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People need to measure rainfall accurately in many cases, and hence improving the accuracy
and real-time performance of rainfall sensors is a current problem. A new type of rainfall
sensor based on a proximity capacitance array is proposed. The sensor can be used to detect
the rainfall coverage of an insulator surface accurately and efficiently. According to the
different characteristics of dielectric constants of different materials, the water film thickness
on the surface of the insulator is measured by using the principle of proximity capacitance,
and a comprehensive evaluation index of sensor performance is proposed. The finite element
method is utilized to compare the characteristics of capacitive sensors using three types of
electrode to improve sensor penetrability and achieve high water film detection sensitivity. An
electrode array is designed according to optimal results, and multielectrode measurement data
are aggregated to determine the amount of rainfall. Moreover, an experimental sensor platform
is constructed to verify the proposed rain sensor based on a proximity capacitance array. The
designed rainfall sensor possesses good accuracy, and the measurement error is about £2.3%.
The proposed rainfall sensor allows for accurate real-time measurements of rainfall on insulator
surfaces with a certain thickness.

1. Introduction

Rainfall is a commonly occurring natural phenomenon, and accurately predicting the
volume of rainfall in real time is impossible. Sudden rain may negatively affect human life or
agricultural production and could even cause loss of life. Ifrain falls and the windows of houses
have not been closed, rain can lead to property damage. If a factory lacks protection against
sudden rain, water can damage equipment, and such damage can lead to operation paralysis.
Moreover, mitigating the dangerous effects of resulting landslides and overflowing reservoirs
becomes difficult when forestry departments fail to obtain real-time rainfall data. Therefore,
obtaining real-time and accurate data on the duration and amount of rainfall is crucial in
maintaining the quality of human life and the integrity of many production forms. Using
rainfall sensors to monitor the rainfall process can provide a basis for alertness and protection,
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which can reduce or even avoid various losses caused by rainfall. Many rain sensors at present
are keyed to specific applications. Rain sensors are classified into five types depending on
the general scientific principles adopted, namely, photoelectric, piezoelectric, thermocouple,
image, and capacitance. A photoelectric rainfall sensor can realize noncontact detection, but it
depends largely on light and demonstrates poor anti-interference capability.) A piezoelectric
rainfall sensor is susceptible to interference from moisture, and its sensitivity is difficult to
control.)). Meanwhile, the temperature change of the thermocouple rainfall sensor caused by
rain is not apparent.(3’4) The sensor is easily affected by changes in environmental temperature
and easily corroded by rainwater. Image rainfall sensors based on image-processing technology
are vulnerable to external physical interference, and their algorithms are complex and costly.(s)
These sensors are unsuitable for popularization and difficult to apply because they are generally
configured on high-end, specialized equipment.(6’7)

Capacitive sensors have been widely used in various fields because of their high sensitivity,
fast dynamic response, and low cost.8710 A capacitive sensor does not need to be in physical
contact with the object to be measured during the measurement process and is unaffected
by light, vibration, and other external environmental factors. Therefore, researchers use the

capacitance principle to design rainfall sensors. 11719

The principle underlying capacitive
sensors is based on the different characteristics of the dielectric constants of different materials.*
However, current capacitive rain sensors cannot provide an accurate assessment of rainfall
amounts in real time, and their application is limited. In this study, we developed an optimized

capacitive sensor to solve current problems.
1.1 Previous studies

The problem of improving the accuracy of rainfall detection by using capacitive sensors
has been discussed in many studies. 1 Several scholars have optimized capacitive rainfall
sensors. In 2010, Nan Li ef al. developed a new proximity capacitive sensor design for an
automatic car wiper control system, but the authors did not conduct follow-up research on
the measurement system, and no sensor application was demonstrated.!> In practice, the
output characteristic of a sensor has difficulty meeting the linear relationship because of the
influence of parasitic capacitance and the edge effect.'® In 2016, Long Zhang et al. proposed
a method of reducing measurement errors by using the backpropagation (BP) neural network
to fit the capacitive sensor output characteristic curves, but the scheme requires a large amount
of calibration data as training samples to establish the model; this requirement leads to low
learning speed and complex calculation. Baopeng Lai et al. designed a cylindrical capacitive
rain sensor, but the sensor is large and cannot be used in many practical applications.(”) Real-
time performance cannot be guaranteed because the container structure leads to uneven
liquid density, which affects the measurement result. In summary, the methods proposed in
these studies address the problem to some extent but cause other issues, such as increased
computational complexity, limited practical application, and poor real-time performance.

To address the complexity and practical limitations of existing solutions, we designed a
scheme for a rainfall sensor based on the principle of proximity capacitance. The measurement
accuracy of the sensor and the thickness of medium penetration were improved by optimizing
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the capacitor electrode. The data aggregation algorithm of array sensors was introduced in
the measurement scheme to ensure the real-time performance and accuracy of the rainfall
measurement process. The proposed sensor possesses high accuracy and is inexpensive and
easy to fabricate. In addition, the sensor can be installed inside or below the insulator and is
thus not easily affected by environmental factors during measurement. These sensor features
facilitate real-time and high-precision rainfall measurement.

2.  Optimization of Capacitive Sensor Electrodes
2.1 Principle and performance index

The measurement principle of proximity capacitance is to attach two proximity electrodes
to the inner surface of a probe body of a certain thickness to form a stable electrostatic field
through the edge effect of the capacitor plates. When the material in the electric field changes,
the relative permittivity between the two electrode plates changes and leads to a change in the
capacitance. The variation in the material in the electric field can be obtained by measuring
the capacitance because the dielectric constants of the medium, air, and rainwater are
different. When rain falls on the surface of the object, the capacitance of the electrode plate
changes depending on the thickness of the rainwater. The measurement system can accurately
determine the presence of rainwater and film size by measuring the variation in capacitance
between the plates. The measurement principle is illustrated in Fig. 1.

The relationship between the capacitance of a parallel plate capacitor and the liquid
capacitance distribution is provided by the equation

C= —l ff o (s) Vo (s)dr, D
vV JJr

where ¢(s) indicates the permittivity in the detection area of the capacitive sensor, o indicates
the constant, V" indicates the electric potential difference between adjacent plates, ¢(s) indicates

Fig. 1.  (Color online) Measurement principle of adjacent capacitive sensor.
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the potential distribution, and /" indicates the surface of the electrode plate. According to
the analysis above, the capacitance of the proximity capacitive sensor is closely related to (1)
the equivalent area of the sensor plate, (2) the equivalent interval between the excitation and
receiving electrodes, and (3) the relative permittivity of objects to be detected in the detection
area, detection objects, and air. When rainfall measurement is conducted according to the
principle of proximity capacitance, the capacitance in the detection area is the result of the
interaction of rain, air, and the sensor, in addition to the effects of temperature and possible
contamination with dirt. When the water film thickness on the surface of the medium changes,
a change in the capacitance rate of the capacitive sensor results in a change in the sensor
capacitance because the compositions of the medium, air, and sensor are basically similar.

Penetration depth, signal intensity, and sensitivity are important performance indices
of adjacent capacitive rain sensors. The penetration depth of an adjacent capacitive sensor
theoretically defines an effective measurement, that is, the decay rate and attenuation of
the electric field measured by the sensor caused by the increase in the distance between the
object and the sensor.?” This index is used to evaluate the measurement intensity and sensor
sensitivity, determine the thickness that the electric field lines can penetrate, and obtain the
thickness of the insulating film layer on the surface of the measured object. The penetration
depth of a capacitive sensor is estimated by experimental measurement. The signal intensity,
namely the size of the capacitance, can directly determine the minimum signal resolution of
the system and affect the measurement sensitivity. The design must be optimized to increase
the output signal intensity because the measured edge capacitance of an adjacent capacitive
sensor is very low (usually pF). The external circuit requires a high resolution. To avoid
distortion, the effect of sensor noise must be mitigated by adding a shielding layer to minimize
noise.?)  Different measurement sensitivities of different locations of the sensor sensing area
and different distances with the sensor surface are obtained owing to the inhomogeneity of
the electric field distribution. Reference 22 demonstrated that improving the consistency of
electric field distribution is one of the evaluation indices of sensor performance. The slope
of the measured curve of the adjacent capacitive sensor is defined as measurement sensitivity
at this distance, that is, the ratio between the change in the output value of the sensor and the
change in the measured parameters of the sensor. During rainfall measurement, the sensor
must ensure that within a certain range, a water film thickness change can cause the sensor
capacitances to change in the dry state, thereby enabling the sensor to obtain high sensitivity.
Reference 23 indicated that the dynamic range of an adjacent edge capacitive sensor is the ratio
of the maximum output to the input value of the sensor and depends mainly on different sensor
measurements. The maximum and minimum measurements must be within the measurable
range of the external circuit.

Reference 24 showed that the geometric parameters of the electrode exert great influence
on sensor performance. The longer the effective edge length and the larger the public area,
the stronger the signal. The performance of an interdigital sensor is much better than that of
annular and rectangular sensors with a single structure; however, the interdigital sensor cannot
meet the measurement demand of the rainfall sensor. > Therefore, a new type of electrode was
developed in the current study by optimizing the geometrical parameters of the electrode to
meet the measurement requirements of the sensor.
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2.2 Optimization of electrode geometry parameters

To determine the electrode form that can match the performance of the rain sensor, three
electrode schemes for the adjacent electrode capacitive sensor were designed, as shown in Figs.
2(a)—2(c). Optimal results were obtained by comparing the performance of these three types of
sensor. Figure 2(a) shows an interdigital sensor. In Fig. 2(b), the resulting multiring structure
of the sensor expands the scope of the dynamic measurement capability of the sensor by
using several ring plates. The structure of the ice crystal rain sensor [see Fig. 2(c)] is complex
and obtains a high edge capacitance by extending the area of the excitation electrode. The
symmetrical design improves the consistency of the electric field. The proof of the area of
irregular figures can be estimated by counting the square grids or via the integral method.

The performance of a capacitive sensor is closely related to sensor size. We made the sensor
sizes of the different electrodes shown in Fig. 2 consistent to objectively compare the electric
field characteristics of the proximity capacitive sensors under different electrode schemes,
and the overall measurement environment was consistent. We used polychlorinated biphenyl
(PCB) to reduce the cost of manufacturing, the thicknesses of the sensors were 1 mm, and the
electrodes were made of copper and were 0.2 mm thick. The peripheral squares were set to
01 = 52 mm, shielding layers were arranged, and their thicknesses were 0.5 mm. The specific
dimensions of the three types of rainfall sensor are presented in Table 1. The optimal design of
capacitive sensor electrodes was obtained by comparing the performance of the three electrode
schemes.

01 (52mm) 01 (52mm)
(=4 P
E] Py
B 20 0 20
(a) (b) (©)

Fig. 2. (Color online) Geometric structure and size of the three proximity capacitive sensors described: (a)
interdigital, interactive form; (b) multiring structure adopting a plurality of circular plates labeled R1-R4 for the
maximum radius of each ring (the ring width is 2 mm); and (c) ice-crystal-shaped structure, which is complex and
has an internal structure similar to that of ice crystals.

Table 1
Specific dimensions of three types of rainfall sensor.

Sensors Length (mm)

d dy dy dy

40 3 1 2

Rl Ry, Ry Ry L I
20 15 10 4 3 2

7 /) 3 Dy D>, Dj
9 4 12 5 4 1

Interdigital sensor
Multiring sensor

Ice crystal sensor




962 Sensors and Materials, Vol. 30, No. 5 (2018)

The magnitude and distribution of the electric field affect many performance indicators
of the proximity capacitive sensor because this sensor performs measurement based on the
change in the capacitance ratio in the electric field space formed by the electrode. The basis
for evaluating the performance of different electrode types used in sensors can be obtained
by analyzing and comparing the electric field characteristics of several types of proximity
capacitive sensor. To compare the performance of different types of electrode-based capacitive
rain sensor, in this study, we utilized COMSOL software to simulate and analyze the electric
field characteristics of all sensor types by measuring the electric field penetration depth, signal
strength, and sensor sensitivity.

A simulation experiment was conducted under the condition that the capacitive sensor has
a fixed size, and the length and width of the sensors are 52 mm. Excitation voltage was set
to 3 V in consideration of the limited cost, the electrode of the capacitive sensor used in the
experiments having a copper plate structure, and the influence of the shielding layer on the
measurement. The excitation and receiving electrodes in the simulation were set as follows.
In Fig. 2(a), the two upper and lower electrodes of the comb-type capacitive sensor are the
receiving and exciting electrodes, respectively. In Fig. 2(b), the center circle of the multiring
capacitive sensor is the exciting electrode, and the four concentric rings comprise the receiving
electrode. In Fig. 2(c), the crystal structure of the ice-crystal-shaped capacitive sensor is the
excitation electrode, and the peripheral part is the receiving electrode. During the simulation,
a shielding layer was arranged at the periphery and bottom of each sensor plate to reduce the
noise interference affecting the sensor and to focus the penetration direction of the electric field
line.

2.3 Results of the simulation experiment

The simulation results are based on the Maxwell boundary condition equation. In the
process of simulation, the value of the potential on the boundary of the field is given as a
second-boundary-value problem or Neumann problem; the finite element method is a natural
boundary condition, and the simulation results are shown in Fig. 3.°)

According to the simulation results in Figs. 3(a)-3(c), under the same conditions, the
electric field strengths of the three rainfall sensors differed. The electric field intensities of
the interdigital and multiring sensors were relatively weak. The electric field intensity of the
ice crystal sensor was the largest, the distribution was consistent, and the maximum value was
57.67 V/m. The analysis results showed that the greater the distance between the receiving and
exciting electrodes, the stronger the electric field signal (i.e., the deeper the penetration of the
electric field line).

According to the simulation results in Figs. 3(d)-3(f), the potential difference in the multiring
sensor near the potential part of the receiving and excitation electrodes was large, whereas
the area far from this part was small. Figure 3(e) shows that the maximum voltage change
was about 1.56 V. The detection range of the multi-ring sensor was small, and the average
capacitance of the sensor was low. The interdigital capacitive sensor voltage change was about
2.52 V, and the potential distribution was consistent. However, Fig. 3(d) shows that the plate
potential of the middle part of the sensor was weak (about 0.4—0.6 V). Figure 3(f) shows that
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Fig. 3.  (Color online) Electric field intensity distributions of three types of rainfall sensor: (a) interdigital sensor,
(b) multiring sensor, and (c) ice crystal sensor. The section of the electric field intensity is given in the figure.
The section is obtained from the plane 15 mm of the Z-axis. Potential distribution of three rainfall sensors: (d)
interdigital sensor, (¢) multiring sensor, and (f) ice crystal sensor. The potential distribution of the sensor on the
plane and the simulation of the Z-axis at 5 mm are shown.

the electric potential distribution of the ice crystal sensor was consistent, the voltage was the
highest, and the maximum potential was about 2.62 V. The middle part of the potential plate
was clear (about 0.5-1.5 V). The ice crystal sensor combines the advantages of the interdigital
and multiring capacitive sensors, and the area of the exciting electrode and the distance between
the plates are increased under the same size and excitation voltage; thus, the edge capacitance is
increased, and the sensitivity of the sensor is improved.

The sensitivity of the sensor can directly reflect sensor performance. Therefore, the
sensitivities of the different electrode schemes were compared by analyzing the variation in
the capacitance when dielectric films were covered with water films of different thicknesses.
Given a square acrylic plate of 3.8 mm thickness and 52 mm length, we used the capacitances
of the three types of sensor electrode to analyze the different thicknesses of the acrylic plate
with a water film capacitor cover. The initial state was dry. The initial capacitances of the
interdigital, multiring, and ice crystal sensors were 15.624, 1.2284, and 5.2989 pF, respectively.
The thickness of the water film cover increased from 0.1 to 0.5 mm in the same detection area.
The values of the three sensors were obtained through a COMSOL simulation, as shown in
Table 2.

Figure 4 shows that when the three capacitive sensors were covered with the water film, the
fringing capacitance was increased compared with that without the water film. The capacitance
of the ice crystal sensor showed the largest percentage increase; however, the increase was
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Table 2
Values of sensors with different water film thicknesses.

Water thickness (mm) Interdigital sensor Multiring sensor Ice crystal sensor

0.1 15781° 1.2756 5.5554
0.2 15.867 1.3030 5.7478
0.3 15.929 1.3206 5.9016
0.4 15972 1.3346 6.0288
0.5 16.011 1.3451 6.1358

*True value of fringing capacitance (pF).
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Fig. 4. (Color online) Increasing percentage of sensors with different water film thicknesses.

nonlinear. In addition, the fringing capacitance was different in the initial state because of the
different structures of the three capacitive sensors.

According to the abovementioned concept of sensor sensitivity and to better compare the
performance of different sensors, the following equation is defined.?®

%:w, i=1.2,3.4.5 @
L

In the equation, ¢; is the measurement sensitivity of the sensor with different water film
thicknesses, Cg;- is the fringing capacitance of the sensor when the sensor is dry and the
detection medium is air, C; is the fringing capacitance of the sensor with different water film
thicknesses, and /; stands for different water film thicknesses. The slope curves of the three
sensors are shown in Fig. 5.

As shown in Fig. 5, the sensitivity of the ice crystal sensor to the thickness of the water film
was the highest, and the sensor showed good resolution of spatial permittivity. The slope curve
of the sensor decreased with the increase in water film thickness.

In addition, the performances of sensor would be changed depending on the choice of the
design parameters, and the comparison results may lead to the discussion of fairness. Therefore,
in order to ensure the fairness of the comparison results of these three types of sensor, we have
also done a series of simulation experiments. For the interdigital sensor, the gap between the
teeth is increased and the number of comb teeth is reduced, for example, when the number of
comb teeth of the excitation electrodes are decreased to five, the corresponding gap increased
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Fig. 5. (Color online) Line graph of the sensitivity differences of the capacitive sensors.

to 1.8 mm. Similarly, the multiring sensor in the experiment to decrease the number of rings,
while increasing the gap between the rings. As the shape of the ice crystal sensor is complex,
in this experiment, we respectively increase and decrease the size of the internal pattern. The
simulation results of the electric field intensity and electric potential difference of the sensors
are shown in Table 3.

In Table 3, the electric field intensity of the interdigital and multiring sensors increases as the
number of teeth/rings decreases and the gap between the teeth/ring increases, but the increase is
very small. Regardless of whether the internal pattern size of the ice crystal sensor is increasing
or decreasing, the electric field intensity of the sensor is still the largest. In addition, the change
in the electric potential difference of the interdigital sensor is smaller, and the electric potential
difference of the multiring sensors increases as the number of rings decreases and the gap
between the ring increases, but the increase is very small. The internal pattern size of the ice
crystal sensor is increasing, the electric potential difference of the sensor is the largest.

In order to compare the performance of these three types of sensor more directly, the
simulation experiment will be continued, and the capacitances of these sensors will be obtained.
Then the sensitivities of the sensors under the choice of different parameters are calculated
according to Eq. (2). The results are shown in Fig. 6.

As shown in Fig. 6, the ice crystal sensors were compared with the other two types of sensor;
the sensitivities of the ice crystal sensors to the thickness of the water film were the highest, and
the sensors showed good resolution of spatial permittivity.

A comprehensive comparison of the penetration performance of electric field lines in all
types of electrode and measurement sensitivity showed that all performance indices of the
ice crystal sensor were excellent, the electric field line penetration performance was strong,
the dynamic measurement range was wide, and the sensitivity of the sensor, which directly
determines the performance, was much higher than that of the rest. The analysis results showed
that the ice crystal capacitive sensor had the best design scheme of the sensor electrode and can
meet the requirements of high-sensitivity measurement systems. However, a capacitive sensor
with a single structure is sometimes unable to meet the needs of several practical applications.
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Table 3
Electric field intensity and potential difference of the three types of sensor.

Electric field intensity (V/m)
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Fig. 6. (Color online) Line graphs of the sensitivity differences of the capacitive sensors.

3. Sensor Design and Measurement Strategy
3.1 Electrode array design

The following problems may exist in the practical application of rainfall sensors. In several
special applications, the sensor may need to be installed on a tilt angle, it may be occluded by
other objects, or the sensor electrode may be worn out by long-term use. In these cases, using a
single capacitive sensor for rainfall measurement may produce deviations in the results. Several
possible external disturbances were simulated in this study. Figure 7(a) shows the ideal state
before the sensor was disturbed. The initial conditions of the simulation were consistent with
those of the simulation process, that is, a 3.8-mm-thick acrylic plate covering the 0.5 mm water
film. Figure 7(b) shows that when the sensor was shielded in the simulation, the acrylic plate
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(a) (b) (c) ()

Fig. 7. (Color online) Different external geometric perturbations of the sensor: (a) ideal initial state of the sensor, (b)
sensor occlusion state, (c) sensor electrode wear state, and (d) sensor tilt state.

surface was partly covered by the water film (water film length of 52 mm, width of 26 mm,
and thickness of 0.5 mm). Figure 7(c) shows the wear condition of the simulated electrode of
the sensor, namely, the polarity of the electrode. For convenience, the 0.5 mm water film and
3.8-mm-thick acrylic plate were set in the hidden mode (a setting in COMSOL software that
hides boundaries or entities), which had no effect on the simulation results. Figure 7(d) shows
an analog sensor in a tilt condition. The water film distribution was uneven in this initial
environment. One part consisted of a 0.5 mm water film, and the length and width were 52 and
32 mm, respectively. The other part consisted of a 0.3 mm water film, and the length and width
were 52 and 10 mm, respectively. The remaining part has no film covering.

After the simulation environment was built, edge capacitance was obtained by simulation,
and Eq. (2) was used in the calculation. The results of the analysis of sensor sensitivity
fluctuations and the simulation results are shown in Fig. 8. When the sensor experienced some
external geometric interference, its sensitivity changed by varying degrees. This result indicates
that a single ice-crystal-shaped capacitive sensor may produce an error in the detection of large
amounts of rainfall. Therefore, several electrodes should be used to simultaneously measure
the water film thickness on the surface of the sensor. The results of multiple measurements are
combined by using the redundant complementary characteristics of multisource information.
More reliable measurement results can be obtained with this approach than by using a single
measuring electrode.

In the same measurement area (the length of the square area is 104 mm), 2 x 2 and 4 x 4
ice-crystal-shaped sensor array arrangements were designed to accurately measure rainfall
according to the results of the optimizing electrode type. The single measurement area of
the 2 x 2 array sensor was 52 x 52 mm?, and that of the 4 x 4 array sensor was 26 x 26 mm?.
An electric field simulation was carried out (the simulation process is consistent with that
mentioned in Sect. 3.1), and the simulation results are shown in Fig. 9.

The voltage variation of the 2 x 2 array sensor was about 2.13 V [Fig. 9(a)], and that of the 4
x 4 array sensor was about 1.22 V [Fig. 9(b)]. The simulation results in Fig. 9 show that when
the single ice crystal sensor area was reduced, the overall voltage of the array sensor decreased,
that is, the signal intensity weakened. The sensitivity of the system was analyzed to determine
the difference in the performance of the two array sensors. Only the capacitance of two single-
sensor components in the 4 x 4 array was selected for comparison with that of the 2 x 2 array
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Fig. 8. (Color online) Sensitivity curve of the ice crystal sensor under different external disturbances.
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Fig. 9. (Color online) Potential distribution of the two array sensors: (a) 2 x 2 array sensor and (b) 4 x 4 array
sensor. The potential of the sensor is distributed on the XY plane and the Z-axis at 5 mm.

sensor because the 4 x 4 array has many sensors. The sensor capacitance component was
inputted into Eq. (2), and the results are shown in Fig. 10.

Figure 10 shows that the sensitivity of the components of the two array sensors was basically
the same and showed improved stability. The sensitivity of the 4 x 4 array sensor was slightly
lower than that of the 2 X 2 array sensor, and the speed of decline was rapid because of the
decrease in the single sensor measurement area and effective common edge length. The
penetration performance of the sensor weakened, and the maximum thickness of the object
required a certain sacrifice. Considering that the performance of the 4 x 4 array sensor
involved a certain amount of sacrifice and many sensors were used, we adopted the 2 x 2 array
arrangement of ice crystals as the electrode in the rainfall sensor (Fig. 11) to efficiently and
accurately estimate rainfall.

Figure 11 shows the 2 x 2 array rainfall sensor used in this study. However, an array-type
rainfall sensor involves many measurements in the process because of the increased number of
sensors. An algorithm must be applied to carry the data fusion of multichannel measurement to
obtain stable and accurate rainfall data.
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3.2 Data aggregation strategy for an adjacent capacitance array sensor

When the data from a sensor array are aggregated, weighting is a common strategy
adopted to obtain consistent and accurate measurement results. Several differences exist
in the manufacturing process of each capacitance-measuring electrode, and each working
environment differs. Under the same rainfall conditions, the water film thickness measured on
each electrode deviates. This deviation can be corrected by a weighted aggregation method. In
actual applications, however, falling rain is distributed unevenly on the surface of the sensor,
and the actual thickness of the water film between electrodes constantly changes. Thus, a
weighted data aggregation method with fixed weights is unsuitable for measurements obtained
from a rainfall sensor array.

In this study, an adaptive weighted aggregation algorithm was used to update and aggregate

multielectrode capacitance data.?”)

The accuracy of different measuring electrodes was
evaluated by measuring the capacitance of each electrode dynamically. The weighting factor of
each sensor was adjusted dynamically according to the accuracy of the evaluation results. High
sensor accuracy in the process of determining the amount of rainfall had the highest weight.
The algorithm identified the optimal weighting factor of each sensor in an adaptive manner and
used the weighted factor to perform data aggregation on data acquired by multiple sensors.

We used the simulation data of the 2 x 2 array sensor in different environments as an
example to illustrate the specific implementation of the program. The expected simulation
state is to judge the state of the 3.8 mm acrylic plate covering the 0.5 mm water film on the
surface. Under this condition, the average of a group of capacitances was obtained, and the
relative percentage (relative to the dry state) was calculated as the true value (X = 15.85%).
The simulation models presented in Sect. 3.2 were then utilized to simulate 10 geometric
interference environments. The relative percentage of 10 sets of measured values was obtained
by simulation, as shown in Table 4.
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Table 4

Increasing percentage of each sensor component.

Groups 1_1 Component 2 2 Component 3 3 Component 4 4 Component
1 15.97 15.97 15.98 15.99
2 16.01 16.04 16.00 16.00
3 16.02 16.03 16.01 15.99
4 15.92 0.23 15.93 15.81
5 15.81 15.93 11.34 15.92
6 15.87 15.88 13.79 13.76
7 15.86 15.89 13.80 13.77
8 15.82 17.68 15.82 15.80
9 15.82 17.72 13.74 15.84

10 15.87 13.80 13.78 15.89

In Table 4, the relative percentage of each sensor measurement under the environment of
each sensor array was . For the unbiased estimation of the true value of X, the variance of each
sensor was 62,3, 62, and 63. The weighted factors were Wy, W», W3, and Ws. The estimated
values after aggregation and the weighting factors meet the following conditions.

~

X = Z Wix; 3)
i=1

iWi =1 )

Given that the sensors are independent of each other, the true value of X, which is an unbiased
estimation, is equivalent to

5 =E

24: Wi2 X - x,-)zl = 24: Wf&?. 5)
i=1

i=1

According to the above equation, the total mean square error is a multivariate, two-function
weighted factor of each sensor. Thus, the total mean square error must have the maximum
value. The solution of the minimum value must satisfy Eq. (4)’s constraint condition for the
multivariate function. With the multivariate-function extreme-value method, we determined

the corresponding weighted factor when the total mean square error was minimum as follows.?®

1
Wi=—— i=1,2,3,4 6)
P
5?21-:15—?

In the above equation, the variance can be obtained through various methods as follows.

1

52:E[(xi_x)2], i=1,2,3,4 (7
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The average value for x; is X, and the corresponding minimum mean square error is

1
Omin = =173 ®)

>
i=1 9;

The results of the array capacitive sensor were obtained by inputting the simulation

results into Egs. (6) and (3). Figure 12 shows that the result was a relative percentage of the

unbiased estimates of the array capacitive sensor. On the basis of the mapping rules between

the measured results and rainfall, data can be converted to rainfall data, thus completing the
measurement of rainfall.

4. Rainfall Sensor Experiment
4.1 Construction of an experimental platform for rainfall sensor measurements

An experimental sensor platform was designed to evaluate the performance of the rainfall
sensor array described in this paper. The experimental platform comprised a capacitance digital
conversion module, a rainfall sensor, an insulating medium, and a simulated rainfall platform.
The capacitance digital conversion module used the FDC1004EVM evaluation kit produced
by Texas Instruments, Inc. (Dallas, TX, USA), with four measurement channels in a plug-and-
play system corresponding to four shielding channels.?” The full range of each measurement
channel was +15 pF, and the resolution reached 0.5 fF. The rainfall sensor was the 2 X 2 array
proximity capacitive sensor described in this paper. The manufacturing cost of the sensor was
low. Thus, we used PCB, and the electrode material was copper. Each sensor in the array
corresponded to a measurement channel of the digital conversion module. The rain sensor was
placed snugly beneath a 3.8 mm acrylic plate that served as an insulating medium and provided
good waterproofing. The rainfall simulation platform used a shower nozzle with a variable-
speed pump to simulate rainfall; by adjusting the pump flow, various amounts of rainfall were
simulated. The entire rainfall sensor measurement system is shown in Fig. 13.

25 15

10
20 A

Relative percentage (%)
/
\l
/
Relative error (%)

0 2 4 6 8 10

Number of samples (N)

Fig. 12. (Color online) Aggregation results of 2 x 2 array sensor data.
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Fig. 13. (Color online) Actual picture of system hardware.

Meteorological departments generally define rainfall intensity as rainfall within a unit of
time. The average of the capacitance measurements under different rainfall intensities must
be obtained and used as the reference value to evaluate the various indices of the rainfall
sensor. Different simulated rainfall intensities can be obtained by regulating the pump’s
control voltage because a speed-regulating water pump provides different water flow rates
under different control voltages. The experiment platform was realized easily by the method
of artificial precipitation simulation. The power supply of the platform can be accurately
adjusted to overcome the problems associated with the previous use of the valve to adjust the
water flow, such as difficulty of operation, poor repeatability, and so on.®? These changes are
demonstrated in the following experiments.

After building the experimental platform, we referred to the rainfall intensity levels
defined by the local meteorological department. Pump voltage was adjusted accordingly. The
corresponding measurement channel capacitances were obtained, and the data were aggregated.
In addition, the sensor was calibrated because of the existence of a cable, which could lead
to errors in capacitance measurement. In the calibration process, a median filter was used to
remove the spike pulse in the sampling process. The original and error values were utilized as
the reference values of the sensor when dry. After calibration, the capacitance reference values
of sensor channels 1-4 when dry were 3.8998, 4.3536, 3.9857, and 3.3984 pF, respectively. The
average value of rainfall at different voltages was calculated according to these values, as shown
in Table 5. In addition, the water supply was directly proportional to the supply voltage, the
rainfall in the light rain is less than 10 mm/h, the rainfall in the moderate rain is about 10 to 25
mm/h, the rainfall in the heavy rain is about 25 to 50 mm/h. The supply voltage of the platform
could be freely selected but should not be less than 1.5 V; otherwise, it might not drive the
platform rainfall.
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Table 5
Rainfall rank from experimental results using the simulated rainfall platform.

Rainfall rank  Voltage (V) Channel 1 Channel 2 Channel 3 Channel 4

Light rain L.5 4.5223" 4.9527 4.667 4.1618
Moderate rain 2.0 4.5525 5.0638 5.0115 4.3917
Heavy rain 3.0 4.6354 5.1995 5.2076 4.5359

*Average value; true value of fringing capacitance (pF).

After obtaining the reference data, the average value of the four channels was calculated,
and the value of the three groups was obtained as the expected value of different amounts of
rainfall. The performance indices of the rainfall sensor described in this paper were tested and
evaluated using the platform.

4.2 Rainfall measurement experiments

The performance indices of the rainfall sensor included accuracy, repeatability, stability, and
dynamic characteristics. The performance indices of the designed capacitor-type rainfall sensor
were tested by using the experimental platform and related data obtained in advance.

The power supply voltage of the platform was increased at the same frequency, that is, under
the same conditions, and three groups of data were obtained by repeated experiments to verify
the repeatability and stability of the sensor. The same frequency change in a short period
was used to repeat the experiment. Fifteen groups of samples were selected, and the average
value and standard deviation of each sample were calculated. Figure 14 shows the results of
experiments. The aggregated results of the sensor capacitance under different voltages and
rainfall evaluation results were obtained and compared with the expected values by adjusting
the control voltage input of the pump controller and changing the flow rate of the pump. Figure
15 shows the results of experiments. Moreover, the control voltage of fixed-speed pumps and
the signal line of the single channel of the array-type rainfall sensor were removed to verify the
reliability of the rain sensor. Then, the measurement results under different conditions were
compared. The results of the experiments are shown in Table 6.

The dynamic characteristic of a rainfall sensor is also an important index. In this study, the
input voltage of the variable-speed pump was connected to the signal generator, and the signal
generator voltage was set to a frequency of 0.1 Hz. Real-time capacitive sensor and rainfall
measurement results were recorded, and the signal characteristics of the measurement results
were observed. The results are shown in Fig. 16.

4.3 Results of experiments

Figure 14(a) shows that the sensor demonstrated good stability over a long period. Figure
14(b) shows that the error bar was short, which meant that the standard deviation of the
measurement results was small. Therefore, the results of the repeated measurements of the
sensor demonstrated good consistency and repeatability.
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Fig. 14. (Color online) Repeatability and stability of the sensor. (a) Three groups of capacitance variation results
in the same conditions and (b) average and standard deviation of the 15 groups of samples.
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Fig. 15. (Color online) Relative error of the rainfall sensor: (a) light rain, (b) moderate rain, and (c) heavy rain.

Results of aggregating the measurement data: accuracy based on conditions of (d) light rain, (¢) moderate rain, and (f)
heavy rain.

Table 6

Rainfall measurement results.
Rainfall Probability (%)
Light rain 60"
Moderate rain 76
Heavy rain 84

“Percentage of approximately agreed parts of true values and expected values.
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Fig. 16. (Color online) (a) True value of the rainfall sensor in real time and (b) measurement result of the rainfall
Sensor.

Figure 15 shows that the sensor capacitance measurement and expected values agree under
the same control voltage. Figure 15 also shows the relative error of the sensor after using a fast
Fourier transform (FFT) filter.

The average measurement error of the sensor was calculated according to the relative error
value of different rainfall amounts in Fig. 15, as shown in Table 7. Table 7 shows that the
maximum measurement error for different rainfall values of this sensor was only +2.48%,
whereas the measurement error of other sensors in the market is about +3%. Therefore, the
rainfall sensor designed in this study has higher accuracy than other sensors in the market.
In the actual application process, sensors whose parameters have been calibrated produce an
accurate assessment of the amount of rainfall achievable.

Table 6 shows the results of one of the cases, in which the signal line of a channel is removed
to verify whether the array sensor can still accurately determine the amount of rainfall. The
results presented in Table 6 show that although some electrode wear or occlusion occurred, the
array-type sensor still obtained accurate rainfall measurements when the rainfall sensor had
multiple channels.

Figure 16 shows that the sensor can measure and judge the change in rainfall in real time,
and it proves that the sensor possesses good dynamic characteristics and can be used in practical
applications. Manufacturers can rely on the sensors designed in this study to provide customers
with ideal solutions.

The above experiments were repeated after changing the penetration medium thickness of
the rainfall sensor. Observation of the performance of the rainfall sensor revealed that when
the thickness of the medium was greater than a certain value (about 6 mm), the performance of
the sensor decreased dramatically, and the rainfall measurement results could not be evaluated
correctly.

The experimental results indicated that the array-type rainfall sensor designed in this study
has high sensitivity and reliability, can make a correct assessment of the amount of rainfall
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Table 7

Measurement error of sensors.

Rainfall Light rain (%) Moderate rain (%) Heavy rain (%)
Rainfall sensor +2.48" +2.04 +2.35
Other sensors +3"

* . . . .
Measurement error for different rainfall values of this rainfall sensor.
k. . .
Measurement error of other capacitance rainfall sensors.

on a surface of the detecting medium with a certain thickness, and possesses good dynamic
characteristics.

5. Conclusions

An ice crystal sensor with the best performance is obtained by comparing the three types of
sensor. The insulation medium penetration of the described rainfall sensor was significantly
improved by optimizing the design of the capacitor electrode, and high sensitivity to water
film thickness was obtained. Unbiased estimation of rainfall data was realized using a
multicapacitor array arrangement and a multisensor data aggregation algorithm. In the future,
we will also make a further research and analysis of factors that affect the performance of the
sensor, for example, the sensitivity of the sensor will be decreased when the sensor is covered
with iron overlay, if it is integrated in a structural material. We will pay more attention to other
cross sensitivities on temperature and dirt contamination.

Rainfall sensors are widely used in weather monitoring, modern agriculture, the automobile
industry, intelligent home functionality, and so on. The installation method, cost, and precision
of rainfall sensors used in different application scenarios are different. In this study, an array
of proximity capacitive rain sensors was designed on the basis of the principle of proximity
capacitance to conduct real-time noncontact measurement with the surface of an insulating
medium. The sensor array demonstrates a certain measurement accuracy, but its installation
method and usage in cost-sensitive applications are restricted. The program and ideas used in
the design of the rain sensor described in this paper can provide a reference for the design of
similar sensors.
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