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ABSTRACT. This paper presents the process of visualizing the composition of a crude
palm oil (CPO) during separator process which collects the recovered crude palm oil from
the liquid waste before separution process, in order to monitor the percentage of load
waste present using a fomographic technigue by Portable. Electrical Capacitance Tomog-
raphy (ECT) so that the process separation (separate ol and woter/sludge) becomes much
easier and the quality of crude palm oil can be reliably monitored. Palm oils industry
is one of the largest production, producer and ezporter of palm oil and palm oil prod-
ucts countrics in the world Oi Palm was first introduced to Malaysia in year 1875 as
an ornamental plant. Malaysia has the most ideal climate conditions for growing oil
paln. The growth of the palm oil industry in Maleysia has been phenomenal over the
last 4§ decades. Nevertheless, palm oil industry is one of the most pollution generating
agro industries in Malaysia. Omne of the major problems arises from the oil palm fruit
processing ts the large amount of wastes generated during the processes. There are two
main wastes resulted from operation of ¢ Palm Oi Mill, namely solid waste and liquid
waste. The solid waste may consist of palm Kernel shells, mesocarp fibers and empty
fruit bunches. The liquid waste generated from eztraction of palm oil of a wet process
comes mainly from oil room after separater or decanter. There is no monitoring system
that is currently available in our local palm oil mill to visualize the percentage of load
waste present inside the vessel. Therefore, the system is aimed to become an instrument
to support the local and foreign palm ot mills to efficiently control in monitoring the
quality of crude palm oil flow in the conveying pipeline during extraction of palm oil mill
process. The monitoring system is able to visualize the percentage of load waste present
inside the vessel so that the data can be used to design better process equipment in mill
process or to control certain processes in order to marimize the quality of crude palm oil
and the POME treatmnent process can be improved.
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1. Introduction. The Electrical Capacitance Tomography, ECT technique has been
widely studied since the early 90’s. Research work has proved that this technique is
one of the most attractive and promising methods for the measurement of two-phase
fiow, because of its non-invasion, reliability, simplicity and high-speed capabilities [1]. Tt
has been used to achieve real-time visualization of industrial processes and void fraction
measurement of two-phase flow. ECT can be used for imaging industrial multi-component
processes involving non-conducting fluids and solids in pipelines {2.. Generally, ECT is
a technique to obtain information about the distribution of the contents within closed
pipes or vessels by measuring the variations in the dielectric preperties of the material
inside the vessel [3]. The main principle in ECT 1s based on determining the vanations
in capacitance within the measurement section, which is a function of the permittivity
of the medium between the electrode plates over the entire sensing volume. The spatial
resolution of a tomographic imaging system depends on the number of independent mea-
surements and fineness of sensitivity focus for each measurement. The measured values
or data are manipulated to reconstruct the cross sectional image of the pipeline using a
computer program [4]. ' ' '

ECT has been used in many applications especially in chemical and petroleum industry,
including multiphase flow in the ol pipeline. Looking forward to other applications instead
of gas, petroleum and pharmaceutical industries, palm oil mill production also can be seen
as a potential approach to be implemented. The palm oil industries processing has not
been monitored previously with ECT. This 1s probably not every country involves with
palm oil production. In this research, the monitoring of the concentration of recovery
palm oil was utilized with ECT. Malaysia is the biggest palm oil production, producer
and exporter of palm oil and palm oil products country in the world (Malaysia Palm Oil
Board, 2003). Malaysia has produced almost 17.0 million tons of crude palm oii in 2010
from oil palm planted area of 4.69 mil hectares and almost 420 of palm oil mills. The
palm oil industry generated revenue of app. RM 65 billion (2010) which was the largest
agricultural sectors contributor for Malaysia. The palm oil milling industry for the CPO
production has adopted mechanical means of extraction technology. The technology of
palm oil milling has not scen much changes since the first establishment of palm oil mills
in carly 1950’s, as first reported in Mongana and Stork reports (Sime Darby Research
Sdn. Bhd., 2011).

Crude Palm oil is produced from patm fresh fruit bunches {PFFB, through major op-
crational processes such as steaming and squeezing. During the processing of the fresh
fruit bunches (FEB), water ig the most needed resource. It has been reported that pro-

cessing/milling of one ton of FFI3 requires 1.5 m? of water, and 30% of the water used
during milling is released as liquid waste while the rest is lost as steam in the boilers blow
down, wash waters and leakage (Industrial Processes and the Environmental Handbook
No. 3, 1999) [5]. The liquid waste combined with the wastes from sterilizer condensate
and cooling water is called palm oil mill efluent (POME). POME is high volume liquid
waste which is non-toxic, organic in nature but has an unpleasant odor and is high pollut-
ing [6]. Generally, operation of the palm oil mill generates many by-products and liquid
waste which may pose a significant impact on the environment if thev are not dealt with
properly. In Malaysia, for example, 9.9 million tons of solid waste consisting of empty
fruit bunch (EFB), fiber and fruit shell and approximately 20 million tons of palm oil mill
effluent (POME) are gencrated every year. The palm oil industry is the worst source of
water pollution.

The POME has acidic (pH 4-5), has discharge temperature of 80-90°C/50-60°C and 1s
non toxic (since no chemicals are added during extraction) [5]. Currently, the majority of
palm oil mills have adopted conventional biological treatment of anaerobic or facultative
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digestion which needs a large treatment area and a long treatment period about 80 to
20 days [6]. The treatment called as biclogical ponding system or the lagoon system is
developed rapidly as a typical POME treatment system in Malaysia. This system consists
of dealing with ponds, anaerobic, facultative and aerobic ponds. The ponding system
normally requires long retention time in excess of 20 days, the biogas is released into the
atmosphere, and an average of 36% methane gas is emitted into the atmosphere from the
open tank digester. The methane gas produced by the open tank digester and lagoon
systern is 35% and 45% respectively. The methane emission from the palm oil industry
1s the largest green house gas {GHG) source in NMalaysia. Carbon emission credit can be

eamed for reducing GHG emission {7]. Figure 1 shows the biological ponding system in
palm oil milling.

FIGURE 1. Biological ponding system palm oil milling, sime darby research
Sdn. Bhd. Carey Island, Banting Selangor, Malaysia, 2011

The above pollution can be minimized by reducing the amount of palm oil mill efluent
(POME). However, the POME or waste matter such as water, volatile matter, dirt or
sludge cannot be reliably monitored inside the vessel before separation process in our
palm oil mill today, and there is no monitoring system that is currently available in our
local palm oil mill to visualize the percentage of liquid waste present inside the vessel.
Figure 2(a) shows the flow diagram of palm oil milling process at Sime Darby Research
Sdn. Bhd. Carey Island and Figure 2(b) shows the crude palm oil (CPQO) process.

The liquid waste generated from extraction of palm oil of a wet process comes mainly
from oil room. After extraction process, the CPO needs to be clarified before it goes to
refining process. The clarifying process is to separate the crude palm oil from sludge or
load waste using gravity technology as shown in Figure 3. The light oil will stay at the top
of the tank and the heavy oil (mix with liquid waste/sludge) will remain at the bottom
as shown in Figure 3.

The o1l at the top will go to the purifier to have clean CPO and the remaining oil
which mixes with the sludge/liquid waste will be sent to recovery process through De-
canter which is to recover remaining oil {from the sludge/liquid waste. The Decanter is
used to collect oil from the liquid waste before it goes to separation process (separate
between oil and sludge/liquid waste). The purpose of the systemn is to monitor the per-
centage of load waste present after Decanter so that the process separation (sepamte oil
and water /sludge} will be more effective and the quality of crude palm oil can be wliably
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FIGURE 2. (a) Flow diagram of palm oil milling and (b} crude palm oil
process-sime darby research Sdn. Bhd., Carey island, Banting Selangor,
Malaysia, 2011
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monitored. The visualization results provide information about the flow regime and con-
centration distribution. Such information can assist in the design of process equipment.
verification of existing computational modeling and simulation techniques or to assist in
process control and monitoring in order to improve the quality of crude palm oil and the
POME treatment process being more efficient.

Therefore, this work aims to experimentally investigate the capability of using 16 elec-
trodes of Portable Electrical Capacitance Tomography (ECT) to identify the flow pattern
and to obtain the phase concentration of crude palm oil related multiphase systems (crude
palm oil/water and crude palm oil/gas). The acquired concentration profile that obtains
from capacitance measurements is able to image liquid and gas mixture in the pipeline.
In the previous research of ECT, all the electrode sensors were built fixed on the vessel.
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“The electrode plate cannot be moved to other vessels, and the installation must be done
on the actual vessel. The electrode plates which act as the sensor have been assembly
fixed on the pipeline, thus it causes difficulty for the production to have any new process
installation in the future. The new on-board sensing plate offers a new design and idea on
ECT system which is portable to be assembled in different diameter sizes of pipeline, and
it is flexible to apply in any number due to different sizes of pipeline without redesigning
the sensing module then the sensor could be worked independently. This research has
breken the limitation and started another new generation in the ECT world, portable
ECT system that can be loaded on any vessel in a second which will enable on-line in s#tu
ECT inspections with a low-cost portable system.

2. Portable ECT Development. This research is aimed at investigating the use of a
portable sensor design for use in an ECT system. As shown in Figure 1, the project can
be divided into 3 stages, which are the portable sensor design, the central control unit
design and software programming.

3™ stage, software programming

|

-
-

I 2 stage, central controlunit design AN

F1GURE 4. Overview of the project

A typical ECT system consists of a sensor built up from 8, 12 or 16 electrodes, capaci-
tance measurement circuit, central control unit and a control PC [8]. The electrode which
is normally built from conductive plate acts as sensing surface that direct contact to the
measuring area. The electrode provides excitation signals and converts the capacitances
into voltage signals, which are conditioned and then digitized for data acquisition. The
capacitance measuring circuit or better known as signal conditioning circuit is used to
collect data and convert the measurement readings to digital. A central control unit is
designed to synchronize all the operations and transfer the data to a control PC. A con-
trol PC that receive the measurements reading will store the acquired data, reconstruact
images from the integral measurements and take action feedback to control the flow {9].

ECT is appropriate for imaging industrial multi-component processes which involve
non-conducting flow materials. The main principle in ECT is based on the standing ca-
pacitance, which is a function of the permittivity of the medium between the elecirode
plates over the entire sensing volume [9]. The spatial resolution of a tomographic imaging
system depends on the number of independent measurements and fineness of sensitivity
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focus for each measurement. The measured values or data will be manipulated to recon-
struct the cross sectional image of the pipeline by computer programming {4]. This paper
will focus on the sensing module development In order to visualize the cross sectional
image of crude palm oil flow inside a closed pipe.

3 Portable Sensor Design. Typical ECT sensors must have a high level of mechanical
stability, because any small movement hetween electrodes will change the values of inter-
electrode capacitances. In the previous research in ECT, all the electrode sensors were
built fixed on the vessel. The electrode plate cannot be moved to other vessel, and the
installation must be done on the actual vessel. This research has broken the hmitation,
start another new generation in the ECT world, portable ECT system that can be load
on any vessel in a second. Because of this feature, number of the electrode sensors can be
selected depends on the diameter of the pipeline. The material of the electrode must be
highly conductive material, such as copper, aluminum, silver, brass, tungsten and iron,
‘Table 1 shows comparison between some high conductivity materials. Copper has been
chosen because it can be found on any. bare Printed Circuit Board (PCD). Despite the
fact that the copper is a highly conductive material, which is desirable in an ECT system,
the cost of this material is low and it is easy to be fabricated.

TABLE 1. Typical electrical conductivities

Conductor Electrical Conductiv ity S Temperature (C)
Si1lwer £3.01 x 10° 20
Copper 59.6 x 10° 20
Annealed 58.0 x 10° 20
Copper

Alumirom 37.8 x 10° 20

Brass 25 6 x 10° 28

In an ideal ECT sensor, the electric field lines will be normnat to the sensor axis. However,
i the electrodes used are short compared to the diameter of the sensor, the electromagnetic
field lines will spread out at the ends of the clectrodes. This will have two consequences:
First, the capacitance measured between electrodes will be reduced and hence the mea-

*—smemermm%iﬁtﬁﬂlraiseh&md;wed_&mnd, the axial resolution of the sensor will be
degraded because of the axial spreading of the field lines at the end of the electrodes. The
purpose of the guard clectrodes is to maintain a parallel electric field pattern across the
sensor in the region of the measuring electrodes, by preventing the electric field lines from
spreading axially at the ends of the measuring electrodes. This improves both the axial
resolution and the sensitivity of the sensor. Other than that, carthed guard electrode
tracks may also be needed between adjacent measuring clectrodes to reduce the standing
capacitance between adjacent clectrodes to a value low enough to avoid overloading or
saturating the capacitance measuring system. These guard electrodes are connected to
guard driving circuitry on the data acquisition module. Figure 3 shows the driven guard
electrode design for an 8-electrode sensor.

In this research, 16 electrodes developed by using special design PCB, as shown in
Figure 6. The sensor module is made by a double layer copper plated FR4 (&, = 4.6)
PCB with the thickness of 1.6 mm. The FR41s a widely used stiffener for flexible PCB
and it is cost efficient solution for high-end application involving impedance control and

~high frequency. Compare with the past design on ECT system, the new electrode sensor
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FIGURE 5. Driven guard electrode design for an 8-electrode sensor

o longer be bended and stick on the pipe wall. This sensor arranged symmetrically in
hexadecagon surrounding the pipeline. Fach electrode sensing has 19 mm in width, and
100 mm in length sensor area, copper and driven. The 100 mm length of sensor is chosen
because the axial length of electrodes is related to inter-electrode capacitance, signal
bandwidth and measurement uncertainty of measured media. Longer electrodes produce
an average signal over a greater axial length, which results in bad dynamic performance.
Shorter electrode may result in capacitance too small to be measured accurately [10] and
normally, the electrode length is chose as 10 cm [11].

The driven guard has been intergraded onto electrode sensor in order to prevent the
electric field lines from spreading at the ends of the measuring electrodes. These driven
guard electrodes will surround the circumference of the pipeline once all the 16 electrodes
have been installed on pipeline. The length of the guard electrodes is 33 min on the
left, and 43 mm on the right, as shown in Figure 6. The measuring electrodes must be
completely surrounded by an earthed, metal screen so that the signals obtained in the
signal conditioning circuit will not be influenced by the disturbance in the air. In this
research, the earth screen is located on the top layer of the electrode PCB as shown in
Figure 7. These sensing plates are covered by an insulated metal screen called the earth
screen. The material used for the sensing and screen layers is a copper surface designed
using double layer Printed Circuit Board (PCB). The earth screen covers the all the
surface on the top layer. Based on the concept, the electrode sensor for ECT is created,
by using special design PCB, as shown in Figure 7.

FIGURE 6. Electrode’s dimension

4. Electrodes Connecting Techniques. Accurate data is only get with a good design
in sensing electronics that able to eliminate noises. An important issue with instrumen-
tation design is the performance of the circuit in the presence of noise, which is generated
by external interference and thermal effects within components [3]. An ideal capacitance
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FIGURE 7. An overview of a complete electrode sensor design

measuring system will have a very low noise level, a wide dynamic measurement range
and high immunity to stray capacitance. The capacitance value in measured would be
from the range from a few to hundreds fem to farads.
~'In a practical ECT system, there are three main sources of stray capacitance which
affect the capacitance measurement: screened cable, CMOS switches and sensor screen
[12,13]. A 1 m long screened cable connecting the sensing electrode to the measuring
circuit introduced about 100 pF of stray capacitance. Typically, the input capacitance
of 2 CMOS switch that is used to select the electrode mode is 8 pF. Besides, the sensor
screen outside the sensing electrodes is unable to eliminate all the external noise, and
thus contribute to the stray capacitance. The total stray capacitance is about 150 pF,
which is much larger than the measured capacitance. Additionally, the stray capacitance
may vary with cable movement, ambient temperature changes, component variation and
external or internal electric field changes.

In most of the previous research regarding ECT, the signals from the sensor electrodes
are usually connected to the signal conditioning circuit by using coaxial cable. Coaxial ca-
ble is able to shield disturbance or stray capacitance and thus introduced a very low noise
solution. However, the cable connecting the measuring electrode and signal conditioning
circuit introduced the most stray capacitance. Therefore, the connecting cables should
be as short as possible, and the best solution is not to use cable at all, as implemented in
tLis rescarch. In order to achieve the lowest resistance level for the connection from mea-
surement circuit to electrodes, each of the clectrodes is connected to a signal conditioning
circuit via 1.0 mm pitch PCB connectors as shown in Figure 8. By comparing with the
traditional method which uses coaxial cable, the sensor plate now is just located 10 mm

— away from the conditioning circuit. Qutput signal from the sensor plate flows into AC

based capacitance measurement circuit is measured in order to get the capacitance value
i1 between the excitation electrode and receiving electrode.

£

Flectrode seusor

FIGURE 8. Sensing module
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Each of the signal conditioning circnits is unique, and is able to work independently
because all the measuring operations are controlled by a single microcontroller on the
circuit. And each of the circuits consist of signal switching circuit, signal detection and
amplifier circuit, absolute value circuit, low pass filter circuit, programmable gain amplifier
(PGA), analog to digital converter circuit and a microcontroller control unit. The desire
sequence operation of electrode’s signal selection, measuring data and conversion data is
depended on programming in the microcontroller. The electrodes sensor is designed in
a way that it can be plugged directly onto the PCB sockets of the signal conditioning
circuit becomes a single sensing module.

These sixteen boards are interconnected by using a 26 way IDC cable. This design
had eliminated the need to use cables to connect the electrodes and signal conditioning
circuits. Besides, this design is able to cut down the maintenance cost of the system. In
the case where only one sensing module is malfunctioning, users can simply change it by
plugging out the board and replace it with a new board. Figure 9(a) shows the block
diagram of a sensing module and Figure 9(b) shows the actual design. Figure 10 shows
the complete ECT signal conditioning system with 16 sensing modules.

ECT Sensor
—A——
E—TE— _
Signal AC Analog to Digtal
Generator i+ Amplifier > Converter
Low Pass Filter Y
WEass Tifter Microcontroller
{a)
Amplifier Microcontrolier D)(j connector

l Low Pass Filter

I S Shbes

Mounting holes

Switching IC T

Sensing plate (bottom)

(b)

FIGURE 9. (a) Block diagram of a sensing module and (b) actual sensing
module design

‘The signal conditioning system will measure the capacitance produced by the elettrode
pairs when a 500 kHz sine wave voltage with the amplitude of 29 V,, is injected to one
of the electrode pair. With a 500 kHz excitation signal, the circuit has good linearily and
stability [14]. The determination of which electrode that will be injected with sinewa.ve



876 E. JOHANA, R. A. RAHIM, M. H. F. RAFIMAN AND S. Z. M. MUJI

is controlled by switching and controlling unit. In the receiving electrodes, the signals
will be conditioned through several stages, including the AC based capacitance measuring
circuit. amplifier circuit, AC to DC converter circuit and filter circuit.

5. ECT Measurement Circuit. The measurement electronics is developed following
the AC-based capacitance transducer architecture, which has been widely used in recent
vears due to its immunity to stray capacitances. The diagram of this module is presented
in Ticure 9{b). The electrodes formed by the segments that compound the sensor are
rreated, by pairs, as capacitances of unknown value (7., which must be measured.

5.1. Switching circuit. The analog switches required for connecting the electrodes to
the different stages of the system are part of a switch array designed for driving the dif-
ferent segments that form the sensor. This makes them to act either as source electrodes,
thus being connected to the function generator module, as detector electrodes, being then
connected to the measurement electronics, or as free electrodes, leaving them floating in
this case. For this work, the CMOS analog ADG453BR chip has been selected.

The signal switching is controlled by a switching circuit that formed by a CMOS analog
cwitches and microcontroller that controls it. ‘The main function of this switching circuit
is to control the status of the electrodes so that each electrode can be selected as either
the source or detecting electrode. Each set of signal conditioning circuit needs a switching
circuit. Thus, the configuration of the switching circuit in this ECT system is as shown
in Figure 11.

In the excitation mode, switches S1 and 52 are closed, while switches S3 and 54

" are open. Hence, the sine wave signal from the function generator can be flown to the
clectrode and the capacitance measuring circuit is disconnected from the electrode. In
the detection mode, switches §3 and S4 are closed, while switches S1 and 52 are open.
The switch $3 connects the coupling capacitance to earth and eliminating its effect on the
inter-electrode capacitance measurement. However, due to the fact that switch coupling
capacitance exist in CMOS analog switches, the signal from function generator is not
totally separated from the electrode. This is where 53 takes an important role to flow the
signal mentioned above to earth. Signal obtained from the electrode will be measured by
t1he capacitance measuring circult through S4.

52. Detector and amplifier circuit. In selecting and designing a capacitance mea-
curing circuit, the stray-immune AC capacitance measuring circuit was selected. A stray-

immune AC capacitance circuit measures only the capacitance between the selected pair of

Ficure 10. Complete ECT sensing module
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electrodes, and is insensitive to the stray capacitance between the selected and redundant
electrodes and those between the selected electrodes and earth.

Qutput signal from the sensor plate flows into AC based capacitance measurement
circuit is measured in order to get the capacitance value in between the excitation electrode
and receiving electrode. An AC-based capacitance measuring circuits using an operational
amplifier (Op-Amp) with resistor feedback, which directly measure the AC admittance of
an unknown capacitance. In this research, the detector and ac amplifier circuit in used is
shown in Figure 12.

From Figure 12, C, is a standalone capacitance with an unknown dielectric property
in between the plate. Since (g is directly driven by the voltage source, it has no effect
on the measurement of C'; provided that the output impedance of the voltage source is
small enough. Clso has no effect on the measurement of C; because the feedback point

53
/ L e
LW— -+
C.S'C
5 g [ S
Li/
CS( CSC
Electrade ‘ |
e
S4
| g Cutput
+
C.. ¢ ; .
apacitance measuring
— circult Cy

Figure 11. The circuit arrangement of four switches for electrode selection

| voluc]

TLE2071

FiGURE 12. Detector circuit and AC amplifier circuit
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of the Op-amp is kept at virtual earth and there is no potential difference across Cl,,
Therefore, this capacitance measuring circuit is inherently stray-immune. The excitation
voltage V; is applied 1o the unknown capacitance O, (V; is the excitation voltage applied
to the source electrode. which is obtained from the function generator module). A wide
bandwidth operational amplifier, with a feedback capacitance C and a feedback resistance
R, convert the current into an ac voltage, Vg given by;

__JwCly
deCfRf+1 ' (1)

where w is the angular frequency of the excitation voltage (sine wave source). When

Vo=

. . : 1 .
the capacitance feedback is selected to be dominant, i.e., . < Ry, as in Equaton (1)
Wl

becomes;
C
Vo= ——="V,
0 Cf ‘ (2)

Equation (2} is an approximation of the real output of the stage formed by the Op-

Amp, and it is valid only under the condition f > fo, being fo =1/(2nC¢Ry) and f the
frequency of the excitation signal [15]. In this case, f was settled at 500 kHz. This AC
signal is amplified further by an AC amplifier to accommodate a large range of capacitance
values.

3 AC to DC converter circuit. The input signal ¥; of the capacitance transducer
is the sine wave generated by the function generator. Thus, the output signal V is a
sine wave as well, whose amplitude depends on the unknown capacitance Cy. In order
to obtain the value of this amplitude, AC to DC converter is used. Despite its simple
circuitry, the outputs are considered fast among the available circuit. This is to enable
the signal to be directly interfaced with the microcontroller for data-sending to computer.
Basically, the AC to DC converter circuit adapted 1s easily made absolute value circuit.

The output of this absolute value circuit is connected directly to the microcontroller,
whose internal ADC will provide a digitized measurement for both the ¥, and Vy am-
plitudes, from which the final value of the inter-electrode capacitance can be obtained.
Therefore, the combination of the classic AC-based capacitance transducer and the abso-
Iiite value eircuit eonverter results in a stage that provides a DC output signal directly
rolated to the unknuwn capacitance Cp, aud that can be easily digitalized and processed
by the microcontroller.

531, Absolute value circust. Absolute value circuit processes the output voltage to be
equal to the input voltage without regard to polarity. As an example, a +6.2 Volts
input and a —6.2 \olts input both produce the same (typically +6.2 Volts) output. The
schematic diagram in Figure 13 shows the possible way. The first stage of this circuit is a
dual half-wave rectifier. For a positive input signal, the output goes in a negative direction
and forward-biases D;. This completes the feedback loop through Rs. Additionally, the
forward voltage drop of D) is essentially eliminated by the gain of the Op-Amp. That
is. the voltage at the junction of Ry and Dy will be the same magnitude (but opposite
polarity)} as the input voltage.

When a negarive input voltage is applied to the dual half-wave rectifier circuit, the
output of the Op-Amp goes in a positive direction. This forward-biases D, thus completes
the feedback loop through Ry. Diode D; is reverse-biased. In the case of the basic dual
half-wave rectifier circuits, the voltage at the junction of Rz and Dj 1s equal in magnitude
(but opposite in polarity) to the input voltage. In the case of the circuit in Figure 10,
however, this voltage will be somewhat lower because of the loading effect, of the current




b
i

Y

t

B T PO
T g

ELECTRONIC DESIGN OF PORTABLE ECT FOR CPO MONITORING SYSTEM

R,

Vi @—AMM——

R,

I S -
. — "rouf
R, | *
D

]

1N914
D:

Rs

f
iING14

FI1GURE 13. Absolute value circuit

879

flowing through R,, R4 and Rs. The outputs from the dual half-wave rectifier circuit are
applied to the inputs of a differential amplifier circuit. Since the two half-wave signals are
initially 180° out of phase and since only one of them gets inverted by amplifier A2, it can
be concluded that the two signals appear at the output of A2 with the same polarity. In
other words, both polarities of input signal produce the same polarity of output signal.
By definition, this is an absolute value function. Next, the absolute value circuit was
combined with first order low pass filter to reduce noise and to get clean DC output from
AC input voltage.

5.3.2. Low pass filter. A low pass filter circuit must be used to eliminate all the noises.
T'he circuit diagram is shown in Figure 14.

Ra .
vin 56 kOhm

R11
56k Ohm

Ri0
56 k Ohm

— AP

D2
1Ng14A

R13
56 k Ohm

D1
1NS14A

R12
56 K Ohm

C4
0.22 uF

|___

R15
3.1 kOhm

R14
51 k0Ohm

Yout

[ 0220F

FIGURE 14. Application of low pass filter on the absolute value circuit

As shown in the circuit diagram, all resistor values are the same in the absolute value
circuit, thus the calculations for design are fairly straightforward. All the parameters
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involved in this circuit are carefully considered and tested for the best performance. Gen-
erally, the circuit was designed according to the following specifications:
i. Input voltage approx. —5.0 V" < Vip €3.0 V.
ii. Input impedance > 20 kSL.
iii. Frequency range 350 kHz to 500 kHz.
Slew rate and small signal bandwidth are investigated as the basis for Op-Amp selection.
The required unitvgain frequency for A9 can be computed with the equation as follows:

- R
funitygain = BH I,-l.-L. = BW (__.‘i_ + 1)

) 56 kO (3)
~ 500 KHz | ——

200 2(56 KO + 56 kﬂ+1>
= 750 kHz

The selection of resistance must be according to specific requirement. The minimum
value for all of the resistors is determined by the required input impedance. The maximum
value is limited by the non-ideal characteristics of the circuit, but is generally below 100
k(2. The 56 kQ was chosen for the project design.

5.4. Programmable gain amplifier (PGA). A PGA is used to amplify the signal
received with a controllable gain. It is a necessary 10 control the signal because the data
received is in very large range. \When one of the electrodes acts as emitter, all the rest
electrodes will act as receiver. A receiver that is located nearest to the emitter will get a
very large signal. In order to make sure the signal voltage is in measurable range, it must
be amplified with a small gain. For the farthest opposite electrode pair, the receiver will
receive a very small signal; hence, a large gain must be applied to the signal.

A high speed programmable gain instrumentation amplifier, PGA206 IC has been ap-
plied in the system. The PGA206 has 4 gains selection, which are 1, 2, 4 and 8 V/V. Itis
digitally programmable and it 1s ideallv suitable for data acquisition system. The gains
are selected by two CMOS/TTL compatible lines, which mean it can be easily controlled
by a microcontroller. The IC (tsolf is laser-trimmed for low offset voltage and low drift.

5.5. Analog to digital converter (ADC). Since all the outputs from the combination
of the previous circuits ate analog valies. thus an ADC circuit must be applied to the
final stage of the circuit before the signals are fed into microcontroller. An ADC10461

provided by National bmnic-onducxormmmpﬁ&cﬁﬁmﬁﬁeﬁ%ﬁ—mﬁ&mm&js—

10-Bit 600 nano seconds ADC with Input Multiplexer and Sample/Hold. The chip only
needs a 5 V supply, low power dissipation, no missing codes over temperature and no
external clock required. In addition. the maximum sampling rate can achieve to 800 kHz.

5.6. Microcontroller PIC16F876. As mention earlier, each sensor module is unique,
which can work independently. This is because all the operations on the module are
controller by a single microcontrolier control unit. A high performance CMOS FLASH
8 bit microcontroller, the PIC16F876 that provided by Microchip has been used in this
research. The maximum microcontroller's operation speed is 20 MHz and each instruction
cycle is 200 ns. ‘

The microcontroller synchronise all the operations on the sensing module. Generally,
it has 3 main functions in the system: interfacing with central control unit, switching
electrode sensor either act as source or receiver, controlling IC like PGA and ADC. A
complete ECT sensor system in this research consists of 16 electrode sensor modules.
Thus, there are total 16 microcontrollers are linked together to a main controller, which
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i the central control unit. There are several type of communication methods available
ir1 microcontroller can be used, but in order to achieve the most highest speed, a special
communication method has been create by using five digital channels. In order to iden-
tification the sensing module, each of the electrode sensors has its own pre-programmed
address. The first digital channel control on source channel selection and the rest four
digital channels assign the module’s address. So that, an electrode will be selected if
ihe last four channel state is matched its own address. For example, if all the last four
channels are low state, the electrode at address 0000 is chosen.

The gain selection for PGA has been pre-programmed in every sensing module. Depend
on the receiver electrode location; if the emitter electrode is located far away, the bigger
gain is selected to amplify the signal. However, these data will then be normalized in
software.

The microcontroller keeps scanning the command changes on the data bus. If the first
channel’s state is high, and the address bus is matched to an electrode, the microcontroller
on the module will receive the command and control the sensing module to become an
excitation electrode. At the same time, all the rest electrodes which are not been selected
will process the measurement operations. The measurement operations consist of switch
the electrode to become a detector electrode, apply gain to the signal before ADC, and
do the conversion data on ADC. If the first channel’s state is low, and any one of the
sensing module match the address represent by the last four channels, then the central
control unit now can read the 10 bits ADC data on the selected sensing module.

5.7. Function generator. As mentioned earlier, the basic principle of electrical capaci-
tance tomography system is revolved by exciting a sine wave at one of the electrode, and
received by all the other electrodes. Therefore, a function generator has been developed
in order to reduce the cost of the system. The function generator developed is able to
produce sine wave, triangular wave and square wave. However, only sine wave generated
will be used in this ECT system. This function generator can produce sine wave up to 29
V.. The frequency of the sine wave generated can be varied from around 100 kHz up to
about 1 MHz. In the case of electrical capacitance tomography system’s usage, sine wave
with characteristic as above is sufficient.

in this svstem, a chip from Maxim, MAX038, is used. The MAX038 is a high frequency
and precision function generator which produce triangle, saw tooth, sine, square and
pulse waveforms with a minimum of external components. The output frequency can
be controlled over a frequency range of 0.1 Hz to 20 MHz by an internal 2.5 V band
gap voltage reference and an external resistor and capacitor. The output signal for all
waveforms is a 2 V., signal that is symmetrical around ground. The output from the
chip is fed into an amplifier circuit to produce a waveform of about 20 V. Figure 15
shows the connection for the function generator chip, MAX038.

A suitable Op-Amp chip is selected to amplify the signal from function generator. Slew
rate and small signal bandwidth are investigated as the basis for Op-Amp selection. The
required unity gain frequency for the Op-Amp can be computed with the equation as
follows: :

Funitygain = Bandwidth * gain
= 500 kHz = 10 (4)
=5 MHz
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Ficurg 15. Conrnection of MAXO038

The required slew rate for the Op-Amp can be computed as follows:
Slew rate = * f * Vogmax)
=7 %500 kHz 20 V (5)
— 31.42 V/us

TLE 2082 is chosen as the amplifying Op-Amp In this function generator circuit. It
has the bandwidth of 10 MHz and slew rate of 45 \'/us. which is more than sufficient for
the usage of this function generator circuit.

5.7.1. Function generator output. The function generator developed in this research is
able to produce waveform from below 100 kHz to more than 1 MHz. This function gener-
ator can generate 3 types of waveform. which are sine wave. square wave and triangular
wave. However, only sine wave is used in this research. Therefore, this section will only
discuss the sine wave generated by the function generator developed. Figure 16 shows
sine wave that is in used in this research.

The function generator developed in this research is able 1o generate wave formm from
87.03 kHz to 1.437 MHz. In fact, the function generator chip used in this research (MAX
038) is able to produce waveform from around 30 Hz to about 20 MHz. However, the
circuitry of the function generator part in this research had restricted the chip to produce
such a wide range of waveform frequency. Nevertheless. the frequency needed for this ECT
system will not exceed the limitation of the function generator developed. As mentioned
by W. Q. Yang et al. in year 1994, the capacitance measurement circuit has good linearity
and stability with a 500 kHz excitation signal. This is the reason that 500 kHz sine wave
is used as the excitation signal in this research.

6. Interfacing between Sensor to Computer. Finally, a user software interface based
on Visual Basic has been developed for the instrument. From this interface, the user can
perform simple actions, such as selecting the status of the individual segments (source,
detector or free-segment), as well as to request a complete set of measurements, from
which the image reconstruction will be carried out.
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FIGURE 16. Frequency output from function generator

The output data measured from the measuremernt system needs to be transferred to
computer for the process of image reconstruction. There are two factors that must be
considered when interfacing the sensors with computer, which are digitization of sensor
readings and the gateway of data transferring. Circuits such as multiplexing circuit,
analog to digital conversion circuit or buffering circuit may be needed in order to digitize
the analog signals obtained in the measurement system to digital data that is suitable for
PC interfacing. As for the gateway of data transferring, it can be done by using serial
communication such as USB, Ethernet or parallel communication such as printer port. In
this case, circuits are required to control the interface.

In order to simplify the system development, industrial standard computer data acqui-
sition system (DAS) is usually implemented in the process tomography system. The gen-
eral function provided by industrial standard DAS include the multiple channels switching
capacity, analog to digital converter (ADC), digital to analog converter (DAC), digital
input, digital output, operation of computer interrupt and.direct memory access (DMA)
and storage of acquired data. One example of the DAS that is frequently used in process
tomography system is DAS1802HC from Keithley. This DAS has been used by T. C. Tat
[12], A. Rahim et al. [16] and Pang [17]. The use of DAS simplified the procedure of data
acquisition as simple as wiring the analog signals to the DAS terminal. It is undeniable
that the use of DAS has simplified the design of a system. However, this fact comes with
a condition. The cost of developing such a system will increase considerably due to the
fact that a DAS is quite expensive. Besides, the system will not be a convenient system
for users because users will need to plug the DAS into their PCs, configure the DAS and
troubleshoot any problems arise from the DAS in order to use it.

Other than that, ECT system does not need all the functions provided by an industrial
standard computer data acquisition system. The most important features that an ECT
system needs are the analog to digital conversion and the gateway to transfer the digital
data to PC. The speed of the data acquisition system developed must be high enough
to support real time imaging for the system. Consequently, high speed analog to digital
converters are used in this research for fast analog to digital conversion. In addition, ahigh
data transfer rate PC communication gateway, Universal Serial Bus (USB) technology is
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also implemented in this research. Implementation of USB technology ensures that the
time used for data transfer from hardware to PC is fast enough that it will not be the
speed constrain of the whole system. '

7 Central Control Unit. A central control unit is used to synchronize all the operation
on collecting measurement data and sending the data to a PC for image reconstruction.
A high performance and powerful microcontroller PIC18F4550 has been selected In the
research, which is developed by Microchip. Thus, it can act as & standalone Data Acqui-
sition System (DAS) that able to work independently. : '

The PIC18F4550 has a built-in USB controller. The USB technologies supported by
this chip are low speed and full speed USB. It means that the transfer rate of the hardware
and PC can achieve a maximum of 1.5 Mbps (low speed) or 12 Mbps (full speed). This
USB microcontroller uses a 24 MHz crystal, which working in about 167 ns per instruction
cycle. The collected data is sent to PC using Communication Device Class (CDC). This
is & device level protocol specification defined by the USB association body. It defines the
rules of how a USB host and a USB peripheral should comrunicate as a communication
device. Specifically, the CDC specification defines a wrapper protocol laver around other
communication protocols allowing them to be transported over the USB interface. A
standardized specification also allows a USB host and a USB peripheral to be developed
independently.

In order to make the easiest way for this system to interface to a PC, implementation
of RS-232 emulation over USB technique has been used. One of the most advantage by
using this technique because the Windows 2000 and XP already come with a driver which
provides the RS-232 emulation capability as defined in the CDC specification. The data
received in PC will be received by the device driver, and then is retrieved through the
software developed for further manipulation. Figure 17 shows the picture of the central
control unit.

Ficure 17. Picture of the data acquisition system

There are total of 120 data collected in each measurement cycle. And the data sending
to PC in bulk will be much faster than sending in byte. Thus, all the data will be stored
in memory before send to PC for image reconstruction. The data received in PC will be
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received by the device driver, and then is retrieved through the software developed for
further manipulation. ‘

Overall, the hardware is working standalone, which mean that the central control unit
will take role to control the whole process after receive instruction from a host PC. The
central control unit will keep controlling the measuring operation, collecting data from
electrode modules and sending data to host computer for imnage reconstruction.

8. Experimental Results. In this section, a detailed study of system specifications
is carried out, with special emphasis in the image quality of the system including sensor
design, measurement, reconstruction and imaging of permittivity distributions. The main
goal of this section is to demonstrate that the portable ECT instrument presented in this
work is able to provide images of high quality for real-time applications. Figure 18 shows
the output voltage change if different permittivity is filled inside pipeline. The nearest
electrodes output always have the highest sensitivity, thus the distinction of capacitance
value is easily affected by flowing material inside pipeline. The comparison obviously
shows that the voltage change in between opposite electrode is the lowest.
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Ficure 18. Data comparison between low-permittivity and high-
permittivity in pipeline

Experiment has been setup to measure the concentration of palm oil and air two phase
flows from 10 percent to 100 percent in the step size of 10 percent, shown in Figure 19.
In this experiment, palm oil is calibrated as maximum limit in data measurement.

Figure 20 shows the comparison between actual concentration and concentration ob-
tained, the concentration measured is higher than actual concentration at 30% to 80%
water. This is due to the range of permittivity change has been decreased and the image
reconstruction of two phase flow of palm oil /water shows in Figure 21.
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comparison between actual concentration and concentration obtained from measurement
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obtained from measurement for palm oil/air flow
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obtained from measurement for water/palm oil flow

The comparison between actual concentration and the concentration obtained frorn
measurement for water /palm oil flow is shown in Figure 22.
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From Figure 22, the concentration measurements show a maximum error of approxi.
mately 12% for concentrations of less than 50% water. These errors may arise becauge
some of the oil has been mixed with the water.

9. Conclusions. The fabricating of the sensors electrodes, designing the signal condi-
tioning circuit had been described. In short, a portable non-invasive sensor system is
designed and fabricated. The system is designed so that it does not use cables to connect
the electrodes and the signal conditioning circuit. This eliminates the cable noise. Other
than that. stray immune capacitance measuring circuit is implemented so that the circuit
measures only the standing capacitance between the electrodes without affected by stray
capacitance in the circuit. Linear Back Projection algorithm is applied in producing a
good quality tomogram. The system that has been developed is capable to determine
the distribution between palm oil, water and air flow. Thus, the system able to visualize
the percentage of load waste present inside the vessel so that the data can be used to
design better process equipment in mill process or to control certain processes in order to
maximize the quality of crude palm oil and the POME treatment process can be improve.
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