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INCREASING SENSITIVITY OF THE
ELECTROSTATIC FIELD MILL SENSOR
BY DETERMINING ITS OPTIMAL
CONFIGURATION

The object of research is the process of measuring the strength of the electrostatic field for a low dynamic range (from
0 to 1 kV/m). This study is aimed at increasing the sensitivity of the sensor of the electrostatic field mill (EF) by de-
termining its optimal geometric configuration, which will reduce the error of measuring the electrostatic field strength.
1o establish the actual value of the induced current, a computer model was built and simulation modeling of the
EF sensor was carried out. On the basis of the constructed computer model, studies of the EF sensor were carried out
to determine the numerical value of the induced current. As a result, it was established that the occurrence of edge
effects leads to the appearance of methodological error, which occurs due to the fact that the average induced cur-
rent is smaller compared to the calculated value. As a result of computer modeling of the EF sensor to determine the
value of the optimal number of sectors, it was established that for the proposed design of the EF sensor, the optimal
number of sectors is six. It was established that the optimal value of the distance between the sensitive plates and the
shielded rotor should be in the range of 2.5—3 mm to ensure the maximum sensitivity of the EF sensor and its safe use.
The determined optimal parameters of the EF geometric configuration will allow to form the necessary require-
ments for the construction of improved electrostatic field strength meters in a low dynamic range (from 0to 1kV,/m).
A promising direction of application of such devices in production will be the development of an additional system for
monitoring the strength of the electrostatic field, which will allow to prevent the occurrence of a dangerous situation.
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1. Introduction

In all modern areas of production related to electronics,
there are increased regulatory requirements for the condi-
tions of manufacturing, storage and operation of electronic
devices [1-3]. This is caused by the vulnerability of elec-
tronic components to electrostatic discharge (ESD) [4, 5].

Unpredictable contact between a charged body and an
electronic device usually leads to partial or complete damage
to the latter, and during its operation can lead to catastrophic
consequences. It is difficult to predict the moment of oc-
currence of an electric discharge, and it is quite difficult
to localize the object that accumulated it. Given that all
materials are able to accumulate and store electric charge,
and the most widespread phenomenon of its formation is
the triboelectric effect (the phenomenon of electrification of
bodies during friction) [6], there is a need to control the
presence of electric charge.

The existing standardized requirements and procedures
are aimed at reducing the probability of an electric dis-
charge by creating conditions under which an electric charge
cannot exist for a long time [7, 8]. In production or in
a laboratory, where there are increased requirements for
electrostatic control, a mandatory condition is the creation of

so-called electrostatic protected areas (Electrostatic Protected
Area (EPA)), which is defined by the standard [9, 10].
Such a zone can be a table, floor, or even the entire room,
where the value of the electrostatic field strength is strictly
controlled and is below 100 V. All objects located in this
zone are grounded and have the same electric potential.

The electric charge accumulated on the surface of the object
creates an electrostatic field around itself, the main informative
parameter of which is tension. The JEDEC standard defines
one of the most widely used simulation test models — the
CDM charged device model [1]. The CDM test is used to
determine the electrostatic discharge that a device can with-
stand when the device itself is electrostatically charged and
discharged by contact with metal. The ESD threshold volt-
age is the highest voltage level that does not cause a device
failure [11]. Many electronic components are prone to damage
from electrostatic discharge at relatively low voltage levels.
Many of them are sensitive to a voltage of less than 100 V [4].

With the development of the technology of development
of integrated circuits, the size of the internal components
of these devices is reduced and they become more sensitive
to electrostatic discharge. This is due to an increase in
the density of placement of elementary electrical compo-
nents (transistors) in integrated circuits (ICs). Decreasing
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manufacturing technology leads to higher 1/0 performance
and lower contact capacitance, which further increases sus-
ceptibility to electrostatic discharge and makes the potential
problem even more acute.

In [12], the projected decrease in the sensitivity thresh-
old of microcircuits to the standardized levels of CDM
tests for 2020 and subsequent years is shown. Analysis of
the collected data shows that a significant reduction in
CDM ESD target levels [1] is expected, which in turn
requires more accurate measurement for electrostatic field
strength monitoring systems.

Many modern components are protected by built-in
protection circuits, without which they would be extremely
sensitive. But even compliance with all measures cannot
fully guarantee the protection of electronic devices against
electric shock. To ensure the required level of safety, it
is necessary to constantly monitor the strength of the
electrostatic field, which will allow not only to record the
moment of ESD occurrence, but also to localize its loca-
tion and establish the source that caused its appearance.

The vast majority of electrostatic field strength meters
are designed to determine the strength of electrostatic fields
of industrial frequency (50 Hz and higher) [13, 14] or to
measure the strength of ultrahigh electrostatic fields (in
particular for power lines) [15]. Among the for power line
measurement tools considered in [16], the most suitable
tool for solving the task of monitoring the strength of
the electrostatic field in production is the electrostatic
field mill (EF) [17-19].

The main disadvantage of EF is a fairly large mea-
surement error, which is up to 15 % in the range from 0
to 1 kV,/m [13]. Such an error is caused by the imperfection of
the EF mathematical model, the low sensitivity of the sensor,
and the occurrence of amplifier noise during the conversion
of current into voltage. Thus, there is a need for research
aimed at increasing the sensitivity of existing electrostatic
field strength meters in the low dynamic range (from 0
to 1 kV/m) of electrostatic field strength values.

This research is the conduct of research aimed at im-
proving the accuracy of measuring the electrostatic field
strength. At the first stage, the authors developed an im-
proved mathematical model of the EF sensor, presented
in [20], in order to reduce its methodical error. At the
next stage of research, it became necessary to carry out
computer simulations of the geometric characteristics of the
EF sensor plate to achieve its maximum sensitivity, which
will help improve the signal-to-noise ratio, thereby reducing
the impact of instrumental error on the measurement result.

The aim of this research is to increase the sensitivity
of the EF sensor by determining its optimal geometric
configuration, which will allow to reduce the measurement
error of the electrostatic field strength. This will make it
possible to effectively use EF for tasks of monitoring the
strength of the electrostatic field in production.

2. Materials and Methods

The object of research is the process of measuring
the strength of the electrostatic field for a low dynamic
range (from 0 to 1 kV/m).

2.1. Mathematical model of the elecirostatic field mill
sensor. An eclectrostatic field mill, the generalized struc-
ture of which is presented in Fig. 1, consists of static
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sensitive plates and a grounded rotor. Sensitive plates are
a circle divided into an even number of sectors, which
are electrically connected in two groups A and B through
one element. Above them is a shielding plate, which is
fixed on a grounded rotor rotating with an angular fre-
quency ® [21]. The movement of the rotor alternately
exposes the sensitive plates to the external electric field
and shields them, thereby creating a time-varying electric
current. The structure and principle of EF operation are
described in detail in [20].

-y -

S,

-Group A
[ |GroupB

Fig. 1. Generalized view of the sensor plate

The surrounding electric field, which changes at a speed
lower than the EF rotation speed, induces a current whose
amplitude is directly proportional to the magnitude of
the field strength.

Based on the structure of the sensor plate, when its
sensitive elements are exposed to an electric field, a charge
accumulates on them according to the expression [20]:

q(t) =& ES(2), (D
where ¢(t) — the charge accumulated on the cover during
time ¢; E — the background electric field; S(¢) — the open area
of the plates, variable in time; £y — the dielectric constant of
the medium. For a continuous, uniformly rotating rotor, the
open area S(¢) can be described by a sinusoid, then expres-
sion (1) takes the form:

q(t)=¢,ES, sin(nwt), (2)
where Sy — the nominal area of a set of plates; ® — angular
velocity of the rotor; n is the number of sectors of the mea-
suring plate.

Electrostatic field mill can have a different number
of measuring plate sectors and a corresponding number
of shielding vanes. The effective current induced in the
electrodes can be determined by taking the time deriva-
tive of equation (2):

da(t) _dS(o)

I(t)=—;—=ef—— 3)
From which it follows:
1(t) =gy ESynwcos(nut). (4)

The area of one group of sensor plates is equal to
half the area of the ring formed by the outer radius R of
the plate and the inner radius 7 of the base, by means of
which it is attached to the rotor, is found from the ratio:

n(R?—7r?%)
So=——p—. ()

;22
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Having written the angular frequency of engine revo-
lutions as w=2n/f, let’s perform the substitution of rela-
tion (5) to expression (4) and after reduction let’s obtain
the following formula [20]:

1(t)=7*(R?*-1r*)eyEnf cos(nwt). (6)

After analyzing the components of the obtained mathe-
matical model of the EF sensor (6), it can be seen that
the magnitude of the current amplitude I(¢) in addition
to the field strength E is also affected by the area of the
sensor plate m(R?—#?) and the shielding frequency of the
plates, which consists of the own frequency of rotation of
the shielding plate / and the number of sectors n.

Based on the obtained mathematical model (6), the
following approaches exist to increase the sensitivity of
the EF sensor:

— increasing the area of the plate;

— increasing the frequency of revolutions;

— increasing the number of sectors of the plate.

Although the presented mathematical model (6) de-
scribes well the physics of the processes that take place
in the EF sensor, it does not take into account the influ-
ence of edge effects. The falling electrostatic field causes
distortion at the edges of the shielding plate, which leads
to its uneven distribution.

To establish the actual value of the induced current,
a computer model was built and simulation modeling of
the EF sensor was carried out. Also, on the basis of the
built computer model, research was conducted aimed at
achieving the maximum sensitivity of the EF sensor. For
this, the value of the optimal number of sectors and the
distance between the sensitive plates and the shielded
EF rotor was determined.

2.2. Simulation model of the electrostatic field mill sensor.
COMSOL Multiphysics software was used to build and
calculate the numerical model of the EF sensor. It is a fi-
nite element analysis, solution, and simulation software for
a variety of physics and engineering applications, especially
for coupled phenomena or multiphysics.

The computer model of the EF sensor is based on the
distribution of the electrostatic field between the sensi-
tive and shielding plates. The structure of the computer
model of the EF sensor is shown in Fig. 2.

Fig. 2. View of the researched simulation model of the electrostatic
field mill sensor
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The studied model has 8 open sensitive electrodes and
a grounded rotor, where the inner and outer diameters of
the blades are 10 mm and 50 mm, respectively. The dis-
tance between the sensitive and shielding plates is 3 mm.
A cylindrical model of space (D=200 mm, H=200 mm)
filled with air with relative dielectric constant e=1 was
chosen as the medium of electrostatic field propagation.
The source of the field strength in the analysis is the
upper surface of the cylinder, the voltage on which is set
at 100 V. The EF sensor plates are located at a distance
of 100 mm from the upper surface of the cylinder, which
makes the incident electric field intensity equal to 1 kV/m.
The body and rotor of the sensor are grounded and have
a potential equal to 0 V.

At the next stage of the research, computer simulation
was carried out to establish the actual value of the induced
current using the proposed simulation model of the EF sensor.

2.3. Computer modeling of the EF sensor to determine
the numerical value of the induced current. On the basis
of the constructed EF sensor model, which consists of
8 sectors (Fig. 2), the distribution of the electric field
over the sensitive plates during one shielding cycle was
constructed. One period of shielding of the plate corresponds
to a rotation of the rotor by 45 degrees. Fig. 3 shows
the results of modeling the distribution of the electro-
static field intensity depending on the angle of rotation
of the rotor. The scale of distribution of electrostatic field
strength values in V/m is shown on the right.

Fig. 3. Distribution of the electrostatic field intensity depending
on the angle of rotation of the rotor: a — 0° b - 15°% ¢ — 30°; d — 45°

The simulation started from the moment of time ¢,=0,
when the sensitive plates were under the shielding plates
and were not exposed to the external electric field. At the
moment of time ¢, the angle of rotation of the shielding
plate was 2rn/m, where m — the number of points per one
period of rotation of the rotor. Accordingly, the amount
of electric charge induced on the sensitive plate can be
calculated. The change in the induced electric charge is
defined as:

AQ=0Q,-Q, (7N
where Q; — the amplitude value of the induced charge at the
moment of full opening of the sensitive plate, and Qg — the
amplitude value of the induced charge at the moment of full
shielding of the sensitive plate.
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With an increase in the angle of rotation, the effec-
tive area of the sensitive plates, which is exposed to the
incident electric field, will increase until it reaches full
opening (22.5 degrees). In this case, the value of the in-
duced electric charge Q; will be maximum. After passing
half of the rotation period, with the subsequent increase
in the angle of rotation of the rotor, the value of the
induced charge Qq will decrease until the sensitive plates
are again completely shielded.

2.4. Computer modeling of the EF sensor to determine
the value of the optimal number of sectors. The induced
current is formed by a periodic change in the effec-
tive area of the sensitive plates of the EF sensor within
the incident electric field. The faster the area changes,
the greater the amplitude of the induced current. When
the motor speed is constant, the angular frequency of the
induced current signal is equal to nw, according to the
mathematical model (6). Thus, an increase in the number
of sectors will lead to an increase in the magnitude of
the induced current.

To determine the optimal number of blades of the EF
sensor, a computer simulation of the distribution of the
electrostatic field between the sensing and shielding plates
of the EF was carried out for 9 configurations of the EF
with different numbers of sectors. Fig. 4 shows examples
of the results of modeling the distribution of electrostatic
field strength on EF sensors, which consist of 4, 8, 12,
and 18 sectors.

Fig. 4. Distribution of electrostatic field strength on sensors with different
number of sectors: a - 4, b -8, c - 12, d - 18

2.5. Computer modeling of the EF sensor to determine
the value of the optimal distance hetween the sensitive
plates and the shielded rotor. To establish the value of
the optimal distance between the sensitive plates and the
shielded rotor, a computer simulation of the distribution of
the electrostatic field between the sensitive and shielding
plates of the EF sensor was carried out for 9 different
EF configurations.

For modeling, it was decided to use an EF consisting
of 8 blades. The sensitive plates were under the direct
influence of the electrostatic field. The value of the dis-
tance between the plates varied from 2.0 to 6.0 mm in
steps of 0.5 mm. Fig. 5 shows examples of the results of
modeling the distribution of the electrostatic field depend-
ing on the distance between the sensitive and shielding
plates for three EF configurations.

I55N 2664-9969

Fig. 5. Distribution of the electrostatic field depending
on the distance between the sensitive and shielding plates:
a—2mm b—4 mm; c -6 mm

As can be seen from Fig. 5, the movement of the sen-
sitive plates does not affect the distribution of the field
strength in the device, but when approaching the shield-
ing plate, the magnitude of the field strength acting on
them increases.

3. Results and Discussion

As a result of computer modeling of the EF sensor,
the following dependences were obtained to determine the
numerical value of the induced current: the value of the
magnitude of the charge induced on the sensitive plate
and the induced current depending on the position of the
shielding rotor. Fig. 6 shows the value of the magnitude
of the charge induced on the sensitive plate depending
on the position of the shielding rotor. From the graph
presented, it can be seen that the induced electric charge
changes in time non-linearly. This is due to the sinusoidal
law of change of the active area of the sensitive plate.

Using the obtained value of the induced charge, the
value of the induced current was calculated according
to expression (3). The obtained graph of the dependence
of the magnitude of the induced electric current on the
sensitive plate on the angle of rotation of the EF rotor
is shown in Fig. 7.
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Fig. 6. The magnitude of the induced electric charge on the sensitive plate
depending on the angle of rotation of the shielding rotor
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Fig. 7. The magnitude of the induced electric current on the sensitive plate
depending on the angle of rotation of the shielding rotor

Based on the mathematical model of the sensor (6), if
the sensitive plate is completely shielded, the electric field
strength on its surface will be zero, so the magnitude of the
induced electric charge Qp will also be zero. But, due to the
effect of edge effects, when the sensitive plate is completely
shielded, some part of the electric field still falls on it and
induces a certain electric charge. These effects lead to the
occurrence of methodological error in the measurement due
to the fact that the average induced current is smaller com-
pared to the calculated value. Due to the occurrence of edge
effects, the calculated numerical value of the induced current
differs from the current values obtained during simulation.

From the presented results of modeling the distribu-
tion of the electrostatic field between the sensitive and
shielding plates of the EF for 9 configurations of the EF
with different number of sectors (Fig. 4), it can be seen
that the magnitude of the electric field strength on the
sensitive electrode decreases with an increase in the number
of sectors, which is due to the influence of edge effects.

The number of electric charges Q; and Qp on the sensi-
tive electrode was calculated for 9 EF configurations with
different number of sectors (2-18) according to expres-
sion (7), and the induced current was calculated according
to expression (3).

According to the results of computer modeling, the
following dependencies were obtained, the graphs of which
are presented in Fig. 8: the value of the magnitude of
the charge induced on the sensitive plate and the induced
current depending on the number of blades (sectors).

Fig. 8, a shows that the values of the induced charge Q;
and AQ decrease with an increase in the number of blades.
This happens because the edge effect affects the distribution
of the electric field on the sensitive plates.

An increase in the number of sectors leads to an increase
in the influence of edge effects, which in turn reduces the
intensity of the electric field. Thus, increasing the sensitivity
of the EF sensor due to the increase in sectors has a marginal
value. Fig. 8, b shows that the maximum induced current is
reached when the number of opening electrodes reaches six.

As a result of computer modeling of the EF sensor to
determine the value of the optimal distance between the
sensitive plates and the shielded rotor, the dependences of
the values of the gap between the plates on the value of
the induced charge and the induced current were obtained.
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Fig. 9, a shows that as the distance between the sensi-
tive plates and the shielded rotor increases, the value of
the induced electric charge Qq and the magnitude of the
change in the induced electric charge AQ decrease. Fig. 9, b
shows that the average induction current decreases with
an increase in the distance between the plates.

1004 T T T T

P =@ Induced charge 1
90 ——@— Induced charge 2 |
st~ Induced charge A

80

70

60

50

40 |

Induced charge 1,pC

30

20

10 |

2 4 6 8 10 12 14 16 18
The number of blades
a

£, AE10Q QR

Induced current,nA

30 . I . . . . .
2 4 6 8 10 12 14 16 18

The number of blades

b

Fig. 8. The resulting graphs: a — changes in the induced electric charge;
b — changes in the induced current

The presented results confirm the hypothesis that the
value of the induced current is also affected by the value
of the distance between the plates.

Analyzing the graphs obtained, shown in Fig. 9, it can
be concluded that the value of the distance between the
sensitive plates and the shielded rotor should be as small
as possible to increase the sensitivity of the EF sensor.
But, in practice, placing sensitive and shielding plates too
close to each other can cause an electric discharge between
them when condensation forms on the surface of the plates.
Therefore, it was assumed that the optimal value of the
distance between the EF sensor plates is 2.5-3 mm.

The dependences obtained as a result of computer model-
ing will make it possible to form the necessary requirements
for the construction of an EF sensor in new devices that
are focused on measuring the strength of the electrostatic
field in a low dynamic range (from 0 to 1 kV/m).
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Fig. 9. The resulting graphs: a — changes in the induced electric charge;
b — changes in the induced current

The determined optimal parameters of the geometric
configuration of the EF, such as the number of sectors and
the distance between the sensitive plates and the shielded
rotor of the EF for the proposed design of the device, will
allow to increase the sensitivity of the EF sensor. This will
make it possible to effectively use EF for tasks of monitor-
ing the strength of the electrostatic field in production.

Limitations of the study. The research presented in the
work is limited to the use of computer simulations only.
For the most part, this limitation is due to the imperfec-
tion of the mathematical models used by the software.
Measurements using computer models are limited by the
grid size of the model, which introduces certain uncer-
tainties in the field distribution. The influence of such
factors is difficult to assess, so the obtained values may
differ from the experimental ones.

The influence of martial law conditions. The large-scale
military aggression of the russian federation against Ukraine,
launched on February 24, 2022, caused a number of acute
problems in the field of science and innovation. Partially
destroyed or damaged research infrastructure, reduction of
state and local budget expenditures on education and forced
displacement of scientific and scientific-pedagogical workers

from their own homes and places of employment contributed
to the loss of scientific potential in the field of scientific
research. Along with this, logistical connections became
more complicated and production capacity decreased, which
directly affected the possibility of mock-up and small-scale
production of research models and own devices.

Prospects for further research. Future research will in-
clude conducting a physical experiment, developed on the
basis of computer modeling of the structure, taking into
account the established optimal parameters of the structure
of the EF sensor. Research and development of sensitive
electrostatic field strength meters can be used in the future
to increase the level of protection of electronic devices
against electrostatic discharge. Such a device will allow
not only to record the moment of ESD occurrence, but
also to localize its location.

4. Conclusions

The research presented in the work is aimed at increas-
ing the sensitivity of the EF sensor by determining its
optimal geometric configuration.

At the first stage of research, to establish the optimal
geometric configuration of the EF sensor, its computer model
was built. As a result of the conducted simulation modeling
of the EF sensor, the following conclusions can be drawn:

— Although the mathematical model (6) describes well

the physics of the processes that take place in the EF

sensor, it does not take into account the influence of
edge effects. During the computer simulation of the EF
sensor to determine the numerical value of the induced
current, it has been established that the occurrence of
edge effects leads to the appearance of a methodical error,
which arises due to the fact that the average induced
current is smaller compared to the calculated value.

— As a result of computer modeling of the EF sensor

to determine the value of the optimal number of sectors,

it has been established that an increase in their number
leads to an increase in the influence of edge effects.

Thus, increasing the sensitivity of the EF sensor due to

the increase in sectors has a marginal value. It has been

established that for the proposed design of the EF sensor,
the optimal number of sectors is six.

— Analysis of the obtained results of computer model-

ing of the EF sensor has been shown that the optimal

value of the distance between the sensitive plates and

the shielded rotor should be in the range of 2.5-3 mm

to ensure the maximum sensitivity of the EF sensor

and its safe use.

The determined optimal parameters of the EF geometric
configuration will allow to form the necessary require-
ments for the construction of improved electrostatic field
strength meters in a low dynamic range (from 0 to 1 kV/m).
A promising direction of application of such devices in
production will be the development of a monitoring system
to increase the level of protection of electronic devices
against impact by electrostatic discharge.
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