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ABSTRACT

Process tomography is a process of measuring the signals by using specific types of
sensor, which are arranged around an object as to examine its internal condition. A
number of principles can be applied in process tomography including optical
tomography, resistive tomography, and acoustic tomography. This report describes the
design of hardware system for electrical capacitance tomography. The electrical
capacitance tomography is defined by measuring the electrical properties of dielectric
components in a specific object via capacitive sensors, In this project, the hardware
system is designed based on two major parts; sensor system and data acquisition
system. A number of experiments have been conducted in order to obtain the best
design of the sensor system and data acquisition circuits. Further improvements are

suggested for future works.
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

Process tomography is a process of measuring the signals by using specific types of
sensor. The sensors are arranged around an object, such as pipeline, to examine the
internal condition of the subject. The information on the nature of the subject is
obtained by reconstructing the measurements from the sensors into a 2-D or 3-D image.
The instrument components for process tomography consist of the hardware and
software parts. The hardware part consists of the sensor for the signal and the data
control of the process tomography. Meanwhile, the software part includes the program
for reconstructs the signals and displays the results. Process tomography is already well
known in oil and gas industry, as this technology brings a lot of benefits for the

engineers to observe and examine the internal condition of process line or equipment.

The applications for process tomography in industrial sectors have been practicaily used
especially in chemical, oil, pharmaceutical, food, biological, minerals, nuclear,
environmental, water, healthcare, and materials processing industries. These

applications can be categorized into five groups 1, which are:

modeling in laboratory environment.

e process monitoring and control in an industrial environment.

¢ cquipment design and optimization in a laboratory or industrial environment.

s characterization of individual components or products.

e remote sensing in manufacturing, quality control, environmental protection, or

poilution control, on an industrial /waste disposal site.



In Table 1.1, the information represents some examples of process tomography methods

which are applied in the industry field I".

Table 1.1 Examples of process tomography techniques in process industries
Process application Process tomography method
Microstructural characterization of Magnetic resonance imaging.
components, particles, pastes, foams, Neutron tomography.
filters (1-10 0600 pm)* X-ray microtomography.
Optical tomography.
Liquid mixing and multiphase flow Optical tomography.
(0.01-0.5 m)* Resistive tomography.
Capacitance tomography.
Acoustic tomography.
Powder mixing, transport, and conveying Capacitanée tomography.
(0.01 — 0.5 m)* Electrodynamics tomography.
Groundwater monitoring and soil Impedancé tomography.
remediation (0.01 — 0.5 m)*
Atmospheric pollution monitoring Laser absorption imaging.
{ (50 m — 10 km)*
Qilfield reservoir exploration Acoustic velocity imaging.
(50 m — 50 km)* Acoustic diffraction tomography.

* typical operating length scales

There are various types of sensor System available that can be implemented in the
process tomography. Normally, the sensor systems are based on measurements of
electrical characteristics by using the radiation, acmistic, or electrical sensor. For
example, the capacitive, conductivity, or inductive types of sensors are used to measure
the electrical properties of d target subject in either small or large object in plant such as
vessel. These sensors are suitable to apply in electrical properties measurement based

on the fast responses from the sensors compare to the others. The applications for the



other types of sensor are summarized in Table 1.2 i,

Table 1.2 Sensors for process tomography

Principle Practical realization Comments
Electromagnetic radiation | Optical Fast, optical access
required
X-ray and y-ray Slow, radiation
containment
Positron emission Labeled particle, not on-
line
Magnetic resonance Fast, expensive for large
vessel
Acoustic Ultrasonic Sonic speed limitation,
complex to use

Electrical capacitance tomography (ECT) is one of the industrial process tomography
systems, which measures the electrical properties of dielectric components in a specific
object by using the capacitive sensors. The capacitive sensors provide fast responses for
the measurement of permittivity distribution of the mixture in the specific object M The
sensors consist of a few sets of electrode plates, which are arranged around the specific
object. The capacitances between the combination pairs of the electrodes are measured
by the capacitance measurement circuit. Then, the measurements are obtained by the
sensor electronics and sent to the image-reconstruction computer. The computer
generates the tomography images of the permittivity distribution from the
measurements by the sensors. The ECT system requires good sensors and sensor
elecironics design in order to provide low noise level, high stability, and accurate

measurement sensitivity distributions during developing 2-D or 3-D images.



1.2 PROBLEM STATEMENT

Process tomography is a system of measuring the signals from a specific object and
displaying the signals into an image. The tomography system which applies the
electrical capacitance principle will be developed as to provide a platform in exploring
the potential application of process tomography in oil and gas industry. In ECT system,
it consists of two major parts, which are the hardware and software. The capacitive
sensor, measurement circuit, and data acquisition circuit represent the hardware of ECT.
Meanwhile, the software system of ECT is the image reconstruction system; the system
for imaging the permittivity distribution in the target object. Various principles of
electronics circuit, sensor, and image reconstruction are required to accomplish this

project.

1.3 OBJECTIVES AND SCOPE OF STUDY

For this project, it is expected to meet the following objectives which are:

e to design a functional hardware system of ECT; including the capacitance sensor,
measurement circuif, and data acquisition system.

e to gain the information of potential image reconstruction system which are suitable
applied in ECT.

Therefore, this system is required to be developed by following the criteria of ECT for

application in oil and gas industry. As a result, these scopes are required to understand

deeply on ECT system:

e electrical capacitance principle as to develop the sensor and measurement circuit of
ECT.

» electronics theory and circuit design for control and data acquisition system.

e image reconstruction system, in order to display the cross-section of the target
object.

A Gantt chart for a guide in completing the project is attached in Appendix B.
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CHAPTER 2
LITERATURE REVIEW AND THEORY

2.1 OVERALL DESIGN OF THE SYSTEM

An ECT system can be divided into three main parts; the capacitive sensor, the data
acquisition system, and the image reconstruction system. The sensor is the most critical
part which involves the quality of the information obtains from the process. This
information must be accurate in order to have the best result for the image
reconstruction of the internal condition around the sensors. In Figure 2.1, the overall
design of the system is illustrated .

sensor electrode ) .
o image reconstruction computer

control signals

primary sensor

Figure 2.1  Electrical capacitance tomography sysiem

2.2 CAPACITIVE SENSOR

Sensor is a device, which responds to a certain stimulus by an electrical signal. Stimulus
is defined as the quantity or condition that the sensor sensed. There are two types of

sensor; active and passive sensor. The active sensor depends on the external power for



its operation and then, the signal is modified by the sensor to produce an output signal.
For a passive sensor, it is directly generates an electrical signal which has not to rely on

any additional energy source.

A variety of sensing methods can be employed on measurements of transmission or
electrical phenomena by using radiation, acoustic, or electrical sensors. The sensing

system is chosen based on these factors m

o The nature of the components (solid, liquid, gas, or the combination of these states).

e The information obtains from the process (steady-state, dynamic, resolution, and
sensitivity required) and its purpose (laboratory investigation, optimization of
equipment, process measurement, or control).

» Process environment (ambient oﬁeration condition, safety implication, and ease of
maintenance).

¢ Size of the process equipment and length-scale of the process phenomena being

investigated.

Capacitive sensors operate based on the mechanism of capacitance in between a number
of two parallel plates. This type of sensor can be applied in a number of applications;
such as in gauge displacement or position, and capacitance measurement for
tomography system. The fundamental operating principles for the capacitive sensor rely
on the distance between the capacitor plates and the dielectric material of the capacitor.



2.2.1 Principle

N\

)

//
A %/ E
|
:3 ':3' _
/3‘, A
electrode }, ///2 electrode

Figure 2.2  Electric charge and voltage define capacitance of a parallel-plate
capacitor

A capacitor consists of a pair of plates, which can hold electric charges. The
characteristics for the capacitor are the magnitude of charges (g) on both electrodes and
the positive potential difference (V) between the electrodes. The ratio of charges to
voltage is constant for each capacitor, and it is known as capacitance (C) of the
capacitor. Capacitance is defined as the ability of an object or surface to store elecirical
charges. This ratio can be represented by

=4
C=2 ey

The capacitance is also known as a function of the distance between the two electrodes
(d), the area of the plate (4), and the constant (g,) of the dielectric, which fill the space
between the electrodes. The function for these variables is expressed as

_E 5 A
d

c @)



where &, = permittivity constant

=8.854 x 10 F/m

SI unit for capacitance is 1 farad = 1 coulomb/volt which is represented by abbreviation
F. In practical, submultiples of the farad are generaily used such as

o 1 picofarad (pF) = 10"2F
e 1 nanofarad (nF)=10"F

e 1 microfarad (uF) = 10°F

2.2.2 Dielectric constant

The dielectric material between the electrodes of the capacitor is characterized by the
dielectric constant. The dielectric constant is defined as the reduction in effective field
because of the polarization of the dielectric. When the dielectric material is placed
between the charged electrodes, the polarization of the medium will produce an electric
field opposing the field of the charges on the plate. Therefore, the capacitance value will
increase. When the value of the dielectric constant is high, the performance of the
electrodes in the capacitor in holding the electric charges also will be better. Some
examples of dielectric materials with their constant are shown in Appendix A. The
dielectric material must be a good electric insulator as to minimize any DC leakage
current through the capacitor.

2.2.3 Sensor characteristics

The electrodes of the capacitive sensors are arranged around the specific object and the
capacitances between all the combination pairs of the electrodes are measured in order
to build up the 2-D or 3-D images. Generally, for N-electrodes sensor, the numbers of
independent measurements (z) are obtained by the combination formula of



pN-1)

5 G

In Figure 2.3, it shows an example of twelve electrodes arrangement for the capacitive

sensors. The capacitance between the electrodes; [1, 2], [1, 3], [1, 4], and until [11, 12]

is measured sequentially with appropriate sensor electronics and the measured values

are converted to voltage before they are linked to the image-reconstruction computer.

Projected guard  §

Electrode

Figure 2.3 Cross-sectional structure of the capacitive sensors

The functions of components in the capacitive sensors are as followed:

screen - to protect the sensor from interferences of external eleciromagnetic fields.
electrode — to detect the capacitance between two electrodes.

projected guard — to eliminate capacitances between back surfaces of adjacent
electrodes and to reduce standing capacitance which insensitive to the dielectric
distribution inside pipe liner. |

insulating pipe — to separate the material from the electrodes



A few parameters can be highlighted during designing the capacitive sensors, which

are.

o the wall thickness of the insulating pipe.

o the gap between the screen and the electrodes.

e the gap between the projected guard with the electrodes.
¢ the permittivity of the insulating pipe liner.

2.3 DATA ACQUISITION SYSTEM

The basic system of data collection from the sensor is shown in Figure 2.4.

frmm s = mm - Tessssssssae—o— B et ettt 1
: E Y N
‘ \ 4 Microcontroller
: Offset :
v Control * E
Capacitance ""’ M Unit E
Measurement U —¥ Differential ADC | ¢
Circuit iyl —» Amplifier =
Instrument . A 4
Amplifier | Gain
——»  Control
Unit

—» Output signal
--#  Control signal

Figure 2.4 Data acquisition system

The major requirement for the capacitance measurement circuit is its sensitivity with the
narrow area between the two selected electrodes. Stray-immune circuit satisfies this
requirement because it only performs the capacitance measurement between the
selected electrodes and insensitive to the stray capacitances either between the selected
and the redundant electrodes or between the selected electrode and earth. The examples

10



of this type of circuit are ac ratio-arm bridges circuit with current detection and
switched capacitor charge-transfer circuit. The characteristics for both circuits are

shown in Table 2.1.

Table 2.1 Characteristics for the examples of stray-immune measurement circuit

Bridges circuit Charge-transfer circuit

e Operate at frequency lower than a | e Operate at frequency up o 2 MHz

few hundred kHz o Faster data-capture rate
o Low baseline drift e Simple circuitry
¢ High signal to noise ratio e To increase the speed, a parallel

e A parallel measurement channels measurement channels could be used
with a modulator for each channel with low cost and no complexity

will create complexity

2.3.1 Amplifiers

Amplifier is composed with standard building blocks, such as operational amplifier (op-
amp) and various discrete components (semiconductor, resistor, capacitor, and

inductor). The functions of the amplifier are:

e to increase the signal amplitude (signal conditioning).
to enhance the magnitude of the signal to noise ratio (SNR).

e as an impedance matching device.

e as an isolator between input and output.

For an op-amp with no feedback comporent, it is known as open-loop condition. In
open-loop condition, the open loop gain (dor) is not a stable parameter. The gain
changes with load resistance, temperature, and power supply fluctuation. However, an
op-amp is rarely used without the feedback components because when Ao is high, it
may result in circuit instability, a strong temperature drift, and noise. The linearity, gain

11



stability, output impedance, and gain accuracy are iiilproved by an amount of feedback
and also depend on the characteristics of the feedback components. |

2.3.2 Charge amplifier circuit

Charge amplifier (CA) circuit has extremely low bias current, which operates by
producing charges that are proportional to the measurement variable and the charges
can be converted into voltage. A basic circuit of a charge amplifier is shown in Figure

2.5,

C.

<£ |

€in

Figure 2.5  Charge amplifier circuit as charge-to-voltage converter

The charge amplifier circuit consisis of a capacitor (Cy) that is connected info a
feedback network of an op-amp. Its leakage resistance (Rg) which is in parailel with Cf,

| must be larger than the impedance of the capac1tor at the lowest operating ﬁ'equency
Generally, the amplifier gives an output signal:

e =—C‘ e. @

where; ¢, = ouiput voltage signal
= input voltage signal
C, = generated capacitance
Cy= feedback capacitance

12



CA is applied to provide a DC path for amplifier bias current. Without the R¢in the
circuit, Cy will continue charging and then affect the output to drift into saturation 2}

The input stage of CA features a capacitive feedback connection, which balances the
effect of the applied charge input signal. The feedback signal represents as the input
charge, gis. g is injected to the summing point (inverting input) of the amplifier. It is
distributed to the cable capacitance (C.), amplifier input capacitance (Cip), and
feedback capacitance (Cy). Therefore, the node equation of the input is:

G =— (G +F i+ 9¢) )

By using the electrostatic equation q = VC and substitutes gc, ginp, g5, and Vinp as the
input voltage of the CA:
Gin=~[Vinp (Cc + Cinp)+ V17l (6)

Since the voltage difference between the inverting and the non-inverting input of a
differential amplifier becomes zero under normal operating conditions, this can be
assumed, as the Vip, equals to GND potential. With Vigp, =0, the equation might be
simplified with:

gin =-V/Cr @)

Solving for the output voltage, ¥, which also equals to the feedback voltage, Vy.

qA
V =V, =-==
iR A (8)

The result shows that the output voltage of a CA depends only on the charges input and

the feedback capacitance and it also the same with equation 4. Input and cable
capacitances have no influence on the output signal.

13



2.3.3 Analog to Digital Converter

Analog to digital converter (ADC) is applied as to digitize the final signal from the gain
control unit. PIC16F877 as shown in Figure 2.6 is going to be applied at the end of data
acquisition system before the output signal is sent to the computer. PIC16F877 is a
high-performance FLASH microcontroller that provide.s the high design flexibility.
PIC16F877 features an integrated 8-channel 10-bit ADC. Peripherals include two 8-bit
timers, one 16-bit timer, Watchdog timer, Brown-Out-Reset (BOR), In-Circuit-Serial
Plfogrammingm, RS-485 type Universal Asynchronous Receiver/Transmitter (UART)
for multi-drop data acquisition applications, and 12C™ or SPI™ communications
capability for peripheral expansion. Precision timing interfaces are accommodated
through two Command Control Processor (CCP) modules and two Pulse Width
Modulation (PWM) modules '),

PDIP
MCLRvRE —— [T 1 N (] == RBTIPED
RATAND —a—w T2 30 [} =—e RBOPGE
RATIAM: *—=[]3 38 [ ] »— RBS
RAJANZIVREF- e [ 4 37 [} o> 7B4
RAANINFE=: +—[]5 38 [ ] =—s REIPEM
RA4ITOCK: «—eT]6 35 [ w—e= RE2
RASAMN4ISE -—s-T]7 <+ ¥ ] e— 3EI
REQ/REANE w18 t~  33[]e—e IBONT
REV/WRIANE +—a1 ¢ 0 e
RE2ZCSANT =—sL[]16 b= 31[]e—uwss
VOS] 17 0 gy ] - mpESA?
W:ts I: u' \
A p—— g ) W  29[)e—» RDE&FSPE
DSCHCLKN —= ] 12 6 28 [] +—e 205PSPE
OSCACLKCUT a—uf] 14 5 Y- RD4/PSP4
RCOITIOSOTICK! +—T115 26 [[] w—e SCTRALDT
RCITIOSICEP2 we [T 18 25 [] = RCHTNCK
RCHCCP! wawemm [ 17 24 [] +—a RCHSCO
RC3ISCRISCL »— ] 12 23 [ w—e RCHSLESDA
RCOIFSP) «—= [T 12 22 [ wme 203/P5P2
’01/P5A1 =[] 20 21 [] =—= 202/PSP2

Figure 2.6 Microcontroller 16F877
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2.4 IMAGE RECONSTRUCTION SYSTEM

The data presented to the computer are as an array of numbers which are related to the
capacitance measurements taken between two electrodes. Linear Back Projection (LBP)
Algorithm has been considered as one of the method to develop the image. From LBP
algorithm, the normalized capacitance measurements are weighted by a predetermined
sensitivity distribution function and back projected on to the object cross-section.

15



CHAPTER 3
METHODOLOGY

This project will be implemented in duration of 2 semesters. To be accomplished, this
project will need several methods. Therefore, the project will be implemented by stages

as listed below:

e First semester: Literature review / research / data gathering / circuit design / testing /
analysis

¢ Second semester: circuit design and improvement / computer-device communication

development / testing / analysis

3.1 LITERATURE REVIEW AND RESEARCH

Literature review and research will be done by obtaining the information through books,
internet, and journals. These stages provide the important and useful knowledge for next
step; the design stage.

3.2 CIRCUIT DESIGN

The design of capacitance measurement circuit is based on the switching period of
charges and discharges the unknown capacitor (C;) and also how to measure the charges
from the capacitor. This design is based on the charge-transfer circuit design which has
more advantages compare to the bridges circuit as mentioned in Table 2.1. The
capacitance measurement circuit applies CA to convert the charges from into the

voltage signal. This CA is designed refers to the output equation of the amplifier circuit.

16



There are two main components for the CA; Ry and Ce. The presence of Re limits the
lower bandwidth of the CA to a frequency, /i, given by the equation:

1

“I7CR, ®

h

A high vaiue of Ry is required if the output is to reproduce slow changes in the

measurement variable 2. Therefore, Ryis set to be

R ~100Z, (10)
100
~ 1
% 272 CiR; a

The operating frequency, f; is applied with a higher value than the £ to obtain a stable
DC output voltage. This condition requires a high speed of op-amp which its transient
frequency, f; is

fix1001, (12)

The switching circuit of the switched capacitor charge transfer circuit is designed based
on the charging and discharging stages of C,. These stages are related to the RC time
constant, 7 which is the time for a capacitor to charge and discharge an amount of
capacitance. This time constant relates with the time require for a capacitor to charge up
10 63.2% of the applied voltage or discharge down to 63.2%. Usually the value of 7 is
equal to the value RC. For the capacitaucez measurement circuit, ¢ will be influenced by
the RCy in the CA circuit. A capacitor normally takes 57 to charge and another 57 to
~ discharge. In the capacitance measurcmelit circuit, four switches will be applied, which
are connected to the source and detectiilg clectrodes. Two switches are ON during

charging period of C, and another two are ON during discharging it.
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3.3 EXPERIMENTAL

The design of capacitance measurement circuit is tested by using the values of the
resistors and capacitors for the feedback components, which are obtained from the
calculation, with a number of known capacitance values as the C,. The output signals of
the CA are observed. The observations from the experiment are analyzed to ensure the
calculation values for the output voltage are the same as the output measured. Function
generator, DC power supply, multimeter, high-speed op-amps, CMOS quad bilateral
switches, resistors, multiplexer, capacitors, logic gates, and J K flip flop are used during

the experiment.

3.4 ANALYSIS

The resuits from the tested circuit are analyzed by comparing the calculated values with
the experimental values to prove that the circuit is able to operate as a capacitance
measurement circuit. If the comparison raises a lot of differences, the circuit design is
altered by using new values of components obtain from the calculation. The analysis is

continued until the best design of capacitance measurement circuit is achieved.

3.5 COMPUTER-DEVICE COMMUNICATION DEVELOPMENT

During the hardware development, 2 major types of programming are used; C language
for the microcontrolier and the interface programming. The microcontroller is
programmed due to convert the analog signal from the data acquisition system to the
digital signal before the signal is transmitied to the computer. For interface
programming, Visual Basic 6.0 programming is applied as to develop the

communication between the hardware and the computer,
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3.6 COMISSIONING AND VERIFICATION

After completing those procedures, the next step is commissioning. During this level,
the verification and device ‘test run’ are carried out. This procedure will ensure that the
device can work properly and withstand various conditions. The steps involve for this

procedure are component assembly, test run, and trouble shoot.
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CHAPTER 4
PROJECT WORK

4.1 HARDWARE

This project requires on designing the hardware system for the ECT. It consists of the
capacitance electrodes, capacitance measurement circuit, multiplexer, instrument
amplifiers, differential amplifiers, charge and discharge control circuit, offset control

unit, gain control unit, control logic, and PIC microcontrolier.

4.1.1 Sensor system

Capacitance sensors consist of a pair of selected electrodes which is controlled by the
switching circuit via two pairs of CMOS switches. The capacitance between the
selected electrodes is measured by the capacitance measurement circuit. For a complete

sensor system, an even number of electrodes are arranged peripherally of an object.

Firstly, the known values of capacitor (1-10pF) are used which represent as a pair of
electrode in the sensor system. These capacitors are connected one by one to the
capacitance measurement circuit as to observe the circuits’ performance when the
values of the capacitor are varied. After the performance is analyzed, a prototype of 4
~ electrodes sensor system (Figure 4.1) is constructed in order to repeat the same analysis
with known capacitors. The capacitance for a pair of electrode depends on the distance
between those electrodes. The capacitance between adjacent electrodes are higher than
the opposite electrodes but the capacitance of electrodes 1 and 2; and 1 and 4 might not

be the same due to the stray capacitance from the measurement circuit and also the
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interference from the external electromagnetic field from surrounding. To reduce the
interference of electromagnetic field, a prototype for 8 .clectrodes (Figure 4.2) is
designed with an earthed screen around the electrodes. The electrodes are arranged
alternately with projected guard to ensure that these electrodes will not touch each other
and to reduce any stray capacitance contribute by the adjacent electrodes.

Containé

(®)

Figure 4.1 Sensor system with 4 electrodes: (a) opposite view, (b) top view
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Figure4.2  Sensor system with 8 electrodes: (a) opposite view, (b) top view

4.1.2 Capacitance measurement circuit

The measurement circuit is based on the charge transfer circuit and charge amplifier

circuit, The charge-transfer circuit provides a fast data capture rate and it also simpler

compares to bridge circuit. The performances of charge-transfer circuit which are

represented by the CMOS switches in the circuit are as follows:

The operation will be repeated at an operating frequency, f, of the circuit. This
frequency also known as the sampling frequency of the circuit.
The sampling frequency is chosen so that:

f> 2 (13
where f, is the frequency of C;.
The charge amplifier circuit is designed to have a low-pass bandwidth which
satisfies:

fo<fi—ti (14)
Cin is the capacitor uses to ensure the virtual earth potentials at the charge amplifier
circuit remain stable during the high-speed charge and discharge stages.
By choosing large integration time constant, Ty = Ry and large value of Ci,, the

" charge measurement circuit will produce a DC output voltage proportional to the C,.
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o The output voltage of the charge measurement circuit is given by:

Vo=fVRCs
Charge amplifier is a part of the charged-transfer circuit, which reacts as the converter

(15)

to convert the generated charges from the capacitive sensors to voltage signal which

operates at certain frequency. The switching circuit is connected to the CA circuit as to

control the charging and discharging stages of the C.

5V

s

CMOS seilch
1 Y 2
L]

source elechode

CWIOS 2eich

H4 F/ elechrode
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1U8>S 2
= CWMOSowikh

1'%2 1

vz
k-1
]

CMOS anikch Cin I

|-

5V
v3

Figure 4.3

Rvaliab‘l:éf

0.1u
5K 12k
A ——t

:

Rat

0

output voltage

Raz

Capacitance measurement circuit

During designing the circuit, a few points are highlighted as to obtain the exactly values

for the components for operating it in high speed.

e The CA circuit is conducted at frequency 10° for higher sensitivity.

o The value of Cymust be very small so it can measure C, in small range.
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Thevenin theorem is used to eliminate the offset voltage at the noninverting input of the

op-amp:
Given Vigs = 10mV

V={Ve|=|Vee | =12V

max ut ”Eﬂ:fi
g 22 4
YR 12 ok
I/:'os ol 10m
R, > <100Q2

Therefore, R, = 10Q, R,y = 12kQ2

Ra =1.2k0Q

10

Rpmax =

Ry=4 X Rppax=4.8kQ

Figure 44  Compensation network: eliminate the offset voltage
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4.1.3 Multiplexer

For this design, multiplexer is used to select onty one measurement output from the
measurement circuits at a time before thé signal is digitized by the ADC. After all
measurements are completely convert to digital signal, thén all the data will be sent to
the computer. IC CD4051B is applied to the circuit as the multiplexer.

o/ electrode &
ok electrode 7

ofp electnde 8~
ofp electioda § — ]

Figure 4.5  Multiplexer connected to the instrument and differential amplifier

4.1.4 Instrumentation amplifier and differential amplifier

An instrumentation amplifier is a type of op-amp that has been specifically designed to
have characteristics suitable for use in measurement and test equipment. This op-amp is
applied when accuracy and stability of the circuit are required. Along in the instrument
amplifier is differential amplifier. The differential amplifier amplifies the difference
between two input signals (-) and (+). This amplifier is also referred to as a differential-
input single-ended output amplifier. It is a precision voltage difference amplifier, and
forms the central basis of instrumentation amplifier circuits. “This differential
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amplification also been applied as the first stage of op-amps. The output equation for

the circuit in Figure 4.2 is as follows:

Vs = T~V (16)
‘Rl

Figure 4.6 Differential amplifier with buffer amplifiers

4.1.5 Offset and gain control units

Offset control unit is established as to correct the drift by subtracting the baseline from
the values measured afterwards. The offset value which is obtained during the
calibration of the mesurement circuit is subtracted from each measurement value after
the check. The calibration procedure is performed before the measurement and imaging

process. The procedure is described from block diagram in Figure 4.7.
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Fill the object with reference component of lower sensitivity

}

Perform measurement and stored as zeros

=

Figure 4.7  Calibration procedure

Gain control unit functions as to amplify the output signal with the selectable gains.
Therefore, the output signal will deal with the large measurement range i,

4.1.6 Analog to digital converter

PIC16F877 microcontroller circuit at the end of data acquisition circuit is able to
convert the analog signal of the measurement to the digital signal before the output is
trnasmitted to the computer for image reconstruction. The microcontroller needs to be
programmed by using C language. The programmed codes are downloaded via MPLab
software by using WARP13 external device.

PIC16F877 works on a 10-bit digital number. The 10-bit A/D data is loaded onto the
register pair ADRESH:ADRESL which is a 16-it wide register pair. The A/D module
has a high reference voltage of 5V and a low reference voltage of 0V. Therefore, the
analog input must be varied between the ranges of 0 to 5V. An cxample to convert the

corresponding voltage to a hexadecimal number is as shown below:
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Since the maximum voltage allowed is 5V, the corresponding 10-bit
binary number will be:

11 1111 11115 is equal to 10244,.
This is the base ration for the next voltage value.

Eg:
Input voltage =3.75 V
1024
3.75Vx—L =76
S 8o

Therefore, 768, is equal to 11 0000 0000,.

This microcontroller also uses as the part of serial communication to the computer. The
programming is designed to select one by one the output signal to be transfer to the

computer as in serial output.

4.1.7 Control logic circuit

The switching circuit and multipiexer is controlled via control logic by using J-K flip-
flop integrated circuit (IC) and logic gates. The gates IC consist of AND and OR gate.
The state transition diagram is applied to obtain how many states are required for the
counter flip-flops change with each applied clock pulse. State transition diagram is used
as to analyze, and design counters and other sequential circuits. The state transition
diagram is illustrated in Figure 4.8. From the figure, each circle represents one possible
state as indicates by the binary number. The arrows connecting the circles show one

state changes to another as a clock pulse applied.
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Figure 4.8  State transition diagram

The sequence circuit of the state transition diagram is developed by using the sequential
circuit design method. This method involves the design of synchronous counter and
logic circuit as to decode the various states of the counter to supply the logic level to
each J and K input. The inputs to the decoder circuits will come from the outputs of the
flip-flops. The Excitation Table (Table 4.1) is used to determine the J and K levels
require producing any transition at the output.

Table 4.1 J-K flip-flop Excitation Table

Transitionat | PRESENT' | NEXT state J K
output state Q(N) Q(N+1)
0—0 0 0 0 X
0—1 0 i 1 X
1—0 1 0 X
1—1 1 1 X 0

The signal for the charge and discharge switches, control signal for the multiplexer, and
inhibit signal for the multiplexer are obtained from the output of the J-K flip-flop. The
output signal of J-K flip-flop will be either connected directly or connected to logic
gates first as to obtain the specific control signal for control input of both switches and
multiplexer. The Karnaugh map (K map) is applied during logic control design as to
simplify the logic equation and to convert the truth table to its corresponding logic
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circuit in a simple process.

4.1.8 Communication circuit between hardware and computer

PIC16F877 microcontroller circuit is comstructed to establish the communication
between the hardware of ECT system to the workstation (computer). This
microcontroller is programmed to read the output measurement from the data
acquisition system. MAX?232 integrated circuit also included with the connection of
PIC6F84A as to control the communication of the serial communication. It either can be
as a driver or receiver to the serial port of the computer.. MAX232 also helps protect the
processor from possible damage by static that may come from people handling the
serial port connectors. Therefore, it is needed to cstabﬁsh the communication between

the device, processor, and RS232 serial port.

on it f—2% WwF
TXGATA ez 15
Trarmritch dwm fom PIC THA R1in 5
X DATA T2in A =
RecowsddamPIC  #—iit Riot O

§GND

R&I32 DBB FEMALE

Figure 49  The connection between RS232 serial ports with MAX232
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4.2 SOFTWARE

Mainly the software system is the visualization of the measured signals from the
hardware system which are stored into the computer. For the image reconstruction,
Linear Back Projection (LBP) Algorithm, Linear Forward Projection (LFP), and Finite
Element Method (FEM) can be employed for the real time visualization.

4.2.1 Image reconstruction programming

FEM is based on the electrostatic field theory which investigates the complex capacitor
sensor configuration. Then, it will model the pattern by dividing the cross section into P
quadrilateral elements corresponds to the O nodes. The resultant nodal potential will be

used to determine the capacitance between electrode pair i-j by performing:

Cf:——f; Jotee )V .yl a7

V = voltage at source electrode
Li = curve encompassing the detecting electrodes

®(x, y) = depends upon the dielectric distribution

FEM will represent the pipe cross-section as an array of sensitivity values:

e Each value will correspond to the magnitude of capacitance change at the pixel (p).
o S ;(p)is the precalculated of the sensitivity matrix

e G(p) is the grey level of the image

e 4, is the normalized capacitance measurement
From equation 18, the first image is reconstructed from the value of the measured

capacitance and the sensitivity matrix.
G =8C (18)
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The senstitivity matrix is performed by:

C .(p)-C, (em i
5,(p)= ./ {p)—C, ;(empty pipe)

= . . (19)
Ci, J (fl]]l plpe) - Ci, j (empty plpe)

Next image is obtained from the iterative process. The capacitance is estimated from
current image G® and sensitivity matrix ,S by applying the LFP algorithm.
G*Y = G® 1+ aS(C - SGW) (20)

o = step length
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CHAPTER S
RESULT AND DISCUSSION

During the project commissioning, some experiments are carried out to obtain the
results with high efficiency and reliability. According to the requirement, the
experiment is performed by using the known values of C; in order to observe the
linearity of the output. As long as the output voltage is proportional to Cy, the result is

acceptable. The circuit for this experiment is shown in Figure 5.1.

[

Figure 5.1  Test circuit for capacitance measurement
The conditions for each experiment are listed in Table 5.1. The output graph for each

result is illustrated in Figure 5.2. The conditions for each experiment are based on these

settings:
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Table 5.1 Conditions for each experiment

Condition |  CApF) RAMQ) f(kHz)
A 0.5 50 16
B 0.5 50 32
C 0.5 50 32
D 0.5 50 64
E 0.5 50 64
F 0.5 50 128
G 0.5 50 250
H 0.5 50 500
I 0.5 10 500
] 0.5 50 1000
K 0.5 10 1000
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Voutvs Cx
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—
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D —

-10

Cx(pF)

Figure 5.2  The linear response of output voltage vs known capacitor, C

In this experiment, the outputs are not stable when f; are higher than 64 kHz. For
capacitance measurement circuit, it is required to operate in high frequency as to
increase the sensitivity of the circuit with the output measurement. From those resuits,
the circuit is reconstructed to increase the accuracy of the output in high operating
frequency. The values for new circuit design of capacitance measurement circuit are

listed in Table 5.2. The graph of output voltage vs C; is represented in Figure 5.3.
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Table 5.2

Results of output voltage (mV) for Cy= 0.1nF, and f; = iIMHz

C: (pF) 1 2 3 5 6 8 10
R(Q |
100k 348 510.6 885.7 2030 2310 3550 4300
51k 229 266.8 458.2 1040 1170 1810 2180
43k 20.2 235.2 404 915 1020 1560 1920
36k 114 185.6 322.7 740 846 1290 1560
24k 15.5 1322 223.5 501.9 562.7 865.7 1050
12k 12.7 71.5 117.4 2572 286.7 4404 530.9
1k 9.57 14.5 18.3 299 323 45.2 52.7
Voutvs Cx
5000
4750
4500
4250 P,
4000 /
3750 / -
3500 ‘/
3250 /
3000 // 100k
2750 / —=— 51K
E 2500
/ —atyem 43K
2250 -
oo /__./ | /31 —3¢— 36k
1750 / J:?/ / o Py
1500 3¢ a2k
1250 / - / —o— 1k
1000 // £ /“" I
750 S / _,_____»/ -
500 s L
.
250
o : ‘c ? = 4
1 2 5 6 3 10
Cx(pF)
Figure 5.3  Positive linear response for output voltage vs known capacitor, Cy
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Based on Table 5.2 and Figure 5.3, the results show that when the value of Rris
increaséd, the outpﬁt voltage will give more difference between the reading when the
value of C; is changed. Therefore, if there is any capacitance change in the target object,
the circuit will capable to give a big difference in the output voltage.

This capacitance measurement circuit on the breadboard is tested with 4 electrodes
system and the output voltage is measured manually using digital multimeter. The
output voltage is quite small compare when the circuit is tested with known capacitor.
This condition happens due to the effect of stray capacitance from the wiring and the
circuit itself. Therefore, the sensor system is tested with printed circuit board (PCB) by
using circuit as in Figure 5.4 and the output voltages are compared with the previous

measurement. The result is showed in Figure 5.5.

Figure 5.4  Capacitance measurement circuit on the PCB
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output voltage vs electrode pair
3500
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">E" 2500
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12 13 14 23 24 34 bread board
electrode pair Eprinied circut

Figure 5.5 Comparison of output voltages from circuit on the breadboard and PCB

Based on Figure 5.5, the effect of stray capacitance from the wiring can be reduced by
designing the circuit on a PCB. This method will reduce the stray capacitance because
of the large earth plane on the printed board. The efficiency of the measurement circuit
also increases due to the high sensitivity of the circuit to the small changes in the

measured capacitance.

The capacitance measurement circuits are tested with the 8 electrodes capacitive sensor
for observing the circuits® sensitivity with the measured capacitance. The sampling test
is conducted twice with electrode 1 as the source electrode and the other electrodes as
the detecting electrodes. Therefore, the will be 7 measurements obtained during the
sampling test. The output voltages for the sampling test are illustrated by the bar graph
in the Figure 5.6.
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Vout when E1 is source electrode

@l
all

Figure 5.6 Output voltage for 8 electrodes capacitive sensor

From Figure 5.6, it shows that the output voltage for both sampling times are quite
similar, means that the time delay that contributes from the components are quite small
and do not bring big effect for sampling the output voltage. The negative values of the
output voltage represent that the measurement is conducted at very low sampling
frequency so it requires conducting the sampling at higher frequency as to increase the

sensitivity of the measurement circuit.

The control logic circuit is designed based on the sequential circuit design method. The
truth table of controlling the circuit for sampling tést is attached in.Appendix C. This
design process involves the transition diagram from state 0000 to state 1111. Adter that,
the Excitation Table (Table 4.1) is referred to build the truth table for the J-K flip flops
transition level. From this truth table, the K map method is applied as to simplify the
corresponding logic circuit. As the result, the control signal for inputs of flip-fiops,
multiplexer control, and switches are as follow:
¢ JX flip-flops

o Jo=1,Kep=1

o Jo=Z,Ku=2
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o Jp=YZ,Kp=YZ

o Jo3=XYZ Kz =XYZ
¢ Multiplexer

o A=Y

o B=WX+WX

o C=W
e CMOS switches (Sys = source switch, S, = ground switch, Sy = measurement
switch)

o Electrode 1
* Ss=Z
v Sig=Z

o Electrode 2,3,4,5,6,and 7
" Ss=0
= So=Z2
* Sm=7Z

o FElectrode 8
= Sw=Z
* Ssm=Z

To obtain the best design of hardware system for the 8 electrodes sensor system, the
measurements circuit is tested with only two complete cycles of measurement with
electrode 1 is the source electrode. The sampling time for the measurement is important
because of the measurement from each detecting electrode happens in 0.5us. Therefore,
the sampling time for the output must be faster enough. Latching method is applied as
to hold first the output values in digital form before it is transmitted to the éomputer.
The hardware system for the ECT is referred in Figure 5.7.
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Figure 5.7  Hardware system of ECT
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CHAPTER 6
CONCLUSION AND RECOMMENDATION

6.1 CONCLUSION

As the conclusion, the project brings the opportunity to learn and develop the capacitive
sensors system base on from the literature review and research which have been done
before. This hardware part exposes the student in circuit design and gain experiences in
troubleshoot the circuit. From the experiment of circuit measurement circuit, the
charge-transfer circuit can be used as the one of the main circuit to measure the
capacitance in term of voltage. High operating frequency of the op-amp and ceramic
capacitors are used to obtain a good result from the experiment. The components also
need to be examined first before starts the experimeht to ensure all of them are working

when they are connected to the power supply.

The limitation in designing the circuit is to find the op-amps which capable to operate
with high frequency. This first design of capacitance measurement circuit only capable
to measure the C; from InF to 0.10F only. This condition happens because of the
operating frequency is bigger than the transient frequency of the op-amp. The operating
frequency of this circuit must be 100 times less than the transient frequency. Due to this
limitation, op-amp LF353 and with new values for other components are used for the
measurement circuit. By using this design, the circuit is capable to measure from 1pF to
10pF. To increase the sensitivity of the circuit, it is designed on the PCB with large
earth plane.
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The sampling time to transmit the measured output voltage to the computer also
important due to obtain the right values during the sampling. When the transmission
involves a number of components before the data is sent to the computer, it will
contribute some delays which will interrupt the right time for the data to be transmiited.
To overcome this prbblem, latching method is applied to the data before it is transmitted
in order to hold first the data and avoid the controller from loss it.

62 RECOMMENDATION

From this project, the whole circuit of the hardware system must be designed on the
PCB in order to reduce the effect of the stray capacitance from the wiring. This way
will improve the sensitivity of the circuit with the small changes in the measured
capacitance. The prototype of the sensor system can be upgraded by increasing the size
of electrodes and reduce the distance between the adjacent electrodes. The screen and
projected guards also can be improved by using a harder plastic as to reduce more on
the interference of the electromagnetic field from the surrounding. The sampling time
for the output signal can be increased by applying higher frequency in the control
circuit. The status of the electrodes can be controlled by using the PIC as to increase the
effectiveness of the control logic circuit. The control logic circuit can be implemented
by using only the PIC via programming the state machine of control logic circuit into
the PIC. This will make the data acquisition circuit becomes less complexity.
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APPENDIX A
DIELECTRIC MATERIAL AND DIELECTRIC CONSTANT

Examples.of dielectric material with its constant

-Dielectric material

| Dicloctric material | Diclectric constant, Dielectric constant,
& &
Air 1 Air dry (68°F) 1.000536
Water 4-88 Water (32°F) 88
Water (68°F) 80.4 Water (80°F) 80
- Water 212F) 55.3 Water (390°F) 34.5
Water (steam) 1.00785 Mineral oil (80°F) 21
Petroleum 2022 Heavy oil 3
Gasoline (70°F) 2 LPG 1.6-1.9
Wood (dry) 2-6 Wood (pressed 2.0-2.6
board)
Wood (wet) 10-30 Wax 2.4-6.5
Lime 2.2-25 Vaseline 2229
Thinner 3.7 Teflon (4f) 2.0
| Teflon (FEP) 21 Teflon (PCTFE) - '2.3:2.8
[ Teflon (PTFE) 2 Polyester resin - 2.8-4.5
‘Paper (dry) 2 Mica 2.6-3.2
Silica (aluminate) 2 Silica (sand) 2.5-3.5
| Paint 5-8 Porcelain 5-7
‘Corn - 5-10 Cereals (dry) | 3-5
Ash 1.7-2.0 Industnial alcohol 16-31
Cement (plain) 1521 “Cement (Portland) 2.5-2.6
- | Cement (powder) 5-10 - Chlorine (-50°F) - 2.0
| Chilorine (32°F) 1.5 Alumina 9.3-11.5
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MULTIPLEXER CD405t DATA SHEET
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APPENDIX G
PIC16F877 (ADC CONVERSION)
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