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ABSTRACT 

 
 
 
 

The last few decades have a wide spread use of optical fibre sensors in many 

applications.  Optical fibre sensors have significant benefits over existing conventional 

sensors such as; high immunity to electromagnetic interference, the ability to transmit 

signal over long distance at high bandwidth, high resolution, usage in hazardous 

environments and no need for isolation when working at high voltages. 

 

The measurement of high voltages is essential for electrical power systems as it is used 

as a source of electrical information for Relay Protection Systems (RPS) and load 

management systems. Electrical Power Systems need to be protected from faults. Faults 

can range from short circuits, voltage dips, surges, transients etc. The Optical High 

Voltage sensor developed is based on the principle that the Lead Zirconate Titanate 

(PZT) electrostriction displacement changes when a voltage is applied to it. The 

displacement causes the fibre (FBG) which is bonded to the PZT material to have a 

resultant change in the wavelength.  

  

An optical fibre sensor prototype has been developed and evaluated that measures up to 

250 V DC.  Simulation using ANSYS software has been used to demonstrate the 

operational capability of the sensor up to 300kV AC. This sensor overcomes some of the 

challenges of conventional sensors issues like electromagnetic interference, signal 

transmission, resolution etc. 
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A novel optical fibre high voltage based on the Kerr effect has been demonstrated. The 

The Kerr effect was determined using Optsim (R-Soft) software and Maxwell software 

was used to model an optical Kerr Cell. Maxwell software is an electromagnetic/electric 

field software used for simulating, analysing, designing 2D and 3D electromagnetic 

materials and devices. It uses highly accurate Finite Element techniques to solve time 

varying, static, frequency domain electric and electromagnetic fields. A Relay Protection 

System on electrical networks was discussed in detail. 

 

Keywords: Fibre Bragg Grating, Fibre Optics Sensors, Piezoelectricity, Kerr effect, Relay 

Protection Systems.   
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Chapter 1: Introduction 

 

This chapter outlines the introduction of the research work including the background of 

the study and eventually led to the research aim. The methodology adopted for the study 

is covered and the full structure of the thesis is outlined.  

1.1 Background and Research Motivation 
 

High voltage measurements are very important as they are used in Electrical Power 

Networks as a source of information to Relay Protection Systems and Load Management 

Systems. Electrical power is a very important source of energy. It plays an important role 

in the interdependence with other energy sectors like water, telecommunications, 

transport etc. An Electrical Network can be defined as an interconnection of electrical 

components (e.g. switches, capacitors, inductors, and resistors) or an electrical model of 

the interconnection, which compromises of electrical components like current sources, 

voltage sources, inductances, resistances. 

  

Electrical networks needs to be protected from faults, in-order to avoid power failures. 

The common way of protecting networks from faults is isolating the fault areas from the 

non-fault areas. Faults can be random and may be caused by common cause issues like 

lightning strikes, earthquakes, flooding.  A robust electrical network must be able to 

overcome all these faults.  Importantly the information of the voltage measurements is 

needed by RPS to protect against these detrimental faults. The aim is to have a stable 

network, thus to have an operational network, instead of having a complete loss of the 
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electrical network. The electrical protection schemes must be the starting points of 

measuring the voltages i.e. over voltage (fault detection) in networks, there after 

instigating the clearing of these faults. The protection systems usually consist of current 

transformers, voltage transformers, protective relays, circuit breakers.  Conventional HV 

sensors have limitations like; inability to operate reliably and accurately in harsh 

environments, affected by EMI, low resolution etc. The thesis addresses this by 

developing and implementing a reliable, robust Optical High Voltage Sensor and 

investigates other novel means of measuring voltages by using Bragg grating and optical 

Kerr.  

1.2 Research Problems 

 

Traditional High Voltage sensor for Relay Protection Systems (RPS) have known 

limitations.  Problems such as electromagnetic interference, electrical insulation issues, 

inability to operate reliably in harsh environments etc.  Fibre optic technology addresses 

a number of the issues associated with traditional ways of measuring high voltages in 

RPS. 
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1.3 Research Objectives  

 

The aim of the research is to design and implement an Optical High Voltage Sensor to be 

used in a Relay Protection System for Electrical Power Networks. 

o Prototype an optical voltage sensor to measure voltage up to 250V DC. 

o Simulate the sensor head of the sensor to determine its capability of measuring 

very high voltages. (up to 300kV AC) 

o Determine the Kerr effect on a fibre optics cable with has laser passing through it 

using RSoft software. 

o Model an Optical Kerr Cell using Maxwell software, in order to investigate its 

capability to measure voltages. 

o Verification and Validation of the High Voltage Optical Sensor 

o In-depth discussion of Relay Protection Systems in which the proposed High 

Voltage sensor can be used. 
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1.4 Research Methodology 

 

Technological and scientific innovations carried out by technologists, scientists and 

engineers all over the world today are guided by an understanding of theory (Crotty’s, 

1998).The process of seeking through methodological processes the application of theory 

to one’s own body of knowledge and that of others is known as research. It enables us to 

reflect on our views of the world, ask questions, explore problems and reflect on what 

emerges from the data obtained while critically analysing any preconceptions that may 

arise from our experiences, association, culture or history, expanding knowledge about 

the social aspect of human life (Crotty’s, 1998). Knowledge which is grounded around 

theory and research has aided researchers and scientist all over the world to engage in 

logical and empirical validation processes by carrying out sequence of activities which 

includes; the research problem to be solved, hypothesis derived from a generated or 

existing theory, research design or structure, data collection and analysis process needed 

to carry out the research in order to develop or improve on knowledge gained (Creswell, 

2003).  

Optical High Voltage sensors are applied in a range of applications. In all these 

applications, it is essential to explain the interactive relationship between the voltage 

sensors and its means of operation in relation to the task performed and operating 

environment through the application of an appropriate research methodology in such a 

manner that the system characteristics and behaviour can be analysed. Designing a 

research or defining processes on which a research on Optical High Voltage sensors can 

be carried depends on four aspects that need to be considered before the research is 

undertaken. Crotty’s (1998) ideas suggested that the ground for a research dwells within 
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four questions;  

1. What theory of knowledge embedded in the theoretical perspective informs the 

research process. 

2. What theoretical perspective lies behind the methodology adopted? 

3. What methodology, strategy or plan of action links the research methods to the 

outcomes or results? 

4. What methods, techniques or procedures are proposed (interview, questionnaire, 

focus group, etc.). 

From these four questions which show the various steps or interrelated levels of decision 

needed to be taken before carrying out a research on Optical High Voltage sensors 

involving, a researcher or designer must be able to identify knowledge claims including a 

theoretical perspective of what needs to be achieved, strategies for inquiries and methods 

of data collection and analysis adopted. 

The development of any research methodology within a project design or study dwells 

within two approaches which defines the scope or strategy needed in carrying out a 

research (Creswell,2003). These approaches which can be quantitative, qualitative in 

nature or a mixture of both approaches, each closely backed up by its own understanding 

of theory and philosophy can be applied individually or together, providing findings to 

research related problems and producing from the results obtained, a more stable base 

on which the viability of  a research process can be verified. 

 

The aim of every researcher is to find solutions to problems through the application of an 

appropriate research methodology.  Research is a systematic effort to investigate a 
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problem that needs a solution. It aims to solve problems be it engineering or social 

science related by application of appropriate research methodology. 

 

Scientific or quantitative methods of research usually perceived as principles or 

procedures for the systematic pursuit of knowledge, comprising the following; research 

problem recognition and formulation, hypothesis testing and formulation, experimental 

procedures consisting of experimental design, observation, data collection and 

interpretation, has been used as a means of evaluating relay protection systems designs 

and is pertinent for the objective in selecting a unique aspect of social life paramount to 

the research (Merriam Webster, 2005).  

When carrying out a quantitative research, experimental or null hypotheses and the 

research question or problem needed to be solved are often based on existing or 

generated theories that a researcher or experimentalist seeks to test or verify. The use or 

adoption of theory in a research design provides an explanation or understanding of the 

hypothesis generated, variables (independent or dependent) being manipulated or 

controlled and validation of the research outcomes or predications. The theory adopted 

by most scientists and researchers in the area of High Voltage sensors dwells on the fact 

that the behaviour of the sensors is solely attributed three key factors; 

1. The properties of the Optical High Voltage sensors 

2. Reliability and accuracy 

3. The operating environment (Relay Protection systems for Electrical Power 

Networks) 
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1.4.1 Experimental Hypothesis 

 

As earlier said, research, be it a quantitative or qualitative means of research, is always 

backed up by an understanding of the theory on which it stands.  An experiment is 

popularly conceived as a “test or a trial” of something in order to determine whether it 

works (Webster, 1981) cited by (Pedhazar & Schmelkin, 1991, p.250). It aims to prove a 

point through measurements and manipulation of data and variables through the 

application of a theory or hypothesis.   

The experimental hypothesis of the relay protection systems is adopted from predictions 

aimed at confirming a deductive theory of the voltage measurements.  
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1.5 Thesis Structure 

 

Chapter 1: This chapter outlines the introduction of the research work including the 

background of the study and eventually led to the research objectives.  The methodology 

adopted for the study is covered and the full structure of the thesis is outlined.  

Chapter 2: This chapter discusses related work in fibre optics technology (including 

FBG), piezoelectric technology, voltage measurements based on fibre optics technology 

and optical Kerr in Relay Protection Systems. It highlights the different approaches by 

other authors as well as outlining the limitations and strengths of their work.   

Chapter 3: This chapter outlines the background and theory of Fibre Bragg Grating. 

Chapter 4: This chapter outlines the simulations done by RSoft (Optsim) to determine 

the Kerr Effect of an optical fibre and also modelling of an optical Kerr cell using Maxwell 

Software. 

Chapter 5: This chapter outlines the theory of piezoelectricity, modelling and simulation 

of the piezoelectric S80 block using ANSYS software.  The S80 block acts as the actuator 

of the High Voltage sensor head, which has the FBG bonded to it.  The results of the 

Finite Element Modelling (FEM) are shown and discussed in the chapter.  

 

Chapter 6: This chapter presents an optical voltage sensor based on Fibre Bragg Grating 

(FBG) and Piezoelectric technology. The sensor is based around the principle that the 

PZT electrostriction displacement changes when a voltage is applied to it. The 

displacement causes the fibre (FBG) which is bonded to the PZT material to have a 

resultant change in the wavelength. 
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Chapter 7: This chapter discusses Relay Protection Systems used in Electrical 

Networks (Grid). 

Chapter 8: This chapter discusses and investigates Relay Protection Systems by 

Optical means (Optical Protection System) 

Chapter 9: This Chapter outlines the conclusion and recommendations for further work. 
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1.6 Chapter Summary 

 

This chapter has given an in-depth introduction to the research work to be carried out, 

incorporating the background of the study, hence consequently identifying the research 

problems, objectives and outlining the methodology to be adopted for the study. 

 An intensive literature review is carried out on the key points of the research problems 

and objectives in the next chapter.  
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Chapter 2: Literature Review  

 

This chapter discusses related work in fibre optics technology, Fibre Bragg Grating, 

piezoelectric technology, voltage measurements based on fibre optics technology and 

optical Kerr in Relay Protection Systems. It highlights the different approaches by other 

authors as well as outlining the limitations and strengths of their work.   
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2.1 Background - Fibre optic technology  

 

Glass has been converted in fibres dating from the roman times, however the first "optical 

telegraph" invented by the French Chappe brothers was in the 1790s.  It used a concept 

of conveying messages between towers which had light sources mounted on them. This 

opened bigger avenues for making advances in optical science. Jacques Babinet and 

Daniel Collodon in the 1840s discovered a phenomena, that light in fountain displays 

could be directed along jets of water. A British physicist, John Tyndall discovered that 

light could be bent when propagating through a stream of water.  

A proposition of carrying information using optical technology started in the 1960. 

Thereafter, significant amount of research has been carried out, making the transmission 

of information using fibres on of the most efficient means of communication (Rao, 

2001). The results of the extensive research has driven the use of optical fibre technology 

in the development of fibre based sensor applications (Rao, 2001). Fibres have the 

advantages of high bandwidth, low disturbances from electromagnetic interference, 

reduced costs, and the capability of operation in harsh environments. 

 

The main element that is found in all optical fibre systems is the optical fibre. This 

comprises of a thin hair-like filament made of glass such that light can be guided through 

the structure and is further confined to regions having different refraction indices. The 

central part of the optical cable is referred to as the core and it carries most of the light. 

The core is encapsulated by a material that has less index of refraction. This layer is 

referred to as the cladding. Once light is incident at the entrance of the fibre cable, it 

travels through the fibre tube through total internal reflection.  
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In addition to the numerous use of fibre technology for communication purposes, the 

technology is currently being used for sensor manufacture as well as control and 

instrumentation purposes. Fibre has many advantageous as opposed to other sensors. 

In most of the applications, the fibre has been made immune to the external environment 

making it the preferred technology to use. Optical fibre sensing systems are mainly 

comprised of the following main parts  

 

 Light source  

 Optical fibre  

 Transducer  

 Detector  

 Sensing element  

The light source is used to provide light that is use in the sensing process. This light is 

mainly provided from a laser source due to its ability to produce monochromatic and 

coherent light source.  

 

The optical fibre is used to transmit this light to the physical location where a given 

parameter is being sensed. The optical fibre allows a thin ray of light to travel without 

interruption to the point of application. At the physical environment, one of the properties 

of light is made to vary in response to the condition being determined.  Some of the main 

variants in this light are light intensity, wavelength, polarization and phase. On exposing 

the light to the physical environment, one or more of these parameters change and this 
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change is detected by the detector and is used to measure the resulting change in the 

physical system. There are different fibre technologies and each has a different 

modulation techniques. These modulation techniques can be classified as direct, indirect 

or hybrid methods. In the direct technique, the modulation process occurs in the fibre and 

this fibre acts as a transducer. In the indirect mode, the fibre transmits the light and 

external transducer coverts light to another form. The hybrid techniques combine both 

direct and indirect methods of signal processing.  

 

Optical fibre sensors (OFS) have received a great deal of research interest recently due 

to their significant sensing capabilities. Compared to conventional electromagnetic 

sensors and transducers, OFS shows a number of unique advantages such as (Kersey 

et al., 1997):  

The main advantage of optical fibre sensors are:  

 Ability to take absolute measurements  

 There are not affected by EMI  

 The sensors have very high resolution  

 The sensors have a wide range/ bandwidth  

 The sensors can be used in hazardous environments 

 The sensors allow for passive operation  

 They are intrinsically safe  

 The sensors can be multiplexed both in series and in parallel  

 They are resistant to water and other corrosion agents  

 They have remote sensing capabilities for long distance applications 
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 Optical sensors are light in weight and small in size making them fit in both large 

and small applications i.e. suitable for installing or embedding into structures. 

 The cost of these sensors is also very low. 

2.2 History of FBG  

 

The formulation of FBG on an optical fibre was first postulated by Hill et al. (1978). This 

was carried out at Canadian communication research center. They used Argon-ion laser 

radiation which was impinged on gamma doped fibre and it was observed that there was 

an increase in the reflected light until the light was reflected from the fibre. Spectral 

measurements on the using strain and temperature tuning showed the formation of a 

narrow Bragg grating filter referred to as the hill grating. Initially, this was labeled as an 

undetermined photosensitivity of the germane fibre but this later promoted the 

investigation onto the cause of refraction that was induced by light and how it’s depended 

on the wavelength of light used to develop the grating.  Further investigations proved that 

the grating strength increased as the square of the light intensity. Experiments carried out 

with laser gratings at 448 nm showed that a standing wave pattern developed by the 

grating.  

 

Meltz and Hill (1997) suggested that the fibre grating could be formed by cladding the 

glass with two interfering beams of UV light.  In this work, Meltz and Hill (1997) showed 

that grating could be formed by radiation. Further, the radiation would reflect any 

wavelength by illuminating the fibre from the side of the cladding using two UV beams. 

The observed grating was found to be more efficient as compared to the first method.   
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Fibre optics has been widely used in development of modern sensors.  There have been 

numerous studies that have been carried out on the FBG technique in sensors.  

Frazao et al. (2002) developed a method through which the strain and temperature could 

be measured using FBG. In their techniques, they use an electric arc to develop the 

grating. The results of their experiments indicate that temperature and stains were 

measured to resolutions of ±0.50C and ±3.38 µε.  

 

Arregui et al. (2002) developed a sensor that could measure temperature and humidity 

using optical fibre waveguides. Their sensor used FBG and low finesse Fabry-Perot Inter-

ferometric cavity. They developed an effective sensor that was capable of measuring 

humidity range 11%-97%. The temperature measurement ranged from 100C to 850C. 

Teunissen et al. (2002) developed a means of monitoring High voltage transformers using 

FBG. These FBG sensors were integrated inside the transformers and used for 

temperature measurement, instrumentations and control operations.  

Fibre optics sensors are also widely used in the aviation industry due to their high 

resolution and accuracy (Teunissen et al.,2002). Furthermore, these sensors were also 

found to have unique advantages such ability to withstand EMI and high multiplexing 

abilities. Ping et al. (2009) developed sensors that could detect water soluble materials 

using FBG techniques. The sensors were able to simultaneously monitor the 

concentration of potassium chloride and temperature of the solution. Researchers point 

out that photosensitivity or fibre grating are available in the science studies and in topical 

conferences as well as symposia. Currently it’s easy to obtain the FBGs for routing / 
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filtering, a study by Kenneth et al (2005) illustrates several properties of the periodic/ 

optical waveguide used in designing grating filters; He gave a highlight of their main 

applications in the optical telecommunications and thermo physical systems. Some of the 

recent studies have also illustrated the purpose of the multiple blaze grating in flattening 

the spectrum of the erbium- doped amplifiers. Chtcherbakov et al. (2003), illustrated a 

chirped grating interrogator used for fibre Bragg sensor. He further explained that 

multiplexing may be obtained from the use of arrayed- waveguide which enables 

interrogation of many grating sensors having single chirped grating. 

Patrick (2006), also elaborated on a different type of a sensor that could use the variance 

in strain and temperature of the Fibre Bragg grating, a long duration fibre grating to 

differentiate between the strains and temperature wave length shifts. In this illustration 

temperature and strain was simultaneously determined to be plus or negative 9 strain and 

plus/ negative 1.5 degree Celsius. 

 

 

In his studies Belkon (2004), developed a multiplexing style for a high resolution sensing 

comprising Bragg grating. Belkon’s approach consisted of a band- pass wavelength 

multiplexer which separated the return wavelengths from all grating arrays together with 

the interferometric operations to achieve a high- strain resolution. He demonstrated a 

strain resolution (1.5) neon strain and a bandwidth sensor  

(10 Hz to 2 kHz four sensors).  

In their research Chan et al. (2001) demonstrated how the wavelength sensor accuracy 

of the Fibre Brag Gating was increased by the different types of the optical noises. They 
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added that systems using broadband sources had low signal power that resulted to a 

minimal signal and noise ratio, mainly during the time- division multiplexing to multiplex 

many sensors.  

In his research Jaehoon et al. (2000) improved temperature detection of the Fibre Bragg 

sensor; they did this by combining two metals of varying expansion coefficient together. 

They demonstrated how the temperature sensitivity can be altered by using different 

metal lengths. The resulting temperature sensor was applicable as high level sensitivity 

temperature sensor. Other researchers have also explained on the use of the fibre 

sensors in several civil structures globally, it has also been proved that fibre Bragg grating 

sensors are more suited in applications like structural health/ performance measurement. 

Chi et al.(2003) also carried out a study on the time division multiplexed fibre Bragg 

grating, they used tunable laser but the system turned out to be limited by extension ratio 

used in pulsing amplitude modulation. They derived the formulas which relate crosstalk 

to extinction ratio, modulation measures of tunable laser and optical path variances in the 

detecting channels this study have been approved and improved by many researchers 

currently. 

Shengchun et al. (2001) forwarded a very sensitive fibre temperature sensor molded on 

a gain switched fabry – perot semiconductor and was able to demonstrate a temperature 

difference of 0.1 degree Celsius.  This sensor enabled the developers understand the 

need for wavelength discrimination. It was also robust in design against oscillating light 

levels. 

According to Rochford et al. (2002) it was possible to separate peak reflectance waves 

of gratings having a reflectance peak of less than 2nm by using a decompressing method 



  

R BASHOUR 33 

 

based on transformations of inter-ferograms. It was shown that a wave de multiplexing of 

3 FBG, s with lower than 4 pm cross talk and repeatability of being lower than 19 pm 

ambiguity was possible. They anticipated that a huge number of gratings can be decoded 

with one broadband point and one receiving interferometer as long as the interferogram 

is tested at accurate intervals over the Nyquist rate.  

 

A new and short (approximately 5mm long ) fibre grating modeled sensor with a GFPC 

structure was made and tried for concurrent measurement of tension and temperature 

(Wei et al., 2008). The sensor showed special properties that it had two peaks within the 

major reflection channel and the power difference. The wavelengths shift was a linear 

correlation with a more strain and temperature change. 

 

A signal processing model was developed founded of the utilization of concurrent modes 

of a multimode laser light source which permitted high sensitivity to be achieved over a 

large measurement range. For strain indications a range equivalent to 4800 microns was 

achieved as well as a resolution of 0.08 micrometer per Hz; Thereby producing a dynamic 

range equal to 95dB, (Moreira et al., 2003). 

 

It was reported about use of frequency modulated wave techniques for activating Fibre 

Bragg Grating sensors. The technique involved modulating light intensity from a source 

by using a linear aligned RF carrier. The signals from the sensors were separated in 

frequency sphere and demodulated using the tunable optical filter.  The advantages and 

the disadvantages of this technique were analyzed. A three sensored FMCW multiplexed 
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FBG range of parallel alignment and a six sensored hybrid were experimentally analyzed 

with –30 dB crosstalk between the 2 sensors. Resolution was derived in terms of RMS 

value by Chan et al. (2005). 

Stress oxidization and grating decay were analyzed for the commercially available Bragg 

grating types. Sennhauser et al. (2008) developed a mechanical and optical reliability 

model of fibres and Bragg gratings at high temperatures going up to 250 degrees Celsius 

and analyzed the parameters in a test program. Jaejoong et al. (2003) developed a fibre 

Bragg Grating laser sensor employing an optical amplifier as an increase medium. 

Analyzed results showed good performance of the forwarded laser device for multi- point 

sensing.  Seunghwan et al. (2006) experimentally showed a passive and simple self- 

referencing wavelength change detection system for use in fibre Bragg Grating analyzing 

systems. The system was founded on interference between modes in a polarized fibre 

looped mirror. Despite the system using an interference technique, it was much more 

stable as when compared with other interference demodulators. A regular fibre Bragg 

grating was inscribed in a multimode fibre. It was noted that the point matching form was 

relatively satisfied by a few modes thereby causing the development of sideways lobes. 

These were then analyzed experimentally on their dependence on variations in changes 

in temperatures. The conclusion was development of multimode heat sensors (Barbosa 

et al.,2007). 

Binfeng et al. (2007) developed a very sensitive liquid level sensor using FBG. In his 

technique, the transmission curves of FBG were influenced by the length of the FBG 

etching. The experimental research showed that liquid level variation of 24mm could be 

detected by the sensor. The sensors were also able to achieve high sensitivity in the 
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range of 2.56dB/mm. 

Chin et al. (2012) developed a novel sensor that could be used to sense the liquid level 

and the specific gravity of a liquid. FBG technique was used to detect the liquid level 

which was caused by a shift in the wavelength that was induced by buoyancy acting on 

the cantilever beam. The specific gravity was determined using Fabry-Perot pressure 

sensor. The experimental observations indicate that the FBG sensor had a sensitivity of 

0.0149 nanomemter. The accuracy of the FP sensor was about 0.1569 µm/kPA.  

Other sensors using FBG are the pressure sensors. Song et al (2009) developed a 

pressure sensor that was made using a carbon fibre ribbon. This was wound on a 

cylindrical shell. The sensor used a mechanical system combined with FBG.  The 

resulting sensor was tested and found to accurately log low pressure data. The authors 

also carried out theoretical analysis of the system. The developed sensor was found to 

have a pressure sensitivity of 0.452nm/MPa. The sensor was able to detect pressure up 

to 8 Mpa.  

Tuan et al. (2005) developed a sensitive liquid level sensor that could be used to 

determine the level of liquid and was immune to temperature effects. The sensor is based 

on bending of the cantilever beam. The cantilever beam induces axial strain on the FBG. 

This results to the modulation of the Bragg bandwidth. The sensors were insensitive to 

temperature changes and were able to detect changes in liquid level of the magnitude of 

500mm. To avoid complex demodulation process, a pin diode was used to detect the 

optical rays.  

Sengupta et al. (2013) carried out a performance evaluation of two level sensors working 

with FBG technology. The principle aims of the experiment were to investigate the use of 
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strain sensitivity for liquid level measurement. Two FBG sensors measuring strain were 

used during the experimentation. Their results show that the sensitivity of the measuring 

can be improved by controlling the sensor physical dimensions such as diameter.  

Wang and Tang (2010), paper presents a new fibre Bragg grating sensor based On Long 

Period Fibre Grating (LFBG) sensors. In their work, they combine FBG and LPFG so as 

to harness the advantages of the two kinds of fibre grating. These sensors are effective 

for measuring water level in construction sites such as bridges, pavement and other 

structures that have severe environmental variations.  In their experiments, they carried 

out random walk coefficient and bias stability tests. To determine the strain, an FBG 

sensor was attached to a surface made by asphalt specimen.  Also, the experimental 

results were compared with simulation done using finite element method. From the 

experiments, it was determined that the sensors could detect five liquid levels and have 

an accuracy of 1050 mm. This sensor is suitable for measuring strain, liquid level and 

temperature.  Other studies on LFBG were done by Saitoh et al.(2007) who developed a 

LFBG sensor that used wavelength swept light source and a varying power source which 

was turned on and off. The timing sequence was synchronized with the sweep signal so 

that noise effects could be reduced.  

Chenglai et al. (2012) proposed and developed a DBR fibre laser sensor that can 

measure both temperature and liquid level. They also experimentally tested their design. 

They used beat frequency and wavelength hybrid interrogation so as to separate liquid 

level from temperature measurement. In their experiments, 3 fibre lasers were joined and 

multiplexed. Their work serves as an example of how multiplexing can be used in order 

for the sensor to monitor different parameters.  
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Tong (2002) investigated the potential use of FBG and LFBG sensors in extreme 

environments. He proposes the use of FBG in cryogenic fuels such as hydrogen, oxygen, 

petroleum and natural gas. All these are highly inflammable and any sensors that are 

used must not subject the liquid to electric sparks. The author proposes that FBG sensors 

are the most viable since they are electrically neutral and are not affected by physical and 

electrical properties of the materials or environment. FBG are long lasting, have high 

sensitivity and have the capacity to operate in very harsh environments.  
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2.3 Piezoelectric Technology 

2.3.1 Background 

 

In 1880, Jacques and Pierre Curie discovered an unusual characteristic of certain 

crystalline minerals which when subjected to a mechanical force; the crystalline properties 

within them become electrically polarized (Americanpiezo, 2012). 

This confirmed the relationship that: if one of the voltage generating crystals were to be 

exposed to an electric field, it lengthened or shortened according to the polarity of the 

field in proportion with the field’s strength (Kim, 2004). These attributes or behaviour 

portrayed by these crystals were termed piezoelectric effect and inverse piezoelectric 

effect in general. 

Derived from the Greek word piezein, which means to squeeze or press something and 

electric or electron which stands for amber, an ancient source of electric charge, 

Piezoelectricity which means electricity resulting from pressure is the ability of solid 

materials (piezoelectric ceramics or crystals) to accumulate charges and in response 

produce a mechanical force when a voltage is applied. It acts as a coupling between a 

material’s mechanical and electrical properties (Stab-iitb, 2011). Basically when a 

piezoelectric material is squeezed, an electric charge collects on its surface and subjected 

to a voltage drop, it becomes mechanically deformed. 

On a nanoscopic scale, piezoelectricity occurs as a result of the non-uniform charge 

distribution formed within a crystal's unit cells. When the crystal or ceramic is 

mechanically deformed, the positive and negative charge centers displace by differing 

amounts. As the overall crystal remains electrically neutral, the difference in charge center 

displacements results in an electric polarization occurring within the crystal. Electric 
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polarization due to mechanical input is perceived as piezoelectricity (eFunda, 2011). 

Piezoelectric ceramics or crystals are typically made from a mass of perovskite ceramic 

crystals, each consisting of a small, tetravalent metal ion, usually titanium or zirconium. 

They exhibit mechanical compression or tension abilities from the electric charges 

acquired, changing the dipole moment within them and thus creating a voltage. This 

classifies them as piezoelectric in nature, thus making piezoelectricity is the direct result 

of a piezoelectric effect (Uchino, 1997).  

Crystalline materials such as Quartz, Rochelle salt, lead titanate, zirconate ceramics 

(PZT-4, PZT-5A), barium titanate and polyvinylidene fluoride exhibit or possess 

piezoelectric properties. But piezoelectric ceramics manufactured from formulations of 

lead zirconate / lead titanate exhibit greater sensitivity and higher operating temperatures, 

relative to ceramic materials with different compositions, and "PZT" materials currently 

are the most widely used piezoelectric ceramics.  

 

These crystalline materials generally are physically strong, chemically inert and are 

relatively inexpensive to manufacture. The composition, shape, and dimensions of a 

piezoelectric ceramic is produced based on the requirements needed to perform a 

specific task or application (Barbero, 2007). 

These materials which can be utilized in sensing applications such as force, pressure, 

displacement sensory systems etc where piezoelectric effect is required and actuation 

systems such as motors, transducers, generators and position control systems which 

inculcates inverse piezoelectric effects with the advent of metal oxide based technology 

and other man made materials are now be utilized for many new applications (Ucha etal., 
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1993). These manufactured piezoelectric materials are fragile or brittle, hence why more 

research has to be done to get more durable and robust ones.  They are generally not 

dear when manufacturing them and they are resistant to chemical erosion.   They can be 

shaped in any form, for example into rings, rectangular plates and pi shapes. When 

dealing with piezoelectric materials, especially when powering them up with an AC 

voltage, determining their resonance frequency is very important (Uchino, 1997).   

 

Piezoelectric generators are being designed to produce power to charge portable devices 

like mobile phones, iPod’s, by actions of human movements i.e. piezoelectric generator 

on trainers, energized when a person is moving. These generators produce very small 

voltage, which is amplified to be able to charge the required appliance, if the output of the 

piezo generator is AC, then it can be rectified to DC (provided the appliance uses DC 

voltage) by using rectifiers (e.g. full bridge rectifier, or half bridge rectifier) (Bansevicius, 

1998). Energy generated this way promotes going green i.e. carbon friendly, as it is a 

renewable source of energy. This does not contribute to global warming.  Global warming 

is a worry to the environment and its inhabitants; any technology invented to oppose its 

effects is highly welcome in the globe. This technology is also used on touch screens, 

surgery knifes and cameras. Japan is leading in the world in implementing technologies 

which use piezoelectric technology, although many countries in Asia and Europe are 

following suit. It is still appreciated that piezoelectric materials are still expensive, but the 

prices are going down year by year (eFunda, 2011). 
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2.3.2 Determining the Resonance Frequency of a Piezoelectric Element 

 

When subjected to an AC electric field, the shape of the piezoelectric element alters 

cyclically at the frequency (cycling) of that electric field. This frequency is referred to as 

the resonance frequency, the piezoelectric element will vibrate readily and transform the 

electrical energy into mechanical energy efficiently. Fig 2.1 shows the pattern of a 

piezoelectric element’s response. 

 

‘Content removed for copyright reasons’. 

Reference: Americanpiezo (2012) 

When the frequency of actuating (cycling) the piezoelectric element is increased, the 

element's vibrations first reach a frequency at which impedance is minimum.  

This minimum impedance frequency (fm) is very similar to the series resonance 

frequency, fs the frequency in the electrical circuit at which the impedance is zero, 

provided the resistance due to mechanical losses is not considered. Minimum impedance 

frequency is also the resonance frequency. When the frequency is continually increased, 

the impedance rises to a maximum. The maximum impedance frequency (fn), is very 

similar to the parallel resonance frequency, fp the frequency when the parallel resistance 

of the circuit is infinite, when the resistances due to mechanical losses are avoided. 

Maximum impedance frequency is also the anti-resonance frequency. The maximum 

response from the piezoelectric element will be between the maximum frequency and the 

minimum impedance frequency. 
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The volume, shape, composition of the piezoelectric material (ceramic) determine its 

resonance frequency. The thicker element exhibits a low resonance frequency than a 

thinner element. 

Fig 2.2 shows a system designed to determine the frequency values and Measurement 

Technique for impedance frequency. 

‘Content removed for copyright reasons’. 

 

Reference: Americanpiezo (2012) 
 

The procedure for the measuring the minimum impedance frequency and maximum 

impedance frequency are as follows; 

1. Turn switch to A 

2. Position ceramic material 

3. Tune the frequency generator to get the maximum voltage value. This is the 

resonance frequency. 

4. Turn switch to B 

5. Tune R4 to get a voltage, which is equal to step 3. This is the impedance resonance 

(Zr). 

6. Turn switch to A 

7. Alter the frequency generator to get a minimum voltage. This is the anti-resonance 

frequency. 
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2.3.3 Applications of Piezoelectric Materials 

 

Piezoelectric materials can be utilized virtually for any application that requires the use of 

electromechanical transducers. However, for certain applications, factors such as size, 

weight and cost of the piezoelectric materials need to be taken into consideration, 

(Dickson, 2011). 

The application of piezoelectric materials can be classified into four categories or groups 

 Piezoelectric Generators. 

 Piezoelectric Sensors. 

 Piezoelectric actuators 

 Piezoelectric Transducers. 

In this project, piezoelectric elements are used as actuators converting the electrical 

energy received by it into mechanical displacement.  

Piezoelectric Actuators come in two types: Stack and Stripe Actuators. The piezoelectric 

ceramics are utilized as bending actuators. The thin layers of the ceramics are bonded 

together, allowing the actuator to bend with a greater deflection but, with a lower blocking 

force (Richard, 2004) 
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2.4 Voltage Measurements based on Fibre Optics Technology 

 

Fibre optic sensors are resilient to electromagnetic interference, they are chemically inert, 

thus making them robust to corrosion/rusting, they are usually small, have a capability of 

serial multiplexing, and their inherent electrical isolation makes them favourable to be 

used in high voltage applications. They have gained interest to be used in harsh 

environments like oil and gas industries. 

 

Yoshino et al. (2001) report on a sensor based on Fibre Fabry -Perot Interferometer 

(FFPI).  The FFPI sensor construction consists of a single-mode optical fibre, separating 

two internal mirrors.  This  sensor can have a sensor head which can measure different 

variables like temperature, strain, magnetic fields etc. , depending on the measurand, the 

optical length of the of the interferometer is affected. Multiplexing and signal processing 

tasks are carried out using a signal conditioning unit for the sensor monitoring with digital 

signal processing and a feedback laser which is single distributed. Monitoring can also 

be done by using white light interferometry mechanisms with a low coherence light 

source.  

 

Bohnert et al. (2004) report on a high accurate hybrid voltage sensor based on Electro-

Optics effect. The proposed voltage sensor will incorporate the Pockels’ Electro-Optic 

effect in a single crystal which has the function measuring the polarized light beam 

passing through it.  Incoming light is converted into a linearly polarized light by a polarizer. 

The linearly polarized light is converted to a circularly polarized light by a quarter wave 

plate that creates π/2 phase delay. Both sides of the single crystal Pockels’ cell get the 
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transparent electrodes deposited on to them. An electric field is created in the light beam 

transmission direction when a measured voltage is across the two electrodes. The 

Pockels’ effect gets the circularly polarized light converted to elliptically polarized light.  

The magnitude or value of the voltage across the single crystal Pockels’ is related to the 

elipticity of the elliptically polarized light. An analyser is used to convert the polarized light 

into linear polarized light. The magnitude of the amplitude of the linearly polarized light is 

the measurement of the applied voltage on the Pockel’ cell.  

 

Perez-Millan et al. (1997) report on a Fibre-Optic current sensor with frequency–codified 

output for high voltage systems. The sensor takes advantage of the conventional current 

transformer magnetostriction properties of its ferromagnetic core. Magnetostriction is 

normally an undesired property. The core is interrogated by a single mode fibre and a 

Mach-Zehnder interferometer.  The deformation of the ferromagnetic core is caused by 

the magnetic field created by the high voltage line.  The current amplitude is correlated to 

the spectral bandwidth of the frequency modulated signal, which is the output of the Mach-

Zehnder interferometer. There is no need for advanced high voltage insulation from this 

configuration due to the ground being linked to the high voltage side by optical fibres. The 

data carrying the current is optically codified by the fibre optic sensor, thus eliminating the 

need for any electronic circuitry on the high voltage side.   There is robustness to the 

phase drift and light power fluctuations as this is a frequency output sensor.  The 

proposed system can be considered as a (non -basic) fibre optic secondary circuit on a 

CT.   In contrast to the CTOO transformer, does not have any complicated high voltage 

insulation due to the use of optical fibres to link the high voltage side and the ground.  Its 
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main advantage of its counterpart hybrid sensors is the easiness of detection and 

simplicity of its sensor head furthermore does not use any piezoelectric parts.  

 

Conventional (Instrument) transformers have a significant part in the electrical energy 

distribution and in voltage and current measurements. The design of a current transformer 

consists of a primary circuit, with its wire turns connected in series with the current 

measurement line.  The primary circuit current produces a magnetic field that is 

transmitted (interrogated by) to a secondary circuit, with a magnetic core wounded up 

with a number of windings. Electrical insulation is a necessity, as there is a high voltage 

line connected to the current transformer. 

The advantages of current transformers, which can be regarded as conventional 

technology, are coupled with fibre optic technology. The aftermath of this combination is 

to a Conventional Transformer with an Optical Output (CTOO).  A fibre optic link replaces 

the wire output of the current transformer, thereby minimizing the need of high voltage 

insulation.  There is need of an interface between for the electrical signals and optical 

fibre conversion.  This is handled by an electronic circuit on the secondary side of the 

CTOO that has the core function of converting the electrical signals into fibre optic signals. 

A challenge with this proposition is underlined on the powering up of the electronic circuit, 

as its sole supply will be from the high voltage main line. 

 

Dinev et al. (2005) developed a sensor for measured DC and AC voltage based on a 

piezoelectric motor which bends when an applied voltage is applied to it is reported. An 

optical fibre applied to it’s also bends, and a linear position photo sensor an optical lever 
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implement the sensing. The sensor is capable of measuring low to medium voltages.  It 

has a dynamic range of 71dB, 25-k range for temperature stability and 0.1% less of the 

linearity error.  Its main uses are in power utility monitoring of DC and AC voltages. The 

outlined sensor has a capability of obtaining any required sensitivity and response due to 

its flexible and simple design. The proposed sensor cannot be used for very high voltage 

measurements in the kV range. 

 

Current measurements are also important.  Current magnitudes are needed when 

calculating power, as power is the product of voltage and current. 

Culshaw et al. (2009) report on Brillouin fibre lasers based current sensors are reported. 

They have the capability of functioning in two directions without mode competition. A fibre 

ring resonator is shared by 2 counter propagating Brillouin lasers; because of non-

reciprocal phase shifts they encounter (experience) unique apparent cavity lengths. The 

Faraday Effect with unique optical frequencies causes the non-reciprocal phase 

shifts.  The electric current or rotational rate is proportional to the beat frequency. The 

non-reciprocal phase shifts can also be induced by the Sagnac.  

 

Farnoosh et al. (2001) reported on various uses of NXCT fibre optic current sensors. In-

line fibre optic interferometric design is used for the NXCT. An optical fibre fully rounding 

the current carrying conductor in numerous turns forms the sensor head. The resulting 

current is measured through the sensors aperture. The magnetic field of the conductor is 

accurately integrated to the sensors head, due to the Faradays Effect.  The sensor is 

reported to have 0.1% accuracy over measurements between 2A and 3600A.   Cost 
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savings are achieved by using the NXCP since there is no need for footing and civil work, 

therefore minimizing the need for real-estate, there is no CT saturation and has a 

magnificent seismic performance. Protection applications are implementable due to the 

NXCT measurement dynamic range, magnetic core wire wound which cannot be 

presented by wire wound current transformers which pose highly safety challenges. This 

approach is a better solution to using traditional high voltage current transformers. The 

other advantage of this technology is the capability using one sensor for different high AC 

and DC applications. Its flexible form factor, simplicity and safe dielectric design of the 

sensor promote it to be incorporated in novel applications, which could not be addressed 

by other sensors. The sensor is greatly recognized when applied to protective relaying, 

which the current carrying conductors quite large or at a distance from each other and 

corely implemented by the summation of currents.  

Peng et al. (2009) report on a current sensor based on Gouy phase shift. It is claimed 

that the sensor is easy to construct and worked well but requires further improvements to 

increase accuracy.  

 

The two mode fibre end receives polarized light from the SLD. The light excites the guided 

modes when the light is in the fibre.  The phases must be same, and the two modes must 

have the same excitation, thus this is done by altering the light launching conditions in the 

fibre. The entering the mode- selector coupler, the only guided mode of the single mode 

fibre receives energy from the anti-symmetric mode and the two mode fibre holds 

(remains) the symmetric mode.   A mode stripper, removes all the remains of the LPI I in 

the two-mode fibre.  Both waves enter the single mode fibre coil after passing through the 
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wave plate, where they will travel in different directions. The Faraday magneto-optic effect 

causes both waves to build up a relative phase shift when travelling (propagating) the 

coil, as experienced by other common fibre Optic current sensor.  When propagating 

back, both waves recombine in the selective-mode coupler. The entire travel of the waves 

is reciprocal, thus when entering the two-mode fibre passing the coupler propagate 

around the coil, and travel back though the selective mode coupler and completely exit 

the fibre. The Faraday magneto-optic effect of the electricity wires and the fibre coil is the 

sole phase shift experienced between the two modes when leaving the fibre.  When both 

re- polarized modes approach the split detectors through free space. There is a build-up 

of the phase shift nearly equal, due to the Gouy phase shift principle. The sensor has a 

potential to gain a global popularity if it eliminates the phase error due to phase 

modulation, a characteristics common to every All - fibre current sensors. The dual mode 

fibre current sensor has advantages like rapid dynamic response, good insulation 

performance and simple structural design. Its structure is non-comparable to traditional 

type CTs.  

 

Peng (2009) report on a fibre optic current sensor (FOCS) using a special spun linear 

birefringent fibre. The FOCS was based on polarization rotated reflection interferometers.  

The sensor integrates a ¼ wave plate, thus different from other traditional sensing fibres. 

The constructed sensor could measure 10 to 5000Arms with good linearity performance.  

The phase error at a rated AC current of 1000Arms was within +2 min and within + 0.1% 

of the ratio error. 

The sensor could be used in real life in the power generation and electrowinning industry.   
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Current measurement using optical fibres, based on the Faraday Effect - The sensor 

measures up to 500kA. This sensor takes advantage of the Faraday Effect in optical fibre 

loops surrounding busbars carrying current.  The magneto-optic is measured by using 

fibre gyroscope technology and a polarized rotated reflection interferometer. 

Repeatability and accuracy of the sensor lie within + 0.1% over different ranges of 

temperatures and current. The sensor can function well at varying arbitrary magnetic 

fields. It has very low power consumption compared with traditional transducers that have 

consumptions upto 10kW. 

Other current measurement techniques, which use optical techniques, are bulk -glass 

systems and All-fibre systems have extensively been researched.  Glasses with a high 

Verdet constant are used for Bulk-glass-based current sensors, in order to obtain the 

sufficient sensitivity due to the interaction length to be commonly small. In contrast, All- 

Fibre Faraday sensors have a greater interaction length, but their responsiveness of the 

sensor is degraded due to the intrinsic and induced linear birefringence within the 

fibre.  This sensor has had recognisable improvements, in the prior years. The two 

aforementioned sensors are sensitive to light source aging and beam misalignments as 

they are amplitude output sensors. The experimental setup of this proposed sensor is 

simple.  The components needed for the setup are  a CT  core (ring- inner diameter: 

190mm , outer diameter: 220mm)  made from grain oriented silicon steel.,  a single -mode 

fibre (121m) which was wounded on the core and included to the other arm of the 

MZI.  The core of the CT had 1.65 T saturation field. The MZI was powered using a DFB 

laser light. Null visibility of the interference fringes were avoided by using polarization 
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controller incorporated into the MZI. A current amplitude of 1.5 A, produced by a 50 -Hz 

current source was used to determine the responsiveness of the sensor was connected 

to  a coil , with 97 wire turns, in the event of it being a single -turn primary circuit , the 

maximum  current would be approximately 145A. The arms of the interferometer had the 

same length with 0.1 m accuracy. Light from a DFB laser with 0.1 m coherence length 

was used to power the interferometer. The high voltage line passes through the inner 

core. The deformation of the core, as earlier mentioned, due to magnetostriction, 

generates a huge phase difference, between the MZI, dual (two) beams, thus generating 

numerous fringes at the interferometer output.  The current amplitude determines the 

number of fringes, produced over a current signal period.  This makes it possible to 

measure the current, by using the number of fringes. This system is based on its 

frequency characteristics, not on the amplitude of the interferometric signal, thereby 

making it insensitive to light changes and overcomes some of the challenges of 

polarization fading and phase drifting as experienced as other fibre optic interferometric 

sensors. This sensor still has disadvantages like, temperature dependence, a nonlinearity 

response. These issues must be addressed to make the sensor have a competitive 

advantage over other current optical sensors. 

 

In traditional differential current protection methods, the protected zones use electronic 

protection relays usually a pair for measuring the current phasors independently.  The 

measurement information is shared, usually using an optical communication channel, in 

order to identify and report any internal faults in a timely manner.  Problems such as 

electrical insulation, high system current transformation on the primary side, are 
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encountered in high voltage arenas, in which transducers operate. Furthermore timing 

issues occur in the communication channels when the distance and number of relays is 

increased due to high computation needs, adjustable latencies and reduced bandwidths.  

Fibre optic sensors are addressing some of these issues associated with traditional 

electronic sensors.  
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2.5 Kerr Effect (AC/DC, Optical Kerr- Voltage Measurements)  
 

2.5.1 Background  

 

The founder of the Kerr Effect in 1875 is John Kerr. As compared to Pockels effect, this 

effect is weaker. Both these effects of Kerr and Pockels are applied in those components 

that are used in optical signal processing and in optical communication. There are two 

types of the Kerr Effect, thus the: 

 Electro Optical Effect 

 Magneto Optic Kerr Effect (MOKE) 

2.5.1.1 Electro Optical Effect  
 

This type of Kerr Effect develops two indexes that are related to refraction and these 

indexes are developed by slowly applying external and varying electrical fields.  One 

index is for light and is polarized parallel to electric field. The other index is for the 

polarized light that is perpendicular to the field (Korenko et al., 2012). 

2.5.1.2 Magneto Optic Kerr Effect (MOKE) 
 
 

In this phenomenon light shows slightly on a rotated plane of polarization which is 

reflected from a magnetized material.  

The above discussion provides brief information about background of Kerr Effect and it 

describes the basic types of Kerr Effect. In next section, emphasis will be on theoretical 

part of Kerr Effect in detail.  
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2.5.2 Kerr Effect Theory  

 

Kerr Effect is also known as quadratic electro-optic effect and it is basically the change in 

the refractive index of a material. This effect is distinct from Pockels Effect. As we have 

discussed above, the two types of the Kerr Effect and these types are actually special 

cases of Kerr Effects. The theory of Kerr Effect consists of following aspects: 

 DC Kerr Effect  

 AC Kerr Effect 

2.5.2.1 DC Kerr Effect 
 

For the DC Kerr Effect, a third linear polarization is used. In this Kerr Effect, the static 

electric field is used. The purpose of this static electric field is to modify the refractive 

index of beam and this beam broadcasts through a modulator. If we compare DC Kerr 

Effect with Pockels effect, then it is observed that DC Kerr Effect is much weaker than 

Pockels effect and it can be used for amplitude modulation. DC Kerr Effect can be 

replaced with AC Kerr Effect for generating an intense laser beam and the AC Kerr Effect 

can be very significant. The DC Kerr Effect is considered a special case and has an 

electric field slowly varying from the external field. The DC Kerr Effect index of refraction 

is represented as ∆n. Below is the equation used for index of refraction (Korenko et al., 

2012).  

∆n = λKE2              [1] 
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From equation [1], λ is actually referred to as the light wavelength and K consider as Kerr 

Constant and E is the amplitude in electrical field. Index refraction difference causes 

materials that actual act in the form of wave plate. This occurs when the light is incident 

on it in that direction where this thing is perpendicular to electric field. If the placed material 

between two linear polarized that are perpendicular and if electric field is turned off then 

no light will be transmitted, but all of other light will be transmitted at optimum value of 

electric field. The Kerr constant that has higher value that allows to get complete 

transmission with the help of applied electrical field that is smaller in size. 

Here we have some polar liquids such as nitrotoluene and nitrobenzene that shows very 

large Kerr constants. A glass cell that is filled with anyone of these liquids is known as 

Kerr Cell. These are basically used to modulate lights and Kerr Effect gives response very 

quickly as compare to other effects for changing electric field. Actually Kerr Effect is 

considered to be relatively weak, so that is why Kerr Cell require voltages high as 30kV, 

so that complete transparency can be achieved. But on other pockels cells use lower 

voltage. Due to this reason, pockels cell is considered to be better than Kerr Cell in some 

situations. Other disadvantage of Kerr Cell is related to available material i.e. 

nitrobenzene consists of poisons and explosive. Besides this, some transparent crystals 

are also used for modulation of Kerr. In this way DC Kerr Effect works. Further we will 

discuss about AC Kerr Effect in detail.  
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2.5.2.2 AC Kerr Effect 
 

In this AC Kerr Effect, electric field payable to light itself. In index of refraction, AC Kerr 

Effect causes variations and this thing is relative to light local irradiance. Here refractive 

index variation is actually responsible for non-linear optical effects or self-focusing 

variations. This thing is basis of Kerr-lens mode locking. This effect can be significant with 

beams those are intense in nature. These beams are basically related to lasers. In AC 

Kerr Effect, an intense beam light is able to provide modulating electrical field. The optical 

Kerr Effect obvious itself as self-phase modulation at temporary basis.  

These are basic types of AC Kerr Effect and besides this other essential concept of Kerr 

Effect is concerned with Ker-lens mode locking.  

2.5.2.3 Ker Lens Mode locking 
 

This is method of mode locking lasers is also known as optical Kerr Effect. This method 

of Kerr Effect agreed with generation of pulses for less period of time. 

In this way Kerr Effect is used in different types and used according to requirements.  
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2.5.3 Literature Review- Kerr Effect 

 

According to definition of Kerr Effect, It is a non-linear interaction of light in a medium and 

provides an immediate response. This is related to nonlinear electronic polarization. This 

non-linear optical effect occur in that case when intense light circulates in glasses and 

crystals and other media such as gases. After this basic discussion about Kerr Effect, we 

would like to discuss about some reviews of literatures about this topic. In the reviews of 

author following are some essential topics that are related to Kerr Effect.  

 Bright and Dark Solitons 

 Optical Trapping 

 Temporal Soliton 

2.5.3.1 Dark and Bright Solitons 
 

Solitons are considered to be localized excitations that propagating in a system and it 

uses constant velocity colliding. Solitons are always divided into two parts that is bright 

and dark solitons. The bright soliton is always given in following form; 

U(z, x) =  A sech [A(x − vz)]exp i[vz +  (ø (z, x))]                        [2] 

Here A refers to amplitude of the solution and v is its velocity.  

2.5.3.2 Optical Trapping  
 

Optical Trapping was introduced by Arthur Ashkin in 1970. This field is related to laser 

based optical trapping. Optical trapping is considered to be the advancement in laser 

technology. Further this optical trapping will contribute in technological development. 
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According to author’s review, optical trapping is based on principles that are listed as 

below: 

To form an optical trap a tightly focused laser beam is used with an objective lens and 

this lens has high numerical aperture. The resulting optical force is actually divided into 

two basic components and these two components are scattering force which is in the 

direction of light propagation and other component is gradient force and it works in the 

direction of spatial light gradient. These are two basic principles on which optical trapping 

actually works. The next topic about which we are going to discuss is temporal soliton 

(Paschotta, 2015). 

2.5.3.3 Temporal Solitons  
 

In case of non-linear optics, solitons are considered as temporal and spatial solitons. 

Temporal Soliton represents the optical pulse and this pulse maintains shape and that is 

why Temporal Solitons is defined as pulse or wave packet. The existence of Temporal 

Soliton in optical fibre was discovered in 1973 (Paschotta, 2015).  

Further in literature review Electro optical effect in FBG will be discussed in details to 

better understand the Kerr Effect.  
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2.5.4 Relationship of Kerr (Electro Optical Effect) and FBG 

 

The FBG structure consists of dielectric elements with different indexes of refraction write-

in the optical fiber. Grating sensors are implemented into different materials and these 

can be used for measuring physical fields such as mechanical or thermal stress. FBG 

works on a main principle that is Bragg granting central wavelength and the equation of 

this FBG is given as below (Porins et al, 2015); 

b2neff                                   [3] 

 

Here  is space period of grating and neff is effective index of refraction.  Here we have 

representation of FBG characteristics evolution that are depended on electrical field E 

and it is based on Kerr Effect.  Fig 2.3 shows the FBG characteristics evolution dependent 

on electrical field E based on the Kerr effect. 

 

‘Content removed for copyright reasons’. 

          

Reference: Korenko et al.(2012). 

 
 

After this discussion about Electro-optical effect in FBG, in next segment of report we will 

discuss about intense E-Field Measurement and this is also an essential part of Kerr 

Effect.  

 



  

R BASHOUR 60 

 

2.5.5 Intense E-Field Measurement 

 

This measurement is an important need in various research areas. This E-Field sensors 

have various important advantages and these are essential for E-Field detection.  E-Field 

is actually a fundamental parameter and it describes electromagnetic phenomena. The 

measurement of this phenomena is a basic tool for research in some essential fields of 

science and technology. The characteristics of E-Field measurement consists of following 

main characteristics.  

This first characteristic is concerned with engineering studies of high voltage, various 

problems and phenomena that are observed in the present E-Field such as 

electromagnetic environment, gap breakdown and corona discharge. The second 

characteristic is concerned with high power electromagnetic pulses and this consists of 

discharges of electro-static, pulses of nuclear electromagnetic pulses and microwaves 

with high power. The third important characteristic that is noticed in intense E-Field is an 

importance of direction in high energy physics for developing an ion accelerator.  Now 

through, we can represent these three characteristics of E-Field. Fig 2.4 shows the 

measurement of intense E-Field of a 1 m rod-plane air gap window with a voltage 

transmission that is of ultra-high and Nuclear Electromagnetic Pulse (NEMP) simulator.  

Electrical Subsystem ‘Content removed for copyright reasons’. 
Reference: Zeng et al.(2012) 
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2.5.5.1 Development of Optical E-Field Sensors  
 

The intense E-Field detection is not an easy task and antennas that are used for intense 

E-Field detection are not appropriate. There are various E-Field sensors available that 

are developed on the base of modulation of LED. There are also some small dimension 

sensors are made with wide frequency bandwidths. But there is one problem that metal 

material is used for making development of sensors but this material causes various 

interruption in actual original fields. In contrast of optical sensors, these are concerned 

with modifications in medium’s optical properties and these are forced by E-Field. There 

are several types of optical sensors and these types are categorized according to specific 

optical properties.   

The main types of optical E-Field are based on absorption loss change and based on 

changes in refractive index. In Electro absorption effect, E-Field alter the absorption co-

efficient in an optical medium. This sensor is an active type and it is considered to be 

inappropriate for intense E-Field measurement. The refractive index Kerr Effect is known 

as quadratic electro-optic effect. This further refractive index is proportional to square of 

electric field strength. The Effect can exist in that medium that have symmetrical structure. 

All those sensors that based on Kerr Effect consists of low sensitivity and these are 

basically used in the study of E-Field distributions (Porins et al, 2015). As we have 

discussed above some essential characteristics of E-Field Sensors and got to know that 

how effectively it is used. Now in next segment of this report we will discuss about 

applications of intense E-Field Measurements (Zeng et al, 2012). 
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2.5.5.2 Applications of Intense E-Field Measurements 

 

Here we have some essential applications of E-Field Measurements where it is used in 

effective way. The intense E-Field measurements applications are listed as below: 

I. High Voltage Engineering E-Field Measurement 

II. High Energy Physics E-Field Measurement  

 

2.5.6 High Voltage Engineering E-Field Measurement 

 

2.5.6.1 DC E-Field Measurements 

  

This typical application consists of DC E-Field Measurement and this is based on bulk 

optic sensors. The Integrated Optical E-field sensors (IOES) that is MZI-based has 

mono-shielding electrode and this was used for measuring DC field without space 

charge. The typical step response of sensor provides a rapid decay and this is due to 

the dialectical property. Fig 2.5 shows the typical step response of the 2 sensors. 
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Fig 2.1 : Sensor response 

Reference: Zeng et al(2012) 
 
 

Fig 2.6 shows that an approximate rectangle pulse was applied to sensor and a 

frequency response which was achieved. 

 

 

‘Content removed for copyright reasons’. 

 

 

Fig 2.2 : Amplitude Frequency Response (b) Phase Frequency Response 

                                                               Reference: Zeng et al, (2012) 
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The above figures show the result of frequency characteristics and fitting results. 

 Fig 2.6(a) is Amplitude Frequency Response and Fig 6(b) is Phase Frequency 

Response. Besides DC field measurements, another essential application of High Voltage 

Engineering E-Field measurement is related to AC power frequency. The optimization of 

insulator structure is necessary and to achieve this appropriate power frequency 

measurement is necessary in E-Field and this is considered to be important. Here we 

have experimental configuration that is given as below in Fig 2.7. 

 

‘Content removed for copyright reasons’. 

 

Fig 2.3 : Measurement of E-Field Distribution 

 

               Reference: (Zeng et al, 2012) 
 
 

In this above figure, first of all E-Field was measured first i.e. indicated with direction z 

and the selected E-Field will be measured first. The measured position that was selected 

in between two sheds was numbered in form of sequence such as 1 to 10 and this is from 

highest to lowest potential. In above figure, direction r that is radial E-field component was 

also measured in proper ways.  

Next application of Intense E-Field Measurement is the Air Gap Discharge E-Field 

Measurement. Here respond is provided by IOES to standard lightening wave. The 

performance of adopted sensor is good for measuring the E-Field in air gap discharges.  
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After this whole discussion, in next of this report we will discuss about E-Field 

measurement in High energy physics. The pulse line is basically ion accelerator and this 

belongs to heavy ion accelerator. The purpose for making this ion accelerator to fulfill the 

warm dense matter and high density physics. Due to its limited space inside PLIA, it is 

not easy to large E-Field Strength and measuring of acceleration E-Field is difficult.  The 

cross- sectional dimension is 10MM and this is appropriate for measurement of PLIA 

(Huang, 2000). 

 

 

 

These above are major applications of E-Field Measurements and these are used 

according to requirements in different fields. After this whole discussion, we can say that 

fast growth of integrated optics technology is increasing worldwide. The major topics of 

research are Magnetic field measurements and Time Domain Electric. In these research 

areas E-Field sensors are integrated. The reason is that E-Field sensors are able to 

satisfy these applications according to requirements. Here E-Field sensors consists of a 

broadband response, small size and high signal amplitude and appropriate insulation. 

Due to these reasons, researchers from USA, Canada, Japan, Germany and China are 

focusing on this E-Field sensors. The above discussed applications are main and 

selected. The major purpose to select these applications is to fulfill time domain waveform 

in the nanosecond to microsecond, microsecond and DC ranges. After using E-Field 
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sensors in particular applications, those applications are measured properly and got to 

know applications are satisfied with E-Field sensors and can be broadly used in areas 

such as natural lightening physics, gas discharge physics and HPEMs.  

These are some advantages that make E-Field sensors useful for various applications. 

Besides this, there are also some challenges that cannot be ignored. The challenges of 

intense E-Field measurements are discussed in the next section.  
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2.5.6.2 Challenges of Intense E-Field Measurements  

 

Following are some essential challenges of intense E-Field measurements: 

 The first challenge is related to operating stability. There is requirement to improve 

operating stability in future. The operating stability is concerned with temperature 

variance and it must be improved. The temperature of mechanism stability must 

be properly managed and if required then innovative structures, new materials and 

design measures must be used.  

 The second challenge is concerned with the effects of humidity on the performance 

of sensors. Here we have an example to explain that the phase shift between input 

and output signals can be changed with humidity. That is why it is necessary to 

manage humidity. This also put additional impact on sensor and these impacts are 

not easy to observe (Zeng et al.,2012) 

 The third essential challenge while implementing E-Field measurement is 

concerned with encapsulation of the small sensor. The encapsulation is not so 

good and must be improved. New packaging materials and techniques should be 

used. The size must be decreased so that appropriate measurement can be 

implemented to reduce the distortion.  

 The next essential challenge is concerned with additional work. Additional work 

must be conducted according to time domain and it is considered to be important 

for generating strong standard field.  

 The final challenge is concerned with clarification of questions. For on-site 

application, questions must be clearly defined. For example a question like how 
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the distortion can be caused by sensor in different circumstances. This question 

must be defined properly.  

These are some essential challenges of E-Field sensor measurements and these are 

necessary to evaluate properly so that motivated research can be done.  

Now after this whole discussion about Kerr Effect and E-Field sensor measurement. 

There are also some essential topic that need to discuss about Kerr Effect Water and 

Kerr Effect of Liquid Crystal, Kerr Effect of Glass and Kerr Effect of Graphene.  

2.5.7 Kerr Effect Water 

 

According to analysis, the first systematic measurements regarding temperature 

dependence of optically tempted birefringence in case of double stilled water is 

reported. In this effect the major determines are non-linear and orientatational molar 

optical, third-party polarizability for water and optical active medium (Cross, 2010).  

2.5.8 Kerr Effect of Liquid Crystal  

 

Liquid Crystal material represents Kerr Effect in two forms such as field-induced 

orientation order and reorientation. Liquid crystals are highly referred in mobile 

phones, navigational devices, video games. With the development of technology it is 

found that liquid crystal technology is at its advance stage. But there is an issue that 

is noticed in this technology is viewing angle. But now this problem is also resolved by 

using multi-domain structures and optical firm compensation (Peter, 2011). 

Besides this, other shortcoming response that was noticed concerned with response 

time and to improve this low-viscosity LC material development and under shoot 

voltage methodology are used. After development of liquid crystal technology, next 
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essential technology that come into existence was related to blue phase liquid crystal 

and this is an emerging technology. This technology that is also known as BPLC exists 

in a very narrow temperature range in between the chiral nematic and isotropic phases 

(Right, 2012). 

 

The molecule structure of this technology is made up of double-twist cylinders 

arranged in a cubic lattice. This technology has explored for several decades. BPLC 

technology appears as optically isotropic. When voltage increases in this technology 

then tempted birefringence also increases that are based on Kerr Effect. After this, LC 

refractive index distribution becomes anisotropic. Blue phase liquid crystal technology 

is considered to be better as compare to traditional LC technology due to following 

reasons.  

 BPLC does not require any kind of alignment layer like polyimide. This thing 

simplifies the whole manufacturing process and also reduce cost.  

 The response time of this technology is in milliseconds and this reduce the blur 

in motion images and provide appropriate results. This technology enables 

color-sequential displays without any pigment colors that are filtered by RGB 

LED. The major impacts of using color filters are actually threefold such as 

Optical efficiency can be increased by 3X and it results in lower power 

consumption. Other impact is that the device resolution increases by 3X and 

last impact of using filtered color is that it reduces production cost. 
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 The dark state of blue-phase LCD is that it is isotropic and due to this reason, 

the viewing angle is wide and symmetric. All those films that are optically 

compensation are not needed and depending on actual applications. 

 Here in this BPLC technology, transmittance is insensitive in case of cell gap. 

The length of cell gap exceeds according to birefringence of LC composite 

employed. The insensitivity of cell gap is particularly attractive for fabricating 

large screen on single substrate and here uniformity of cell gap is considered 

to be a big concern.   

2.5.9 Kerr Effect in Graphene 

 

A single sheet of carbon in form of hexagonal lattice is known as Graphene and it exhibits 

many appropriate and interesting electrical and optical properties. Graphene also consists 

of feature of broadband ultra-fast saturable absorption. This absorption is used in various 

applications that are related to laser mode locking. In Graphene, Kerr Effect and quantum 

magneto optical Faraday exists in terahertz frequency range. In results we got to know 

that quantum in Faraday and Kerr Rotations steps at hallmark direct electrons.  

In above discussion we have discussed about kerr effect in different applications. Kerr 

Effect of Water, liquid crystal and Graphene consists of various essential factors that put 

different impact on different processes. There are various essential factors and concepts 

that are necessary to know while implementing Kerr Effect and E-Field Measurements. 

In this above whole study we have discussed about benefits and challenges of E-Field 

measurements and its applications. These all factors are important and cannot be 

ignored. From this whole discussion we got to know that Kerr Effect has various benefits 
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and with proper analysis, this effect can be implemented successfully in its applications 

areas. The main purpose of this report is to know about Kerr Effect properly and to 

understand the reviews of literatures. To improve above discussed challenges, various 

advanced technologies and activities are necessary to use.  In this report we have 

emphasized all essential concepts regarding Kerr Effect in detail and these detail study 

will provide help to actually understand the benefits and challenges in implementation of 

Kerr Effect. All applications that are critically concerned with Kerr effect are also properly 

discussed in this report and must be focused appropriately.  

 

 

 

 

2.6 Chapter Summary 

 

The literature review has covered a background and theory of Fibre Optics Technology, 

Piezoelectric technology and the Kerr effect. From the literature review carried out, there 

is a limited literature in the measurement of voltage measurements in Electrical Power 

Networks using fibre optics technology and optical Kerr, hence this thesis aims to address 

this gap. The proposed High Voltage Optical Fibre Sensor is also based on the FBG, 

hence the next chapter gives an in-depth theory of FBG. 
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Chapter 3: Fibre Bragg Grating  

 

This chapter outlines the theory of Fibre Bragg Grating in detail. Fiber Bragg grating can 

be described as a periodic perturbation of the reflective index of an optical waveguide 

system. During the FBG process, there is an interaction/coupling of the co-propagating 

and counter propagating modes. This interactions/ couplings are a greatly affected by the 

wavelength. Most of the FBG have the capacity to reflect narrow or wide range of 

wavelengths which are incident to the grating. The grating filters some of the wavelengths 

while allowing others to pass through. For the grating to be developed, the glass must be 

photosensitive. The proposed High Voltage Optical Sensor will also be based around 

FBG technology, hence the understanding of this technology is of paramount importance.  
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3.1 Introduction 
 

The FBG gratings are developed by irradiating the fiber with a pattern which has a periodic 

distribution. This result to the formation of an index grating which is photo imprinted on 

the optical waveguide. This technique enables the Bragg grating to become a selective 

special reflector in the fiber core. Fig 3.1 shows the illustration of FBG. 

 

Fig 3.1: FBG Illustration 
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3.2 Photosensitivity and Grate formation  
 

Fiber photo-sensitivity was observed during the experimentation using argon ion laser to 

project light perturbations on mono-mode optical fiber such that the intensity of the 

reflected light is low (Meltz et al.,989). After a period, the intensity of the light launched 

on the fiber increases up to a point that all the light directed into the fiber is reflected back. 

This phenomenon is referred to as photosensitivity. Photosensitivity allows grating to be 

written on the fiber.  

Basically, a standing wave pattern is set when a coherent light interferes with a small light 

that has been reflected from the end of the fiber. This standing wave pattern is used to 

imprint the index grating on the fiber core. The strength of the grating increases the 

amount of light that is reflected back until it reaches saturation when 100% of the light is 

reflected.  

During the time when grating in optical waveguides was developed, it was found out that 

these had potential applications in fiber communication and could be used as a strain 

sensor where the stretched fiber would alter the feedback generated by the laser light. 

Early experiments on photosensitivity used only the visible light. These were later 

improved as experiments by Meltz et al. (1989) found out that photosensitivity was a two 

photon process and this could be improved if it was a one photon process which had the 

wavelength in the 5eV Germania oxygen vacancy defect band (Meltz et. al,1989). Other 

experimentations on photosensitivity used fiber that was irradiated from the side of two 

intersecting ultraviolent beams. The wavelengths were such that it corresponds with the 

blue argon wavelength used in the original hill grating experiments.  When the two 

overlapping light beams interfere with each other, an interference pattern is developed. 
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This marks a periodic index grating on the inside of the fiber core. During this process, 

the fiber cladding is transparent to the UV rays and the optical fiber core absorbs 

ultraviolent light.  This process is advantageous in that the Bragg grating can be imprinted 

on the fiber core without the removal of the glass clad and the grating produced has a 

period which depends on the angle between the 2 interfering coherent ultraviolent light. 

Using this holographic technique could also be used with longer wavelengths so as to 

develop applications used in fiber optic communication and sensors.  

 

3.2.1 Main properties of photosensitivity  

 

The main characteristics of photosensitivity are based on the fact that when light 

illuminates an optical fiber; its refractive index is altered permanently. This change in 

refractive index last for more than 25 years.  Though photosensitivity was first discovered 

when using germanium doped optical fibers, the phenomena occurs in other materials 

used to manufacture fibers. 

 

The magnitude of the change in refractive index is affected by various factors. These 

include: irradiation conditions such as wavelength, intensity and the total dosage of light 

impinging on the surface. Another factor is the materials used for the fiber optic cable as 

well as the composition of the glassy materials that forms the fiber core. The process of 

photo-induction is mainly achieved using a range of light sources such as continuous and 

pulsed laser lights as well as ultraviolent light.  

 

Photo induced refractive index results in changes in anisotropy. This property is usually 
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noted by irradiating fiber from one side with UV light polarized normally to the fiber axis. 

The anisotropy in the photo induced refractive index changes the fiber to birefringence 

for light be propagated along the fiber.  

 

The main principles behind photosensitivity are associated with color centers formed 

during photo excitation of oxygen-vacancy-defects states. These are formed on in glassy 

materials and they significantly contribute to the changes in index. Studies on 

photosensitivity show that there exists structural rearrangement of the glass matrix. There 

occurs densification which results to an increase in the index. These entire photo induced 

changes results to a permanent change in the refractive index of the glassy materials. 

The index perturbation in the fiber core forms a periodic structure. This structure is similar 

to the crystal lattice and acts as a stop band filter.  The strongest interaction occurs at the 

Bragg wavelength B . This is given as  

 effB  2
                                                                                             [4] 

Where eff
the modal is index and  is the period of grating.  
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3.3 Operating principles of Fibre Bragg Grating 

 

Fiber Bragg grating technology is developed using the principles of photosensitivity and 

FBG. The induced polarization on the nonlinear medium is described by the equation 

below;  

 ....3)3(2)2()1(

00 EEEEPED  
                        [5] 

Where the linear permittivity is given by; 

)1(1  r           [6] 

The refractive index is related to the linear and nonlinear permittivity as; 
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The index change is described using the electric field that is induced, this is expressed 

as; 
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For materials such as fiber glass, 
0)2( 

 

For significant change in the refractive index, it is necessary that there exist a large 

change in internal deposition. This can be done through the use of a strong electrical field. 

When the refractive index modulation occurs periodically a Bragg grating is developed.  

In the fiber core a spectral broadband light transmitted through the FBG results to a partial 

reflection. A small component of the Bragg wavelength is reflected. This component is 

directly related to the coupling coefficient and is given by;  

 RLKac

1tanh 
                                                                               [8] 
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The relationship between the bandwidth of the reflective component and the grating 

length is defined by  

  22
2

2 



  Lk

ln
ac

eff                         [9] 

The reflective index modulation is related to the fridge visibility and the coupling coefficient 

by  



 nv
K ac




                 [10] 

3.4 FBG fabrication techniques  

 

There are several methods that are used during the fabrication of FBG. Phase mask 

interference is one of the simple methods used to manufacture FBG. The schematic 

diagram for this is shown in Fig 3.2 below.  The phase mask consists of a one 

dimensional grating. This is inscribed on a glass plate. To develop a 1550nm in a glass 

fiber with refractive index of 1.46, a Bragg grating of 1070nm is used. The angle for the 

phase mask grating is selected so as to minimize 1st order deflections. Ultraviolent light 

is then passed from the laser into the phase mask. This projects the 1st order diffraction 

interference pattern on the photosensitive fiber. The pitch and refractive index of the 

phase mask determines the Bragg wavelength. On the other hand, the FBG intensity 
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and line width affect the fridge visibility and length.  

 

 

                                           ‘Content removed for copyright reasons’. 

 

Fig 3.2: FBG Fabrication 

Reference:  Hill & Meltz (1997) 
 

 
 
 
 

3.4.1 Properties of Bragg grating  

 

Fiber Bragg grating has a set of properties that distinguish them and make this suitable 

for applications in communication as well as sensors. Firstly, FBG consist of period 

modulation of the refraction index in the fiber core of a single mode optical fiber. The 

phase fonts of FBG are normal to the longitudinal axis of the core. The grating planes 

developed have a constant period. Due to this property, they form the basic building 

blocks of FBG  

When light flows along the core of the optical fiber, it is scattered by all the grating planes. 

When the Bragg condition is not satisfied, light is reflected from subsequent planes 

becomes out of phase and cancels out. However, when the Bragg condition is satisfied, 

the light rays that are reflected adds up in the backward direction.  This forms a back-

reflected peak. This reflected light has a wavelength that is determined by the grating 

parameters. For energy conservation to be achieved, the frequency of the incident and 

the reflected ray must be similar. For momentum conservation to occur, it is important 
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that the incident wave vector Ki and the grating vector K are equal to the wave vector of 

the scattered light Kf 

fi KKK 
                                                                                                                                         [11] 

 The vector K has a direction that is perpendicular to the grating plane and has the 

magnitude L

p
2

where L is the grating spacing. The diffracted wave vector has a 

magnitude equal to the incident wave vector but travels in the opposite direction. Thus 

the FBG must satisfy the condition; 

 nB 2
                                                                                                                           [12] 

Where B represents the Bragg grating wavelength, n is the effective refractive index of 

the core. In addition to the main properties of the Bragg grating, other distinct properties 

of these grating are: 

 They have relatively low production costs  

 FBG can be manufactured to quality devices that can effectively work with a 

selected wavelength  

 With advancement in technology, the FBG allow for relatively low cost 

manufacturing and larger volumes as opposed to the normal fiber cables- this is 

due to the use of phase mask to photo –imprint the grating. 
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3.4.2 Types of Bragg grating  

 

There are several types of Bragg grating. The most common are the Bragg reflector, 

Blazed Bragg grating and chirped Bragg grating. The different Bragg gratings are 

differentiated by their pitch spacing and the tilt angles between the fiber axis and the 

grating plane. These are described below:  

 3.4.2.1 Common Bragg reflector 

  
This is the most common type of Bragg grating widely used. It was initially prepared by 

inscribing the grating on the fiber core. The Bragg grate can be used as a narrow band 

transmitter, a reflection filter or a broadband mirror.  This is achieved by the grating length 

and induced index change. Bragg reflectors can perform the functionality of band-pass 

filters when used in conjunction with other filters. Due to the ability of these grating to 

encode wavelength, they have superior ability to sense temperature and strain. The 

encoding process eliminates the need for using amplitude of intensity fluctuations which 

is common in other sensors. Due to the wavelength encoding process, a number of 

gratings can be written in series. These have different resonance signal. The use of this 

grating also allows for wavelength division multiplexing.  

3.4.2.2 Blazed Bragg grating  

 

This type of grating has the Bragg grating tilted or blazed at an angle. Tilting or blazing 

results in light be guided through the fiber and is coupled out of the fiber into loosely 

bound guided cladding modes. The coupling efficiency and the bandwidth are determined 

by the grating plane and the modulation index. These grating are widely utilized in long-

haul high- bit rate communication systems. They are also utilized in wide bandwidth 
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amplification. The mode of conversion in blazed grating is entirely different. The 

fabrication of these converters is done by inducing refractive index perturbation along the 

fiber length. These perturbations have a periodicity which bridges the momentum 

difference between the modes. Consequently, this allows for phase matched coupling on 

the selected modes. In order to fabricate different grating periods.  

3.4.2.3 Chirped Bragg grating  

 

A chirped grating is a type of grating that has monotonically variant period along the 

grating. They are achieved by varying the grating period or the core refraction index. 

Chirped grating are produced using a phase mask where the linear chirp is approximated 

by the step chirp.  

3.5 Common applications of FBG  

 

FBG have been used in many areas. Some of the most common applications include: 

 Sensors: FBG technology is widely used in instrumentation and control system. 

Most of the best sensors that have unique resistive abilities are manufactured 

using fiber Bragg grating. As aforementioned, these sensors can withstand harsh 

environmental conditions and are not affected by EMI and other physical 

conditions. Some of the common applications where FBG sensors are widely 

applied include building structures, elevators, smart systems, bridges, 

transformers.   

 Narrowband and tunable filters  

 Used in development of optical fiber mode converters  

 They are used to develop filters that select different wavelengths  
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 Are used in multiplexing  

 There are used in long distance telecommunication.  They are mainly used for 

dispersion compensation  

 They are used to develop spectrum analyzers 

 They are also used to in narrow band lasers  

 

3.6 Chapter Summary 
 

The chapter has given a description and illustrations of FBG. Importantly the 

photosensitivity, Grate formation, FBG fabrication techniques and properties have been 

discussed.  FBG is part of fibre optics technology which can be used for developing optical 

voltage sensors, the next chapter explores other technologies based around fibre optics 

technology that can be used for this purpose through investigating the optical Kerr effect 

in fibre optics by simulations and creation of an optical Kerr cell.  
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Chapter 4: Kerr Effect Simulation 
 

This chapter outlines the simulations done by RSoft to determine the Kerr Effect of the 

optical fibre. Kerr Effect is basically an occurrence in which the refractive index of a 

material changes and this is due to the applied electrical field.  The changes in refractive 

index also change the refractive index of the material. The Kerr Effect is basically seen in 

various materials that are known as Kerr Medium and Centro Symmetric materials that 

can be liquids, gases and crystals. The major application of the Kerr Effect is on digital 

photography for creating a type of shutter and this shutter consists of short exposures 

and rapid reactions.  An Optical Kerr Cell is modelled using Maxwell software.  
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4.1 Introduction 
 

There are 2 kinds of Kerr effect specifically the Kerr electro-optic effect (DC Kerr Effect) 

and optical Kerr effect (AC Kerr Effect). The condition for DC Kerr effect to occur is that 

the application of external electric field whereas AC Kerr effect happens because of the 

propagation of light. AC Kerr effect contributes to the nonlinear refractive index primarily 

in self PM in a fiber. The mathematical expression of Kerr effect is x3 that indicates the 

nonlinear condition of an optical fiber. All optical switching is kind of device that uses a 

light source to control the other light. It has 3 functionalities that are: changes the output 

light, redirects the light source and absorbs the light source. These properties are 

necessary in the telecommunication sector to enable signals to be selectively switched at 

the connection point in optical network that carries important amount of data.  

An Optical Kerr cell was modelled using Maxwell software. 

4.2 Maxwell Simulations of Optical Kerr Cell 
 

Maxwell software is an electromagnetic/electric field software used for simulating, 

analysing, designing 2D and 3D electromagnetic materials and devices. It uses highly 

accurate Finite Element techniques to solve time varying, static, frequency domain 

electric and electromagnetic fields. The benefits of the Maxwell software, justified the 

choice of using it for the designing and modelling of the Optical Kerr cell. 

The Optical Kerr cell was designed and modelled using the steps below; 

Control panel- Maxwell SV 2D 
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The Maxwell 2D Control Panel shown in Fig 4.1 acts as a front end to all Maxwell 

Software products. Through the Projects command, it enables the creation of projects 

and access to Maxwell 2D. 

 

Fig 4.1: Control panel of Maxwell SV 2D 

Click on Projects from the control panel to open the Project Manager window as shown 

in Fig 4.2 below:  

 

 

 

 

 

 

 

 

 

 Fig 4.2: Project Manager Window of Maxwell SV 2D Fig 4.2 : Project Manager Window of Maxwell SV 2D 
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After selecting the type of model to be created, a Cartesian model is developed in the XY 

plane, where the 2D model represents the XY cross-section of a structure that extends 

infinitely long in the Z-direction. An axisymmetric model is created in the RZ plane, where 

the 2D model represents a cross-section that is revolved around an axis of symmetry as 

represented in Fig 4.3 below: 

 

 

 

 

 

 

 

 

 

 

 

 

After the cell is modelled, the next step is to set up the materials for the modelling System.  

The electrode material is stainless-steel. The background of the modelling system is air, 

 

 

Fig 4.3: Maxwell Plane 
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the fibre is of silica, The Post Processor displays the contour, shaded, and arrow plots of 

the electromagnetic or electric field pattern and manipulates the 

Corresponding field solutions.  

Fig 4.4 shows the optical Kerr cell which had been modelled using Maxwell software. 
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Fig 4.4 : Optical Kerr Cell – Using Maxwell Software 

 

 

4.3 Kerr Effect: RSoft-Optsim Simulation 
 

Optsim software was used for the simulation of a fibre optics cable carrying Laser light to 

determine the Kerr effect. Optsim is a product of RSoft and it’s a specialist tool used for 

simulating and designing optical communication systems. It has advanced simulation 

techniques, instruments (laboratory-like), user friendly graphical interface. It provides 

unmatched usability and accuracy. Optsim was first released 1998 and it used by 

industries and academics worldwide (Synopsys, 2015). The recognizable benefits of 

Optsim drove the reason for it to be used in the thesis for Kerr simulations. 
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All optical exchanging is made conceivable in fiber optic because of Kerr Shutter effect. 

In it, there are two information signals; solid pump known as entryway and powerless test. 

At first, there exists a 45 degree distinction in point between the polarization of the solid 

pump and the feeble test. The section exchanging of the solid pump which is controlled 

by the powerless test happens after both the signs go through the nonlinear material, the 

straight polarizer and the band pass channel. This effect makes it an optical shade with 

ultra-quick reaction time falls in the picosecond range. 

 

The crossed polarizer at the yield end of the fiber capacities to hinder the transmission of 

the powerless sign test when the solid pump is not being infused. At the point when the 

solid pump is turned on, changes happen in both the parallel and perpendicular segments 

of the powerless test both the parallel and perpendicular refractive properties of the frail 

test will change and a percentage of the powerless test intensity will be transmitted over 

the polarizer. Both the pump intensity and the length of the optical fiber are the parameters 

which will control the transmission rate of the feeble test.  

For all-optical exchanging in the correspondence field, the fundamental test would be to 

minimize the proliferation misfortune and to guarantee that the exchanging time falls in 

the ultra-quick picosecond range. Silica fiber is recognizable amongst the common 

materials used together for optical exchanging. The outcome is not all that promising 

because of the low refractive record of silica 4X10-22 m2 V-2. For this situation, a more 

drawn out length of silica fiber is required yet it causes a high drawbacks along the spread. 

Chalcogenide glass and graphene are two materials with high third request weakness 
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and high second request refractive record. Both materials can possibly supplant silica 

fiber taking all things together optical exchanging. 

 

4.4 Simulation of Kerr Effect 

 

The primary aim of the simulation is to show the usefulness in Kerr Effect for all-optical 

switching. The aim is to observe the switch in the frequency extent and the yield power 

with the vicinity of both solid pump and frail test as the info sources. Fig 4.5 demonstrates 

the high level illustration of the simulation. 

 

  ‘Content removed for copyright reasons’. 

Fig 4.5: Schematic Illustration of Kerr Effect 

                                                Reference: (Jackson, 2011) 
 

 

The Gaussian Pulse Generator is utilized to produce the solid pump. The period of 

powerless test is controlled by Mach Zehnder modulator. The straight polarizer will hinder 

the pump signal at its introductory frequency range. The band pass channel is to sift 

through the feeble test close to the yield. Capacity of Optical Spectrum Analyzer is to 

show the aftereffect of the force in the frequency range while the Optical Time Domain 
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Visualizer will show the outcome in the time space. Fig 4.6 shows the lower level circuit 

for the Kerr simulation in Optsim. 

 

Fig 4.6: Kerr Effect Circuit Diagram 

 

 

 

 

 

 

 

4.5 Optical Kerr results: 
 

The following figures show the Kerr optical results. Fig 4.7 shows the instantaneous 

optical power. The maximum power is 50 W. 
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Fig 4.7: Kerr –Optical Power 

Figure 4.8 shows the optical spectrum. The peak is 80 dB and occurs at a frequency 

between 193.2 and 193.42 THz. 
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Fig 4.8 : Kerr –Optical Spectrum 
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Fig 4.9 shows the electrical signal, which has a similar waveform to the optical power.  

 

Fig 4.9: Kerr- Electrical Signal 

4.6 Discussions 

 

Applying the optical fiber model gave in the Optsim, we first mimic the schematic of Kerr 

impact utilizing a 1m optical fiber. The nonlinear refractive record of the optical fiber model 

is 2.6X10-21m2W-1. The aftereffects of optical time area visualizer and optical range 

analyzer are recorded at distinctive stages to show and to watch how Kerr Effect can be 

actualized taking all things together optical switching. 

Power reductions occur due to a few components including the refractive list and 

engendering length of the optical fiber, other conceivable reason is the polarization point 

of the direct polarizer. 
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4.7 Chapter Summary 
 

Light transmission is affected by electromagnetic fields due to Faraday’s effect electro-

optic Kerr effect. It is shown when light polarization plane is rotated in the optical fibre. 

The Kerr effect is the materials change of its refractive index, which is dependent on the 

electromagnetic field strength. As a result of this, light birefringence is manifested in the 

medium. In this chapter an optical fibre was simulated to determine the optical Kerr. An 

optical Kerr cell was modelled using Maxwell software. The proposed sensor is also 

based around piezoelectric technology. The next chapter is to detail the theory of 

piezoelectric technology, model and simulate the sensor head. 
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Chapter 5:Simulation of the Voltage Sensor (Head -

Piezoelectric Transducer) 

 

This chapter outlines the theory of piezoelectricity, modelling and simulation of the 

piezoelectric S80 block using ANSYS software.  The results of the Finite Element 

Modelling (FEM) are shown and discussed in the chapter.  
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5.1 Introduction 
 

 

The S80 block acts as the actuator of the High Voltage sensor head, which has the FBG 

bonded to it.  The sensor principally works by having the FBG wavelength changing due 

to the displacements caused by the S80 block when different voltages (up to 300kV AC) 

are applied to it.   

 

5.2 Piezoelectric Actuators (Transducer) 
 

The piezoelectric actuator use the principle of the travelling wave.   Travelling waves are 

sinusoidal in nature, having a component of both the vertical and longitudinal movements, 

ideally on the x-axis and y-axis.  This combination causes bending waves and the 

standing waves. A combination of all these waves contributes to the elliptical trajectories 

at the surface of the piezo element plates.  The travelling waves travel at the same 

frequency as the frequency of the supplied voltage.  Frequency of the wave is the 

reciprocal of the period of each cycle. Travelling waves can only be excited by AC voltage 

only; DC voltage causes longitudinal waves only.  A square wave causes a rough 

travelling wave, which easily cracks the piezoelectric material at high voltages and 

frequencies. These waves surely move in 2 directions, x and y axis, the movement on the 

z axis is not fully understood yet, and its scope not fully described in the report, although 

experimentally it is proven that the ball moves in all three directions. The travelling wave 

cannot be easily seen with a naked eye, but there is advanced equipment to capture 

these waves. 
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Fig 5.1 below shows an illustration of the travelling wave.  

  ‘Content removed for copyright reasons’. 

Fig 5.1 : Illustration of the travelling wave 

Reference: labspace.open (2011) 

5.3 Working principle of piezoelectric Actuator.  

 

Piezo electric actuators are capable of driving their load by using mechanical vibrational 

forces produced by the plate, through the piezoelectric effect. Desirable characteristic of 

the piezoelectric actuators are; high force density, minimal inertia,  large torque, no 

construction constraints when designing and responds very quick to its inputs (i.e. when 

powered up),  can be designed to be very small, and its capability of having a direct drive. 

Although the actuators seem to have attractive features, it should also be appreciated 

that they have also challenges and operating constraints. The two major concerns for 

actuators of this type are its dynamic response duration and its frictional operational 

principle.  When the actuator is powered up, its amplitude of the vibration is directly 

proportional to its supply potential difference, but it is noted that there is a delay in the 

vibrational amplitude to reach that proportionality. In overall it can be concluded that the 

link of the size of the driving voltage to the vibrational amplitude is an integrator, hence 

experiencing a slow dynamic response time. There is also a dead band due to the 

operation using friction to generate vibrations.   

The sensor combines the piezoelectric effect and fiber Bragg grating (FBG) that is capable 

of measuring upto 300 kV .The construction configuration of the FBG bonded to the stack 
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in parallel with the electric field makes both the peak reflected wavelength and the Bragg 

wavelength to shift when the optical grating is strained due to the applied voltage on the 

external electrodes. The reflected wavelengths are identified and tracked by a 

measurement system in-order to determine the voltage on the sensor.   

The index perturbation in the fiber core forms a periodic structure. This structure is similar 

to the crystal lattice and acts as a stop band filter.  The strongest interaction occurs at the 

Bragg wavelength.  

For significant change in the refractive index, it is necessary that there exist a large 

change in internal deposition. This can be done through the use of a strong electrical field. 

When the refractive index modulation occurs periodically a Bragg grating is developed.  
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5.4 Piezoelectric Parameter and Equations 

 

Table 1 shows the piezoelectric parameters. 

Symbol Parameter 

D Electrical Displacement  

d Piezoelectric charge constant 

E Electric field 

T Mechanical stress 

S Mechanical strain 

εT Permittivity ( T is a constant) 

sE elastic constant  ( E is a constant) 

Table 1: Piezoelectric parameters 

 

Equations 13 and 14 show the piezoelectric equations. 

D = d ∗  T +  εT ∗ E                                [13] 

S = 𝑠𝐸  ∗  T +  d ∗  E                                [14] 
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5.5 Finite element methods (FEM): Overview 
 

FEM is used in a variety of applications like chemical, electrical, mechanical etc as a 

numerical method in offering technical solutions, in which many of the conventional 

software packages have limitations in carrying out Finite Element Analysis.  FEM has been 

described as the most common method of carrying out simulations for different types of 

materials with varying shapes and sizes for engineering systems on a PC    

(Melosh, 1990).  Using the FEM enables the life span of products to be predicted as the 

failures rates of the structures can be determined during the analyses. 

5.5.1 Background of FEM 

 

FEM was introduced in 1959, with the key purpose of offering engineering solutions to 

challenges in the defence and aerospace industries. The name Finite Element (FE) was 

not in existence till 1965, so prior to that it was called the Direct Stiffness method (Gosz 

,2006).   The FEM came about from Clough and Turner (1992) who came up with the idea 

of joining together discrete elements using the stiffness matrix. According to Melosh 

(1990), this technique can be used for any material, irrespective of geometry, size etc. 

5.5.2 Design concepts  

 

The method utilizes a number of points which are called nodes and maps them together 

to create a mesh. The mesh encapsulates all the relevant data about the behaviour of the 

structure or object when subdued to a load in particular conditions. 

FEM can be used for advanced nonlinear or basic linear static solutions. The model done 

with the software, is designed in such a way that it looks like the original structure or 

object. 
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5.5.3 Modelling 

 

There are a variety of software packages (software) that offer FE concepts. The popular 

is ANSYS, which can be used to demonstrate evidence for certain parts of this thesis.  

The properties, material models, Pre-process are found in the model’s generation 

window. The first stage involves the formation of nodes which would be mapped together 

using straight lines.  

5.5.4 Types of models 

 

Models can be represented in different formats.  There popular model formats are the 

three dimensions, Two dimensional and axisymmetric model.  The package consist of a 

library with a number of element types like special elements, shell, solid, linear and these 

are applicable to a certain model type. 

5.5.5 Analysis types 

 

The 3 simple types of analysis for FEM are; 

 Linearly elastic 

 Materially non-linear 

 Geometrically non-linear systems  

According to Astley (1992), the nonlinear and linear analysis can be broken down into 

static and dynamic techniques.  

There are three basic types of analysis that exist when carrying analysis by Finite element 

method according to (Astley, 1992). Astley (1992) goes on to explain that linear and 

nonlinear analysis methods can further be categorized into dynamic and static methods. 
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5.5.5.1 Linearly elastic systems 

 

The objects behaves in a way, such that in returns to its original state when load which 

was applied to it is removed. This is done easily in computer and manual analysis. Astley 

(1992) explains that a variety of engineering materials are classified under this category 

unless they are loaded above their yield strength.  

5.5.5.2 Materially nonlinear 

 

Materials never get back to their original shape after the removal of a load. When this 

state is reached, the material would have reached its yield point, (Kanvinde et al, 2001). 

5.5.5.3 Geometrically nonlinear 

 

Astley R.J, (1992) describes this as a unique type of non-linear behaviour in which the 

final deformation of the object is dependent on the forces (internal) of a member. 

5.5.6 Analysis Parameters 

 

The parameter below define the material types in FEA; 
 

 The Young’s modulus 

 The Poison’s ratio 

 The material’s real constant 

 Type of element ( plane or solid etc) 

 Material’s thickness 

 Analysis method whether it’s nonlinear or linear. 
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5.6 Ansys software package 

 

The model in the thesis is produced in ANSYS using the piezoelectric parameters. 

In FEA, the structure or object is broken down in small divisions (finite) called a mesh. 

The mesh contains the density, thickness, poison’s ratio, young modulus etc. Gosz (2006) 

described F.E.A in mathematical relations as a numerical method for getting approximate 

results from differential equations (partial) that describe the object.  

 

The models produced using Ansys software package were analysed for load conditions 

detailed in Table 2. Ansys is an analysis tool that utilises finite element techniques. In 

finite element analysis (F.E.A), the object is divided into a finite number of points linked 

together by nodes. Nodes are linked together by a system of lines known as a mesh. The 

mesh is programmed by the computer to contain special properties that define the 

material such as its young modulus, poison’s ratio, density and thickness.  

5.6.1 Report Generation 

  
There are a number of reports that can be generated from ANSYS and these could be a 

list of numbers, detailed equations that need professional people to interpret them. The 

easier way to interpret results is to use contour plots, different colours and graphical 

representations. 

5.7 Disadvantages of using computer modelling 

 

 Time consuming and complex 

 Not easy to find errors and this can lead to re doing the model 

 Require expensive hardware 
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 Iteration processes to reach convergence may be very time consuming. 

5.8 Summary of Finite Element Methods. 

 

FEM specifically in ANSYS is part of the few number of developments which are 

applicable to various engineering disciplines. Kim Y and De-Weck O (2004) a number of 

application in which FEM’s can be used like: 

 Elastic issues 

 Thermal issues 

 Fluid flow issues 

 Electrostatics etc 

And it’s due to the capability of the software, that it has gained commercial viability 

throughout the world. 

 

5.9 Finite Element Analysis: Piezoelectric Plate (S80) 

 

Finite element analysis was carried out on the plate. Finite element analysis was done 

using ANSYS, software used in engineering based on complex mathematical techniques 

to derive a simulated solution close to the actual working solution of mechanical model.  

Finite element analysis refers to breaking down the model into small parts, then analyzing 

these small parts, then summing up the solutions of these individual parts.  FEA was done 

on the plate (S80) to determine its behavior when the actuator is operating, with particular 

reference to the maximum amplitude of the vibration which could be achieved by applying 

the minimal voltage and frequency to the S80 plate. Thermal analysis was ignored, as it 
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was deemed out of scope for this level.   

FEA is done in three stages, namely Pre-processing, Analysis and Post processing.  

Preprocessing is the first stage, that involves the geometry creation, material selection 

and meshing.  Analysis is the most complex parts, which involve mathematical 

computations, carried out using software like ANSYS. The last stage is post processing, 

which includes results collection, and storing them.   

 

The S80 plate was meshed using Solid 226, because it possesses piezoelectric, 

structural and piezo resistive properties.  The piezo plate has a capability of doing 3 

degrees of freedom for each of its ten nodes. UX, UY, VOLT are the labels for the degrees 

of freedom.   

 

5.9.1 Design and Analysis    

 

One plate of the piezo electric plate is simulated using ANSYS in order to investigate the 

nonlinear characteristics.  Finite Element Analysis is carried to do this, or an analytical 

analysis can be conducted too. Transverse and the bending modes of the actuator can 

be also explored using FEA.  
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5.9.2 Piezoelectric material properties 

 

Table 2 above shows the S80 piezoelectric parameters, a few of these are explained in 

this section.   

 

‘Content removed for copyright reasons’. 
 

 
Table 2: Piezoelectric parameters 

 
Reference: Sunnytec(2009) 
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5.9.3 Coupling coefficients 

 

Coupling coefficient values are important in determining how effective the piezoelectric 

material is.  This relates to its ability to change its electrical energy to mechanical energy, 

and when the mechanical energy is changed to electrical energy.   The coupling factors 

are denoted by Kp, Kt and K31 and the values are shown as percentages in the tables 

above. 

5.9.4 Piezoelectric charge constant 

  
The strain produced per unit of electric field strength is represented by the constant d33, 

this is represented by a value of 350, 

 

5.9.5 Piezoelectric voltage constants 

 

The ratio of the electric field strength to its mechanical stress is called the piezoelectric 

voltage constant 

5.9.6 Elastic constants (compliance) 

 

The deformation of the material due to mechanical stress ratio is called the compliance.  

Others constants are the dielectric and frequency constants.  

5.9.7 Geometry creation 

The geometry creation for the plate is done by setting the dimensions for the height, width 

and depth can be set.  The height of the plate is 25mm; the width is 5mm and depth 2mm. 

Firstly Modeling is selected, then the tree views is expanded, and then select volumes 

and the block(s).  
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5.9.8 Element Selection 

 

The element type is solid230 (S80-piezoelectric block) with piezoelectric option selected; 

the other selected parameters are the Thermo-piezoelectric, Strong (matrix), Integration 

method, Active Thermo elastic, Consistent Specific heat matrix.  

5.9.9 Material Modeling 

 

The material modeling for the piezoelectric material  using the Anisotropic Elastic Matrix 

Options- Stiffness form have the following values chosen. The values for D11 are 98786, 

D22 – 88765 and D44-46876. 

 

5.9. 10 Meshing 

 

The mesh tool is used for meshing.  The element size is set to 0.4mm on a volume 

mapped mesh. 

 

 

 

 

5.10 Ansys Model: High Voltage Simulations 

 

The high level sensor has been modelled using Ansys as shown in Fig 5.2 below. The 

fibre optics (FBG) has been attached to the sensor head using conta171, an Ansys 

software feature for attaching 2 surfaces.  
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Fig 5.2: Sensor Annotation 
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5.10.1 Meshed Model 

 

The sensor model is meshed into finite elements as shown in Fig 5.3 below. The mesh 

enables the ease in analysis of the model.  

 
 

 
Fig 5.3: Meshed Model 

 

The meshed model is shown in a different view in Figure 5.4 below.  
 
 

 
Fig 5.4 : Meshed Model (Different View) 
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Fig 5.5 shows the meshed cross sectional from view of the sensor. 
 
 
 
 

 
Fig 5.5: Meshed Model (Different View) 
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5.11 Results 
 

The high voltage simulations were only done in AC (50-300kV) only, as they could not be 

achieved on DC. The graphs below (Fig 5.6, Fig 5.7, Fig 5.8, 5.9) show the graphical 

results of the simulation of the sensor head (Amplitude vs. Frequency), when different 

voltages are applied. 

 

5.11.1 High Voltage AC Simulations  

 

5.11.1.1 Scenario 1: 50 kV 

 

Fig 5.6 shows the results when 50kV AC voltage is applied to the sensor. It is noted that 

there are 2 significant patters (Spikes) between 200 - 400 Hz and 650-850 Hz. At the 

higher frequency the amplitude decreases (peak to peak). 

 

Fig 5.6: 50kV AC measurement 
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5.11.1.2 Scenario 2: 100kV 

 

Fig 5.7 shows the results when 100kV AC voltage is applied to the sensor. It is noted 

that there are 2 significant patters (Spikes) between 200 - 400 Hz and 650-850 Hz. At 

the higher frequency the amplitude decreases (peak to peak). 

 

 

Fig 5.7: 100kV AC measurement 

 

5.11.1.3 Scenario 3: 200kV 

 

Fig 5.8 shows the results when 200kV AC voltage is applied to the sensor. It is noted 

that there are 2 significant patters (Spikes) between 200 - 400 Hz and 650-850 Hz. At 
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the higher frequency the amplitude decreases (peak to peak). 

 

 

Fig 5.8 : 200kV AC measurement 

 

 

5.11.1.4 Scenario 4: 300kV 

 

Fig 5.9 shows the results when 300kV AC voltage is applied to the sensor. It is noted 

that there are 2 significant patters (Spikes) between 200 - 400 Hz and 650-850 Hz. At 

the higher frequency the amplitude decreases (peak to peak). 
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Fig 5.9 : 300kV AC measurement 

 

5.12 Discussion on ANSYS Simulation and Results 
 

The VOLT was selected on the Degree of freedoms to be constrained, as it was applied 

as a constant value. Different AC voltages were selected, the voltage were the resonance 

frequency was reached is the only one included in this report.  The voltage was applied 

on the top and bottom sides of the piezo electric plate. The harmonic frequency was set 

to be in between a particular range and the number of sub steps was set to 200.  The 

resonant frequency is reached when the maximum vibration amplitude is reached by the 

plate in its longitudinal direction.  The maximum amplitude was over 100um.  Post 

processing was done by creating the frequency versus the AC voltage and the results 

were showed when the S80 block is deemed to be most efficient.   

As noted from the results, the amplitude (displacement) increases as the applied AC 

voltage is increased.  The graphs have positive and negative values peak values like a 

sinusoidal waveforms. The displacements at the surface of the surface of the piezo block 
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which is bonded to the fibre optics cable has a travelling waves (sinusoidal waveform). 

These waves are absorbed by the bonded fibre optics, therefore it is to these waves that 

the result wavelengths of the FBG of the fibre optics cable changes. The positive peak 

values increase when the frequency is increased. There were no displacements noted 

when the frequency was low (i.e. 50 V) or when DC voltage was applied to the piezo 

material.  

 

5.13 Chapter Summary 
 

The FEM results of the sensor head simulations are shown and discussed in this chapter. 

Based on the understanding of the investigations of different techniques and simulations 

from previous chapters, the next chapter combines some of the techniques and simulation 

outcomes to design and develop a High Voltage Optical Fibre Sensor. (Low Voltage due 

to Health and Safety reasons in University Laboratory Regulations) 
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Chapter 6: Prototype: Optical Voltage Sensor     

 

The use of fibre optics technology in sensor applications is significantly increasing 

(Matthews, 2012). This chapter presents an optical voltage sensor based on Fibre Bragg 

Grating (FBG) and Piezoelectric technology. The sensor is based around the principle 

that the PZT electrostriction displacement changes when a voltage is applied to it. The 

displacement causes the fibre (FBG) which is bonded to the PZT material to have a 

resultant change in the wavelength. The proposed sensor overcomes some of the 

challenges of conventional sensors issues like electromagnetic interference, resolution 

etc. The experimental work on the prototype successfully manifested the operation of the 

sensor.  The measurements of the sensor is done using a spectrum analyzer and Lab 

View software installed on a PC.  The applied voltage in the range of 50 - 200V DC caused 

a linearly change in the FBG wavelength in the range of 1.2nm. The primary conclusions 

of the sensor show the potential of the sensor to measure very high DC voltages (upto 

300kV) with a high accuracy.                    
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6.1 Introduction 

 

Fibre Bragg Grating is growingly being used in numerous sensing and monitoring 

applications across medical, aerospace and oil and gas industries.  The sensors have 

significant benefits like having a high immunity to electromagnetic interference, linear 

output, high resolution, wavelength encoded, and ability to function properly in harsh 

environments.    

6.2 Voltage sensor concept 

 

The PZT - S42 is a material which inhibits the piezoelectric effect. The strain and charge 

are directly proportional, and this is referred to as the piezoelectric effect.  When an 

electric field (E) is applied on the PZT – S42, the strain is generated, their relationship 

follows this equation (Evans, 2011); 

 

     

S = dE                                    [15] 

d is the piezoelectric strain constant (m/V). 

 

When the electric field (E) is applied on the PZT and the strain is in the polarized direction, 

this can be expressed by the following equation (Evans, 2011);  

 

 

Type equation here. 
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              E =  d33 U/M                                                             [16] 

The strain coefficient (m/V) is the d33 and the distance between electrodes is M, and the 

driving voltage is U. 

6.3 Fibre Bragg Grating 

 

FBG can be defined as periodic perturbation of the reflective index of an optical wave 

guide system.  When the FBG process is taking place, there is coupling/interaction of the 

counter propagating and co-propagating modes, of which the couplings/interactions are 

affected by the wavelength 

6.4 Piezoelectric Technology 
 

The materials that exhibit piezoelectric characteristics commonly  have a crystalline 

structure.  There is indirect  and direct piezoelectric effect. With the direct piezoelectric 

effect , the materials have mechanical deformations when an electric field is 

applied across them , whereas with the indirect piezoelectric effect,  a voltage is generated 

when a mechanical force is exerted on the materials.  Longitudinal movements are 

manifested when a DC voltage is applied and sinusoidal movements when an AC voltage 

is applied.  Further research in this field has caused the development of transducers, 

actuators , sensors.   They have benefits over traditional electric actuators i.e. not a source 

of electromagnetic radiation, have precise movements etc. 
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6.5 Working principle of sensor 

 

The voltage sensor is a combination of FBG and piezoelectric effect and is capable is 

measuring a maximum of 200V DC.  The sensor is constructed such that the bonded FBG 

is in parallel to the electric field which makes the reflected peak wavelength and the Bragg 

wavelength to move or shift if the grating is being strained because of the voltage applied 

to the PZT-42 material.  The wavelengths are shown on the measurement equipment 

(Optical Spectrum Analyser) for the purposes of determining the sensor's voltages.  

 

A periodic structure is formed by the index perturbation within the fibre core.  It behaves 

as a stop band filter and the structure looks like a crystalline lattice. The hugest interaction 

happens at the Bragg wavelength B .                                          

For a reasonable change of the reflective index, there is a pre requisite that there is a big 

change in the internal deposition.  This can be achieved by using a strong electrical 

field.  A Bragg grating is created when there is a reflective index modulation occurring 

periodically. A partial reflection is the resultant of the spectral broad band light passed 

through the Bragg Grating.   
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6.6 Experimental Test, Analysis, Discussion 
 

The system consists of an Anritsu model MS9710B- Optical Spectrum Analyzer, SLED, 

SMF-28 FBG, Piezoelectric Driver and Piezoelectric Plate and, as shown in Fig 6.1 

 

SLED

Optical 
Spectrum 
Analyzer

PZT

FBG

Piezoelectric 
Driver

 

Fig 6.1: System block diagram 
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The components, test equipment and their specifications used in the experimental setup 

are shown in Table 3. 

 

Device  Specification 

FBG CW:1555nm +/- 0.5nm 

FWHM Bandwidth : <0.7nm 

Reflectivity: > 70% 

Fibre Type: Single Mode Fibre-28 

SLED Provides the light source 

Piezoelectric 

Plate (PZT-

42) 

Acts as the actuator  

Piezoelectric 

driver 

Provides the AC voltage to the piezoelectric plate. 

Optical 

Spectrum 

Analyzer 

(MS9710B) 

Measures the  Bragg wavelength 

 

Table 2:  Device specifications 
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Fig 6.2 shows the experimental setup and Fig 6.3 shows the sensor head,  thus the fibre 

optics cable (FBG) bonded on a PZT-S42 piezo electric bender.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6.2:  Fig  6.2 : Actual Experimental Setup 
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Fig 6.3 : Sensor Head 
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Fig 6.4 shows the reflected waveform on an optical spectrum analyzer. 

 

 

Fig 6.4: Reflected Wavelength 

 

When a voltage range from 50 to 200 V DC is applied to the piezoelectric material, the test results 

in Fig 6.5 are obtained.  

 

Fig 6.5 : Graph for wavelength versus voltage 

Fig 6.5 shows the relationship between the FBG wavelength drift and the voltage in the 

range of 50 - 200V DC is applied on the PZT -42 materials.  Taking in consideration the 

stability of the alternating current voltage, attention to the following things must be 

adhered to: 
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1)   The applied voltage should be limited to what the PZT- 42 material can handle.  Very 

high voltages may break the grating glued on the PZT-42 material or the material can be 

deformed. 

2)  The adhesive for gluing the FBG and the PZT-42 material has a major influence on 

the test results. Ideally the optimal solution is to select an adhesive with the properties of 

the FBG's strain and temperature. 

3)  The adhesive must sparingly cover the FBG, and there must no bubbles present.  

4) The time for allowing for solidification of the adhesive must be sufficient in-order to get 

the corresponding intensity. 

6.7 Data acquisition using LabView Software 

 

The spectrum analyser was connected to the PC (Personal Computer) using a GPIB 

(General Purpose Interface Bus) cable. LabView software is used to enable the 

acquisition of data from the spectrum analyser. To enable communication, LabView is 

configured as shown in Fig 6.6 and Fig 6.7 below, with parameters like the Addresses, 

Device ID, bus timings etc. When a successful communication between the 2 devices 

was achieved, the wavelength which was measured by the spectrum analyser was 

converted into the voltage using LabView software. 
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Fig 6.6: Connection of PC (LabView) with Spectrum Analyzer 
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Fig 6.7: LabView Communication Setup 

 

Fig 6.8 shows the LabView blocks used to convert the wavelength from the spectrum analyser to 

the voltage. As shown in the schematic blocks, the wavelength is multiplied with a transfer function 

to get the voltage which is displayed numerically and graphically. As part of the data acquisition 

and signal processing, there are blocks for error checking the input wavelength signal before it 

gets converted to the actual voltage. 
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Fig 6.8 : LabView Blocks 

 
 
 

Fig 6.9 and Fig 6.10 show the voltage measurements when a transfer function is added. 
 
When the transfer function is 0.003421 the resultant voltage is 4.09V, and this is the same 

as the voltage applied on the sensor head (piezoelectric material). 
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Fig 6.9: LabView Result – Voltage Measurement 
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Fig 6.10: LabView Result 1- Voltage Measurement. 
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6.8 Chapter Summary 

 

A voltage sensor based on FBG and Piezoelectric technology has been presented. The 

sensor measures up to 200 V DC. The advantage of the sensor is that it has a simple 

design (simple sensor head). It is probable that the electrostrictive material and FBG can 

be used to measure AC voltages. Due to polarization, hysteresis effect, temperature 

sensitivity and of the piezoelectric material PZT-42, further work is needed to improve the 

linearity and accuracy of the voltage sensor. The sensor measured approximately 5V for 

the actual voltage measurements acquired on LabView. The read voltage was noisy, but 

this could be rectified by using filters in LabView, however the results were deemed 

sufficient for demonstrating the concept of acquiring data from the spectrum analyzer and 

determining the operation of the voltage sensor. The proposed High Voltage sensor is to 

be used in Relay Protection Systems. The next chapter discusses Relay Protection 

Systems.  
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Chapter 7:  Electrical Networks: Relay Protection Systems for 

Power Systems 

 

This chapter discusses the performances of relay protection systems for microgrids. A 

Digital Protection relay is dependent on the second level of high frequency sub bands 

within the d-q axis components of the current that flows through the microgrid buses 

(Lagland, 2012). The Wavelet Packet Transform (WPT) is used for extracting the required 

frequency sub bands. These Wavelet Packet Transforms are also used in identifying fault 

currents and fault locations (Lagland, 2012). The digital multi-relay protection is 

developed with protective functions and is implemented without relay to relay 

communication. This design is made in order to achieve very minimal response times, 

easy implementation, and self-sufficient functions with a minimal sensitivity level of fault 

currents (Ko, 2011). A number of experiments, conducted, under different operation 

conditions were used to prove the durability and resilience of the design. The results also 

show the accuracy, reliability and speed of its performance on the microgrid. This chapter 

also discusses the solutions of protecting relays under various operating conditions. The 

microgrid with external faults and few internal faults is detected and a configuration on 

protection is also proposed in this chapter. Some particular features of the smart grid, for 

example, the usage of more flexible grid capacity happens in smart grids due to the 

distribution of various energy resources (Loix, 2011). 

In this modern digital world, the Information Communication Technology (ICT) technology 

assists in transferring the power supply reliability to a higher level. The conventional 

distribution systems are less active, when compared to the smart grid technology of 

today’s world, which has more active components. The level of change in the distribution 
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system is relatively huge. As a system gets changed continuously, It is important to 

maintain the state of the system with some suitable protection systems (Kauhaniemi, 

2011). The main functional requirements involved in this chapter for a smart grid 

distribution networks are discussed and analyzed to provide protection for the required 

zones. 
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7.1 Introduction 

 

The distributed generation and the microgrid systems of recent years are projected in the 

form of photovoltaic generation and also in wind power generation (Naisani, 2007). The 

microgrid system has no universal definition as most countries over the world follow a 

different concept, with regards to microgrid systems. The Consortium for Electric 

Reliability Technology Solutions (CERTS) of the United States is the most widely used 

microgrid system. It has a defined state for the microgrid, improved capability and 

increased operation rate of the energy sources.  This improves the power supply 

consistency of significant loads. Many researchers, especially in China, are involved in 

carrying out research on these microgrid systems (Ko, 2011).  

The protection of relays in a microgrid is totally different from the normal power distribution 

network. It has few unique features like, multiple distributed generations, in which the 

circuit current flows in two directions, and creates a defect in the conventional power 

network, that has the flow of circuit current in only one direction and the inverter assists 

in accessing the microgrid power sources through to the network (Loix, 2011). The 

operation of the more power electronic sources lead to new fault occurrences which are 

not present in conventional power networks. The microgrid network can function in both  

operating modes. The two modes, are; the grid connected mode and the Islanded mode. 

The unique characteristic of the microgrid lead to a challenge for protecting relays. The 

relay protection is designed to detect and react to the faults developed inside the 

microgrid using both operational modes. The faults that occur in the main grid are 
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diagnosed and detected by the Grid connected mode with high speed and reliability 

(Naisani, 2007). 

7.2 Current Smart Grid protection  

 

The smart grid has some additional features along with the basic characteristics of the 

grid system. The main additional feature of the smart grid is that it engages the various 

sources of  distributed energy resources (Massoud, 2012). This involves the three factors 

which are Distributed generation, Energy storages and some active consumer(s) which 

are basically known as the Demand Response (DR) (Kauhaniemi, 2011). These 

distribution networks increase the generation locally and incorporate an approach of 

protection. This also forms a part of this smart grid network system. The power supply 

reliability is increased to a high level with the assistance of the ICT. This type of increase, 

in the case of distributed systems, drives enhanced automation within the system 

(Massoud, 2012). 

In order to aim to a better reliability, the network is sectionalized in a smart way. To 

enhance the self-healing of the distribution system, the required design is implemented 

in the protected zones. The process involved in the self-healing function, is locating the 

faulted region by the protection system and then it disconnects the region of faulted area 

from the network. After this the intelligent automation function handles the system in 

bringing back power supply to the other parts of the network.  

The main focal point on the distribution systems in the Medium Voltage level with relay 

protection applications (Naisani, 2007). It involves real time application of smart grids and 
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energy markets. The Low Voltage level is analysed for future purposes, since the 

protection is highly dependent on fuses.  

 

7.3 Existing protection system in the energy markets 

 

The requirement of the smart grid for the existing protection system is discussed,  the 

smart grid system also involves the transmission and sub transmission systems. These 

two systems are not discussed, as the protection change occurs in the distribution level 

itself. As discussed earlier the distribution system varies from country to country. There 

are few similarities within the European countries. Some systems comprise of both the 

voltage levels, thus; Low Voltage level and Medium Voltage level. These standard voltage 

levels are used for protection. For example 20kV is utilized for Medium Voltage level and 

a typical standard of 400V phase to phase or 230V phase to ground is used for the Low 

Voltage level (Salonen, 2009).  

The protection relays situated in the substation areas generally protect the medium 

voltage MV feeders. Previously, protection devices along the feeders were not used, but 

at present there is an increase in the usage of mounted reclosers or the station reclosers 

in the protection systems. To enhance the reliability of these long feeders, they get divided 

into two or more separate protection zones. The secondary substation of the Low Voltage 

system feeders are generally protected with the help of fuses. In the case of the 

underground networks, the junction boxes gets connected with the service cables. In this 

arrangement also the usage of fuses are present in order to provide a proper protection 
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as per the safety guidelines.  In the global Low Voltage networks the Low Voltage feeders 

comprises of three phases with four wires and also have a standard earthing procedure 

(Salonen, 2009). 

 

7.4 Future Smart Grid characteristics 

7.4.1 Distributed Generation DG 

 

The smart grid system which is used to generate the power capacity has distributed 

generation and with energy sources. The typical Medium Voltage networks has only one 

power source, which comes from the primary substation. The change in the distributed 

generation makes these networks to move across the meshed networks (Kauhaniemi, 

2011). The power flow from typical network to the meshed network is bi -directional. 

Assuming that the fault current is from a single source, the distributed generation leads 

to faults. The same scenario is handled for the energy source. Similar to the distributed 

generation, the energy sources are also operated under the discharging mode. In this 

discharging mode, as per the view of grid point, the electric power is supplied to the grid. 

At the grid interface point most of the distributed generation networks work on the principle 

of DC to AC converters. During the occurrence of grid circuit faults these converters are 

designed in order to supply two or three times of their rated current (Massoud, 2012). This 

is turn creates the protection process less powerful with its conventional over current. The 

distributed generation has also the similar faults and drawbacks as the smart grid 

protection system.  
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The Loss Of Mains (LOMs) protection is the one which occurs in DG. This type of 

protection difficulty attempts to prevent or avoid the un-intentional island with the aid of 

anti-islanding protection procedures (Ko, 2011). In the coming years there are so many 

active and passive LOMs, hence methods of protection have been implemented 

[Reference]. The safer solution of this LOMs is attained by the process of a transfer trip. 

As the smart grids are dependent on the Controlled Island Operation (CIO) the fault 

problem gets complicated. The process of self-healing is the most interesting feature of 

the smart grid. In the process of self-healing, the system can prolong its activity of power 

supply even though few disturbances occur. The self-healing process also handles the 

stability among the transmission grids. In the case of DG networks, the self-healing 

focuses on the protection of these networks (Kauhaniemi, 2011). In case of fault 

occurrence in the network parts, the self-healing process assists in achieving the power 

supply by switching over to the CIO. For example, the microgrids handle the system in 

the fault part and they are capable of controlling the island operation. The external fault 

which occurs is handled by CIO via the local generation of the power supply. After the 

identification of the fault, it connects with the required telecommunication network 

between the elements or components of the network. This setup produces a power 

balance within the islanded network system. In few cases the static switches are involved 

to enable it to function fast and also it assists in maintaining the micro grid stability level. 

This protection system along with the old protection methods have to get adjusted to the 

operating state once the island control is finished (Naisani, 2007). The microgrids are 

developed to control the island operation in the Medium Voltage systems too. As there 
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may be differences in the loads and the balance of generation, the size of the islands are 

utilized in the fault areas. It differs from place to place and also from network to network, 

therefore it has to be monitored in advance. 
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7.5 Automatic Back up connections 

 

Along with the CIO, the procedure of self-healing can be attained by re-routing the power 

supply in the areas of faulty regions. The switches or the circuit breakers act as the 

backup connections in the case of radially operated distributed systems. These circuit 

breakers perform the action of opening the switches in the area of faults. Along with this, 

the faulted area gets isolated from both sides of the network by disconnecting the 

switches automatically (Loix, 2011). Fig 7.1 shows a typical Configuration Decision 

Diagram used for automatic backup connections.  

 

‘Content removed for copyright reasons’. 

Fig 7.1: Configuration Decision Diagram 

Reference: Loix (2011) 
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7.6 Present primary system solutions 

 

As far as the smart grids are considered, they usually focus on the applications and the 

requirements of the ICT. The other system known as the primary system solutions are 

utilized and they are produced by the smart grid’s paradigm (Massoud, 2012). These 

primary system solutions involve both the independent devices and also the system wide 

solution to produce the smart grid requirements. The main advantage of using this system 

are; it’s high reliability, less cost and also the less maintenance factor. 

7.6.1 Integration of the ICT 

 

The most vital role of the smart grids is to join together the primary electrical system with 

the available layer of ICT. The smart grid allows the electricity to flow in two directions. 

The co-operation between the actors and the elements of integration in the smart grid 

helps in achieving the goal of electricity flow. This integration involves more number of 

automated devices which are inter linked with the communication systems of the modern 

world (Naisani, 2007). The system of protection also depends on the Intelligent Electronic 

Devices along with the other communication networks involved for protecting the overall 

system. As per the security guidelines, it uses the uncommon media in communication or 

rather involve the Virtual Private Networks (VPN).  
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7.7 Faults occurring in microgrid networks: 

 The energy sources produce an output with a single power source fault, even 

though the microgrids are operating under islanded mode or grid connected mode. 

 The multiple sources present in the microgrids are responsible for the flow of 

current in two directions. This also makes the micro grids to differ from the other 

typical distribution networks. 

 The short circuit current of the fault is affected by the newly generated energy 

sources during the startup and the shut down operations of the system once the 

grid is connected. It also determines the errors occurring due to the setting of the 

over current protection. 

  The short circuit current varies dramatically in few places of the protection system 

during its operation in islanded mode or in grid connected mode. 

 The process of protection is affected due to the variation of the low voltage through 

the energy sources. 

 The operation or working principle of micro grids gets affected by the anti-islanding 

protection’s configuration. 

 The over current protection setting is directly proportional to the multi terminal 

power of the micro grids. 
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7.8 Analysis of the Protection adaptability: 

 

The most usually involved protection methods in the grid networks are the Over current 

protection, Distance protection, Differential protection, Voltage protection, Pilot 

protection, Frequency protection.  All these protection methods are not used in micro 

grids, but it depends on the features of where the fault has occurred. 

1. Over current protection - This is the most often used protection method among the 

distributed networks. It has a drawback that it can be used as a backup protection 

system instead of the main protection system. This is due to the flow of current in bi- 

directionally. As the relay in the Low Voltage feeder system is  designed to adapt only to 

single ended power supply, and not the multi power supplies (Salonen, 2009). The 

microgrid is designed with multiple micro powers. 

2. Distance protection - In the case of 66kV and more voltages, the distance 

protection method is applied. As the distribution line of the microgrid is long, it is not 

useful for the micro grid systems. 

3. Variable quantity protection – In order to improve the speed of protection of 

voltages from 66kV, the variable quantity protection system is used. As most of the 

micro grid energy sources have limited current modules, hence this protection system is 

not commonly used for microgrid systems. 

4. Voltage protection and frequency protection - These protection methods are used 

in devices to control the stability and also in the vital network protection zones. They 

cannot be used in the main grid system alone. It also involves the requirement of anti-

islanding procedures. 
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5. Differential protection – this protection system has a fast response time (few 

minutes) which makes it more advantageous. This suits the micro grid protection, as it 

can be operated in both islanded mode and the grid connected mode. It also identifies 

the faults in a simple way. The main drawback of this protection method, are the 

communication channels which involve high requirements. 

 

6. Pilot protection – This is applicable in the microgrid protection method as it involves 

the two end power directions against the threshold of the current. As in the case of 

differential protection, the pilot protection does not involve more communication 

channels. This can be applicable in wireless communication systems, multiplexed 

channels and also in few public communication network channel (Ko, 2011). 

7.9 Zones of protection 

 

The protection zones are helpful in analysing and performing research on the functional 

requirements of the smart grid protection system. As per the functions of the self-healing 

and its possibilities of occurrence, the zones are divided taking into consideration these 

factors. For example, if a network consists of a great amount of private power supply 

generation, this enables the system to be operated in both modes, during the fault 

occurrence times i.e. islanded mode or the grid connected mode. There are one or more 

circuit breakers present in each protection zone (Massoud, 2012). These circuit breakers 

are operated by IEDs. This in turn makes it disconnected from the fault zone. The 

protection scheme depends directly on the number of circuit breakers. In case of only one 

circuit breaker, the protection system becomes more powerful. The difficultness increases 
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with the increase of the circuit breakers. In order to analyze the smart grid protection 

method, the different protection zones must be analysed by a systematic method, 

enabling the process to be more efficient.  The part of power system which has less 

protection devices is called a protection zone. This becomes the smallest part of the 

system when compared with other parts of the power system. The fundamental types of 

protection zones are: 

 Radial protection zone 

 Ring protection zone 

 Mesh protection zone 

7.10 Functional requirements of the protection system 

 

There are various stakeholders, who have various requirements during the life cycle of a 

protection system. As per the user requirements, the functional and the performance 

requirements are classified. In this chapter, these functional requirements which affect 

the user requirements are discussed. For the future smart grid the most vital functional 

requirements are: 

 Simple integration of the distributed generation 

 Adaption capability to withstand the varying system conditions 

 Self-healing procedure which provides supply more reliable. 

 Usage of the new technologies like ICT to its core. 

 Considering the primary system application to enhance the cost efficiency and also 

to get high system reliability. 

The configuration principle of micro grids: 
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The micro grid is used in order to detect the internal faults and also it reacts quickly in the 

distributed networks (Naisani, 2007). This also keeps the microgrid’s stability at high 

levels. It is used for the external faults in the case of distributed networks. The following 

are the principles of the microgrid which are involved during its configuration. 

 The multi stage timing protection method is used by the microgrid systems. This is 

the combination of the fast trip protection method which comprises of the 

differential and pilot protection and also the optical fibre differential protection 

process and the backup protection. The backup protection consists of the Over 

current protection and Low Voltage  protection methods (Salonen, 2009). 

 The next configuration is the communication channel which lies between the main 

grid and the micro grid. It utilizes the optical fibre differential relay in order to attain 

the fast protection. It also ensures that the detected fault in the main grid will get 

disconnected by tripping it as fast as possible. So that it does not leave any 

problems or threats to the devices connected in the microgrid portion of the 

system. 

 In order to isolate or disconnect the fault between the main grid and the micro grid, 

the voltage protection and the frequency protection are utilized at the connection 

point. 

 As per the necessity of the local grid corporation, the anti-islanding protection 

configured with the energy source inverter setup. The fast anti-islanding mode can 

be disabled, unless a need arises. The reaction time is set to 2 seconds for the 

Low Voltage protection and for the Over frequency or Under frequency protection 

systems. 
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 In case of fault occurrence in the main grid, the main grid will get tripped 

automatically by the automation system with circuit breakers. This is called remote 

tripping. As soon as the supply of power is re-established, the micro grid 

management system will change the mode from isolated operation to the 

connected operation. This mode controller restarts the connection of the micro 

grid. 

 To achieve the operation to be reliable in the micro grid, the energy source will 

attain the Low Voltage level or in some cases, it goes to a zero voltage level. This 

enhances the operational capability of the micro grid system (Salonen, 2009). 
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7.10.1 Elements of a Smart Protection System 

 

 Telecommunication - The telecommunication system incorporated for 

protection plays a vital role in the smart grid protection. The utilization of the 

telecommunications enhances the security and safety mode along with the 

protection selectivity functions. As per the smart grid environment, the typical 

telecommunications covers long distances. In order to attain the goal of the 

proper functioning of protection, the smart grid configuration which has the 

property of change tripping, remote operated blockings or the inter locking 

tripping functions. These depend on the telecommunication links within the 

IEDs (Ko, 2011). 

 

 Concept of adaptivity – As the smart grid protection usually has varying active 

elements and the configuration of the network change is very adaptive. The 

system is designed to achieve minimal losses and also to get rid of situations 

with congestion, thus these feeders are configured radically. The feature 

adaptivity also depends on the telecommunication system. It also handles the 

occurrence of failures in the telecommunication links. This in turn leads to the 

loss of the default parameters of the protection method, as the communication 

gets lost or interrupted (Naisani, 2007).  

 Relay software and its algorithms – the relay software leads the IEDs to 

engage to the required platform for the software. This platform enhances the 
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flexibility in communication and also the adaptivity in various protection 

methods.  

 

 The introduction of the multi agent technology makes the communication better 

and helps in achieving the goals without human intervention. 
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7.11 Chapter Summary 

 

In this chapter, the functional requirements of the smart grid protection were discussed.  

Some sort of adaptive protection system is required in the grid networks to handle the 

settings and also to configure the different elements of the grid network system. Due to 

the familiarity of the micro grids in the market and more projects, the relay protection 

system gets its attraction in the world market of energy sources. This chapter also studied 

about the various protection relays and methods used in the micro grid networks. Finally 

the chapter also covered three types of the micro grids with their reliability aspects and 

the methods of protection. The next chapter discusses Optical Protection Systems. 
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Chapter 8: Optical Protection Systems 

 

The network administration of power, safety and security issues have become more 

complicated due to the development of extensive frameworks, dispersed and assorted 

arrangements of power systems (Geild, 2005). The ultimate goal to the successful control 

of these frameworks, under typical operating conditions, must be implemented in a timely 

manner and the reporting signals must be efficiently conveyed to the control or monitoring 

systems via the transmission channels (Geild, 2005).. Currently, the protection of optical 

fiber channel is generally used. In addition, it has a few issues, for example, spillage of 

innovation, absence of synchronous transmission of optical signal security execution 

markers. The fundamental substance of relay security is the use of the corresponding 

optical fiber innovation, and in addition the issues uncovered in the realistic application of 

the transmission channel, which have presented the improvement prospect of the new 

advances and materials for optical   protection systems innovation.  
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8.1 Introduction 

 

The power industry in the electrical domain deals with various challenges every day. 

Electromagnetic interference, high temperatures, delivering protected and reliable power 

to our homes or working environments, force organizations to rely on upon a huge number 

of frameworks. With the specific end goal to shield their workers from risky high voltages, 

while keeping a clear communication, numerous organisations select fiber optic channels 

as a means of communication between their monitoring and control frameworks (Geild, 

2005)..  

As a medium of relay signal transmission, optical fiber communication has been an 

introductory application, and it is the future heading on the improvement of the relay 

channels. Businesses need to create pertinent measures and standards without some 

private power system considered. Due to this, the dependability that relay signals are 

exchanged by fiber channel has been addressed. Bearing in mind, that the end goal to 

make the fiber assurance channel to accurately get an extensive variety of applications, 

there must be careful investigation of the transfer signal execution and fiber-optic 

applications.  
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8.2 How Fiber Optics Work 

 

Discussions about fibre optic links are heard, at whatever point individuals discuss about 

the phone framework, the Cable TV framework or the Internet. Fiber optic lines are 

elements of optically unadulterated glass, which looks flimsy as human hair, and conveys 

data over short to long distances (rodrepel, 2011).  

They are organized in groups called optical links and utilized to transmit light waves.  Fig 

8.1 shows an optical fibre. 

 

 

  ‘Content removed for copyright reasons’. 

Fig 8.1: Optical Fibre 

Reference: rodrepel (2011) 
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An optical fibre consists of the following take a parts;  

 Core - slim glass central point of the fibre where the light wave enters. 

 Cladding - external optical material encompassing the centre that mirrors the light 

wave.  

 Buffer covering - plastic covering that shields the fiber from destruction and 

dampness. 

Optical filaments are categorized  in two types;  

• single-mode filaments - utilized to transmit one signal for every fiber (used as 

a part of phones and digital TV)  

• multi-mode filaments - utilized to transmit numerous signals per fiber (used as 

a part of PC systems, Local Area Networks )  

 

Single-mode filaments have small cores (around 3.4 x 10-4 inches in diameter) and 

transmit infra-red laser light wave (wavelength = 1,300 - 1,550 nanometers [nm]). Multi-

mode filaments have bigger cores (around 2.6 x 10-3  inches in diameter) and transmit 

infra-red light wave (wavelength = 855 - 1,300 nm) from light wave-radiating diodes (LED). 

Some optical filaments can be produced using plastic (rodrepel, 2011).  
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8.2.1 How Does an Optical Fiber Transmit Light wave 

 

Light is transmitted through an optical fibre through internal reflection by the cladding. 

Figure 8.2 shows an illustration of light signals travelling through an optical fibre.  

 

  ‘Content removed for copyright reasons’. 

Fig 8.2: Graph of aggregate inside appearance in an optical fiber 

Reference: dluong1(2010) 

Since the cladding does not assimilate any light wave from the centre (core), the light 

wave  can travel in distinct separations. On the other hand, a portion of the light wave flag 

degrades inside of the fibre, generally because of pollutions in the glass (dluong1,2010). 

The degree that the signal degrades relies on upon the quality of the glass and the 

transmitted light wavelength (for instance, 851 nm = 61 to 75 percent/km, 1,301 nm = 51 

to 60 percent/km, 1,551 nm is more prominent than 50 percent/km). Some best optical 

filaments indicate considerably less flag corruption, under 11 percent/km at 1,551 nm.  
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8.3 A Fiber Optic Relay System  
 

Fiber optic transfer frameworks comprise of the following; 

• Optical Transmitter - delivers and encodes the light wave messages 

• Optical fiber – conveys the light wave messages over a distance  

• Optical regenerator - assist in the transmission of light wave messages (for long 

distances)  

• Optical Receptor/Receiver - receives and decodes the light wave messages  

 

8.3.1 Transmitter  

 

The transmitter guides the optical device to turn the light wave "off" and "on" in the right 

arrangement, subsequently producing a light wave messages.  

The transmitter is actually connected to the optical fiber and might even require a lens 

to direct the light wave into the fibre. LEDs are less powerful than laser light sources. 

Lasers are more costly than LEDs. The most widely recognized wavelengths of light 

waves are 1,300 nm, 850 nm and 1,550 nm. 

 

8.3.2 Optical Receiver  
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Some signals get degraded when the light waves are transmitted through the fibre, 

particularly over long separations (more than a half mile, or around 1 km, for example, 

undersea links). Hence, one or more optical regenerators embedded along the links to 

assist the degraded light wave messages i.e. maintain signal integrity. An optical 

regenerator comprises of optical filaments with a covering (doping). The doped bit is 

"pumped" with a laser. At the point when the degraded signal reaches the doped covering, 

the vitality from the laser permits the doped atoms to wind up lasers themselves. The 

doped atoms, then transmit other light wave messages with the same attributes as the 

approaching weak light wave messages. Fundamentally, the regenerator is a laser 

intensifier for the approaching signals  

 

8.3.3 Optical Collector  

 

It takes the approaching  light wave messages, interprets them and sends the electrical 

signal to an optical machine, telecommunication devices, smart TV, phones. The recipient 

utilizes a photocell or photodiode to distinguish the light wave.  
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8.4 The Role of Relays  
 

A relay is used to sense electrical conditions and quickly trip a breaker to avoid harm to 

humans and destruction of property. The mixture of the transfer and optical fiber gives an 

inward diagnostics so that the relay can stay under supervision without interferences for 

intermittent testing. Despite the fact that the essential capacity of the relay is defensive in 

nature, the transfer incorporates programmed control to restore administration, metering 

and request metering reports.  
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8.5 The Overview of Relay Protection  

8.5.1 The Basic Functions of Relay Protection  

 

When the protection framework is triggered, the relay protection part, rapidly and plainly 

sends out an order to the electrical relay, so that triggered segment can be disengaged 

in a convenient way, thereby minimizing harm to the other segments (lab-systems, 2007). 

The protection framework should distinguish abnormalities in the operation of electrical 

gear, and send signals to the monitoring and control terminals Fig 8.3 shows an illustration 

of a protection system. 

  ‘Content removed for copyright reasons’. 

Fig 8.3 : Protection System 

Reference: lab-systems (2007) 
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8.5.2 Transmission Channel of Optical Fiber Communication  

 

In an optical fiber communication framework, the light wave  as a conveyor is higher than 

the radio waves i.e. speed. The optical fiber as a transmission medium can further 

enhance the strength and dependability of communication framework. In real operation, 

the optical fiber communication channel has numerous preferences: Firstly, it has a high 

rate of the acknowledgment of errors, and great transmission quality. This transmission 

trademark makes the transmission channel have the media rate which assurance gadgets 

need. Through fiber channel transmission, terminals obtain precise data i.e. no need to 

get confirmation data. Secondly, it is highly resilient to  impedance capacity.  
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8.6 The Protection of Optical Fiber Communication Channel  

8.6.1 Line Current Differential Protection and Fiber Blocking Scheme 

 

The essential rule of the line current differential security depends on the present 

hypothesis to accomplish the system protection and to enhance system's resolute quality. 

In multiplexed channel application, the synchronization of star topology and multiplexing 

system is key for the right operation of the optical fiber differential security, and the slave 

timing modes are utilized to guarantee clock synchronization. Furthermore, the utilization 

of 64 Kbit/s computerized channel, the present differential protection channel guarantees 

the present abundancy, as well as the synchronous exchange, which tends to influence 

the precision of the Bit Error Rate (BER) test. 

Fiber blocking scheme permit longitudinal protection, which utilizes a steady and solid 

fiber channel rather than the conventional channels. These channels increase the quality 

of the security attributes (Ntt-review, 2010). 
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8.7 The Lack of Authoritative Requirements and Standards  

 

Optical protection channels are not built up on specialized details and industry gauges 

the starting outline and application. Optical fiber communication could just be a 

consensus built on its own particular attributes and practices in different regions.  

Due of the absence of a uniform benchmarks, optical fiber communication does not 

meet the requirements of other regions, which is an opposed effect on the nature of the 

user demands of the technology. A more significant incorporation of assets, means that 

there should be a reduction in the duplication of design and development expenses and 

an improvement of uniform gauges and standards. 

 

8.8 The Synchronization of Optical Fiber Communication 

 

Towards the synchronization issue of the vertical stream of the fiber-optic flow 

differential protection systems, Tholomier etal. (2007)  use the GPS synchronization 

strategy and the information revision system, bearing in mind that both techniques have 

their own application drawbacks. GPS synchronization strategy is tolerated on the GPS-

based applications. The testing of synchronization on the communication development 

should adjust to all types of communication structures i.e. re-usable. Information 

amendment techniques permit the opportunity and free examining for every single 

protective system and allow synchronization.  

For any duration of time that communication synchronization is restored or achieved, the 

protection system has got current vectors that can instantly complete the differential 

protection calculation process. The downside is that every differential protection 
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calculation procedure takes place after the information revision process and the 

correlation of the channel delay parameters (Wollenburg, 2014).  
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8.9 Application Prospects of Optical Fiber Communication 

Technology 

  
The optical fiber communication innovation has strengths like; no crosstalk, effective long 

distance communication, resilient  to electromagnetic interference and high bandwidths. 

The future optical fiber communication innovation in the transfer protection ought to be 

the course of the ultra-fast framework; this can build the transmission capacity and exploit 

reuse. Moreover, optical system management should understand the huge limit of optical 

systems, system adaptability, re-configurability and permit the development of system 

hubs and business volumes. The fiber material ought to be adjusted to new 

improvements, at present, non-zero scattering of light wave fibre is the fundamental target 

of advancement (Wollenburg, 2014).  

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



  

R BASHOUR 171 

 

8.10 Securing Motors and Power Lines  

 

Electric engine producers insert Resistance Temperature Devices (RTDs) in their engines 

to sense the temperature of the electrical windings. A RTDs are constructed in fiber optic 

ports to associate with an engine security transfer by utilizing a fiber optic link (dluong1, 

2010). The optical fiber connections protects the relay  from the RTD wiring. The relay 

additionally has significant monitoring and reporting capacities to avoid process blackouts 

as a result of engine failures. Usually, the engine transfers are associated with an 

Information & Communication framework with the optical fiber (dluong1, 2010). 

Security, monitoring, and control frameworks are critical in the electrical industry. Fig 8.4 

shows a communication system. 
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Fig 8.4 : Communication System 

Reference; dluong1(2010) 
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8.11 Direct Drop and Insert  

 

A drop and embed framework permits different destinations to correspond with one 

another along a fiber optic or other computerized communication media courses. In a 

drop and embed framework, a DS0 channel can be arranged between any two focuses 

or hubs (pes-psrc, 2010). 

 Data conveyed between two non-contiguous hubs is gone specifically through mediating 

hubs. When a channel has been dropped, the data transfer capacity can be reutilized for 

different channels inside of the framework (pes-psrc, 2010). 
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8.12 Results and Discussion 

 
In this particular simulation far field effects have been analyzed. Based on the velocity a 

function which decays exponentially has been formed, thereafter the two same function 

with different decay rates were taken. The simulation shows the scattering effect using 

frequency domain function by simulation .The results from the Matlab simulation (Code 

in Appendix 2) are shown in Fig 8.5 and Fig 8.6. 

 

 

Fig 8.5 : Frequency analysis is done using fftshift and angle analysis (2D) 
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The same exponential decay function is considered, but in this case more scattering is 

observed. The final function is made up of 9 decay functions as compared to 2 functions 

in previous simulation. Frequency analysis was done using fftshift and angle analysis. 

The analysis in 3D is shown in Fig 8.6. 

 

 
Fig 8.6 : Frequency analysis is done using fftshift and angle analysis (3D). 
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8.14 Chapter Summary 
 

With the advancement of communication innovation, more fibre channels can be decided 

for relay protection. At present, the arrangement of fiber-optic system gives an 

establishments to transfer high security data on high-performance channels. This requires 

different expert coordination and correspondence on the operation, maintenance, 

communications, security and needs the gathering of field experience. The next chapter 

draws the conclusions, findings and recommendations of the thesis. 
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Chapter 9: Conclusions & Future Work 

The thesis has explored the use of fibre optics technology in designing and prototyping 

an optical voltage sensor based on FBG which can be used in Relay Protection Systems 

for Electrical Power Networks. It has also investigated the use of optical Kerr in the 

measurement of voltages.  

Due to health and safety concerns and the University regulations, the maximum voltage 

that could be measured in the laboratory was 200 V DC, hence the proposed sensor was 

designed and prototyped to measure a maximum of 250 VDC (over tolerance of 50V).  

The AC voltage could not be measured by the optical voltage sensor as the bandwidth of 

the spectrum analyzer was limited, hence this made it difficult to get the readings. A 

technique of averaging the changing results values was done, however, this produced 

results with limited reliability. 

High voltage simulations of the sensor were done using Ansys.  Voltages were done up 

to 300kV AC.  Higher voltage simulations were not possible using Ansys, as there was 

no suitable material in the software package to support them.  

Simulations were done using Rsoft- Optsim software to determine the optical Kerr effect. 

Successful results were obtained and shown as graphical representations.   A Kerr cell 

was modelled using Maxwell software. 

One of the core purposes of the sensor is to be used in Relay Protection Systems for 

Electrical Power Networks, hence an in-depth discussion on Relay Protection Systems is 

included in the thesis, and also including relay protection using optical means. 

 

Further work has to be done on the simulation of high voltages using Ansys and the 
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measurement of AC voltages using the sensor. There should be also be further work on 

the investigation of current measurements using Fibre Optics Technology.   
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Appendix 1 

Ansys Log  File 

 

/BATCH   

/COM,ANSYS RELEASE  8.1    UP20040329       22:41:55    22/10/2015 

RESUME   

/COM,ANSYS RELEASE  8.1    UP20040329       22:41:56    22/10/2015 

/VIEW,  1,  0.461770358376E-01,  0.943654831367    , -0.327693821423 

/ANG,   1,   171.141501340   

/REPLO   

/VIEW,  1,  0.327531159565E-01,  0.975664164710    , -0.216810219075 

/ANG,   1,   170.635515479   

/REPLO   

/PREP7   

SPH4, , ,10.5    

/VIEW,  1,  0.881835931890E-01,  0.986711541245    ,  0.136469733881 

/ANG,   1,   34.2378145647   

/REPLO   

/VIEW,  1,  0.129376139284    ,  0.980218469974    , -0.149778388649 

/ANG,   1,   139.796855564   

/REPLO   

/VIEW,  1,  0.190070289438    ,  0.940726328843    , -0.280904359691 

/ANG,   1,   146.295982232   
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/REPLO   

vplot    

/FOC,   1,  0.222788491974    ,   1.25043480870    ,  -21.0340605720 

/REPLO   

/VIEW,  1,  0.530506186526    ,  0.781650011893    , -0.328003727060 

/ANG,   1,   124.442252573   

/REPLO   

/VIEW,  1,  0.237139288137    ,  0.576725010977    , -0.781762892273 

/ANG,   1,   149.779566316   

/REPLO   

/VIEW,  1,  0.328948457914    ,  0.229013357654    , -0.916158170870 

/ANG,   1,   145.434617411   

/REPLO   

/VIEW,  1,  0.395938967511    ,  0.814983405258    , -0.423124548047 

/ANG,   1,   133.423260262   

/REPLO   

/VIEW,  1,  0.328660764490    ,  0.944436805327    , -0.460680244801E-02 

/ANG,   1,   91.1790487011   

/REPLO   

VDELE,       5, , ,1 

/REPLO   

k,,0,0,-4    

/VIEW,  1,  0.757616621782E-01,  0.982311338897    , -0.171244281708 
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/ANG,   1,   154.863583316   

/REPLO   

KWPAVE,      45  

/REPLO   

CSYS,4   

SPH4, , ,11  

/VIEW,  1,  0.357685293555    ,  0.933203051255    , -0.345441153211E-01 

/ANG,   1,   96.2515232990   

/REPLO   

/VIEW,  1,  0.386185508737    ,  0.915574722325    , -0.112177006029 

/ANG,   1,   106.189259521   

/REPLO   

/VIEW,  1,  0.829640157540    ,  0.424195627563    , -0.362981099445 

/ANG,   1,   111.492263432   

/REPLO   

/VIEW,  1, -0.412881134672E-01,  0.979214624688    , -0.198579985102 

/ANG,   1,  -174.292522884   

/REPLO   

/FOC,   1,   3.43727206731    ,   2.49589802455    ,  -15.5609217140 

/REPLO   

/VIEW,  1,  0.463824275705    ,  0.872530199593    , -0.153486455640 

/ANG,   1,   104.864057163   

/REPLO   
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FINISH   

/CLEAR,NOSTART   

/COM,ANSYS RELEASE  8.1    UP20040329       22:43:26    01/19/2011 

!*   

RESUME   

/COM,ANSYS RELEASE  8.1    UP20040329       22:43:27    01/19/2011 

vplot    

/PREP7   

k,,0,0,-18   

k,,0,0,-4    

KWPAVE,      42  

/REPLO   

/VIEW,  1, -0.135620622811    ,  0.983473712755    , -0.119943749265 

/ANG,   1,  -134.498282508   

/REPLO   

SPH4, , ,12  

/FOC,   1,   6.53402405361    ,  0.857283965506    ,  -25.8074407723 

/REPLO   

/VIEW,  1,  0.497406787942    ,  0.864153616773    , -0.763217788553E-01 

/ANG,   1,   97.4082739216   

/REPLO   

/VIEW,  1,  0.716236329655    ,  0.667949795259    , -0.202110343864 

/ANG,   1,   102.714278881   
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/REPLO   

/VIEW,  1,  0.467022112859E-01,  0.998326651454    , -0.340998600811E-01 

/ANG,   1,   119.997376845   

/REPLO   

/VIEW,  1,  0.823526305974    ,  0.292572436004    , -0.486010075060 

/ANG,   1,   114.486269957   

/REPLO   

/VIEW,  1,  0.484646795620    ,  0.465896876409    , -0.740309113849 

/ANG,   1,   123.081156346   

/REPLO   

/VIEW,  1,  0.312948652940    ,  0.521050882211E-01, -0.948339707280 

/ANG,   1,   127.633521544   

/REPLO   

/VIEW,  1,  0.111499660856    , -0.485766551955E-01, -0.992576513020 

/ANG,   1,   127.704334608   

/REPLO   

/ZOOM,1,RECT,0.083742,0.551965,0.590491,0.109744 

/AUTO, 1 

/REP 

/USER,  1    

/VIEW,  1,  0.499063284809    ,  0.779654146472    , -0.378252891124 

/ANG,   1,   106.053389793   

/REPLO   
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/VIEW,  1,  0.580243174380    ,  0.811051339811    ,  0.742535034612E-01 

/ANG,   1,   70.3696834547   

/REPLO   

/VIEW,  1, -0.206871121419    ,  0.952591893719    , -0.223098684766 

/ANG,   1,  -153.584960747   

/REPLO   

/VIEW,  1,  0.541109655161    ,  0.773616051020    , -0.329724956131 

/ANG,   1,   110.374763958   

/REPLO   

/VIEW,  1,  0.325081809599    ,  0.943061349533    ,  0.704067332344E-01 

/ANG,   1,   72.6747231187   

/REPLO   

/VIEW,  1, -0.173476637825    ,  0.966326237147    , -0.190051202393 

/ANG,   1,  -144.453406209   

/REPLO   

/VIEW,  1,  0.255726016038    ,  0.911834281485    , -0.321189115367 

/ANG,   1,   137.922108811   

/REPLO   

/VIEW,  1,  0.430134876062E-01,  0.999070493305    ,  0.282653357575E-02 

/ANG,   1,   82.7704601256   

/REPLO   

/VIEW,  1, -0.192434924312    ,  0.949671388728    , -0.247170089889 

/ANG,   1,  -150.254549004   
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/REPLO   

/VIEW,  1,  0.263498589022    ,  0.964518561093    , -0.165057229493E-01 

/ANG,   1,   87.8748817654   

/REPLO   

FINISH   

/CLEAR,NOSTART   

/COM,ANSYS RELEASE  8.1    UP20040329       22:44:50    01/19/2011 

!*   

RESUME   

/COM,ANSYS RELEASE  8.1    UP20040329       22:44:52    01/19/2011 

/PREP7   

k,,0,0,-10   

/VIEW,  1, -0.103690525968    ,  0.980273930106    , -0.168259611254 

/ANG,   1,  -148.362286610   

/REPLO   

/VIEW,  1,  0.195797831336    ,  0.962343862429    ,  0.188566963408 

/ANG,   1,   47.9861985406   

/REPLO   

/VIEW,  1,  0.513366884714    ,  0.858023782399    ,  0.157996999134E-01 

/ANG,   1,   86.1335845686   

/REPLO   

/VIEW,  1,  0.485976771690    ,  0.864764613533    ,  0.126525651779 

/ANG,   1,   75.1698076368   
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/REPLO   

/VIEW,  1,  0.366270468425    ,  0.929576903999    , -0.416259956340E-01 

/ANG,   1,   94.2641491282   

/REPLO   

/VIEW,  1, -0.640182125639E-01,  0.953310011594    , -0.295129954858 

/ANG,   1,  -173.226775549   

/REPLO   

/VIEW,  1,  0.205270602131E-01,  0.999703955387    ,  0.130629775301E-01 

/ANG,   1,   52.8446480935   

/REPLO   

KWPAVE,      45  

/REPLO   

CSYS,4   

SPH4, , ,12  

vplot    

/VIEW,  1,  0.769039022457    ,  0.546840534234    , -0.330974941736 

/ANG,   1,   108.777893240   

/REPLO   

/VIEW,  1,  0.344603527920    ,  0.347546330245    , -0.872043552168 

/ANG,   1,   132.794345962   

/REPLO   

/VIEW,  1,  0.464600718309    ,  0.884386331307    ,  0.447994368704E-01 

/ANG,   1,   69.5528020770   
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/REPLO   

/VIEW,  1, -0.614342215058    ,  0.779073159452    ,  0.125014619225 

/ANG,   1,  -89.9882799519   

/REPLO   

/VIEW,  1, -0.179201865729    ,  0.924449428298    , -0.336570863027 

/ANG,   1,  -156.147622762   

/REPLO   

/VIEW,  1,  0.331937161429E-01,  0.999353359773    , -0.138217046531E-01 

/ANG,   1,   109.054912364   

/REPLO   

/VIEW,  1,  0.598819119900    ,  0.797737277224    , -0.709288246783E-01 

/ANG,   1,   92.7446338369   

/REPLO   

/FOC,   1,  -2.36611868676    ,   1.88633848314    ,  -24.9178246450 

/REPLO   

/VIEW,  1,  0.269779543200    ,  0.958664951208    , -0.904461685006E-01 

/ANG,   1,   103.369333063   

/REPLO   

/VIEW,  1,  0.719212164019    ,  0.231554751199    , -0.655069660665 

/ANG,   1,   111.752429980   

/REPLO   

/VIEW,  1,  0.291313585404    ,  0.952658040212    , -0.870577588700E-01 

/ANG,   1,   81.4841348536   
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/REPLO   

/VIEW,  1, -0.776611248525    ,  0.629979838341    , -0.609874850239E-03 

/ANG,   1,  -120.688012231   

/REPLO   

/VIEW,  1,  0.146936583503E-01,  0.731327710115    , -0.681867932097 

/ANG,   1,   170.421018676   

/REPLO   

/ZOOM,1,RECT,0.002147,0.212786,0.727914,-0.345357    

/AUTO, 1 

/REP 

/USER,  1    

/VIEW,  1,  0.313163835609    ,  0.949663205772    , -0.825879346461E-02 

/ANG,   1,   86.6049237616   

/REPLO   

/REPLO   

/REPLO   

/REPLO   

/VIEW, 1 ,,1 

/ANG, 1  

/REP,FAST    

k,,0,0,-4    

k,,0,0,-2    

KWPAVE,      51  
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CSYS,4   

SPH4, , ,12  

/REPLO   

/VIEW,  1,  0.141056925181    ,  0.985755642354    , -0.915901600968E-01 

/ANG,   1,   122.211274322   

/REPLO   

VDELE,       5, , ,1 

/REPLO   

/VIEW,  1, -0.255040035557E-01,  0.997671219143    , -0.632588673403E-01 

/ANG,   1,  -159.075027931   

/REPLO   

/VIEW, 1 ,,,1    

/ANG, 1  

/REP,FAST    

/VIEW, 1 ,,1 

/ANG, 1  

/REP,FAST    

/VIEW,  1,  0.775906159585    ,  0.423725355131    , -0.467361161135 

/ANG,   1,   123.652786824   

/REPLO   

/VIEW,  1,  0.133353046328    ,  0.266604816160    , -0.954535927577 

/ANG,   1,   141.393499936   

/REPLO   
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/VIEW,  1, -0.875037253648E-01, -0.465530882689E-01, -0.995075830286 

/ANG,   1,   142.698490135   

/REPLO   

/VIEW,  1,  0.150662621710E-01, -0.324976600368E-01, -0.999358248996 

/ANG,   1,   142.896883978   

/REPLO   

/VIEW,  1,  0.102420765135E-01,  0.826109444632E-01, -0.996529242784 

/ANG,   1,   142.910083131   

/REPLO   

/ZOOM,1,RECT,0.186810,-0.263782,-0.109509,0.135505   

/AUTO, 1 

/REP 

/USER,  1    

/VIEW,  1,  0.343466844785    ,  0.846948285821    , -0.405843723222 

/ANG,   1,   127.382153204   

/REPLO   

VDELE,       6, , ,1 

SPH4, , ,12.3    

/ANG,   1,   127.682153204   

/REPLO   

/VIEW,  1,  0.369173104511    ,  0.342593160279    , -0.863910380442 

/ANG,   1,   132.704773417   

/REPLO   
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/VIEW,  1,  0.188617665096    ,  0.118562881390    , -0.974867283055 

/ANG,   1,   135.426678596   

/REPLO   

/VIEW,  1, -0.468529590585E-01, -0.124348768111    , -0.991131769290 

/ANG,   1,   135.386387812   

/REPLO   

/VIEW,  1, -0.250114730258E-01, -0.947327079508E-01, -0.995188494840 

/ANG,   1,   135.525976414   

/REPLO   

/ZOOM,1,RECT,0.255521,0.405989,0.586196,0.114038 

/AUTO, 1 

/REP 

SPH4, , ,13  

/USER,  1    

/REPLO   

/VIEW,  1,  0.442303239805    ,  0.309167679585    , -0.841892623770 

/ANG,   1,   133.500777953   

/REPLO   

/VIEW,  1,  0.138970873763    ,  0.720222726193    , -0.679681043520 

/ANG,   1,   140.689642564   

/REPLO   

/VIEW,  1, -0.667631235787E-01,  0.696153943906    , -0.714781345388 

/ANG,   1,   153.645300901   
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/REPLO   

/VIEW,  1,  0.647355953643    ,  0.524131821242    , -0.553367963696 

/ANG,   1,   116.844056351   

/REPLO   

/ZOOM,1,RECT,-0.182515,0.191319,0.444479,-0.242315   

/AUTO, 1 

/REP 

/USER,  1    

/VIEW,  1,  0.372055677218    ,  0.889525089961    , -0.265178595251 

/ANG,   1,   109.675832126   

/REPLO   

/VIEW,  1,  0.840182501383    ,  0.522177710733    ,  0.146368722013 

/ANG,   1,   74.0279320342   

/REPLO   

/VIEW,  1, -0.980767123834E-01,  0.994990228796    ,  0.193753216234E-01 

/ANG,   1,  -86.5779397533   

/REPLO   

/VIEW,  1,  0.177779201224    ,  0.903203006357    , -0.390664670683 

/ANG,   1,   148.074583295   

/REPLO   

/VIEW,  1,  0.145572511282    ,  0.988316957518    , -0.451468209357E-01 

/ANG,   1,   101.933286704   

/REPLO   
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/VIEW, 1 ,,1 

/ANG, 1  

/REP,FAST    

/ZOOM,1,RECT,0.470245,0.182732,0.715031,-0.074872    

/DIST, 1 ,1.371742,1 

/REP,FAST    

/DIST, 1 ,1.371742,1 

/REP,FAST    

/DIST, 1 ,1.371742,1 

/REP,FAST    

/DIST, 1 ,1.371742,1 

/REP,FAST    

/DIST, 1 ,1.371742,1 

/REP,FAST    

/FOC,   1,   15.1249321837    ,   0.00000000000    ,  -22.0367333612 

/REPLO   

/VIEW,  1,  0.207868485097    ,  0.977481732323    , -0.363339493945E-01 

/ANG,   1,   99.9589392694   

/REPLO   

VDELE,       5, , ,1 

VDELE,       6, , ,1 

/REPLO   

/VIEW,  1,  0.181820805782    ,  0.390686945102    , -0.902388444912 
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/ANG,   1,   160.082756299   

/REPLO   

/FOC,   1,   12.0170565611    ,   1.69658550645    ,  -21.9284015677 

/REPLO   

SPH4, , ,12.7    

/REPLO   

/VIEW,  1,  0.144977032938    ,  0.558214602499    , -0.816932137620 

/ANG,   1,   160.416285594   

/REPLO   

/VIEW,  1,  0.431250033469    , -0.118096185574    , -0.894470066344 

/ANG,   1,   137.408422736   

/REPLO   

/VIEW,  1,  0.188582750643E-01, -0.172343471973E-02, -0.999820681540 

/ANG,   1,   136.431081135   

/REPLO   

/VIEW,  1, -0.329511612250E-01, -0.302147816107E-02, -0.999452395887 

/ANG,   1,   136.438962338   

/REPLO   

/VIEW,  1,  0.277713551497    ,  0.718597657615    , -0.637567713882 

/ANG,   1,   129.434377774   

/REPLO   

/VIEW,  1,  0.124098299649    ,  0.932612426943    , -0.338871174838 

/ANG,   1,   131.767564625   
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/REPLO   

/ZOOM,1,RECT,0.208282,0.015289,0.547546,-0.242315    

/AUTO, 1 

/REP 

/USER,  1    

/VIEW,  1,  0.700287520021    ,  0.435086207993    , -0.565948213989 

/ANG,   1,   106.001487395   

/REPLO   

/FOC,   1,   2.01707927256    ,   5.50974085735    ,  -11.1183681223 

/REPLO   

/VIEW, 1 ,,1 

/ANG, 1  

/REP,FAST    

/AUTO, 1 

/REP 

/USER,  1    

/VIEW,  1,  0.436650362837    ,  0.555853503551    , -0.707363656986 

/ANG,   1,   144.943321246   

/REPLO   

/VIEW,  1,  0.159740869439    , -0.179568031900E-02, -0.987157348229 

/ANG,   1,   152.894249563   

/REPLO   

/VIEW,  1, -0.168246402655    ,  0.111230600206    , -0.979449284839 
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/ANG,   1,   154.035735012   

/REPLO   

/VIEW,  1,  0.428507610528    ,  0.259875247951    , -0.865358933173 

/ANG,   1,   149.601992876   

/REPLO   

/VIEW,  1,  0.240454239794    ,  0.887428771332    , -0.393258101476 

/ANG,   1,   146.031839041   

/REPLO   

/VIEW,  1,  0.115386038248    ,  0.992636709496    , -0.368568194260E-01 

/ANG,   1,   106.625053162   

/REPLO   

/VIEW,  1,  0.269356491335    ,  0.713845160265    , -0.646430327059 

/ANG,   1,   154.659519045   

/REPLO   

/VIEW,  1, -0.134988681602    ,  0.640750151586    , -0.755789189577 

/ANG,   1,   177.528328022   

/REPLO   

/VIEW,  1,  0.471480722560E-01,  0.554501349389    , -0.830846142681 

/ANG,   1,   168.832570963   

/REPLO   

/DIST, 1 ,1.371742,1 

/REP,FAST    

!*   
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type,2   

mat,3    

/REPLO   

/VIEW,  1,  0.183610157152    ,  0.974889208060    , -0.126009294101 

/ANG,   1,   125.477789789   

/REPLO   

/VIEW,  1, -0.628085310310    ,  0.772017358828    , -0.974578916244E-01 

/ANG,   1,  -102.013198047   

/REPLO   

FLST,5,4,4,ORDE,2    

FITEM,5,55   

FITEM,5,-58  

CM,_Y,LINE   

LSEL, , , ,P51X  

CM,_Y1,LINE  

CMSEL,,_Y    

!*   

LESIZE,_Y1, , ,8, , , , ,1   

!*   

CM,_Y,VOLU   

VSEL, , , ,       5  

CM,_Y1,VOLU  

CHKMSH,'VOLU'    
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CMSEL,S,_Y   

!*   

VMESH,_Y1    

!*   

CMDELE,_Y    

CMDELE,_Y1   

CMDELE,_Y2   

!*   

/VIEW,  1, -0.929086057106    ,  0.244752437945    , -0.277300094863 

/ANG,   1,  -105.987814440   

/REPLO   

/UI,MESH,OFF 

/FOC,   1,   3.01097679228    ,   5.49159161039    ,  -23.0911540836 

/REPLO   

/VIEW,  1,  0.285094608913E-01,  0.724462582320    , -0.688724311650 

/ANG,   1,  -152.363554808   

/REPLO   

/VIEW,  1, -0.470385413401    ,  0.726928137739    , -0.500312947487 

/ANG,   1,  -119.961805358   

/REPLO   

/VIEW,  1, -0.654551885737    ,  0.660498789080    , -0.367835803725 

/ANG,   1,  -108.203275014   

/REPLO   
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/VIEW, 1 ,,,1    

/ANG, 1  

/REP,FAST    

/VIEW, 1 ,1,1,1  

/ANG, 1  

/REP,FAST    

/VIEW, 1 ,,1 

/ANG, 1  

/REP,FAST    

/VIEW,  1,  0.883251593505E-01,  0.766002633142    , -0.636740631848 

/ANG,   1,   171.601410072   

/REPLO   

/VIEW,  1, -0.826767780228E-01,  0.432998004560    , -0.897595275401 

/ANG,   1,  -179.869444496   

/REPLO   

/VIEW,  1,  0.127005779639    ,  0.317612077216    , -0.939676593486 

/ANG,   1,   175.063885722   

/REPLO   

/ZOOM,1,RECT,0.551841,0.199906,0.736503,0.010996 

/VIEW,  1,  0.126829851560    ,  0.457275364051    , -0.880234872171 

/ANG,   1,   174.878593818   

/REPLO   

/AUTO, 1 
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/REP 

/USER,  1    

/VIEW,  1, -0.644880232186E-01,  0.968734286284    , -0.239572906312 

/ANG,   1,  -165.149135751   

/REPLO   

/VIEW,  1, -0.697752059811E-01,  0.987418102441    , -0.141904586264 

/ANG,   1,  -154.265620313   

/REPLO   

/VIEW,  1, -0.109554930145    ,  0.992885023150    ,  0.466588478710E-01 

/ANG,   1,  -67.8878839214   

/REPLO   

/VIEW,  1, -0.489308113342E-01,  0.989363519204    , -0.136987600059 

/ANG,   1,  -160.789516005   

/REPLO   

/VIEW,  1, -0.836233415460E-01,  0.995166369750    ,  0.514881857080E-01 

/ANG,   1,  -59.2062566188   

/REPLO   

/VIEW, 1 ,,,1    

/ANG, 1  

/REP,FAST    

/VIEW, 1 ,,1 

/ANG, 1  

/REP,FAST    
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/AUTO, 1 

/REP 

/USER,  1    

/VIEW,  1,  0.213313097148    ,  0.662654322966    , -0.717904430157 

/ANG,   1,   163.797198048   

/REPLO   

/VIEW,  1,  0.127679197249    ,  0.309416578721    , -0.942315978535 

/ANG,   1,   168.121509146   

/REPLO   

/VIEW,  1, -0.367945872776E-01,  0.189756762507    , -0.981141442112 

/ANG,   1,   170.761825009   

/REPLO   

/VIEW,  1, -0.187186255258    , -0.129050544555    , -0.973810691455 

/ANG,   1,   170.532835270   

/REPLO   

/VIEW,  1, -0.101348691671    ,  0.206657496709E-01, -0.994636300105 

/ANG,   1,   170.819966600   

/REPLO   

/VIEW,  1, -0.859151772219E-01,  0.181578342715E-01, -0.996136976212 

/ANG,   1,   170.802716553   

/REPLO   

/VIEW,  1, -0.230304887537E-01, -0.185835905639E-01, -0.999562027465 

/ANG,   1,   170.788555142   
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/REPLO   

/VIEW,  1,  0.472250571744E-02,  0.119841554607    , -0.992781798649 

/ANG,   1,   170.783861923   

/REPLO   

/AUTO, 1 

/REP 

/USER,  1    

/VIEW,  1,  0.659716845198E-01,  0.804487350354    , -0.590294706026 

/ANG,   1,   166.945365221   

/REPLO   

/VIEW,  1,  0.994437737288E-01,  0.952417848344    , -0.288116604906 

/ANG,   1,   156.594663612   

/REPLO   

/VIEW,  1,  0.154383278669    ,  0.980491498236    , -0.121664395588 

/ANG,   1,   125.018385344   

/REPLO   

/VIEW,  1,  0.587282343921    ,  0.673214426159    , -0.449312569299 

/ANG,   1,   123.472109228   

/REPLO   

/VIEW,  1,  0.643060642516    ,  0.563860351977    , -0.518203158534 

/ANG,   1,   124.359068350   

/REPLO   

/VIEW,  1,  0.586706154623    ,  0.744802848977    , -0.317875139454 
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/ANG,   1,   117.321441325   

/REPLO   

/AUTO, 1 

/REP 

/VIEW, 1 ,,,1    

/ANG, 1  

/REP,FAST    

/VIEW, 1 ,,,1    

/ANG, 1  

/REP,FAST    

/VIEW, 1 ,,1 

/ANG, 1  

/REP,FAST    

/VIEW, 1 ,,1 

/ANG, 1  

/REP,FAST    

vplot    

/USER,  1    

/VIEW,  1, -0.635604171463    ,  0.763250706566    , -0.115998690273 

/ANG,   1,  -100.262873099   

/REPLO   

FLST,5,3,6,ORDE,2    

FITEM,5,2    
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FITEM,5,-4   

VSEL,R, , ,P51X  

/VIEW,  1, -0.527857403078    ,  0.754090026405    , -0.390787402679 

/ANG,   1,  -120.053398174   

/REPLO   

allsel,bel,volu  

allsel,belo,volu 

eplot    

/VIEW,  1,  0.499629408401    ,  0.821582173912    , -0.274541774182 

/ANG,   1,   137.901479131   

/REPLO   

/VIEW,  1,  0.322336811704    ,  0.621638548101    , -0.713907903959 

/ANG,   1,   164.965623141   

/REPLO   

/VIEW,  1,  0.267025069056    ,  0.648001072027    , -0.713296728681 

/ANG,   1,   167.362416886   

/REPLO   

/VIEW, 1 ,1,1,1  

/ANG, 1  

/REP,FAST    

/VIEW, 1 ,,1 

/ANG, 1  

/REP,FAST    
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/VIEW,  1,  0.269908284798    ,  0.913448348970    , -0.304567942438 

/ANG,   1,   138.727513047   

/REPLO   

/VIEW,  1,  0.373355042345    ,  0.841772820520    , -0.389903232854 

/ANG,   1,   136.751126203   

/REPLO   

/VIEW,  1,  0.596703351799    ,  0.559376440376    , -0.575363457220 

/ANG,   1,   134.890873947   

/REPLO   

/VIEW,  1,  0.546621614189    ,  0.579879340654    , -0.604106580981 

/ANG,   1,   137.122871567   

/REPLO   

/VIEW,  1,  0.485968457447    ,  0.618921408921    , -0.617066404811 

/ANG,   1,   139.473351750   

/REPLO   

/VIEW,  1,  0.368439108262    ,  0.264127219293    , -0.891341368687 

/ANG,   1,   146.484337327   

/REPLO   

/VIEW,  1,  0.225208999919    ,  0.232239755613E-01, -0.974033651018 

/ANG,   1,   147.819672773   

/REPLO   

/VIEW,  1,  0.999305989937E-01, -0.215705443907E-02, -0.994992071577 

/ANG,   1,   147.990902421   
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/REPLO   

/VIEW,  1,  0.517852889070E-01,  0.949432521981E-02, -0.998613109088 

/ANG,   1,   148.011267409   

/REPLO   

/VIEW,  1,  0.196090815863E-01,  0.172478673385E-01, -0.999658939335 

/ANG,   1,   148.035936686   

/REPLO   

/VIEW,  1, -0.475400220053E-01,  0.282459249041E-01, -0.998469886393 

/ANG,   1,   148.129825937   

/REPLO   

/VIEW,  1,  0.140741077270E-01,  0.837570753085E-02, -0.999865874513 

/ANG,   1,   148.065117996   

/REPLO   

/VIEW,  1,  0.578813599555E-02, -0.543165080580E-01, -0.998506992682 

/ANG,   1,   148.017285527   

/REPLO   

/VIEW,  1, -0.263794448118E-01,  0.283461538201E-02, -0.999647982966 

/ANG,   1,   147.938354073   

/REPLO   

/VIEW,  1,  0.141382277970E-01,  0.834417789866E-02, -0.999865233524 

/ANG,   1,   147.934801252   

/REPLO   

allsel   
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eplot    

vsel,,ename,,92  

esel,,ename,,92  

nsle 

/REPLO   

/ZOOM,1,RECT,-0.242638,-0.126393,0.006442,-0.448398  

/VIEW,  1,  0.192345983845    ,  0.117112103994    , -0.974314003593 

/ANG,   1,   147.376069251   

/REPLO   

/VIEW,  1,  0.342520749232    ,  0.426744686754    , -0.836999706495 

/ANG,   1,   144.407432197   

/REPLO   

/VIEW,  1,  0.389486105944    ,  0.502150627041    , -0.772104475469 

/ANG,   1,   142.378293086   

/REPLO   

/VIEW,  1,  0.408139318747    ,  0.559832020014    , -0.721117470222 

/ANG,   1,   140.905491568   

/REPLO   

/VIEW,  1,  0.434615645582    ,  0.543143020539    , -0.718404412469 

/ANG,   1,   139.987812597   

/REPLO   

/VIEW,  1,  0.452029840803    ,  0.531718195277    , -0.716201636298 

/ANG,   1,   139.404555037   
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/REPLO   

/VIEW,  1,  0.484685517309    ,  0.527497228520    , -0.697729620422 

/ANG,   1,   138.071733834   

/REPLO   

/VIEW,  1,  0.549486552917    ,  0.578555912608    , -0.602774903384 

/ANG,   1,   133.962002804   

/REPLO   

/VIEW,  1,  0.577192917366    ,  0.603686454726    , -0.549919085432 

/ANG,   1,   131.596612128   

/REPLO   

/VIEW,  1,  0.683927217162    ,  0.556245208240    , -0.472053842199 

/ANG,   1,   126.399989598   

/REPLO   

/VIEW,  1,  0.724165490448    ,  0.493719167783    , -0.481482840617 

/ANG,   1,   125.883345331   

/REPLO   

/VIEW,  1,  0.631703067843    ,  0.520168876568    , -0.574783066842 

/ANG,   1,   130.393071096   

/REPLO   

/VIEW,  1,  0.674405353055    ,  0.532447221499    , -0.511544109622 

/ANG,   1,   127.722270161   

/REPLO   

/DIST, 1 ,1.371742,1 
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/REP,FAST    

/ZOOM,1,RECT,0.135276,0.689354,0.650614,0.208493 

/AUTO, 1 

/REP 

VCLEAR,       5  

VDELE,       5, , ,1 

SPH4, , ,12.8    

/USER,  1    

/REPLO   

vplot    

/VIEW,  1,  0.156441357815    ,  0.843151381708    , -0.514414083293 

/ANG,   1,   152.800619101   

/REPLO   

/VIEW,  1,  0.651065543256    ,  0.554127644269    , -0.518706287066 

/ANG,   1,   114.491218413   

/REPLO   

/VIEW,  1,  0.534893045309    ,  0.701774810303    , -0.470533256746 

/ANG,   1,   116.045307367   

/REPLO   

/ZOOM,1,RECT,-0.324233,0.431750,-0.036503,0.191319   

/AUTO, 1 

/REP 

/USER,  1    
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/VIEW,  1,  0.712921536103    ,  0.655873823804    , -0.248137886284 

/ANG,   1,   98.4118786879   

/REPLO   

/VIEW,  1,  0.409088801632    ,  0.159782667436    , -0.898396266447 

/ANG,   1,   115.107659522   

/REPLO   

/VIEW,  1,  0.690527229749    ,  0.488625060301    , -0.533308255534 

/ANG,   1,   104.165587157   

/REPLO   

FLST,5,4,4,ORDE,2    

FITEM,5,55   

FITEM,5,-58  

CM,_Y,LINE   

LSEL, , , ,P51X  

CM,_Y1,LINE  

CMSEL,,_Y    

!*   

LESIZE,_Y1, , ,8, , , , ,1   

!*   

CM,_Y,VOLU   

VSEL, , , ,       5  

CM,_Y1,VOLU  

CHKMSH,'VOLU'    
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CMSEL,S,_Y   

!*   

VMESH,_Y1    

!*   

CMDELE,_Y    

CMDELE,_Y1   

CMDELE,_Y2   

!*   

/ZOOM,1,RECT,-0.019325,0.148385,0.105215,-0.053405   

/VIEW,  1,  0.673710112312    ,  0.514956309666    , -0.530032719465 

/ANG,   1,   104.423468709   

/REPLO   

/VIEW,  1,  0.645005824947    ,  0.547005414489    , -0.533622115644 

/ANG,   1,   105.171371877   

/REPLO   

/VIEW,  1,  0.630199330627    ,  0.562651173034    , -0.535044354387 

/ANG,   1,   105.578067769   

/REPLO   

/VIEW,  1,  0.620901881393    ,  0.575089907787    , -0.532684195039 

/ANG,   1,   105.746138181   

/REPLO   

/VIEW,  1,  0.587310103869    ,  0.604000154876    , -0.538749157589 

/ANG,   1,   106.865747001   
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/REPLO   

/AUTO, 1 

/REP 

/AUTO, 1 

/REP 

/VIEW, 1 ,,1 

/ANG, 1  

/REP,FAST    

allsel   

eplot    

SAVE 

/VIEW, 1 ,,1 

/ANG, 1  

/REP,FAST    

/VIEW, 1 ,,1 

/ANG, 1  

/REP,FAST    

/UI,MESH,OFF 

/USER,  1    

/VIEW,  1,  0.217618293646    ,  0.969927923263    , -0.109005054682 

/ANG,   1,   116.560486739   

/REPLO   

/VIEW,  1,  0.254513663958    ,  0.719113967155    , -0.646604900307 
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/ANG,   1,   154.945334345   

/REPLO   

/VIEW,  1,  0.244269094588    ,  0.350325403619    , -0.904214974997 

/ANG,   1,   158.528310108   

/REPLO   

/VIEW,  1,  0.282632477425    ,  0.105935940970    , -0.953360613365 

/ANG,   1,   158.108453076   

/REPLO   

/VIEW, 1 ,1,1,1  

/ANG, 1  

/REP,FAST    

/VIEW, 1 ,1,2,3  

/ANG, 1  

/REP,FAST    

/VIEW,  1,  0.220996011561    ,  0.967858716189    ,  0.120042777259 

/ANG,   1,   38.1338150921   

/REPLO   

/VIEW,  1,  0.523054993367    ,  0.628150281991    , -0.576056157982 

/ANG,   1,   107.098228973   

/REPLO   

/VIEW,  1,  0.588626738524    ,  0.128941644065    , -0.798055521327 

/ANG,   1,   109.417938133   

/REPLO   
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/VIEW,  1,  0.775485688213    ,  0.270292770185    , -0.570581953589 

/ANG,   1,   105.868824843   

/REPLO   

/VIEW,  1,  0.847753094125    ,  0.309382362702    , -0.430809987176 

/ANG,   1,   103.200438513   

/REPLO   

vplot    

/VIEW,  1,  0.751350599866    ,  0.650027714005    , -0.113737623969 

/ANG,   1,   91.9782036328   

/REPLO   

/VIEW,  1,  0.247211075371    ,  0.967131664558    , -0.595233367982E-01 

/ANG,   1,   95.9265295010   

/REPLO   

/VIEW, 1 ,,1 

/ANG, 1  

/REP,FAST    

WPCSYS,-1,0  

/VIEW,  1,  0.487566820179    ,  0.705704858978    , -0.514061521488 

/ANG,   1,   134.122214899   

/REPLO   

/VIEW,  1,  0.488201105475    ,  0.309362640854    , -0.816060314595 

/ANG,   1,   140.268762375   

/REPLO   
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/VIEW,  1,  0.149648376072    ,  0.135765432499E-01, -0.988646064581 

/ANG,   1,   143.653948815   

/REPLO   

/VIEW,  1,  0.446265274273E-01, -0.627464311273E-02, -0.998984034859 

/ANG,   1,   143.660330292   

/REPLO   

/VIEW,  1,  0.102902247664    ,  0.647918947960    , -0.754726549355 

/ANG,   1,   140.156211131   

/REPLO   

/VIEW,  1,  0.652845791089    ,  0.484433051218    , -0.582337524074 

/ANG,   1,   116.686101824   

/REPLO   

/VIEW,  1,  0.642021862732    ,  0.694948997788    , -0.323811393018 

/ANG,   1,   107.631462928   

/REPLO   

/FOC,   1,  0.114770090804    ,  0.957586201216    ,  -15.6173174948 

/REPLO   

/VIEW,  1,  0.619640993819    ,  0.560121371221    , -0.549826416500 

/ANG,   1,   116.852671837   

/REPLO   

/VIEW,  1,  0.390295681317    ,  0.529943235341    , -0.752880766431 

/ANG,   1,   128.697216580   

/REPLO   
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/VIEW,  1,  0.584529145666    ,  0.809555766416    , -0.542691342275E-01 

/ANG,   1,   86.5704355488   

/REPLO   

/VIEW, 1 ,,,1    

/ANG, 1  

/REP,FAST    

/VIEW, 1 ,,,-1   

/ANG, 1  

/REP,FAST    

/VIEW,  1,  0.618238600671E-01, -0.721081054542    , -0.690086895330 

/ANG,   1,   2.30773693040   

/REPLO   

/FOC,   1,  0.835597215816E-01,  -2.07142510143    ,  -12.4550590407 

/REPLO   

/VIEW,  1,  0.107737477350    , -0.901267402787    , -0.419654267996 

/ANG,   1,   10.1931589381   

/REPLO   

/VIEW, 1 ,1  

/ANG, 1  

/REP,FAST    

eplot    

/VIEW,  1,  0.112861709982    , -0.404322332734E-01, -0.992787726018 

/ANG,   1,  -4.52257289409   
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/REPLO   

/VIEW,  1, -0.190843084913E-01, -0.565971753432    , -0.824203714798 

/ANG,   1,  -7.02770881567   

/REPLO   

/VIEW,  1, -0.166270969062    , -0.680032777385    , -0.714079397917 

/ANG,   1,  -14.3145137366   

/REPLO   

/VIEW,  1,  0.125817243782    , -0.883998460079    , -0.450240761977 

/ANG,   1,   7.37815548875   

/REPLO   

/VIEW,  1, -0.948582070228E-03, -0.945092510020    , -0.326801541759 

/ANG,   1,  -7.06600667549   

/REPLO   

/VIEW,  1,  0.809220493967E-02, -0.994460415421    , -0.104799801430 

/ANG,   1,  -2.67602212981   

/REPLO   

/VIEW,  1,  0.284633404551    , -0.956343206952    , -0.662683599515E-01 

/ANG,   1,   68.9442195859   

/REPLO   

/VIEW, 1 ,,,1    

/ANG, 1  

/REP,FAST    

/VIEW, 1 ,,1 
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/ANG, 1  

/REP,FAST    

/VIEW, 1 ,,-1    

/ANG, 1  

/REP,FAST    

/VIEW, 1 ,-1 

/ANG, 1  

/REP,FAST    

/VIEW, 1 ,,1 

/ANG, 1  

/REP,FAST    

/VIEW,  1,  0.657926981078    ,  0.668726051061    , -0.346320019928 

/ANG,   1,   118.939345760   

/REPLO   

/VIEW,  1,  0.507744461658    ,  0.486740990110    , -0.710829635146 

/ANG,   1,   134.990461847   

/REPLO   

/VIEW,  1,  0.225403449706    ,  0.355819011927    , -0.906965333192 

/ANG,   1,   144.201958083   

/REPLO   

/VIEW,  1,  0.907330411587E-01,  0.207335810380    , -0.974053066817 

/ANG,   1,   146.652275489   

/REPLO   
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/VIEW,  1,  0.516166350839E-01,  0.603064212684E-01, -0.996844450522 

/ANG,   1,   146.972732773   

/REPLO   

/VIEW,  1,  0.358682634544E-01,  0.456139462083E-01, -0.998314998178 

/ANG,   1,   147.023883643   

/REPLO   

/VIEW,  1, -0.111747817270E-02, -0.114901529873E-01, -0.999933361593 

/ANG,   1,   147.060117804   

/REPLO   

/VIEW,  1, -0.512746802408E-01, -0.599953609850E-01, -0.996880867419 

/ANG,   1,   146.935867840   

/REPLO   

/VIEW,  1,  0.152371591760E-02,  0.117559384033E-01, -0.999929735632 

/ANG,   1,   147.002028681   

/REPLO   

/VIEW,  1,  0.482905368391E-02, -0.216052239714E-01, -0.999754917236 

/ANG,   1,   146.999819879   

/REPLO   

/VIEW,  1, -0.834373346966E-02, -0.130496959085E-01, -0.999880036579 

/ANG,   1,   146.986739695   

/REPLO   

/VIEW,  1, -0.215144619318E-01, -0.449094802830E-02, -0.999758450484 

/ANG,   1,   146.980120617   
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/REPLO   

/VIEW,  1,  0.221654938163E-01, -0.141367788184E-01, -0.999654361451 

/ANG,   1,   147.005008729   

/REPLO   

/VIEW,  1,  0.133853481129E-01, -0.843399891467E-02, -0.999874842227 

/ANG,   1,   146.999329319   

/REPLO   

/VIEW,  1, -0.417838385387E-02,  0.297371006624E-02, -0.999986848992 

/ANG,   1,   146.996581597   

/REPLO   

/REPLO   

esel,,ename,,92  

nsle 

/REPLO   

/VIEW,  1,  0.450573710912    ,  0.576377617373    , -0.681742013687 

/ANG,   1,   138.568470105   

/REPLO   

/VIEW,  1,  0.506278779636    ,  0.730482419596    , -0.458341828716 

/ANG,   1,   129.082703448   

/REPLO   

/VIEW,  1,  0.492428065673    ,  0.793985894218    , -0.356512271767 

/ANG,   1,   124.257361597   

/REPLO   
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/VIEW,  1,  0.494092675185    ,  0.862485241942    , -0.109506327491 

/ANG,   1,   104.657369230   

/REPLO   

/VIEW,  1,  0.589412463490    ,  0.787875601860    , -0.178451628953 

/ANG,   1,   108.266205618   

/REPLO   

/VIEW,  1,  0.640164606789    ,  0.670789378691    , -0.374474145503 

/ANG,   1,   118.063689309   

/REPLO   

FLST,5,531,2,ORDE,499    

FITEM,5,2849 

FITEM,5,-2850    

FITEM,5,2855 

FITEM,5,2866 

FITEM,5,-2869    

FITEM,5,2881 

FITEM,5,2896 

FITEM,5,2899 

FITEM,5,-2901    

FITEM,5,2903 

FITEM,5,2914 

FITEM,5,2916 

FITEM,5,-2919    
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FITEM,5,2921 

FITEM,5,-2922    

FITEM,5,2924 

FITEM,5,2937 

FITEM,5,2939 

FITEM,5,-2940    

FITEM,5,2956 

FITEM,5,2960 

FITEM,5,2989 

FITEM,5,-2990    

FITEM,5,3010 

FITEM,5,3013 

FITEM,5,-3015    

FITEM,5,3018 

FITEM,5,3021 

FITEM,5,3041 

FITEM,5,3046 

FITEM,5,-3048    

FITEM,5,3050 

FITEM,5,3067 

FITEM,5,3101 

FITEM,5,3113 

FITEM,5,3126 
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FITEM,5,3130 

FITEM,5,3135 

FITEM,5,3139 

FITEM,5,3155 

FITEM,5,3189 

FITEM,5,3195 

FITEM,5,-3197    

FITEM,5,3199 

FITEM,5,3202 

FITEM,5,-3203    

FITEM,5,3210 

FITEM,5,3212 

FITEM,5,3224 

FITEM,5,3227 

FITEM,5,3236 

FITEM,5,3246 

FITEM,5,3259 

FITEM,5,-3260    

FITEM,5,3267 

FITEM,5,3273 

FITEM,5,3292 

FITEM,5,3310 

FITEM,5,-3311    
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FITEM,5,3324 

FITEM,5,3332 

FITEM,5,3338 

FITEM,5,3359 

FITEM,5,3361 

FITEM,5,3371 

FITEM,5,3374 

FITEM,5,3379 

FITEM,5,3384 

FITEM,5,3388 

FITEM,5,3390 

FITEM,5,3394 

FITEM,5,3407 

FITEM,5,3415 

FITEM,5,-3417    

FITEM,5,3419 

FITEM,5,-3420    

FITEM,5,3422 

FITEM,5,-3423    

FITEM,5,3426 

FITEM,5,3428 

FITEM,5,-3429    

FITEM,5,3434 
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FITEM,5,3444 

FITEM,5,3450 

FITEM,5,3452 

FITEM,5,-3454    

FITEM,5,3457 

FITEM,5,3463 

FITEM,5,3468 

FITEM,5,-3469    

FITEM,5,3472 

FITEM,5,3481 

FITEM,5,3483 

FITEM,5,-3484    

FITEM,5,3491 

FITEM,5,-3492    

FITEM,5,3494 

FITEM,5,-3495    

FITEM,5,3502 

FITEM,5,3504 

FITEM,5,-3506    

FITEM,5,3508 

FITEM,5,3512 

FITEM,5,3514 

FITEM,5,3516 
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FITEM,5,3523 

FITEM,5,-3525    

FITEM,5,3536 

FITEM,5,3539 

FITEM,5,3548 

FITEM,5,3559 

FITEM,5,3565 

FITEM,5,3570 

FITEM,5,3576 

FITEM,5,3578 

FITEM,5,3580 

FITEM,5,3582 

FITEM,5,3586 

FITEM,5,-3587    

FITEM,5,3589 

FITEM,5,3595 

FITEM,5,3599 

FITEM,5,3603 

FITEM,5,3608 

FITEM,5,3618 

FITEM,5,3620 

FITEM,5,3623 

FITEM,5,-3624    
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FITEM,5,3635 

FITEM,5,3637 

FITEM,5,3661 

FITEM,5,3664 

FITEM,5,-3665    

FITEM,5,3668 

FITEM,5,3671 

FITEM,5,3688 

FITEM,5,3698 

FITEM,5,3706 

FITEM,5,3710 

FITEM,5,-3711    

FITEM,5,3717 

FITEM,5,3726 

FITEM,5,3739 

FITEM,5,3741 

FITEM,5,3743 

FITEM,5,3747 

FITEM,5,3755 

FITEM,5,3757 

FITEM,5,3766 

FITEM,5,3771 

FITEM,5,3773 
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FITEM,5,3780 

FITEM,5,3790 

FITEM,5,3793 

FITEM,5,3799 

FITEM,5,3825 

FITEM,5,3837 

FITEM,5,-3839    

FITEM,5,3846 

FITEM,5,3853 

FITEM,5,-3854    

FITEM,5,3874 

FITEM,5,3884 

FITEM,5,-3885    

FITEM,5,3890 

FITEM,5,3896 

FITEM,5,3898 

FITEM,5,-3899    

FITEM,5,3917 

FITEM,5,3920 

FITEM,5,3922 

FITEM,5,3954 

FITEM,5,3975 

FITEM,5,3978 
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FITEM,5,4006 

FITEM,5,4008 

FITEM,5,4011 

FITEM,5,4025 

FITEM,5,-4026    

FITEM,5,4028 

FITEM,5,4031 

FITEM,5,4033 

FITEM,5,-4035    

FITEM,5,4037 

FITEM,5,-4038    

FITEM,5,4041 

FITEM,5,4074 

FITEM,5,4081 

FITEM,5,4101 

FITEM,5,4106 

FITEM,5,4130 

FITEM,5,4154 

FITEM,5,4165 

FITEM,5,-4170    

FITEM,5,4174 

FITEM,5,4190 

FITEM,5,-4191    
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FITEM,5,4214 

FITEM,5,4220 

FITEM,5,4227 

FITEM,5,-4228    

FITEM,5,4235 

FITEM,5,4241 

FITEM,5,4248 

FITEM,5,4284 

FITEM,5,4286 

FITEM,5,4298 

FITEM,5,4310 

FITEM,5,4327 

FITEM,5,4335 

FITEM,5,-4336    

FITEM,5,4346 

FITEM,5,4348 

FITEM,5,4362 

FITEM,5,4364 

FITEM,5,4367 

FITEM,5,4383 

FITEM,5,4389 

FITEM,5,4399 

FITEM,5,4402 
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FITEM,5,-4404    

FITEM,5,4406 

FITEM,5,4408 

FITEM,5,4414 

FITEM,5,4419 

FITEM,5,4429 

FITEM,5,-4430    

FITEM,5,4435 

FITEM,5,4438 

FITEM,5,4442 

FITEM,5,4455 

FITEM,5,4461 

FITEM,5,-4462    

FITEM,5,4469 

FITEM,5,4473 

FITEM,5,4477 

FITEM,5,-4478    

FITEM,5,4480 

FITEM,5,4482 

ESEL,R, , ,P51X  

/REPLO   

/VIEW,  1,  0.680011559737    ,  0.565560852729    , -0.466610330452 

/ANG,   1,   120.741321151   
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/REPLO   

/VIEW,  1,  0.825702565670    ,  0.338368353658    , -0.451355879864 

/ANG,   1,   118.165035315   

/REPLO   

/VIEW,  1,  0.826422529935    ,  0.536986364895    , -0.169326447827 

/ANG,   1,   110.785677817   

/REPLO   

/VIEW,  1,  0.622907239274    ,  0.780516351907    , -0.527332500909E-01 

/ANG,   1,   106.544942299   

/REPLO   

/VIEW,  1,  0.592447299734E-01,  0.986497009261    , -0.152688286025 

/ANG,   1,   167.768513259   

/REPLO   

/VIEW,  1,  0.657811483918    ,  0.705986092703    , -0.262426539315 

/ANG,   1,   122.747201211   

/REPLO   

/VIEW,  1,  0.718504724065    ,  0.523546530814    , -0.457875519731 

/ANG,   1,   129.921966512   

/REPLO   

/ZOOM,1,RECT,-0.478834,0.268600,-0.049386,-0.246608  

/VIEW,  1,  0.776537035874    ,  0.623057269553    , -0.937543106903E-01 

/ANG,   1,   116.123926806   

/REPLO   
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/VIEW,  1,  0.919172288501    ,  0.390433809518    ,  0.518048688622E-01 

/ANG,   1,   110.868173800   

/REPLO   

/FOC,   1,  -18.0963584680    ,   1.84003889542    ,  -13.4389984509 

/REPLO   

/DIST, 1 ,1.371742,1 

/REP,FAST    

/VIEW,  1,  0.897901604155    ,  0.440087199537    , -0.979622684305E-02 

/ANG,   1,   112.495703096   

/REPLO   

/AUTO, 1 

/REP 

/ZOOM,1,RECT,0.225460,0.358762,0.693558,0.010996 

/VIEW,  1,  0.804377617577    ,  0.586179624840    , -0.967992549763E-01 

/ANG,   1,   115.695816024   

/REPLO   

/AUTO, 1 

/REP 

/USER,  1    

/VIEW,  1,  0.294076278427    ,  0.922861905380    , -0.248686642312 

/ANG,   1,   142.594073143   

/REPLO   

/VIEW,  1, -0.227958615965    ,  0.943569154062    , -0.240233471669 
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/ANG,   1,  -128.714955729   

/REPLO   

/VIEW,  1,  0.283970528894E-01,  0.978298058547    , -0.205247450727 

/ANG,   1,  -178.510270966   

/REPLO   

/ZOOM,1,RECT,0.530368,0.290067,0.783742,-0.001884    

/AUTO, 1 

/REP 

/USER,  1    

/VIEW,  1,  0.695398145984    ,  0.666696971443    , -0.268209930522 

/ANG,   1,   125.406224452   

/REPLO   

/VIEW,  1,  0.943688587255    ,  0.285609945512    , -0.166969486161 

/ANG,   1,   120.041810843   

/REPLO   

/VIEW,  1,  0.893459850898    ,  0.236151692114    , -0.382049568963 

/ANG,   1,   123.652395897   

/REPLO   

/ZOOM,1,RECT,0.324233,0.586312,0.680675,0.204199 

/VIEW,  1,  0.846922016168    ,  0.366143550859    , -0.385567113086 

/ANG,   1,   123.978018376   

/REPLO   

/VIEW,  1,  0.815697314166    ,  0.453533032760    , -0.359090072068 
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/ANG,   1,   123.629846662   

/REPLO   

/VIEW,  1,  0.935630083943    ,  0.248499523360    , -0.250687719904 

/ANG,   1,   120.450176129   

/REPLO   

/VIEW,  1,  0.979935402855    , -0.161781642077    , -0.116418669113 

/ANG,   1,   120.146057107   

/REPLO   

/AUTO, 1 

/REP 

/USER,  1    

/VIEW,  1,  0.942056540546    ,  0.242635181622    , -0.231641194638 

/ANG,   1,   120.611753368   

/REPLO   

/VIEW,  1,  0.892529345651    ,  0.379099522629    , -0.244284504409 

/ANG,   1,   121.015225213   

/REPLO   

/VIEW,  1,  0.665643475109    ,  0.700028988661    , -0.258608157412 

/ANG,   1,   124.532878443   

/REPLO   

/VIEW,  1,  0.563700553994    ,  0.766569918184    , -0.307591036871 

/ANG,   1,   129.946631393   

/REPLO   
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/ZOOM,1,RECT,0.023620,0.470390,0.345706,0.139798 

FLST,5,33,2,ORDE,33  

FITEM,5,2896 

FITEM,5,3130 

FITEM,5,3199 

FITEM,5,3422 

FITEM,5,-3423    

/REPLO   

/AUTO,1  

/REP,FAST    

/USER,  1    

/VIEW,  1,  0.826462492072E-01,  0.930803390585    , -0.356054273345 

/ANG,   1,   172.607640408   

/REPLO   

/VIEW,  1, -0.568212991956E-01,  0.896442085519    , -0.439503045802 

/ANG,   1,  -168.565774554   

/REPLO   

/VIEW,  1, -0.729147736711E-02,  0.755472533858    , -0.655139744592 

/ANG,   1,  -174.168117866   

/REPLO   

esel,u,mat,,3    

/REPLO   

/VIEW,  1, -0.282065073221    ,  0.761169622185    , -0.584003510890 
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/ANG,   1,  -155.112432652   

/REPLO   

/VIEW,  1, -0.345979930053    ,  0.841025940180    , -0.415900536120 

/ANG,   1,  -143.902471677   

/REPLO   

/VIEW,  1, -0.952147193708E-01,  0.867905458431    , -0.487518484204 

/ANG,   1,  -168.743364655   

/REPLO   

nsle 

/REPLO   

/VIEW,  1, -0.246835321616    ,  0.594273835643    , -0.765448190457 

/ANG,   1,  -163.160655913   

/REPLO   

nplot    

/VIEW,  1, -0.169473315464    ,  0.133756299447    , -0.976415919424 

/ANG,   1,  -165.452855757   

/REPLO   

/VIEW,  1, -0.154973524903    ,  0.301556610421E-01, -0.987458273896 

/ANG,   1,  -165.497607521   

/REPLO   

/VIEW,  1, -0.194998502165    ,  0.627718172751E-01, -0.978792768215 

/ANG,   1,  -165.394760724   

/REPLO   



  

R BASHOUR 251 

 

/VIEW,  1, -0.236851601421    , -0.242547972125E-02, -0.971542812208 

/ANG,   1,  -165.277230701   

/REPLO   

/REPLO   

/ZOOM,1,RECT,-0.620552,0.831036,-0.122393,0.277187   

/AUTO, 1 

/REP 

/ZOOM,1,RECT,0.663497,0.290067,0.972699,-0.139273    

/AUTO, 1 

/REP 

/ZOOM,1,RECT,-0.096626,-0.469865,0.371472,-0.826218  

FLST,5,61,1,ORDE,48  

FITEM,5,5940 

LIG,   1,1, 1.000,   0.00000000000    ,   0.00000000000    ,   0.00000000000    ,   

0.00000000000   

/REPLO   

/AUTO,1  

/REP,FAST    

/USER,  1    

/VIEW,  1, -0.403134157172    ,  0.267211083042    , -0.875260583153 

/ANG,   1,  -163.135932738   

/REPLO   

/VIEW,  1, -0.400953002148    ,  0.635685750955    , -0.659651662698 
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/ANG,   1,  -160.853149089   

/REPLO   

/VIEW,  1,  0.849407935811E-01,  0.762512397869    , -0.641373451807 

/ANG,   1,   171.347326300   

/REPLO   

/VIEW,  1,  0.374302937426    ,  0.804968959141    , -0.460350177423 

/ANG,   1,   146.764924268   

/REPLO   

/VIEW,  1, -0.222952635856E-01,  0.785338950301    , -0.618664411747 

/ANG,   1,  -179.927951568   

/REPLO   

cm,temp,nodes    

/DIST,  1,   20.3806155098   

/ANG,   1,  -179.627951568   

/REPLO   

/VIEW, 1 ,1,1,1  

/ANG, 1  

/REP,FAST    

FLST,5,28,1,ORDE,21  

FITEM,5,5940 

FITEM,5,-5944    
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Appendix  Matlab Code 

 

Optics.m 

A=1;  

r=7; %promien rdzenia  (wszystkie wymiary w mikrometrach) 

V=2.4 %czêstotliwoœæ znormalizowana 

a=r*(0.65+1.619*V^(-1.5)+2.879*V^(-6));  

  

%x=[ -100 :15 :100] 

%y1=(r.^2-x.^2).^0.5 

%hold on 

%x=[ -100 :15 :100] 

%y2=-(r.^2-x.^2).^0.5 

  

%t=0:2*pi/15:2*pi;   

 

 xlabel('E/Emax'); 
ylabel('E/Emax'); 
 

[X,Y] = meshgrid(-250 : 1 : 250, -250 : 1 : 250); 

  
 

         Z1=A*exp(-((X+2e+2).^2 + (Y).^2)/a^2);  

         Z2=A*exp(-((X+1.8271e+2).^2 + (Y+0.8135e+2).^2)/a^2); 
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         Z3=A*exp(-((X+1.3383e+2).^2 + (Y+1.4863e+2).^2)/a^2);   

         Z4=A*exp(-((X+0.618e+2).^2 + (Y+1.9021e+2).^2)/a^2); 

         Z5=A*exp(-((X-0.2091e+2).^2 + (Y+1.9890e+2).^2)/a^2);   

         Z6=A*exp(-((X-1e+2).^2 + (Y+1.7321e+2).^2)); 

          

          

       Z=Z1+Z2; 

          

u_F0= fft2(Z); 

u_F0= abs(fftshift(Z)); 

  

            hold on 

            mesh(X,Y,u_F0) 

             

  

                      

                % plot(y,'-o')   

       

        

 

          

           

Optics2.m 
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A=1;  

r=7 %promien rdzenia  (wszystkie wymiary w mikrometrach) 

V=5 %czêstotliwoœæ znormalizowana 

wavelength = 1.064D-6;  

k_0 = 2*pi/wavelength; 

a=r*(0.65+1.619*V^(-1.5)+2.879*V^(-6));  

 z_d =0.05985; % far-field odleglosc 

%x=[ -100 :15 :100] 

%y1=(r.^2-x.^2).^0.5 

%hold on 

%x=[ -100 :15 :100] 

%y2=-(r.^2-x.^2).^0.5 

  

t=0:2*pi/30:2*pi;   

 xlabel('E/Emax'); 
ylabel('Reflectivity'); 
zlabel('E/Emax'); 

  

[X,Y] = meshgrid(-50 : 0.5: 50, -50 : 0.5: 50); 

  

           Z1=A*exp(-((X).^2 + (Y).^2)/a^2);  

           Z2=A*exp(-((X-20).^2 + (Y).^2)/a^2); 
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           Z3=A*exp(-((X-40).^2 + (Y).^2)/a^2); 

           Z4=A*exp(-((X+20).^2 + (Y).^2)/a^2); 

           Z5=A*exp(-((X+40).^2 + (Y).^2)/a^2);   

                 

           Z6=A*exp(-((X).^2 + (Y-20).^2)/a^2); 

            Z7=A*exp(-((X).^2 + (Y+20).^2)/a^2); 

           Z8=A*exp(-((X).^2 + (Y+40).^2)/a^2); 

           Z9=A*exp(-((X).^2 + (Y-40).^2)/a^2);   

         Z=Z1+Z2+Z3+Z4+Z5+Z6+Z7+Z8+Z9; 

      

  

h_0=exp(j*k_0/2*z_d); 

  

      Q=fft2(Z/10000) 

      Q= fftshift(Q) 

      FAR=h_0.*Q 

       kat=angle(FAR) 

      

      FAR=abs(FAR); 

      

            hold on 

    %mesh(X,Y,Z) 
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    mesh(X,Y,FAR) 

    view(-300,30); 

    grid on 

           

          %mesh(X,Y,Z) 

          %mesh(X,Y,Z2) 

          %mesh(X,Y,Z3) 

          %mesh(X,Y,Z4) 

          %mesh(X,Y,Z5) 

          %mesh(X,Y,Z6) 

                %   y=250*exp(i*t) 

               %    plot(y,'-o')   

       

             

             

           

 

 

 

 

 


