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ABSTRAK

Projek ini adalah berkenaan kaedah tomografi kemuatan elektrik (ECT) secara invasif
bagi penentuan perubahan nilai kumuatan yang disebabkan oleh perubahan taburan
kemiringan bahan dielektrik yang berbeza seperti minyak dan air di dalam saluran paip.
Dalam projek ini, sebanyak 8 elektrod telah digunakan. Peranti direka untuk
mendapatkan taburan potensi elektrik antara setiap elektrod. Litar untuk memancarkan
nilai voltan di saluran pemancar dan litar penguat di bahagian penerima elektrod juga
telah dibangunkan. Beberapa perbezaan kedudukan, saiz dan lokasi sebagai bahan ujikaji
dalam medium minyak telah diuji dalam projek ini. Prestasi peranti juga telah dianalisis
dan data juga telah dikumpulkan. Kaedah algoritma Unjuran Belakang Linear (LBP)
melalui perisian COMSOL dan MATLAB telah digunakan dalam projek ini. Tomogram
yang telah diperolehi telah dibandingkan dengan menggunakan indeks MSSIM. lanya
bertujuan untuk menentukan ketepatan imej yang diperolehi. Hasilnya, imej tomogram
bagi setiap keadaan diuji kemudiannya diperhatikan dan dianalisa. Saiz minimum bahan
uji kaji yang dapat dikesan oleh projek ini ialah pada diameter 33mm, ia menunjukkan
indeks MSSIM yang lebih tinggi berbanding uji kaji 20mm dan 25mm dan tomogram
yang dihasilkan oleh uji kaji 33mm juga mempunyai kualiti gambar yang lebih baik.
Ringkasnya, pendekatan invasive untuk ECT dilihat boleh digunakan untuk aplikasi
minyak-gas dalam paip keluli.



ABSTRACT

This project is to investigate the changes of capacitance value due to the changes of
permittivity distribution of different dielectric materials such as water and oil in
conducting pipeline using invasive approach of electrical capacitance tomography (ECT).
In this project, 8 electrodes of ECT system are developed. Also, the signal generator
circuit at the transmitter channel and the amplifier circuit at the receiver were developed.
The sensor jig is developed in order to obtain the electrical potential distribution between
electrode. A several position, sizes and multiple obstacles as obstacle in oil medium were
tested in this paper. The sensor performance inside the sensor jig was analyzed and the
data was collected. The data was then used to reconstruct image using the Linear Back
Projection Method through COMSOL and MATLAB software. The tomogram was
obtained and compared using the MSSIM index to determine the accuracy of the image
created. The minimum size that can detect is 33mm in diameter, whereby it shows the
higher MSSIM index if compared to the 20mm and 25mm obstacles. Also, the tomogram
created by the 33mm obstacle had a better-quality image. In short, the invasive approach
for ECT is seen possible to be applied for oil-gas application in steel pipe.
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CHAPTER 1

INTRODUCTION

1.1  Project Background
1.1.1 Overview Of Tomography

Tomography is a technique for creating a three-dimensional image of a solid object's
internal structures (such as the human body or the earth) by observing and recording
differences in the effects of waves of energy impinging on those structures.

Tomography is used in many fields whether for education or industry proposes.
Tomography is commonly found and used in medical field with widely applied the
“Computed Tomography” or CT scan. It is a diagnostic imaging procedure whereby the
X-rays and computer technology are used to create images of the internal part of the body.
It can display comprehensive views of the bones, muscles, fat, organs, and blood arteries
in any section of the body[1].

The benefits that industry uses the process tomography such as in the oil industry are
to improve the product quality, reduced product development time and reduced
inspection cost. The idea for tomography is to install a number of sensors inside the pipe
vessel to be imaged[2]. The result of the measurement signal from the sensor is amplified,
filtered, and processed in the computer using a specific image reconstruction technique

to create a cross-sectional image.

1.1.2 Importance of Study

Electrical Capacitance Tomography (ECT) is a preferred process tomography
technique because it is a promising method for imaging multiphase regimes of a chemical
processes. It uses external capacitance sensors to assess the examined material's internal

permittivity distribution, allowing it to identify various materials based on the electrical
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permittivity[3]. Furthermore, ECT provides non-invasive measuring with high-speed
capabilities and great accuracy. ECT has been effectively used in a variety of industrial
applications involving multiphase flows.

ECT sensor consisting of numerous electrodes, typically 6, 8, 12 or 16 that are
typically installed in circular conducting pipe or insulated pipe around the external or
internal periphery[3]. ECT study is currently based on the insulation wall vessel and
pipelines at present [4][5][6]. However, most industry uses the steel pipeline and vessel.
Therefore, this project focused on the ECT system for steel pipe application based on an

invasive approach. It uses insulator pad between electrode to avoid a grounding effect.

1.2 Problem Statement

The current research on ECT system only apply a non-invasive and mostly the
material used is non-conducting pipe. Most of them uses acrylic or Perspex pipe. Most of
the medium used in the industry is a nonconductive medium so that the electrical signal
can be transmitted and received eventually. For an oil and gas industry, it mostly uses a
steel pipe[7]. Therefore, this project proposed an ECT system that could detect the
condition of oil and gas in steel pipes using an invasive approach. It is due to the oil and
gas regimes in steel pipe application cannot be applied using non-invasive approach if

the ECT system is implemented.

1.3 Objectives

The objectives of this project comprise of the following:

I. To design a suitable electrical measurement circuit of invasive ECT system
including its signal generator and conditioning signal circuits.

ii. To develop a sensor jig of ECT for oil gas identification in steel pipe using
invasive technique.

iii. To analyse the sensor reading performance invasive of ECT system considering
locations, of the different shapes and oil sizes gas regimes

14



1.4 Scopes of Project

The scopes of this project are:

i Sensor is limited for 8 electrodes.

ii. The material of the pipe, electrodes and insulator are steel, copper and flexible
FRA4 respectively.

iii. The inner of diameter for the pipe is 75mm.
1.5  Thesis Organisations

Introduction, literature review, methodology, findings, discussion, and conclusion are
all important parts of this thesis. The purpose of the introduction chapter is to provide a
brief overview of tomography, the necessity of the study, the problem statement, and the
project's objectives and scopes. In addition, chapter two reviews the current research in
process tomography mainly in electrical capacitance tomography information. Besides,
the chapter about methodology explains about the software used to design the circuit,
COMSOL Multiphysics in getting the sensitivity map, and the MATLAB software for
image reconstruction of the region of interest. For chapter four, the result and analysis for
the image reconstruction from MATLAB software was shown. Finally, the conclusion
chapter is the most significant chapter since it summarises all of the project work for this
invasive electrical capacitance tomography approach, as well as the problem faced during

the project and future recommendation for future reference.
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CHAPTER 2

LITERATURE REVIEW

2.1  Process Tomography
2.1.1 Introduction

Tomography technology has been around for since 1950s which started the
development of tomographic instrumentation. It has led to international availability of
body scanners nowadays [4]. Tomography technology comprises of the acquirement of
measurement signals from the electrodes positioned on the periphery of an object, such
as process vessel or pipeline[8].

The process of tomography should be containing the hardware system consisting of
sensor and measurement circuits, software for imaging reconstruction and a display unit
to present the image created. The sensor will then measure the object present. After
undergoing the image reconstruction algorithm process, the information and distribution
of components will be reconstructed in the form of a cross-sectional image that can be
viewed on a computer. For example, in this project, the information and distribution of
oil-gas regime in the steel pipe was revealed[7].

There are various kinds of techniques or methods of tomographic measurement used
in industrial process such Electrical Resistance Tomography, Optical Tomography,
Electrical Capacitance Tomography, Ultrasound or Ultrasonic Tomography. The
technique mainly consists of 4 main parts, the sensing system, electronic measurement

system, data acquisition system, and the result display [9].
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2.1.2 Electrical Impedance tomography

Electrical impedance tomography is also called as potential tomograph. It is a non —
invasive method which is able to determine the electrical conductivity of a medium by
making voltage and current measurements at the boundaries of the object [4]. EIT is the
most recent and sophisticated impedance sensing system used for electrically conducting
materials. It is used for clinicals applications [4]. It measures the changes in both
resistance and the reactive components from a multi electrode sensor of a system or
materials.

EIT is being applied to industrial process environment where the process uses
conducting fluid to carry immiscible fluids and solids, which contain different bulk
conductivity[4]. EIT is relatively low cost in comparison with other tomographic
methods. It is also very compact due to absence of large transducer and ease of integration
of a purely electronic system[3]. And it is safe to be used in comparison to X Ray
methods. The shortcoming of EIT is that it cannot be used in pneumatic conveying which

comprises of large electrically non- conducting solids [4].

2.1.3 Electrical Resistance Tomography

Electrical capacitance tomography is used to determine electrical conductivity by
measuring voltage around the vessel's perimeter[4]. ERT involves the acquisition of
measurement signals. It is mainly used for the measurement of gas liquid and other mixed
signals.

Measurement of electrical resistance via four probes is widely used in a range of
application such as in Ref. [4]. For example, in biomedical and measurement, resistance
tomography uses a circular array electrode for its measurement. This is achieved by using

four electrodes around a body for measurement purposed|[8].

2.1.4 Ultrasonic tomography

Ultrasonic sensor have been successfully applied in flow measurement, it is a non-
destructive testing method and widely used in medical imaging[4]. Ultrasonic sensor
system is measured upon the interaction between the incident of ultrasonic waves and the

object to be imaged. For instance, incident waves may be reflected from boundaries; the
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reflections may be detected, and the data processed to determine the boundary's location.
Therefore, ultrasonic sensors are only useful in processes where large interactions occur,
and when such interactions generate a higher level of measurable information than is
available in conventional transduction techniques[10]. In ultrasonic tomography, the
required equipment’s are ultrasonic generator, ultrasonic transducers to transmit and
receive ultrasonic waves and a computerized image processing system. This type of
tomography is mostly higher than other tomography methods due to the cost of
transmitter and receiver is high. Besides, ultrasound transmitter is driven by voltage of

hundreds of volts which makes an intrinsically safe system hard to develop[11].

2.2  Electrical Capacitance Tomography

Electrical Capacitance tomography is a system which can be used for imaging
industrial multi component process involving non-conducting flids in pipelines[11]. It is
a technique used to visualize the distribution of two differing dielectric components. It
measures variations on the dielectric properties of the materials inside the vessel[12]. Its
basic principle is to measure the changes in capacitance from a multi-electrode sensor,
and then reconstruct a permittivity distribution. For example, the image is constructed
using the measured capacitance data[4].

The ECT system is developed by installing a number of conducting plates (electrodes)
around the periphery of the vessel. When a dielectric material is introduced inside the
sensor measuring area, the capacitance variations which occur between combinations of
electrodes can be measured[13]. ECT is mainly develop for industrial process, because it
will detect the variation of permittivity distribution in the closed region or pipe vessel [9].
The images will be reconstructed based on the signal obtained at each of the receivers of

the capacitors electrodes[9].

2.3 Principle of Electrical Capacitance Tomography

The basic principle of an ECT system is to record capacitance changes from a multi-
electrode sensor and then reconstruct a permittivity distribution using that data. The
sensors in these applications are generally made up of two electrode plates and a

capacitance sensor[4][11]. Figure 2.1 shows the ECT system topology. It generally
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consists of signal generator circuit, signal conditioning circuit, control unit and computer
for image reconstruction part.

The sensors for tomographic imaging should allow for numerous and localised
measurements across the study area, according to the requirements. To produce a "body
scan™ of the imaging volume, many electrodes should be positioned around the region's
perimeter and the capacitance between all the combination pairs of electrodes should be
determined.

The initial electrode (named electrode 1), which becomes the excitation electrode,
begins a complete cycle for an ECT system measurement[14]. All other electrodes that
function as receivers get the capacitor value that corresponds to the dielectric in between
when the source electrode (also known as the source electrode) is supplied with a sine
wave. Capacitances between electrodes 1 and 2, 1 and 3, 1 and 4, and 1 and the last
electrode, for example, are all measured in sequence. Detecting electrodes are electrodes
other than electrode 1 that are at the virtual earth potential imposed by the transducer
during this measurement period. After that, electrode 2 will operate as the source
electrode, with the remaining electrodes acting as detecting electrodes[4]. The processes
continue until each electrode has become the source electrode, at which point the cycle
is complete. The projected guards and the system screen are constantly kept at earth

potential.

Analog Signal

Signal Conditioning |,

™\ Central Control Unit

p P Digital Signal
ECT
! "'l Electrode

| - E

\ 2] 4
'a Sine Wave
Generator

Figure 2.1 ECT system topology[4]

2.3.1 Capacitance

A capacitance is basically consisting of two conducting surfaces separated by a layer
of an insulating medium called dielectric. The property of capacitor to store electricity is

called capacitance[15]. The quantity of charge required to create a unit potential
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difference between its plates is known as capacitance. Capacitor consists of two

conductors; common capacitor has same size of conductor but different charge[16][17].

AC)
V4

,//.

—o [

A ‘S:/
| ZS—— 4

Conducti ‘ . Conductive

Plate Insulating Plate

Medium

Figure 2.2 Two conductor common capacitor with equal size but different charge
on the conductors

A two-conductor capacitor's capacitance is defined as the ratio of the magnitude of
charge on one conductor to the magnitude of the potential difference between two plates
of conductors (A and B) as shown in Figure 2.2, with dielectric material between the

plates. The formula for the capacitance is [4].

- lol 2.1
[Val
Where V,5 is the potential difference between any point on conductor A, B and Q is

charge in coulomb. The unit for capacitance is Farad (F). The derivation between electric

field intensity, E and electric flux density, D are shown in in Equation 2.2 and 2.3.

%4 2.2
E=-=
d
Q 2.3
D=~
A
If the Equation 2.2 is substitute in Equation 2.3, thus:
o_.A 24
Vo d
Finally, the relationship between capacitance and permittivity is
C= Eo&rA 2.5

d

20



where,

C = capacitance (F)

&o= permittivity of free space = 8.85 x 10—12Fm—1

&r = relative permittivity of the dielectric, also simply referred to as permittivity

A = area of the plate

d = the distance between those plates

The &0 and &r represent the global average of the material dielectric property
throughout the sensor's whole sensing volume, also known as electrical permittivity. By
measuring the capacitance, we are essentially measuring the dielectric constant [15][12].
if the area of the plate and the distance between them are known. The sensing area of the
electrodes can be enlarged to enhance the signal-to-noise ratio (SNR) of the readings.[4].
2.3.2 Dielectric

When a dielectric component is placed in an electrical field (between two plates), it
induces a field Ei on its surface. As a result, the electric field between the two conductors

is transformed into

Ed = E + Ei 2.6

Where,

E = Electric field
Ei = Electric field induce
Ed = Electric field with dielectric

The capacitor will increase with the factor of k = gi , When a dielectric component
d

exists between the conductors [1]. Table 2.1 shows the dielectric constant for several

types of material.
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Table 2.1 List of dielectric constant[13]

Material Dielectric constant
Vacuum 1.0
Air 1.0006
Polythene 2.0-2.5
Nylon 3.4
Paper 3.7
Quartz 3.78
Insulating Oil 3.0-4.0
Glass 5.0-10.0
Porcelain 6.0-7.0
Distilled water 80.0

2.3.3 Poisson Equation of ECT

An ECT system is made up of a number of electrodes that surrounding a pipe or
vessel. The number of independently measured capacitances matches the number of
independently measured electrode pairs[18]. The capacitances measured are required to
reconstruct the permittivity distribution within the vessel. According to the Poisson

equation, the electric potential is influenced by the permittivity distribution[19].

V- (exyVoEY) = —p(xy) 2.7
where,

&(x, y) is the electrical permittivity distribution,
@(x, y) is the electrical potential distribution

p(X, y) is the charge distribution

Noted that, the Poisson equation is a linear partial differential equation in terms
of @(x,y). The non-linearity in ECT refers to the nonlinear dependency of @(x,y) on

e(x,y)[20].
2.4 Invasive and Non-Invasive technique

Invasive means the sensor is placed into the vessel, whereas non-invasive means the
sensor is not inserted into the vessel. Non-destructive, non-intrusive, and non-invasive

qualities should all be included in a good tomography sensor.
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2.4.1 Invasive Technique

Another different arrangement is to fit the electrodes inside the vessel as shown in
Figure 2.3. The case of a metal walled vessel, this requires the use of an insulated liner
to support the electrodes, which is also placed within the vessel[1]. This type of sensor
has the highest accuracy. In this Figure 2.3, it requires some form of insulated linear
supporting the electrodes. Although it is more difficult to design and build this sort of
sensor from a mechanical aspect, sensors with electrodes inside the vessel do not have
the non-linearity issues that sensors with electrodes outside the vessel do[9].

OUTER SCREEN

VESSEL WALL

ELECTRODES

Figure 2.3 ECT with internal electrode[4]
2.4.2 Non-Invasive Technique

From a construction aspect, the simplest design consists of a nonconducting piece of
pipe contained by an array of evenly spaced capacitance electrodes with an overall
earthed screen. The sensor of this type is shown in Figure 2.4. Electrodes that are set up
in a non-invasive manner will keep the sensor from coming into close contact with the
fluid, and hence it can prevent contamination. This type of sensor has lower accuracy
because of the presence of the sensor wall. ECT using a non-invasive technique, on the
other hand, might exhibit significant non-linearity in their reaction to dielectric materials

inserted inside the sensor[13].
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11 ELECTRODES

Figure 2.4 ECT with external electrode[4]
2.5  Linear Back Projection Algorithm

After all of the sensor data has been collected, the data will be subjected to an image
reconstruction procedure. Non-iterative and iterative image reconstruction techniques are
the two types of image reconstruction algorithms. To extract measurable data from cross-
sectional images of a multiphase pipe flow, high-quality capacitance tomography data
reconstruction is required[21][22].

Linear back projection is the example for non-iterative algorithm. It is used in this
project. The simplest version of this algorithm assumes that sensitivity remains constant
within the sensitivity range[23]. The LBP algorithm offers the advantage of a simpler
computational method and the ability to make images faster.

Each sensitivity matrix is multiplied by the comparable sensor reading as shown in
Equation 2.8. It was done to rebuild the picture utilising an LBP algorithm approach. To
increase the data density of the projection, the back projected data values are smeared
across the unknown density function (image) and overlapped. As a result, one of the most
significant drawbacks of the LBP algorithm is that it produces a blurred image, often

known as the smearing effect [21].

T R 28
Gpp(x,y) = ZZ]ij(x’}’) X Li;
i=1 j=1

j=

P, gp(x,y) is the conductivity distribution obtained using LBP algorithm or the

concentration profile and N is the number of electrodes[4]. The tomogram generated by
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the LBP method was normalised from 0 to 1 for simple comparison and the normalize

sensor loss in this project as shown in Equation 2.9.

Sii]rlc — Sit;’t 2.9
= Sii}‘tc
Where,
T = The number of excitation electrodes
R = The number of measuring electrodes
Lj; = Sensitivity map at each | and j

Jij(x»y) = Corresponding signal loss / sensor loss
Sitj’t = The electrical potential measured when there is obstacle in Sensor Jig

S}}“ = The electric potential measured when there is no obstacle in Sensor Jig

2.6 Summary

In this chapter, several types of tomography sensors have been discussed. Based on
the information above, it can be stated that each type of tomography sensor has its own
set of advantages and disadvantages. Different types of tomography sensors are suitable
for imaging different sorts of fields. The ECT has the benefit of being able to measure
variations in the dielectric properties of materials inside a pipe, making it a viable imaging
technology for industrial applications. Besides, the detail about linear back projection

(LBP) algorithm was also explained.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

This chapter is to concentrate on the design and develop a sensor jig of electrical
capacitance tomography for oil and gas identification in steel pipe. The electrodes are
placed using invasive technique, which the electrode is put inside the steel pipe. Figure
3.1 shows the basic measuring flows system where the ECT sensor consists of twelve
electrodes attached equidistantly along the periphery of the conducting pipe vessel. The
8 segmented electrodes are labelled from 1 to 8, the measurement of the electrode’s need
to take place between electrode one and two, then between one and three until electrode
to k, where k is 8 for this system[21]. Then, the ECT system is then measured between
electrode two and three and up to two and k are measured. The measurement remains
until all the inter electrodes capacitance are measured.

star

11 electrode as
receriver

Image constructed

L _—
v
Inject sine wave and \ 4

electrical value Measure Voltage

© between electrode
v \ END

ECT Electrode
Sensor X

Excite Electrode
v =

YES

—>| Excite one electrode NO

Figure 3.1 Basic flow process of the ECT

26



An ECT system consists of a set of symmetrically mounted electrodes inside or
outside and insulation pipe. This research consists of 8 electodes, a measurement circuit,
control central unit and a control PC. The electrode is built from copper plate and acts as
a sensing surface. The capacitance measuring cirucit is also known as signal conditioning
circuit. It is uses to collect data and convert the measurement readings to digital. All
processes are synchronised and data is sent to a control PC through the central control
unit.Then, the obtained data will be saved on the control PC that receives the
measurement reading. The gathered data is then used to rebuild pictures from integral
measurements and take action to manage the flow in real time.

In this project, the signal conditioning circuit consists of absolute value circuit and
low pass filter. Other than that, a high frequency sine wave generator is required as a
source to excite the electrode sensor. the absolute value circuit data is converted to digital
current using the low pass filter. The digital data will then be transferred to a computer
for image reconstruction and analysis. The block diagram of ECT system is depicted in

Figure 3.2.

8
Electrode

\ 4

Signal Conditioning
Circuit

A

Tx/Rx
Switching
Selection

v

Sine Wave Generator Control Unit
Image Reconstruction

Figure 3.2 Block diagram of ECT system

Interfacing

3.2 Software Tools

In simulating the circuit simulation part, Multisim software had been used to design
the signal conditioning circuit and signal generator circuit. NI Multisim is an electrical
schematic capture and simulation application that, along with NI Ultiboard, is part of a
suite of circuit design programmes. Multisim provides microcontroller simulation as well

as integrated import and export functionality for NI Ultiboard, the suite's printed circuit
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board designing software. For circuits teaching, electrical schematic design, and SPICE

simulation, Multisim is extensively used in academia and industry.

&8 NI Multisim’

www.YasDL.com

Figure 3.3 NI Multisim Software

In designing the sensor jig, AutoCAD 3D is used d to set up all sensor used and
also design the object. AutoCAD aid in the creation, modification, analysis, or
optimization of a design. CAD may be used to design curves and figures in two-
dimensional (2D) space; or curves, surfaces, and solids in three-dimensional (3D) space.
It also been used to determine the dimension of the system.

AUTODESK
AUTOCAD

Figure 3.4 AutoCAD software

3.3 Sensor Jig Design

The first step in developing a sensor jig is by determining the parameter of the pipe
and with a certain diameter. For this case, the parameters such as diameter of the pipe
and the dimension of the electrode of the drawing geometry are based on the literature
review. Then, alteration of the number of electrodes and the insulator pad around the
pipeline could be easily built. In this research, some of the parameter is fixed in the sensor
jig design as illustrated in Table 3.1. The Sensor Jig coverage is needed to be at least 90%
of the area, it is because that the higher the coverage of the sensor jig, the more accurate
the data recorded. The sensor height and width were 200mm and 18mm respectively. The
sensor front and rear side is shown in Figure 3.5 and Figure 3.6. The coverage of the

sensor jig and sensor jig design is shown Figure 3.7 and Figure 3.8.
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Table 3.1 List of Parameter

Item Parameter
Number of electrodes 8
Outer Diameter pipe 76mm
Electrode stretch angel, 8 (90% of 360 90
— = 45°& — X 45° = 40.5°
angle) 17~ P& 05
Thickness of electrode 1mm
Insulator stretch angle, 8 (90% of 360 90
—— = 45°& —— X 45° = 40.5°
angle) 12 100

Thickness of insulator

2mm

Figure 3.5 Front side of the sensor and sensing area

Figure 3.6 Rear Side of Sensor



\ 1

Figure 3.8 Sensor Jig design

3.3.1 Physical Sensor Parameter

The physical sensor parameter was determined based on the literature review. This
physical sensor parameter was fixed due to the previous studies that uses this parameter.

By using the parameter, the result was compared with the previous studies result.
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Table 3.2 Physical Sensor Parameter

DOMAIN PARAMETER VALUE
Pipe Outer diameter pipe 76mm
Inner diameter pipe 74mm
Thickness of pipe 2mm
Material Structural steel
Relative Permittivity, Er 1
Electrode Number of electrodes 8
Stretch angle of electrode 40.5°
Thickness of electrode 1mm
Material Copper
Relative Permittivity, €r 1
Insulator pad Number of insulators 8
Stretch angle of insulator 40.5°
Thickness of insulator 2mm
Material FR4
Relative Permittivity, €r 4.5
Oil Relative Permittivity, &€r 3.25
Air Relative Permittivity, Er 1
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3.4  Hardware Development

The hardware development of the ECT system was held up by using all the parameters
that had been considered. The function generator will supply 7.99Vpp, 150kHz sinusoidal
signal and it is connected to an amplifying circuit. The amplifying circuit is consisting of
non-inverting circuit that will amplify the signal to 20Vpp, 150kHz. The reason to use
the 150kHz is because when the frequency is too high, the signal will change from sine
wave to triangular waveform. Hence, it was not achieving the waveform that is required
for the ECT system.

After that, the signal was injected into electrode 1, while the other 7 electrodes acted
as the receivers. The step will be repeated until all the 8 electrodes become as the
excitation source. Then, at the receiving terminal, the signal value will be recorded. To
record the signal, it will go to the signal conditioning circuit where the signal from the
electrode will be improved. The signal will also be amplified at the signal conditioning
circuit. Then, the signal will be observed using the oscilloscope and the electrical
potential value is recorded. Finally, the data recorded will be used to construct an image
of the tomogram using the MATLAB software. The flow chart of the hardware is shown
in Figure 3.9.

8 Electrode

> -
Transmitter Receiver

Amplifing Circuit Signal Conditioning

20Vpp and 150kHz

¥

Oscilloscope
(read amplitude
Function Generator value)

7.5Vpp and 150kHz

Y

Image Reconstruction
(MATLAB)

START
Figure 3.9 Hardware Development

3.4.1 Electronic Measurement Circuit

3.4.1.1 Signal Generator Circuit

A signal generator is an electronic device that generates analogue or digital

signals that are both repeating and non-repeating[24]. The signal generator is widely
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utilized in troubleshooting, signal tracing, testing, amplifier response modification, and
radio and television circuit alignment[4][25].For this project, the non-inverting
operational amplifier has been chosen, it is mainly because the of the output voltage is in
phase with input voltage. The IC used is the TLE2141IP which support the frequency
value used for this circuit. This system input is 7.99 V,, and 150kHz. The output voltage

is increased until 20 Vpp and 150kHz. Figure 3.10 is the simulation result for the system.

ol T e TP B I

I I I =L 1 |- DN

CLULIUNDD I o
P e—

e

Figure 3.10 Circuit and result for signal generator circuit
3.4.1.2 Signal Conditioning Circuit

Accurate data can only be obtained with a good design in sensing electronics that is
able to eliminate noises. An important issue with instrumentation design performance of
the circuit is the performance of the circuit’s presence of noise[4]. In selecting and
designing a capacitance measuring circuit, the stray immune circuit must be selected to
satisfy this requirement[25]. Because all of the measurement processes are handled by a
separate microcontroller on the circuit, each signal conditioning circuit is distinct and
capable of working independently[25].

In this project, the signal conditioning system measures the capacitance produced
by the electrode pairs when a 150kHz sine wave voltage with and amplitude of 20Vpp is
injected to one of the electrode pairs.

3.4.1.3 Non-Inverting Amplifier and Peak Voltage Detector

The circuit of non-inverting amplifier and peak voltage detector is shown in Figure
3.11. The non-inverting circuit is used to amplify the sensor reading because the value is

too small. The signal was amplified using the circuit from 10.4mVpp to 5.24Vpp. The
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circuit has also been improved to reduce noise that came from the sensor. A 56kQ was
connected at point 2 to the ground, this was to normalized the frequency of the system
since the frequency was unreadable. A capacitor with 1uF was also added to reduce the
noise coming from the sensor and the metal pipe. The capacitor is connected at point 3
of LT1360CN8 to the ground. After that, the peak detector is used to output the peak
value of the input AC signal. The peak detector used is the simplest design which consists
of two which are 100pF capacitor and BAT81 diode. The simulation of the circuit is
successfully changing the AC signal to DC signal. But when applying the circuit to the
real situation, the peak detector circuit was not successful to change the AC signal to DC
signal and affecting the data recorded from sensor jig since it was manually taken. Since
it was taken manually, human error exists and reduce the accuracy of the data taken and
also affecting the accuracy of the image reconstruction. the result for simulation and real

result is shown inError! Reference source not found..

Figure 3.13 Real Result
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3.5 Image Reconstruction

Linear Back Projection Method (LBP) method was used in the project. It is used as
the mathematical model in MATLAB software. The basic equation for LBP is shown in

2.8. The flow process of LBP is shown in Figure 3.14 .

: |
v i} l v

START
< Result
Sort in Cell 8x8 =
| v v (Tomography)
! 1 : v
B Set the pixel size Perform sensor loss |_
Export Grid file of (64x64) (64x64) y data ™ =
electrical potential from (< | X | -
COMSOL to MatLab $um all 5‘“9!9 : T
projection sensitivity | [ END
; . ) v map b4
L ‘ No
No Eliminate thickness of| : e | =
jpipe in sensitivity map| . Single Projection =8
Excite Electrode = 8 — L
Normalize pair T <
projection ) v Yes
4 P
v Yoo No Code and Run LBP
Single Projection =8 > ‘ —— ————— 200U
Load Each File Export homogenous i [
| Yes data from sensor
\’ Normalize
Code and run for pair | v Tomography
Sort every file in Cell projection EXDO IO Sensitivity Map
1x8 L : - homogenous data B ‘
from sensor jig

Figure 3.14 Flow chart of LBP method

The efficiency of the tomogram is then investigated using the multi scale structural
similarity (MSSIM). The MSSIM is a method that compare between the resulting image
and the reference image. The resulting of the MSSIM output index is from 0 to 1. The

greater the MSSIM index value, the more accurate the image being reconstructed.

3.6 Sensitivity Map

The reconstruction method for ECT image can be done through several methods such
iterative, and back projection. For every reconstruction method of ECT system, a
sensitivity map is required for image reconstruction, since it serves as the base for
combining individual pixels taken at various locations[18]. The sensitivity map, also
known as the Jacobian matrix, is a matrix that shows the dynamic changes in capacitance

between sensing electrodes when a voltage is applied. By solving the Poisson equation
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of the electric field, sensitivity maps were constructed. In Finite Element Analysis (FEA),
the permittivity distribution is assumed to be made up of multiple pixel elements, with
each pixel's sensitivity coefficient expressed as
C-j(k)_C-l- 1 3.1
) )

ij —Cij T &

1=1,2,3,...L-1j=i+1,..Lk=1,2,3,...N

Sijxy = (

where,

Cijr) capacitance of electrode pair i

Cl-’} and Cilj capacitance of electrode pair at different permittivity, | and h
En high relative permittivity

& low relative permittivity

u(k) ratio of maximum area to kth area.

The sensitivity map was created by using the simulation in the COMSOL
Multiphysics software. The image reconstruction for the sensitivity map was created by
exporting electrical potential data in 64x64 resolution and arranging the generated data
in coordinate form. The data is normalised and imported into MATLAB, where it is
plotted depending on their coordinates as shown in Table 3.3[18].
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Table 3.3 Sensitivity map distribution when channel 1 as excitation electrode

j=1,i=6 J=1i=7

30 40 50 B0

j=1,i=8

Based on the simulation, it is clear that the electrode arrangement has a significant
impact on the production of sensitivity maps. By reconstructing the electrical potential

data from the simulation, a sensitivity map was created. Different positions and distances
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between electrode pairs have been shown to impact the electrode pair's projection
path[18].

3.7 Summary

In this chapter, the method starts with design and development of the sensor jig. After
that, the circuit for signal generator circuit and signal conditioning circuit were simulated
using the Multisim software. The circuit was then constructed in real situation and 8
signal conditioning circuit was constructed. Then, the data from sensor jig is used for

image reconstruction of LBP which was executed using MATLAB software.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

This chapter consists of the results and discussion of the invasive ECT system. The
simulation for electrical measurement circuit was divided into two parts. The first part
was obtained using the Multisim software to see the waveform for the results, the second
part is to simulate using the hardware. Besides, the tomograms for each cases tested were
also analysed.

4.2  Results

4.2.1 Result For Homogenous and Non-Homogenous

The measurement of the simulation which uses oil as the medium and PVC pipe as
the phantom is conducted in this project. The data is collected from the metal pipe, and it
is compared for homogenous and non-homogenous conditions. The 20mm PVC pipe is
placed inside metal pipe and in front of electrode 7. By plotting the homogenous and non-
homogenous of electrical potential between interaction electrode 1 (excitation electrode)
and the other 7 electrodes (receiver), the distorted value approaching the obstacle is
different in relative permittivity between the obstacle and oil. The position of the receiver
when the electrode 7 as transmitter is shown in Figure 4.1 and the value electrical
potential of both homogenous and non-homogenous is plotted into a graph that is shown
in Figure 4.4. The changes of homogenous and non-homogenous can also be seen when

putting the obstacle inside the sensor jig the difference in amplitude can be observe.
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Figure 4.3 Non-Homogenous amplitude changes
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Homogenous VS Non-Homogenous
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Figure 4.4 The comparison of the value electrical potential with homogenous and non-homogeneous.
It can be observed that the value of potential difference at E4, E5 E6, E7 and E8 is decreased. It is because of the presence of the PVC pipe
was blocking the path of electrical field distribution from excited to electrode to the E4, E5 E6, E7 and E8 and it was reflected by the PVC pipe.
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4.2.2 Adjacent and Opposite

When transmitting signal from 1 terminal. For this test, the transmitter from electrode
1, the adjacent is from electrode 2 while the opposite is from electrode 5. The further the
distance from transmitter, the lower the electrical voltage potential value. It can be seen
in the Figure 4.6 and Figure 4.7 below. It is proven that the adjacent receiver shows higher

electrical potential voltage while the opposite is lower.
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Figure 4.6 Adjacent Receiver E2
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Figure 4.7 Opposite Receiver E5
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4.2.3 Results for three conditions

After proving the homogenous and non-homogenous changes in relative permittivity
of the subject conducted in the project, it is continued with three different conditions. By
using the same procedure, the different conditions of the obstacle are measured. The three
conditions of the obstacle are the size of the obstacle, the position of the obstacle and the
number of the obstacle inside the sensor jig. Each condition is measured three times with

different observation and the results are shown in Table 4.1, Table 4.2,and Table 4.3 .

First, Table 4.1 shows the result of the different sizes of obstacle placed in the middle
of the sensor jig and was done with three different diameter of the obstacle that were
20mm, 25mm and 33mm. Next, Table 4.2 shows the result of three different positions of
the air bubble which were placed at middle, right side and bottom left of the sensor jig.

The experiment was completed using the 33mm obstacle.

Finally, Table 4.3 shows the result of different number of obstacles present inside the
sensor jig which were one 20mm and 33mm obstacle, two 20mm obstacle and three
20mm obstacle. The values of electrical potential for all conditions were obtained and
line graph was compared with homogenous that is shown in Figure 4.12, Figure 4.13,
Figure 4.14, Figure 4.15, Figure 4.16, Figure 4.17, Figure 4.18, Figure 4.19, Figure 4.20.
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Table 4.1 The effect of different obstacle size
Phantom Size Geometry Reference Image

20mm

25mm

33mm
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Homogenous VS Non-Homogenous
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Figure 4.8 The line graph comparison of value electrical potential between homogenous and obstacle size 20mm
From Figure 4.8 , the electrical potential for E5, E6 and E7 were decreased compared to the homogenous.
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Homogenous VS Non-Homogenous
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Figure 4.9 The line graph comparison of value electrical potential between homogenous and obstacle size 25mm
From Figure 4.9, the electrical potential for E2, E3, E4, E6, E7 were decreased and E8 was increased compared to the homogenous.
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Homogenous VS Non-Homogenous
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Figure 4.10 The line graph comparison of value electrical potential between homogenous and obstacle size 25mm
From Figure 4.10, the electrical potential for all the electrode were decreased compared to the homogenous.
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Table 4.2 The effect of different obstacle positions
Phantom Position Geometry Reference Image

Middle

Right Side

Bottom Left
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Figure 4.11 The line graph comparison of value electrical potential between homogenous and obstacle size at middle
From Figure 4.11, the electrical potential for all electrodes were decreased compared to the homogenous.
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Figure 4.12 The line graph comparison of value electrical potential between homogenous and obstacle at right side
From Figure 4.12, the electrical potential for E2, E3, E4 and E7 were decreased while E8 has increased compared to the homogenous.
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Figure 4.13 The line graph comparison of value electrical potential between homogenous and obstacle at bottom left
From Figure 4.13, the electrical potential for E3, E4, E7 and E8 were decreased while E2 has increased compared to the homogenous.
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Table 4.3 The effect of multiple obstacles
Phantom Geometry Reference Image

33mm and 20mm

Two 20mm

Three 20mm
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Figure 4.14 The line graph comparison of value electrical potential between homogenous and 20mm obstale and 33mm obstacle
From Figure 4.14, the electrical potential for all the electrodes were decreased compared to the homogenous.
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Figure 4.15 The line graph comparison of value electrical potential between homogenous and two 20mm obstacle
From Figure 4.15, the electrical potential for E2, E3, E4, E7 and E8 were decreased and E5 were slightly increased compared to the
homogenous.

54



Homogenous VS Non-Homogenous

2.5

15

Electrical Potential

0.5

2 3 4 5 6 7 8
Electrode

e HOMO === No0N- HOMO

Figure 4.16 The line graph comparison of value electrical potential between homogenous and three 20mm obstacle
From Figure 4.16, the electrical potential for E2, E3, E4, E6, E7 and E8 were decreased while E5 has slightly increased compared to the
homogenous.
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From Table 4.1, the obstacle with the diameter of 20mm had less distortion compared
to that with 25mm, while obstacle with 25mm had less distortion to the 33mm obstacle.

The changes in electrical potential between homogenous and non-homogenous can
be seen from the line graph. There always appear the decrement of electrical potential at
the receiver. It is caused by of the path of transmitter that projects the electric potential
were blocked by the obstacle. Hence the reading of electrical potential at the receiver is
decreased because of the blocked path.

It can be concluded that when the increment size and number of obstacles in the ECT

would affect the increment in the number of the receivers with electrical potential loss.

4.2.4 Result For Image Reconstruction of Three Different Conditions

After getting the data for all three of the conditions from sensor jig, the project final
step is to reconstruct the image. By using the MATLAB software, the LBP algorithm is
used to generate the tomogram for all the conditions of the obstacle. the same condition

that has been used in in part 4.2.2 were applied.

Table 4.4 shows the tomogram of the different obstacle sizes which were 20mm,
25mm and 33mm. Besides, Table 4.5 shows the tomogram of the different obstacle
(33mm in diameter) positions which were at the middle, right side and bottom left, while
Table 4.6 shows the tomograms of the different number of obstacle which were 20mm
and 33mm, two 20mm and three 20mm obstacle. All of the results obtained contain the

reference image, tomogram and MSSIM index.
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Table 4.4 Image reconstruction for different obstacle size

Phantom Reference Image Tomogram MSSIM
20mm B I | 0.0725
25mm B I 0.0985

' )|
33mm I 0.1472

57



Table 4.5 Image reconstruction for different postion of obstacle
Phantom Reference Image Tomogram MSSIM

Middle : — — L 0.1472

Right Sid

0.1323

Bottom Left 0.1240
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Table 4.6 Image reconstruction for multiple obstacle

Phantom Reference Image Tomogram MSSIM
20mm and 33mm 0.1623
Two 20mm e 0.0895
Three 33mm 0.1443
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From Table 4.4, it can be seen that 20mm and 25mm tomogram is almost cannot be
read or not identical to the reference image. This is because of the obstacle is to small
and there exists the limitation of the sensor jig. The image that had been reconstructed by
the LBP algorithm produce smearing effect and reduces the quality of the image. The
MSSIM Index also show higher value when the obstacle is bigger. The bigger the obstacle
present, the tomogram reconstructed also shown a better quality can be generated by the
LBP.

Moreover, Table 4.5 has proven that LBP can also generate tomogram even with
distinguish position. Bottom left has the lowest MSSIM index since the position is a little
bit further from the electrode. Disadvantage of LBP is when the further the distance
between the obstacle and sensor, the performance of the tomogram to capture the accurate

position was also decreased.

Finally, the Table 4.6 were blurred with the increment of the obstacle due to the
smearing effect. The increment of the obstacle rose the smearing effect in LBP algorithm,

hence resulting the blurriness of tomogram.

4.3 Summary

For homogenous and non-homogenous condition, the difference can be seen from the
electrical potential graph. The obstacle results in distorted value of the non-homogeneous.
Moreover, when the different sizes and multiple obstacles would result in the increment
of distortion on the electrical potential value. In image reconstruction part using
MATLAB, it shows that 20mm and 25mm obstacle and the two 20mm obstacle showed
the lowest value of the MSSIM index. The circuit of signal conditioning is needed to be
improved, since manually taken data from sensor jig can reduce the accuracy of the data,

hence human error occurs.
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CHAPTER 5

CONCLUSION

5.1 Conclusion

The objectives of the project were partially achieved. Based on the objective of the
project, the design of the electrical measurement circuit of invasive ECT system including
the signal generator and signal conditioning circuit is not fully achieved. All the circuit
that been used in the project were all simulated using the NI Multisim software before
testing in real situation. The signal conditioning circuit is not able to change the AC signal
to DC signal. Hence, lowered the accuracy of the data obtained and the image that was
reconstructed.

The sensor jig of the ECT was then developed based on invasive approach.
Since oil and gas industry uses metal and steel pipe as conducting medium, the
application of common ECT method is not suitable since the metal and steel pipe will act
as electrical shield. Thus, the development of ECT invasive approach is another
alternative to the common ECT. Besides, the first sensor was injected by 20V and 150kHz
sine wave, then the other 7 will act as receiver. It will be repeated until all the sensor was
excite. The electrical potential graph show decrement if obstacle is present inside the
sensor jig.

After that, the testing of the ECT model was continued with three different conditions;
different sizes, position and multiple obstacles. It can be seen that smaller size and a
smaller number of obstacles resulted in lower distortion. When obstacle was present, the
electrical potential graph will show changes. The tomogram showed good quality
tomogram when the size of obstacle is bigger. The data obtained from sensor jig will then
be use for image reconstruction using the MATLAB simulation. By using the LBP

algorithm to recreate image to investigate the distribution component inside the sensor
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jig. Disadvantage of LBP was if the distance between obstacle and the sensor is further,
the performance of the tomogram to capture the exact position of the obstacle is lower.
Another disadvantage is that it will creates blurry images which is also known as
smearing effects. The increment number of obstacle in sensor jig rose the smearing effect
in LBP algorithm, increasing the blurriness of tomogram. Overall, the LBP was able to
produce a good tomography despite the smearing effect and lack of preciseness regarding

obstacle position.

5.2 Problem Encounter

The main problem occur in this project was when designing the circuit. The
simulation of the circuit was successful and it was expected that the user can get the
desired result. When the circuit is implemented in the real situation which is connecting
in breadboard, the result was differ and did not went well as planned. This problem has
costed the data since it reduces the accuracy of the data. The data is taken manually and
human error is present while taking the data.

To place the electrode inside the sensor jig is also troublesome. The sensor inside the
sensor jig needed to be equally spaced. The problem can cause the reading of the data is

not stable.

53 Future Recommendation

Through this project, several recommendations for future works are listed as follow:
I.  The number of electrodes can be increased so the reading inside sensor jig
IS improved.
Il.  The sensor placement inside the sensor jig can be improved with
permanent placement of the sensor.
I1l.  The signal conditioning circuit can be redesigned to increase the accuracy

of data taken.
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APPENDIX A
CODING FOR CALCULATE SENSOR LOSS

o

t$Clear work space

clear all;

$%Load the sensor reading for full oil (Homo) and with obstacle (Non-
Homo)

%$%Make sure the sensor reading value are electrical potential
%$%If have N electrodes make sure the table are NxN for both
load fulloil;

load obstacle;

%%Make a repsentation for fulloil and obstacle

A=fulloil;

B=obstacle;

$%Calculate sensor loss

SL=(A-B) ./A;
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APPENDIX B
CODING FOR IMAGE RECONSTRUCTION ALGORITHM

o

t$Clear workspace
clear all;

$%Load all single projection file(make sure save as .mat)
load EI1;

load E2;

load E3;

load E4;

load E5;

load E6;

load E7;

load ES8;

%$%Load the sensor los

load SL;

$%$Sort the file in cell 1xN

EachProj={El E2 E3 E4 E5 E6 E7 E8};

$%$Set the number of electrode//Set the pixel

N=8

pixel=64;

r = pixel/2; % radius

$%Eliminate the thickness of pipe

for i=1:N

for x=1l:pixel

for y=l:pixel

if sgrt((x-pixel/2) "2+ (y-pixel/2)"2)>=r-9

%$%-ve value means how much to reduce;

$%reduce pheripehry of the image by looiking from the
grid pixel

EachProj{i} (x,y)=NaN; % set color reduced to the same
color base

end

end

end

end

%%Pair projection N x N cells
for i=1:N

ei=EachProj{1l,i};

for j=1:N

ej=EachProj{l,3j};
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m= ei.*ej;

Epair{i,j}=m;

end

end

$Loop weighted balance map/ total map
W = EachProj{l};

for i=2:12

W =W + EachProj{i};

end

$Normalization of pair projections
for i=1:12

for j=1:12

norm = Epair{i,Jj}./W;
NormEpair{i,j}= norm;

end

end
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$LBP formula

DispMap= zeros (pixel);
for Tx=1:N

for Rx=1:N

DispMap= DispMap + (SL(Rx,Tx)*NormEpair{Rx,Tx});
end

end
normDispMap=DispMap; %
a = min (normDispMap (:))
b = max (normDispMap(:))

rename display image

’
’

for Tx l:pixel;

for Rx = l:pixel;

normDispMap (Tx,Rx) = ((normDispMap (Tx,Rx)-a)./ (b-a))*1;
$%Eliminate NaN value at norm DispMap ; if not matlab cant plot
img

e=normDispMap (Tx, Rx) ;
d=isnan(e) ;

e (d) =NaN;
normDispMap (Tx, Rx) =e;
end

end

$Displaying map

subplot (1,2,1);

pcolor (normDispMap (l:pixel, l:pixel))
imageCenter=[72.5,72.5]1;

title ('reconstructed image (rescaled 0-1)"'");
shading interp; % To hide the grid line from pcolor
69

colormap (jet) % Change color map to jet colour
colorbar % Display colorbar at RHS

subplot (1,2,2);

imagesc (normDispMap (l:pixel, l:pixel))

set(gca, 'YDir', 'normal')
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APPENDIX C
LT1360 DATASHEET

LT1360

LT\

FEATURES

= S0MHz Gain Bamdwidth

» E00Vjus Slew Rais

= SmA Maximum Supply Current

» OnViWAE Input Molse Vinliage

m Lnity-Gain Si3bla

» -Load™ Op Amp Drives A1 Capacttive Loads
» imy Maximism Input Offsat Voltage

® A Maximum Input Blas Cumant

= Z50nd Maximum Input Ofsat Current

m 135 Minimum Output Swing into S00C
® 3.2 Mindmum Qutpat Swing imba 15002
= 4 5\/mV Minlmum DC Galn, Ay =1k

= E0ng Satiling Tima to 0.1%, 10V Step

m 2% [Differantial Gain, Ay=2, A =15002
m .37 Diftarential Phass, Ay=2, Ry =15042
» Specifiad at £2 5V, £5Y, and +15V

APPLICATIONS

» Winabtand Ampliers

= Buftars

= ACtive Fliers

® Video and RF Amplification
= Czble Drivers

» (a3 AcquisEion SysEms

S0MHz, 800\V/us Op Amp

DESCRIPTION

The LT1360 |5 2 high spasd, very high slaw rale opera-
tional ampifiar with @xcalent DG parformanca. The LT1360
Teatmes raguced EI.IIZI[Il'y' current, lower [nput offset voll-
age, lower Input bigs current and higher DC pain than
davicas with comparable andwidth. The circult fopology
5 & viltage Teedback ampiifiar with the siewing charactsr-
Elics of 3 current feedback ampiifler. The amplifier ks a
singla pain 5tags with outstanding setting charactaristics
which makas the clrcut an osal chalgs for data acquistion
systems. Tha ouiputdrivesa S00L) load fo+13v wilh +15¢
supples and & 1500 load o £2.2% on £5V supplies. The
ampliler & also capable of ':|f|'|||'|l'l[| any Capaciive lnad
whilch meakes itusstul Imbufer or cable drivar applicaticns.

The LT1360 k= @ member of & tamily of fast, high
pariormanca ampdiflars using is unigua fopology and
empdoying Linear Technodogy Corparaion™s advanied
Dipodar complemantary processing. For dual and gued
ampdier versians of the LT1360 522 the LT1361/.T1362
data sheel. For TOMHZ ampdfiers with Gma of supply
curment par amplifiar s2a e LT1363 and LT1364.T1365
data sheats. For lower supply cumment amolifiars with
Dandwidihs of 12MHZ and 25MHZ see the LT1354
through LT1250 data sheals. Singles. duals and quacs o
gach ampliler are avalkabie.

LT LI o LT of Lirmr
C-lesd mawcwrart of Lner b gy Commmien

gy e

TYPICAL APPLICATION
Two 0n Ama Instrumendation Ampliiar
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(O il T Y Lt B i |
|m-E |1 T |

TR P FOR A

TR H1 FOR OOMMOR- RO0E FEXSCTIN
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APPENDIX D
TLE2141 DATASHEET

TLE214x, TLE214xA
EXCALIBUR LOW-NOISE HIGH-SPEED
PRECISION OPERATIONAL AMPLIFERS

SLOGT D — FIEFUAAT 1387 — FEWISE T OOTOBET 3713

absolute maximwm ratings ower operating free-air temperature ranges (unless otherwios noted)®

Supply voRage, Voo (SEE MObE 1] .o i a s e e e n e e e 22
PPN WORROE, WD o -« e e o e eee e e e e e e e et e e e e e e m e m e e e e s —az W
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