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Abstract

Electrical Capacitance Tomography (ECT) determines the dielectric permittivity of
the interior object depending on the measurements of exterior capacitance. General-
ly, the electrodes are placed outside the PVC cylinder where the medium to be im-
aged is present; but in ECT using inter-electrode capacitance measurements can be
achieved by placing inside of the dielectric medium. In the proposed ECT system, the
ECT sensor is modeled using ANSYS software and the model is implemented in real
ECT system. For each step of measurement, a stable AC signal is applied to a pair of
electrodes that form a capacitor. The novel system is to measure the capacitance
range variation in picofarad and the corresponding voltage ranges from 1 volt to 4
volts. The switching speed of all combinational electrodes is implemented using em-
bedded system to achieve higher speed performance of AC ECT system which elimi-
nates the drift and stray capacitance error. This is yielding the original image of un-
known multiphase medium inside the electrodes using Lab VIEW. This paper inves-
tigates several advantages such as improved overall system performance; simple
structure, avoids stray capacitance effect, reduces the drift problem and achieves high
signal to noise ratio.

Keywords

Electrical Capacitance Tomography, ANSYS, Lab VIEW, Embedded System,
AC Signal

1. Introduction

ECT is a process of recovery of the image depending on the capacitance change tech-
nique. An ECT measures the capacitance from multiple electrodes which surround a

dielectric process. There are a various number of capacitive electrodes mounted around
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the measured object, to find the distribution of dielectric capacitance between the elec-
trodes measured. Capacitance sensor is a very promising device for the flow process
parameters measurement. Due to the variation in the percentage of air and liquid flow-
ing in the pipe, the mean dielectric constant changes in between the electrode. This re-
sults change in the capacitance of the sensor. The two-phase flow measurement uses
8-electrode ECT system [1]-[4], a new sensing system, to calculate the capacitance
range in FEM to farads/micro volt range. The electrical connections are made through
small holes drilled in the pipe wall. The performance of an ECT sensor was analyzed
numerically for the range of dielectric material (1 < & < 80) and geometrical parame-
ters. Measurements performed by the ECT system are based on a two-point calibration
procedure [5] [6]; the source signal is simultaneously given to all electrodes but the de-
tecting circuit is controlled externally. The potential on the electrode is digitally con-
trolled and the excitation field of the sensor is totally flexible. Applying multiple excita-
tion signals to electrodes can improve overall ECT system performance [7]-[9]; all the
electronic circuitry is included on a custom silicon integrated circuit that is imple-
mented using a high voltage CMOS technology. This chip includes charge/discharge
circuit; programmable gain offset compensation, ADC and DAC circuit and interfacing
unit and also improves the speed of inter-electrodes capacitance by applying multiple
excitation signals [10], the CMOS circuit design of capacitance sensor for detecting
changes of capacitance due to the incidence of particles or bubbles on the electrodes,
determining the capacitance from the permittivity patterns and describes linear back
projections methods of image reconstruction [11]-[14]. In this we discuss, sensitive
field models of typical flow were established and simulated, using ANSYS which is fi-
nite analysis software. The gained capacitance values from ANSYS would be used to be
as the sample data. For real time, the ECT is a method for the determination of the di-
electric permittivity in the interior of the object based on exterior capacitance mea-
surements.

The proposed system is shown in Figure 1. An AC ECT system consists of five basic
parts: 1) sensor system, 2) excitation source generation, 3) embedded system, 4) signal
processing parts, 5) interface and monitoring. The sensor consists of a set of electrodes
symmetrically fixed outdoor, on the insulation pipe. The sensing electrodes measure

the capacitance for every probable electrode combination. The system is made up of
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Figure 1. Block diagram of ECT system.
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array of electrodes and embedded controllers, which help increase the system’s speed.
The embedded system is used to interface the excitation source with the combination
electrodes. In a dynamic model like the flow of water or any type of liquids, etc., while
entering into the system, one among the eight electrodes is used as the source which is
going to sense the flow of liquids and the remaining electrodes act as the detector. The
detected signal is in the form of current. The output obtained from the sensor can be
converted into a voltage with the help of a current to signal conditioning circuit. The
signal is implemented in the NI DAQ. This is used to convert a digital form from the
sensor to an analog signal. Finally, the output signal is obtained from a PC with LAB
VIEW. An AC stable model is a method of sine wave excitation. The source signal en-
ters the electrodes with the help of an AT mega controller to increase the switching
speed. The embedded system activates the analog switches to improve the overall speed

of the system.

2. Design and Analysis of ECT Sensor by ANSYS

2.1. Principle of a Capacitance Sensor

The principle of this sensor is that, when the dielectric medium changes, the capacit-
ance value also gets changed. Basically any two closest conductors can be considered as
a capacitor, and dissimilar dielectric properties between the conductors will form vari-
ous capacitor values. The sensors normally consist of two electrode plates and the capa-
citance. The capacitance and permittivity distribution relationship is governed by the

subsequent equation.
Q A
C="=¢g¢ — 1
V 0“r D ( )

where,

&, —The permittivity of vacuum,

&, —The relative permittivity of the material inside the sensor,

A—The area of the plates,

D—The distance between the two plates.

& and & are the global standard of the fluid dielectric property over the whole sens-
ing volume of the sensor or better known as permittivity. If the distance of the plates
and them areas are known and by measuring the capacitance; we can effectively meas-
ure the dielectric constant. In this case, the permittivity in between the electrodes is di-

rectly proportional to capacitance value.

2.2. ANSYS Modelling

The Capacitor senor is designed using the ANSYS software. This sensor is mainly con-
structed for imaging multiphase flow such as water-air, oil-air, oil-gas, and gas-water
mixtures. Thus, we can maintain an optimum ratio between the mixtures flowing inside
the pipe. The finite element technique is utilized to determine the sensitivity distribu-
tion across all pixels up to the boundary of the pipe and this is done in the ANSYS also
called System Analysis Software. Capacitance sensor is a soft field sensor. In addition,
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the number of possible independent measurements is very small compared to the
number of pixels required for an acceptable image. These problems make it difficult to
reconstruct good quality images. It is based on first obtaining the sensitivity distribu-
tions (or sensitivity map) for all electrode pairs, and then linearly super imposing the
normalized capacitances using the sensitivity maps as the weighting factors to obtain
images. The sensor is designed by using System Analysis Software. In a typical system, 8
electrodes are symmetrically mounted outside a cylindrical insulating pipe. As we ac-
quainted with, the capacitance varied with following parameter as they are dielectric
permittivity, the distance between the plates and, the area of the plates. By this tech-
nique, the area and the distance between the electrodes are reserved constant, so the di-
electric permittivity of the medium indoor the pipe is the only parameter that manipu-
late the capacitance.

According to given parameters the capacitive sensor is designed in the ANSYS shown
in Figure 2.

Pipe outer diameter = 71.5 mm

Pipe inner diameter = 70 mm

Total length of the electrode = 300 mm

Width of the single electrode = 1 mm

During the stage of a scanning frame, an input AC excitation signal is give to one of
the source electrodes and the rest of 7 electrodes act as detector in the 8 electrodes ECT
system. Consequently, the voltage potential at every one of the detector electrodes is de-
liberate, one at a time to determine the inter-electrode capacitance. Variation in ma-
terial distribution is determined from the variation in there capacitance value meas-
ured. Permittivity distribution image that represents the distribution of materials can
be get back from the capacitance. In this paper, an eight-electrode arrangement is taken
as an example, and capacitance measurements are the following steps. A voltage signal
is primary applied to electrode 1 and the entire staying electrodes are at ground poten-
tial. Now the capacitance is calculated across each couple of electrodes. Electrode 1 is
taken as one in the pair in all combinations that is (1-1), (1-2), (1-3)... so on. Next

electrode 2 is energized and all the balancing electrodes are kept at earth potential, and

P -PVC PIPE
D -DIELECTRIC MEDIUM
E1-E7 -ELECTRODES

Figure 2. Front view of designed sensor.
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the capacitance of all single electrode pairs is measured in the same way as before. Si-
milarly, the remaining electrodes are energized one by one and the capacitance values
are measured. Now, this will give a total number of 28 independent electrode combina-
tions. In general, there are N (N —l)/ 2 autonomous electrode combinations for an
N-electrode sensor. There are, M = n(n—l)/Z self-governing capacitance measure-
ments for an n electrodes shown in Table 1.

M = n(n—l)/2 ,When n=38

M =8(8-1)/2
M =8x7/2
M =28

2.3. Modelling Simulation Result

In Figure 3, air medium is inside the pipe. Since, air has least dielectric constant con-
ducting medium inside the pipe, considered as a low dielectric reference value. Because
of its low conductivity the voltage distribution is not spread over the entire region in-
side the pipe.

In Figure 4 the pipe is completely filled with water and potential distribution is very
wide comparing with air. Water is taken as high dielectric reference value in the algo-

rithm using finite element method.

Table 1. Combination of sensor.

Electrode Excited Capacitance Measured
1 C12, C13, C14, C15, C16, C17, C18
2 C23, C24, C25, C26, C27, C28
3 C34, C35, C36, C37, C38
4 C45, C46, C47, C48
5
6
7

C56, C57, C58
C67, C68
C78

A 3 0 Y ) )
9 Jjals ®le

Figure 3. Capacitor charges between the plates in air medium.
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Figure 4. Capacitor charges between the plates in water medium.

3. Implemented Real ECT System
3.1. Methodology

The stable AC signal is used model to supply fixed frequency and constant voltage to
each combinational electrode of the ECT system shown in Figure 5. The current flows
start in this method, when applying to load from input voltage source. Obviously the
charges accumulate on the electrodes and during negative half cycle time the electrodes
immediately discharge not take so much time. The current flow changes by permittivity
of the medium inside the electrodes. The reactance of the capacitor is minimized by
using this technique.

If X, = capacitive reactance

X, = !
2nFC

(2

Therefore, if F=20 kHz, X, will have a minimum value. Thus it is found that, if F
value is increased, the X_ value will be negligible. This indicates that increase in the
switching speed of the combinational electrode ensures a high quality of the output

signal. Using this signal, we can construct a clear image.

3.2. Calibration Scheme

The calibration scheme for ECT system could be achieved by the following procedure.
The standard capacitor available in the market can be chosen for the calibration which
is accomplished by the method of placing the fixed capacitor instead of the sensor and
by measuring the corresponding voltage for the capacitance. Thus different equivalent
can be measured for set of capacitor by keeping this equivalent voltage as a standard
signal. A formula for calculating the capacitor based on the multiple polynomial regres-

sive methods is derived.

C=(KV,)+(KVy)+-+(KV,) (3)
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Q@ EXCITATION SOURCE

| PAIR OF ELECTRODES

CURRENT
MEASURING UNIT

.

Figure 5. Block diagram of AC signal model.

Now, by replacing the designed sensor in place of fixed capacitor, it is possible to
take the output voltages corresponding to the combinational electrode. By substituting
this voltage in equation 3, the effective calibration of ECT sensor could be done. The
proposed method of calibration clearly shows the elimination of other parameter cal-

culation. Also it yields very accurate reading, and its offers simple operation.

3.3. Signal Condition Circuit

The output of the current sensing circuit is in the form of current which can be con-
verted into a voltage using a converter circuit shown in the Figure 6. The current is di-
rectly proportional to the voltage. The output of the circuit can be automatically dis-
played using the sensor. The current is converted into voltage using converter circuit.
Then converter circuit is connected to a PC, and the result is displayed using Lab
VIEW.

Current sensor detects the current and converts it into an easily measurable output
voltage, which is proportional to the current through the measured lane. There are a
broad range of sensors, and each sensor is suitable for a specific current range and en-
vironmental situation. None of the one sensor is best possible for all applications.
Along with these sensors, a current sensing resistor is the most frequently used. It can
be considered as a current-to-voltage converter. A resistor placed in the current path
converts the current into voltage in a linear way. The current sensor connects the sens-
ing resistor linking the load and the ground. Generally, op amp circuits are used to ob-
tain an amplified output voltage, since the sensed voltage signal (VSEN = ISEN x
RSEN) is very small. In real time, the capacitive sensor is connected to the current to
voltage converter, in which the sensed current from the capacitive sensor is converted
into voltage. This voltage signal is interface to NI ¢ DAQ 9174 using Lab VIEW.

3.4. Formulation of Image Retrieval

The ECT is use to calculate the potential distribution in capacitance by Laplace’s equa-
tion [15],
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Figure 6. Current to voltage converter.
V[&e (¥.2)V(y.2)]=0 (4)

where,
&, —The permittivity of free space,
& (y, Z) —The relative permittivity of the medium,
(0( Y, Z) —The potential distribution in two dimensions.

The current flowing into the capacitor in proposed AC model ECT system is,

P
c(l) - a
q=cv, (5)

where, v, —The potential variation between the source electrode and the detecting
electrode.

According to the finite difference method used in calculation of potential distribu-
tion, the cross sectional retrieval image represented by the gray level G(p). The gray

level for the pixel p can be calculated from the following equation,
7 8

> > CaSu(P)
G(p)="— (6)

> > 5, (P)

k=01k+1
P = the sequence number of pixels,

k = the sequence number of the source electrode,

L = the sequence number of the detecting electrode,
Cyq is the normalized capacitance,

Sy (P) is the relative capacitance change between electrode pair k- 1.

4. Experimental Analysis

4.1. Interface ECT Sensor with System

The entire setup for the ECT system is connected as shown in Figure 7 based on the
block diagram (Figure 1). The design could be achieved by using both software and a
hardware model. The signal from the sensor is fed to the embedded controller AT

MEGA series. The embedded controller switches the combinational electrodes, where
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1. ECT SENSOR
" 2. EMBEDDED CONTROLLER
- 3. AC SIGNAL

4. SIGNAL CONDITIONING UNIT
5. SIGNAL CONVERTER
6. COMPUTER WITH LABVIEW

Figure 7. Implemented AC ECT system experimental setup.

the switching speed can effectively be increased in terms of micro seconds. The pro-
posed AC ECT system with 20 kHz method used to reduce the charging and discharg-
ing time. The pair of electrode measured current in serially, when the input source
supply to ECT. Each combination of electrodes is furnished different current signal
which can be obtained in higher speed by using micro controller. The output of the
controller is then given to the signal conditioning unit, where scaling and multiplica-
tion of the received signal could be achieved with the help of a broadband operational
amplifier IC. The current signal is converted into its equivalent voltage for further
process simulation with LAB VIEW in real time. With LAB VIEW, the voltage for the
real time sensor can be measured. From this, it can be clearly seen that the capacitive
equivalence is matching the calibrated value. The DC voltage increase proportionally to
the measured capacitance value. Thus the experimental result is confirmed. There is an
increase in speed in the proposed ECT system. The water medium of output voltage
values are shown in Table 2 and plotted in Figure 8.

4.2. Embedded System

An Embedded system is a computer system used for a particular function within a
larger mechanical or electrical system, usually with real time computing limit. It is han-
dle a particular task with dedication. The proposed ECT system increases the switching
speed of the combinational capacitor as a set of relays in the input with the help of an
embedded system is depicted in Figure 9. The relay circuit is driven by the higher cur-
rent values of ULN2003A. It can be used to make a choice the source and detector elec-
trode with high speed. The constant AC signal is sent to embedded controller, then it
selects the electrode with the help of an Embedding program and Switches. The sensing
current is interfaced with a Signal conditioning circuit which converts current to vol-
tage with an input voltage of 15 V with 20 KHz of AC embedded system. The standard
current values are taken for the different dielectric media like water, air. Here water acts

3826
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Table 2. Voltage (V) measurement of water for ECT sensor.

ELECTRODES

Figure 8. Electrode versus voltage for water medium.

DS 2 3 4 5 6 7 8
1 3.82 3.17 2.71 2.11 2.20 2.85 3.45
2 - 3.72 3.11 2.69 2.56 3.04 3.30
3 - - 3.69 3.14 2.76 2.54 2.65
4 - - - 3.68 3.09 2.65 2.55
5 - - - - 3.66 3.08 2.69
6 - - - - - 3.64 3.06
7 - - - - - - 3.72
4
3.5
3
= 25
g
= 2
3
> 15
1
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0
1 2 3 4 5 6 7 8 9
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Figure 9. The circuit diagram of embedded system.
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as a dielectric medium in between the capacitive sensor. By indicating the voltage val-
ues, the capacitive sensor is connected to the signal condition circuits. The analog
switches can be activated through Embedded programming to improve overall speed of

the system.

5. Image Reconstruction in Lab VIEW

In real time implementation of ECT system, ECT sensor is connected to current to vol-
tage converter, in which the sensed current from the capacitance sensor is converted
into voltage through signal condition circuit. The voltage is connected to NI DAQ 9174
using Lab VIEW. The DAQ assistance gets the output in the form of dynamic array.
Normally the DAQ receives signal in dynamic form, array is converted into cluster and
output is displayed in image. The scaling is included for better result. The output of the
system is shown below, which deficits the voltage variation corresponding to the selec-
tion of electrodes. In a scanning frame, depending on the total number of capacitance
values formed by all electrodes, the switching control sub VI divides the process in-
to-individual measurement steps. The digital I/O (DIO) ports control the connection of
each electrode and the 8-1 multiplexer (MUX) in the measurement circuitry. The vol-
tage signal that is processed by a pre-amp and lock-in amp is sampled by the data Sam-
pling sub VI. After sampling all the capacitance values for a complete frame, these val-
ues are normalized in the Data Normalization and re-sorted into the form of matrix. By
the Permittivity Calculation sub VI, these data are combined with the sensitivity matrix
through the mesh generation, Image Generation, & Image Display sub VI’s, the data are
finally converted in to an image that represents the material permittivity distribution.
By looping the whole process frame by frame, the measurement circuit is controlled by
the sub VI and it continuously samples the signal for displaying the dynamics of moni-
tored process using Lab VIEW. The fully water and half water images are reconstructed
through this block diagram Figure 10.

The Figure 11 shows an image of medium inside a circular pipe, execute using real
time system. Dark portions represents Voltage potential is high due to the relative per-
mittivity of the water is high and Light portions represents Voltage potential is low due
to the relative permittivity of the air is low. These images are easy to identify and ana-

lyses the air and water medium inside the pipe with static or dynamic.

6. Conclusion

The ECT experimental study performed shows that the capacitance value in the range
of picofarad can be measured and the system’s corresponding voltage ranges from 1
volt to 4 volt. The output depicted is implementing real time system and the response is
exactly similar to that of modeling using ANSYS. The switching speed of each capacitor
is increased by eliminating the stray capacitance with the help of constant frequency.
The AC based capacitance measurement reduces the problem of drift and achieves ele-
vated signal to noise ratio. The circuit sensitivity of the capacitance between the detect-

ing electrode and outer shield decreases with an increase in the speed of the signal
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Figure 10. Lab VIEW block diagram.
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Figure 11. Image obtained in Lab VIEW as contain pipe.
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conditioning amplifier. Finally the image reconstructed of the permittivity medium in-
side the tube using Lab VIEW.
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