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between a combination of eight electrodes mounted encapsulating the tube.
Each measured electrode was given an excitation voltage as a source of an
electrostatic field, which interacts with the object’s presence. The objects in
this study are benzene, kerosene, and diesel fuel, along with reference
dielectric values of water and air. Image reconstruction used the linear back
projection (LBP) method. Matrix operations between sensor’s pre-defined
sensitivity and capacitance values produce data that can be plotted into an
image estimating the true distribution of objects. Capacitance values from
modelling are proportional to the actual object’s permittivity. The
reconstruction provides qualitative information on the proportion of fuel in
the vessel based on the capacitance value. Images have distinct values
according to the presence of different objects under investigation. The
research contribution is a proof of concept in using capacitance tomography
to detect different fuels inside an enclosed tank at modelling stage. In
addition, this study serves as a guideline for implementing a non-invasive and
non-intrusive system for determining proportions of materials of interests
inside a certain setup.
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1. INTRODUCTION

Tomography is a system or tool that sees the inside of an object in the form of slices (pieces) [1]. As a
technology, tomography can describe objects quickly and easily. Besides, it can also provide complete
information describing the object’s state. Completeness of information is obtained by increasing the amount of
information described in the structure of psychological objects, both internal and external structures, such as
temperature, moisture content, and others. With these advantages, tomography has been widely developed,
especially in the industrial and medical fields [2].
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In the medical field, tomography is closely related to imaging technology used for diagnosing diseases
before surgery; therefore, it is essential. The need to see the inside of objects on the human body is carried out
non-invasively (without damaging) and non-intrusively (without inserting tools) [3]. The basic principle of
tomography is that the patient is scanned by administering radiation energy, and then the energy interaction
with the patient’s body is measured. There are several techniques in medical imaging, and each has its
characteristics. For instance, X-ray imaging shoots an X-ray source through the patient’s body while placing a
film behind it during exposure. Other medical imaging techniques commonly used ini clinical setting comprise
computed tomography (CT), magnetic resonance imaging (MRI), and ultrasound imaging. Almost all of those
modern tomography incorporates projected data from multiple directions and feeds these data into a
computerized tomographic reconstruction process [4].

Process tomography is a term for tomography applications in industrial fields [5]. Instead of static human
body scanning, process tomography attempts to provide both spatial and temporal variation inside industrial
processes such as multi-phase flow, mixing, separation, etc [6]-[8]. Certain radiation energy used are sensitive
to different substance exist in pipeline flow so that different phases in a flow e.g. water, oil, and gas can be
investigated. Furthermore, a mixing process involves various materials altogether to achieve homogeneous
mixture that need to be quantified. On the other hand, a crude oil extraction requires monitoring of separation
degree to check its yields. Those characteristics demand fast imaging systems without nuclear radiation and
not disturbing processes [9]. Electrical tomography uses a low-intensity field as an excitation energy to convey
information in the region of interest (ROI) through passive electromagnetic properties measurements via a
boundary sensing system. Boundary measurements could be resistive [10], capacitive [11], or inductive [12]
systems depending on ROI characteristics. Those techniques have found areas of implementation in oil and gas
[13]-[14], pharmacy [15]-[16], as well as food sectors [17].

However, challenges for electrical tomography deployment remain a work in progress by both researchers
and industrial technicians. Improvement is sought in sensor design [18], hardware electronics [19]-[24], as well
as image reconstruction algorithms [25]-[26]. In hardware measurement, the sensitivity and response time are
among crucial aspects in order to catch the dynamic process monitoring. Meanwhile imperfection in image
reconstruction affects the accuracy in quantifying the object. Particularly for sensor development, proper
modelling has to be done to suit the target process, which is varies from one implementation to another [27].
That is also the case with the difference in vessel’s shape and object’s distribution. This research conducts
sensor modelling for a capacitive tomography system to determine fuel proportion in a tank. The capability is
desirable in various designs that require an informed decision based on fuel storage or combusting substance,
such as in refinery/reservoir, automobile, aviation, spacecraft, etc.

This paper explains sensor modelling work in the following fashion. The following section describes an
overview of the capacitance tomography method, the image reconstruction algorithm used, and the post-
processing step. The objects under study are benzene, kerosene, and diesel, which are commonly used fuels.
The result section will show sensor design, output from sensor simulation and imaging analysis. The last section
concludes this report and exposes its limitation while proposing further potential research. The research
contribution is a proof of concept in using capacitance tomography to detect different fuels inside an enclosed
tank at modelling stage. In addition, this study serves as a guideline for implementing a non-invasive and non-
intrusive system for determining proportions of materials of interests inside a certain setup.

2. METHODS

Electrical capacitance volume tomography (ECVT) is a method for determining the volumetric
distribution of the dielectric permittivity of objects in the interior covered by the sensor using the principle of
capacitance measurement. The term ECVT was proposed by Warsito et al. in 2007 [28] following their first
idea, which was developed in 2003 [29]. The ECVT principle is slightly different from tomography techniques
in general. ECVT is not based on line projections but on volumetric capacitance measurement of the entire
three-dimensional medium covered by the capacitance sensor. The three-dimensional space, which is the
measured domain in ECVT, also does not have to be cylindrical like in existing tomography systems but can
be an arbitrary shape or even an open space that can be reached by the static electric field created by the
electrodes of the sensor which can be made in various forms.

Fig. 1 illustrates the components of the ECVT system. It consists of sensors, electronics, and computing
devices. The Sensor system is constructed from an array of capacitive electrodes encapsulating the ROI. Each
pair of electrodes could measure the capacitance dependent on material distribution in between. Whenever an
object with electrical permittivity exists inside the domain, the calculated capacitance value will convey
information about the object in question. The number of electrodes in the array affects the spatial resolution of
the imaging result. Nevertheless, too many electrodes will deter the signal-to-noise ratio of the measurement.
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Fig. 1. Overview of an ECVT system [28]

This research uses the COMSOL Multiphysics software to do the sensor modelling. In COMSOL 3D
domain, AC/DC module is used with electrostatic interface to solve stationary system. Having designed a
proper geometry for the system, domains and boundaries are assigned to represent the actual physical
configuration. For a capacitive system, an initial voltage is set at one electrode while the other electrodes are
zeroed. Subsequently, running the simulation will result in electric field computation. Evaluating the specific
boundary parts, quantity of interest can be derived. Simulations are carried out to obtain capacitance values
that will be processed to produce images. Distribution of benzene, kerosene, and diesel fuel objects will be
used for the simulation. After getting the capacitance value, the data is logged into the microcontroller.
MATLAB interface will be built to retrieve data stored on the microcontroller so that it can be imaged.

A complex electronics system which usually perform measurement’s signal conditioning and acquisition
was replaced by a simplified data storage and interfacing using microcontroller platform. This approach ensures
interoperability for the developed model to be used with another hardware platform. Industrial plant usually
has its own dedicated hardware and/or control system. Therefore, a common storage and interfacing will make
the sensor model easily adapted into the existing setup. A detailed electronic design is the subject of another
work and has been reported, for example, in [30]-[32]. At the end of the process, image reconstruction will be
analyzed for qualitative objects’ appearance and compared with valid permittivity values.

Linear back projection (LBP) is one of the first algorithms to reconstruct images from capacitance
boundary measurement [33]. This algorithm is still commonly used as a capacitance-based tomographic
reconstruction technique. This algorithm is based on the assumption that the sensitivity value is constant within
the sensing space. In addition, the sensitivity is assumed to be the same for the various region of interest.

The algorithm uses the relationship between the measured capacitance and the image. A sensitivity
function S is derived to find an image vector G based on the estimated C capacitance vector. This method is an
approximation method represented in the following equation:

C=SG (M

This equation has a solution to get a Gpyxq)image by inner product between Cjyxq)and the inverted
sensitivity Gpyxy as:

G=S"1IC 2)

In practice, the inverse of S, as in (2), is usually undefined, so a matrix approximation is used. The LBP

algorithm uses the transpose value of the sensitivity matrix instead of its inverse, so it has a dimension of

[N x M]. The scheme of the LBP method is shown in Fig. 2.
Therefore, the image element is obtained from the following:

G=STC 3)
Ne Ne CImeas _ Cempty
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Where Creqsis the measured capacitance between electrodes i and j, Coppey is the capacitance between
electrode pairs i and j when material permittivity in the measurement area is low, whereas Cpy,, is the
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capacitance between electrodes i and j when the measurement area is given a high permittivity material. Here,
Ne is the number of electrodes [3]. For Ne number of electrodes, there can be a total of Ne(Ne —
1)/2 independent measurement combination M.

The reconstruction process of the LBP method refers to (3), which is to find the value of G (N pixels)
from the measured capacitance value C (from sensor measurements taken by the modelling in the form of a
matrix) and the sensitivity value of the S matrix. The sensitivity matrix defines the change of measured value
against the change of object interaction in a discrete region (or image pixel). This matrix can be derived using
prior computation [34].

As shown in Fig. 3, capacitance values obtained from the sensor can be processed using (4) in the form
of normalized C, which is the measured object’s capacitance value relative against known references of air (as
‘empty’ condition) and water (as ‘full’ condition) according to right hand side of (4). S is the sensitivity value
on the sensor, and G is the reconstructed image. The pixelated image (32x%32) is obtained by matrix
multiplication between transposed sensitivity and capacitance values.

CGc—| s — » Gy

Fig. 2. Back projection mechanism
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Fig. 3. Post-processing measurement data into the image using LBP

3.  RESULTS AND DISCUSSION

The sensor is a device for detecting the interaction between energizing field and material distribution in
the ROLI. For electrode plate systems, the dielectric material disturbs the electric fields resulting in capacitance
quantities to be sensed. These measured values, in turns can be processed into an image representing the
original dielectric distribution.

Referring to Fig. 4 (left), the sensor consists of 8 electrodes/channels (S) encircling a tube with a height
of 10 cm and a diameter of 12 cm. Each electrode has a length of 8 cm and a width of 4 cm. The material used
in the sensor consists of copper as an electrode with polymers as a frame. Inside the sensor, there will be objects
(O) to be placed for the modelling. Fig. 4 (center) shows the sensor and object having been meshed for finite
element electromagnetic simulation in COMSOL. Free tetrahedral mesh was applied in this simulated
geometry. Electric field lines emitting from the activated electrode are illustrated in Fig. 4 (right).

The object in question is a material that will be contained in the sensor tube, which will then be processed
into an image. In this study, the objects are kerosene, benzene, and diesel fuel. Table 1 lists the relative
permittivity values of each material [35]. Kerosene has a permittivity value of 1.8 F/m, diesel fuel has a
permittivity value of 2.1 F/m, and benzene has a permittivity value of 2.3 F/m. Additionally, the reconstruction
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process requires reference data with an object in the form of water with a permittivity value of 80.1 F/m (upper

limit) and without an object (air) with a permittivity value of 1 F/m (lower limit). Consequently, image values
are normalized respective to those references [36].

Streamline: Electric field———

n e

Fig. 4. Sensor modelling an_d multiphysics simulation

Table 1. Permittivity of Materials
Material Relative Permittivity (F/m)

Air 1
Water 80.1
Kerosene 1.8
Diesel 2.1
Benzene 2.3

For the abovementioned cases, data collection is done by providing an excitation voltage of 5 V on one
active electrode and measuring transmission parameters from the rest of the electrodes. The simulated
measurement data is in the form of capacitance values from the combination of channel pairs so that 28 values
are obtained. Fig. 5 shows capacitance values measured between simulated electrodes. On the x-axis is the
measurement index representing electrode pairs combination, i.e., index 0 for pairing between electrode one
and electrode 2, index 1 for pairing between electrode one and electrode 3, and so forth up to index 27 for
pairing between electrode seven and electrode 8. Adjacent electrode pairs gives higher capacitance value than
opposite electrode pairs due to capacitance is inversely proportional to the distance between electrodes
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Fig. 5. Plot of measured capacitance for reference (left) and the change caused by objects (right)

Both upper limit (water object) and lower limit (‘empty’ air space) plots are depicted in Fig. 5 (left). After
placing a single object, the difference between ‘empty’ values and measured (with different objects) values are
plotted in Fig. 5 (right). For particular electrode pairs where the object is placed nearby, the values show a
proper level according to the permittivity of objects, starting from the lowest (kerosene) to diesel, to the highest
(benzene).

In addition, the proportionality of the simulation values is also analyzed. For each fuel object, all
capacitance difference values given by electrode-pairs measurement are aggregated using the L, norm. This
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operation ensures that every boundary measurement from electrodes is considered. The resulting value is then
plotted against the true permittivity value. Fig. 6 shows that the simulation values are proportional to the
permittvity values as indicated by an incrementally consistent line plot.
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Fig. 6. Norm of simulated capacitance difference against object’s true permittivity values

After the above data is processed using (4), the LBP operation is computed in MATLAB. The resulting
2-dimensional matrix can be plotted as an image section showing objects’ distribution. Fig. 7 shows a single
benzene fuel object placed in the north, viewing from the top of the vessel. Fig. 8 shows two diesel fuel objects
placed in the north and southeast, viewing from the top of the vessel. Fig. 9 shows three kerosene fuel objects
placed in the north, southeast, and southwest, viewing from the top of the vessel.

o
el

0.05

] 10 15 20 25 30
Fig. 7. The reconstructed image of one object (benzene)

5 10 15 20 25 30
Fig. 8. The reconstructed image of two objects (diesel)

Electrical Tomography Sensor Modelling for Detection of Fuel Concentration in Vessel (Rian Fahrizal)


http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&

ISSN: 2338-3070 Jurnal Ilmiah Teknik Elektro Komputer dan Informatika (JITEKI) 499
Vol. 9, No. 2, June 2023, pp. 493-501

0.08 T e e 0.0%

5 10 15 20 25 30

Fig. 9. The reconstructed image of three objects (kerosene)

The reconstruction results are shown on the left-hand side of each Fig. 7 to Fig. 9. Normalized values
illustrated in the pixelated image section are represented by blue (low) to yellow (high) colors. For a single
object in Fig. 7, the object is depicted quite clearly regarding its location and prominence against the remaining
pixels in the ROI. However, the object’s shape is obscure in the sense that a true square-shaped object turns
into a round-shaped image. In Fig. 8, two objects are reconstructed according to their location, but the
separation between them are not distinctive. And in the case of three objects (Fig. 9), each object’s image is
pulled to the centre, although the corners still indicate their true locations. Those blur and expansion are among
the drawbacks of the LBP algorithm.

Some improvements in the image reconstruction algorithm have been investigated. Sophisticated methods
involving deep learning are reported [37]-[40]. Nevertheless, they come with another issue such as longer
reconstruction time which hinder the desired real-time feature of process tomography. Computational means
also require hardware complexity which incurs implementation cost. Thus, for a particular target application,
the low-cost and fast LBP algorithm is still sufficient.

4. CONCLUSION

Sensor modelling in the ECVT system has been investigated for the determination of fuel proportion in a
vessel. The LBP reconstruction method for imaging provides results that can distinguish objects according to
their permittivity values. In the reconstruction of one object, the blurring effect is visible around the image of
the object. In the reconstruction of two and three objects, the image results appear to blend with one another.
Simulation results show that objects with kerosene, diesel and benzene permittivity values can be observed
proportionally. In order to optimize the reconstruction results, a larger number of electrodes and a smaller
sensor size might produce high-resolution images. Meanwhile, other more complex algorithms are needed to
obtain images with a close resemblance to true objects. The algorithm development can be directed to an
iterative method with the aid of machine learning implementation.
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