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An ideal electrostatic sensor with optimized electrodes is required for solid particles (SPs) velocity deter-
mination. The simplicity and reliability of the multi-objective particle swarm optimization (MOPSO)
imparted further impetus to the accurate determination of SPs velocity using electrostatic sensors.
This paper reports a new design of electrostatic sensors via MOPSO, where the sensors geometry is deter-
mined using response surface methodology (RSM). Besides, electrode sensing factors including spatial
sensitivity and statistical error of electrostatic sensors are considered for the optimization. Parameters
such as electrode dimensions, velocity, and distribution of particles in the pipeline are found to greatly
influence the electrodes sensing performance. Electrodes with different physical sizes were applied to
find their optimal value to attain minimum statistical error and maximum spatial sensitivity, which were
optimization targets. Following RSM and MOPSO methods, an electrode’s optimum length of 0.6 cm and
thickness of 0.5 cm has been achieved. It is established that the electrodes spatial sensitivity distribution
appears uniform due to their size optimization. Furthermore, very thin electrodes with short length are
determined to be prerequisite for sensitivity enhancement. Present study finds a theoretical basis for the
electrostatic electrodes optimal design.

� 2019 Published by Elsevier Ltd.
1. Introduction

Recently, multi-objective particle swarm optimization (MOPSO)
emerged as a flexible and reliable technique for appropriate opti-
mization of more than one objective function. This technique con-
siders Pareto optimal solutions due to antagonistic nature of
objective functions. Categorically, Moore and Chapman [1] first
developed this technique. Later, a complete taxonomy of the
MOPSO algorithms are introduced [2]. Several MOPSOs encoun-
tered difficulties in terms of certain multi-frontal aspects [3]. Fuzzy
multi-objective reliability redundancy allocation being a major
engineering design problem requires an effective solution, where
the implementation of MOPSO plays a significant role. This
approach increases the system reliability level by factoring in
related constraints [4]. The last findings about the optimization
of electrostatic sensors using MOPSO to measure the velocity of
plastic bead particles are presented in this paper.

In many industries, velocity measurement of solid particles is a
popular topic towards saving power consumption and improving
the quality of particles. Moreover, it is important in measuring
the mass flow rate as well as the concentration of solid particles.
Pipeline interaction is created between particles, particles and
pipeline when solid particles move downwards into the pipeline.
More velocity of solid particles leads to more pipeline interaction.
Therefore, measuring the velocity of solid particles is significant to
know the effects of particles on pipeline interaction. Electrostatic
sensor, due to their characteristics such as inexpensive, simple
structure, robust and easy installation, is preferred to measure
the velocity in industry. Electrode sensing and electrode dimension
are two major parts of electrostatic sensors that should be consid-
ered for optimization procedure. Electrode sensing consists of spa-
tial sensitivity and statistical error. In addition, electrode
dimensions include the length, width, thickness, and diameter of
electrode. Electrode dimensions have a crucial effect on electrode
sensing of electrostatic sensor.

To achieve precise electrostatic sensors with improved sensing
characteristics the design optimization is required. The uniformity
of spatial sensitivity of electrostatic sensors electrode can be
achieved by the electrode dimensions. Furthermore, the response
time and accuracy of electrostatic sensors depend on several
parameters such as spatial filtering effect, temporal frequency
response characteristic, and bandwidth. Analytical results show
that a discrepancy exists between the mean particle velocity and
the measured correlation velocity of electrostatic sensor. This is
https://
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due to the presence of non-uniform spatial sensitivity and the
solids velocity profile of the sensor [5]. These limiting factors are
detrimental for sensing performance unless inhibited via the suit-
able optimization. Moreover, the spectral spatial filtering affects
the cross-signal bandwidth and thereby reduces the cross-
correlation function’s resolution. This gives rise to the statistical
error of the velocity measurement.

A set of experiments were performed and analytical models were
developed to determine the characteristics of ring-shaped electro-
static sensors [6]. Significant progress on the ring electrode theory
using the finite element method was made and the factors affecting
the electrode sensitivity were analyzed [7] while the methods for
electrode’s structural optimization were lacking. However, the influ-
encing factors responsible for spatial sensitivity of electrostatic sen-
sor were identified [8]. Most of the researches were targeted to
achieving an uniform spatial sensitivity and to improving the moni-
toring performance of pneumatic pipeline’s complex particle flow [9].
Thus, theoretical and experimental studies were widely conducted in
the time and frequency domain on electrostatic metre with ring-
shaped electrodes [10,11] and square-shaped electrostatic sensors
with different geometric sizes [12,13].

An optimized design was proposed for intrusive electrostatic
sensors to measure the velocity of pneumatically conveyed parti-
cles [14,15]. The impacts of electrode intrusion depth and dimen-
sions on sensor signals as well the correlation based velocity
were measured as a function of electrodes’ cross-sectional shapes
variation. It was realized that the optimization of electrostatic sen-
sor’s electrodes was essential to reducing non-uniformity of spatial
sensitivity distribution and minimizing the standard deviation [5].
Qian [16] analyzed the sensitivity and optimized the design of an
electrostatic inductive measuring device for weak charge measure-
ment of coal mine dust. Based on charge induction, a new method
was introduced to determine the velocity of coal dust. A physical
model of the device was created to quantify the charge induction
of circular electrode. The optimized design of the electrostatic
inductive measuring device was performed using Genetic Algo-
rithm (GA) to obtaining the optimal sensitive response.

Several mathematical models were developed to determine the
bandwidth and the temporal frequency response characteristics of
electrostatic sensor. Despite all, the sensing characteristics opti-
mization of electrostatic sensor electrodes was not systematically
performed. In this view, the present work attempted to achieve
the minimum statistical error and maximum spatial sensitivity
by optimizing the sensitivity attributes of electrodes in terms of
their length and thickness. Hence, different electrodes including
circular-ring, quarter-ring, and rectangular with different values
of lengths, widths, and thicknesses were applied in laboratory.
Then, correlation velocity, mean particle velocity, correlation coef-
ficient, spatial sensitivity, signal bandwidth, and statistical error
were measured. The results of different width of electrode
observed that it is not a crucial factor for optimization. Conse-
quently, the current study only concentrated on the effects of
two main parameters; length and thickness obtaining parameters;
length and thickness for optimization target to save time and cost.
Moreover, RSM technique was used to optimize experimental
results to find the optimal value of these parameters. Besides, a
modified mathematical model is used to derive the enhanced spa-
tial sensitivity of electrostatic sensor electrodes, where design
optimization is made using MOPSO technique. Finally, a close
agreement exists between optimization and experimental results.
2. Modeling of electrostatic sensor

Since 1980s, electrostatic sensors are applied to indicate the
particle flow and are gradually improved [17–19]. Electrostatic
Please cite this article as: M. Heydarianasl and M. Fua’ad Rahmat, Design optimi
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sensors are used for several applications including tomography
system [20], Solid particles velocity measurement [21], and solids
concentration measurements [22]. Besides, they are utilized to
obtain flow signals for cross-correlation processing because the
charge signals fluctuate with the variation in solids concentration
and solids distribution. So far, different types of electrostatic elec-
trodes with varying dimensions are used. As mentioned earlier,
these sensors are comprised of electrode sensing and electrode
dimensions.

2.1. Electrode dimension

As aforementioned, electrode dimension is the most critical
parameter in the design of electrostatic sensor. It influences the
sensing system, velocity, and the output signal of the sensors.
According to mathematical equations, geometry of electrodes play
significant role on the sensing characteristics of electrostatic sen-
sor. The electrode dimension signifies thickness, length, width,
and diameter. Length of electrode defines axial length of electrode.
Three different geometric designs of circular-ring electrode consist
of length, thickness, and diameter, which influences on spatial sen-
sitivity and statistical error of electrode. In this research work,
diameter of circular-ring electrode was fixed at 10 cm because of
tube’s diameter in laboratory. Similar to circular-ring electrode,
the geometry of quarter-ring electrode including length, thickness,
and diameter has great effects on electrode sensing. Diameter of
quarter-ring electrode was fixed at 2.5 cm. Furthermore, thickness,
length, and width describe major parameters of rectangular elec-
trode dimensions. Width of rectangular electrode was fixed at
0.5 cm because of following reasons, Various tests for different
amount of width were conducted in the laboratory and there were
no significant differences between results in addition to avoid
complexity of equations in optimization methods. MOPSO tech-
nique indeed considers these parameters to attain the enhanced
sensitivity with minimum error.

2.2. Electrode sensing

The sensing properties of electrostatic sensor electrodes not
only play a significant role in the SPs measurement but also influ-
ence the optimization results. Spatial sensitivity and statistical
error are the parameters used in electrode sensing. An optimized
electrostatic sensor refers the maximization of the spatial sensitiv-
ity and minimization of the statistical error.

2.2.1. Spatial sensitivity
Q(t) is the total induced charge on the electrode surface which

can be defined as:

QðtÞ ¼
Z 0

�1

dQ
dt

� �
dt

����
���� ð1Þ

Fig. 1(a) shows the general model of electrode. Figs. 1(b) and 2
illustrate the curve of total induced charge and current signal of
the electrode, respectively. Based on the Yan’s model [23] and
Wang’s model [24], the sensor output depends on the axial posi-
tion of the charged particle. In addition, spatial sensitivity being a
basic parameter of the electrostatic sensor must respond to the
sensor current’s magnitude (Fig. 2). The spatial sensitivity can
be defined the whole area under the either half curve of current
signal due to the inconstancy of the sensor current signal. It is
obvious that the integral of the left half curve of the sensor’s cur-
rent signal being close to the electrode’s maximum induced
charge. If the electrode’s spatial sensitivity is regarded as a
dimensionless parameter, the calculation can be represented by
the following equation:
zation of electrostatic sensor electrodes via MOPSO, Measurement, https://
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Fig. 1. A typical example of total induced charge on the electrode.
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Fig. 2. Total induced current on the electrode.
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S x; y; zð Þ ¼ Q t ¼ 0ð Þ
q x; y; zð Þ
����

���� � 100% ð2Þ

where Q(t = 0) is the electrode’s maximum induced charge, and q(x,
y, z) is the point particle, located in the space coordinate (x, y, z) in
the electrode’s sensing volume. The next formula illustrates the
cylindrical coordinate’s spatial sensitivity, where the point particle
is moving along the y axis:

S r; yð Þ ¼ Q t ¼ 0ð Þ
q r; yð Þ

����
���� � 100% ð3Þ

The geometry of the electrode impacts the uniformity of spatial
sensitivity. For various electrostatic sensor electrodes, appropriate
mathematical models are developed to calculate the spatial sensi-
tivity, which are further applied for geometry optimization.

2.2.2. Statistical error
The optimization of the statistical error r(sm) associated with

the sensitivity of electrostatic sensor electrode is the other chal-
lenge. A statistical error is usually given by the standard deviation
r equal to the square root of the variance, Var(X). The population
variance is given by:

Var ðXÞ ¼ r2 ¼
Z þ1

�1
x� lð Þ2 p xð Þ dx ð4Þ

Xu et al. [25] acknowledged that the standard deviation r(sm)
depends on various factors such as the output signal bandwidth
(B), the correlation coefficient (qm), and the correlation integration
time (t). The general equation for standard deviation takes the
form:

r smð Þ ¼ 3
8p tB3

1
q2

m
� 1

� �� �1
2

ð5Þ

The first effective feature of statistical error is the signal band-
width (B). The general equation of signal bandwidth is given by:

B ¼ K:Vm

L
ð6Þ

where K is the gauge factor which can be calculated experimentally,
and L is the electrode’s axial length. The output signal bandwidth is
defined as the ratio between upper and lower frequencies in a con-
tinuous set of frequencies. Regarding to Eq. (5), the ratio between
signal bandwidth and statistical error equals to B�3/2, which implies
that a small change in the signal bandwidth causes a great change
for the statistical error. The other significant feature so called t
depends on the requirement for the dynamic response of system
[23]. In normal solid flow conditions, the best correlation integra-
tion time is about 15 s. Correlation coefficient (qm) is another major
source of statistical error and can be calculated from the correlation
diagram of different electrodes. According to experiments and con-
sideration of using gravity flow rig, correlation coefficient for
circular- ring electrode is between 0.28 and 0.6, for quarter-ring
electrode is between 0.12 and 0.5, and for rectangular electrode is
between 0.07 and 0.58. For simplicity one assumes Vm = Vc-
� 3.8 m/s.

2.3. Physical model of electrostatic electrodes

Fig. 3 shows a simplified physical model of several cross-
sectional electrode shapes of electrostatic sensors. Generally, there
are four types of electrodes including circular-ring, quarter-ring,
rectangular, and pin. Pin electrode has not examined in this
research work. For the electrode’s protection from extrinsic envi-
ronmental induction, a shield is used. At a consistent velocity,
the charged particles move downwards through the inner surface
of the electrode and induce the charged particle on it. This is equiv-
zation of electrostatic sensor electrodes via MOPSO, Measurement, https://
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alent to an impulse response that can be applied to ascertain the
characteristics of the sensor.
Z

Fig. 5. Modeling of quarter-ring electrode.
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Fig. 6. Modeling of rectangular electrode.
2.4. An approximate mathematical model of a number of electrostatic
electrodes

Spatial sensitivity of different electrodes are often obtained
using mathematical model derived equation, which are applied
as important objective function in optimization method. Figs. 4–6
show the modelling of electrostatic sensor electrodes having differ-
ent shapes including circular -ring, quarter -ring, and rectangular
electrode. It is important to develop mathematical model for sen-
sors which are installed in the pipeline. Previous mathematical
models simplified the calculation by ignoring the electrodes thick-
ness. These models are simplified by assuming:

1. There is not a voltage difference between the electrode and the
pipe wall because the latter is earthed.

2. The circular-ring electrode’s diameter is fixed at 10 cm based on
the pipe wall’s diameter.

3. All electrodes are intrusive to get more uniform spatial sensitiv-
ity and strong output signal.

4. The electrode thickness being a key parameter influences the
spatial sensitivity’s consistency significantly.

5. The width of electrode is fixed at 0.5 cm.

The solid particles are not charged with the same amount of
charge each time. In the mathematical model and optimization
methods, a single particle was considered to simplify the equa-
tions. To model various electrodes in this study, a single charged
particle, q, is considered as a point charge in the pipeline’s
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Fig. 4. Modeling of circular-ring electrode.
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upstream. Additionally, an induced charge particle, Q, is made in
order to move charge particle down in pipeline. When particles
move downwards in conveying pipeline, interaction between par-
ticles and interaction between particles and pipeline are the funda-
mental aspects to generating a net electrostatic charge on the
particle [26]. The induced charge on a small volume of the elec-
trode is computed via:

Q ¼
Z
V
qVdV ð7Þ

where qV represents a volume charge density and is expressed as:

qV ¼ e0 E ð8Þ
where e0 is the vacuum permittivity or permittivity of free space,
sometimes called the electric constant. The point charge (q) moves
in the direction of the electrostatic field at point A. The electric field
in the circular-ring electrode (Fig. 4) is written as:

E ¼ q
4pe0 r2

¼ q

4pe0 NAj j2
ð9Þ
zation of electrostatic sensor electrodes via MOPSO, Measurement, https://
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Based on certain assumptions of various electrodes, Heydari-
anasl and Rahmat [27] derived the equations corresponding to
induced charge, total current and spatial sensitivity. To save time,
only final equations are shown in this paper. Details of these equa-
tions are available in Ref. [26]. The expression for induced charge in
circular-ring electrodes yields:

Q ¼� q
8p

Z 2p

0

Z L
2

�L
2

Z T
2

�T
2

� 2 rþ zð Þ�ucoshð Þ
u2 þ rþ zð Þ2 � 2 rþ zð Þ u coshð Þ
� �

þ h � yð Þ2
� �3

2
rð Þdz dydh

ð10Þ
By integrating this equation for z one obtains:

Q ¼� qr
8p

Z 2p

0

Z L
2

�L
2

u2cos2h� 2 y�hð Þ2þ2u2ð Þþ rþ0:5Tð Þu cosh

y�hð Þ2þu2�u2cos2h½ �� rþ0:5Tð Þ2 y�hð Þ2þu2�u 2rþTð Þcosh½ �12
�

u2cos2h� 2 y�hð Þ2þ2u2ð Þþ r�0:5Tð Þu cosh

y�hð Þ2þu2�u2cos2h½ �� r�0:5Tð Þ2 y�hð Þ2þu2�u 2r�Tð Þcosh½ �12

0
BBB@

1
CCCA dy dh

ð11Þ
where h = v.t with v and t as the particle speed and time, respec-
tively. The values of electrode L (length), W (width), T (thickness),
and d (diameter) are the dimensions of the electrodes and u denotes
the specific axial position. SI units have been applied for the electro-
magnetic equations.

The actual current output of circular-ring electrodes is written
as:

IA tð Þ ¼ dQ
dt

¼ 3q: r :v
8p

R 2p
0

R L
2
�L
2

R T
2
�T
2

2 rþzð Þ�ucoshð Þ � y�v : tð Þ
u2þ rþzð Þ2� 4 rþzð Þ u coshð Þð Þþ y� v : tð Þ2ð Þ52

dz dydh

ð12Þ
By combining the general equation of spatial sensitivity with

the expression of induced charge one achieves:

S uð Þ ¼ r
8p

Z 2p

0

Z L
2

�L
2

u2cos2h� 2y2þ2u2ð Þþ rþ0:5Tð Þ u cosh

y2þu2�u2cos2h½ �� rþ0:5Tð Þ2y2þu2�u 2rþTð Þcosh½ �12

� u2cos2h� 2y2þ2u2ð Þþ r�0:5Tð Þ u cosh

y2þu2�u2cos2h½ �� r�0:5Tð Þ2y2þu2�u 2r�Tð Þ cosh½ �12

0
BBB@

1
CCCA dy dh

ð13Þ
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The spatial sensitivities of other electrode types are also mod-
elled in the same way. Fig. 5 depicts the mathematical model of
a quarter-ring electrode.

A quarter-ring electrode represents ¼ of a circular-ring elec-
trode. Thus, a quarter-ring electrode’s equation is similar to a cir-
cular electrode’s equation excluding for next difference p

6 hh h2p3
	 


.
The induced charge and actual current for the quarter-ring elec-
trode are defined by:

Q ¼� qr
8p

Z 2p
3

p
6

Z L
2

�L
2

u2cos2h� 2 y�hð Þ2þ2u2ð Þþ rþ0:5Tð Þ u cosh

y�hð Þ2þu2�u2cos2h½ �� rþ0:5Tð Þ2 y�hð Þ2þu2�u 2rþTð Þcosh½ �12

� u2cos2h� 2 y�hð Þ2þ2u2ð Þþ r�0:5Tð Þ u cosh

y�hð Þ2þu2�u2cos2h½ �� r�0:5Tð Þ2 y�hð Þ2þu2�u 2r�Tð Þcosh½ �12

0
BBB@

1
CCCA dy dh

ð14Þ

IA tð Þ ¼ dQ
dt

¼ 3q: r :v
8p

R 2p
3

p
6

R L
2
�L
2

R T
2
�T
2

2 rþzð Þ�ucos hð Þ � y�v : tð Þ
u2þ rþzð Þ2� 4 rþzð Þ u cos hð Þð Þ þ y� v : tð Þ2ð Þ52

dz dy dh

ð15Þ
Thus, the spatial sensitivity of quarter-ring electrode states:

S uð Þ ¼ r
8p

Z 2p
3

p
6

Z L
2

�L
2

u2cos2h� 2y2þ2u2ð Þþ rþ0:5Tð Þ u cosh

y2þu2�u2cos2h½ �� rþ0:5Tð Þ2y2þu2�u 2rþTð Þcosh½ �12

� u2cos2h� 2y2þ2u2ð Þþ r�0:5Tð Þ u cosh

y2þu2�u2cos2h½ �� r�0:5Tð Þ2y2þu2�u 2r�Tð Þ cosh½ �12

0
BBB@

1
CCCA dy dh

ð16Þ
Fig. 6 presents the modelling of rectangular electrode, where a

particle having charge (q) at the location (N) produced an
induced charge during downstream movement (uniform velocity)
towards the pipeline. The electrostatic field is generated by the
charged particle at a distance NA. The expression for the induced
charge and the total current of a rectangular electrode is given
by:

Q tð Þ¼� q
4p

Z T
2

�T
2

Z L
2

�L
2

h�yð Þ
r�zð Þ2þ h�yð Þ2

� �
�

� u�0:25ð Þ
u�0:25ð Þ2þ r�zð Þ2þ h�yð Þ2ð Þ12

þ uþ0:25ð Þ
uþ0:25ð Þ2þ r�zð Þ2þ h�yð Þ2ð Þ12

 !
0
BBB@

1
CCCAdydz

ð17Þ
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IA tð Þ¼�q �v
4p

Z T
2

�T
2

Z L
2

�L
2

u�0:25ð Þ
r�zð Þ2þ h�yð Þ2ð Þ� u�0:25ð Þ2þ r�zð Þ2þ h�yð Þ2ð Þ12

 !
�

� 2 h�yð Þ2
r�zð Þ2þ h�yð Þ2ð Þ�1þ h�yð Þ2

u�0:25ð Þ2þ r�zð Þ2þ h�yð Þ2ð Þ
� �

0
BBBB@

1
CCCCA

�
uþ0:25ð Þ

r�zð Þ2þ h�yð Þ2ð Þ� uþ0:25ð Þ2þ r�zð Þ2þ h�yð Þ2ð Þ12

 !
�

� 2 h�yð Þ2
r�zð Þ2þ h�yð Þ2ð Þ�1þ h�yð Þ2

uþ0:25ð Þ2þ r�zð Þ2þ h�yð Þ2ð Þ
� �

0
BBBB@

1
CCCCA

0
BBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCA

dydz

ð18Þ

The spatial sensitivity of rectangular electrode yields:

S uð Þ ¼ 1
4p

Z T
2

�T
2

Z L
2

�L
2

�yð Þ
r�zð Þ2þ yð Þ2

� �
�

� u�0:25ð Þ
u�0:25ð Þ2þ r�zð Þ2þ yð Þ2ð Þ12

þ uþ0:25ð Þ
uþ0:25ð Þ2þ r�zð Þ2þ yð Þ2ð Þ12

 !
0
BBB@

1
CCCA dydz

ð19Þ
For different electrodes, the spatial sensitivity equations and

the statistical error are obtained as one of the fitness functions in
optimization method. The optimization is performed using a
MATLAB code called MOPSO technique. The length and thickness
of the electrodes are considered as decision variables.
Fig. 8. Optimization of circular-ring electrode using MOPSO.
3. Velocity measurement

The presence of non-uniform spatial sensitivity is the major
limiting factor of electrostatic sensors, which leads to a difference
between the measured correlation velocity and the mean particle
velocity. The mean particle velocity being a key factor in the flow
measurement is derived from the average velocity of every parti-
cle. Usually, the mean particle velocity is measured using the
cross-correlation signal from two electrostatic sensors that are
set at a distance apart from each other along the flow. Velocity is
obtained from the time delay between similar signals from each
sensor. We determined the velocity of particles using cross-
correlation method by exposing the output signals from upstream
and downstream sensors. The mean particle velocity (Vm) is esti-
mated using [5,8]:

Vm ¼
RR
C x; yð Þ V x; yð Þ dx dyRR

C x; yð Þ dx dy
ð20Þ

The correlation velocity (VC) takes the form:

VC ¼
RR
C x; yð Þ S x; yð Þ V x; yð Þ dx dyRR

C x; yð Þ S x; yð Þdx dy ð21Þ

where C(x, y) and V(x, y) represent the solid particles concentra-
tion profile and velocity profile, respectively with S(x, y) as the spa-
tial sensitivity at stream line (x, y).

The solid’s location within the sensing zone affects the pro-
duced signal and changes the velocity depending on the distribu-
tion or the flow regime. Besides, the measured velocity using a
sensor with non- uniform spatial sensitivity possesses errors
whose magnitude depends on the degree of non-uniformity. If S
(x, y) is constant and uniform, then the subsequent signal is inde-
pendent on the solids distribution within the pipeline. Thus, the
measurement of the velocity of the solids correlation will affect
the mean particle velocity. Thus, a uniform sensor spatial sensitiv-
ity at different flow regime is essential to achieving a reliable and
accurate solids velocity measurement instrument. Figs. 15 and 16
demonstrate the length and thickness dependent correlation veloc-
ity in circular-ring electrodes. The correlation velocity is found to
get enhanced at shorter length and reduced thickness of the
electrode.
Please cite this article as: M. Heydarianasl and M. Fua’ad Rahmat, Design optimi
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4. MOPSO analyses

The derived model is simulated using MATLAB code to achieve
the design optimization of electrostatic sensor electrodes via
MOPSO. MOPSO algorithm (Fig. 7) is simple and well performing.
MOPSO utilizes directional information to promote faster approxi-
mation of the Pareto front, which makes it compatible with other
optimization program. The fundamental criteria or objective func-
tions for the optimization of different electrostatic sensor elec-
trodes are expressed as spatial sensitivity and statistical error as
follows:

1. Length and thickness being the decision variables in optimiza-
tion algorithm play significant role on electrode sensing includ-
ing spatial sensitivity and statistical error.

2. Spatial sensitivity of electrostatic sensor should be maximized
while statistical error needs to be minimized.

3. The spatial sensitivity is positive definite for all L and T.
4. The optimal value of length and thickness is calculated using

MOPSO technique to obtain desired electrode sensing.

The optimum geometry of electrodes is essential to maximizing
the spatial sensitivity as well as reducing the statistical error. A
shorter electrostatic electrode increases the signal bandwidth of
the electrode and decreases the statistical error of the transit time.
However, a shorter electrostatic sensor electrode causes the non-
uniformity of sensitivity distribution, which significantly affects
the stability of the dimensionless calibration coefficient. A thicker
electrostatic sensor is helpful to ensure the uniformity of sensitiv-
ity distribution, as well as to weaken the effect of particle velocity
profiles. Meanwhile, a thicker electrostatic sensor electrode also
reduces the signal bandwidth of the electrode and increases the
statistical error of the transit time. Thus, the non-uniformity of
the sensitivity distribution of the electrode and the signal band-
width should be synthetically accounted for optimizing the physi-
cal size of the electrostatic electrode used in correlation velocity
measurement system. The particle velocity is an important factor
that affects the signal bandwidth of the electrode, where higher
velocity produces higher bandwidth. Thus, the statistical error of
the transit time at higher velocity must be reduced. Consequently,
the MOPSO technique is used to calculate the ideal value of length
and thickness of electrodes. Using this method the electrode thick-
ness is narrowed down and the length is shortened.
zation of electrostatic sensor electrodes via MOPSO, Measurement, https://
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Fig. 9. Optimization of quarter-ring electrode using MOPSO.
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Figs. 8–10 reveal the optimization outcome of the electrostatic
sensor electrode using MOPSO method. MOPSO considered length
and thickness of electrode as decision variables and optimized two
conflicted criteria. The spatial sensitivity and statistical error of the
electrode are counted as two objective functions. Consequently,
several Pareto optimal solutions are obtained without any unique
solution. These Pareto optimal points are considered as the best
solutions in the presence of antagonistic criteria. Pareto optimal
set being a group of non-dominated solutions one answer cannot
be preferred over another. Different Pareto optimal set is derived
using the optimization algorithm, where the other points in the
search space are labelled as dominated solutions set. Fig. 8 shows
the Pareto chart of spatial sensitivity for the circular-ring elec-
trodes that are counted as fitness functions in the optimization
process. Several particles move around the search space to follow
the ideal particle position. The ideal particle position and the ideal
value of electrode thickness and length are determined.
Fig. 10. Optimization of rectangular electrode using MOPSO.

Fig. 12. The constructed electrostatic sensor circuit.

Fig. 13. Signal of the electrostatic sensor circular-ring electrode: (a) upstream, (b)
downstream, (c) cross correlation measured at a distance of 15 cm and sample rate
of 1000 S/s.

Please cite this article as: M. Heydarianasl and M. Fua’ad Rahmat, Design optimization of electrostatic sensor electrodes via MOPSO, Measurement, https://
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Fig. 15. Signal of the electrostatic sensor rectangular electrode: (a) upstream, (b)
downstream, (c) cross correlation measured at a distance of 15 cm and sample rate
of 1000 S/s.
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Fig. 16. Thickness (T) dependent correlation velocity of circular-ring electrode for:
(a) 0.2 cm, (b) 0.4 cm, and (c) 0.5 cm at varying length (L).

Fig. 14. Signal of the electrostatic sensor quarter-ring electrode: (a) upstream, (b)
downstream, (c) cross correlation measured at a distance of 15 cm and sample rate
of 1000 S/s.
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Figs. 9 and 10 display the MOPSO results for the quarter-ring
and rectangular electrodes, respectively. Figs. 19–21(a) illustrate
the three-dimensional spatial sensitivity for the electrostatic sen-
sors circular-ring, quarter-ring and rectangular electrodes at vary-
ing length and thickness. Table 1 enlists the optimized values of
length and thickness of various electrostatic sensors electrodes.
The spatial sensitivity for circular-ring electrode is discerned to
be the ideal for both the cases (experiment and optimization).
Optimization results upon comparison with the experimental one
confirmed that the MOPSO method is reliable for optimizing elec-
trostatic sensor electrodes.
5. Experimental analyses

Fig. 11 shows the schematic diagram of the experimental set up
of the dynamic property of an electrostatic sensor. Particles are
supplied from the funnel into an aluminium pipe with an inner
diameter of 10 cm. The particles were then conveyed towards
Please cite this article as: M. Heydarianasl and M. Fua’ad Rahmat, Design optimi
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the probe using the force of gravity. The distance between the cen-
tre of the electrode and the funnel can be modified downwards or
upwards to change the free fall velocity of the particles passing
through the probe. For example, the free fall velocity of particles
can be approximated using (2gh)1/2 with h as distance. The maxi-
mum free fall velocity is 4.427 m/s, given that the distance
between the centre and the hopper of electrode in this research,
h, is equivalent to 100 cm. A preamplifier, a probe, and a PC-
based data acquisition system comprise the measurement system.
The output signal of the probe is transferred to an analogue/digital
convertor (Dewetrons measuring pod DEWE-41-T-DSA), amplified
by the preamplifier, and then sampled, saved, and analysed by
using the PC. The sampling rate is 1000 Samples per second (S/s),
whereas the length of the data logged is 1080 points at a time.

Fig. 12 shows the electrostatic sensor applied in this study. This
circuit comprise of three output signals. Output 1 of the circuit pro-
vides the output of the preamplifier and the instrumentation
amplifier series and is used to measure cross correlation signal,
while output 2 indicates the sensor output signal generated by rec-
tifier which is used for spatial filtering tests. Output 3 is employed
to provide filtering and smoothing for previous step to create aver-
aged output.
zation of electrostatic sensor electrodes via MOPSO, Measurement, https://
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Fig. 17. Length (L) dependent correlation velocity of circular-ring electrode for: (a)
0.6 cm, (b) 1.4 cm, and (c) 2 cm at varying thickness (T).
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Fig. 18. Thickness dependent spatial sensitivity variation of electrode: (a) circular-
ring, (b) quarter-ring, and (c) rectangular electrode with different length.
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The mathematical model of the electrostatic sensor is based on
a point charge, but the particles conveyed pneumatically in the
pipeline having a special size and shape distribution range under
the defined industrial process. Thus, the point charge was replaced
with a charge sphere particle during the experiments. In addition,
plastic beads with an average size of 2.5 mm are used as the solid
particles in this research. It is evident that several factors affect the
dynamic performance based on a theoretical analysis of an electro-
static inductive sensor. A number of experiments have been con-
ducted to identify the effects on the dynamic characteristics and
to review the mathematical model of the characteristic sensor.
The structural parameters of the electrode in terms of various
length and thickness are set. Firstly, 0.2 cm, 0.6 cm, 1.0 cm,
1.4 cm, and 2.0 cm were selected for length of electrode and were
experimentally tested. The amount of spatial sensitivity for 0.2 cm
was very low. Additionally, the results of 1.0 cm length were close
to 1.4 cm length. Therefore, 0.2 cm and 1.0 cm length have been
ignored in this study for saving time and concentrating on the dis-
trict has better result. Furthermore, 0.2 cm, 0.4 cm, 0.5 cm, 0.8 cm,
and 1.0 cm were chosen for thickness of electrode in laboratory.
Please cite this article as: M. Heydarianasl and M. Fua’ad Rahmat, Design optimi
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The correlation velocity was drastically decreased in 0.8 cm and
1.0 cm thickness; hence, the discrepancy between correlation
velocity and mean particle velocity was extremely increased. This
leads to decreased spatial sensitivity and increased statistical error,
which were in contradict with optimization aims. Consequently,
0.8 cm and 1.0 cm thickness have also been ignored due to the
mentioned reasons stated for length.

When the solid particles were dropped down from the hopper,
the output signals from the sensors became random. Dewesoft 7.0
software is applied to save and analyse the data. To simplify the
analysis, a range of output signal with simple pulses is selected.
Then, the correlation velocity and spatial sensitivity for different
electrodes with several lengths and thicknesses are measured.
The output signals for downstream and upstream sensors, in addi-
tion to their cross correlation signal are presented in Figs. 13–15
with separation equal to 15 cm and sampling rate equal to
1000 S/s. The separation between electrodes is found to affect sig-
nificantly the correlation coefficient in addition to induced charge,
correlation velocity, and uniformity of spatial sensitivity. Low sep-
aration resulted interactions between electrical fields, as well as a
high correlation coefficient. Meanwhile, high separation caused a
low correlation coefficient. Circular-ring, quarter-ring, and rectan-
gular electrodes are tested at different distances such as 5 cm,
zation of electrostatic sensor electrodes via MOPSO, Measurement, https://
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Fig. 19. Length dependent spatial sensitivity variation of electrode: (a) circular-
ring, (b) quarter-ring, and (c) rectangular electrode with different length.

Fig. 20. Comparing the variation of spatial sensitivity of circular-rin
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10 cm, 15 cm, and 20 cm. According to experimental results, the
best separation between electrodes is 15 cm that is proposed by
Heydarianasl and Rahmat [28].

Figs. 16 and 17 display the experimental results for the linear
chart of correlation velocity with regard to different length and
thickness of electrode. Fig. 16 (a)-(c) shows the correlation velocity
of circular-ring electrode with regard to different separation
between electrodes when the length of electrode is various and
the thickness of electrode is fixed. Three different lengths of elec-
trode are considered such as 0.6 cm, 1.4 cm, and 2.0 cm. Fig. 17
(a)–(c) depicts the graphs of correlation velocity of circular-ring
electrode for varying thickness of electrode including 0.2 cm,
0.4 cm, and 0.5 cm. A decrease in correlation velocity is observed
for longer length. Higher thickness of the electrode reduced the
correlation velocity. Therefore, the difference between correlation
velocity and mean particle velocity is enhanced. That leads to a
decrease in the uniformity of spatial sensitivity.

Figs. 18 and 19 depict the effect of varying lengths and thick-
ness of electrodes on spatial sensitivity. The spatial sensitivity of
a circular-ring electrode is more consistent than that of quarter-
ring and rectangular electrodes as shown by the different charts.
Briefly, the following results can be seen from the experimental
and optimization results:

1. Non- uniform spatial sensitivity distribution results in non-
uniform particle velocity and non-uniform correlation velocity,
hence correlation velocity depends on spatial sensitivity.

2. Inconsistency exists between mean particle velocity and corre-
lation velocity. The correlation velocity can truly represent
mean particle velocity if the spatial sensitivity distribution is
homogenous.

3. Correlation velocity is decreased when the thickness of elec-
trode is increased. This condition reduces signal bandwidth.
Thus, statistical error is increased.

4. Similar to the thickness of the electrode, an increase in length
results in a decrease in correlation velocity. Although a longer
length of electrode enhances the uniformity of spatial sensitiv-
ity, it causes an elevation in statistical error.

5. Maximum spatial sensitivity and minimum statistical error are
optimal. Thus, the ideal value of electrode designs was
calculated.
g electrode (a) optimization result and (b) experimental result.
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Table 1
Optimum value of electrode length and thickness (optimization results).

Electrode types Length (cm) Thickness (cm) Spatial sensitivity (%)

Circular-ring 0.577 0.475 1.000
Quarter-ring 0.605 0.458 0.180
Rectangular 0.611 0.530 0.800

Fig. 21. Comparing the variation of spatial sensitivity of quarter-ring electrode (a) optimization result and (b) experimental result.

M. Heydarianasl, M. Fua’ad Rahmat /Measurement xxx (xxxx) xxx 11
6. Circular-ring electrodes exhibited more uniform spatial sensi-
tivity than other electrodes under similar conditions.

7. According to Tables 1 and 2, close agreement is found between
the optimization and experimental results.

6. Response surface methodology (RSM)

The RSM method is used to optimize the acquired experimental
data. A collection of statistical and mathematical techniques is
called response surface methodology that had been used for anal-
ysis and modelling in applications where response of interest is
affected by numerous parameters. Preliminary research should
be performed to investigate the suitable range of optimization.
First, Box and Draper [29] presented the RSM to model the exper-
imental responses. Later, it is moved to the modelling of numerical
experiments. The difference lies in the kind of error generated by
the response. The errors are expected to be random in RSM. The
implementation of this method in design optimization is aimed
at reducing the cost of expensive analysis approaches, such as
Finite Element Modelling (FEM), and their associated numerical
noise. Venter et al. discussed the advantages of using RSM for
design optimization applications [30].

6.1. Optimization of electrostatic sensor electrodes by using RSM

RSM is a method used to identify the ideal condition of the pro-
cess, and this approach allowed the users to gather large quantities
of information from a smaller amount of experiments. Through
Table 2
Optimum value of electrode length and thickness (experimental results).

Electrode types Length (cm) Thickness (cm) Spatial sensitivity (%)

Circular-ring 0.600 0.500 0.9262
Quarter-ring 0.600 0.500 0.120
Rectangular 0.600 0.500 0.706

Please cite this article as: M. Heydarianasl and M. Fua’ad Rahmat, Design optimi
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RSM, the relationships between responses and variables can be
observed. In the case of the optimization of the electrode design
for electrostatic sensors, we want to find the levels of electrode
length (x1) and electrode thickness (x2) that maximize the unifor-
mity of spatial sensitivity (y). The spatial sensitivity of electrostatic
sensors as a function of the levels of the length and thickness of
electrodes is given by:
y ¼ f ðx1; x2Þ þ e ð25Þ
where e stands for the error observed in the response. The surface
represented by f(x1, x2) is called a response surface. The true rela-
tionship between the independent variables and y can be estimated
by the quadratic polynomial or lower-order polynomial model. A
lower-order polynomial model is expressed as:
y ¼ a0 þ a1x1 þ :::þ anxn þ e ð26Þ
where ak denotes the regression coefficient, k = 1, . . ., n. In addi-

tion, a quadratic polynomial (a second- order model of the
response surface) can be expressed as:
y ¼ a0 þ
Xn
i¼1

ai xi þ
Xn
i¼1

aii x2i þ
X
i <j

aij xi xj þ e ð27Þ

For a simplified presentation, the lower-order polynomial
model for two variables is given by:
y ¼ a0 þ a1x1 þ a2x2 þ a11x21 þ a22x22 þ a12x1x2 þ e ð28Þ
The response is graphically represented either as a contour plot

or as a three-dimensional space that helps visualise the shape of
the response surface. Curves of constant response drawn in the
xi, xj plane are contours that keep all other variables fixed. Every
contour represents a specific height of the response surface. RSM
is an optimization method that is suited for optimizing experimen-
tal results. Thus, the proposed process is used to optimize experi-
mental data. At first, various length and thickness of different
electrodes types are applied in laboratory tests. Then, the amount
of their spatial sensitivity is calculated. According to the obtained
values RSM is applied to the experimental results. Figs. 20–22(b)
illustrate the three-dimensional graphs of experimental tests
through RSM.
zation of electrostatic sensor electrodes via MOPSO, Measurement, https://
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Fig. 22. Comparing the variation of spatial sensitivity of rectangular electrode (a) optimization result and (b) experimental result.
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7. Results and discussion

The theoretical basis of electrostatic sensors and their sensing
features are described. Then, an optimization method for various
types of electrodes of electrostatic sensors is established and con-
firmed by experiments. The non-uniform spatial sensitivity has
become an important issue associated with the electrostatic sensor
in terms of measuring the velocity of solid particles. We proposed a
new optimization method that majorly improved the system’s spa-
tial sensitivity. Quarter-ring, circular-ring, and rectangular- elec-
trodes are installed to detect cross-correlation signal in the
laboratory. The more inhomogeneous spatial sensitivity of the sen-
sors, the more likely they are to be sensitive to variations in the
solid distribution. Thus, a lower cross-correlation coefficient is
achieved. Rectangular electrodes and quarter- ring electrodes
revealed less symmetrical sensing volumes corresponding to more
obvious inhomogeneous spatial sensitivity compared with
circular-ring electrodes. A pair of circular-ring electrodes is estab-
lished to be more suitable for collecting data for cross-correlation
signal processing in circular pipes.

The impact of the geometric size of the electrode on statistical
error and spatial sensitivity is clearly revealed by the optimization
and experimental results. Obviously, the overall sensitivity of the
probes is increased with higher thickness and length. Specifically,
in the area far from the geometric centre of the electrode this effect
is more pronounced. This phenomenon is attributed to the
increased sensing region area for induced charge when the thick-
ness and length of the electrode become larger. Higher electrode
thickness and length leads to decreasing signal bandwidth and
increasing statistical error. It is asserted that, different dimensions
of the electrode must be optimized synthetically to attain the min-
imum value of statistical error and the maximum amount of spatial
sensitivity. The electrostatic sensor electrode must be meticulously
designed so that the information on electrostatic flow noise can be
measured in a larger signal bandwidth.

RSM is a new technique for optimizing the results of experi-
mentation. Design Expert 7.0 software is employed in this study
to define and analyse experimental data. The optimal values for
the electrode parameters and spatial sensitivity are determined.
The experimentation and optimization results enable the plotting
of the three-dimensional graphs of spatial sensitivity relative to
electrode thickness and length for circular-ring, quarter-ring, and
rectangular electrodes. Figs. 20–22 revealed good agreement
Please cite this article as: M. Heydarianasl and M. Fua’ad Rahmat, Design optimi
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between a pair of charts for each electrode. Tables 1 and 2 com-
pared the level of electrode sensing and electrode design corre-
sponding to the optimization and experimental results for
different electrodes. The close agreement of experimental and opti-
mization results verified the efficiency of the proposed method.
8. Conclusion

Based on Wang’s model we proposed a mathematical model to
optimize the geometry designs of different electrode types for elec-
trostatic sensor. This model considered different influential factors
such as spatial sensitivity and statistical error. A multi-objective
optimization technique is applied in the electrostatic sensor elec-
trodes to provide the best value of physical sizes of various elec-
trodes. This method is based on particle swarm optimization and
is utilized to enhance the efficiency of operation of electrostatic
sensors. The criteria of the method include statistical error mini-
mization and spatial sensitivity maximization for several elec-
trodes. The exact electrode size is also determined to optimize
the electrostatic sensor depending on different parameters, includ-
ing electrode length, thickness, width, and diameter. The electrode
diameter is fixed at 10 cm because the pipeline possessed a con-
stant diameter in the laboratory. Additionally, the width of rectan-
gular electrode id fixed at 0.5 cm. The optimal electrode thickness
and length are established to be 0.5 cm and 0.6 cm, respectively.
The findings clearly reveal the superiority of the proposed
approach. This study presented a novel process that simultane-
ously optimized the multiple responses for the designed experi-
ments. A suitable experimental design is initially selected, where
RSM is applied to analyze the data. The parameter setting with
the optimum efficiency is demonstrated to be the ideal. The ideal
parameter setting of the proposed process considered electrode
thickness and length. The optimization results through MOPSO
are compared with the experimental results. The close agreement
between the model and experimental results is authenticated.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.measurement.2019.107288.
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