INTERFERENCE CANCELLER 

4.1 INTRODUCTION 

Transmission lines are considered to be a very efficient means of data communication 

for power system utUities. Problems associated with the propagation of PLC signal on 

the line can be studied either by simulation or by using a laboratory model of the power 

network. The PLC network with its associated equipment has been simulated using 

ATP6, MATRIXx and MATLAB. Results are given in Chapters 5-9. The laboratory 

model of PLC network is presented in this chapter. The feasibility of different coupling 

schemes has been investigated on the model network. 

The main focus in this work was to investigate the interference caused by the 

inefficient line trap and to suggest appropriate adaptive interference cancellers. Based 

on the laboratory simulation and hardware studies, recommendations have been made 

to extend this method for implementation on a practical system. Use of PLC 

communication is becoming more vital as the latest techniques for protection, fault 

location and telemetry etc. need more security in data transmission. To avoid any 

incorrect control operation, the integrity of data transmission should be verified from 

various modes of communication eg. fibre optics, microwave, PLC or manual. Various 

modes of communication have different advantages and disadvantages. Fibre optics 

immunity against most of the noises on the transmission line makes it the most 

effective of all modes. Power industry is making use of fibre as a mode of information 

conununication. Fibre optic communication is mostly used in modem power systems. 
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Microwave communication can be used very efficiently for short distances. NormaUy 

transmission lines have lengths in hundreds of kilometres. Although, PLC is not 

completely immune from the noise on the transmission line, it has the ability to transmit 

the signal for a long distance. Availability and low cost make it attractive for the power 

industry to use for data transmission. For verification and security of data, PLC is 

considered a very reliable back-up for long distance communication of signals. 

In this work, a PLC laboratory model has been designed and the major disadvantage 

associated with PLC networks (inefficiency of line trap) has been addressed. For 

hardware studies, data analysis was carried out using MATLAB on SUN and 

MATRIXx on ApoUo workstations. 

Some frequency constraints were observed in the hardware studies of the model. 

Frequency response of transmission line model suggested the use of frequencies less 

than 95 kHz. Frequency response for the central-phase-to-ground coupling is given in 

Figure 4.1. The next constraint appeared fi-om data acquisition card (PCL_818) [78]. 

The maximum theoretical sampUng fi-equency, which can be obtained was 100 kHz. 

For practical signals, fi-equency was limited to a maximum value of 50 kHz. In 

hardware and computer simulation studies, systems were tested for different spectra of 

fi-equencies. The following sections describe the major hardware features. 

4.2 HARDWARE DESIGN OF LINE TRAPS 

Line traps were designed using the parameters given in Section 3.3. The circuit was 

connected as shown in the Figure 2.1. Appropriate coUs were selected to give the 

required level of inductance for the circuits. A LCR (inductance, capacitance and 

resistance) meter was used to test the accuracy of the required parameters. Connected 

circuit was tested to give the required level of attenuation. Level of attenuation can be 

adjusted with the appropriate variation of load. Line traps were connected on both 

sending and receiving ends of the central phase of the transmission line. PLC and 

leakage signals were monitored using CRO. Propagation of signal towards the 

receiving end was also observed by monitoring the three phases of line. Signal 
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appeared on three phases due to lumped capacitor couplings in transmission line 

model. DetaUs of line model are presented in Section 4.3. 
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Figure 4.1: Frequency response of the line model using central-phase-to-ground 

couplings 

Signal generator was used to conduct PLC signal on the central phase of the line. In 

this work single-phase-to-ground coupling was considered. Due to the main focus on 

interference cancellation, attenuation due to coupling capacitors was ignored. PLC 

signal was coupled without physical coupling capacitors. The behaviour of 

transmission line model, while acting as PLC signal channel, for various coupling 

schemes has been investigated in Section 4.3. 
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4.3 DESIGN OF TRANSMISSION LINE MODEL 

The laboratory model of the transmission Une was constructed fi-om the knowledge of 

the computer simulation of line, using Modal Analysis. Parameters and geometry of 

line are given in Section 3.2. ATP6 is the most convenient tool for the computer 

simulation of transient and steady state behaviour of transmission lines with their 

associated network. Computer simulation results for steady state and transient studies 

of the transmission line are presented in Chapter 5, where studies of various modes in 

PLC signal have been investigated in terms of fault transient conditions. 

4.3.1 Implementation of Laboratory Model 

In the first stage of computer simulation, parameters of line were evaluated in CI, H 

and F per kilometre length. Simulation of the line was done in distributed parameters 

for a length of 400 km. To construct a line model, parameters were scaled down to 

laboratory operating voltage of 415 V. The scaUng down of line parameters was 

performed based on the operating voltages and characteristic impedance of the 

concerned lines. Details are given in Appendix E. The line was modelled using lumped 

parameters of lengths of 100 km each in four sections, a schematic diagram is shown in 

Figure 3.2. In the four 7c-networks, capacitance was divided into two halves to appear 

at remote ends of each section. Three phases were coupled through shunt capacitances, 

due to coupling, PLC signals also appeared on other phases as well. This verifies the 

fact, that in the presence of other phases, aerial modes become significant and make 

their return path from the outer phases [23]. DetaUed description of mode propagation 

on three phases is given in Section 5.3. 

For series impedance of line (R + jcoL), inductance coUs and very low adjustable 

resistors were used. Figure 4.2 outlines the circuit arrangement mounted on the 

laboratory wall. Figure 4.2 also shows the presence of shunt capacitance wired across 

three phases. At no load conditions, charging effect (Ferranti effect) of line was also 

investigated. 
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Figure 4.2: Photographic representation of a line model for PLC application 

Due to no load conditions, a rise in voltage at the receiving end was significant. 

Practical experience shows that rise in voltage towards receiving end under no load 

conditions can be quite pronounced in the case of very long and ehv lines. Results are 

presented in Chapter 7 to verify the fact. 

Transmission line model was also subjected to ttansient conditions. 1-phase-to-

ground fault conditions were observed on the network at different instants of time of 

voltage to see the ttansients on the oscilloscope. When fault conditions were incepted 

at the peak of the voltage (Cosine wave form) significant ttansients were observed. 

The ttansmission line model described above was used as PLC signal channel. 

Adaptive interference cancellation schemes were also tested on the same line. 
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4.4 IMPLEMENTATION OF DIFFERENT COUPLING SCHEMES 

ON POWER LINE MODEL 

Conduction of PLC signal on power lines can be done using different coupling 

schemes. Optimum couplings are less expensive and offer low attenuation to PLC 

signal. In selecting optimum coupling schemes, there is always a trade off between 

expenses and attenuation. Practical power industry surveys show, two types of 

coupling are used in power system practices, eg. single-phase-to-ground and phase-to-

phase couplings. In this work, single-phase-to-ground coupling is used in both 

computer and hardware simulation studies. 

In hardware studies, the line was tested separately for power and PLC signals. 

Frequency response given in Figure 4.1 shows, satisfactory performance of the line at 

power signal. Other tests outlined in Section 4.3 also gave satisfactory results of the 

line on power frequency. In this work, more focus was on the behaviour of line on 

higher frequencies under different coupling arrangements. Circuit arrangement for the 

studies of couplings is presented in Figure 4.3. For adaptive interference cancellation, 

PLC and PLC leakage signals were sensed at two different points from the line, to 

provide inputs to canceller algorithms. Details for data acquisition are given in Section 

4.5. 

4.4.1 Couplings for Interference Cancellation 

Computer simulation studies presented in Chapter 6 have suggested the use of an extra 

pair of coupling capacitors to sense input signals for canceUers. In the single-phase-to-

ground coupling case, three separate sets of coupling capacitors should be used on 

each remote end to implement this technique on practical lines. They can be reduced to 

two in number, if the same set of coupUng capacitors can be used as an input (PLC 

signal) for interference canceller and transmitter/receiver. Even if two sets of coupling 

capacitors were used, still two separate channels would be required to sense inputs for 

cancellers. The schematic diagram is given in Figure 4.4. 
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4.4.2 Studies of Different Coupling Schemes 

In this study, phase angle and frequency responses of line model have been presented 

under different conditions of coupling for PLC signal. A spectrum and network 

analyser was used to analyse the behaviour of transmission line circuit for the 

fi-equency spectrum from 10 Hz to 1 MHz under different coupling schemes. 

A network analyser was calibrated after connecting the channel leads. The sending and 

receiving ends of the line were connected as inputs to the network analyser. The 

required bandwidth of input signal was set. The device finds attenuation and change of 

phase angle of the connected channel for specified spectrum of frequencies. The 

response to any study can be plotted with a plotting facUity for the device. 

For a complete study of line under various coupling arrangements, input signal was 

coupled at different phases and also a combination of required phases was used to 

conduct the signal on the line. To find attenuation due to line, outputs were taken at 

different phases. For maximum power flow of the signal, matching impedances of 290 

n were connected on remote ends of the line. Due to lumped parameters of the line 

construction, phase response of line was no longer constant. Results have been 

described in the Figure 4.1. Characteristic impedance of line is constant, but load on 

line is always changing. For maximum power flow in industrial practices, impedance 

matching unit combined with coupling capacitors give approximate matching of 

impedance to conduct PLC signal more efficiently. 

For the studies of PLC signal propagation on model line, the following coupling 

schemes were studied: 

• 1-phase-to-ground coupling 

• phase-to-phase coupling 

• 3-phase coupling 
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For flirther investigation of PLC signal attenuation on the line model, the input of 

spectrum analyser was connected to one phase and output was taken from other phase. 

Presence of PLC signal on other phases showed nearly the same kind of magnitude and 

phase responses, which show that in muhi-phase systems, aerial modes of PLC signal 

also propagate on outer phases [23]. Behaviour of the model transmission Une under 

various coupling schemes can be well analysed from the results presented in Chapter 7. 

4.5 DATA ACQUISITION 

To retrieve data for PLC and PLC leakage signal from transmission line as inputs to 

canceller algorithms, high frequency data acquisition faciUties were required. Sampling 

frequency of data acquisition card plays a vital role in setting the upper limit of signal 

frequency. According to Nyquist theorem "sampling frequency should be at least 

double of the signal frequency". PLC signal spectrum varies from -15-500 kHz. To 

cover all spectrums of PLC signal, the data acquisition card should have a sampling 

frequency of 1 MHz. For the experiments, a PCL_818 data acquisition card was used, 

which can attain maximum sampling frequency of 100 kHz [78]. Theoretically, signal 

frequency was bound up to a maximum value of 50 kHz. 

4.5.1 Main Feature of A/D and D/A Adaptor 

The PCL_818 is a high performance, high speed, multi-function data acquisition card 

with programmable gain for the IBM PC XT/AT or compatible. The high-end 

specifications of this fiiU size card and complete software support make it ideal for a 

wide range of applications in industrial and laboratory environments such as data 

acquisition, process control, automatic control and factory automation. The key 

features of this interface control card include: 

• Switch selectable 16 single ended or 8 differential analogue input 

channel configuration. 
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• 12 bit successive approximation converter is used to convert analog 

inputs. The highest sampUng rate is 100 kHz in DMA (Direct 

Memory Access) mode. 

• A/D converted data can be transferred by program control, interrupt 

handler routine or DMA transfer. 

• Two 12 bits D/A outputs channels can be used. 

• 16 digital inputs and 16 digital outputs are available for interfacing. 

• The versatility of the card can be enhanced with optional daughter 

boards. 

• PCL_818 provides a powerfiil and easy to use software driver 

routines which can be accessed by the call statements. 

4.5.2 The Driver Routines 

Software driver routines are available in Pascal, C, C+ + and Basic. Driver libraries are 

available in four languages. The syntax of procedure calls to the PCL_818 are the 

same. There is only one procedure for PCL_818. The procedure name is "pcl818". The 

same procedure can be used for 27 useflil fimctions, which are outlined in manual [78]. 

Out of five arguments for procedure, one argument assigns a flinction number. Every 

function is designed to perform specific operations. To perform a certain task, 

combinations of different functions are adopted in proper sequence. Use of PCL_818 

software driver routine written in Pascal was made to program data acquisition card 

for this appUcation. 

4.5.3 Hardware Specifications of Interface Adaptor 

For this particular appUcation, data acquisition card PCL_818 was programmed to 

serve the appropriate need for PLC [78]. 

• For initialisation base I/O address of card to communicate with PC was 

selected $300 (Hexadecimal base address for PCL_818). 
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• Interrupt level was selected 3. 

• Direct memory access (DMA) was selected for the transfer of data. 

• For PCL_818, local A/D input range control mode was selected between 

local and remote modes. 

• For local mode, a range of charmel voltages was selected -10/+10 vohs. 

• PCL_818 was programmed to take 16 single ended A/D inputs. 

• To select adequate pacer rate, 10 MHz input clock frequency was selected. 

• To store data arrays, $7000 (Hexadecimal) was taken as a starting address for 

the memory. 

Retrieval of data from PLC model system representing PLC and PLC leakage signal 

was performed using two separate channels of the data acquisition card. Data was 

transferred in direct memory access (DMA) mode and was stored in array form in a 

file. Figure 4.5 describes the sequence of different steps in flow chart form to 

accomplish the storage of signals data for the availability of signal processing. 

Stored data was arranged to form input format for adaptive interference canceller, 

programmed using MATLAB and MATRIXx. The numbers of data samples for the 

signals were limited up to 500 to save memory space. These input data samples were 

enough to improve the knowledge of RLS and SA methods to estimate accurately 

parameters and output (leakage signal) of line traps. 

4.6 DESIGN OF ADAPTIVE INTERFERENCE CANCELLER 

For interference cancellation, unmodulated PLC and associated leakage signals were 

imported for adaptive canceUer. The level of cancellation depends on how the data 

supplied to the cancellers is generated, whether it is deterministic or stochastic. The 

mode of data generation for PLC application was deterministic, as input signals for 

adaptive canceller were readily available. 
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Figure 4.5: Flow Chart of procedure for hardware data storage 
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4.6.1 Interface of Hardware Data with Adaptive Canceller 

The signals (PLC and PLC leakage) at their baseband level were stored in a file, to be 

used as inputs for hardware program of the canceller. As described earlier, adaptive 

interference cancellers were simulated using MATLAB and MATRIXx softwares on 

SUN and Apollo networks. Built in tools for control, signal processing, neural 

network, simulink, flizzy logic and image processing etc. made programming easy for 

even very complex algorithms of adaptive interference cancellers. Using two channels 

of data acquisition card (PCL_818), PLC and leakage signals were stored in various 

files for different allowable frequency spectrums. Pascal was used as a programming 

language to implement driver routines to scan desired number of A/D channels and to 

store the data in output files. Schematic configuration of system is given in Figure 4.6. 

Data from stored files was imported to SUN and Apollo networks for signal 

processing using adaptive interference cancellers. Data files were loaded in the very 

first instruction of program for interference cancellers using "load" function. Then 

loaded data was sorted for the two channels. Appropriate variable names were 

assigned to different vectors of data (arrays). These data vectors were used as inputs 

for cancellers. 

4.6.2 RLS and SA Adaptive Interference Cancellers 

Mathematical models of RLS and SA algorithms to implement as adaptive interference 

canceUers have been presented in Section 2.5-2.6. Grraphical implementation of this 

method for PLC system has been outiined in Figure 2.2. MATLAB has been used to 

develop a program for RLS and SA algorithms. Imported data from hardware was 

used as inputs for the algorithm. 
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Figure 4.6 : Schematic diagram of Interface Adaptor for PLC model 
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4.6.3 Program Development 

For initialisation, all variables from memory of the computer were cleared using 

MATLAB 'clear' command. The following steps were adopted to program the RLS 

and SA algorithms: 

• Imported data of signals was sorted into two separate vectors for each channel. 

Data obtained from driver routines was stored in one array for both of the 

channels. 

• Times array associated with the PLC and leakage signals was also arranged to 

correspond with the associated signal. 

• For initialisation, line trap parameters, internal state matrix and input-output state 

vector were taken as zero. 

• Internal state matrix was updated in looping, from the next values of input and 

output state vector. 

• The estimate of Une trap parameters were evaluated based on updated internal state 

matrix. 

• Estimates of interferences were calculated based on updated line traps parameters 

and the input-output state vector. To get the adaptive interference cancellation, 

estimates of interferences were injected 180° out of phase to the busbar. 

• Latest estimates of line trap parameters and internal state matrix were taken as 

previous estimates to evaluate more converged estimates. Next values of PLC and 

leakage signal were assigned from their corresponding arrays to update input-

output state vector. 

• The number of loops was taken so that all signals data should be processed. 

The error signal, as a resuU of interference cancellation was stored in a vector array for 

plotting. PLC and leakage signals were plotted against time. The levels of PLC 

interferences before and after adaptive interference cancellation were plotted to 

compare the level of attenuation. Computer and hardware simulation resuhs are 

presented in Chapters 7 and 8. 
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4.6.4 AFLIC Interference Canceller 

Retrieved data from the PLC model network was also imported to Apollo network, 

where, fiizzy logic based interference canceller was designed. Theory behind the 

AFLIC design is given in Section 2.7. Implementation resuhs and details about design 

are given in Chapter 9. 

In this chapter, the hardware feature of PLC model and its associated networks are 

presented. Construction of laboratory power line model was developed from the 

computer simulation knowledge obtained using ATP6 package. The main objective of 

the power line model was to provide a realistic PLC model to test performance of 

different coupUng schemes, line trap and adaptive interference cancellation schemes. 

Based on frequency response of line under different coupling schemes, single-phase-to-

ground coupling scheme was selected to couple PLC signal on the line. Also the same 

coupling scheme was used to retrieve PLC and leakage signal from the line. 

Figure 4.1 shows a photograph of a laboratory model of a power line. The power line 

model can be used to test different fauh location techniques and also the line provides 

good ground to test the operation of modem protection relaying schemes. Adaptive 

interference cancellation schemes can assist to improve the integrity of protection 

relaying signals on a realistic system. 

In this chapter, hardware models of interference canceUers have been designed. To 

develop a hardware program of a controUer, mathematical tools of MATLAB and 

MATRIXx proved to be very flexible. Resuhs obtained from the use of the RLS, SA, 

AFLIC and ANNIC methods for simulation and hardware of PLC models are 

presented in Chapters 6-9. 
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CHAPTER 5 

SIMULATION OF DIFFERENT MODES OF PROPAGATION 

FOR PLC USING MODAL ANALYSIS 

5.1 INTRODUCTION 

Theory of natural modes is the best solution for the propagation study of PLC signal 

on transmission lines [35]. PLC signal at the sending end decomposes into its modal 

values and travels on the line with different modal velocities. The parameters of 

interest in understanding the behaviours of multi-conductor lines are the modal 

attenuation, velocity, distribution factors and the characteristic impedance matrix. In 

order to describe the properties of a line completely, it is necessary to do considerable 

amount of computational work, since frequency and earth resistivity also enter as 

parameters. A line is described by a number of modes. For earth wires, there will be 

additional modes. If the frequencies under consideration are below a value 

corresponding to a half wavelength spacing between towers, it is permissible to assume 

that the earth wire potential is uniformly zero, and there are then only as many modes 

as there are phase conductors [38]. 

According to the theory of natural modes, the HF signal along the line at any point can 

be resolved into its modal values. These modal values are related to the properties of 

the system used. PLC signal can be reconstructed from its modal values at any point 

along the Une. Various modes propagate at different velocities, due to having different 

propagation coefficients. 
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Travelling wave and surge phenomena in power systems are of importance in solving 

problems eg: 

• 

• 

relating to PLC communication 

protecting short and ehv long lines 

switching the unloaded lines 

calculating recovery vohages of circuit-breakers under fauh conditions. 

Significant advances in the solution of such problems were made by Fallou [6], who 

with the assumption of complete symmetry of conductors applied the concept of 

symmetrical components to the solution of travelling-wave phenomena. This method 

is limited, as it yields average values for surge impedances and propagation 

coefficients, and this masks important effect produced by asymmetry of conductors. 

Under fault inception, a transient and steady state phenomena of electric network can 

be studied using either transient analysers or general purpose electromagnetic transient 

programs. In either case, one finds the time response (voltage and current as flinction 

of time) for any inter-cormection of resistors, inductors, non-linear elements, switches, 

sources and transmission lines. 

In this work ATP6 was used to find the time response of the PLC system under steady 

and transient conditions. ATP6 proved to be a useful tool for the studies of 

propagation of different modes of any signal on the power lines. The complete 

behaviour of the modes on the transmission line was investigated in terms of fault 

transient studies. The transients that emerged as a result of the fauUs involving earth 

and without earth, are important to describe the domination of modes for the signal 

propagation. 

5.2 CALCULATION OF NATURAL MODES OF PLC 

In order to study the natural modes of PLC signal, broad band line traps and central-

phase-to-ground coupUng were used. The schematic diagram of the circuit is shown in 

Figure 5.1. Behaviour of the PLC equipment was tested under steady state and 
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transient conditions, results are shown in Section 5.4. The propagation of PLC signal 

on multi-conductor lines depends on the number of conductors even if only one 

conductor is energised. A line having only one conductor will show maximum 

attenuation in the injected signal which is due to the presence of only ground mode. 
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Figure 5.1 : Block diagram of the PLC system 

Due to the presence of earth mode alone, the signal power decreases rapidly with the 

distance following the exponential law. A 2-0 line will show less attenuation to the 

Simulation of Different Modes of Propagation for PLC using Modal Analysis 65 



injected signal due to the presence of a second phase. A second mode between the two 

conductors carries the signal for larger distances. Mode 3 appears due to the presence 

of third conductor, which carries the signal for longer distance than that of mode 2 

[23]. Natural modes can be classified into two main groups: 

1) Ground mode 

2) Aerial modes. 

Ground mode is the most attenuated mode on the lines. There are two aerial modes, 

the second aerial mode is less attenuated than the first aerial mode. Second aerial mode 

is called line-to-line mode and is mainly responsible for the propagation of PLC signal 

for longer distance. The results in Section 5.4 show that due to the presence of aerial 

modes, standing wave phenomena persists for a longer distance. A reflection free with 

a relatively low loss long transmission line, connected to a high frequency source 

impressing voltage V(o) has been considered. The modal values of the signal at any 

point from sending end at any phase can be defined by equation 5.1: 

Vr{x) = K'"\,, e-"'"^' (5.1) 

where k =1, 2, 3 designates phase and (n) = (1), (2), (3) is the particular set 

corresponding to "natural modes of propagation", a is the attenuation constant. 

5.3 REPRESENTATION OF NATURAL MODES 

On polyphase systems, the presence of three of the modes depends upon the particular 

phase under consideration. Taking into consideration the modal currents in various 

phases, direction of current flows of different modes depends upon the particular 

phase eg. mode 2 is not present on phase 2. Graphical representation of the different 

modes and their direction of flow can be properly understood by referring to Figure 

5.2. The detaUed description of the behaviour of the three modes for a single circuit 3-

<I> system is documented: 
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Mode 1: The currents due to this mode flow in the same direction in 

all the three phases and are approximately equal in 

magnitude. From Figure 5.2 it can be seen that phase 1 has 

all the three modes and currents are flowing in the same 

direction. 
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Figure 5.2 : Graphical representation of PLC modes 

Due to the earth return, the attenuation is the highest with 

this mode. Transient studies involving ground, contain the 

domination of this mode, which ultimately affects the 

travelling wave phenomena. For details refer to Section 5.4; 

Mode 2: The currents in the outer phases are equal in magnitude and 

flow in opposite directions. This is also called first aerial 

mode. The propagation of the PLC signal due to this mode 

has less attenuation than mode 1, which is due to the absence 

of earth return. On phase 2, the current flows due to the 
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presence of mode 1 and mode 3 and are being controlled by 

the p and q factors, where p and q are voltage and current 

eigen vector matrices derived from the impedance matrix for 

the particular line. Mode 2 does not exist on the central 

phase. 

Mode 3: Graphical representation of the modes cleariy shows the 

current in the middle phase is twice that in the outer phases 

and flows in opposite direction. This mode is considered 

responsible for the propagation of PLC signal for longer 

distances, which is due to its relative lack of attenuation. The 

lack of attenuation is due to the absence of the earth return 

path. On phase 3, currents due to mode 1 and mode 3 flow in 

the same direction, but, current flowing due to mode 2 flows 

in opposite directions. When transient conditions occur on 

the power system and earth is not involved in return path, 

then the domination of this mode keeps the travelling wave 

phenomena persistent for a longer time. Results are presented 

in Section 5.4 to verify this fact. 

The theory of natural modes allows one to determine propagation factors of different 

modes and ultimately to estimate the propagation performance of the PLC. In this 

work, performance of the modes has been studied in terms of fault transient studies. 

5.4 STEADY STATE AND TRANSIENT STUDIES OF PLC 

CIRCUIT 

Theory of natural modes is the one of the best solutions for the simulation of circuits 

connected with transmission lines ie. PLC systems etc. The circuits, cormected with the 

ehv transmission lines should be able to withstand the steady state operating conditions 

of the power network. Due to system contingencies eg. switching operation, fault 
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inception and lightning etc. ttansients appear on the power system. The connected 

circuits should be able to withstand high voltage surges. The high frequency 

transients are very hard to detect for the coupling capacitors. PLC equipment is 

protected against the high voltage surges. Figure 5.3 contains the detail circuit 

diagram of the PLC circuit. Due to transients, heavy amounts of current are expected, 

so the drain coil serves to direct the current to the ground. 

For the given circuit, faults of various types and at different locations on the line were 

initiated. To provide the required protection, voltage controlled switches were used 

with appropriate time delay. 
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Figure 5.3 : Schematic diagram of PLC circuit for ATP6 simulation 
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During fault inception, time operated switches were used to initiate and terminate the 

failts. These switches are built in tools in the ATP6 software for the simulation of the 

power system equipment eg. circuit breakers, relays, spark gaps and electtomagnetic 

contactors etc. 

In this work, a 400 km ehv long ttansmission line was simulated. The full length of 

the line was subdivided into four subsections each 100 km in length as shown in 

Figure 5.4. Faults on the system can be classified into two major classes: 

a) Steady state 

b) Transient. 
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Figure 5.4 : Single line diagram of the transmission line 

During the studies of the steady state faults, required phase(s) are connected to 

ground or phase(s) through some specified fault resistance. Data obtained by these 

studies can be used for fault location algorithm, as there is no need to filter the 

transients. Transient faults are simulated using time operated switches as part of the 

ATP6 data, so sudden changes in voltages and currents are expected on the network. 

In this work, the focus is on ttansient faults, which shows the presence of different 

type of modes. 

Fault ttansient studies are performed at three different locations on the network ie. 

sending end, receiving end and in the middle of the circuit. Different types of faults 

are considered eg: 
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1) 1-phase-to-ground fauh 

2) 2-phase-to-ground fault 

3) 3-phase-to-ground fault 

4) phase-to-phase fault 

The locations of the various fauhs have been selected to give a variety of results to 

investigate the nature of the modes. Input data file is give in Appendix D. 

5.4.1 Steady State Studies 

Steady state studies are provided to see the effect of line trap on ehv power signal. The 

line traps are considered as low pass filters, 50 Hz ehv power signal with its rated 

current should pass through the Une traps without attenuation. The line traps should 

show required levels of attenuation to the PLC signal for the required band of 

frequencies, to reduce the interference with the adjacent line section. Details of 

hardware and software results of the line traps are given in Chapters 6 and 7. 

Figure 5.5 shows the effect of line trap on the polyphase vohages. To demonstrate the 

comparison, at the sending end of the transmission system, waveforms on the three 

phases have been obtained on the busbar and the other side of the line trap. Both sets 

of the waveforms in Figure 5.5 are identical, showing no attenuation in the power 

signal due to the line trap. The waveforms do not show any attenuation and change in 

phase angle. 

5.4.2 Transient Studies 

Figure 5.6 describes the level of protection predicted for the given PLC system. A 

voltage operated switch was used to simulate the flashover. Due to transient 

conditions on the network, spectra of high vohage transients are impossible to detect 

with the coupling capacitors. Transmitter and receiver terminals along with matching 

units should be protected against high voltage spikes. The switch was simulated to 

provide the protection against the spikes of 2 kV or higher with some time delay. The 
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operation of the switch was tested against the 1-phase-to-ground fauh at the sending 

end. The results shown in Figure 5.6 describe the protection of the PLC receiver. 

5.4.3 1-Phase-to-Ground Fault 

From practical studies, probability of occurrence of 1-phase-to-ground fauh is higher 

than any other type of fault on transmission lines. 1-phase-to-ground fault was 

considered at the sending end of the line in phase 'a'. Due to the presence of the earth, 

the sending end vohage on the faulty phase collapsed nearly to zero, as shown in 

Figure 5.7. The current in the faulty phase rose to a very high value with abrupt 

changes at the time of fault. The waveforms of voltages and currents in healthy phases 

were also disturbed due to electromagnetic and electrostatic coupling among the 

phases. 

To see the worse case of this type of fault, an instance of fauh inception was taken at 

5.0 msec, which was the maximum peak voltage for the phase under study. Due to the 

fault at this instant of time, there was abrupt change in voltage from 408248 Volts 

(rms) to zero. Due to this abrupt change, severe transients can be seen in the healthy 

phases at the sending end. The effect of the fault was also studied at the receiving end. 

Voltage did not collapse to zero at this end, this was due to the presence of strong 35 

GVA source at the receiving end. Severe transients were seen in the receiving end 

voltage waveforms, as given in Figure 5.7. Travelling wave phenomena remained in 

action for 3-4 cycles. Then the fault settled to steady state fault with lesser voltage 

values showing the presence of fault. Presence of modes and their effect are studied in 

Section 5.5. Similar kind of studies were made at the receiving end and the effects on 

the system were a replica of the fault studies at the sending end. 

Simulation of Different Modes of Propagation for PLC using Modal Analysis 72 



5.4.4 2-Phase-to-Ground Fault 

2-phase-to-ground fault was considered in the middle of 400 km long transmission 

line. Two phases (a and b) were short circuited to ground using time operated 

switches. Operation time of the switches was given in switch cards of the input data 

file. Both of the switches were closed at the same time of .005 sec. and were opened at 

the same time of .04 sec. (total simulation time). Measurements of voltages and 

currents were taken at sending end, receiving end and at the middle of the transmission 

Une. Figure 5.8 shows a 2-phase-to-ground fault at the middle of the transmission line. 

The effect of the fault on the remote ends (sending and receiving ends) was identical 

due to the location of the fault. 

Waveforms at the remote ends showed the presence of transients in the two faulty 

phases. Due to electromagnetic and electrostatic coupling between phases, the healthy 

phase also showed the effect of the sudden change on the network, as shown in the 

Figure 5.8. 

5.4.5 3-Phase-to-Ground Fault 

Figure 5.9 shows the behaviour of the system when it undergoes 3-phase-to-ground 

fauh at the receiving end. Vohages of the three phases collapsed to nearly zero at the 

receiving end of the line at the instant of the fauh. As a resuh, a very heavy amount of 

the current appeared in the three phases. The transients appearing at the sending end 

were not very significant due to a strong source of 35 GVA. The fault effects were 

realised due to the distortion in both vohage and current waveforms, as shown in the 

Figure 5.9. 

5.4.6 Phase-to-Phase Fault 

Figure 5.10 shows the waveforms of voltages and currents at the remote ends of the 

system under the influence of a phase-to-phase fauh in the middle of the line. The 
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effect on the travelling wave phenomena on both remote ends (sending and receiving 

end) was the exact replica of each other, since the fauh was considered to be in the 

middle of the line. Time operated switches were closed at 5 msec, after the start of 

simulation. 

t [n->s3 

Sending end voltage on the other side of the line trap 

t [ r r ,3] 

Sending end voltage at the busbar 

Figure 5.5 : Effect of the line traps on the power signal at the sending end 
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Fault inception time 

[kv] 2 3 — M o y — 9 4 2 3 . 2 8 . 5 5 

(15) BUR6-B - BUR5-B t [ms ] 

Figure 5.6 : Level of protection for PLC terminal equipment against high voltage 

transients 
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Fault inception time on phase 'a' 

2 3 — K / l o y — 9 - * 2 3 - 2 8 . 5 5 

t [ m s ] 

Sending end voltage 

[ k v ] 2 3 — M o y — 9 - * 2 3 . 2 Q . 5 5 

t [rms] 

Receiving end voltage 

Figure 5.7: 1-phase-to-ground fault at the sending end 
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Sending end voltage 

2 .a. — I v l o y — © . A 0 0 . 0 5 . 2 -

C 4 ) 8 U 1 6 —A - T E R R A C 5> B U 1 6 - B — TERRA ( 65 B U 1 6 —C - TERRA 
t [ m s ] 

Receiving end voltage 

Figure 5.8 : 2-phase-to-ground fault in the middle of the system 
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'a' 'c' 

K ^ o y — 9.^ 0 0 . 3 0 . 0 - * 

t [ m s ] 

Sending end voltage 

— 9-A 0 0 . 3 0 - 0 - ^ 

t [ m s ] 

Receiving end voltage 

Figure 5.9 : 3-phase-to-ground fault at the receiving end of the line 
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Sending end voltage 
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R e c e i v i n g e n d v o l t o g e 

t [ m s ] 

Receiving end voltage 

Figure 5.10 : Phase-to-phase fault in the middle of the line 
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5.5 STUDIES OF NATURAL MODES OF PLC 

Transient studies presented in Section 5.4 can be used to recognise the types of modes 

present in particular fault study. Domination of both types of the modes, (aerial and 

ground) depends on the nature of the fault. All types of transient studies will produce 

all types of natural modes on the line. If earth is considered as the return path for the 

fault current then ground mode would be the dominant mode in the traveUing wave 

phenomena. In other case, if the fauh is considered among the phases then aerial 

modes would be most dominant. 

Due to fault inception or switching operation on the network, transients produced are 

considered up to the 10 kHz. These high voltage transients are hard to block by the 

coupling capacitors, so up to 2 kV protection for the PLC equipment is provided as 

shown in Figure 5.6. The nature of the spectrum of high fi-equency transients can be 

used to study the behaviour of different modes on the network. 

Results of transient faults involving earth are given in Figures 5.7-5.9. These results 

show the behaviour of the traveUing wave phenomena. Under these transient 

conditions, the ground mode is the dominant mode as the travelling phenomena 

dampened down very quickly within two cycles. In Section 5.3, it has been stated that 

due to the presence of earth return, mode 1 (ground mode) is the most attenuated. 

High attenuation due to the mode 1, attenuates the travelling wave phenomena. 

Presence of aerial modes (2 and 3) can be investigated by considering phase-to-phase 

fauh at the middle of the system (Figure 5.10), As there is no earth involved in this 

fauh study, the waveforms show that due to the dominant aerial modes in aU phases, 

travelling wave phenomena persist considerably longer than is the case for faults 

involving the earth. 

For PLC signal propagation, the least attenuated aerial modes are the dominant mode 

for longer distance propagation. PLC injected signal on the transmission line 
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decomposes into its modes. Like phase-to-phase transient studies, aerial modes are 

dominant in PLC modes, which make PLC signal propagate for longer distance. 

In this chapter, steady state and transient studies of the PLC equipment have been 

presented to investigate the required level of protection for PLC equipment. These 

studies are also used to find out the behaviour of PLC signal on the transmission line, 

when it is decomposed into its modal values. 

Figure 5.1 describes the connection of the PLC equipment with transmission line which 

has been simulated using ATP6 software. Distributed parameters of the untransposed 

line have been taken from Chapter 3. Section 5.2 describes the two major groups of 

the modes. Detailed description and graphical representation of the different modes 

have been presented in Section 5.3. The importance of the steady state and transient 

studies have been discussed in Section 5. Results of the detaUed transient studies show 

the presence of specific types of modes. 
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CHAPTER 6 

SIMULATION OF RLS ADAPTIVE INTERFERENCE 

CANCELLATION SCHEME 

6.1 INTRODUCTION 

The security of data transmission on power lines for protection, telemetry and 

supervisory control etc. is a matter of great concern for power system authorities. 

Transmission of falsified data may result in incorrect control operation of power 

systems, which may have fatal consequences. Typical situations in power system 

operation may occur due to mal-fiinctioning of relay operations, circuit breakers and 

supervisory control etc., which may lead to financial and even human loss. In power 

system practices, operation of the protection relays and circuit breakers depend on the 

fauh conditions of the power systems. For reUable system design and operation, these 

operations should be as minimal as possible to maintain a steady supply of power to 

consumers. Under fault conditions, measurement data should be communicated reliably 

for accurate operation of the required relays and circuit breakers. Different mean of 

communications eg. PLC, optical fibre communication, microwave and 

telecommunication lines, are used as back-up systems under various operating 

conditions for rehable transmission of the data. 

In existing and new power systems, mixed use of optical fibre communication and 

PLC techniques can be the best solution for a reliable means of communication. 

Optical dighal communication has superior performance with respect to immunity to 
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interference and transmission capacity. However, economic constramts and technical 

considerations resuh in the continued appUcation of the estabUshed PLC technology 

for particular applications. The robust PLC equipment exhibits distinct technical and 

economic advantages, where low to medium quantities of data have to be 

communicated over large distances [45]. 

PLC is considered a very reliable back-up for data communication even when the 

system is under transient conditions. Also propagation of the signal for longer distance 

on lines makes it more attractive. In terms of theory of natural modes, the propagation 

of PLC signal for longer distance on the transmission lines is possible due to the 

domination of the aerial modes [23]. The presence of aerial modes and earth mode 

have a dominant effect on the travelling wave phenomena under transient conditions 

[25]. ATP6 is a very usefiil tool for the studies of travelling wave phenomena for PLC 

applications [24]. Due to the non-user fiiendliness of ATP6 and being a difficuh tool to 

handle complex problems eg. adaptive interference cancellation, MATLAB has been 

used. MATLAB with its flexible tools eg. control, signal processing, mathematical, 

neural network and simulink etc. is a good tool for the simulation of different 

applications and control of power systems. On-line help, debugging facilities, plotting 

and built-in tool for all required applications for the control and operations of the 

power systems are added features in MATLAB. 

The presence of different interference sources eg. corona, lightning, switching 

operations and the inefficiency of the line traps etc. on the power systems for PLC 

applications makes it impossible to use the available spectrum of fi-equencies 

efficiently. The effect of some of the interferences can be reduced with proper planning 

and design of the power system eg. corona, lightning, switching operations etc. The 

interference due to line traps can be reduced using adaptive interference cancellation 

techniques. In this study, RLS method has been tested to provide the required level of 

attenuation to the PLC signal, so that the same spectrum of fi-equencies can be used on 

the adjacent line sections. In this work, the main focus is on interference canceUation, 

so the transmission line has been represented by its characteristic impedance. 
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Sources of interference for PLC signal, as described in Section 3.5, can be treated 

depending on their nature. It is very hard to predict the probabilities of contingencies 

on the power systems eg. switching operations, transient conditions and corona etc. 

The effect of unpredictable sources of interferences can be kept within the limit with 

proper planning and design of the power systems. Interferences caused due to the 

inefficiency of the PLC equipment eg. line traps, are constant in steady state operation 

(results are given in Section 6.4). The efficiency of line traps is Umited due to the size 

and cost of equipment. To cancel these interferences, adaptive interference cancellation 

techniques are very usefiil and efficient to cancel the real-time interferences. 

In the computer simulation studies of interference cancellation, RLS method is used to 

predict the level of interference. The mathematical model presented for RLS method 

in Section 2.5 has been used in this study. To find the practical level of interference on 

the PLC system, parameter values for line traps presented in Section 3.3 were used. 

For the computer simulation studies, PLC equipment was designed and simulated 

individually. The firequency responses of the line traps and coupling capacitors are 

presented in Section 6.2. 

In this work, the major focus was on the study of interference caused by line traps, 

appropriate loads were connected on the busbars to get the required level of 

attenuation in PLC signal due to line traps. Due to hardware limitations, the spectrum 

of PLC signal was considered lower than 50 kHz. To produce signal for the required 

bandwidth, Butterworth low pass and band pass fihers were used. These Umitations 

were observed for the comparison of resuhs fi-om computer and hardware simulation 

studies. For computer simulation, the RLS method was fiirther tested for different 

spectrums of fi-equencies using low and band pass filters. 
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6.2 SIMULATION OF PLC EQUIPMENT 

As described earlier, the major focus in this work was to simulate the PLC 

interferences caused by the inefficiency of the line traps on the power system 

communication networks. To produce the reaUstic model of interference, different 

types of sources at the appropriate fi-equencies were simulated. The interferences were 

sensed at both receiving and sending ends of the transmission Une using coupling 

capacitors. Different sets of parameters were used for the simulation of line traps and 

coupling capacitors to suit various bands of firequencies. The computer simulation 

results of the PLC model and its associated equipment are presented in the following 

section. 

6.2.1 Simulation of Sources 

To produce the realistic PLC signal for the required band of frequencies on the line, 

different types of sources were used. These sources were generated at a very high 

sampling rate, which resulted in a digitised analogue signal of the required firequency. 

The foUowing signals were generated for the PLC simulation: 

1) Sinusoidal signal at a specified fi-equency 

2) Sinusoidal signal at a specified spectrum of fi-equencies 

3) Random noise, up to a specified fi-equency 

4) Modulated signals having certain number of channels. 

The sampling fi-equency was kept very high (MHz) to get a realistic picture of the sine 

wave signal. The amplitude of the signals was measured in Vohs. Signals were in time 

variant domain. For the generation of the sinusoidal signal, the foUowing formula was 

used for particular fi-equency. 

= sin(2*;r*/*0 (^O 
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where Vg is the generated signal, and f and t are frequency and time, any one of them 

or both of them can be variable, depending on the requirements. Graphical 

representation of these signals can be seen in tlieir conesponding application sections. 

6.2.2 Simulation of Line Traps 

The parameters given in Chapter 3 were used for the simulation studies of the line 

traps. The line traps are considered as low pass filters. They can be designed to block 

all the bands of PLC applications or for a certain spectrum of frequencies, depending 

upon the application. The computer simulation program for line traps has flexibility 

to change the source frequency, line trap parameters and rated load current on the 

line. The program evaluates the total impedance of the line traps on a particular 

frequency and then calculates the attenuation in the signal due to the line trap 

parameters. Figure 6.1 shows the flow chart of the algorithm and programming 

strategy. Figure 6.2 shows the level of signal used to test the performance and the 

attenuated signal due to line traps. Figure 6.3 gives the level of attenuation in dB's 

offered by line trap at 60 kHz frequency. 

Signal generation 

Calculation of equivalent 
impedance, for a given 

frequency 

Calculation of the level o1 
attenuation due to the 

given impedance 

Figure 6.1: Flow chart for the siniulatiou of Line Trap 

Simulation of RLS Adaptive Interference Cancellation Scheme 86 



Volts 

PLC and Leakage signals 

40 60 80 
Angular Displacement (Radians) 

100 

Figure 6.2: Performance of Line Trap at 60 kHz Frequency 
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Figure 6.3: Level of Attenuation Offered by Line Trap at 60 kHz Frequency 

In the second stage of the computer simulation, the fi-equency response of the line trap 

was evaluated. Frequency responses of the broad band and small band line traps were 

plotted separately. The program has got the flexibility to take any band of fi-equency 

for the simulation of the required set of parameters of the Une traps. Figure 6.4 

describes the fi-equency response for the line traps centred at 65 kHz which was used 

for the computer simulation studies of the adaptive interference canceUation. Figure 

6.5 outlines the fi-equency response of the broadband line traps, which can be used to 

block the whole spectrum of the PLC fi-equencies. 
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The resonance of the circuit parameters decides the bandstop nature of the line trap. 

Parameters Ci and Li fi-om Figure 2.1 should have the same resonance fi-equency as the 

other circuit parameters eg. C2 and L2. 
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Figure 6.4: Frequency Response of Narrow Band Line Trap at Centre Frequency 

of 65 kHz 
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Figure 6.5: Frequency Response of Broad Band Line Trap 

Line traps were also designed using the theory of natural modes (ATP6). In this work, 

simulation studies gave the broad view of the practical applications of the line trap 
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circuits for PLC utilities. The level of the attenuation provided by this design method 

of line traps for the PLC signal can be seen in Figure 6.6. 

The computer simulation studies show that the level of attenuation provided by the line 

traps is not adequate to avoid the interference caused by the same fi-equencies on the 

adjacent line sections. Despite the cost and size limitations, efficiency of the line traps 

cannot be increased. To overcome this problem, adaptive interference cancellation 

(RLS method) has been simulated using MATLAB as a computational tool to assist 

the line trap to get the appropriate attenuation level. 

Leakage Signal 

Time 

Figure 6.6: Assessment of line trap using ATP6 

6.2.3 Simulation of Coupling Capacitors 

In the computer simulation, coupling capachors have been used for the fihering of the 

PLC and PLC leakage signals fi-om the power signal. Due to the dominant nature of 

capacitive circuit at lower fi-equencies, the circuit showed very high impedance to the 

signal, blocking the power signal and its associated low fi-equency transients. Practical 

field survey shows that for different application eg. telemetry, protection and voice 

communication etc., coupling capacitors are divided into two units to make two stage 

bandpass fihers. The first stage is to collect the protection signal and the second stage 
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is to collect the data for voice communication. The fimction of both stages is the 

same, except its operation at different frequencies. In this work, only one stage of the 

coupling capacitors has been used to study the interferences and their adaptive 

cancellation. 

The parameters for the coupling capacitors have been presented in Section 3.4. These 

parameters were used for the computer and hardware simulation studies of the PLC 

model and its associated adaptive interference cancellation algorithms. The flexibility 

of the computer simulation technique gives the option to design coupling capacitors 

having differeiit sets of paiameters. 

In this study, the impedance response of the coupling capacitors has been found for a 

broad spectrum of frequencies. The attenuation caused by the coupling capacitors to 

the PLC signal was also evaluated on a particular frequency. Figure 6.7 shows the 

flow chart of the simulation piogiam. 

Initialisation 
frequency(f) = 0-N 

VQ,N = frequency limits^ 

Calculation of impedance 
on a given frequency 

J^a. 

Yes 

/r ^ . -r^M . 

rigure o./: now v.uari lor liie biuiuiaiiou oi Coupung Capaciiors 
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Figure 6.8 shows the rate of change of impedance with the varymg fi-equency. The 

attenuation due to the different coupling capacitors schemes has been studied on the 

hardware model of the transmission line. Resuhs presented m Chapters 4 and 7 can be 

used to find the optimum coupling for the desired appUcations. In the computer and 

hardware simulation studies, central-phase-to-ground coupling has been used to couple 

the PLC signal on the line. The attenuation presented by the coupling capacitors to the 

PLC signal can be accurately estimated at 100 kHz fi-equency fi-om Figure 6.9. 
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Figure 6.8: Frequency Response of Coupling Capacitors 

V 0 Its 

6 re T6 5-5 ?o 50 

A n g u l a r D i s p l a c e m ent ( R a d i a n s ) 

Figure 6.9: Attenuation Offered by Coupling Capacitors at 100 kHz Frequency 
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6.3 COMPUTER SIMULATION OF PLC MODEL 

Propagation studies of PLC signal modes were performed on bundle conductors, on a 

400 km long transmission line. Geometry and results of the line are given in Chapters 3 

and 5. As described earlier, for the PLC system modeUing, the transmission lme has 

been represented by its characteristic impedance, because the transmission lines are 

normally represented by their characteristics impedances [88]. Simulation of PLC 

model using MATLAB mainly focuses on the interference canceUation. 

To get the required level of attenuation fi-om the line traps, the transmission line on 

both sending and receiving ends was connected with appropriate resistive loads. PLC 

signal was injected through coupling capacitors at the sending end of the line. The level 

of PLC signal on the transmission line has been calculated after consideration of 

attenuation presented by the coupling capacitors. Flow chart of the program is 

presented in Figure 6.10, which describes the logic of the developed algorithm and 

special application for the RLS method. 

To test the working of RLS method for PLC appUcation, PLC and PLC leakage signals 

were de-coupled through separate coupling capacitors as shown in Figure 4.4. For 

practical implementation of the algorithm, the same set of coupling capacitors can be 

used to couple the PLC signal for transmitter/receiver and RLS method. Economic 

aspects of the project can be improved with this scenario. In computer simulation 

studies, two separate sets of coupling capacitors have been used to couple the PLC 

signal and to retrieve the PLC signal for cancellers as outlined in Figure 4.4. 

Computer simulation can be used to test the RLS method for required spectrum of 

frequencies. Butterworth low and band pass filters have been designed to filter out 

unwanted high fi-equencies. The parameters of the fiher have been presented in Section 

3.6. Computer simulation studies showed that it is efficient to use the RLS method for 

shorter bandwidth, rather than using one RLS loop for the canceUation of a whole 

spectrum of PLC signal. 
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Figure 6.10: Flow Chart for the Simulation of PLC model and Adaptive 
Interference Canceller 
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After extracting PLC and PLC leakage signals fi-om the Une, signals can be fiirther 

subdivided into smaller bandwidth. Then various RLS loops can be used to cancel the 

small bandwidth signals. On the PLC model, RLS method has been tested for single 

frequency signals and also for various spectra of fi-equencies. Resuhs are given m 

Sections 6.4 and 6.5. 

Computer programs evaluate the level of PLC signal and PLC leakage signal on the 

transmission line and stores them in vector forms. These vectors are presented as mput 

to the RLS and other methods for the estimation of the leakage signal. Details about 

the computer simulation of the RLS method are given in Section 6.5. 

6.4 COMPUTER SIMULATION OF PLC INTERFERENCE 

Due to the Umhation of line traps, PLC signal on one line section interferes with the 

PLC signal having the same fi-equency on the adjacent line section, which ultimately 

limits the available spectrum of PLC fi-equencies. 

Transmission Unes from the substations are fed fi'om the common busbars. Line traps 

are responsible for the isolation of the PLC signals fi-om various lines. Due to the 

inefficiency of the Une traps, signals pass through to the busbars. If the cormected Une 

sections are operating at the same fi-equencies, the integrity of the data will be 

corrupted for all applications. PLC is not only the means of voice communication but is 

also used for protection and supervisory control. An operational command, as a result 

of any contingency on some specific part of network may propagate onto an undesired 

network. This may result in incorrect control operation of power system network, 

which may lead to economic or human loss. 

The reliability of data transmission for power system applications is far more vital than 

most of the other applications. PLC is considered to be a very reliable back-up for the 

communication of signals for longer distances. Levels of interference can be reduced 

by assisting the line traps in improving their efficiency. It is very important to get a 

realistic picture of interference caused, due to line traps. The developed program 
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calculates the impedance of the line trap on the given fi-equency, then uses this 

impedance to calculate the leakage signal. For fiirther studies of the algorithm, PLC 

signal was also considered contaminated with random noise of required amplitude. 

These interferences were cancelled using RLS method. Details of these studies are 

given in Section 6.5. 

6.5 COMPUTER SIMULATION OF ADAPTIVE INTERFERENCE 

CANCELLER 

The nature of interference on the power networks is unpredictable. Cancellation of 

these interferences should be handled by a very fast learning method about the 

knowledge of interference on the PLC network. Theory and mathematical model of 

RLS method have been described in Chapters 2 and 3. A flow chart of the program is 

given in Figure 6.10. From the knowledge of PLC and leakage signals, dynamic 

response of the interference can be estimated. The start of simulation from initial 

conditions ( ^ , Xk & Pk = 0) makes initial response very poor. As the knowledge of 

algorithm improves about the PLC signal and leakage signal, dynamic response 

becomes more accurate. Error in actual and estimated interferences continues to 

reduce to about zero, so that the same fi-equency can be used on the adjacent line 

sections. The block diagram of the RLS method for the PLC interference cancellation 

is given in Figure 2.2. Selection of this adaptive interference cancellation technique is 

based on the foUowing major factors: 

• previous knowledge of two of the signals (PLC and leakage signals) is 

readily available for the estimation of the parameters of the line traps; 

• the consideration of initial conditions fi-om zero, makes the 

algorithm more attractive for the real-time situation, where previous 

knowledge of the system parameters is not available; 
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estimated output is readily available from the latest estimates of line 

trap parameters and the current values of PLC and leakage signals. 

RLS method has been tested for different conditions of PLC signals. Trace of 

parameter estimation has been outlined in Figure 6.11 for only one study. The 

waveforms show the convergence of system parameters to the optimum value. 

Initially the estimates of the parameters were poor, which were due to zero initial 

conditions. Within three cycles of signal, parameter estimation converged to optimum 

value. 
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Figure 6.11: Convergence of Identification Parameters of Line Trap using 

RLS method 

Computer simulation studies have been made for signals having single and a spectrum 

of frequencies. Figure 6.12 shows PLC leakage signal at 60 kHz and leakage signal 

after adaptive cancellation. Canceller and line trap provided - 89.3762 and -14.0542 

dB attenuations to the leakage signal respectively. The comparison of the signal is 

made in terms of voltage level. After adaptive cancellation, the leakage signal was 

attenuated to nearly zero Volts within a few cycles. These results show the 

effectiveness of the algorithm. Table 6.1 shows the working of RLS method in terms 

of attenuation provided and performance index. 
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Figure 6.12: Performance of RLS Canceller at 60 kHz PLC signal 

Table 6.1 : 

Frequency 
Spectrum (kHz) 

5.0-50 

50-100 

100-150 

150-200 

200-250 

250-300 

300-350 

350-400 

400-450 

450-500 

5.0-500 

Simulation results for the application of RLS method 

Attenuation due to 
canceller (dB) 

-28.2065 

-56.0635 

-55.3004 

-51.8858 

-53.2563 

-50.4798 

-51.8697 

-49.9439 

-48.7656 

-48.2663 

-30.0944 

Attenuation due to 
line trap (dB) 

-2.56130 

-14.9349 

-17.8324 

-17.8444 

-17.8638 

-18.0075 

-18.2294 

-18.5010 

-18.8066 

-19.1360 

-17.9293 

Performance 
Index 
.8449 

.0400 

.0252 

.0327 

.0301 

.0387 

.0431 

.0491 

.0754 

.0979 

41.54 
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Without adaptive cancellation, leakage signal has a significant ability to interfere with 

the PLC signal from the adjacent line section, operating at the same frequency. Figures 

6.13-6.16 show a working of RLS method for different spectrums of frequencies. 

Graphical and tabular resuhs can be used as a base to draw conclusions. RLS method 

works very efficiently for signals having smaU bandwidth. Resuhs show that 

interference, after adaptive cancellations have been reduced to a very negligible value, 

as compared to the leakage signal. Tabular resuhs show that this method appears to be 

very effective for the canceUation of interference for smaU bandwidth. 

The algorithm also works efficiently for signals having higher bandwidth. Spectrum 

for PLC application is not very wide (15-500 kHz). To cancel the spectrum of PLC 

leakage signals, a few RLS loops would be enough for PLC appUcation. The number 

of loops depend on the particular application and level of attenuation required. 

Chapter 6 outlines the importance of the PLC model for computer simulation before 

the implementation of hardware of the system. MATLAB with its buih-in tools proved 

to be a very effective tool for computer simulation studies of even very complex 

algorithm eg. RLS method. Results for PLC equipment design have been given 

separately in Section 6.2. Adequate design parameters were used for the computer 

simulation of the PLC model. Flow charts for all computer programs have been 

provided to clarify the algorithms. PLC model along with coupUng capacitors for RLS 

method has been given in Figure 2.2 to outline the system used for modelling. 

Results from Sections 6.4 and 6.5 show the importance of adaptive interference 

cancellation in a real-time situation. The RLS method has been tested for different 

conditions of PLC signals. Resuhs from Section 6.5 show the ability of RLS method to 

find the dynamic response of line traps from the knowledge of input and output of the 

line traps. Line trap parameter variations have been outUne in Figure 6.11. 
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Figure 6.13: Performance of canceller for spectrum of 5-70 kHz frequencies 
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Figure 6.14: Performance study of RLS method for a spectrum of 100-150 kHz 
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Figure 6.15: Operation of RLS canceller for spectrum of 300-350 kHz frequencies 
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Figure 6.16: Working of RLS method for whole PLC spectrum (5-500 kHz) with 

the use of narrow band line traps 
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Computer simulation studies presented in this chapter were used to design the 

hardware models of PLC system and RLS algorithm. Resuhs obtained using ATP6 

presented in Chapter 5 were used to build the laboratory model of the transmission 

line for PLC application. Hardware parameters are given in Chapter 3. A hardware 

PLC model has been tested for different coupling schemes, the results are given in 

Chapter 7. Chapter 6 shows fair comparison with and without the use of adaptive 

interference canceUation scheme for PLC application. Results show that application of 

this method would be very effective in suppressing the interference, so that the same 

frequencies can be used for adjacent line sections. This will ultimately provide power 

industries with a stable financial outcome to improve their means of data 

communication. 
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CHAPTER 7 

IMPLEMENTATION OF RLS METHOD 

7.1 INTRODUCTION 

The need for adaptive interference cancellation algorithms for implementation on PLC 

systems was discussed in Chapter 2. Mathematical model of RLS method was also 

developed to assist the line trap to attain satisfactory level of attenuation. Calculation 

of accurate parameters should be given primary importance for both computer and 

hardware simulation studies. Parameters for the construction of power line model were 

obtained from the computer simulation studies of 500 kV transmission line. The results 

are presented in Chapter 5. Different steps in designing and construction of a power 

line model has been outlined in Chapter 4. Behaviour of the modelled power line was 

tested for a wide spectrum of frequencies in assessing optimum spectrum of 

frequencies for PLC operation. 

This chapter will mainly focus in assessing the performance of RLS algorithm in real­

time situation. Accuracy of the algorithm depends on the true knowledge of input 

signals. Accurate evaluation of line trap parameters can be made, based upon the 

accuracy of coupling capacitors and transmission line parameters. The later has direct 

effect on propagation and time delay of the PLC signal. 

Hardware construction of the PLC system presented in Chapter 4, allows the 

incorporation of desired source frequencies. This option faciUtates to mvestigate the 

behaviour of the RLS method for different spectrum of frequencies. A few limitations 

were observed in assigning frequency allocation, which were due to constraints 

imposed by limited sampling frequency of data acquisition card (PCL_818), which is 

described in Chapter 4. This chapter will also highlight the advantages and 
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disadvantages of conventional and non-conventional couplmgs in assessing the 

frequency response of the line under different coupUng schemes. 

7.2 BEHAVIOUR OF POWER LINE MODEL UNDER 

DIFFERENT COUPLING SCHEMES 

Figure 4.3 describes a laboratory model of power line connected with spectrum and 

network analyser for the assessment of various coupling schemes. This technique was 

used to analyse the steady state response of conventional and non-conventional 

couplings on the line model. In this study, resuhs will be presented to show the level of 

attenuation faced by the signal when it is injected and received on the remote ends of 

the same phase of Une, which are referred to as conventional couplings. For non-

conventional couplings, attenuation has been evaluated considering signal mjection and 

reception on separate phases. 

Non-conventional coupling studies suggested making use of Une traps on those phases 

of line even if PLC signal is not conducted on the phases. In the case ofphase-to-phase 

and 1-phase-to-ground coupling, PLC signals also propagate on non-coupled phases as 

well [23]. Non-conventional coupling studies suggested, if line traps are not used on 

non-coupled phases, PLC signals with its full power will interfere with the signals on 

the adjacent Une sections operating on the same frequencies. Application of adaptive 

interference cancellation will not be helpfiil if these conditions occur on the system. 

"Conventional" and "non-conventional" coupUngs are discussed in more detail in 

subsequent sections. 

7.2.1 Conventional Couplings 

Conventional couplings, defined in the previous section are commonly used in power 

systems practices. Among conventional couplings, 1-phase-to-ground and phase-to-

phase couplings are the least expensive and most efficient. Three-phase couplings are 

rarely used due to their high cost. Proposed technique has been used to investigate line 

response under three-phase coupUngs. 
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7.2.1.1 Single-Phase-to-Ground Coupling 

Single-phase-to-ground coupling is one of the widely used coupUngs in power system 

practices [23]. In this research, central-phase-to-ground coupling was adopted to inject 

PLC signal on the line. The central phase of sending and receiving ends was taken as 

input and output for network analyser respectively. The response of the line was 

assessed for frequency ranging from 10-1,000,000 Hz. Figure 7.1 shows magnitude 

and phase angle responses, when the line was subjected to work using single-phase-to-

ground coupling. 

For a laboratory line model, lumped parameters were used to arrange four cascaded n 

circuits to represent 400 km line length. Due to the lumped nature of line parameters, 

magnitude and phase responses were not linear any more, as shown in Figure 7.1. At 

power frequency, magnitude and phase responses showed the possibility of maximum 

power flow in the line. Steady state operation of PLC signal on Une model was 

considered up to maximum of 50 kHz, it has been described in Chapter 4. Figure 7.1 

shows linearity of magnitude and phase responses of the line operating at spectrum of 

frequencies 5-50 kHz. For this spectrum of frequencies, rate of attenuation was linear. 

Attenuation presented due to this type of coupUng varied nearly from 2-22 dB for the 

spectrum of interest. Attenuation levels for other types of couplings are presented and 

compared in subsequent sections of this chapter. 

7.2.1.2 Phase-to-Phase Coupling 

Phase-to-phase coupling is the recommended coupling for PLC utiUties in Australia 

[86]. Figure 7.2 shows, line behaviour when the PLC signal was coupled to two 

phases. This type of coupling gives a boost to the integrity and reliability of 

information flow on lines at the expense of high economic cost as compared to single-

phase-to-ground couplings. Figures 7.1 and 7.2 give true comparison of single-phase-

to-ground and phase-to-phase couplings in term of attenuation offered to PLC injected 

signals. 
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Magnitude and phase responses were linear with this type of coupling, specially 

comparing frequency region among 0.8-35 kHz from Figures 7.1 and 7.2. Non-

linearity observed in magnitude and phase responses under different coupUng schemes 

can be blamed for lumping line parameters. Locations of poles and zeros in the transfer 

flinction of line model can be very critical at certain frequencies for the given Une 

parameters. Results could be improved whh excessive 7c-circuit cascading, 

7.2.1.3 Three-Phase Coupling 

Three-phase coupling is the most expensive and most efficient coupling, which is very 

rarely used in power system industries [23]. At the expense of high price, this type of 

coupling provides far more linear frequency and phase responses as compared to the 

other two types of conventional coupUngs. Results in Figure 7.3 show the behaviour of 

the power line model with three-phase couplings. Traces given in Figure 7.3 show that 

non-linearity being observed in case of the single-phase-to-ground and phase-to-phase 

couplings have been reduced to some extent. The behaviour of the Une is very much 

improved even for a frequency spectrum of 0.5-5 kHz. 
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Figure 7.3: Test results for three-phase couplings 
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In conventional coupUng studies, the behaviour of the line was very much non-linear 

for the said spectrum of frequencies, which made the line unusable for the frequency 

spectrum of 0.5-5 kHz. From this study, it appeared that three-phase coupling has 

compensated the effects induced due to the lumping of parameters of the power line 

model. 

7.2.2 Non-Conventional Couplings 

Assessment of conventional couplings led towards studies of non-conventional 

couplings. Resuhs obtained from the studies of non-conventional couplings, verified 

some of the very important facts for the true representation of the line model. Some of 

the facts have been outlined in Chapter 4. Phases of Une model were marked as top, 

centre and bottom. Studies that have been carried out in this research are listed below: 

Table 7.1: List of non-conventional coupUngs 

1 

2 

3 

4 

Signal Injection 

Top 

Top 

Bottom 

Centre 

Signal Reception 

Bottom 

Centre 

Centre 

Top 

Figures 7.4-7.7 present results for non-conventional couplings. Comparing the results 

given in this section, it can be concluded that magnitude response showed better 

linearity when the signal was injected on the central phase and was received on top 

phase. These studies also showed the presence of PLC signals on the non-coupled 

phases, which was due to shunt capacitance of 7t-circuits among the phases. Presence 

of signal on non-coupled phase is considered due to the presence of different modes of 

the signals [23]. 
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7.3 TESTING OF LINE TRAPS ON POWER LINE MODEL 

Parameters of line trap given in Chapter 3 were used to simulate the PLC model along 

with its associated components. Resuhs are given in Chapter 6. Considering computer 

simulation studies, broad band line traps were designed to suh the required spectrum of 

frequencies. Line traps were employed on both sending and receiving ends of the line 

model. Attenuation offered by the equipment was tested by loading the line with 

appropriate variable loads. As mentioned earlier, PLC signals were coupled and 

trapped at the central phase only. Behaviour of the line traps was assessed based on the 

level of interference, due to the leakage of the PLC signal through line traps. 

Stored data was used to test the accuracy of different adaptive cross-polarisation 

interference cancellation techniques. In subsequent sections of this chapter, RLS 

method has been tested on the power line model. 

7.4 IIMPLEMENTATION OF RLS IMETHOD ON REALISTIC 

SYSTEM 

In the previous chapters, RLS was taken as example to demonstrate the working of 

adaptive cross-polarisation interference cancellations techniques for PLC systems. RLS 

method cross-polarises hs estimates about interferences due to line traps and then 

cancels these interferences in real-time mode from the concerned busbar. Test results 

for other interference canceUation techniques, using the same principle are presented in 

Chapters 8 and 9. Conclusions are drawn based on the assessment of different 

interference techniques. 

Mathematical model, design procedure and simulation studies of RLS method are 

given in Chapters 2, 4 and 6 respectively. Also a method has been presented to retrieve 

the hardware data from the PLC laboratory model and to provide inputs to the 

controller. The implementation results of a designed controller for this application are 

presented in this section. Limitations imposed in selecting PLC operating spectrums 
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forced hardware studies up to 50 kHz. Behaviour of line model and working of RLS 

method for different frequencies can be compared from the results of this section. 

Studies on the realistic system have been subdivided into two parts. 

• Algorhhm was tested on the line trap model with nominal loading on the system. 

• Algorithm was tested on the line model whh nominal loading on both sending and 

receiving ends. 

7.4.1 Assessment of RLS Method on Line Trap Model 

Using the parameters obtained from computer simulation studies, as presented in 

Chapter 6, a laboratory model of line traps was designed to foster lowpass filters for 

both sending and receiving ends. Referring to the attenuation studies of the designed 

line trap presented in Section 7.3, the RLS method was tested for different frequencies 

ranging from 5-50 kHz. Figures 7.8-7.11 outline the working of this algorithm with a 

frequency spacing of 5 kHz. Results of the implementation of canceller on the Une trap 

are given in Table 7.2, when line trap was designed to show attenuation = 10 dB. 

Table 7.2: Results from the application of RLS method on line trap 

Frequency 
(kHz) 

5.0 

8.5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

Attenuation due to 
canceller (dB) 

-30.2048 

-30.7922 

-34.6805 

-32.0370 

-38.7811 

-33.5866 

-35.9990 

-39.6538 

-45.8730 

-43.0644 

-45.8481 

Attenuation due to 
Une trap (dB) 

-2.7153 

-4.3724 

-4.6612 

-6.7692 

-7.2505 

-8.5100 

-8.5116 

-9.6227 

-10.592 

-10.885 

-9.6717 

Performance 
Index 
1.311 

.9312 

.7537 

1.080 

.4261 

.4668 

.5684 

.3844 

.2068 

.2754 

.0126 
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Figure 7.8: Performance of RLS Canceller on signal with very small bandwidth 

having centre frequency of 5 kHz 
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Figure 7.9: Application of RLS canceller on leakage signal having centre 

frequency of 10 kHz 
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Figure 7.10: Performance evaluation of RLS algorithm on PLC having centre 

frequency of 20 kHz 
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Figure 7.11: Application of RLS canceller on line trap model with operating 

signal having centre frequency of 30 kHz 
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For the studies presented in this section, only one set of line trap was used without 

connection to the line. Appropriate loading on the line trap gave a very close 

resemblance to the computer simulation resuhs as given m Chapter 6. Variations in the 

performance of RLS method for different frequencies were due to the frequency-

variant parameters of the line trap. True representation of PLC and PLC leakage 

signals was limited due to low sampling frequency of the data acquisition card. The 

slow sampling rate and the uneven pacing of data points fiirther contributed in 

lowering the efficiency of the interference canceller. For the existing hardware 

simulation model, more consistent data points for the signals can be obtained using 

very high sampling frequency data acquisition card. This could improve the knowledge 

about the signals and ultimately the learning of algorithm would be more reaUstic. 

Design of the line trap was improved to give average attenuation of 20 dB. With the 

new design, performance of canceller was also improved. Resuhs are given in Table 

7.3. 

Table 7.3: Results from the application of RLS method on line trap 

Frequency 
(kHz) 

5.0 

8.5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

Attenuation due to 
canceller (dB) 

-41.6209 

-43.1412 

-45.0565 

-44.0551 

-50.8295 

-51.9516 

-51.0853 

-54.2478 

-58.1120 

-56.3790 

-39.9323 

Attenuation due to 
line trap (dB) 

-16.6947 

-18.3518 

-18.6406 

-20.7486 

-21.2299 

-22.4894 

-22.4910 

-23.6021 

-24.5714 

-24.8652 

-23.6511 

Performance 
Index 
.0958 

.0661 

.0460 

.0528 

.0313 

.0272 

.0211 

.0150 

.0083 

.0137 

.0533 
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7.4.2 Application of RLS Method on PLC Model Communication 

System 

Modelled power line as presented in Figure 4.1 was used for the trials of RLS method 

on the reaUstic system for different frequencies within limited bandwidth. In this 

research, the main focus was to improve the reUabUity of line traps in transient and 

steady state conditions. Figures 7.12-7.15 outlines the performance of RLS method 

when applied across the Une trap of the sending end of the line model. Studies were 

made on very low operating frequencies due to hardware constramts. PLC and PLC 

leakage signals were contaminated with the noise generated due to hne characteristics. 

For PLC appUcation, recognition of power signal and PLC leakage signal on busbar is 

very convenient. Both of the signals can be separated using coupling capacitors 

(highpass fiher). On busbar, only presence of power signal was exempted. Any other 

signal on the busbar was regarded as interferences. 

Figures 7.12-7.15 show the interference cancellation for the frequency spectrums 

centred at 15, 20, 25 and 30 kHz and results are given in Table 7.4 for Une trap model 

showing attenuation less than 10 dB. 

Table 7.4: Results from the application of RLS method on PLC model 

Frequency 
(kHz) 

15 

20 

25 

30 

Attenuation due to 
canceller (dB) 

-31.4148 

-28.5405 

-38.4660 

-35.6935 

Attenuation due to 
line trap (dB) 

-6.5306 

-7.2167 

-3.8408 

-8.2113 

Performance 
Index 
.6702 

1.285 

.2307 

.6939 

Inconsistency in data points for different frequency spectrums is possible, which could 

contribute in lowering the performance of RLS algorithm for first few samples. With 

improved line trap model, performance of canceller was also improved. Results are 

given in Table 7.5. 
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Table 7.5: Results from the application of RLS method on PLC model 

Frequency 
(kHz) 

15 

20 

25 

30 

Attenuation due to 
canceller (dB) 

-42.1681 

-43.1765 

-51.2018 

-48.5297 

Attenuation due to 
line trap (dB) 

-20.5100 

-21.1961 

-17.8202 

-22.1907 

Performance 
Index 
.075 

.0482 

.0367 

.0392 

Resuhs in this section show that after 1 msec, the knowledge of algorithm about the 

line trap parameters was improved to its optimum value. To estimate the performance 

index of the algorithm for this application, data points up to 1 msec, were ignored to 

avoid the data range inaccuracy. Behaviour of the canceUer between time limits from 

0-1 msec, for different studies was different due to improvement in learning for 

different signals. Average value of the performance index for different studies was 

nearly 0.1. For the appUcation of RLS on the line traps model, average attenuation 

provided by the canceller was nearly 52 dB. 

Studies provided in this chapter outline the performance of the PLC model under 

different coupling schemes. From the studies presented in this chapter, 

recommendations have been made to select optimum couplings for desired networks. 

Studies of non-conventional couplings faciUtated to verify the presence of the PLC 

signal on non-coupled phases that is due to the presence of aerial modes. 
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Figure 7.12: Performance of RLS canceller on the sending end busbar of the line 

model with low attenuation line trap using signal having centre 

frequency of 15 kHz 
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Representation of results for RLS method as a cross-polarisation adaptive interference 

canceller in graphical and tabular forms give a good overview of the workmg of the 

proposed algorithm. The method has been tested on both Une traps and a complete 

PLC laboratory model. Results given in Tables 7.2-7.5 show a performance 

comparison of RLS method for different frequency spectrums with given data 

acquisition facilities. Results also concluded that, efficiency of canceller will improve if 

the line trap design is improved. Studies of RLS method on line also indicated the 

improvement of algorithm with the improved design of line traps. Resuhs can be 

compared from Tables 7.4 and 7.5. 

The resuhs presented in this chapter can be used to predict that this algorithm wiU 

work satisfactorily on real power systems. AppUcation of these techniques will be cost 

effective as weU, because the suggested algorithm can make use of existing measuring 

equipment on the power network. 
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CHAPTER 8 

IMPLEMENTATION OF STOCHASTIC APPROXIMATION 

8.1 INTRODUCTION 

The dynamic response of any desired system depends on the degree of accuracy of the 

parameters. In real-time systems, the parameters of a process change continuously. For 

adaptive control, time varying parameters should be updated recessively. Parameter 

estimation is used for system identification. Once a system has been identified 

correctly, then the system response can be estimated. In the previous chapters, RLS 

method was used to identify the dynamic model of line traps in a real-time system. In 

this chapter Stochastic Approximation (SA) method is used for the parameterisation of 

the line traps on a PLC system. 

In earUer chapters, RLS method was used to outline the working of adaptive cross-

polarisation interference cancellation (ACPIC) scheme. AppUcation of SA method has 

been tested to work as an interference canceUer for a PLC system. SA method was 

also tested as ACPIC for the same model and operating conditions like RLS method. 

Properties of SA estimation are briefly outlined: 

• easy to implement 

• easy to analyse when used in adaptive control 

• slow in convergence for parameterisation 

• not clear in optimisation. 
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8.2 MATHEMATICAL MODEL 

For the computer simulation of the SA algorithm, MATLAB was also used as a 

simulation tool. Mathematical model for the canceller is given in Chapter 2. Comparing 

the mathematical complexities of the SA and RLS methods, SA method was easier to 

implement using MATLAB. Advantages and performance results are given in 

subsequent sections of this chapter. 

8.3 COMPUTER SIMULATION OF SA ALGORITHM 

For accurate estimation of line trap parameters, RLS method has been replaced with 

SA method. SA algorithm adopts the same steps as the RLS method with less 

computation time. Time comparison can be made in assessing the time taken by the 

computer programs for both algorithms (SA and RLS) using MATLAB as a 

programming language on a SUN Network SPARCIO. 

Time taken by SA method as an interference canceller = 13.6299 sec. 

Time taken by RLS method as an interference canceUer = 14.8506 sec. 

Use of additional computational time consumed by the RLS method can be blamed for 

the additional mathematical calculations in calculating the internal state matrix (Pk). In 

RLS method, Pk is 4x4 matrix but for SA estimation, h is a scalar quantity. 

Mathematically it can be verified by comparing equations 2.14 and 2.18. 

Implementation of SA technique was also performed using the same PLC model, 

described in Section 6.3. Use of the same model also facilitated the comparison of the 

resuhs from both (RLS and SA) adaptive interference cancellation schemes. 

SA method being simpler in mathematical implementation as compared to RLS 

method, h also suffers the disadvantage of being slow in converging to the optimum 

parameters of the line traps. Figure 8.1 outlines the track for the convergence of 
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parameters to the mean optimum values. Ripples in the waveform can be justified by 

blaming the frequency variant non-linear behaviour of the Hne trap and the system 

being stochastic. 

0.25 

0.2 

0.15 

0.1 

0.05 
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-0.15 
TZOO 
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Figure 8.1: Convergence of line trap parameters using SA identification 

For the simulation of S A method, the same programming strategy was used which has 

been described in Figure 6.10 in the form of flowchart. Performance of this algorithm 

was tested for different spectrum of frequencies. Results in Tables 8.1-8.5 highlight 

the important points of studies eg. performance index, attenuation due to the line traps 

and attenuation presented by SA method. 

Overview of the simulation results listed in Table 8.1 gives the behaviour of the SA 

method in providing additional attenuation to PLC signals, for different spectrum, 

within allowable bandwidth of the PLC applications. Unsymmetrical variations in the 

behaviour of the canceller were due to frequency variant non-linear response of the 

line fraps. Figure 6.5 shows the response of the line traps. Behaviour of the algorithm 

depends on the bandwidth and spectrum of the frequencies. If the concerned PLC 

spectrum falls in the non-linear region of the line fraps response, then behaviour of 

canceller is unpredictable within controllable limits. Results listed in Table 8.1 show 

Implementation of Stochastic Approximation 128 



very close association between the performance of the adaptive canceller and the 

behaviour of the line trap. Cancellation study of the whole PLC spectrum gives a clear 

indication of the behaviour of the line trap showing high value of performance index 

(1.419). 

Table 8.1 

Frequency 
Spectrum (kHz) 

5.0-50 

50-100 

100-150 

150-200 

200-250 

250-300 

300-350 

350-400 

400-450 

450-500 

5.0-500 

; Simulation results f 

Attenuation due to 
canceUer (dB) 

-76.93070 

-104.5423 

-89.05880 

-89.56670 

-82.60050 

-77.64210 

-78.67540 

-81.47930 

-87.54370 

-81.94010 

-84.96320 

or the application ofSA method 

Attenuation due to 
line trap (dB) 

-13.4510 

-11.1652 

-8.91480 

-19.6390 

-17.6913 

-16.6472 

-15.9792 

-15.5543 

-15.2402 

-14.9828 

-17.6913 

Performance 
Index 
.0165 

.0130 

.0124 

.0030 

.0046 

.0070 

.0086 

.0159 

.0118 

.0161 

1.419 

Graphical representation of the resuhs is shown in Figures 8.2-8.6. The computer 

simulation was run for 1 msec. Average attenuation presented by this algorithm was 

more than 80 dB. This much attenuation should show significant unprovement in signal 

to noise ratio. The interfering signal from the adjacent Une section would not have 

enough power to interfere with the PLC signal on the concerned line section, even if 

they are operating at the same frequencies. 

8.4 HARDWARE IMPLEMENTATION OF SA METHOD 

Working of SA method was also tested on the power Une model, described earlier in 

Chapter 4. In implementing this method, the same procedure was adopted, as used for 

the RLS method. Design details have been presented in Chapters 4 and 5. 
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Figure 8.2: Application of SA method on PLC circuit for a signal having 

frequency of 60 kHz 
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Figure 8.3: Performance of SA canceller for spectrum of 5-70 kHz 
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Use of the same conditions for the implementation of both methods ie. RLS and SA, 

made the comparison very easy. Comparison studies are presented in Chapter 10. 

Performance of this algorithm was also tested on the line trap model. In this phase of 

study, performance of line trap was considered very poor. Results are given in Table 

8.2, showing the working of the canceller on low performance line trap. 

Table 8.2: Application ofSA method on a line trap with low attenuation 

Frequency 
(kHz) 

5.0 

8.5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

Attenuation due to 
canceller (dB) 

-77.9310 

-87.8331 

-84.9092 

-85.7497 

-90.9132 

-93.7688 

-97.8564 

-106.961 

-114.811 

-116.304 

-81.2062 

Attenuation due to 
line trap (dB) 

-2.7153 

-4.3372 

-4.6612 

-6.7692 

-7.2505 

-8.5100 

-8.5116 

-9.622 

-10.592 

-10.885 

-9.6717 

Performance 
Index 

.000075 

.0000059 

.0000034 

.0000030 

.0000043 

.000035 

.0000006 

.00000006 

.00000002 

.00000024 

.0030000 

Whh the variations in the efficiency of line trap, the performance of an adaptive 

canceUer can be well understood by judging the changes in the attenuation offered by 

the canceller. In this case, the design of line traps was considered such that h offered 

attenuation ranging from 2.7 to 10.8 dB. Results in Table 8.2 show that attenuation 

due to line trap increased with the increasing frequency range, which indicate linear 

response of the line trap for this low band of the frequencies. As mentioned earlier, due 

to data acquisition Umitations, only this band of frequencies was possible to be 

processed and some errors were observed at certain frequencies. These errors can be 

improved with the selection of a high sampling frequency data acquisition card. 

Performance at the centre frequency of 50 kHz of the canceller dropped to a smaller 
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value. This drop was due to the errors appearing in retrieving the data from the line at 

the maximum sampling frequency of 50 kHz. Graphical resuhs are shown in Figures 

8.7-8.10. 

These studies were carried out, for the signals having very small bandwidth. This 

algorithm can be extended for wider bandwidth, provided high sampling frequency data 

acquisition cards are available. To test the performance of cancellers under different 

conditions, leakage signal was attenuated five times. Resuhs are presented in Table 

8.3. 

Table 8.3: Application ofSA method on a line trap with high attenuation 

Frequency 
(kHz) 

5.0 

8.5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

Attenuation due to 
canceUer (dB) 

-84.5537 

-94.6525 

-93.8293 

-95.7861 

-100.022 

-92.4363 

-105.573 

-120.279 

-125.516 

-127.070 

-91.1857 

Attenuation due to 
line trap (dB) 

-16.6947 

-18.3518 

-18.6406 

-20.7486 

-21.2299 

-22.4894 

-22.4910 

-23.6021 

-24.5714 

-24.8652 

-23.6511 

Performance 
Index 

.0000183970 

.0000009545 

.0000004561 

.0000003033 

.0000008405 

.018900000 

.000000170 

.000000003 

.000000001 

.000000053 

.152200000 

With new set of conditions, stored data for the input signals showed variations in the 

performance of the canceller. These variations were due to the behaviour of line trap 

and low sampling frequency for data steps. Cumulative effects of both conditions might 

have diverse effects on the performance of cancellers. New studies showed that overall 

efficiency of the canceUer was improved with the increased attenuation of the line 

traps. Studies showed that with the new set of conditions, the performance index of the 

system also improved. 
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Figure 8.7: Performance of SA canceller on a signal having centre frequency of 5 

kHz on line trap model with low attenuation 
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Figure 8.8: Test results of performance evaluation of canceller using the signal 

having centre frequency of 10 kHz 

Implementation of Stochastic Approximation 138 



P L C sig n a l a f t e r a d a p t i v e c a n c e l l a t i o n 
0.02 

V o l t s 

1.5 2 2 .5 3 

T im 6 ( s e c ) >< • ' ° ' 

Attenuation in PLC signal 

dB 
-100 

-150 

-200 

Time(sec) x i o 

Figure 8.9: Application of SA canceller on line trap model with signal having 

centre frequency of 20 kHz 
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Figure 8.10: Application of SA algorithm on line trap model with the use of 

signal having centre frequency of 30 kHz 
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Application of SA method was also tested on a realistic PLC system using the power 

line model as a channel for the propagation of the signals. The limitations observed in 

designing the line model gave rise to the non-linearity of the line. Limited numbers of 

7c-circuits, lumping the distributed parameters and behaviour of the line traps were 

responsible for making it a stochastic system. Retrieved signals from the line showing 

low attenuations were imported for signal processing. Resuhs are given in Table 8.4. 

Table 8.4: Implementation results ofSA method on PLC model with low 

attenuation from the line trap 

Frequency 
(kHz) 

15 

20 

25 

30 

Attenuation due to 
canceller (dB) 

-81.8246 

-86.0431 

-94.0664 

-93.6282 

Attenuation due to 
line trap (dB) 

-6.5306 

-7.2167 

-3.8408 

-8.2113 

Performance 
Index 

.0000053 

.0000096 

.0000046 

.0000017 

Predictions of the results cannot be made precisely, due to the variable conditions on 

the PLC model. Performance index shows very smaU value, indicating satisfactory 

outcomes. Figures 8.10-8.12 show the waveforms of these results. To test the 

performance of a canceller at higher attenuation levels, leakage signals were attenuated 

with the factor of five. Resuhs are presented in Table 8.5. 

Table 8.5: Results from the application ofSA method on PLC model with high 

attenuation in the leakage signal 

Frequency 
(kHz) 

15 

20 

25 

30 

Attenuation due to 
canceller (dB) 

-92.7409 

-94.2978 

-97.4549 

-99.4241 

Attenuation due to 
Une trap (dB) 

-20.5100 

-21.1961 

-17.8202 

-22.1907 

Performance 
Index 

.00000043 

.00000170 

.00002670 

.00000126 
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Results given in Table 8.5 show an improvement in the outcomes of the canceller. High 

attenuation offered by Une traps resuhed in improving the performance of the canceUer. 

Figures 8.13-8.14 highlight the improvement in the performance of canceUer. 
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Figure 8.11: Performance of SA canceller on line model with the use of line trap 

showing low attenuation to the signal having centre frequency of 15 

kHz 
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Figure 8.13: Use of efficient line trap for the performance evaluation of the 

canceller with the use of signal having frequency of 20 kHz 
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Figure 8.14: Application of SA canceller on the line model with the use of 

efficient line trap with the signal having centre frequency of 30 kHz 
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In this chapter, another approach has been used for adaptive interference canceUation 

on a PLC system. SA estimation has been implemented, using the same guidelines, that 

has been described in Chapters 6 and 7, in implementing RLS method. A mathematical 

model has been formulated to suit PLC appUcations. In reaUstic systems, propagation 

of PLC signals is considered in its modal values [23]. For interference cancellers, mput 

signals (PLC and PLC leakage) are considered to be composed from their respective 

modes to construct the composite signals. SA method was also assumed to work using 

the conditions outlined in this paragraph. 

Computer and hardware implementation studies have been described in Sections 8.3 

and 8.4. Tabular and graphical results showed the efficient working of this algorithm 

for a PLC system. Consistency of the results can be rated as being poor, due to the 

design of power line model and behaviour of line trap. Attenuation presented by the 

canceller to the interferences has satisfactory value to improve the signal to noise ratio. 

Comparison of different interference cancellation techniques is presented in Chapter 

10. 
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CHAPTER 9 

INTELLIGENT INTERFERENCE CANCELLATION SCHEMES 

9.1 INTRODUCTION 

In previous chapters, implementations of different adaptive interference cancellation 

techniques for a PLC system have been presented. In implementing these techniques, 

real-time identification of the line trap was carried out usmg RLS and SA methods, 

which ultimately slowed down the response time. Clarification of this point can be well 

understood from the resuhs given in Chapters 6-8. In the industrial world, applications 

of adaptive control techniques eg. self-tuning power system stabiliser (PSS) can offer 

better dynamic performance than fixed-gain PSS. Adaptive control techniques suffer 

major drawback of requiring model identification in real-time which is very time 

consuming, especially for a microcomputer with limited computational capacity. To 

overcome this problem, a rule-based PSS [66] and fiizzy logic based PSS [67,68] have 

been developed whhout real-time model identification. Furthermore, the performance 

of fiizzy logic based PSS has been improved by using non-linear membership fimctions 

[69]. 

On-line model identification of line trap's response in PLC applications can be avoided 

using Fuzzy Logic Based Interference Canceller (FLBIC). For this appUcation, only 

leakage signal is taken as input. FLBIC is supposed to co-relate the estimate of 

previous state of interferences in phase and magnitude with the leakage signal. 

MATRIXx package was used as a computer simulation tool for this system. 
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Implementation resuhs of FLBIC on a PLC system are presented in Section 9.4. Also, 

a novel interference cancellation scheme has been presented in Subsection 9.4.4. Novel 

technique uses RLS method to identify the line trap dynamic model to generate the 

estimates of leakage signal and fuzzy logic theory to identify the effects introduced by 

the coupling capacitors. Finally in Section 9.6, design and implementation studies of 

the artificial neural network based canceller are presented. 

9.2 FUZZY LOGIC PROCESSING 

A flizzy control system is a real-time expert system, which leads to a higher degree of 

automation for complex and ill-structured processes [74]. For the application of this 

automation technique, precise knowledge of inputs and outputs to describe system 

behaviour is the primary requirement. The knowledge of inputs can be defined in the 

rate of change of inputs, percentage change in inputs or simply magnitude of the inputs 

etc. Range of inputs and required outputs plays a very important role in determining 

the performance of fiizzy logic controUer (FLC) and hierarchical structure (if used). 

Highly efficient FLC can be designed using hierarchical structure or adaptive self 

tuning phenomena. Adaptive self tuning FLC controller is more efficient than a 

hierarchical structure due to self tuning of output gain factors [79]. In this research, 

adaptive self tuning FLC design methodology has been adopted to design adaptive self 

tuning fuzzy logic based cross-polarisation interference canceller (AFLIC) for PLC 

applications. 

In designing the FLBIC for PLC appUcation, leakage signal was taken as input for 

FLC. FLC followed the track of input signal in producing the estimates of the previous 

state of the leakage signal. These estimates of the leakage signal were corrected by the 

adaptive self tuner. The model of the canceller along with the adaptive self tuner is 

given in Figure 9.1. The design of the FLBIC is outlined in subsequent subsections. 
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Figure 9.1: Model of Fuzzy Logic Based Canceller with adaptive self Tuner 

9.2.1 Fuzzification 

The first step in implementing fuzzy logic controller is domain transformation. In 

domain transformation, crisp inputs are transformed into fuzzy inputs which is called 

fuzzification. The inputs of the fuzzy control applications are in non-flizzy 

representation. For the implementation of fuzzy set theory, inputs should be 

transformed into symbolic representation. Membership functions map crisp inputs 

into fuzzy inputs and determine the degree of membership for those particular inputs 

[80]. 

For the implementation of AFLIC, two crisp inputs were taken. The first input for the 

main FLC was responsible for the co-relation of the control signal with the leakage 

signal. The second input was the error detected in co-relating the control and leakage 

signals. Second input was used for the tuner. In Figure 9.1, block diagram shows the 

input connection to both controllers. Computer simulation details about the canceller 

are given in Section 9.3. For fuzzification, both leakage and error signals were 

represented in nine membership functions. Labels for these membership functions, for 

required universe of discourse are expressed in Table 9.1. 
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Table 9.1: Crisp input (Y) and output (U)for the FLC as an interference canceller 

Fuzzy labels 

LNG 

MNG 

SNG 

VSNG 

Z 

VSPS 

SPS 

MPS 

LPS 

Signal description 

Large negative 

Medium negative 

Small negative 

Very small negative 

Zero 

Very small positive 

Small positive 

Medium positive 

Large positive 

Control signals from both FLC and tuner were also divided into nine membership 

functions. Ranges of the signals were selected, based on the operational knowledge of 

the processes, for both FLC and tuner controllers. 

As mentioned earUer, input to the tuner was an error in co-relation of estimates and 

actual leakage signals. The absolute level of the error was expressed in nine 

membership fimctions. Labels for these membership functions are Usted in Table 9.2. 

Table 9.2: Crisp input (ERR) and output (UT)for the tuner for FLC canceller 

Fuzzy labels 

Z 

ESR 

VSR 

SR 

SMR 

MR 

LR 

VLR 

ELR 

Signal description 

Zero error 

Extra small error 

Very small error 

SmaU error 

Small medium error 

Medium error 

Large error 

Very large error 

Extra large error 
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For each crisp input value, degrees of membership from the concerned memberships 

are evaluated. The next step is to evaluate rule strengths. 

9.2.2 Inference Processing 

In this step of flizzy logic processing, also called rule evaluation, the fuzzy processor 

uses linguistic rules in determining the required control action in response to given 

fuzzy inputs. Rule evaluation, also referred to as fiizzy inference, appUes the rules to 

fijzzy inputs, then evaluates the strength of each rule [80]. 

Presentation of knowledge by fuzzy rules is being done using a pre-defined set of 

linguistic terms and strict syntax. Commonly used logical operators eg. 'IF', 'AND' 

and 'THEN' are used to find the relations among antecedence, that result in the 

appropriate consequences. Rules are written on the basis of former knowledge about 

the process. Rules, use membership labels in their expressions. Based on the truth 

values of the antecedence, rule strengths are determined, that result in fuzzy outputs. 

Firing of certain rule depends upon the value of crisp input, which determines the fuzzy 

values of all the antecedence. 

In designing AFLIC for PLC system, nine rules were formulated for both FLC and 

tuner, in providing appropriate attenuation to the leakage signal through the line traps. 

For PLC application, a canceller was designed to foUow the leakage signal in 

magnitude and phase angle. In doing so, FLC was the major block for the estimation of 

the leakage signal. Further, the tuner was responsible for tuning the control signal from 

FLC to make the estimates very close to the actual leakage signal. Figure 9.1 shows 

the schematic diagram of FLC and tuner model. Designs of both FLC and the tuner 

were carried out using the same principles, therefore the number of membership 

functions and rules defining the signals were the same. Some of the rules controlUng 

the behaviour of FLC are given below: 

IF{YIS LNG) THEN U IS LNG; 

IF{YIS MNG) THEN U IS MNG; 
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The logic of the rules controlling the tuner was identical to the FLC, some of the rules 

are given below, using input as error (ERR) and generating output tuning signal (UT): 

IF {ERR IS Z) THEN UT IS Z; 

IF { ERR IS ESR) THEN UT IS ESR; 

For the tuner, classification of error (which resuhed from the difference of FLC output 

and actual leakage signals as shown in Figure 9.2) was performed using the absolute 

values of the error and then, signs were assigned to the tuning signals. Then tunmg 

signal was added to the FLC output (U) to get on-line cancellation of the interferences. 

Results are shown in Section 9.4. 

9.2.3 Defuzzification 

In the design process of the interference canceller, the final step was to transfer the 

flizzy outputs from the rule base into a crisp values realisable by the system under 

control. This is done by dividing the output universe of discourse into several 

membership functions. Different defuzzification techniques can be used to obtain crisp 

outputs from the canceller. The best known defuzzification methods are centre of area 

or centre of gravity (COG), flizzy mean (FM) or centroid, weighted flizzy mean 

(WFM) and mean of maxima [81-85]. In this work, mean of maxima has been used as 

a defuzzification tool. This defiizzification method suffers inaccuracy in generating 

outputs due to hs mathematical algorithm. This inaccuracy is compensated with high 

computational speed of the algorithm. 

Defuzzification for both FLC and the tuner was performed using mean of maxima. 

Steady state error due to this technique can be assumed due to calculation of the mean 

of the membership function having maximum degree of membership. 
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9.3 PLC MODEL FOR AFLIC IMPLEMENTATION 

In this research, various interference cancellation schemes have been tested on a PLC 

system. The assessment of RLS and S A methods have been presented in Chapters 6-8 

respectively. Modelling of the PLC system was carried out using determinant values of 

PLC system along with hs associated equipment. A detailed description of PLC model 

is given in Section 6.3. Figure 4.4 outlines schematic representation of PLC system for 

computer simulation, using MATLAB. Hardware modeUing of a PLC system is given 

in Chapter 4, which has been used for the assessment of RLS and SA methods. 

Hardware resuhs are presented in Chapters 7 and 8 respectively. 

To test the performance of all adaptive interference cancellation schemes, the same 

PLC model was used to provide the same working conditions for all the cancellers, 

which ultimately facilitated in comparing the final results. Comparative resuhs are 

presented in Chapter 10. As mentioned earUer, AFLIC was simulated using 

MATRIXx. For the use of same PLC model, PLC and leakage signals were generated 

from MATLAB simulation model and then were interfaced further with fuzzy logic 

based interference canceller, designed using MATRIXx. For the assessment of the 

canceller's performance, signals having different bandwidth were used to act as 

interference sources. Section 9.4 presents, description of the signals used for testing. 

PLC model, described in this section was used to generate all required signals. Based 

on the experience in dealing with PLC and leakage signals, a random signal of 

appropriate magnitude was also used to test the performance of AFLIC. 

9.4 SIMULATION OF AFLIC FOR A PLC SYSTEM 

Nature of interference for different communication systems depends on the use, 

application, structural design and on many other factors. In this research, PLC, a 

particular communication system for a power system has been investigated. 

Furthermore, to reduce the level of interference on the network, different techniques 

have been proposed. Extensive implementation studies for conventional adaptive 
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interference cancellation algorithms were carried out and results are given in Chapters 

6-8. 

In this chapter, inteUigent interference canceUation schemes based on fuzzy logic and 

Artificial Neural Network (ANN) are presented. In Sections 9.1-9.3, design 

descriptions of AFLIC have been presented. In this section, computer simulation 

resuhs whh linear membership function of AFLIC are presented. Use of non-Unear 

membership function improved the design of the canceUer, results are given in 

Subsection 9.4.2. Next, zero membership function was divided into left zero and right 

zero halves for the improvement of the algorithm. As a resuh, three membership 

functions were put into effect eg. left zero, single tone and right zero. Detailed 

description is given in Subsection 9.4.3. Design details, behaviours and application 

resuhs of the three techniques are given individually in Subsections 9.4.1-9.4.3. 

9.4.1 Design Of AFLIC Using Linear Membership Functions 

Design of a flizzy logic based controller mainly depends upon the system behaviour. 

System response can facilitate in selecting the ranges for the controller. As a resuh, the 

performance of a controller can be improved with the proper choice of ranges. In this 

research, ranges of FLC and tuner for AFLIC were adjusted based on the knowledge 

of leakage signal acquired from PLC model. 

The operation of AFLIC in identifying the leakage signal was very systematic. Leakage 

signal from line trap was taken as crisp input for the FLC. Figure 9.1 shows schematic 

diagram for the canceller. The main task of FLC was to correctly identify the level of 

leakage signal. The error that resulted due to the inaccuracy of the FLC was identified 

by the tuner, which was added to the output of FLC to get adaptive tuning. Corrected 

estimates of leakage signal were cross-polarised to cancel the leakage signal. Method 

presented in this section resulted in very efficient interference canceller. Results are 

presented in subsequent sections of this chapter. 
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Design presented in this section used linear membership functions for the 

fuzzification of inputs to both FLC and tuner. Figure 9.2 shows representation of 

linear membership functions showing partition of universe of discourse from -1 to +1 

for FLC block. The universe of discourse for tuner ranged from 0 to the value of 

error, resulted from the difference between leakage signal and estimates of leakage 

signal. In the design of canceller, range of input signal to FLC was normalised to the 

universe of discourse from -1 to +1, which was performed by dividing the signal with 

its maximum peak value. Then output from the FLC was muhiplied with the same 

factor to restore the estimates of signal in actual range, but input signal for the tuner 

did not need any normalisation. Operation of tuner can be outlined as follows: 

• tuner identified the polarity of the input signal; 

• absolute value of the input signal was then identified; 

• proper polarity was assigned to the estimates that assisted in approximating the 

leakage signal more accurately. 

This criterion can be well understood from the Figures given in Appendix B, which 

shows block diagram used for computer simulation. 

1 

Degree 

0 

-1 

LNG 

\ 

MNG SNG VSNG Z VSPS SPS 

u 

Universe of Discourse 

MNG LPS 

1 

Figure 9.2: Representation of linear membership functions for AFLIC design 
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9.4.1.1 Test Results for Canceller Using Random Signal 

For this study, random signal having amplitude of 30 Volts was used as an input for 

the canceller. System response was evaluated, with the use of samplmg tune of .02 sec. 

Due to low sampling frequency, appropriate time delays were used to synchronise the 

same state of leakage and its identified signals. Figure 9.3 shows the performance of 

the canceller for this input. The following observations were recorded: 

Attenuation due the canceller = -42.8102 dB 

Performance Index = 0.8 721 

9.4.1.2 Performance Evaluation Of Canceller Using Different 

Frequency Spectrums 

Performance of canceller was also tested for signals having a different bandwidth of 50 

kHz. These signals were generated from PLC model, simulated using MATLAB. Then 

signals were imported to interface with AFLIC, simulated in MATRIXx using real-time 

fiizzy logic tool. Table 9.3 shows resuhs obtained from these studies in terms of 

attenuation and performance index: 

Table 9.3 : Application of AFLIC using linear membership functions 

Frequency 
spectrum (kHz) 

5-50 

50-100 

150-200 

350-400 

Attenuation due to 
line trap (dB) 

-14.7938 

-20.3427 

-5.6321 

-0.6920 

Attenuation due to 
canceller (dB) 

-49.0355 

-54.6104 

-35.7761 

-36.9808 

Performance 
Index 
.0229 

.0238 

.1362 

.1533 

In simulating the AFLIC, sampling time of 0.1 msec, was taken to match the sampling 

time of PLC model. To cover the whole PLC spectrum randomly, four different 

spectra were selected to test the performance of canceller. Results are given in Table 

9.3. Figures 9.4 and 9.5 show the graphical representation of two observations. 

Intelligent Interference Cancellation Schemes 156 



Canceller's performance can be improved whh a more precise choice of ranges for 

both FLC and tuner. Moreover, with the proper choice of distributions and 

intersections of membership fimctions for selected universe of discourse can further 

improve the efficiency of algorithm. 

Leakage signal after adaptive cancellation 

2 3 4 5 

Leakage signal 

Time (sec) 

xio 

xio 

Figure 9.3: Performance of FLC based canceller with the use ofrandom signal as 

a leakage signal 
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Figure 9.4: Performance of AFLIC with the use of signal having spectrum of 5-50 

kHz 
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Figure 9.5: Application of AFLIC with the use of linear membership functions to 

cancel the interference with frequency spectrum of 150-200 kHz 
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9.4.2 Use Of Non-linear Membership Functions For The CanceUer 

Results presented in Subsection 9.4.1.2 were obtained with the use of linear 

membership functions. In this section, the same algorithm is presented with the use of 

non-linear membership functions. Figure 9.6 shows graphical representation of non­

linear membership functions. Mathematically these memberships were represented as 

follows: 

zero - sin ( 0.4'^7t'^(X-1.25)) 150 
.(9.1) 

Universe of Discourse 

Figure 9.6: Representation of non-linear membership functions 

Factors eg. 0.4, 1.25 and 150 were used to adjust the distribution of membership 

functions on the given universe of discourse. Table 9.4 shows improved results with 

the use of non-linear membership functions for both FLC and tuner. 

Table 9.4: Application of AFLIC using non-linear membership functions 

Frequency 
spectrum (kHz) 

5-50 

50-100 

150-200 

350-400 

Attenuation due to 
line frap (dB) 

-14.7938 

-20.3559 

-5.6268 

-0.6920 

Attenuation due to 
canceller (dB) 

-59.8668 

-65.2290 

-50.5421 

-42.5312 

Performance 
Index 
.0066 

.0070 

.0249 

.0809 
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Non-linear membership functions appear to be more accurate in handling the non-linear 

frequency response of the line traps. Furthermore, improvements can be made with the 

conventional adjustments for the membership functions as described in Subsection 

9.4.1.2. Graphical resuhs are presented in Figures 9.7 and 9.8. 
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Attenuation comparsion 

0.5 1 1.5 
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2 

- 4 
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Figure 9.7: Use of non-linear membership function for the application of AFLIC 

in interference signal having frequency spectrum of 5-50 kHz 
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Figure 9.8: Application of AFLIC on a PLC network for the cancellation of 

interference having frequencies of 150-200 kHz 

InteUigent Interference CanceUation Schemes 162 



9.4.3 Improved Design Of AFLIC For The Identification Of Small 

Signal 

Results from Subsection 9.4.2 showed, that the use of non-linear membership 

functions improved the overall performance of the canceller. Graphic results 

presented in Figures 9.7 and 9.8 show that canceller was unable to identify the 

difference in signals having zero or very small values. To overcome this problem, 

zero membership function for FLC was divided mto three membership functions eg. 

left zero, single tone and right zero. Figure 9.9 shows the construction of three linear 

membership functions. For this application, FLC was subjected to work using linear 

and non-linear membership functions. Tabular results are presented in Table 9.5. 

Single Tone 

Left Zero/ RightZero 

Figure 9.9: Graphical representation of zero membership function 

Table 9.5: Application of AFLIC using left zero and right TJCTO membership 

functions 

Frequency 
spectrum (kHz) 

5-50 

50-100 

150-200 

350-400 

Attenuation due to 
line trap (dB) 

-14.7938 

-20.3427 

-5.6268 

-0.6920 

Attenuation due to 
canceller (dB) 

-56.3195 

-61.9188 

-48.9038 

-39.5122 

Performance 
Index 
.0099 

.0103 

.0300 

.1145 

With this technique, identification for small signals was improved, as it is clear from 

the Figures 9.10 and 9.11. Use of left and right of membership function helped the 
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defuzzification method in finding more accurate mean of maximum. Furthermore, 

results can be improved, if all the membership functions are divided in left and right 

halves. Ultimately it will increase the number of rules and computational time as weU. 
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Time (sec) xio"" 
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Time(sec) " i " ^ 
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Figure 9.10: AppHcation of AFLIC with the use of linear and non-linear 

membership functions on a leakage signal having frequency 

spectrum of 5-50 kHz 
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Figure 9.11: Application of AFLIC on PLC network with a special focus on the 

identification of small signal using frequency spectrum of 150-200 

kHz 
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9.4.4 A Novel Adaptive Interference Cancellation Technique 

In this technique, combined use of RLS and fuzzy logic has been made to estimate the 

level of interference accurately on busbar. The workmg of RLS technique in identifying 

and estimating the output of a system has been described in Chapter 6. In all other 

interference cancellation schemes, the operation of coupling capachor was supposed to 

be ideal. This technique addresses the attenuation and phase shift introduced by the 

coupling capachor with the use offuzzy logic theory. Figure 9.12 shows the block 

diagram of this technique. 

In the conventional way, RLS method was used to estimate the interference caused 

due to line trap. This technique makes sure that these estimates of interference have 

not been affected by the coupUng capacitors. Attenuation and change in phase angle 

introduced by the coupling capacitors were estimated using two separate fuzzy blocks 

whh three membership functions each. Figure 9.13 shows diagrammatical 

representation of membership functions used for estimating change in magnitude and 

phase angle across the terminals of coupling capachors. These estimates were used to 

correct the output of RLS algorithm, so that the prediction of the interference on the 

busbar can be made correctly. This technique resuhed in poor performance, which can 

be improved with the increased number of membership functions using non-linear 

representation. Novel technique offers a result to tackle variable operational behaviour 

of any filter used for signal processing. Table 9.6 shows resuhs for a study of a 50 kHz 

bandwidth signal. 

Table 9.6: Application of Novel Interference Cancellation Technique 

Frequency 
spectrum (kHz) 

100-150 

Attenuation due to 
line trap (dB) 

-14.7938 

Attenuation due to 
canceller (dB) 

-15.0755 

Performance 
Index 
1.5979 
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Figure 9.12: Block diagram of a novel interference cancellation technique 

Figure 9.13: Representation of membership functions for fuzzy logic based 

compensator for canceller based on novel technique 
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9.5 IMPLEMENTATION OF AFLIC ON HARDWARE MODEL 

Hardware PLC model presented in Chapter 4 was also used to test the performance of 

fiizzy logic based canceller. Hardware data was imported to interface with MATRIXx. 

For this study, canceller having combination of linear and non-linear membership 

functions with left zero and right zero construction was used. As described earlier, due 

to limited data acquisition facilities, very smaU spectrum of frequencies was used to 

investigate the canceller. Test results are given in Table 9.7. 

Table 9.7: Application of AFLIC on hardware PLC model 

Frequency 
(kHz) 

15 

20 

25 

30 

Attenuation due to 
line trap (dB) 

-6.3466 

-7.2013 

-6.4596 

-8.5108 

Attenuation due to 
canceUer (dB) 

-58.7697 

-58.4797 

-58.4625 

-61.8019 

Performance 
Index 
.0038 

.0044 

.0039 

.0035 

Graphical results are presented in Figures 9.14 and 9.15. Hardware studies can be 

extended with the use of faster data acquisition card. 

AppUcation of flizzy logic for interference cancellation appears to be a very efficient 

technique. For PLC systems, this logic appeared to be very flexible in designing 

different algorithms. Unlike conventional adaptive algorithms, it does not limit the 

designer from improving the efficiency of the algorithm. In the design of canceller, 

several stages of improvements are outlined in Section 9.4. Performance can be 

enhanced with fine tuning of the membership functions, with more precise selection of 

input and output data ranges for fuzzy blocks and with more numbers of membership 

functions etc. Even the whole concept of canceller can be changed. Fuzzy logic theory 

appears to be very versatile in designing controllers, financial forecasters and canceUers 

etc. 

Intelligent Interference Cancellation Schemes 168 



0.02 

Volts 
-0.01 

Leakage signal after adaptive cancellation 

2 3 

Leakage signal x i o 

Attenuation comparsion 

dB 

-100 
2 3 
Time (sec) x i o 

Figure 9.14: Performance of AFLIC on the line model to cancel the signal having 

centre frequency of 20 kHz 
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Figure 9.15: Test results offuzzy logic based canceller on the model line with the 

signal having centre frequency of 30 kHz 
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9.6 APPLICATION OF ARTIFICIAL NEURAL NETWORK 

In this work, various types of interference cancellation techniques have been discussed. 

These schemes were based on conventional and fuzzy adaptive theories. To highlight 

the working of these algorithms, implementation resuhs for both computer and 

hardware simulation studies are presented. In this section, application of artificial 

neural network (ANN) has been investigated for interference cancellation on the same 

PLC model used for RLS, SA and AFLIC methods. 

For design and computer simulation studies of the Artificial Neural Network 

Interference Canceller (ANNIC), MATLAB was used as a simulation tool. For training 

the network adaptively, PLC leakage and combined (PLC target (vector of zeroes) and 

leakage signals) signals were taken as input to adapt the connection weights and biases 

of the ANN. As mentioned earlier, the same PLC model was used to test aU types of 

canceller algorithms, which facilitated in comparing the results. For ANNIC test 

studies, ANN tools were used from MATLAB. MATLAB fimctions ('initiin' and 

'adaptwh') were used to design the network. For two input, ANN has one layer and 

one neurone. The connection weights and biases were updated adaptively. Design 

description of canceUer is given in subsequent sections of this chapter. 

9.6.1 Performance Of ANNIC For A Given PLC System 

The application and design of ANNIC for PLC system have been discussed in Section 

2.8. Supervised training of ANN was used to predict the level of interferences from the 

PLC model. PLC model descriptions are given in Section 6.3. Validity of canceller 

algorithm was tested for various patterns of PLC signals. Descriptions of signals are 

given with the tabular results in this section. 

For the studies of different algorithms for interference cancellation, various designs for 

line traps were adopted. Parameters of the line traps were used to adjust the centre 

frequencies of the equipment. For the appUcation of ANNIC a centre frequency of 100 
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kHz was chosen. Based on this design, studies for a required spectrum of the signals 

were made. 

In first stage of studies, four different spectrums of frequencies having bandwidth of 50 

kHz each were used. Required signals were generated from random signal with the use 

of bandpass fiher. Table 9.8 shows test resuhs for ANNIC. 

Table 9.8: Application of ANNIC on PLC model 

Frequency 
spectrum (kHz) 

50-100 

150-200 

350-400 

Attenuation due to 
line trap (dB) 

-10.3057 

-.9840 

-.1281 

Attenuation due to 
canceller (dB) 

-53.2746 

-90.5189 

-95.2365 

Performance 
Index 
.0687 

.1426 

.1020 

Graphical resuhs are shown in Figures 9.16 and 9.17 for the appUcation on a signal 

having spectrums of 50-100 kHz and 150-200 kHz respectively. For these studies, 

network was trained using 2,000 points and then prediction of the interference was 

used to cancel the leakage signal. Whh the presentation of more data points to train the 

network, prediction of the network can be improved. Further studies were made for 

the signal having three channels with AMDSB-SC modulation, 20,000 points were 

used to train the network, as a resuh improved performance of the network was 

obtained. The same signal was tested for AMSSB modulation as well. Resuhs for both 

modulation schemes are given in Table 9.9. 

Table 9.9 : Application of ANNIC using AMDSB-SC and AMSSB modulation 

Modulation 
Scheme 

AMDSB-SC 

AMSSB 

Attenuation due to 
line trap (dB) 

-3.4807 

-3.4807 

Attenuation due to 
canceller (dB) 

-286.3441 

-93.264 

Performance 
Index 
.0509 

.1290 

For the three channels, carriers of 115, 127 and 139 kHz were used with the sampling 

frequencies of 345, 381 and 417 kHz respectively and were multiplexed using FDM 

technique. 
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Application of ANN for prediction of interference or PLC signal was made 

successfully using adaptive scheme for finding the weights and biases for the network. 

Consideration of zero PLC signal on the busbar was taken as target error for the 

ANNIC. Design and implementation of the canceUer were very convenient with the use 

of MATLAB toolbox for neural network. 
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Figure 9.16: Application of ANNIC for PLC system to cancel the signal having 

spectrum of frequencies 50-100 kHz 
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Leakage signal through the line traps after adaptive ANN cancellation 
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Figure 9.17: Working of ANNIC on PLC network to cancel the leakage signal 

having bandwidth of 50 kHz with the spectrum of frequencies 150-

200 kHz 
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In this chapter, various algorithms for interference canceller have been presented. 

Design of these techniques was based on artificial intelligence and knowledge base 

systems. AFLIC was designed using flizzy logic toolbox of the MATRIXx and 

implementation of the canceller was made using PLC model programmed in MATLAB 

environment. Interfacing of data from both packages has been described in Sections 

9.3 and 9.4. Design and implementation of AFLIC using linear, non linear and left-right 

zero membership functions have been presented in Section 9.4. Also, appUcation of 

novel interference canceUation has been presented in Subsection 9.4.4. Section 9.5 

describes working of the canceller on laboratory model of a PLC system. In Section 

9.6, use of MATLAB has been described for studies of ANNIC on PLC network. 

MATLAB and MATRIXx were very useful for the design and implementation of all 

the techniques presented in this chapter. 
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CHAPTER 10 

COMPARISONS AND CONCLUSIONS 

10.1 INTRODUCTION 

Whh increasing demand of tele-traffic for power system control and protection, there 

is a need to improve the performance of existing telecommunication equipment and 

networks. Installation of fibre optic links can improve the reUability of data 

communication at the expense of high cost. Existing PLC networks have shortage of 

frequency spectrum due to the fact that the same frequencies cannot be used on the 

adjacent line sections. The same problem can be seen in mobile communication 

practices, the same frequencies are not used in adjacent cells of mobile networks [87]. 

This thesis suggests some adaptive techniques applicable to PLC networks so that 

same frequencies can be used on the adjacent line sections. Also, the thesis describes 

the modal values of PLC signal on the line. Based on these studies, a laboratory model 

of a PLC system was designed to study the performance of interference cancellation 

techniques. 

In previous chapters, design and implementation studies of RLS, SA, AFLIC and 

ANNIC have been described. In this chapter, comparison of these techniques will be 

taken as a base to draw conclusions and to suggest future work. 
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10.2 COMPARISON OF TECHNIQUES 

Applications of these techniques for PLC systems have some advantages and 

disadvantages due to algorithmic, computational or fiinctional conditions. These 

schemes can be categorised into two major groups: 

1) Interference is estimated after the identification of line trap dynamic model. 

2) Interference is estimated without the identification of line trap dynamic model 

RLS and SA techniques are the members of the former group whereas, AFLIC and 

ANNIC represent the later group of techniques. Based on the facts, the following 

comparison can be drawn. 

1. RLS and SA techniques need on-line system identification, and then it can 

estimate the level of interferences. On-line system identification is very 

important and useful when system parameters are unknown or they are 

partially defined. In PLC appUcation, line trap parameters are frequency 

dependant and the frequency of the signal is unpredictable. Application of 

these techniques was suitable for frequency variant parameters of the Une 

trap. In this study, on-line system identification slowed down the 

interference cancellation process. 

2. Consideration of zero initial conditions of system parameters, for both 

conventional adaptive techniques (RLS and SA) makes them more practical 

if the system parameters and inputs-outputs are unknown. 

3. From experience, if system parameters are approximately known, then it is 

advisable to use known parameters for practical systems. This way 

convergence time for parameters from zero values to optimum values can 

be reduced significantly. Then the chance of losing the information in 

parameter convergence time can be minimised. 
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4. RLS and SA methods differ from each other in identifying the systems. 

Projection operator matrix (internal state matrix, Pk) plays a key role in 

identification of the systems in both RLS and SA methods. In RLS 

algorithm, Pk is considered 4 x 4 matrix, but, for SA method, h is a scalar, 

which ultimately reduces the computational tune for SA based canceller. 

Time comparison is given in Section 8.3. SA method is slow in converging 

to the optimum values of parameters. Figures 6.11 and 8.1 show the trace 

of parameter convergence for line trap model identification with the use of 

both RLS and SA methods respectively. 

5. SA method is easier to implement than the RLS method. Calculation of Pk 

is very simple for SA method as shown in the mathematical model of the 

algorithm in Section 2.6. 

6. Average attenuation offered by SA method based interference canceller was 

much higher than RLS algorithm for the same conditions of system 

modelling. Comparison of the results can be made from Tables 6.1, 7.2-7.5 

(RLS) and 8.1-8.5 (SA). Graphical resuhs are also given in Chapters 6, 7 

and 8. SA method utilises a stochastic approach in identifying the system, 

which appears to be a very successful technique for frequency variant non­

linear line trap model. 

7. Comparing the values of performance index, SA method showed much 

better performance than RLS based canceUer. 

8. To avoid system identification, fuzzy logic (AFLIC) and artificial neural 

network (ANNIC) based techniques were used to identify the pattern of 

leakage signal. System identification is time consuming and needs extra 

computational capabilities, which has been outlined in Section 8.1. 

MATRIXx was used for modelling of AFLIC but for ANNIC simulation 

MATLAB was used with its flexible tool boxes. 
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9. Fuzzy logic for this particular application appeared to be very versatUe in 

designing interference cancellers. Representation of membership functions 

in a variety of ways, eg. linear, non-Unear and left-right zero gave enough 

freedom to improve the performance of canceUers. 

10. Fuzzy logic gave the freedom of thought to implement designed algorithms 

on complex and ill-structured processes. Application of this theory for the 

prediction of interferences was the best solution for a frequency variant 

non-linear system. 

11. Performance offuzzy logic based canceUers can be improved in a number of 

ways contrary to the conventional adaptive techniques (RLS and SA). eg. 

• A Proper choice of ranges for universe of discourse based on 

operational knowledge of crisp inputs (leakage and error signals 

from FLC) improved the performance of cancellers significantly. 

• Number and shape (linear, non-linear or unevenly distributed) of 

membership functions also played an important role in improving the 

efficiency of algorithms. 

• Distribution of universe of discourse among membership functions 

mainly depends on the probabUity of occurrence of data in some 

particular band of data set. It is preferable to use narrow stretched 

membership functions for the band of data sets, which has the 

maximum probability of occurrences. Wide and narrow stretched 

membership fimctions were used in identifying the phase lag or lead, 

introduced by the coupling capacitors. 

• Use of different formations of a general structure of techniques, eg. 

adaptive self tuned or hierarchical have a significant effect on the 

fuzzy logic controllers. 

• Proper choice of crisp inputs, and many other factors show 

significant effects on the algorithms. 
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12. In ANNIC cancellation technique, use of adaptive artificial neural network 

was made. Learning of the network was very time consuming even for a 

small number of examples. AppUcation of this technique was made possible 

whh the use of neural network tools from MATLAB. Various tools for 

many networks can be used for this particular appUcation. Time consumed 

for processing 2001 points of data on AlphaStation 200 was 5.9561 sec. 

13. At the expense of time and extra computation faciUties, resuhs of the 

ANNIC canceUer were improved with additional examples of data points. 

14. For same conditions of PLC model, the neural network based canceUer 

gave different but acceptable resuhs, for various attempts for training the 

network. 

15. Considering the mathematical algorithmic complexities of all the techniques 

described in this work, fuzzy logic based cancellers appeared to be more 

practically applicable with theh very simple designing strategies. With the 

use of this technology, representation of controllers by linguistic rules to 

stabilise ill-structures and vague systems, makes it more attractive to 

overcome engineering problems. 

16. The appUcations where system identification is necessary, RLS and SA 

techniques can be used very efficiently. 

17. The success of the applied techniques mainly rests on the application, need, 

suitability and technology used. 

Comparisons drawn above can be used as a base to suggest the suitability of a certain 

technique for a particular engineering or non-engineering problem. These studies also 

indicate the comparison in assisting the line trap in providing enough attenuation to the 

PLC signals on the busbar. 
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10.3 CONCLUSIONS 

Various adaptive interference cancellation schemes were implemented on both 

computer and hardware PLC models. Performance of these techniques was compared 

using performance index and attenuation provided by the cancellers as performance 

indicators. Results indicate that developed interference schemes have fulfilled the 

requirements, as set out in Section 1.4. 

10.3.1 Modal Studies And Design 

ATP6 was a very convenient tool for the simulation studies of modal values of PLC 

signal in terms of transient studies on 500 kV and 400 km long transmission line. 

Computer simulation results presented in Chapter 5 were used as a base to design a 

PLC model system, operating at laboratory vohage level, eg. 415 V. Hardware model 

design is given in Chapter 4 and in Appendix E. Also, PLC model system was used to 

study the behaviour of conventional and non-conventional coupling schemes. Chapter 

7 shows, behaviour of Une under model different coupling arrangements. 

10.3.2 Design Of PLC Model And Its Associated Equipment 

In Chapter 2, mathematical representation of PLC modal signals is presented using 

modal theory as described in Appendix A. On both sides of the line trap, PLC and 

leakage signals were considered as composhe signals assembled from their modal 

values and were fed as inputs to the adaptive interference cancellation schemes. 

Application of Modal Analysis for the inclusions of line trap, coupling capachors and 

interference cancellation schemes was made. The modelled systems are presented in 

Chapter 2. Some of the modelled algorithms are: 
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1) PLC and leakage signals; 

2) Line trap and coupling capacitors; 

3) RLS method; 

4) SA method; 

5) Application offuzzy set theory; 

6) AppUcation of ANN. 

Based on these models, computer and hardware simulation studies were performed to 

verify the working of the algorithms. 

10.3.3 Real-Time Interference Cancellation 

RLS, S A, AFLIC and ANNIC methods were used to estimate the level of interference 

on the busbars. These techniques gave satisfactory results when their estimates were 

cross-polarised to get interference cancellations. Comparisons of these techniques have 

been drawn in Section 10.2. Computer and hardware simulation studies are presented 

in Chapters 6-9. Interference cancellation techniques showed better performance in the 

computer simulation studies. Designed line traps were able to offer a maximum 

attenuation of = 20 dB to the PLC signals. The attenuated signals still would have 

enough power to interfere with the PLC signals from adjacent Une sections, operating 

at the same frequencies. 

Suggested interference cancellation schemes were efficient enough to assist line traps 

in providing additional attenuation ranging from = 30-300 dB. The levels of 

attenuation offered by the cancellers were mainly dependant on the algorithm of the 

cancellers, bandwidth of the signals to be cancelled and attenuation offered by line 

traps etc. 

Computer and hardware simulation studies of the schemes were made based on the 

parameters described in Chapter 3. With these selected parameters, computer and 

hardware simulation studies for RLS method have been presented in Chapters 6 and 7 
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respectively, while, resuhs for SA method are given in Chapter 8. Implementation 

results of AFLIC and ANNIC have been described in Chapter 9. 

In this thesis, adaptive interference cancellation schemes have been developed and 

implemented on PLC systems, so that, re-use of the same frequencies can be made 

possible on the adjacent Une sections. Studies showed that implementation of these 

developed techniques will help to enhance the use of allowed PLC spectrum of 

frequencies, that will help to improve the customer services. Techniques, presented in 

this work, are not only efficient for PLC systems, but they may be used for other 

engineering or non-engineering problems. 

Some of the published work is given in Appendix C. On presenting this work, a great 

deal of interest was shown by the experts at national and international conferences. 

10.4 FUTURE WORK 

Although, interference cancellation schemes developed in this research were very 

efficient but improvement is possible in their implementation to the PLC networks. 

Working of these algorithms can be improved in many ways and their application can 

be extended. Some of the suggestion are given below: 

1. Instead of using initial condhions zero for RLS and SA methods, if 

from system knowledge, approximate or exact values of parameters 

can be used, then performance of the cancellers would be improved. 

From frequency variant non-linear nature of line traps h is always 

difficuh to find exact parameters. 

2. For the computer simulation studies of canceUation schemes using 

MATLAB, the transmission line was represented by hs 

characteristic impedance value. Distributed parameter based 

modelling of the line can be considered by developing power tools 

for MATLAB. 
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3. A complete power system tool box could be developed for 

MATLAB. That could be used whh other tool boxes to simulate 

sophisticated protection systems, control systems, communication 

systems for SCADA, co-generation and renewable energy resources 

(wind, solar, tidal and hydro etc.) applications etc. 

4. In this research, interference caused due to line traps and coupling 

capacitors were addressed. The application of interference 

canceUation schemes can be extended to include radiation effects, 

corona effects and effects with the mix use of PLC and fibre optic 

modes for communication needs of power systems. 

5. To improve customer services, these schemes can be weU used for 

on-line electricity meter readings to make extensive use of PLC 

networks. 

6. Effects of presence of hybrids can be included in future work while 

considering the performance of the cancellers. 

7. Performance of fuzzy logic based canceUers can be improved by 

making use of more accurate foUowing factors: 

• defuzzification methods 

• distribution of membership functions, 

• ranges of data 

• and/or, revising the whole algorithms for this appUcation. 

8. In this research, appropriate hardware was buih to test the 

performance of the techniques on the power Une model in the 

laboratory. In future work, feasibility of implementation of these 

schemes on practical systems can be suggested. 
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APPANDIX A 

SOLUTION OF TRAVELLING WAVE PHENOMENA IN POLY­

PHASE SYSTEM 

In this work it is anticipated to extend the use of theory of natural modes for the 

solution of travelling wave phenomena in polyphase systems [35,36,37,38] to 

formulate the model for PLC signal propagation on the power lines. For this particular 

application. Figure A.1 shows conductor (1) of a practical n-conductor transmission 

line where the effect of electromagnetic and electrostatic coupling is shown. Consider 

a very small element; Ax in the line. The voltage drop AVj across the element at a 

certain frequency is: 

AFi = - ( Z u / i + Z12/2+ +Zi«/„)Ax 

A F l / A x = - ( Z l l / l + Zl2/2+ +ZlJn) 

or 
dV^|dX = - (Z31/I + Z32/2 + Z33/3+ + Zinin) 

dVnfdx = -{Zn\l\ + Znlh + Zn3/3+ + ZnJn) 

For conductor 2,3 ,n the rate of change of voltages 
dV ijdx, dV ̂ fdx dVnjdx are similarly evaluated so that: 

dV\ldx = -{ZnI\ + Znl2+ +Z\Jn) 

or in matrix form 

[dVldx\ = -{Z][I] (A3) 
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Further from Figure Al, the difference in the current between the ends of element Ax 

of conductor (1) is given by: 

A / l = A/ l !+A/21+ A/3I+ +Mn\ 

where 

A/i 1 = -(Ki + A7i)7i ̂ .Ax = -V^Yu.Ax 

(AVj Yj I Ax being small value & so is neglected) 

M2i = -{V^-V2)YnAx 

Al3x = -{Vi-V3)Yn6x 

A/„i = -(Fi-F«)7i„Ax 

AIi/Ax = -{Yu + Yn+....+Yu)Vi + YnV2 +YinVn 

or 

dix/dx = -{Yn + Yu-^...+Yin)Vi + YnV2....+YuVn 

applying this principle to the conductors 2,3,4 ,n, the rate of change of currents 

whh respect to x is given by: 

dli/dx 

dl2/dx 

din/dx _ 

Yn + Yn+...+Yu -Yn -Yu 

21 

-Ynl 

Y2l + Y22+...Y2n -Y2n 

Yn2...Ynl + Yn2+...+Ynn 

V2 

Vn 

or in a more general form 

dl/dx = -[Y][V] {A.2) 
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Differentiating equation A. 1 and A.2 with respect to x and for simplicity matrices [Z], 

[Y], [V], [I], [dV/dx] and [dl/dx] will be written from now onward without the matrix 

notation. 

d^VJdx"- = -Z.dljdx 

and 

d^lldx^ = -Y.dV/dx 

or 

d^V/dx^ =ZYV (A3) 

d^l/dx^ =YZI (A4) 

The solution of the equations A.3 and A.4 is very difficuh due to the fact that the 

second order rate of change of voltage and current in each phase is a function of the 

voltages and currents in all phases. 

However, the solution obtained is the phase voltages and currents and are related to 

the component voltages and currents by the Unear transformations [39]. 

V = S.Vc {A.5) 

I = Q.Ic (A6) 

S = Voltage eigen vector matrix ( eigen vectors of Z. Y) 

Q = current eigen vector matrix 

Where the [n x n] square matrices S and Q are so that the second order differential 

equations involve diagonal matrices only. Mutual effect are thus eliminated, making 

direct solution. 

NQ = colunrn vector matrix of the order [n x 1] of the n component voltages V ^ , 

Vc2. Vc3, Vcn respectively. 

Ic = column vector matrix of the order [n x 1] of the n component currents I^i, Ic2' 

Ic3. Icn respectively. 
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Substituting equations (A.5 & A.6) into (A.3 & A.4) 

d'-V/dx^^SdX/dx^ 

or 

so 

d^Vjdx^ = S-'ZYV 

S-'ZYSV 

dXldx''=S-'ZYSV^ 

To simplify the analysis let 

ZY ^P 

where 

P,=lLz,.Yk^ (A7) 
k=\ 

dX/dx' =S-'PSV (A8) 

The product S' PS is diagonalised to become 

[S-'PS]=lyh',y! r'.] diag (A9) 

Y = propagation constant 

Substituting in equation A.8, equation A. 10 is obtained 

d'V^Jdx' 

dX2/dx' 

dXn/dx' 
en t —' 

= b = {Yhlyl •Vn] diag 

cl 

V c2 

>- en -J 

.(AlO) 
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From equation A. 10 can be represented as: 

dXJdx'=r.v^x 
dX2/dx'-yXc2 (^11) 

dXn/dx'=yX. 

Solving equation A. 11 will give 

V.,-V:,e-r-' ^V:,e^'' (A12) 

V =V^e-'^ +V-e'^ 
en en en 

or in general form 

V^=V:e-^+V;e^ (A13) 

where Vc\,Ve2 Ven in equations A. 11 - A. 13 are the modal voltages which are 

related to the phase voltages by square matrix of equation A.5 and A.6. 

Ŷ  = Eigen values of Z.Y. 

Now considering the solution for the currents using equations A.3 - A.6: 

d^l/d^x = YZI 

I = QIe e 
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From equation A.7, P = Z Y. When the network considered is passive (transmission 

line), h can be said that: 

Z^Z^ 
Y=Y, 

and hence 

d^l/dx^ ={Y^.Z,)I 

= {YZ),.I 

or 

d^l/dx^ =PJ (A14) 

substituting equation A.6 into A.4: 

.2 

.2 

d^ljdx^ = Qd^ljdx' 

d^ljdx^ = Q-' d^l/dx' 

d'lJdx'=Q-'PQf (A15) 

where 

Q'^PQ - current eigenvalues matrix which is diagonalised to be of the form: 

Q-'P^-lrlY'r? r'] diag (A16) 

Now, for the diagonaUsation of equations A. 9 and A. 16 the determinants (D) and (D') 
of {P{P- y^) and {P- y'^) respectively must yield to zero [35]. 

D{P-y^) =0 (A17) 

D'{Pt-y;') = 0 (A18) 
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However, Pt-y'^ ={P-y^)t, because y"^ is a diagonal (contains only diagonal 

elements). Where y^. ,y^ can be represented in forms eg y^,yl, yl and 

Y'\ ,Y2 , Yn respectively. Then, 

D{P-y])^n{P-y])^ = 0 

and because the determinant of any matrix = the determinant of the transpose matrix, 
ie. 

n{P-y]). = lf{P-y]) 

and 

D{P-y]) = D'{P-y^) 

or 

r.. = r.. 

ie. the vohage and current modal propagation coefficients are identical. It is sometimes 
useful to deal in terms of the components Ẑ . matrix and, from equations A. 1, A. 13 
and A. 6: 

dVjdx = -ZI where =SVe ,1 = QL 

so 

SdVjdx = -ZQI 

or 

dVjdx = -S-'ZQf 

and from equation A. 13 can be obtained 

V=V:e-''+V:e'' 
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where y, VQ^ and V "̂̂  are determined from equations A.9 and A. 13 respectively. 

Differentiating equations A. 13: 

dVjdx = -ye-^\V,+yB^.V- .(A19) 

where 

e " =[e ' ~e -•n _ L - y i « ^ - y 2 x .e-'^\ diag 

From equation A. 19 can be obtained 

dVjdx = -yV^.e-'^ + yV^e-^ = S'ZQI^ 

or 

V^.e-'^-V;.e'' =y-'S-'ZQI, 

The product {y ̂  S ^ ZQ) can be chosen to be diagonal. Thus replacing y ^ S ^ ZQ 
by Z^ gives the representation of the above equation: 

+ / 9 - ^ e'^-Vre'^ =Z''I .{A.20) 

Equating A. 20 means that the modal component of currents are related only to the 

corresponding modal component of voltages. I of equation A.20 is of the form: 
c 

i=re-''+i:e^^ 
c c c 

.{A.21) 

where 

7 = 

f ~' 

' / . 

^ 2 

Jen-

I> 

V ~1 ^n ̂  
1:2 

Xn. 

n-

/ : 

•e2 

Z' = 

Z" 

zi 
.{A.22) 

The component voltages V and the component currents I given by equations A. 13 
c c 

and A.20 may be evaluated by solving the constants of integration from the defined 

boundary conditions. Once the component voltages and currents are known, the 

corresponding phase quantities may be evaluated from equations A.3 and A.4. 
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PLC signal propagate on the transmission lines exactly like power signal but at PLC 

frequencies. The propagation velocity of the modal values of PLC signal depends on 

the signal frequencies. The modes have different propagation constants and different 

propagation velocities. The modes are related to the properties of the system used, in 

particular the formation of the impedance matrix. The propagation level of the 

injected signal from sending end to receiving end can be calculated at any point along 

the line from the knowledge of the modal values. Addition of incident and reflected 

values of different modes gives the value of given particular mode at some particular 

point, which is specified by the distance x. 

To investigate the level of signal voltages and currents at the boundaries one modal 

component is considered for simplicity . 

V:, e-''- -V;, e^'^ = Zf (/;, e-'"' +7 - e^'^) (^.23) 

Equation A. 23 must be true for all values of x, and this can only be true if the 

coefficients of the exponentials are same, ie. 

V* = 7"I^ 

v~ - -Z" r 
^e} -^1 -'cl 

At the sending end of the line: 

x = 0, V = V^ 

K = SK = S{v:+v;) 

v, = sr{i:-i:) (A24) 

and 

/,=e./.=e(/:+r) 

At the receiving end of the line: 

x^l, V = V^ 
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K=S.{e-rv:+erV;) 
i.=Q.{e-ri:+e^.i:) 

From equation A.24 gives: 

{i:-i:)-{ry\s-'v, 

{i:+r) = Q-'i 

This yields 

i: = {{zr's-'K+Q-'f)/2 
i: = (Q-'L-(z'rs-'K)/2 

and 

0-' f = e-^{{ZTS-' K +Q-' I.)/2 + e^{Q-' 7, -((Z^)"'^"' Fj/2 

or 

Q-' f = cosh^^Q-' f - sinh]d{Z')-' S'' V^ 

if the voltages and currents are represented in their modal values. 

/ ; = cosh ̂ g - ' / , - s i n h ?^(Z^)-'^-'F^ (A25) 

Now receiving end voltage can be evaluated; 

S-'V^^e-^V^+e^V; 
r c c 

= e"" Z" n - e"" Z'I: 
c c 

= e-T((Z'ys-' V, +Q" I.)l2-e* Z'(Q-' I, - (Z'T'S-' V,)/2 

2 ' 2 ' 

S'' F ; = cosh^^- ' V^ - sinh^Z^ g"' f 
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or 

V; = coshylV '̂ - sinhylZ" / ; (^.26) 

Vj- can be represented in the following notation; 

V, = ScoshylS-X-SsinhylZ^Q-'f 

and since both Z^ and sinh yl are diagonal 

V, = ScoshjIS-X - SZ" sinh)IQ-'I^ 

= Scosh}dS-'V -SZ'Q-'Qsinh)IQ-'l 

le 

V^ = ScoshylS'X - Z„ QsinhylQ'' f (A27) 

where polyphase surge impedance Zo is as shown in equation A.28: 

Z^=SZ^Q-' (A28) 

and 

Z" = y-'S'ZQ 

Z^=Sy''S-'Z (^.29) 

Now (Z ) =Q~^Z''S and since ZC is a diagonal hence: 

It can be shown that Q .̂S is diagonal: 

Q .S = D- diagonal matrix 

Q^=S-\D=D-'S (A30) 

Appendix A 204 



{Q,r -Q; -sp^ 

Also 

S .Q = D =D 

5 = DQ-' 

Hence 

(ZJ^ =S.D-\Z^.D.Q-' 

or 

Z =S.Z\Q'' 
ot ^ 

Thus equation A.30 is typically the same as that giving ZQ in equation A.28. This 

means that ZQ is a symmetrical matrix. 

Equation A.25 and A.26 describe the modal current and voltage components at the 

receiving end of the line. Using these two equations, the polyphase network equations 

could be derived as follows: 

From equation A.26: 

cosh^YF/ - F ; = sinh;^Z"/; 

/ ; =. (Z^)-'(sinh;^)-'(cosh^K; - F ; ) 

/ ; = {ry sinh-' yl.coshylV; -{Z")-' sinh"' y IV; 

But 

cosh;^ I, J 1 
coth yl = ——— and cosechyl = sinh yl sinh yl 

/ ; = (Z^)-' cothylV; - (Z")-' cosech}IV; (A31) 

Also from equation A. 6. 
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^ = Q{ZT' cothylV;-Q{Z'')-' cosechylV; 

or 

L = Q{Z''y'S-' ScothylS-' V^-Q{Z')-' S'' ScosechylS'' V^ 

But also equation A. 28 gives Zowhich is = SZ'Q'^ or 

z;'=r =g(Z^)-'̂ -' 

Substituting in the equation of Is above: 

/^ = Z;\ScoihylS-' V^ - Z;'ScosechylS'' V^ 

/ , = 7„.5coth;^^-^ F, -7„ ScosechylS-' F, (^.32) 

Now from equation A.26 can be obtained: 

/ ; =sinh-V(^')"'(cosh ; ^ F ; - F ; ) 

Substituting the value of /'' in equation A.25: 

/ ; = cosh;^ sinh-' ^ (Z'')"'(cosh;YF; - F/) - sinh;^(Z^)-' F/ 

je ^ (^^ey ^̂ Qgĵ 2 ^ gĵ ĵ -i ^_ sinh;^) F ; - {Z")-' coth;^. F ; 

But 

cosh^ ;^ . , , cosh^ y/-sinh^ >̂  1 , , 
—; — sinh jd = — = = cosechyl 
sinh yl sinh yl sinh yl 

Substituting to get F 
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/ ; = ( Z ^ - ' cosechyl F/ - (Z^" ' coth;YF; 

/ ; = 7 ^ c o s e c ^ / / F ; - 7 ' c o t h / / F ; (A33) 

Again from equation A.6, / = QF^ substituting m A.33 we get: 

Ir = Q{Z''y' cosechylS-' V^-Q{Z')-' coihylS-' F, 

or 

Ir =QiZl''S-'Scosech)dS-' V^-Q{Z')S-' ScoXhylS-' V^ 

as 7 = Q{Z'') S , and substituting this to get Ij-: 

/ , =7„,Scosec;2j^5-'F,-7„5'coth;^5-'F, (A34) 

Equations A. 3 2 and A. 3 4 can be rewritten in matrix form as: 

Y - l 7„^coth;^5'-

YJcosechylS-' 

-Y^S cosechylS-' 

-YJ cosechylS-\ LFJ-
.(y4.35) 

or 

vl 
F 

\S'coth?^5'"'Z„ 

S cosechyl S~^ Z ̂  

-S cos echylS 'Z„ 

-5coth^S"'Z„ 
.(A36) 

Sometimes equations A.35 is required in terms of modal voltages and currents. Using 

equations A.30 and A.35 yield the required relation as: 

/ ! 7^coth>^ 

_7'' cosechyl 

-Y" cosechyl 

-Y'cothyl J 
v: .(A37) 

Usually it is more adequate to write the transmission network equations so that end 

quantities are related to receiving end quantities by a two port transfer matrix. This can 

be achieved by using equations A.30, A.31 and A.33: 

ScoshylS~' 

Y^S sinhylS-' 

SsinhylS~'Z^ 

Y„SsinhylS-'Z^ 

V. 
.(^.38) 
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It can be seen that equation A. 3 8 gives the transmission network equations in terms of 

the well known "A B C D" constant matrix. 

Where: 

A = cosh(v|/j) 

5 = sinh(v|/,)Z^ 

C = 7 sinh(v|/j) 

D^Y cosh{\\iJZ 

cosh(v|/ ) = 5'cosh(Y/)5'"' 

sinh(v|yj) = 5'sinh(Y/).S' -1 

For a single-circuit, 2-conductor line the dimension of any of the matrices is given 

equation A.38 is (3x3). In modal form, equation A.38 becomes: 

v: coshy/ 

T sinhy/ 

-Z'' sinhy/ 

-coshy/ !_-• r 

.(A39) 

V, 

Ii 

(Z11I1+ Z12I2 + + Z i „ I J A x 

Zii Ax Ii + Al, 

AVi 

Vi+AV, 

AI„ AI21AI AI„i 
(n-l)I 

Figure A.l: Shunt and Series Couplings between the conductors of an n-

conductors system 
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APPENDIX B 

SIMULATION DETAILS 
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FAULT TRANSIENT SIMUIATION OF EHV 

TRANSMISSION SYSTEMS 

Iqbal Gondal Akhtar Kalam 

Department of Electrical & Electronics Engineering 
Victoria University of Technology 
Ballarat Road, PO Box 64 
Footscray 
Victoria 3011 

A B S T R A C T The increased growth of power 
systems in both size and complexity imposes a 
requirement for ultralow overall fault-clearance 
times, and for this reason, much interest currently 
ccnU:es, in particular, on very high speed distance 
protection gear. Whilst dealing with very fast 
protecdon schemes, measurements must be made 
during a very short period of time, after fault 
inception. This paper is concerned in simulating 
the response of two different types of feeders (ie flat 
and teed type), \ising the ATP4 (PC based version of 
the well known EMTP program). Also various 
factors which can influence the fault-transient 
waveforms has been considered viz 

source parameters 
pre fault load 
fault position 
types of fault 
fault instant 

This paper concludes with a presentation of the 
results of studies associated with a long distance 
transmission system. 

1. I N T R O D U C T I O N 

The successful development of high-voltage 
transmission line protection schemes increasingly 
depends on more realistic and detailed simulations 
of the power systems under both steady state and 
fault conditions. Consequendy, the power system 
modal analysis must be able to simulate the complex 
waveforms. The transients and travelling wave 
phenomena appear as unwanted noise superimposed 
on the sinusoidal primary system waveforms and 
may cause cither an increase in the operating-time or 
mal-operadon of the distance relay. 

in both size and complexity, much effort has been 
made to enable an accurate simulation of power 
system design. The developments in system 
protection schemes has been retarded due to the 
insufficient knowledge of the precise waveforms. 

The response of a transmission system following any 
sudden change in operadng conditions such as fault 
initiation or switch operation may generally be 
classified as foIlows[1.5]: 

1. an initial surge-period in which travelling 
wave effects predominate 

2. a fmal steady-state period during which 
system voltages and currents arc periodic 

3. a dynamic or temporary period - a 
transient period linking staged 1 and 2. 

On modern ehv systems, control of surge-period 
overvoltages allows reladvely low insulation levels to 
be adopted. It is therefore important to predict the 
temporary period overvoltages so that the probability 
of insulat ion failure can be main ta ined at an 
acceptable low value. This is usually done through 
Lbe study of transient phenomena using a realistic 
model for a typical power system where high level 
simuladon is to be adopted. 

Analogue models of actual systems called 
"simulators" or "Transient NetworJc Analysers" 
(TNAs), usually consists of scaled down analogue 
models in which transmission lines Jire represented 
by a large number of lumped Tr-pairameters and T 
section [2,3]. But the TNA is not convenient to 
simulate the distributed nature of line parameters 
[2,3j. 

Due to enormous growth of electrical powcr systems Another method is based on the well Jcnown lattice-

AUPCEC '92, 1-2 October 1992, Queensland University of Technology, Australia. 
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diagram technique described by Bewley [7] and was 
used i m n u c h of earlier work [8] for computer 
simulation of travelling waves in power systems. 
Again, this method is based on the assumption of 
lossless or distorsionless propagadon. 

For t r ansmiss ion systems involving the ear th , 
however, l ine res i s t ance and inductance vary 
significantiy with frequency, in such cases Fourier 
Transform (FT) techniques can be effectively 
utilised. "Fundamentally, the method requires the 
calculadon of system response to be performed over 
a wide range of frequency and inverse Fourier 
Transform is used to obtained the response in the 
time domain . T h e theory of na tura l modes in 
relation to the multi-conductor powerline was 
highlighted by Wedephol [9]. 

Accurately simulating power system transients can 
serve two main purposes: 

*li examines the effect of primary system 
waveforms on protective relays and the possibility of 
improving them if they prove inadequate 

2. predicts system overvoltages according to 
which economical insulation levels are determined. 

2. B A S I C R E L A T I O N S H I P S 

When studying faults on high voltage transmission 
lines a whole spec t rum of frequencies exist 
super imposed upon the t ransmiss ion line. 
Consequently the assumption that the series and 
shunt parameters of the transmission line can be 
calculated separately is not valid, because, for the 
higher frequency components, the line length can 
approach and even exceed quarter wavelengths. As a 
result it is no longer possible to separate shunt and 
series parameters, the problem must be solved in 
terms of wave propagation. 

2.1 Modal Analysis 

The mathemat ical technique used to study the 
travelling waves was MODAL analysis, which was 
the theory of natural modes developed by Wedepohl 
[9]. 

Any multiconductor line section is defined by its 
series impedance matrix per unit length Z and 
corresponding shtmt admittance Y. Each element of 
Z varies with frequency and is determined by the line 
conductor types, their physical geometry and the 
nature of the earth plane[6]. 

The modes of propagation for a multi-conductor 

system are calculated from the system parameters 
using the solution to the wave equation. This involves, 
the solut ion of two second order differential 
equations as given in equations 1 and 2. 

dV 
= IZ][Y]V = [P]V (1) 

d^I 

dx2 
= [Y1[Z]I = [P]^I (2) 

The solution of the two differential equations is 
difficult. This is done using the theory of natural 
modes and matrix function theory as developed by 
Wedephol [12] and commonly used in the digital 
simulation of faulted ehv transmission systems [4]. 
Briefly, the method involves finding the matrix of 
eigenvectors of the [Z] [Y] product ( [Q] say) and the 
[Y] [Z] product ( [S] say). In this way, the voltages 
and currents derived from each phase would be 
t ransformed to cor responding modal voltage 
quantities by means of the corresponding [Q] and [S] 
eigenvectors matrices [ 4 ]. 

Using linear transformations we can obtain the 
solution as shown in equation 3. 

V = V:e-^ '^+V el^ (3) 

v-1 Where i> •= Q iQ' , Q and 7 are the voltage 
eigenvectors and propagation constants matrix 
respectively. V- and V are incident and reflected 
voltages. [A B C D] parameters can be evaluated for 
the transmission line of length 1. 

\ ' 

Ic 
0 

A 

C 
-

where 

A = cosh(V> 1), 

C = Y BY 
D O 

B' 

D 
• 

' \ 

\ 
1 

(4) 

B = sinh(V' 1)ZQ 

E ) = Y oAZo 

Where Z and Y are characteristics impedance and 
admittance respectively of the system. 

22 Steady State Analysis 

A faulted transmission system ot line length 1 is given 
in Fig. 1 The transfer matrix function representing 
the untransposed line section up to the point of fault 
is given in equation 5. r 
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Where A, = cosh(V'l) 

B j = sinh(V' 1) ZQ 

C I = Y Q B Y Q 

D , = = Y „ A 2 ̂
0 

(5) 

and [A2 B2 C2 D2] is found by substituting 1 by 
(x -1). It is possible to derive matrix equations for 
the steady state voltage at the point of fault Vr and 
steady state currents at the terminating busbars I 
and L. 

Vfs = (Ar2-B2B-\A)V^3 + B 2 B - W 
ss (6) 

>-l I5 = (C - D B"-" A) Vj.^ + D B*^ V^^ 

I r = B - l ( V ^ - A V „ ) 

2.4 Transient Analysis 

(7) 

(8) 

However, during fault conditions a wide spectrum of 
frequencies exist superimposed upon the overhead 
transmission line. As a result, the transient analysis 
cannot be done simply a t the nominal system 
frequency, but must be done in the frequency 
domain using several discrete samples of complex 
frequency [10]. 

domain with each of the matrices in Fig. 2 being 
calculated for each samples of complex frequency. 
This relies on its ability to calculate the Z and Y 
matrices at various frequency samples. The transient 
response of the transmission line to fault inception is 
obtained by calculating the response of t h t de-
energised circuit to the injected fault point voltage. 

U'ia*lf* lifxlfa*Vif Ir • k> * ir» 

1-
1 

Vr •I" *!•' 

„ _ _̂  

lit - Ur» - Ur: 

• If 

\ 
1 

rVtf^Vrf , 

Vf,l0 

Vf\C 

Superimposed Faul t Transient 
Model 

Fig;iu-e2 

Hence it is possible to descr ibe the matrix 
relationship between the sending end and the fault 
point using two phase polyphase relationship of 
equations 9-lL 

(9) 

and 

Vsf = [ •^ss^ hr Esf 

Vff= E£f + % [ I f 3 f - i y 

= E£f+Rf% 

Vsf' 

.Isf. 

'̂ 1 î 
.Cl D,_ 

'Vff 

.^f. 

(10) 

(11) 

Using these basic relationship it is possible to 
formulate a set of simultaneous equations relating 
each of the hypothetical current vectors (I^^ l̂ .̂ , Ig) 
to the three associate voltage vectors as given in 
equation 12. 

{12) 

" % • 

hf 

}r(. 

= 

YA YB YC ' 

^ D ^ E ^ F 

JG % %. 

E g 

% 

.%i 
The transient analysis is completed in the frequency Thus the total time domain response of say the 
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sending relaying point (a) phase voltage at this stage 
would be 

Vsfa« = V^a^) -̂  \i^ (t-Tf) 

Where t = zero to observation time 
and Tf = fault inception time 

3. TRANSIEIW FAULT STUDIES 

3.1 Circuit Studied 

A typical 500 kV horizontally constructed line have 
been considered for both the flat and teed feeder 
cases. Voltages and currents arc measured at the 
ends of the systems before and after the fault 
inception. The line lengths are divided into different 
distances among busbars as shown in the Fig. 3. The 
data for these lines are 

line length is 384 kM. 
teed section length is 192 km 
source ratings are 35 &, 3.5 GVA. 
power frequency 50 Hz, 

i«»4i.at tn£ IL«cai r i& | t%i 

X7 

•T 
0 

1..4 1>< 

TUB mail 

-H \—^4-^^—I Hri^J 
13 13 it Je Ji i» 11 ^ — 11 

k«c«l*iBt iBi 

ruLT rtlDEt 

Simple source models of flat and teed feeders 

Figure 3 

32 Effect of sotirce parameters 

The source parameters, particularly their capacities, 
significantly affect the fault transient waveforms. 
1/OW.source capacity at the observation point 
significantly increases the distortion of the 
waveforms, particularly the voltages. In other words, 
a low source capacity (high source impedance) near 

the observation point forms a major point of 
electrical discontinuity from which high frequency 
components arc easily reflected. Figure 4 shows the 
comparison of voltages when sources of 35 GVA and 
3.5 GVA are used for flat feeder. 

kV 

200 

.200 

• - 4 0 0 

20 *0 -60 80 
I C e c e i v i " ! "̂"̂  Vo l tage - . 

(b) 

Hgure 4 (a) Receiving end 35 GVA (b) Receiving 

end source is 3 ^ GVA. 

3.3 Effect of Pre Fault Load 

The voltage waveforms arenor significantiy affected 
by the prefault loading. Figure 5 shows the 
comparison between prefault loading and no loading 
for a-e fault at teed end on the teed feeder. The 
reason for this is that the prefault voltage at any 
point on the line is almost independent of the circuit 
loading. 

3.4 Effect of Fault Position 

The transient delay time for the travelling waveforms 
between the iault and the source discontinuities 
varies as the fault position varies. As the fault 
position advances along the line away from the 
observation point, travelling -wave phenomena 
becomes more prominent and this can be seen by 
comparing the waveforms of Fig, 6 where in the first 
case fault is at sending end while La the second case 
fault is in the middle of system for flat feeder. 
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vsec 

t̂b) " 

Figure 5 Effect of Pre Fault Loading 

(a) Teed end voltage with pre fault loading 

Co) Teed end voltaee with no ore fault loadinc 
vv 

-<-oo 

Figxire 6 Effect of fault position 

(a) Fault (a-c) at the sending cnd_ 

(b) Fault (a-e) in dae middle of the system. 

'35 EfTect of Typ& of Fault 

Faults not involving the ear th give rise to the 
waveforms which arc generally very distorted, due to 
the domination of aerial mode . Figure 7 shows 
phase-phase fault in the middle of the system, and 
comparing this waveform with the waveforms of Fig 
6 it is clear that the travelling waves persist for 
considerably longer in phase-phase fault case. 

KV 

20 40 • 60 80 K s e c 

S e n < i i n t End V o l t a g e 

Figure 7 Effect of Type of FaulL 

(a-b) fault at flat feeder. 

3.6 Effect of Fault Instant 

Faults at an instant of corresponding to the peak 
voltage of the faulted phase produces maximum 
travelling wave distortion Figure (4-7). Faults at an 
instance of time corresponding to zero voltage at 
faulted phase produces maximum offset of 
waveforms in particularly in the currents. In such 
cases, travelling wave distortion is significantly 
reduced because there is not that large of sudden 
voltage change at the point of fault. Figure 8 shows 
(ab-e) fault at teed end at zero instant of time. 
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200 

100 
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Figure 8 Effect of fault instant 
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4 CONCLUSIONS 

The analysis of power systems implies the 
computation of network voltages and currents imdcr 
•given ^e t of condi t ions . Ln -many cases the 
computation is organised to give a particular kind of 
information for special purpose ie to determine the 
current flowing through ground to neutral in a 
part icular situation to facilitate the setting of a 
relay. 

The objective of this -work was to accurately simulate 
faulted overhead transmission lines ( flat and teed 
feeders). The system voltage was taken 500 kV. 

It is seen that low source capacity at the observation 
point significantly increases the distorsion of the 
waveforms, particularly the voltage. The comparsion 
of two different sources (35 GVA and 3.5 GVA) is 
provided in the studies. 

One very important point emerges is that the sound 
-phase voltage can contain very significant travelling 
wave components. Faults which occur near voltages 
zero in the faulted phase do not cause a sudden 
change in voltage levels, and travelling waves are 
therefore much less pronounced. 

In order to provide proper protective systems, one 
must be able to identify the nature and morphology 
of the faults on the systems. These simulation studies 
provide the transient and steady state behaviour of 
the systems, basing on which proper protective 
systems can be designed. 

The transient and steady state behaviour of power 
line carrier communication systems can be simulated 
using this alogrithm. The next part of the project is to 
simulate digital power line carrier communication 
systems, and finially efforts will be made to improve 
the quality of the power line signal 
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ABSTRACT. Power Hne carrier (PLC) is vwdely used for the communication of RF signals over high 

voltage lines. Different type of couplings can be used to provide efficient path for carrier band on power 

lines. In this paper steady state and transient behaviour of a phase to ground coupling vnll be investigated 

using MODAL ANALYSIS, this being the. most accurate, convenient and widely used technique for the 

simulation of the transmission lines. Voltages and currents on the transmission line can be represented 

in their modal values. Also propagation of the PLC signal using central phase to ground coupling will be 

investigated in terms of modal values. Central phase to ground coupling appears to be most optimum 

coupling on untransposed lines that its attenuation is lower than that of any other phase to ground 

coupling. This paper will present the results of propagation of digital and analogue PLC signals on 

untransposed power line. Simulation \n\\ be carried out using the well knovra ATP4 (Alternative 

Transient Program). 

1. INTRODUCTION 

PLC on long ehv transmission lines is of great interest for fault location, telemetry, voice communication, 

power protection and telemetry. The power lines are very robust and uses large conductors with generous 

spacing. It also provides reliable and low-attenuation path for carrier-current signals. Normally in PLC 

the frequencies ranges from 15-500 kHz are utilised. 

PLC is knowTi to be more secure than microwave based lines and is as reliable as the transmission lines. 

Economically, the cost of PLC is reasonable, as transmission line house PLC and also its source of power 

supply. Under fault inception a transient and steady state phenomenas of electric network can be studied 

using either transient analysers or general purpose electromagnetic transients programs. In either case, 
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one finds the time response (voltages and currents as function of time) for any interconnection of resistors, 

inductors, nonlinear elements, switches, sources and transmission lines. 

Travelling waves and surge phenomena in power systems are of importance in solving problems relating 

to PLC communication, protection of short and ehv long lines, fault location, switching of unloaded lines 

and calculation of recovery voltages on circuit-breakers under fault conditions. Significant advance in the 

solution of such problems was made by Fallou [1], who with assumption of complete symmetry of 

conductors applied the concept of symmetrical components to the solution of travelling-wave phenomena. 

This method is limited it yields average values for surge impedances and propagation coefficients, and this 

masks important effects produced by asymmetry of conductors. 

Formulas for the calculation of the natural modes of PLC on horizontal three phase lines have been 

developed by Perz [2,5] making use of elementary algebra and matrix eigenvalue analysis which resulted 

in understanding of high frequency noise produced by corona and propagation of natural modes of PLC 

signals qn ehv transmission lines. 

Most widely used coupling recommendations for PLC systems do not prevent modal cancellation [3], Most 

useful and communally used coupling in PLC systems are: 

- ground to phase coupling 

- phase to phase coupling 

In this paper a method is introduced to investigate the behaviour of coupling capacitors and line traps 

under steady state and transient conditions of the power system also results are presented showing 

behaviour of line traps and coupling capacitors under different types of faults and at different fault 

locations of the faults on the transmission systems. 

2. CALCULATION OF NATURAL MODES OF PLC 

The most convenient-method presentiy known for solving propagation problems and transient behaviours 

of the line traps and coupling capacitors on multiconductor systems, such as power line, is based on the 

concept of natural modes. This concept is based on rigorous mathematical considerations of linear 

transformation and matiTx algebra. It has a dear physical meaning and its application leads to practical 

and meaningful solutions. PLC or power (50 Hz) signals on power line can be resolved into three different 

modes. The natural modes have different propagation constants and propagation velocities. The modes 

are related to the properties of the system used, in particular the formation of the impedance matrix. 
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Natural modes can be classified into two main groups: 

- ground mode : which the is most attenuated mode 

- aerial modes: second aerial mode which is less attenuated than the first aerial mode. 

These three modes in the three phases are graphically represented in Figure 1: 

Phase 1: the currents flow in the same direction on all three phases and are 

approximately equal in magnitude. Due to the earth return, attenuation is the highest 

with this mode; 

Phase 2: the currents in the outer phases are equal and opposite. There is no current 

flowing for this mode in the middle conductor. Attenuation is lesser than mode 1; 

' Phase 3: the current on the middle phase is roughly twice that in the outer phases and 

flows in the opposite direction. The attenuation is least with this mode. 

Mode 3, referred to as line-to-line mode and it plays a very important role in long distance 

communication. The natural-mode analysis allows one to determine these factors and to estimate 

propagation performance of PLC, steady state and transient behaviour of line traps and coupling 

capacitors on power lines. 

Mode 3 Mode 2 Mode 1 

I, I. h 
Phase 1 > > 

pai) qdj) 
Phase 2 < > 

I: I: I3 
Phase 3 > < > 

Figure 1 
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2.1 Transmission Line Geometry 

In this paper untransposed ehv transmission line is considered. It is of horizontal configuration [4] with 

bundle conductor and earth wires, as showTi in Figure 2a. The data for the line as shown in Figure 2b 

line length is 400 km 

operating voltage 500kV 

power frequency 50 Hz 

source ratings at both ends 35 GVA 

6.9 6.0 
,-U< »—I 

S.96 3.96 

1 

L-i.62 

LJ-

26.2 : 

Figure 2a 

100 km 100 kn IQOkn 100 kis 

^ 
12 IJ 40 20 21 16 1 

Sencinj End Receivinj End 

Figure 2b 

2.2 Modal Analysis 

The mathematical technique used to study travelling wave was MODAL Analysis which was theory of 

natural modes developed by Wedepohl [5]. The modes of propagation for a multiconductor system are 

calculated from the system parameters using the solution to the wave equation. This involves the solution 

of two differential equations as given in equations 1 and 2. 

d V 

d x 
= - Z I (1) 

d l 

d x 
- Y V (2) 
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where V is the phase voltage vector, I the current vector, Z the impedance matrix and Y the admittance 

matrix. On differentiating equations I and 2 second order differential equations involving only either 

voltage or current is obtained in equations 3 and 4. 

d'-V 
= Z Y V = P V (3) 

d^x 

dM 
= Y Z I = P ' l (4) 

d^x 

Phase voltages and currents can be related to their modal values by linear transformations: 

V = S V"' (5) 

"l = Q P ' (6) 

S and Q are eigenvectors square matrix. On substituting the values of V and T in equations 3 and 4. 

d^ V<=' 

dx= 

d' r̂ ' 

dx^ 

r ' v'=> (7) 

r"" 1'=' (8) 

where 

r = S-' P S 

r " = Q-> P' Q 

S and Q matrix are selected in such way that matrix T^ and V^ are diagonal matrix. Consider a reflection 

free with relatively low loss long transmission line connected to a high frequency source impressing voltage 

V (o). Then modal values of the signal at any distance from sending end at any phase can be defined by 

equation 9 

V <̂"' (x) = V '̂"' (o) e-^"' x (9) 

Where k = 1 , 2, 3 designates phase and (n) = (1), (2), (3) designates the particular set corresponding to 

"natural modes of propagation". 
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3. SIMULATION 

3.1 Line Traps and Coupling Capacitor 

Transient and steady state studies have been made using central phase to ground coupling and broad 

band line traps on long transmission line. The coupling as shown in Figure 3 is optimum and its 

attenuation is less than that of any other phase to ground coupling [6]. Coupling preventing modal 

cancellation and whose supplementary attenuation levels are below 20 bB [7] thus are referred to as 

"recommended couplings". 

TRAAfSMITTER RECEIVER 

0 0 

Figure 3 

3.2 Steady State Studies 

Behaviour of the line traps and central phase to ground coupling capacitors have been investigated using 

the principle of superposition. Power source at both ends were taken at 50 Hz frequency and high 

frequency source signal was not applied. Simulation on ATP4 was carried out and Figures 4a,4b,4c & 4d 

show results at receiving end, sending end, PLC transmitter terminal and PLC receiver tenminal. 

•/ 

\ 

^ I \ I ;• ,A A 
i '-' • - '.^—->^-—^^^—7^—^ 

" A A A A A A A/ 
7\AAA/LA1A 

Figure 4a Figure 4b 
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Figure 4c Fgure 4d 

3.3 Transient Studies 

During transient conditions a wide spectrum of frequencies exit superimposed upon the—overhead 

transmission line. As a result, the transient analysis cannot be done simply at the nominal system 

frequency, but must be in frequency domain [8] using several discrete samples of complex frequencies. 

Alternative transient program technique is well developed to describe travelling wave phenomena for the 

systems. To study transient behaviour of the broad band line traps and central phase to ground coupling 

different types of faults can be initiated on the system under study at different locations. 

3.3.1 Fault Conditions On the System 

In faults involving earth, the earth mode dominate the faulted phase(s) whilst the aerial mode(s) dominate 

the healthy phase(s). As described earlier earth mode attenuates more than the aerial modes. Aerial modes 

are responsible for PLC propagation on long transmission lines. Healthy phases from Figures 5a,5b,5c,5d 

show that travelling wave phenomena persists longer due to aerial modes domination as compared to the 

faulty phase. Fault was initiated at the sending end. Voltages across the drain coil and coupling capacitor 

show the presence of high frequency transients, line matching unit is always protected upto 2kV voltage 

surges. 

Figure 5a Figure 5b 
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Figure 5c Figure 5d 

4 CONCLUSION AND FUTURE WORK 

This technique appears to be very useful and accurate to study the steady state and transient behaviour 

of any circuit working with power systems. Basing on these studies optimum coupling can be adopted to 

avoid unnecessary attenuation in the PLC signal under the given set of conditions of power system. 

The objective of this work was to simulate central phase to ground coupling along with matching unit and 

broadband line traps under steady state and transient conditions using theory of natural modes. The 

simulation results shows that coupling capacitor has attenuated the power frequency signal under steady 

state conditions. Under transient conditions the high frequency transients passed through the coupling 

capacitors but circuit was protected against high voltage surges through sparking gap of 2 kV threshold. 

Under fault current conditions line traps showed satisfactory results. 

The work is proceeding in assessing the frequency response of PLC system. Interference between 

different chaimels of frequencies will be further investigated and adaptive schemes of interference will 

be used to cancel the interference between the channels. The effect of radiation on the phase to ground 

coupling will also be investigated. 
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ADAPTIVE INTERFERENCE CANCELLATION 
FOR DATA COMMUNICATION ON POWER SYSTEM 
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Transmission lines are ver>' reliable mean of data 
communication for different applications ie system protection. 
iclemeir>'. voice communication and LAN etc. The integrity of 
ihc data transmission is always of great concern and the 
transmission of corrupted data may result in falsified control 
operation of the power system. Factors like corona, switching 
operations and transient faults etc. are major sources of 
interference for data communication on .the power lines. 
Inefficienc)' of the line traps causes interference with the powcr 
line carrier /PLC) signal from the adjacent line sections. To 
avoid the inter talk among channels, it is necessary to avoid the 
use of tlie same frequencies on adjaceni line sections. This 
ullimaiely limits the available spectrum of frequencies for PLC 
applications. Recursive least square (RLS) metJiod appears to be 
;i ver> useful lool for adaptive interference cancellation. 
Imerfcrences are caused due to the signal leakages through line 
iraps 10 the busbars. 

The simulation of the system will be carried out using the well-
known packages Alternative Transient Program (ATP6) and 
.MATLAB The results will show the stead>' state and transient 
studies of the PLC equipments using ATP6 and the application 
of the RLS method for adaptive interference cancellation using 
MATLAB. 

I. US'TRODUCTION 

The security of data transmission on power lines for protection. 
ielemetr> and supervisorv' control etc. is matter of great concern 
for power s>'stem authorities. Transmission of falsified data may 
result ill incorrect operation of power system operation, wliich 
nia\- lead to fatal consequences. Tv-pical situations in power 
SN'stem operations may occur due to mal-functioning of relay 
operation, circuit breakers and supervisor) control etc.. wliich 
may lead lo economical and human losses. In power. s>'Stem 
practices, operation of the protection relays and circuit breakers 
depend on fault conditions of the power s>siems. For reliable 
system design and operation, these operations should be as 
minimum as possible to maintain steady state supply of power to 
liic consumers. Under faiiJl conditions, communication of any 
Mieasurement data should be communicated reliably for accurate 
operation of the required relays and circuit breakers. Different 
mean of communications eg PLC. optical fibre communication, 
microwave and lelecommunication lines are used as back up 

under various operating conditions for rehable transrmssion of 
the data. 

In existing and new power systems. mL\ use of optical fibre 
communication and PLC techniques can be the best solution for 
reliable means of cohununication [1]. In spite of superior 
performance of optical digital communication links with respect 
to immunit>' to the interference and transmission capacit> and 
desirable objective of a fully digital s>stem. economical 
constraints as well as technical considerations will result in the 
continued application of the established PLC technology for 
panicular applications. The robust PLC cquipmen; e.vhibiis 
distinct technical and economical advantages, where low lo 
medium quantities of data have to be communicated over large 
distances. 

In term of theon' of natural modes, the propagation of PLC 
signal for longer distances on the transmission lines is possible 
due to the domination of the aerial modes(21. The presence of 
aerial modes and earth mode have dominant effect on the 
travelling wave phenomena in transient conditions |3]. ATP6 is 
a ver\' useful tool for the studies of travelling phenomena for 
PLC applications |4]. To overcome some of the constraints 
imposed by ATP6. MATLAB with its fle.'dble tools eg control, 
signal processing, matliematical. neural network. fuzz>' control 
and simulink etc. is a' good tool for the simulation of the 
applications and control of the power system. 

Due to the presence of different interference sources eg corona, 
lightning, switching operations and inefficiencs- of the line traps 
etc.. on the power S)'stems for PLC applications, it is impossible 
to use the available spectrum of frequencies efi'icientl\. The 
effect of some of these sources of interferences can be reduced 
with proper planmng of the power system design eg corona, 
lightning, switching operations etc., the interference due the 
line traps can be reduced using adaptive interference 
cancellati'bn techniques. In this paper. RLS method has been 
tested to provide the required level of attenuation to the PLC 
signal, so that the same spectrum of frequencies can be used on 
the adjacent line sections. Also transmission line has been 
represented by its characteristics impedance for interference 
cancellation. 
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2. PLC MODEL 

This paper focus on the PLC model based on the representation 
of the transmission line in its charaaeristics impedance for 
interference canceUation. The signal at remote ends have been 
coupled using single phase to ground coupling. Also at both 
sending and receiving ends, PLC signal and PLC leakage signal 
have been provided as inputs to the RLS method through 
coupling capacitors. Figiue 1 outlines the PLC model. At the 
remote ends, transmission line is grounded, through appropriate 
loads to get the required level of attenuatioa by line traps. The 
parameters of PLC equipment are calculated on the PLC signal 
frequency, then attenuation due to these caictilated parameters is 
estimated. The PLC signal Vg is represented by the sinusoidal 
signal. V, and V, are the PLC signals at the sending and 
receiving end of the transmission line respectively. V, is 
obtained after attenuation of the coupling capacitors. 

ij>>/..i 

iP« 

WiQ 

v„ ' 1 (Traiumission lme) 

j; 

i 
1 Drain coil 

3 Coupling capacitors 
5 Load 
V,i Leakage signal 

! 

2 RLS Algorithm 
4 Line traps 
e Earth 
V, PLC signal 

Figure 1; PLC Model for Simulation 

2.1 Moda l Analysis 

The mathematical technique used to study travelling wave 
utilises MODAL Analysis which was theor\' of natural modes 
developed by Wedepohl [5]. Tlie modes of propagation for a 
multiconductor system are calculated from the system 
parameters using the solution to the wave equation. This 
involves the solution of two differential equations as given in 
equations 1 and 2. 

d V 

d x 

d l 

d.\ 

•ZI 

Y V 

(1) 

(2) 

where V is the phase voltage vector. 1 the current vector, 2 the 
impedance matrix and Y the admittance matrix- On 
differentiating equations I and 2, second order differential 
equations involving only either voltage or current is obtained as 
shown in equations 3 and 4. 

d^V 

d ' x 

dM 

d-x 

= Z Y V = P V 

= Y Z I = P ' l 

(3) 

(4) 

Phase voltages and currents can be related to their modal values 
by linear transformations; 

V 

I 

S V 

Q r=' 

(5) 

(6) 

S and Q are eigenvectors square matrix. On substituting the 
values of V and I in equations 3 and 4. 

d̂  \'"" 

dx-

d=r'' 

d\-

V- V= 

r" 

(7) 

(8) 

where 

r" = S-' p s 

y- = Q-l p̂  Q 

S and Q matrix are selected in such a wax- iliai matrix y' and >' 
are diagonal matrix. Consider n reflection free, with relati%-ei\ 
low loss long transmission line connected lo a high frequeiic\ 
source impressing voltage V(o), Tlien modal values of the signal 
at any distance from the sending end at an_v phase can be 
defined by equation 9 

Vv'"' (X) = V,'"' (0) I 
( • • ) ) 

where k =1, 2. 3 designate phases and (ii) = (1). (2). (3) 
designate the particular %zi corresponding to "natural modes of 
propagation". 

Theor>- of natural modes has been used to simulate on ATP6 the 
fault transient behaviour of PLC circuit and to study the modes 
of the PLC signal. The transmission line length was taken as 
400 km with bundle conductors, operating at 500 kV. For the 
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IS of ad;ipiive interference cancellation, iransmission Une 
eprcsented by its characteristic impedance of 300 Q. 

(U.S Method 

oeiieraJ 'e\'iew of adaptive interference canceller and line 
model of PLC system gives optimum choice of RLS method. 
8| for interference cancellation. In this particular case, PLC 
ol and interference signal are available on both end of line 
i, RLS method works very efficiently to adapt lime varying 
re of the parameters of the line traps (weighting 
ficients) and to predict the expected interference being 
ied by the line traps. Interference is equal to the product of 
isted weighting coefficients and a vector of previous two 
t of inputs and outputs. For initialisation 9, (actual 
ghtiiig coefficients), X. (input and output state vector) and 

(interaiil state matrix) are taken as zero. 0. are estimated 
igliting coefficients of line traps for kth state. 

l^=[Q 0 0 0] P.-^ = 

[\ 0 

'o 1 

0 0 

LO 0 

0 ol 

0 o! 

I 

l ! 

V. = ;i - •/. 

These new obtained v-alues of input and output are used to make 
updated state vector for adaptive learning of the algorithm. To 
get tlie adaptive interference cancellation, this estimated output 
of the line traps is injected with phase difference of 180° to the 
busbar to get interference cancellation. 

Error=y.f - ' - ' „ (13) 

V.I is the PLC signal leakage towards the sending end busbar 
due to the inefficiena' of the sending end line traps. The 
graphical representation of the signals is presented in Section 4. 
Similarly V̂ i is the PLC signal leakage towards the receiving 
end busbar RLS method uses PLC signal (V,) and PLC signal 
leakage (V,,) as input to estimate the time varying parameters of 
the line traps and then based on these estimate of the 
parameters, estimated output of the line traps is evaluated which 
in fact is the PLC signal leakage. 

,\s the knowledge of adaptive learning of the RLS method 
improves about the parameters of the line '.raps, the error 
reduces showing more attenuation in the PLC signal, so that the 
same frequency.' can be used on the adjacent line sections. The 
block diagram of the -ILS method for the PLC interference 
cancellation is given in Fisure 2. 

,/ = 0 ;/, = 0 y. = 0 7, = 0 

'^.=\y, y^ 

lie projection operator matrix for next state, P. can be 

ijtained from the initial conditions: 

P'.-P.. (10) 

[he results of equation (10) can be used to find the weighting 
loefficients (parameters) of line traps based on the updated 
input and output state vector. 

ff, = 9.,^p.,x.sv,-XA) (11) 

estimated output of line traps can be predicted based on the 
iaiest estimate of the parameters: 

Ku^xX (12) 

Improved estimates of the weighting coefficients and internal 
state matrix arc updated with previous values to find adaptive 
ôptimum values to have best possible estimate of signal leakage 
ihrough the line traps. Updating is done by recursive adaptation 
as follows: 

0. =e: p = p 
k-\ k 

V.hv&PLC 

on Line 
r 

I 
1 : 

PLC 

,1 

1 
1 
1 

~* 

PLC 

3 

!^.^ 
^ 

(1) Line traps 
(3) Output estimator 

- leaiaae • * anv 

; >(z)—--*-v.h. 

v„. 1 
1 ! , 

—I 

J' 

PLC, 

(2) Coupling capacitors 
(4) Parameter estimator 

Fit^ure i : RLS .Model for PLC System 

The machematicai model of the PLC .̂ lodei and P±S method 
has been used for the simulation using MATL.VB and .\TP6. 
Tiie following factors were considered in choosing the RLS 
method for this particular application: 

* Previous knowledge of the two of the signal (PLC and 
leakage signal) is readily available for the estimation of the 
parameters of the line trap. 

* The consideration of initial condiuons from zero, 
makes the algorithm more attractive for this real time 
situation, where previous knowledge of the s>'stcm 
parameters is not available. 
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mAi^SENT STUDIES 

uring transient conditions a wide spectrum of frequencies e.\ist 
iperimposed upon the overhead transmission line. .As a result. 
le transient analysis catuiot be done.simply at the nominal 
/stem frequency, but must be in frequency domain [9j using 
•vera! discrete samples of complex frequencies. Alternative 
Msient program technique is well developed to describe 
•avelling wave phenomena for the systems. To study transient 
ehaviour of the broad band line traps and central phase to 
round coupling different types of faults can be initiated on the 
ystem under study at different locations. 

i,l Fault Conditions on the System 

•aults involving earth, the earth mode dominate the faulted 
)hase(s) whilst the aerial mode(s) dominate the healthy 
)hase(s) (4). .As described earlier, earth mode attenuates more 
:h<m the aerial modes. .Aerial modes are responsible for PLC 
propagation on long transmission lines. Healthy phases from 
Figures 3 and 4 showj that travelling wave phenomena persists 
longer due to aerial modes domination as compared to the faulty 
phase. Faults (1-phase to ground and phase-phase fault) were 
initiated at the sending end and in the mid of the system. 

X 
,/ m, t% ' '•W-'-

Fissure 3: 1-phase to ground fault at the sending end 

./' A \ A A ̂ \ A A A A /\ A A A A 

having same frequenc.- on me adjacent line section. Figure i 
shows tJie level of PLC signal and the interferences in terms of 
leakage signal to the busbar. 

P\£ikf^tt» 

Frequency 
Figure 5: PLC and PLC leakage signals 

5. SIMULATION OF RLS METHOD FOR 
.ADAPTIVE INTERFERENCE CANCELLATION 

The PLC leakage signal through the line traps to busbar causes 
reduction in the use of available spectra of PLC frequency. To 
provide the required level of attenuation on the PLC signal, RLS 
method was used to assist the line traps. In the simulation, PLC 
signal was injeaed on the line and then with the given 
parameters of line traps, the level of the intert'erence was 
calculated. PLC signal and the level of interference signal were 
taken as input to the RLS method in order to predict the 
magnitude and phase angle of the interferences. The predicted 
data was injected to the busbar with 180° out of phase, and the 
error was plotted against frequency (radians). Figure 6 shows 
the performance of the RLS method. 

—1 • - « v*< 

j Figure 4: Phase-phase fault in middle of the system 

4. SIMULATION OF INTERFERENCE ON TTHE 
PLC SYSTEM 

Efficiency of the line traps is limited due to the fact that power 
signal with its rated current has to pass through the line traps 
without attenuation. The cost and size of the line traps also limit 
the efficiency of line traps. Due to the limitation of line traps, 
PLC signal on one line section interfere with the PLC signal 

0.1 

aos-

I or 
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S ^ >iiJiM •wugi tw Irn Wo» i<lw « H « I u«'i:»>«t:n 

Figure 6: PLC si^ai after adaptive cancellation 
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It also shows that the algorithm works satisfactorily within a 
few cycles. Figures 5 and 6 highlight the importance of RLS 
method for adaptive interference cancellation on PLC system. 

6. CONCLUSION AND FUTURE WORK 

The use of MATLAB appears to be a very effective tool in 
handling any complex problems for the control and 
management oC powcr system and its associated applications. 
The built in mathematical, signal processing and control tools 
etc. makes simulation very simple. The flexibility of the 
command and easy adaptation for the interfacing with other 
software makes MATLAB more versatile for the use in power 
systems applications. 

ATP6 appears to be a very good too! for the simulation of 
transient conditions on the power network. From the transient 
studies of the network, proper level of protection and insulation 
can be estimated. Also, when studies were made on PLC 
network, the presence of different modes have been noted. 

The objective of tiiis work was to simulate the interference on 
the PLC system, and then to simulate the adaptive interference 
canceller for these interference using MATLAB. The PLC 
equipment wtre simulated using realistic parameters. Result 
shows the effectiveness of the RLS method for this application. 
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Power line carrier (PLC) is a very reliable, mean of data, communication for control, protection 
and supervision of power systems. Propagation of the RF signal on power lines can. be considered 
in its modal values which propagate at different propagation velocities like power signal. 
Conventional tools of simulation eg Alternative Transient Program (ATP6) for power systems 
makes PLC system simulation more complicated due to the unavailability of the tools for the 
simulation of complex control algorithms. MATLAB package appears to be very flexible tool for 
simulation of PLC systems and their associated control circuits. Steady state and transient 
interferences caused due to signal leakage through line traps can be cancelled using recursive least 
square (RLS) method. Fast learning RLS method is very efiScient to cancel the interference even 
when circuit is in. transient state. 

This paper contains the simulation results of design of PLC equipment? (line traps, coupling 
capacitor and adaptive interference cancellation schemes). The paper also highlights how adaptive 
interference cancellation can enhance the use of PLC frequency spectrum. 

1. Introduction 

The security of data transmission on power lines for protection, telemetry and supervisory control 
etc. is matter of great concern for power system authorities. Transmission of falsified data may 
result in incorrect control operation of power system operation, which may lead to fatal 
consequences. Typical situations in power system operations may occur due to mal-functioning of 
relay operation, circuit breakers and supervisory control etc., which may lead to economical and 
human losses. In power system practices, operation of the protection relays and circuit breakers 
depend on fault conditions of the power systems. For reliable system design and operation, these 
operations should be as minimum as possible to maintain steady state supply of the power to 
consumers. Under fault conditions, communication of any measurement data should be 
communicated reliably for accurate operation of the required relays and circuit breakers. Different 
mean of communications eg PLC, optical fibre communication, microwave and 
telecommunication lines are used as back-up under various operating conditions for reliable 
transmission of the data. 

In existing and new power systems, mix use of optical fibre communication and PLC techniques 
can be the best solution for reliable mean of communication [1]. In spite of supenor performance 
of the optical digital communication links with respect to immunity to the interference and 
transmission capacity and desirable objective of a M y digital system, economical constraints as 
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well as technical considerations will result in the continued application of the estabhshed PLC 
technology for particular applications. The robust PLC equipment exhibits distinct technical and 
economical advantages, where low to medium quantities of data have to be communicated over 
large distance. 

PLC is considered a very rehable back-up for data communication even when the system is under 
transient and fault conditions. Also propagation of the signal for longer distance on lines make it 
more attractive. In term of theory of natural modes, the propagation of PLC signal for longer 
distance on the transmission lines is possible due to the domination of the aerial modes [2]. The 
presence of aerial modes and earth mode have dominant effect on the travelling wave phenomena 
in transients conditions [3]. ATP6 is a very usefiil tool for the studies of travelling phenomena for 
PLC applications [4]. Due to the non-user friendliness of ATP6 and it being a. difificult tool to 
handle complex problems eg adaptive interference cancellation, MATLAB has been used. 
MATLAB with its flexible tools eg control, signal processings mathematical, neural network, 
fijz2y control and simulink etc. is a good tool for the simulation of applications and control of the 
power system. On-line help, debugging facilities, plotting and built-in tool for all required 
applications for the control and operation of the power systems are the added features in 
MATLAB. 

Due to the presence of different interference sources eg corona,, lightning, switching operations 
and inefficiency of the line traps etc., on the power systems for PLC applications, it is impossible 
to use the available spectrum of frequencies efficiently. The effect of some of the interferences can 
be reduced with proper planning and design of the power system eg corona, lightening, switching 
operations etc. The interference due the line traps can be reduced using adaptive interference 
cancellation techniques. In this paper RLS method has been tested to provide the required level of 
attenuation to the PLC signal, so that the same spectrum of frequencies can be used on the 
adjacent line sections. In this paper main focus is on of interference cancellation, so the 
transmission line has been represented by its characteristics impedance. 

2. PLC Model 

This paper focus on the PLC" model based on the representation of the transmission line by its 
characteristics impedance. The signal at remote ends have been coupled using single phase to 
ground coupling, also at both sending and receiving ends. PLC signal and PLC leakage- signal 
have been provided as inputs to the RLS method through coupling capacitors. Figure 1 outUnes 
the PLC model. At the remote ends, transmission line is grounded through appropriate loads to 
get the required level of attenuation by the traps. The parameters of PLC equipment are 
calculated on PLC signal frequency, then attenuation due to these calculated parameters is 
estimated- The PLC signal Vg is represented by the sinusoidal signal. Vs and Vr are the PLC 
signals at the sending and receiving end of the transmission Hne respectively. V, is obtained 
after attenuation of the coupling capacitors. Vji is the PLC signal leakage towards the sending end 
busbar due to the inefficiency of the sending end line traps. Graphical representation of the signals 
is presented in Section 4. Similarly Vn is the PLC signal leakage towards the receiving end 
busbar. RLS method uses the PLC signal (Vs) and leakage signal (V^O as inputs to estimate-the 
time varying parameters of the line traps and then based on these parameters, it estimates the 
output of the line traps. To get the adaptive interference cancellation, the estimated output of the 
line traps is injected with phase difference of 180° to the busbar. 

Error = PLC, - PLC,i (1) 

where PLCi is leakage signal and PLCet is estimated leakage signal. 
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Figure 1 : PLC Model for MATLAB Simulation 

2. RLS Algorithm 
4. Line Traps 
e. Earth 

As the knowledge of adaptive learning of the RLS method improves the error reduces, showing 
more attenuation in the PLC signal, so that same the frequency can be used on the adjacent line 
sections. The block diagram of the RLS method for the PLC interference cancellation is given in 
Figure 2. The mathematical model of the PLC model and RLS method has been simulated using 
MATLAB. The following factors were considered in choosing the RLS method for this.particular 
application: 

* previous knowledge of the two of the signal (PLC and leakage 
signal) is readily available for the estimation of the parameters of 
the line traps; 

'̂  the consideration of initial conditions from zero, makes the 
algorithm more attractive for the real time situation, where 
previous knowledge of the system parameters is not available. 

3. Simulation of the PLC Equipment 

For studies of interference cancellation on PLC model system, MATLAB was used to design the 

line traps and coupling capacitors. The simulated algorithm have the flexibility to adopt any 

required parameters for a particular applications 
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HPF = High pass filter (coupling capacitors) 
Z = Power signal after adaptive cancellation of PLC leakage signal 
9^ = Estimated parameters of the line traps 
VccL = Estimated PLC leakage signal through Hne traps 

Figure 2: Schematic diagram of adaptive interference canceller for the PLC system 

3.1. Simulation of the Line Traps 

Impedance response of the Hne trap determines the bandwidth for which it can be used as a 
bandstop fiLlter. The power signal with its rated current is supposed to pass through the line traps 
with out attenuation. Hence for lower frequencies the line traps should not show any attenuation. 
The impedance response of the broad band Hne traps is shown in Figure 3. The parameters of the 
Hne traps were selected to give broadband response for all shown spectrum of the PLC 
frequencies. 

3.2. Simulation of Coupling Capacitors 

In these simulation studies, coupHng capacitors are not only used for coupHng PLC signal on Hne 
but also to sense the PLC leakage signal from busbars as weH. The impedance response of the 
coupling capacitors along with the drain coil is shown in Figure 4: The simulation algorithm is 
developed in such a way that it can be used for any required set of parameters. The result shows 
the highpass nature of the coupling capacitors. 

4. Simulation of Interference on the PLC System 

Efficiency of the Hne traps is Hmited due to the fact that power signal with its rated current has to 
pass through the Hne traps without attenuation. The cost and size of the Hne traps also Hmit the 
efficiency of line traps. Due to the limitation of Hne traps, PLC signal on one line section interfere 
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with the PLC signal having same frequency on the adjacent Hne section. Figure 5 shows the level 
of PLC signal and the interferences in terms of leakage signal to the busbar. 

•Wii ^ ^mmm^^i^m 
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Figure 3: Frequency response of Hne traps Figure 4: Frequency response of coupHng capacitor 

PtJC«ion«l«tttt» 

Figure 5: PLC and PLC leakage signals 

5. Simulation of RLS Method for Adaptive Interference CanceUation 

The PLC leakage signal through Hne traps to busbar causes reduction in the use of available 
spectra of PLC frequency. To provide the required level of attenuation on the PLC signal, RLS 
method was use to assist the Hne traps. In the simulation, PLC signal was injected on the Hne and 
then with the given parameters of Hne traps, the level of the interference was calculated. PLC 
signal and the level of interference signal were taken as inputs to the RLS method to predict the 
magnitude and phase angle of the interferences. The predicted data was injected to the busbar 
with 180° out of phase, and the error was plotted against frequency (radians). Figure 6 shows the 
performance of the RLS method. It also shows that the algorithm works satisfactorily within a 
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few cycles. Figures 5 and 6 highHght the importance of RLS method for adaptive interference 
canceUation on PLC system. 

0.1 
through lh* Bn* tr«p» 

0.06 

-aos 

-0.1 

^ ^ ^ " ^ • ^ - ' ^ 

50 1O0 150 200 
RmOmn 

2SO 300 350 4O0 

Frequency 

Figure 6 : Leakage signal after adaptive cancellation 

6. Conclusion and Future Work 

The use of MATLAB appears to be very effective tool in handHng any complex problems for the 
control and management of power system and its associated appHcations. The built in 
mathematical, signal processing and control tools etc. makes simulation very simple. The 
flexibility of the commands and easy adaptation for the interfacing with other softwares makes 
MATLAB more versatile for the use in power systems appHcations. 

The objective of this work was to simulate the interference on the PLC system, and then to 
simulate the adaptive interference canceller for these interference using MATLAB. The PLC 
equipment were simulated using realistic parameters. Results show the effectiveness of the RLS 
method for this apphcation. 
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Abstract 

This paper uses Modal Analysis to simulate ehv 
transmission line as a channel for power line carrier 
(PLC) signal. Based on simulation studies, the circuit is 
scaled down to operate at a voltage of 415 V - a 
<lesirable value for operation of the transmission line 
laboratory model. The attenuation level and rate of 
change of phase angle for different types of couplings 
are tested on this model using spectnim and network 
analyser. Single phase to ground coupling has been used 
for adaptive interference cancellation. 

The paper highlights advantages of different coupling 
schemes with the aid of simulation and hardware 
results. 

Keywords 

Modal analysis. Coupling capacitors, Model power line. 
Adaptive interference cancellation 

1 INTRODUCTION 

The security of data transmission on jx)wer lines for 
protection, telemetry and supervisory control etc. is a 
matter of great concern for power system authorities. 
Transmission of falsified data may result in incorrect 
operation of the power system, which may lead to fatal 
consequences. Situations may occur due to maJ-
fimctioning of relay operation, circuit breakers and 

-supervasory control, that may cause economical and 
iuman losses. In power system practices, operation of 
the protection relays and circuit breakers depend on 
iault conditions. For reliable s>'Stem design, these 

"operations should be as minimum as possible to 
maintain steady state supply of power to the consumers. 
Under fault conditions, communication of any 

-̂-measurement data should be comjnunicated reliably for 
=-accurate operation of the required relays and circuit 

breakers. Different mean of communications eg PLC, • 
optical fibre communication, microwave and 
telecommunication Lines are used as back up under 
various operating conditions for reliable transmission 
of the data. 

In existing and new power systems, mix use of optical 
fibre communication and PLC techniques can be the 
best solution for reliable means of communication. 
Optical digital communication has superior 
performance with respect to immunity to interference 
and transmission capacity. However economical 
constraints and technical considerations result in the 
continued application of the established PLC technology 
for particular applications. The robust PLC equipment 
exhibits distinct technical and economical advantages, 
where low to medium quantities of data have to be 
communicated over large distances [1). 

In term of theory of natural modes, the propagation of 
PLC signal for longer distances on the transmission 
lines is possible due to the domination of the aerial 
modes [2]. The presence of aerial modes and eartli mode 
have dominant effect on the travelling wave phenomena 
in transient conditions [3]. ATP6 (PC version of 
Electromagnetic Transient Program) is a very useful 
tool for the studies of travelling phenomena for PLC 
applications [4]. In order to overcome some of the 
constraints imposed by ATP6. MATLAB with its 
flexible tools eg control, signal processing, 
mathematical, neural network, fiizzy control and 
simulink etc. can also be used for the simulation of the 
applications and control of the power system. 

Due to the presence of different interference sources eg 
corona, lightning, switching operations and inefBciency 
of the line traps etc., on the power systems for PLC 
applications, it is impossible to use the available 
spectrum of frequencies efficiently. The effect of some 
of these sources of interferences can be reduced with 
proper planning of the power system design. Also the 
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iterfereno- uu.. lu uiv, luiL Udpi LJii UL-reaoeeff̂ ising 
daptive interference cancellation techniques. In this 
apcr. Recursive Least Squares (RLS) method has been 
ejted on model power line to provide the required level 
)f attenuation to the PLC signal, so that the same 
^trum of frequencies can be used on the adjacent line 
sections. 

Z MODAL ANALYSIS 

The mathematical technique used to study travelling 
wave utilises MODAL Analysis which was theory of 
natural modes developed by Wedepohl (5]. The modes 
of propagation for a multiconductor system are 
calculated from the system parameters using the 
solution to the wave equation. This involves the solution 
of two differential equations as given in equations 1 and 
2. 

where 

^ = -11 

±= -YV 
dx 

(1) 

(2) 

where V is the phase voltage vector, I the ciurent vector, 
Z the impedance matrix and Y the admittance matrix. 
On differentiating equations 1 and 2, second order 
differential equations involving only either voltage or 
current is obtained as shovra in equations 3 and 4. 

d'V 

d'x 

iL 
d'-x 

= ZYV = PV 

= YZI = P'l 

(3) 

(4) 

Phase voltages and currents can be related to their 
modal values by linear transformations: 

V = SV^'^ (5) 

/ = Of'^ (6) 

S and Q are eigenvectors square matrix. On substituting 
the values of V and I in equations 3 and 4. 

fV^ 
dx^ 

dx' 

(7) 

(8) 

r' 
Y' 

s-'ps 
S-'P'S 

S and Q matrix are selected in such a way that matrix ŷ  
and Y"̂  are diagonal matrix. Consider a reflection free, 
with relatively low loss long transmission line 
connected to a high frequency source impressing voltage 
V(o). Then modal values of the signal at any distance 
from the sending end at any phase can be defined by 
equation 9 

V^"\x) = V^"\o)e-'=^''^x (9) 

where k =1, 2, 3... indicating the phases and n = L 2, 
3... designate the particular set corresponding to 
"namral modes of propagation". 

3 SIMULATION OF TRANSMISSION 
LINE 

Theory of natural modes has been used to simulate fault 
transient behaviour of PLC circuit to study tlie nature of 
modes of the PLC signal. 

3.1 Parameters of Transmission Line 

In this paper," PLC systems are connected to a 500 kV 
ehv transmission line using bundle conductors having 
horizontal configuration. Figure 1 describes the 
geometry of the line showing two earth wires on the top 
of the tower. Complete details of tlie line are described 
below; 

\ Operating voltage ' = 500 kV 
Frequency of the system ' = 50 Hz 
Line length = 400 km 
Earth resistivity = 250 ii-m 
Outside diameters of phase 
conductor 
Outside diameters of earth 
conductor 
Number of bundle of in 
each conductor 
Phase conductor size 
Ground wire conductor 
size 
Allowable sag 
DC resistance of the phase 
conductor 
DC resistance of the 
earth conductor 
Ratio of thickness to diameter 
of the phase tubular conductor = 0.231 

= 3.25 cm 

= 2.50 cm 

= 4 
= 4x54/7/3.25 ACSR 

= 2x30/7/2..^ ACSR 
= 13.8 m 

= 0.0522 i'̂ /km 

= 0.36 fi/km 
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Ratio of thickness to diameter 
of the earth solid conductor =0.5 

From the geometry of the transmission line. Z and Y 
njatrices can be found using ATP6 software. 

13.868 m 

» 

e 

o-* ; 
9.741 m 

-» 
e a 

. 10.058 m . 

38.83 m—» 

. • • ; ft 

o o e 

. 10.058 m .• 

Earth 

Figure 1: Transmission line construction 

Results obtained in zero and positive sequence form 
were used to simulate the line for steady state and 
uansients studies. Flat feeder configuration was used for 
line studies (Figure 2). 

Sending end Receiving end 

400 km 

Figure 2: Transmission line model 

3.2 Transient Studies 

During transient conditions a wide spectrum of 
frequencies exist superimposed upon- the overhead 
transmission line. As a result, the transient analysis 
cannot be done simply at the nominal system frequenc)', 
but must be in frequency domain using several discrete 
samples of complex frequencies. Alternative transient 
program tecluiique is well developed to describe 
travelling wave phenomena for the systems [6]. 

In faults involving eartli, the earth mode dominate the 
faulted phase(s) whilst the aerial mode(s) dominate the 
Wealthy phase(s). Earth mode attenuates more than the 

r aerial modes (2). Aerial modes are responsible for PLC 
sipropagation on long transmission lines. Healthy phases 
^-fi'om Figures 3 & 4 show that travelling wave 
g" 4)henomena persists longer due to aerial modes 
r_ domination as compared to the faulty phase. Figure 3 

and 4 also show behaviour of the line under transient 
conditions. 

/ I 
/ I 

/ 

7 \ . 
i \ 
i \ 

-sod \ 

d. / 
4 — ' • i 

/ 
1 / \ \ / 

/ \ ^ / 

/ \ A,„. 
Figure 3: 1-phase-to-ground fault at sending end 

-4̂  J\JM \y V V v./VV \j V V \J v^ 
• - T " * 1 I ) a t / i ^ - c ' 

Figure 4: Phase-phase fault in the mid of system 

4 HARDWARE DESIGN OF POWER 
LINE 

Laboratory model of transmission line was constructed 
from the knowledge of simulation of line, presented in 
Section 3. Simulation of the line was done in distributed 
parameters for length of 400 km. To construct a 
laboratory model of the line, parameters were down 
scaled to voltage of 415 V. 

Length of 400 km was modelled using lumped 
parameters for lengths of 100 km each in four sections. 
A schematic diagram has been shovra in Figure 5. 

Sending end 
• . | ; V . : K ! > -n ^•[••r.'.i. A A i LiiiiiJ^L A A. A l i i i i i r x -

-n:""!>-

L_JIL 

Receiving end 

^WWH 

= C/2 (for TT-circuit configuration)/100 km 

= Z =(R + jXL)/100km 

Figure 5 : Model of Transmission Line for Hardware 

In the four n-networks capacitance was divided into two 
halves to appear at remote ends of each section. Tliree 
phases were coupled through shunt capacitances, due to 
the coupling PLC signal appeared on other phases. 
Model power line was tested for no load charging 
effects, transient conditions and for the attenuation of 
small signals on tlie line. 
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5 S1 UUILS Ut COUPLING SCHEMES 

Different types of couplings can be used for injecting 
the PLC signal on the power lines, depending upon the 
required specifications and the allowable level of 
attenuation. Phase to phase and phase to ground 
couplings are the most commonly used. Phase to phase 
coupling is more secure for the injection of the signal on 
the line, due to- th© fact that if one phase gets faulty, 
propagation of th& signal will continue on the other 
healthy phase(s). Efficiency of. phase to phase coupling 
is much., higher, than:- single phase coupling. In this 
paper, results of three phase coupling are also presented-
This type of coupling could be very expensive and are 
very rarely used in power system practices. 

To study the behaviour of a model jwwer line under 
different coupling schemes, frequency and phase 
response of line were determined using a network and 
spectrum analyser: In order to do so, power line was 
disconnected from the power source. Particular phases 
were connected as input and output of the signal 
channel to the equipment through matching impedance 
to facilitate maximum flow of signal power. Figure 6 
describes the behaviour of Une under central phase to 
ground coupling. This coupling scheme was used to 
sense the PLC and its leakage signal as inputs for 
adaptive interference cancellation. Under phase to phase 
coupling, attenuation offered to the signal was reduced 
as compared to phase to ground coupling as shown in 
Figure 7. When signal w^s coupled using three phase 
coupUngs. frequency and phase response were nearly 
linear up to 90 kHz. Figure 8 shows the behaviour of 
line when it was subjected to work under three phase 
coupling. 

Central phase to ground coupling has been used to inject 
PLC signal on the model power Une. This type of 
coupling is the most optimum and its attenuation is less 
than that of any other phase to ground coupling [7]. 

6 ADAPTFVTE INTERFERENCE 
CANCELLATION 

Figure 10 outlines practical PLC model used for 
adaptive interference cancellation. Model power line 
was used to study the interference caused due to 
inefficiency of line traps. Efficiency of the Une traps is 
limited due to the fact that power signal with its rated 
current has to pass through the line traps without 
attenuation. The cost and size of the line traps also limit 
the efficiency of Une traps. Due to the limitation of the 
line traps, PLC signal on one Une section interfere with 
tlie PLC signal having same frequency on the adjacent 
line section. 
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Figure 6: Central phase to ground coupling 
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Figure 8: 3-phase coupling 

The signal at remote ends have been coupled using 
single phase to ground coupling. Also at both sending 
and receiving ends, PLC signal and PLC leakage signal 
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have been provided as inputs to the RLS method 
through coupling capacitors. 

V, 

(1) Drain coil 
(3) Coupling capacitors 
(5) Load 
(V,i ) Leakage signal 

(2) RLS Algorithm 
(4) Line traps 
(e) Earth 
(V,) PLC signal 

Figure 10: PLC Model for Simulation 

At the remote ends, transmission line is grounded 
through appropriate loads to get the required level of 
attenuation by Une traps. Figure 9 shows the level of 
PLC signal and the interferences in terais of leakage 
signal to the busbar. 

Pt-C clonal trvm thv ttarwmmM-tonnlfui/ 

0 

-6 

PLC Im^trwQ^ »i^rmi 
. 1 0 ' 

_ 1 — - . 1 1 . ; 

1.S 
TVn» 

Figure 9: PLC and PLC leakage signal 

•^.1 Adap t ive In te r fe rence Cancel ler 

RLS method was used to cancel the interferences 
adaptively on the model line. PLC and PLC leakage 

."Signal were sensed across the line traps using data 
, acquisition card. Then PLC and PLC leakage signal 
•were presented as inputs to RLS algorithm using 

-J4ATLAB package. 

V,i is the PLC leakage signal towards the sending end 
busbar due to the inefficiency of the sending end Une 
trap. The graphical representation of the signals is 
presented in Figure 9. 

RLS method uses PLC signal (V,) and PLC signal 
leakage (V,,) as input to estimate the time varying 
parameters of the Une traps and then based'on these 
estimate of the parameters, estimated output of the line 
traps, is evaluated which in fact is the PLC signal 
leakage. To get the adaptive interference canceUation, 
this estimated output of the line traps is injected with 
phase difference of 180° to the busbar to get interference 
canceUation. 

Error=V,-K, (10) 

Where V.u is the estimated value of signal leakage. As 
knowledge of adaptive learning of RLS method 
improves about the parameters of Une traps, the error 
reduces showing more attenuation in the PLC signal, so 
that the same frequency can be used on the adjacent line 
sections. The block diagram of RLS method for PLC 
interference canceUation is given in Figure 11. 

The mathematical mode! of the PLC model and RLS 
method has been used for the simulation using 
MATLAB and ATP6. 

The following factors were considered in choosing the 
RLS method for this particular application: 

* Previous knowledge of the two of the signal (PLC 
and leakage signal) is readily available for the 
estimation of the parameters of the line trap. 

* The consideration of initial conditions from 
zero, makes the algorithm more attractive for this 
real time situation, where previous knowledge of 
the system parameters is not available. 

The PLC leakage signal through the line traps to busbar 
causes reduction in the use of available spectra of PLC 
frequency. To provide the required level of attenuation 
on the PLC signal, RLS method was used to assist the 
line traps. I?LC signal was injected on the line and then 
with the given parameters of line traps, the level of the 
interference was measured. PLC signal and the level of 
interference signal were taken as input to the RLS 
method in order to predict the magnitude and phase 
angle of the interferences. 

The predicted data was injected to the busbar with 180° 
out of phase, and the error was plotted against time. 
Figure 12.shows the performance of the RLS method. 

- 2 7 -



V.hv&PLC 

signals 
on Lme 

2 

' ' 

3 

PLC 

1 
1 L'^^lcakas 

t ^ 
c+V,h, 

\ 
• M 
*uj + 

? m 
w. 

^ ^ ^ ^ ^ ^ ^ ^ r o 

• 

PLC, 

-4 . / 'J~ 

ehv 

• - -

(1) Line traps (2) Coupling capacitors 
(3) Output estimator (4) Parameter estimator 

Figure 11 : RLS Model for PLC System 
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Figure 12: PLC signal after adaptive canceUation 

7. CONCLUSION AND FUTURE WORK 

The use of MATLAB appears to be a very effective tool 
in handling complex problems for the control and 
management of power system and its associated 
applications. The built in mathematical, signal 
processing and control tools etc. makes simulation very 
simple. The flexibUity of the conunand and easy 
adaptation for the interfacing with other software makes 
MATLAB more versatile for the use in power systems 
appUcations. 

ATP6 appears to be a very good tool for the simulation 
of transient conditions on the power network. From the 
transient studies of the network, proper level of 
protection and insulation can be estimated. Also, when 
studies were made on PLC network, the presence of 
different modes have been noted. 

The objective of this paper was to design the laboratory 
model of power Une to test different coupling schemes 
on reaUstic model. Central phase to ground coupling 
was used to inject the PLC signal on the Une and to 
sense the data for RLS method. Result shows the 
effectiveness of the RLS method for this application. 

It also shows that the algorithm works satisfactorily 
within a few cycles. Figures 9 and 12 highUght the 

importance of RLS method for adaptive interference 
cancellation on PLC system. 
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APPENDIX D 

Simulation of PLC Model using ATP6 

ATP6 is widely used for the transient and steady state studies of transmission systems 
along with their associated equipment. In this Appendix, input data file for the 
simulation of PLC system has been given. 

C POWER LINE CARRIER COMMUNICATION SYSTEM FOR FLAT FEEDER 

C LINE LENGTH IS 400 KM, OPERATING VOLTAGE IS 500 KV 

C IN THE SIMULATION ONLY LINE TRAPS AND COUPLING CAPACITORS ARE INCLUDED 

BEGIN NEW DATA CASE 

C 000011111111112222222222333333333344444444445555555555666666666677777777778888 

C 789012345678901 (8)EACH 123456789012345678901234567890123456789012345678909 

C ABSOLUTE TAGS DIMENSIONS 

2.08E-5 .04 0 0 0 0 

4 4 0 1 0 0 0 1 0 0 

0BU12-ABU13-A 

0BU12-BBU13-B 

0BUI2-CBU13-C 

0BU25-BBUS2-B 

0BU2B-BBUS1-B 

0BU5B-BBUR1-B 

0BU25-BBUR3-B 

SUNITS, 0 , 0 

l.E-4 

l.E-4 

l.E-4 

l.E-4 

l.E-4 

l.E-4 

l.E-4 



C(- -SENDING END COUPLING CAPACITOR AND LINE TRAPS-

C 0BU12-BBUA2-B 

C 0BU12-BBUA2-B 

0BU12-BBUA2-B 

0BUI2-BBU2B-B 

0BU2B-BBU25-B 

0BUS1-BBUS3-B 

.265 

.009559 

300 .8602.002944 

.003 

.8443 

.022 

C SDISABLE 

TRANSFORMER 

9999 

1BUS3-BBUS2-B 

2BUS4-BBUS5-B 

.2828 807 Tl 1.0E06 

.1049 2.637 5.0 

.1049 2.637 2.5 

C SENABLE 

0BUS4-BBUS6-B .Oil 

C(- -RECEIVING END COUPLING CAPACITORS AND LINE TRAPS-

0BU15-BBUA5-B 

0BU15-BBUA5-B 

0BU15-BBUA5-B 

0BU15-BBU5B-B 

0BU5B-BBU25-B 

0BUR1-BBUR2-B 

.265 

.009559 

300 .8602 .002944 

.003 

.8443 

.022 

C SDISABLE 

TRANSFORMER 

9999 

1BUR2-BBUR3-B 

2BUR4-BBUR5-B 

C SENABLE 

0BUR4-BBUR6-B 

.2828 807 T2 I.0E06 

.1049 2.637 5.0 

.1049 2.637 2.5 

.011 



SUNITS, 50, 50 

0BU15-ABU16-A 

0BU15-BBU16-B 

0BU15-CBU16-C 

0BU2B-BBUS1-B 

0BU25-BBUS2-B 

C 0BU18-ABU19-A 

C 0BU18-BBU19-B 

C 0BU18-CBU19-C 

C 0BU40-A 

C 0BU21-A 

0BU25-A 

0BU25-B 

C 0BU25-C 

C 0BU20-A 

C 0BU20-B 

C 0BU20-C 

C0BU13-ABU13-B 

C 0BU18-CBU18-B 

BU13-A 

BU13-B 

BU13-C 

BUI6-A 

BU16-B 

BU16-C 

BU20-A 

BU20-B 

BU20-C 

BUA5-B 

BUA2-B 

C BU19-A 

BU2B-BBU25-B 

BU5B-BBU25-B 

BUS6-BBUS5-B 

BUR6-BBUR5-B 

BU12-BBU2B-B 

l.E-4 

l.E-4 

l.E-4 

l.E-4 

l.E-4 

l.E-4 

l.E-4 

l.E-4 

l.E+6 

I.E+6 

l.E-6 

l.E-6 

l.E-6 

l.E-6 

l.E-6 

l.E-6 

l.E-6 

l.E-4 

l.E+6 

l.E+6 

l.E+6 

l.E+6 

l.E+6 

l.E+6 

l.E+6 

l.E+6 

l.E+6 

l.E+6 

l.E+6 

l.E+6 

l.E+6 

l.E+6 

l.E+6 

l.E+6 

l.E+6 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 



C BU19-C l.E+6 2 

C 51,52,53R(27-32),X(33-44) (0)R(27-32),XL(33-38),XC(39,44) 

C 01234567890123456789012345678901234567890123456789012345678901234567890 

C SDISABLE 

51BUI1-ABUI2-A 

52BU11-BBUA2-B 

53BU11-CBU12-C 

51BU14-ABU15-A 

52BU14-BBUA5-B 

53BU14-CBU15-C 

SDISABLE 

51BU17-ABU18-A 

52BU17-BBUi8-B 

53BU17-CBU18-C 

SENABLE 

7.143 {source is 35 GVA} 

7.143 

7.143 

7.143 

7.143 

7.143 

C 01234567890123456789012345678901234567890123456789012345678901234567890 

-1BU13-ABU40-A .189 1.875.0069 100.0 

-2BU13-BBU40-B .134 1.0364.0141 100.0 

-3BU13-CBU40-C 

-1BU40-ABU20-A .189 1.875 .0069 100.0 

-2BU40-BBU20-B .134 1.0364.0141 100.0 

-3BU40-CBU20-C 

C-1BU19-ABU30-A .165 1.25 .0132 100. 

-1BU16-ABU21-A .189 1.875 .0069 100.0 

-2BU16-BBU21-B .134 1.0364.0141 100.0 

-3BU16-CBU21-C 

-1BU21-ABU20-A .189 1.875 .0069 lOO.O 

-2BU21-BBU20-B .134 1.0364.0141 100.0 

-3BU21-CBU20-C 

BLANK CARD ENDING LINE CARD 



C 01234567890 15-24 25-34 45678901234567890123456789012345678901234567890 

C SUNITS, 0,0 

0BU13-ABU25-A .005 .04 

C 0BU13-BBU25-B .0025 .05 

C 0BUI9-CBU25-C .005 .01 

C0BUSI-BBUS2-B .05 

C { SWITCH USED TO BYPASS THE LINE MATCHING UNIT WHEN REQUIRED AT 

SENDING END} 

0BUS1-BBUS2-B.005 .0005 1.5 2000 3 

C { FLASHVOER SWITCH THRESHOLD IS TAKEN AS 100 V AT SENDING END} 

C 0BUR1-BBUR3-B .05 

C{ SWITCH USED TO BYPASS THE LINE MATCHING UNIT AT RECEIVING END} 

0BUR1-BBUR3-B.005 .0005 1.5 2000 3 

C { FLASHOVER SWITCH THRESHOLD IS TAKEN AS 100 V AT RECEIVING END BUT 

ACTUAL IS 2kV} 

BLANK CARD ENDING SWITCH CARD 

C 7890 11-20 21-30 31-40 41-50 678901234567890123456789012345678901234567890 

C SDISABLE 

14BU11-A 408248. 50. -90. 

14BU11-B 408248. 50. -210. 

14BU11-C 408248. 50. 30. 

14BU14-A 408248. 50. -90. 

14BU14-B 408248. 50. -210. 

14BU14-C 408248. 50. 30. 

0. 

0. 

0. 

0. 

0. 

0. 

-1 

-1 

-1 

-1 

-1 

-1 



C SENABLE 

C 14BUS6-B 100 200000 0 0 ( 3.33E-6 1.67E-6} -1 { 0 -1} 

C 14BUR6-B 100 200000 0 0 { 3.33E-6 1.67E-6}-1 { 0 -1} 

C 18BUS2-B 2 BUS4-BBUS5-BBUS3-B 

C 18BUR3-B 2 BUR4-BBUR5-BBUR2-B 

C 14BU17-A 408248. 50. -90. 0. -1. 

C 14BU17-B 408248. 50. -210. 0. -1. 

C 14BU17-C 408248. 50. 30. 0. -1. 

BLANK CARD ENDING SOURCE CARD 

C 7890 11-20 21-30 31-40 41-50 678901234567890123456789012345678901234567890 

BLANK CARD ENDING OUTPUT CARD 

BEGIN NEW DATA CASE 

EOF 

THIS FILE IS USED TO SIMULATE THE POWER LINE CARRIER COMMUNICATION 

SYSTEMS SIGNAL. 



APPENDIX E 

Scaling of the Parameters 

ATP6 software was used for computer simulation of transmission line for PLC 

channel. Distributed parameters were used to represent the 400 km long ehv 

transmission line. Computer simulation results for transient studies are given in Chapter 

5. For practical implementation of the adaptive interference cancellation schemes, PLC 

laboratory model was developed based on parameters and computer simulation studies 

given in Chapters 4 and 5 respectively. Operating voltage and characteristic impedance 

of the line played an important role in determining the factor by which the parameters 

were to be scaled down. For 500 kV transmission line, typical value of characteristic 

impedance is 300 Q [36]. For simplicity, only resistive calculations are shown. The 

resistive parameters used in computer simulation of the line were as follows: 

Ro (Zero Sequence) =0.165Q/km 

Rp (Positive Sequence) = 0.0288 ^/km 

It was intended to keep the characteristics impedance of the line model very close to 

300 Q. The positive sequence parameters (ie. resistive, inductive and capacitive values) 

were scaled down by a factor of 5, and the closest laboratory values were selected as 

used in Section 3.2.2. 

R<, (Calculated scaled down zero sequence value ) =0.033 Q/km 

Rp (Calculated scaled down positive sequence value) = 0.00576 Q/km 

The calculated value of the characteristic impedance from selected parameters was 

278.3233 Q. These scaled down parameters were also used for transient studies using 

ATP6 to verify the accuracy of the line model. The computer simulation studies 

showed very close resemblance to the ehv transmission line. 



The results presented in Chapters 4, 5 and 7 show the performance of the line using 

computer and hardware simulation studies. Based on these results, it can be concluded 

that the performance of the adaptive interference cancellers on the practical systems 

were be the same as operating on the line model. 








