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Abstract To obtain the ideal electrostatic sensor, it is neces-
sary to optimize the electrode size. A new technique for the
optimization of various sizes and shapes of electrodes is pre-
sented in this paper. The particle swarm optimization (PSO)
technique, which is both heuristic and computational in na-
ture, is proposed to overcome this problem. It was necessary
to have uniform spatial sensitivity to lessen the impact of the
flow system. Hence, electrodes with distinct shapes, including
circular ring, quarter ring and rectangular electrodes, were
applied, and their characteristics were optimized to attain a
spatial sensitivity that was more uniform. The uniformity of
the spatial sensitivity of electrodes is influenced by several
factors, such as their length, width and thickness. As such,
spatial sensitivity was regarded as the fitness function in the
PSO method, and the other factors were investigated as PSO
parameters. From observations, the spatial sensitivity of the
circular ring electrode is more uniform than that of other elec-
trodes. In addition, the optimal length of circular ring elec-
trode is 5.771 mm, whereas the optimal thickness of this elec-
trode is 4.746 mm. Based on experimental tests, the total in-
duced current, correlation velocity and spatial sensitivity dis-
tribution of electrostatic sensors were captured. A close agree-
ment between experimental and optimization results verify
that the proposed method is feasible for optimizing the elec-
trode size of electrostatic sensors.

Keywords Electrostatic sensors . Particle swarmoptimization
(PSO) . Spatial sensitivity . Circular ring electrode . Electrode
size . Optimizationmethod

1 Introduction

Various industries apply electrostatic sensors to provide mea-
surement solutions that are efficient and economical.
Moreover, electrodynamic sensors can be utilized to keep
track of the flow of solid particles in pipelines in tomographic
methods [1, 2] and, additionally, to establish the flow pattern
in a pneumatic conveyor system in neural networks and fuzzy
logic [3]. These sensors have been proven to be able to detect
flow of dense particles within a conveyor system, and they can
appropriately be used to identify solid particles in flow sys-
tems. Electrodes in these sensors come in different shapes,
such as circular ring, quarter ring, pin and rectangular as
shown in Fig. 1.

A combination of analytical modelling and experimen-
tal testing was used to study the characteristics of ring-
shaped electrostatic sensors [4, 5]. A similar testing ap-
proach was adapted to investigate the features of square-
shaped electrostatic sensors based on an approximate
mathematical model which showed that an induced charge
on the inner surface of the electrode is obtained when
charged particles move through the electrode [6]. There
are many studies that have been conducted on electrostat-
ic sensors and their characteristics, but the findings on
optimization of the electrodes in electrostatic sensors are
inconclusive. Optimization of electrostatic sensor is im-
portant in many industries, especially those dealing with
velocity measurement. Since there is a discrepancy be-
tween mean particle velocity and correlation velocity
due to non-uniform spatial sensitivity [7], some
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researchers have recommended an optimized design of
intrusive electrostatic sensors for measuring the velocity
of particles by means of finite element modelling (FEM)
[8, 9]. Qian et al. [10] carried out a sensitivity analysis
and optimized the design of an electrostatic inductive
measuring device used to measure weak charges in coal
mine dust. They tested the sensitivity of the measuring
device against various dimensions by means of ANSYS
finite element software. Then, a 2D finite element model
for detecting the characteristics of electrostatic sensors for
an electrically charged tomography system was proposed
[11]. The results of these methods need to be improved;
hence, PSO is proposed as a new method for optimizing
different types of electrodes in electrostatic sensors in this
paper. Particle swarm optimization (PSO) is a computa-
tional method of solving a problem by optimizing it to
arrive at an ideal candidate solution. The motion of a
complete set of candidate solutions known as particles
within a search space is based on a simple mathematical
formula with reference to its position and velocity.
Initially, Kennedy and Eberhart [12] proposed a PSO
based on their observations of a flock of birds and school
of fish. Generally, there are two versions of PSO: a local
and a global version. In the local version, the region of
each particle is continuously adapted. However, in some
applications, a combination of both versions of PSO is
utilized whereby the local version is run initially, followed
by the global version [13, 14]. An analysis of the PSO
algorithm can provide information about the ideal position
of particles in a search space [15–17] as well as the main
idea from which the PSO principle is based [18, 19].

Asmentioned earlier, spatial sensitivity of electrostatic sen-
sors needs to be made uniform by optimizing the size of elec-
trodes inclusive of the length, thickness or width and diameter.
Consequently, this study focused on the optimization of elec-
trodes using PSO. In addition, characteristics of the various
electrode shapes used in electrostatic sensors were theoretical-
ly and experimentally examined. It is evident that the PSO
technique is more dependable as it does not consist of evolu-
tion parameters in comparison to previous methods used to

optimize electrostatic sensors such as FEM, Genetic Algorithm
(GA), Non-dominated Sorting Genetic Algorithm II (NSGA II)
and ANSYS. Moreover, the PSO approach has fewer parame-
ters to adjust, and it could be easily implemented. Therefore,
due to its advantages, PSO is more feasible for use in the opti-
mization of electrostatic sensors.

2 Mathematical model and optimization method
for several electrostatic sensor electrodes

2.1 Basic principle of electrostatic sensors

Electrostatic sensors can detect induced charges of moving
solid particles which are created due to interactions between
particles and the pipe wall. The amount of induced charge is
based on several factors. Size and shape of particles, volume
sensitivity, surface roughness and material of the pneumatic
conveyor are important factors that influence the characteris-
tics of the induced charge. Although many studies have been
conducted on induced charge, the charging mechanism of
moving particles needs further research. In this study, different
electrostatic electrodes were applied to detect the charge in-
duced by moving particles. Two major aspects of electrostatic
sensors, namely the geometric measurements of electrodes
and electrode sensing, have important roles in determining
the induced charge. Besides that, the geometric size of elec-
trostatic sensors, particle velocity, particle size and distribu-
tion of particles in the pipeline significantly affect the spatial
filtering effect, temporal frequency characteristic and spatial
sensitivity of a measurement system. In particular, the geomet-
ric size of electrostatic sensors should be optimized to achieve
uniform spatial sensitivity. One of the significant factors to
achieve a more uniform spatial sensitivity distribution is the
length of electrodes. Other geometric measurements of elec-
trodes such as thickness and width of electrodes do influence
spatial sensitivity distribution. A high amount of spatial sen-
sitivity near a pipe wall causes electrodes to be more sensitive
to the particles next to the pipe wall. Various electrostatic
probes have been mathematically modelled to calculate the
spatial sensitivity equation which is utilized in the optimiza-
tion approach.

2.2 Mathematical model of electrostatic sensor electrodes

To calculate spatial sensitivity of each electrode in an electro-
static sensor, it is necessary to develop a mathematical model
of the sensor in a pipeline. Some assumptions are required to
simplify the model. Firstly, there is no potential between the
electrode and pipe wall because the pipe wall is earthed.
Secondly, the diameter of a circular ring electrode is fixed in
10 cm because it is based on the inner diameter of the pipe
wall. The thickness of an electrode is considered a significant

(a) circular electrode (b) quarter-ring electrode

(c) pin electrode (d) rectangular electrode

Fig. 1 Different shapes of electrodes
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parameter that influences velocity measurement, spatial sensi-
tivity and signal bandwidth of the electrode. This parameter
has been ignored by previous researchers in their mathemati-
cal model. Finally, in this study, all the electrodes used are
intrusive in order to achieve a more uniform spatial sensitivity
and strong output signal.

When a charged particle travels down a pipeline, it
interacts with other particles in the pipeline, and the air
transporting it generates a net electrostatic charge on the
particles [4, 20]. For the purpose of modelling the various
electrodes, this research regarded a single charged parti-
cle, q, as a point charge in the upstream of the pipeline.
When this point charge travels downstream, it induces a
charged particle, Q. According to mathematical model of
different electrodes in this research, the induced charge on
the electrode, Q, depends on the volume charge density,
ρv, on the inner volume of the electrode. Consequently,
the induced charge on the electrode can be calculated by
means of the following equation:

Q ¼
Z
v

ρv dv ð1Þ

where ρv denotes the volume charge density and is stated as
follows:

ρv ¼ ε0 E ð2Þ

The general equation below was used to calculate the elec-
tric field (E) [21]:

E ¼ q
4πε0R2 ð3Þ

where q is the point charge, ε0 is the permittivity of free space
and R denotes the distance between the charge particle and a
particular point. Hence, the electric field for a circular ring
electrode, as shown in Fig. 2, can be calculated by the follow-
ing equation:

E ¼ q
4πε0R2 ¼ q

4πε0 PSj j2 ð4Þ

To summarize the analysis, the electrostatic field generated
by the point charge was assumed to approximate the normal-
ized electric field. The derivations and equations of several
electrodes have been mathematically calculated in detail by
Heydarianasl and Rahmat [22]. Due to the long calculations,
only the final formula for induced charge, total current and
spatial sensitivity was selected to be presented in this paper.
Besides that, all the variables are defined and illustrated as
shown in Figs. 2, 3 and 4. Based on the assumptions made,
the following equation was used to calculate the induced
charge of a circular ring electrode:

Q ¼ q
8π

Z2π

0

ZL
2

‐L
2

ZT2

‐T
2

2 r þ zð Þ‐ucosθð Þ
u2 þ r þ zð Þ2‐ 2 r þ zð Þ u cosθð Þ

� �
þ h ‐yð Þ2

� �3
2

rð Þ dzdydθ ð5Þ

Integrating the above equation with respect to z from −T/2
to T/2, the following was obtained:

Q ¼ −
qr
8π

Z2π

0

ZL
2

−L
2

u2cos2θ− 2 y−hð Þ2 þ 2u2
� �

þ r þ 0:5Tð Þucosθ

y−hð Þ2 þ u2−u2cos2θ
h i

⋅ r þ 0:5Tð Þ2 y−hð Þ2 þ u2−u 2r þ Tð Þcosθ
h i1

2

−
u2cos2θ− 2 y−hð Þ2 þ 2u2

� �
þ r−0:5Tð Þucosθ

y−hð Þ2 þ u2−u2cos2θ
h i

⋅ r−0:5Tð Þ2 y−hð Þ2 þ u2−u 2r−Tð Þcosθ
h i1

2

0
BBBBBBBB@

1
CCCCCCCCA
dydθ ð6Þ

where h= v× t, v represents the particle speed and t is the
time. The dimensions of the electrodes are denoted by L
(length), T (thickness), W (width) and d (diameter), while
u represents the specific axial position. When a unity

point charge is located at different positions in the space
coordinate (x, y, z) in the sensing region, the spatial sen-
sitivity of an electrostatic sensor is defined by the induced
charge on the electrode. According to previous studies

Int J Adv Manuf Technol (2017) 89:905–919 907

Author's personal copy



[23, 24], the dimensionless parameter below describes the
spatial sensitivity:

S x; y; zð Þ ¼ Q
q x; y; zð Þ
����

���� ð7Þ

where Q represents the induced charge on the electrode and
q(x, y, z) is the point charge in the space coordinate (x, y, z).
The dimensions of the electrode influence the spatial sensitiv-
ity and determine whether the spatial sensitivity will be con-
sistent or inconsistent. The aim of this research was to obtain

Circular- ring
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Fig. 2 Modelling of a circular
ring electrode

Quarter-ring shaped

electrode

uO

S

θ

E

E┴

r

L
T

E

E┴

Y

X

M

Z

+q

S

Ф

R

P

h

uO

r
yM

β

θ

Fig. 3 Modelling of a quarter
ring electrode
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uniform spatial sensitivity. Uniform spatial sensitivity is nec-
essary to diminish the impact of a flow system. Thus, the

spatial sensitivity of a circular ring electrode was calculated
from the equation below by substituting Eq. (6) with (7):

S uð Þ ¼ r
8π

Z2π

0

ZL
2

−L
2

u2cos2θ− 2y2 þ 2u2ð Þ þ r þ 0:5Tð Þucosθ
y2 þ u2−u2cos2θ½ �⋅ r þ 0:5Tð Þ2y2 þ u2−u 2r þ Tð Þcosθ

h i1
2

−
u2cos2θ− 2y2 þ 2u2ð Þ þ r−0:5Tð Þucosθ

y2 þ u2−u2cos2θ½ �⋅ r−0:5Tð Þ2y2 þ u2−u 2r−Tð Þcosθ
h i1

2

0
BBBBBB@

1
CCCCCCA
dy dθ ð8Þ

After the other types of electrodes were modelled, their
spatial sensitivities were calculated in the same manner.
Figure 3 shows the modelling of a quarter ring electrode.

The quarter ring electrode is one fourth that of a cir-
cular ring electrode making the equation for a quarter

ring electrode similar to that of a circular ring electrode
except for the following variation π

6 < θ < 2π
3

� �
. For the

quarter ring electrode, the induced charge is defined by
Eq. (9), and the spatial sensitivity is represented by
Eq. (10):

Q ¼ −
qr
8π

Z2π3
π
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S uð Þ ¼ r
8π

Z2π3
π
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Another type of electrostatic sensor is the rectangular elec-
trode shown in Fig. 4.

Equations (11) and (12) were used to calculate the induced
charge and spatial sensitivity of a rectangular electrode, re-
spectively:

Q ¼ −
q
4π

⋅
ZW2

−W
2

ZL
2

−L
2

y

u−xð Þ2 þ r−zð Þ2 þ h2
� �3

2

dydx ð11Þ

S uð Þ ¼ 1

4π
⋅
ZW2

−W
2

ZL
2

−L
2

y

u−xð Þ2 þ r−zð Þ2
� �3

2

dydx ð12Þ

Following the mathematical model, by means of a
MATLAB code, the PSO method was used to optimize these
equations of spatial sensitivity of various electrode shapes.

2.3 PSO algorithm

Particle swarm optimization is a computational and heu-
ristic method for solving a problem and obtaining the

ideal value in various positions, and the PSO algorithm
is depicted in Fig. 5.

The two main equations in the PSO algorithm which
are position and velocity should be updated before
implementing the algorithm. According to Kennedy’s

start

To initialize swarm population

and dimension of problems

To initialize position and velocity in

n dimensions in the problem

To evaluate desired optimization

fitness- function

To find the best value of

personal particle

If the particle’s
fitness evaluation

is less than its pbest
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Personal best position value (j)= current fitness (j)

To find the best
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and position
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Fig. 5 Flowchart of the PSO
algorithm
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Fig. 6 Schematic of particle swarm optimization (PSO)
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algorithm [25], the following equations define the veloc-
ity and position for PSO:

vk jþ 1ð Þ ¼ wvk jð Þ þ c1 r1 pbest;k jð Þ xk jð Þ� �

þ c2 r2 gbest;k jð Þ xk jð Þ� � ð13Þ
xk jþ 1ð Þ ¼ xk jð Þ þ vk jþ 1ð Þ ð14Þ

where r1 and r2 represent a random value in the range of [0,1],
c1 and c2 are parameters for managing the effect of the best
personal and global particles whereby c1 + c2≤4 and w repre-
sents the inertial weight used to balance the global and per-
sonal search abilities. If a large value is selected for the inertial
weight (w), a global search will be facilitated, while a small
inertial weight will cause a local search. Therefore, the amount
of inertial weight chosen has to be as large as possible to
prevent falling into local optima. Generally, the amount of
inertial weight is limited between 0.4 and 0.9. In this case,
the PSO search has a larger search space at the beginning
and detects the position rapidly where the most optimistic
solution is available. Additionally, the change in the speed of
the particle slows down to search the delicate partial if the
inertial weight decreases. Furthermore, vk(j+ 1) represents
the updated velocity of the particle, while vk(j) is the current
velocity of the particle similar to xk(j+1) and xk(j), which
depict the updated and current position of the particle, respec-
tively. Pbest,k(j) represents the best known position of the par-
ticle, while gbest,k(j) represents the best global known position
of the particle, where k= i×d, d depicts the dimension of the

problem for each particle and i is the index of the particle. A
schematic of the PSO method is depicted in Fig. 6.

PSO as a new optimizing searching approach can optimize
the geometric size of electrostatic sensor electrodes. The spa-
tial sensitivity equation of each electrode computed mathe-
matically is regarded as a fitness function in the PSO method.
PSO starts from a population of random solutions and inves-
tigates the optimum response by updating generations.
Generally, PSO has been successfully used in several fields
such as function optimization, fuzzy system, artificial neural
networks and all fields that use GA.

Fig. 7 Optimization of the
circular ring electrode using PSO

Fig. 8 3D diagram of spatial sensitivity for circular ring electrode
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2.4 Optimization of electrodes using PSO

To use the PSO algorithm for optimization of electrodes, a
fitness function is required. As such, a suitable equation was
derived from the mathematical model of the electrodes to cal-
culate spatial sensitivity which is regarded as an objective
function in the PSO method using MATLAB code. The PSO
algorithm was used to calculate the optimal value of each
parameter. The fundamental criteria for optimization of differ-
ent electrodes are expressed as follows:

1. Length and thickness of electrode play a significant role in
electrode sensing including spatial sensitivity. The char-
acteristics are considered as the variables in PSO method.

2. Spatial sensitivity of electrostatic sensor electrode should
be maximized to achieve more homogeneity.

3. In the PSO approach, the optimal value of length and
thickness of electrode is calculated to obtain the desired
electrode sensing.

Figure 7 shows the use of PSO for optimization of a circu-
lar ring electrode.

Generally, x1 and x2 represent the length and thickness,
respectively, of the various electrodes that were optimized.
A Pareto front comprises a set of points for the optimization
of multiple objectives, making it a region of decision-making
based on multiple criteria. This is useful in reducing the num-
ber of candidates in a set before conducting further analyses.
The Pareto front for these parameters and the ideal particle
value for the circular ring electrode are shown in Fig. 7.
Based on this optimization, the best thickness and length for
a circular ring electrode are 4.746 and 5.771 mm, respectively.

Figure 8 shows a 3D diagram depicting spatial sensitivity
of a circular ring electrode.

Different profiles of relevant spatial sensitivities of
circular ring electrostatic sensors normalized by maximal
spatial sensitivity can be seen in this figure. The region
closer to the electrode has a higher sensitivity than the
central region on the median surface of the electrode.
The spatial sensitivity is more consistent when the

Fig. 9 Optimization of the
quarter ring electrode using PSO

Fig. 10 3D diagram of spatial sensitivity for quarter ring electrode
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electrode is of sufficient length. Furthermore, the elec-
trode should be as narrow as possible to attain uniform
spatial sensitivity. The spatial sensitivities for other
types of electrodes, similar to that of the circular ring
electrode, are illustrated in Figs. 10 and 12.

Figure 9 depicts the use of PSO for optimization of a quar-
ter ring electrode, while its spatial sensitivity is depicted by
means of a 3D diagram in Fig. 10.

The best thickness and length for a quarter ring electrode
are 4.582 and 6.747 mm, respectively.

Similar to the modelling of other electrodes, Fig. 11 depicts
the use of PSO for optimization of a rectangular electrode,

while its spatial sensitivity is depicted by means of a 3D dia-
gram in Fig. 12.

The best thickness and length for a rectangular electrode
are 5.304 and 6.508 mm, respectively. The optimal values for
circular ring, quarter ring and rectangular electrodes in elec-
trostatic sensors are presented in Table 1.

As mentioned earlier, the two main parameters applied for
optimization of distinct electrode shapes are length and thick-
ness. Table 2 shows the best value of thickness and length of
electrode that are obtained using experimental tests in
laboratory.

Many researchers have studied the different optimization
methods for electrostatic sensors. Table 3 lists and compares
the various techniques of optimization for electrostatic sen-
sors, such as GA [10], ANSYS [10], FEM [24, 26] and PSO.

Results of GA and ANSYS methods are shown in situa-
tions 1 and 2. The methods were used by Qian et al. to opti-
mize circular ring electrode. Situations 3 and 4 represent the
FEM results that were applied to optimize ESA and rod elec-
trode, respectively. Finally, situations 5–7 in this table show

Fig. 11 Optimization of the
rectangular electrode using PSO

Fig. 12 3D diagram of spatial sensitivity for rectangular electrode

Table 1 The optimization results of several electrodes

Geometric
parameters

Length of
electrode (mm)

Thickness of
electrode (mm)

Spatial
sensitivity (%)

Electrode types

Circular ring 5.771 4.746 0.938

Quarter ring 6.747 4.582 0.120

Rectangular 6.508 5.304 0.856

Int J Adv Manuf Technol (2017) 89:905–919 913
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the results of PSO approach, which was applied as a new
technique to optimize several electrodes of electrostatic sen-
sor. The previous methods for optimization design of electro-
static sensor electrodes were complex, and their results
changed in each run. Hence, it cannot be determined which
result was the best. PSO is the most feasible since it provides a
precise length and thickness of an electrode to attain more
uniform spatial sensitivity. Furthermore, the results showed
that the PSO method is better than the others because the
length and thickness of the electrode obtained using this meth-
od are smaller than the ones obtained via the other methods.
Besides that, the difference between correlation and particle
velocity is lower in PSO causing higher spatial sensitivity to
be achieved. Following this, the experimental and optimiza-
tion results were compared to verify the proposed method.

3 Experimental tests on velocity measurement
of solid particles

To validate the PSO technique, a laboratory setting was creat-
ed to compare the optimization results with experimental

results. As shown in Fig. 13, a gravity flow rig system was
used to randomly drop plastic bead particles from a hopper.

A tank in this system made use of a vacuum loader to
transport the plastic beads to the hopper, fromwhere the beads
were fed into the pipe. By means of a control panel, a rotary
valve was employed to control the rate at which the plastic
beads flow through the measurement system. Numbers would

Table 2 The experimental evaluation of several electrodes

Geometric
parameters

Length of
electrode (mm)

Thickness of
electrode (mm)

Spatial
sensitivity (%)

Electrode types

Circular ring 6.000 5.000 0.985

Quarter ring 6.000 5.000 0.160

Rectangular 6.000 5.000 0.721

Table 3 Comparison of different optimization methods

Optimization method References Electrode type Physical size of
the electrode

Spatial
sensitivity

Correlation
velocity

Mean particle
velocity

GA Qian et al. [10] Circular ring electrode L= 0.0925 0.8712 – –
T= 2.000

ANSYS Qian et al. [10] Circular ring electrode L= 0.0914 0.8547 – –
T= 2.000

FEM Xu et al. [24] Electrostatic sensor array (ESA) L= 45 mm – 3.300 m/s 4.850 m/s
T= 5 mm

FEM Krabicka and Yan [26] Rod electrode L= 5 mm – 11.900 m/s 4.300 m/s
T= 1.5 mm

PSO Current study Circular ring electrode L= 5.771 mm 0.938 4.012 m/s 3.962 m/s
T= 4.746 mm

PSO Current study Quarter ring electrode L= 6.747 mm 0.120 3.545 m/s 3.962 m/s
T= 4.582 mm

PSO Current study Rectangular electrode L= 6.508 mm 0.856 4.614 m/s 3.962 m/s
T= 5.304 mm

Fig. 13 Gravity flow rig system in the laboratory
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appear on an LED display of the control panel to indicate the
rotational speed of the screw feeder. The plastic beads flowed
through the vertical pipe under gravitational acceleration. The
formula

ffiffiffiffiffiffiffiffi
2gh

p
was used to calculate the theoretical fall veloc-

ity of the plastic bead particles, where g represents the gravi-
tational acceleration of 9.81 m/s2 and h the displacement of
the object. Therefore, the maximum velocity of particles in
this research is 3.962 m/s, where h equals 80 mm. The mean
size of plastic bead particle is equal to 2.5 mm.

Figure 14 shows the electrostatic sensor used in this study.
Output 1 of the circuit provides the output of the preampli-

fier, while output 2 indicates the sensor output signal generat-
ed by the preamplifier and instrumentation amplifier series.
The electrostatic sensor circuit designed by Tajdari et al. [27]
was a novel method that was introduced to measure the parti-
cle size of an electrostatic sensor. Besides that, a finite element
simulator was used to model the induced electrical charge and
deduce the sensitivity of the electrode.

In this research, two electrostatic sensors were placed
upstream and downstream in a pipeline where the velocity
of the particles travelling between the sensors was mea-
sured in the laboratory. Particles may have different ve-
locities when they pass through the upstream and down-
stream sensors due to different accelerations in the sens-
ing zone. Therefore, the mean particle velocity is mea-
sured in the gravity test rig. Additionally, the velocity
from the transit time between two sensors can be deter-
mined by a correlation process. The times taken for the
particles to travel downwards in the pipeline and the sep-
aration between the upstream and downstream electrodes
are vital parameters for determining the velocity of the
particles. Furthermore, separation between the electrodes
affects the value and consistency of the induced charge
and spatial sensitivity. A high cross-correlation coefficient
will result if the electrodes are located very near to each
other; in addition, interactions between their electrical
fields will increase. On the contrary, if they are placed
significantly separated from each other, a low cross-
correlation coefficient will result. Based on laboratory
tests, the best distance between electrodes should be ap-
proximately 15 cm to obtain a better output signal and
cross-correlation coefficient. The proposed distance was
the result obtained from laboratory tests by Heydarianasl
and Rahmat [28]. A diagram of induced current produced
in laboratory tests by circular ring electrodes placed at a
distance of 15 cm is shown in Fig. 15.

Additionally, Figs. 16 and 17 show the induced current
diagrams for the quarter ring and rectangular electrodes, re-
spectively, as in the laboratory tests. A sampling frequency of
1000 Hz was applied.

Fig. 14 The electrostatic sensor circuit

Fig. 15 a Upstream signal of the
electrostatic sensor, b
downstream signal of the
electrostatic sensor and c
correlation diagram of the circular
ring electrode for the electrostatic
sensor at distance = 15 cm and
frequency= 1000 Hz
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As discussed earlier in this paper, the particle velocity is
important because it affects spatial sensitivity of the electrode.
A homogeneous spatial sensitivity is achieved if correlation
velocity is equal to particle velocity. Figure 18 shows the
principle of the cross-correlation method that was applied
for measuring the velocity.

According to earlier researches [29], the correlation veloc-
ity can be defined as follows:

V c ¼ D
tm

ð15Þ

and the mean particle velocity [29] can be calculated as

Vm ¼ Qs

As
ð16Þ

Fig. 16 a Upstream signal of the
electrostatic sensor, b
downstream signal of the
electrostatic sensor and c
correlation diagram of the quarter
ring electrode for the electrostatic
sensor at distance = 15 cm and
frequency= 1000 Hz

Fig. 17 a Upstream signal of the
electrostatic sensor, b
downstream signal of the
electrostatic sensor and c
correlation diagram of the
rectangular electrode for the
electrostatic sensor at
distance = 15 cm and
frequency= 1000 Hz
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where D denotes the separation between upstream and down-
stream sensors and tm is the transit time. Qs is the entire vol-
umetric solid flow rate, and As is the cross-sectional area oc-
cupied by the solid flow stream. The sensing field of the elec-
trostatic sensor modelled is naturally inhomogeneous. Hence,

there is a difference between correlation and particle velocity
[29]. The relationship between correlation and particle veloc-
ity is stated as

Vm ¼ k Vc ð17Þ

where k denotes a dimensionless proportionality.
Several electrodes with variable lengths (i.e., 3, 6, 10 and

15 mm) and thickness (i.e., 2, 5 and 8 mm) were used in the
laboratory. The correlation velocity, mean particle velocity
and spatial sensitivity were experimentally calculated. The
experimental results captured in the laboratory are presented
in Figs. 19 and 20.

Figure 19 shows the bar chart of spatial sensitivity of several
electrodes with regard to different length and thickness, and
Fig. 20 illustrates the bar chart of correlation velocity of distinct
electrodes in variable length and thickness. The results show
that although longer and thicker electrode increase the spatial
sensitivity, they will lead to a decrease in the correlation veloc-
ity indicating that discrepancy between correlation and mean
particle velocity has increased. This causes inconsistency in the
spatial sensitivity. To overcome this problem and in accordance
with the experimental results, the best electrode should be
6 mm in length and 5 mm in thickness. Under these conditions,
a more uniform spatial sensitivity is attained. According to
experimental tests, the maximum amount of spatial sensitivity
for different electrodes is depicted in Table 2.

4 Results and discussion

The main factor to consider when designing a sensor is its
cross-sectional shape. As stated earlier, electrostatic electrodes
come in different cross-sectional shapes such as circular, rect-
angular, quarter ring and rod. Each type has distinct features,
and the different electrodes to identify the most appropriate
type examined in this research were made of aluminium.
Although intrusive circular electrostatic sensors are expensive
and difficult to install, they have been used widely in labora-
tories and industries. Square electrodes have been used in
certain research studies, and recently, intrusive rod electrodes
have been investigated in view of the fact that they are cheaper

Signal processing
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Fig. 18 Principle of the cross-
correlation method to measure the
velocity
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Fig. 19 The bar chart of spatial sensitivity of the differently shaped
electrodes in different length and thickness of electrode a circular ring
electrode, b quarter ring electrode and c rectangular electrode according
to experimental results
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and easier to install. Another vital parameter to consider in the
design of electrostatic sensors is the dimensions of the elec-
trodes. This is especially important for determining the veloc-
ity shape across a cross section. Among the dimensions that
affect the velocity measurement and output signal of the sen-
sors are length, thickness and width.

This research investigated the use of PSO to optimize var-
ious electrodes in electrostatic sensors. To achieve this aim,
the spatial sensitivity of the electrodes was regarded as the
fitness function in PSO, while the other parameters of the
electrodes were regarded as the particles in PSO. The physical

size of electrodes, including length and thickness of the elec-
trodes, was calculated using PSO method to achieve a more
uniform spatial sensitivity. Therefore, optimal values of the
parameters were obtained when the spatial sensitivity of the
electrodes was at a maximum. The diameter of the circular
ring electrode is fixed in 10 cm in this paper due to the diam-
eter of the pipeline in the laboratory being constant.

Tables 1 and 2 show that there is a good agreement between
the optimization and experimentation results. Although each
type of electrode has its advantages and limitations, collective-
ly, they generate similar results in laboratory tests. Selection of
geometrical shape and dimensions of the electrodes will be
determined by the diameter of the pipe and use of the elec-
trodes. Based on optimization and experimentation results,
spatial sensitivity of the circular ring electrode is more homog-
enous than the other types of electrodes. Consequently, the
circular ring is the best type of electrode for different
applications.

5 Conclusion

Electrostatic sensors are in demand in many industries due to
their strong design and the fact that they are economical. The
main objective of this research was the optimization of elec-
trostatic sensors by investigating spatial sensitivity of the elec-
trodes in these sensors when dimensions of these electrodes
were altered. In general, the optimization of the dimensions
resulted in a more consistent distribution of spatial sensitivity.
Firstly, a mathematical model was used to formulate the spa-
tial sensitivity equation for each electrode. Secondly, having
selected the PSO method for optimization, MATLAB soft-
ware was used to program the PSO methodology in its imple-
mentation for various types of electrodes. The optimal dimen-
sions of the electrodes were calculated and indicated by the
PSO code. The focus was on attaining a consistent spatial
sensitivity. Thirdly, experimental tests were performed in the
laboratory using cross-correlation method to measure the ve-
locity of solid particles flowing through a pneumatic convey-
ing test rig. The findings indicated that the circular ring elec-
trode has a more consistent spatial sensitivity making it pref-
erable over other electrodes. Finally, the PSO method was
validated by comparing the experimental results with the op-
timized results.
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