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Abstract. The task of improving electronic devices for measuring the moisture content of agricultural seeds is
always relevant. Knowledge of the best ways, methods and technical solutions in a particular field of activity is
the basis for creating innovative devices. However, manufacturers do not disclose the hardware and software of
their devices. This circumstance does not allow performing a comparative analysis and choosing the best solution,
which slows down the technical progress and engineering education to a certain extent. This paper discusses the
hardware and the operation algorithm for the measuring converter of capacitance (MCC), which is designed for
constructing a dielcometric USB-moisture meter for seeds of agricultural crops, as well as the study results of its
main characteristics. Arduino hardware and software (IDE) were used. A diagram of an experimental MCC
sample, a model of a measuring circuit in the Multisim program and recommendations on the selection of elements
for reference and measuring RC-circuits are presented. Studies have shown that MCC can be used for building
dielcometric USB-moisture meters of seeds based on microcontrollers containing: an analog comparator, a two-
channel 8-bit pulse width a modulator (PWM), a 10-bit PWM, and a USB interface. The transients used in MCC
are fundamental, so the research results can be used in engineering education to study embedded computing
systems. Transient processes in RC-circuits can be simulated in the Multisim program, as well as investigated
using the Arduino platform, which allows to observe the results of the conversions on a computer monitor.
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Introduction

The purpose of the article is to present the study results of the measuring converter of capacitance
(MCC) into a binary code, which is proposed for constructing a dielcometric USB-moisture meter for
seeds of agricultural crops.

The sensitivity of the MCC decreases with increasing capacitance. The dielectric constant of seeds
increases with raising their moisture according to the exponential function law [1; 2]. However, in
microprocessor-based moisture meters, calibration tables are used, therefore, the nonlinearity of the
conversion characteristic does not affect the measurement accuracy. In this paper, we consider MCC,
for which patent for an invention [3] and a certificate for state registration of the program have been
obtained in Russia.

The circuit model of the proposed MCC is made in the Multisim program as shown in Fig. 1. The
circuit contains: reference resistors R, and Ry; capacitive sensor Cs; reference capacitor C; generators
XFG1 and XFG2 of rectangular pulses, allowing to control the duty cycle of the generated pulses; two-
channel oscilloscope XSC1.

Oscillograms of voltages across the capacitive sensor Cs = 500 pF (channel A) and the reference
capacitor C, = 250 pF (channel B) are shown in Fig. 2. The frequency of rectangular pulses generated
by the XFG1 and XFG2 generators is 100 kHz, R, = Ry = 10 kQ.

As a result of modeling the circuit in Fig. 1, the dependence of the difference between the voltage
amplitudes of the reference capacitor C; and the sensor C; on the capacitance of the last was obtained.
This dependence is represented by equation (1):

V.=V -V, Q)
where V, and V; — voltage amplitudes across the reference capacitor C, and the sensor Cs, V.
The amplitude V, is determined by equation (2):
V. =V

rmax _Vrmin ! (2)
where  Vimax and Vimin — maximum and minimum voltage across the reference capacitor C,, V.
Vs amplitude is determined similarly to (2):

Vs :Vsmax _Vsmin ! (3)
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where Vs max and Vs min — maximum and minimum voltage across the sensor Cs, V
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Fig. 1. Circuit model in Multisim for MCC Fig. 2. Oscillograms of voltages across
capacitors Cs (channel A) and Cr (channel B)

research
Table 1 shows the results of modeling the circuit in Fig. 1 and the data calculated using expressions

Table 1

(1), (2) and (3).
Results of circuit simulation in Multisim
400 450 500

Cs, pF 250 | 300 | 350

Vs min, V 0.599 | 0.800 | 0.967 | 1.115 | 1.240 | 1.347
Vs max, V 4.402 | 4.206 | 4.029 | 3.886 | 3.762 | 3.654
Vs = Vsmax — Vsmin, V | 3.802 | 3.405 | 3.062 | 2.772 | 2.522 | 2.308
Vis=Vi-V,, V 0 039 | 0.74 | 1.03 | 1.28 | 1.49

When the capacitance changes from Csmin = 250 pF to Csmax = 500pF, the amplitude changes from
3.802 V to 2.308 V. The average sensitivity of the circuit in the entire range of the capacitance Cs

(4)

variation is determined by equation (4):
3.802-2.308 _ 5976~ 6% |

S = Vsmax _Vsmin —
Cs max Csmin 500-250 p
When the capacitance changes from Csmin = 25 pF t0 Csmax = 50 pF and R, = 100 kQ, the amplitude
changes in the same range as for the capacitance changing from 250 to 500 pF. In this case, in accordance
with expression (4), the average sensitivity of the circuit is:
_ 3.802 -2.308 _ 5976~ GOﬂ.
pF

50-25
Thus, the sensitivity of this circuit is relatively high, and it makes sense of a microcontroller-based

implementation.
The problem lies in measuring the instantaneous values of Vsmax and Vsmin. AVR microcontrollers
contain 10-bit analog-to-digital converters (ADCSs). The time taken by the ADC for one conversion cycle

is determined by equation (5):
1
(®)

TADC =

14=14/1 .,

ADC

where faoc— ADC clock frequency, Hz;
14 — number of ADC clock periods required for one conversion [4].

The highest conversion accuracy is achieved, if fapc is in the range of 50-200 kHz. With
fanc = 100 kHz, the time of one conversion cycle will be Tapc = 140 ps in accordance with equation (5).
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Thus, the process of converting voltage to binary code using the ADC built into the microcontroller
(MCU) is quite long and this ADC cannot be used to convert the instantaneous peak values Vs maxand Vs
miniNt0 binary code.

Materials and methods

An experimental MCC sample implemented with the Arduino Uno is shown in Fig. 3. Arduino Uno
is built on the ATmega328P MCU, which can communicate with a PC via the USB interface [5; 6].
MCC contains: two reference resistors R, and Ry; capacitive sensor Cs and reference capacitor Cr; a RC
low-pass filter consisting of a resistor R and a capacitor C.
Arduino Uno

ATmega328P
TC2
D11 _iOC2A @'
D3 :i0C2B PWM2
2 TC1
e e VR » PC
[]R° []R' D6__iAINO 5
A0 iADCO AC
MUX —
A1 ADCA1
=Cs ==Cr ==C
T GND i\ o
i

Fig. 3. Schematic diagram of MCC experimental sample

Pins AQ, Al, D3, D6, D9 and D11 of the Arduino Uno (Fig. 3) are connected to the ATmega328P
pins and have the following functional purpose:

e ADCO0 and ADCL1 — inputs of the analog multiplexer (MUX), the output of which is connected
to the (-) input of the analog comparator (AC);

e OC2A and OC2B - outputs of pulse-width modulators (PWM1) and (PWM2), implemented on
the basis of 8-bit timer/counter 2 (TC2);

e OC1A - PWM3 output implemented on the basis of 16-bit timer/counter 1 (TC1);

e AINO - input (+) AC.

The resistance R, was selected via the condition (6):

Ry - Comin 20.25-Toym » (6)

where Tewm = 1/fpwm— period of signals generated at the PWM1 and PWM2 outputs, ms;
Cs min— minimum value of the Cs sensor capacitance, pF.

Values of reference circuit elements were selected via the condition (7):
Rr 'Cr = R0 'Csmin' (7)

Fig. 4 illustrates the changes in the values of Vimin, Vimax, Vsmin@Nd VsmaxWhen Ry = Ry, Cr = Cs min,
Csmax = 2 - Csmin and the condition (6) is fulfilled.

The high Vi and low V. voltage levels in Fig. 4 correspond to logic “1” and “0” signals generated
by PWM1 and PWM2 (Fig. 3). The study was carried out at a frequency fewwm =100 kHz, at
Csmin = 250pF, Ry = Ry = 10 kQ, C; = Csmin = 250 pF, according to (6) and (7).

Algorithms for converting V: and Vs into a binary code are the same, according to (2) and (3).
Therefore, we will consider an algorithm for converting one of them, for example, V. into a binary code.
The MCU executes the algorithm in the following order:
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Fig. 4. Diagrams of voltage changes across Cs and Cr elements of MCC schema

Step 1. The MCU tunes PWM1 and PWM2 to a given frequency fewmwith duty cycle G1 = G, = 0.5
and starts PWM1 and PWM2, which operate synchronously.

Step 2. MCU connects ADC1 input (Fig. 3) of analog multiplexer (MUX) to the (-) input of the
analog comparator (AC).

Step 3. MCU generates a signal at PWM3 output with a minimum fill factor Gs. This signal is
applied to the RC filter input. The voltage generated at the output of the RC filter is determined by the
expression: Ve = Gz - Vi, where Vi = 5V is the high voltage level of the PWM3 signal, when the MCU
is supplied with 5 V.

For the case when V¢ < V; min at the output of the AC there will be a logical “0”.

Step 4. MCU starts to increase Gs. The V¢ voltage rises smoothly. As soon as V¢ > Vimin, then logic
“1” appears at the output of the AC. MCU will store the binary code Nrmin proportional to Gs. The stored
binary code Nimin is equivalent to Vimin.

Step 5. MCU generates a signal at the PWM3 output with the maximum Gs. If V¢ > V; max at the
output of the AC will be logic “1”.

Step 6. MCU starts decreasing Gs. The V¢ voltage at the output of the RC filter decreases smoothly.
As soon as Ve <V max, then logic “0” will appear at thecomparator AC output. MCU will save the
Nrmaxbinary code proportional to Gs. The stored binary code Nrmax is the equivalent of Vimax.

Step 7. MCU calculates Nr = Nrmax—Nrmin. Binary code N is equivalent to V..

Step 8. MCU connects the ADCO input of the MUX to the (-) input of the comparator AC and
performs a similar algorithm to determine Ns = Ns max—Ns min. Binary code N, is the equivalent of V.

Step 9. MCU determines Nrs = N—N;s similarly to (1). Binary code Nyis equivalent to Vis.

The PC (Fig. 3) receives the results of the conversions from MCU, performs their processing and
displays the decimal equivalents of binary codes on the monitor (Fig. 5).

% COM4 (Arduino/Genuino Uno)

Nel Nsmin = 120; Nrmin = 121; HNsmax = 876; Nrmax = 377;
(Nrmax - Nrmin)-({(Nsmax - Nsmin)= 0

Nez Nsmin = 120; Nrmin = 121; Nsmax = 876; Nrmax = 8777
{(Nrmax - Nrmin)-(Nsmax - Nsmin)= 0

Ne3 Nsmin = 120; Nrmin = 121; Nsmax = 876; Nrmax = 377;
(Nrmax - Nrmin)-({(Nsmax - Nsmin)= 0

Flg 5 Blnary COdES Nsmin, Nrmin, Nsmax a.nd Nrmax on the PC monltor

Results

The results of experimental studies are shown in Tables 2 and 3. The values of Vsminand Vsmaxare

determined by the formulas (8):
— Nsmin 'VH and Vsmax — Nsmax 'VH (8)
T TOP

smin
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where TOP — the PWMS3 resolution.

For the considered case, TOP =1000. WithCs =250 pF, Nsmin =120 (Table 2) Vsmin=120 -
5/1000 =0.6 V.

In our case, TOP = 1000. Vsmin = 120 - 5/1000 = 0.6 VwithCs = 250 pF, Nsmin = 120 (Table 2).

Table 2
Results of experimental studies MCC with C, = 250 pF
G, pF 250 | 300 | 350 | 400 | 450 | 500
Nsmin 120 | 146 | 182 | 214 | 241 | 264
Nsmax 876 | 849 | 813 | 781 | 754 | 731
Vsmin, V 06 | 073 | 091 | 1.07 |1.205| 1.32
Vismax, V 4.38 | 4.245 | 4.065 | 3.905 | 3.77 | 3.655
Vs = Vsmax — Vsmin, V | 3.78 | 3.515 | 3.155 | 2.855 | 2.565 | 2.335
Nrs = Nr — Ng 0 53 125 | 189 | 243 | 288
Vis=Vi—V, V 0 ]0.265]0.625]0.945|1.215| 1.44

Table 3 shows the data measured with an oscilloscope connected to the C, sensor and the reference
capacitor C; (the oscilloscope is not shown in Fig. 3).

Table 3
Data measured with an oscilloscope connected to Csand C, = 250 pF
G, pF 250 | 300 | 350 | 400 | 450 | 500
Vismin, V 0.5910.69)0.84|1.00]1.16]1.28
Vsmax, V 441|428 413|397 381|372
Vs = Vsmax — Vsmin, V' | 3,82 | 3.59 | 3.29 | 2.97 | 2.65 | 2.44
Vis=Vi=V, V 0 [023]053]085]1.17|1.38

Oscillograms of voltages across Cs and C; are shown in Fig. 6. In the experiments, the capacitance
of the connecting probes of the oscilloscope was taken into account. Fig. 7 shows three dependences of
Vs on Cs, at Cr = 250 pF, obtained according to (1). Dependence 1 —simulation in Multisim, Dependence
2 — experimental studies, Dependence 3 — oscilloscope measurements of voltages acrossCs and C,. The
dependences were obtained at Vu =5 V.

—8— Dependence 1

1.4 4 -e- Dependence 2 ‘%
—e- Dependence 3 Pt
1.2 1

1.0+

0.8

Vrs, V

0.6 1

0.4 1

0.2 1

0.0 1

T T T T T T
250 300 350 400 450 500
Capacitace Cs, pF

Fig. 6. Oscillograms of voltages across
Cs(CH1) and across C; (CH2)

Fig. 7. Dependences of Vs, V on Cs

The benefit of the proposed MCC in comparison with the closest analogues [7; 8] is that its
implementation is completed without external additional functional elements on a single
microcontroller. This circumstance expands the areas of MCC using and increases the possibilities for
its improvement by changing only the software without changing the hardware.

MCU allows us to change the frequency and fill factor of the PWM1 and PWM2 signals.
Management of the measuring signal parameters in the implementation of multi-parameters moisture
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meters increases the measurement accuracy [9; 10]. The frequency and fill factor control function is not
available in the known MCCs.

Conclusions

1.

2.
3.

4.

5.

The dependences of the output signal on the sensor capacitance are obtained, confirming the
adequacy of the MCC model to the designed device.

Vi max = 0.88VH and Vi min = 0.12V4 necessary for designing of the optimal MCC are obtained.

The results of the work allow us to design MCC depending on the required frequency of PWML1
and PWM2, resolution and initial capacitance of the sensor.

The MCC under study can be built on ATmega32U4 that contains a USART/USB interface
converter and will reduce the prime cost of the USB-moisture meter.

The MCC algorithm and program can be used in the educational process to study microprocessor-
based measuring devices.
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