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Excitation Strategies for 3-D Electrical Capacitance
Tomography Sensors

Jingjing Shen™, Shuanghe Meng

Abstract—This article presents investigation of 3-D electrical
capacitance tomography (ECT) sensors with different excitation
strategies, including dual-electrode excitation in the same plane,
in adjacent plane, in planes separated by one plane or two planes,
and in the adjacent position or opposite position in the same
or different planes. The results show that a 3-D ECT sensor
with dual-electrode excitation in the opposite position provides
higher mean capacitance and lower standard deviation than
in the adjacent position. Dual-electrode excitation in different
planes can increase the capacitance signal and decrease the
dynamic range of capacitance measurements, and thus, decrease
random errors and improve the quality of 3-D reconstructed
images. A 3-D ECT sensor with dual-electrode excitation in
planes separated by one plane and opposite position can provide
small measurement uncertainty and high image quality.

Index Terms—3-D electrical capacitance tomography (ECT),
excitation strategy, measured signal, image quality.

I. INTRODUCTION

FLOW in a gas—solid fluidized bed is complex and
dynamically changing with time [1]. To maintain good
operation of a gas—solid fluidized bed, the measurement tech-
nique used to obtain operation parameters should provide
not only good accuracy but also a high temporal resolution,
i.e., fast enough, to provide sufficient information of the flow.
Electrical capacitance tomography (ECT) has been used for
real-time measurement and analysis of gas—solid fluidized beds
for many years because of its nonintrusive and noninvasive
nature and high sampling rate [2]-[5]. In addition, it can
provide not only cross-sectional, but also volumetric images
by using a 3-D ECT sensor with multiplane electrodes [6]—[8].
For 3-D image reconstruction using a 3-D ECT sensor,
capacitance signals should be measured between electrodes
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in different planes. One of the difficulties is that the measured
signals between electrodes in planes far away from each
other are very weak because of the long distance between
the electrodes and complicated geometry, which are much
smaller than that in the same or adjacent planes, and thus
easily affected by noise [9], [10], [11]. It is estimated that
the measured capacitance between electrodes in planes far
away from each other is less than 1 femtoFarad (fF), which
demands high sensitivity and high stability of the capacitance
measuring circuit in an ECT hardware system [7], [12]. With
such small capacitance, measurement errors present a big
challenge [9]. Therefore, it is vital to improve the stability
of the capacitance measuring circuit, so that the measurement
errors can be reduced [13]. While the most direct way to
reduce the measurement errors is to improve the hardware
system [14], [15], it is difficult to do so because the cost of
the equipment may be dramatically increased.

Because capacitance signals between electrodes in planes
far away from each other are too small, some researchers
simply neglect them [16]. Li and Holland [17] believed that the
use of capacitance signals from electrodes in planes far away
from each other provides little benefit to image reconstruction,
and high-quality images can be obtained by using signals
between electrodes in the same plane or a neighboring plane
only. However, they obtained results by numerical simulation,
and the influence of measurement errors on image quality was
not considered. In addition, the quality of reconstructed images
was not quantitatively analyzed. Because the number of voxels
in a reconstructed image is much larger than that of mea-
surement signals, the solution is seriously under-determined,
making it difficult to obtain a good image [18], [19].

Because sensor design is very important for 3-D ECT,
researchers have made tremendous effort on optimization of
the 3-D ECT sensor design [20]. The design parameters for
a 3-D ECT sensor include the number of electrodes in each
plane, the length of electrodes, the number of electrode planes,
and so on [9], [20]-[22]. An ECT sensor with hexagonal elec-
trodes was preferred for providing less variation in sensitivity
compared with rectangular electrodes [23]. Shen et al. [24]
studied the effect of electrode arrangement and shape of 3-D
ECT sensors on capacitance measurements and image quality,
and the result showed that an ECT sensor with staggered
hexagonal electrodes provides smaller measurement errors and
higher image quality than rectangular electrodes. However,
the area of electrodes mounted on the outside of a vessel
or tube is limited, and hence the measured capacitance is
limited.
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Multielectrode excitation, compared to single-electrode
excitation, can provide enhanced magnitude for the detected
capacitance signals, but it needs complicated excitation strate-
gies in real measurements. Yang er al. [25] proposed an
opposite multielectrode simultaneous asymmetric excitation
for ECT with electrodes on a single plane, and the results
show that it can significantly decrease the dynamic range
of capacitance measurements and reduce the nonlinear effect
on image reconstruction. Dual-electrode excitation is a more
realistic choice in 3-D ECT measurement. But it is found
that the dual-electrode excitation in the adjacent position and
the same plane makes limited improvement to the capacitance
measured for a 3-D ECT sensor with multiplane electrodes.
Mao et al. [26] studied three different excitation strategies
for an ECT sensor with three planes of rectangular electrodes
with four electrodes in each plane by numerical simula-
tions. The three excitation strategies include, single-electrode
excitation, dual-electrode excitation in the same planes with
adjacent positions, and dual-electrode excitation in the dif-
ferent planes with adjacent positions. They found that the
reconstructed images of some static models by single-electrode
excitation have better quality. Actually, Mao et al. [26] only
conducted a numerical simulation study for simple static
models, which can be considered as a preliminary work in
terms of excitation strategy. Mao et al. [27] is an extension
of their earlier work [26]. In this latter work, they added
experiments with single static models. Differing from their
earlier work [26], they showed that the minimum capacitance
of dual-electrode excitation is apparently bigger than that of
single-electrode excitation, and the uncertainty of capacitance
measurements of dual-electrode excitation in different planes
are superior to the other two excitation strategies. The work
by Mao et al. [26], [27] can be considered as a preliminary
work in terms of excitation strategy.

In this work, the performance of 3-D ECT sensors with
several dual-electrode excitation is studied. The dual electrodes
used for excitation are in the same plane, in adjacent planes,
in planes separated by one plane or separated by two planes of
the axial direction, and adjacent position and opposite position
in the chosen planes. Three 3-D ECT sensors are investigated
with different excitation strategies, including (1) three planes
of rectangular electrodes with four electrodes in each plane,
(2) four planes of rectangular electrodes with four electrodes
in each plane, and (3) four planes of staggered hexagonal
electrodes with four electrodes in each plane. The electric field
distribution, sensitivity distribution, signal intensity, the distur-
bance of measurement signals, and the quality of reconstructed
images of single static models, multiple static models, and
moving models are analyzed for the 3-D ECT sensors with
different excitation strategies.

II. PROPOSED EXCITATION STRATEGIES
A. ECT System

A 3-D ECT system is comprised of a multiplane capacitance
sensor, a sensing electronics, and a computer for image
reconstruction and processing, as shown in Supplementary
Fig. S1. The ECT sensors detect the capacitance between the
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Fig. 1. 3-D ECT sensors. (a) S1, with three planes of rectangular electrodes
and four electrodes in each plane. (b) S2, four planes of rectangular electrodes
and four electrodes in each plane. (c) $3, four planes of staggered hexagonal
electrodes and four electrodes in each plane. (d) Design parameters of S3.
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Fig. 2. Test models. (M1) cylinder: » = 10 and h = 60, (M2) cylinder:
r = 15 and h = 60, (M3) cone: r = 20 and h = 60, (M4) cube: L = 30,
(MS5) sphere: r = 20, (M6) sphere: r = 15, and (M7) sphere: r = 10.
[unit: mm)].
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excitation and detection electrodes, and the capacitance varies
with the permittivity or permittivity distribution of materials.
The capacitance is given by

1
Ci,j:_Vfg(xayaz)v¢(xnyaz)’dr' (1)
r
The normalized form of (1)
A =Sg (2)

where A, S, and g are the normalized capacitance vector,
normalized sensitivity matrix, and the normalized permittivity
vector, respectively.

B. Design of 3-D ECT Sensors

Fig. 1 shows the design of 3-D ECT sensors. Sensor 1 (S1)
has 12 electrodes in three planes. Sensor 2 (S2) and Sensor 3
(S3) have 16 electrodes in four planes. Each sensor has two
axial end screen electrodes and an outer screen electrode; these
electrodes, which are earthed in the measurements, are used
in preventing the influence of external noise signals in the
measurements of the electrodes [28]. The materials used are
listed in Table 1.

All the electrodes are mounted outside a tube with an
external diameter of 65 mm and wall thickness of 2.5 mm.
Fig. 2 shows test models and their geometric parameters used
in the experiment.

An automatic control system is used in this study, which
is a closed loop system, mainly including a control panel,
programmable logic controller, servo driver, servo motor, ball
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TABLE I
MATERIALS USED IN ECT SENSORS

Component electrodes tube test models high permittivity calibration low permittivity calibration
Material copper foil glass nylon nylon air
Permittivity - 2 3 3 1
TABLE II

DIFFERENT EXCITATION STRATEGIES FOR ECT SENSOR
WITH MULTIPLANE ELECTRODES

iSetsrateg Excitation electrodes
P1P1, P2P2: E1E2, E2E3, E3E4, E4E5, ESE6, E6E7, ETES;
eslla P3P3, P4P4: E9E10, EI10E11, E11E12, EI2E13, E13El4,
E14E15, E15E16.
P1P2: E1ES5, ESE2, E2E6, E6E3, E3E7, E7E4, E4ES;
esl2a P3P4: E9E13, E13E10, E10E14, E14E11, E11E15, E15E12,
E12El6.
P1P2: E1E7, E7E2, E2ES, ESE3, E3ES5, ESE4, E4E6;
es12o P3P4: E9E15, E15E10, E10E16, E16E11, E11E13, E13E12
E12E14.
esi3a  PIP3:EIE9, E9E2, E2E10, E10E3, E3E11, E11E4, E4E12;
P2P4: ESE13, E13E6, E6E14, E14E7, ETE15, E15E8, ESE16.
esl3o  PIP3:EIELL E11E2, E2E12, E12E3, E3E9, E9E4, E4E10;
P2P4: ESEL5, E15E6, E6E16, E16E7, ETE13, E13ES, ESE14.
eslda  PIP4:EIE13, E13E2, E2E14, E14E3, E3E15, E1SE4, E4E16;
P3P2: E9E5, ESE10, E10E6, E6E11, E11E7, ETE12, E12ES.
esldo  PIP4:EIELS, E15E2, E2E16, E16E3, E3E13, EI13E4, E4E16;

P3P2: E9E7, E7E10, E10ES8, E8E11, E11ES, ESE12, E12E6.

screw, and proximity sensor, as stated in [29]. In the exper-
iment, we can precisely control the starting/ending position
and moving velocity in the axial direction of the test model.

C. Excitation Strategies

An ac-based ECT sensing electronics is used for measuring
the capacitance between the electrodes [30]. Sine-wave voltage
signals with amplitude of 20 V and frequency of 180 kHz
are applied for electrodes excitation. Capacitance between
the electrodes from different planes varies greatly because of
different distances between the excitation electrodes and detec-
tion electrodes. Different dual-electrode excitation strategies
are investigated. Table II gives the different excitation strate-
gies for the ECT sensor, where a of the name of the strategy
means that the two excitation electrodes are in the adjacent
position, o0 means opposite position, “P1P2” means excitation
electrodes are in the first and second planes, respectively. Adja-
cent dual-electrode excitation means the two electrodes used
for excitation are adjacent. For example, taking electrode 1
as the excitation electrode, adjacent electrodes of electrode 1
are electrodes 2, 4, 5, 8, 9, 13, and 16, which have adjacent
radial positions but different axial positions. And eslla with
the excitation electrodes E1E2 is an excitation strategy of
adjacent dual-electrode excitation, which also includes esl2a,

esl3a, and es14a. Opposite dual-electrode excitation means the
two electrodes used for excitation are opposite. For example,
opposite electrodes of electrode 1 are electrodes 3, 4, 6, 7, 11,
14, 15, and esl120 with the excitation electrodes E1E7 is an
excitation strategy of opposite dual-electrode excitation, which
also includes es130 and esl4o.

Supplementary Fig. S2 shows the relative position of the
dual-electrode excitation. Lines with arrows in Supplementary
Fig. S2 link the dual-electrode in the adjacent position or
opposite position used for excitation, e.g., electrodes 1 and 7
are used for simultaneous excitation in excitation strategy
esl2o, therefore electrodes 1 and 7 are linked by a line with
an arrow. For distinguishing different dual-electrodes used
for excitation, different arrows and colors are used for the
excitation strategies if the arrows are interlaced or adjacent,
and a single arrow with the same color is used if the arrows
are clearly separated.

When an excitation strategy is applied, the dual-electrode
shown in Table II are sequentially excited with a sinusoidal
voltage signal, and meantime, the rest electrodes are used for
detection. A group of two excitation electrodes and a detection
electrode forms an electrode pair, and thus obtain a measuring
signal for each measurement. Taking excitation strategy esl2a
as an example, electrodes 1 and 5 are first excited and the rest
of the electrodes are used for detection and then electrodes
5 and 2 are excited and the rest of the electrodes are used
for detection,..., until the electrodes 12 and 16 are excited
and the rest of the electrodes are used for detection, which
completes a group of measurements, and thus obtain a group
of measuring signals. Therefore, a group of measurement
contains 196 measuring signals.

D. Image Reconstruction

Landweber iteration algorithm was used for image recon-
struction, and the linear back-projection (LBP) was used
to obtain the initial value of permittivity [29], [31], [32].
A median filter is used for processing artefacts and distortion
of the reconstructed images [24].

E. Evaluation Criteria

Image error (Ie) and correlation coefficient (Cc) are used
for evaluating the quality of reconstructed 3-D images of test
models, and the definition of Ie and Cc are, respectively,

e — 18 — gl 3)
lgll
N A = —
Cec = Zi=1 @& —-9E—2 )

\/Z,N=1 (g’z - 5’)2 Z,N=1 (gi — g’)z.
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Fig. 3.
strategies.

Electric field distribution for ECT sensor with different excitation

III. NUMERICAL SIMULATION
A. Electric Field Distribution

Fig. 3 shows the electric field distribution with different
excitation strategies, taking ECT sensor S3 as an example.
The color bar of isosurface reflects the electric field intensity
with the unit of V/m and linear coordinate. The length of
red arrow represents the strength of electric field with loga-
rithmic coordinate, which shows more distribution of small
electric field intensity. For the excitation strategy esl with
single-electrode excitation in Fig. 3, the electric field decreases
sharply in the axial direction with the increase in distance
between the excitation electrode and the detection electrode
in different planes, and the electric field intensity in the third
and fourth planes is very small and almost invisible. This
problem has little improvement for the excitation strategy
eslla with dual-electrode excitation in adjacent position and
same plane. When the position of dual-electrode excitation
is in adjacent planes, with excitation strategies esl2a and
esl2o, the electric field lines can be seen taking up most
of the space near the excitation electrodes in the third plane.
In addition, the distribution of electric field lines become more
uniform when it occurs to excitation strategies es13a, esl3o,
eslda, and esl4o. The increase in electric field intensity is
favorable for the increase in capacitance, and thus excitation
strategies esl3a, esl30, esl4a, and esl4o are recommended
for measurement.

B. Capacitance Measurement

Fig. 4 shows comparison of mean capacitance and standard
deviation (STD) for the 3-D ECT sensors with different
excitation strategies, where capacitance is obtained by finite-
element method (FEM) with COMSOL Multiphysics. A higher
mean capacitance and a lower STD make it easy to measure
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Fig. 4. Comparison of mean capacitance and STD of 3-D ECT sensors with
different excitation strategies. (a) S1. (b) S2. and (c) S3.
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Fig. 5. Capacitance measurement for 3-D ECT sensor with different
excitation strategies. (a) Range of capacitance when 3-D ECT sensor is
filled with low-permittivity materials. (b) Dynamic range of capacitance
measurement when 3-D ECT sensor is filled with high- and low-permittivity
materials.

capacitance with small disturbance from noise. As shown
in Fig. 4(a), for sensor S1, dual-electrode excitation in the
opposite position provides higher mean capacitance and lower
STD than in the adjacent position. For sensors S2 and S3,
dual-electrode excitation in the opposite position provides
higher mean capacitance but similar STD for excitation strate-
gies es12 and esl4, and lower STD of capacitance but similar
mean capacitance for excitation strategy esl3 than in the
adjacent position. From the capacitance measurement point of
view, dual-electrode excitation in the opposite position should
be adopted.

A 3-D ECT sensor with four planes of electrodes can
increase the number of independent capacitance measurement
and the spatial resolution [1], [8], [33], [34]. Therefore, a 3-D
ECT sensor S3 with four planes of staggered hexagonal
electrodes was mainly discussed, which has good performance
compared with the rectangular-shaped electrodes according to
the measurement signals and image quality [24].

Fig. 5 shows the boxplot of capacitance measurements of
sensor S3, and the value of capacitance was taken as the
base-10 logarithm. The range of capacitance measurement
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when the 3-D ECT sensor is filled with low-permittivity mate-
rial is shown in Fig. 5(a). The dynamic range of capacitance
measurement when the 3-D ECT sensor is filled with high-
and low-permittivity materials is shown in Fig. 5(b).

The results confirm that different excitation strategies have
great impact on the capacitance measurements, as discussed in
Section III-A. The dynamic range of capacitance data obtained
from the excitation strategies esl3a, esl30, esl4a, and esl4o
is remarkably less than the excitation strategy eslla, and the
difference reaches to one order of magnitude because of the
increase in small capacitance, especially for the minimum
capacitance. For example, with excitation strategy eslla,
the minimum capacitance of the 3-D ECT sensor is about
1 fF only, whereas it increases significantly to about 10 fF with
excitation strategies es13a, es130, es14a, and es14o0. Even with
dual-electrode excitation in adjacent planes, i.e., excitation
strategies es12a and es120, the minimum capacitance increases
about two times. The maximum capacitance with different
excitation strategies has no obvious difference. The increase
in small capacitance and the decrease in dynamic range are
beneficial to capacitance measurement.

C. Sensitivity Field

COMSOL Multiphysics is used to compute the sensitivity
distributions of a 3-D ECT sensor with different excitation
strategies. For each excitation strategy, as introduced above,
the dual-electrode shown in Table II are sequentially excited,
and the rest of the electrodes are detected so that the electric
field as well as sensitivity distribution can be calculated [35].
Fig. 6 shows the STD and condition number (CN) of nor-
malized sensitivity distribution for a 3-D ECT sensor with
different excitation strategies when the 3-D ECT sensor is
filled with low-permittivity materials. STD and CN are defined
in the following equations:

N
D IP MO, 5)

STD = MN —
I=1 k=1

oN= A (6)

n
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Fig. 7. Average STD of measurement signals with different test conditions
for 3-D ECT sensor with different excitation strategies.
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Fig. 8. Comparison of Ry of capacitance data and STD of measured signals.

STD is used to evaluate the uniformity of the sensitivity
distribution, with smaller STD representing more uniform dis-
tribution of sensitivity of voxels. CN indicates the ill-condition
of image reconstruction, with smaller CN representing more
robust image reconstruction of ECT. Therefore, it is impor-
tant to reduce STD and CN in order to obtain high-quality
reconstructed images [9]. Except for excitation strategy es12a,
the uniformity of sensitivity distribution is decreased for the
3-D ECT sensor with dual-electrode excitation in different
planes, compared with that within same plane of excitation
strategy eslla. Dual-electrode excitation from the opposite
position provides higher STD than that from the adjacent
position. In addition, ill-condition in the image reconstruction
process for the 3-D ECT sensor with excitation strategies
esl3a and esl3o improves, compared with that with the
excitation strategy esl2a.

While there is no obvious variation or sudden changes in
the sensitivity distribution in the axial direction, dead zones
appear, causing difficulty in convergence in image reconstruc-
tion [17], [36]. Supplementary Fig. S3 shows the normalized
sensitivity distribution in the axial direction of the 3-D ECT
sensor S3 with different excitation strategies, confirming that
there are no obvious dead zones for the 3-D ECT sensor.

The sensitivity in the central region is significantly less than
that near the edge of an ECT sensor, causing low image qual-
ity [35], [37]. Therefore, the sensitivity in the central region
is analyzed with excitation strategy esl4o. Supplementary
Fig. S4 shows the sensitivity of some voxels between different
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distribution has the opposite trend. It means that the voxel
in the center region (x-, y-, and z-coordinates) is sensitive Fig. 10. Evaluation result of image quality of test models with different

for none of the electrode pairs and hence is difficult to be
measured. The closer the other voxels are to this voxel, it is
less sensitive and more difficult to be measured. Therefore,
the region near this voxel can be called sensitivity depression.

1V. EXPERIMENT
A. Measurement Signals

The disturbance of measurement signals in the experiment
for a 3-D ECT sensor with different excitation strategies is
compared as shown in Fig. 7, when the 3-D ECT sensor is
filled with low-permittivity materials (L), and with different
test models, ie., M1, M2, M3, and M4. In this work,
a total of 1000 groups of measurements were taken for
each experiment. The STD is calculated using an electrode
pair in 1000 groups of measurements, and average STD is

excitation strategies. (a) Ie without median filter. (b) Ie with median filter.
(c) Cc without median filter. (d) Cc with median filter.

calculated by the average of STD of 196 electrode pairs.
Because the difference of distance and relative position of
electrode pairs, the quality and STD of measured signal are
quite different. Therefore, average STD is defined here, which
represents the total random errors of the measurement signals
in each experiment condition. Measurement uncertainty is
evaluated by the average STD. The STD with excitation
strategies es12a and es12o is slightly decreased compared with
excitation strategy eslla, whereas it has more meaningful
decrease for other excitation strategies, like esl3a, esl3o,
esld4a, and esl4o, especially for excitation strategy esl3o,
which confirms the result of the dynamic range of capacitance
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Fig. 11.
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Reconstructed images after median filter is applied with excitation strategies esl3a and es13o0. (a) M5. (b) Half of M5 in the top. (c) M6 close to

the wall. (d) M1 contact the wall. From (e)—(h) are two M6 with different position.

in Fig. 5. If the signals were measured without the protection
of the axial end screen electrodes and outer screen electrode,
the STD of the signals would become larger owing to the
effect of noises in the measurements.

There is a close relationship between simulation and exper-
iment based on the above analysis. A factor Ry, in (7) is
defined by the author to evaluate capacitance data obtained by
numerical simulation

n
Ryre = Z (1/¢;) [if (1/¢i) < 0.05, (1/¢;) = 0.05]. @)

i=1
Ryre tepresents the reverse of capacitance data between
different electrode pairs, and the smaller the Ry, the larger the
capacitance value. STD indicates random errors of measured
signals, and the smaller the STD, the better the quality of
measuring signals. In general, small capacitance value means
small signal-to-noise ratio in the ECT measurements. Thus,
there should be a positive correlation between Ry and STD
of measuring signals. This is confirmed in Fig. 8, in which Ry
shows to be almost linearly proportional to the STD of mea-
suring signals. Other factors like the change in environment
temperature and humidity, interference of electromagnetic sig-
nals, and static electricity are minor factors in this experiment.

B. Image Reconstruction of Static models

Fig. 9 and Supplementary Fig. S5 show reconstructed
images, which were obtained by use of 3-D ECT sensor S3, for
different test models with different excitation strategies. Fig. 9
shows the original images and Supplementary Fig. S5 shows
images processed using median filtering. All images are
divided into two parts for better 3-D visualization. As can
be seen, the quality of reconstructed images processed using
median filter has been essentially improved as the artifacts in
the original images were minimized in the processed images.
The parameters used in the Landweber iteration include the
relaxation factor ¢ = 5 and iteration times of 500, based on
the comprising between the quality of reconstructed images
and calculation time. If choosing a smaller o and iteration
times, the apparent edge blur would appear, and if choosing
a larger a and iteration times, more computation time would
be required. The left half is an isosurface image with a value
of 0.5 and the right is a cross-sectional image after smooth
interpolation. Most of the reconstructed images can show the
main geometrical shapes of test models, but distortion occurs

obviously in the images of models M1 with excitation strategy
esl4o. The distortion was mainly observed in the center of
sensing region. This might be due to the nonuniformity of
the sensitivity distribution of 3-D ECT when the excitation
strategy esl14o was applied (as shown in Fig. 6) as well as the
appearance of sensitivity depression in the center region (as
shown in Supplementary Fig. S4).

Quantitative analysis of the quality of the image presented
in Fig. 9 is conducted and the results are shown in Fig. 10.
The image quality of test models with excitation strategies
esl2a, esl3a, and es130 has higher Cc and lower Ie [38] than
that with other excitation strategies. A median filter is used
to process artifacts and distortion of reconstructed images and
thus improve the image quality [24].

After the performance of the 3-D ECT sensor with different
excitation strategies is comprehensively analyzed according
to the capacitance measurement, sensitivity distribution, mea-
surement signals, and image quality of some static models,
the excitation strategy es13o is preferred. Some more compli-
cated measurement conditions, including test models placed
off-centered and multimodels, and the reconstructed images
after the median filter are shown in Fig. 11.

Using the 3-D ECT sensor, the boundaries of a single
test model in different positions and two test models placed
with a certain distance can be distinguished. When the two
models are placed near to each other, such as in Fig. 11(e)
and (f), it is difficult to distinguish those two models because
of the soft-field effect and low spatial resolution. In this case,
further image processing may be used to obtain the boundaries
of different test models. However, this work is focused on
the performance of an ECT sensor with different excitation
strategies, and image processing will be our future work.

C. Image Reconstruction of Motion Models

For dynamic scenario involving the multiphase flows in
a fluidized bed, the permittivity distribution of materials is
changing over time, which makes the measurement more
difficult. In addition, it is difficult to evaluate the image
quality of a fluidized bed. Therefore, for further confirming
the performance of 3-D ECT sensors with excitation strategy
esl3o0, experiment with motion models is conducted. The
movements of models M5, M6, and M7 through the sensing
region under different velocities (i.e., 100, 200, and 400 mm/s)
have been investigated. All the models have been tested by
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moving along the vertical axis through either the center or
near the edge of the tube. The reconstructed 3-D ECT images
for these models moving with different velocities and through
different positions are shown in Figs. S6-S11. In the recon-
structed images, 3-D ECT sensors with excitation strategy
esl3o can reconstruct the size and main shape of test models
with different movement velocities and different positions. The
reconstructed images of test models with movement further
confirms the performance of 3-D ECT sensors with excitation
strategy esl13o0.

V. CONCLUSION

In this article, the performance of 3-D ECT sensors with
different dual-electrode excitation strategies, including esl1a,
esl2a, esl120, esl3a, esl3o0, eslda, and esl4o, is studied. The
effect of the spatial position of excitation electrodes on electric
field distribution, capacitance measurement, sensitivity distri-
bution, measurement signals, and image quality are evaluated.
According to the obtained simulation and experimental results,
the following conclusion can be drawn.

1) Dual-electrode excitation in the opposite position pro-
vides higher mean capacitance and lower STD than
in the adjacent position. Dual-electrode excitation in
different planes leads to an increase in capacitance
and a reduction of the measurement range. Especially,
the excitation strategies esl3 and esl4 improve the
minimum capacitance between electrodes in the planes
far away from each other by one order of magnitude,
compared with that in the same plane. The improvement
significantly reduces the demand for measuring equip-
ment and is beneficial in decreasing the measurement
uncertainty, which has been confirmed by experiment
results of the STD of measured signals. The excita-
tion strategy esl3o has smaller signal disturbance than
others.

2) The uniformity of sensitivity distribution is decreased
with dual-electrode excitation in different planes com-
pared with that within the same plane, but ill-condition
in image reconstruction with excitation strategies esl3a
and es130 improves, compared with that with excitation
strategy eslla. There exists a region for excitation
strategy esl4o where voxels have low sensitivity for all
electrode pairs and are difficult to be measured.

3) The quality of the reconstructed images of some static
models has been quantitatively analyzed, showing that
the excitation strategies esl2a, es13a, and es130 provide
higher image quality than that with other excitation
strategies.

4) After the performance of the 3-D ECT sensors with
different excitation strategies is comprehensively ana-
lyzed, the excitation strategy esl3o is recommended
for further research for a 3-D ECT sensor with four
planes of electrodes with four electrodes in each plane.
The performance of 3-D ECT sensors with excitation
strategy esl3o is further confirmed by different static
and motional test conditions.

The dual-electrode excitation strategies chosen in this study

mainly involve the two excited electrodes in the adjacent and

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 70, 2021

opposite positions. But we are well aware that there are indeed
many other choices for excitation electrodes in 3-D ECT
sensors in addition to those electrodes in adjacent or opposite
positions. Besides dual-electrode excitation, the number of
electrodes for excitation can also be 3 and more with number
of electrodes for detection being 2 and more. Therefore, there
are many combinations of the excitation and detection elec-
trodes which deserve further investigation. It is of considerable
interest to further optimize the combination of the excitation
and detection electrodes under different measurement condi-
tions, e.g., single static model, multiple static models, moving
models, and the multiphase flows in fluidized beds. However,
this is out of the scope of current work, and will be the topic
of a future study concerning the complex excitation strategies
of 3-D ECT sensors.
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