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Abstract. The performed work relates to measuring techniques, in particular, to devices for metering physical 

quantities by capacitive sensors built on microcontroller-based interfacing circuit. One of the major capacitive 

sensor application areas in agriculture are the technological processes connected to humidity control and 

management. There is a problem in the need of development software for implementing Arduino-based 

algorithms that allow the analysis and synthesis of technical solutions for measuring the sensor capacitance using 

transients in an RC circuit. An algorithm that implements the dependence of the Microcontroller Measuring 

Converter binary code on the sensor capacity is proposed. An analytical expression that allows calculating the 

values of quantities necessary for effective interfacing of the capacitive sensor’s sensing element with the 

microcontroller is given. The study results of the Microcontroller Measuring Converter for capacitance varying 

in the range from 100 to 500 pF are presented. Experimental studies were performed on the basis of Atmel’s 8-

bit ATmega328P microcontroller using the Arduino platform. The results obtained in this work are necessary for 

designing capacitive intelligent microcontroller-based sensors. 
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Introduction 

The method considered in this paper is widely used for digital measurement techniques of 

capacitance [1]. The relevance of this method has increased significantly with the advent of 

microcontrollers [2], giving the possibility of its intellectualization. The Arduino open-source 

electronics platform has become a recognized tool in the field of embedded control systems among 

scientists, engineers, teachers and students. The Arduino open-source microcontroller platform has 

become a recognized tool in the field of embedded control systems among scientists, engineers, 

teachers and students. Arduino provides opportunities for researching measurement methods and 

developing new technical solutions based on them, including methods for measuring capacitance. 

The problem to be solved is to create Arduino-based tools for the analysis and synthesis of 

capacitive intelligent sensors using transients in the RC circuit.  

The source of information for embedded control systems (ECS) are physical quantity sensors. 

Currently, ‘intelligent’ sensors (also called ‘smart’ sensors) have become widespread [3; 4]. The core 

of the ‘intelligent’ sensor (hereinafter simply – sensor) is the microcontroller. In most cases, new 

sensor functions are implemented by improving the software. The skills to design software for 

microcontroller-based ECS elements are an urgent task. At the moment, this topic is not fully 

disclosed [5]. The purpose of this paper is to consider software development issues for implementing 

the process of converting capacitance into binary code based on classical transients in an RC circuit. 

A set of microcontroller with additional external elements, including a sensitive one, is a 

Microcontroller Measuring Converter (MMC). The main function of MMC is to convert a physical 

quantity into binary code, which can be transmitted using digital serial interfaces. This article presents 

studies of MMC for capacitance varying in the range from 100 to 500 pF. This is the most common 

variation range for the humidity sensor capacitance, e.g., HCH-1000 of Honeywell Company [6]. 

Materials and methods 

Using transients in a RC circuit to convert capacitance and/or resistance into binary code is 

considered in the scientific sources [7-10]. Using microcontroller-controlled transients in a RC circuit 

also allows to realize the conversion of an analog signal to a digital one [11].The active introduction of 

the Arduino hardware/software platform (https://www.arduino.cc/) into the processes of developing 

intelligent sensors [12-14] and studying microprocessor devices by students at engineering faculties 

[15-18] have provided a new opportunity to research this method. Arduino is the most affordable 

budget solution, implemented at the popular family of AVR microcontrollers. While programming 

Arduino there are used the most actual for information real-time systems languages C/C++ and 

Assembler. Arduino contains an extensive assortment of modular hardware and software with an open 
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source license, continues to develop and is supported by sufficient amount of literature. Arduino is 

supported by: the widespread in universities Matlab tool [19]; AVRStudio7 software environment 

designed for the professional development of software application for 8-bit and 32-bit AVR 

microcontrollers [20]; the operating system Windows 10 [21].  

The experimental MMC of capacitance implemented on the Arduino Uno platform based on the 

8-bit ATmega328P microcontroller is shown in Fig. 1. 

 

Fig. 1. Scheme of MMC for capacitance 

In Fig. 1, the following notation is used: D5, D6, D7, D8 – ArduinoUno device pins; PC5, PD6, 

PD7, PB0 – ATmega328P microcontroller pins; AIN0 and AIN1 – positive and negative inputs of 

microcontroller’s Analog Comparator; R – reference resistor which resistance is known; C – converted 

(measured) capacitance of the sensor; R1 and R2 – resistive divider. 

If the voltage Vc at the input AIN0 of the analog comparator exceeds the value of the voltage Vr, 

then the logic level at its output will change from ‘0’ to ‘1’. When this event occurs, the interrupt 

system sends a signal to the processor, which proceeds to the subroutine for processing this event. The 

general algorithm of MMC operation is as follows: 

Step 1. The microcontroller outputs a high VH voltage level to the D8(PB0) pin. A reference 

voltage is formed on the resistor R2 and is defined by equation (1): 
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where Vr – reference voltage applied to the analog comparator input AIN1, V. 

Step 2. The microcontroller outputs a low voltage level VL to the pin D5(PC5) and maintains this 

level for some time. The capacitor C is discharged to the voltage VL. If a current of 1 mA flows 

through the PC5 pin of the microcontroller, then the voltage is VL < 0.05 V [22]. We admit that 

VL = 0 V.  

Step 3. The microcontroller outputs the voltage VH to the pin D5(PC5) and starts the counter of 

current time t. The voltage VC on the capacitor C begins to increase as shown in Fig. 2. 

 

Fig. 2. Changing the voltage VC 
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The voltage VС is determined by equation (2): 
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For any point on the graph VС (t) (Fig. 2), by its coordinates, for example (ti, Vi), it is possible to 

determine the capacitance C according to equation (3) obtained from (2): 
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A code implementing this algorithm has been developed in the IDE Arduino and registered 

(https://www1.fips.ru/registers-doc-view/fips_servlet?DB = EVM&rn = 1860&DocNumber = 202061 

2922&TypeFile = html). 

It should be noted that the MMC in question is universal in relation to RC circuit elements. If in 

the MMC scheme shown in Fig. 1 C – reference capacity which capacitance is known, and R – 

converted (measured) resistance of the sensor, then its value can be calculated by a similar equation: 
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Vi measurement is performed by comparison with the reference Vr by the microcontroller analog 

comparator. When VС rises above Vr, then the voltage level will change at the analog comparator 

output. In this case, we can assume that VС = Vr = Vi. Since Vr is known, therefore Vi is also known. 

The time ti is measured as follows. The microcontroller discharges the capacitor by outputting the 

VL voltage to the line D5 (PC5). Then it withstands some time, for example,  

 td = 5·R·Cmax, 

where Cmax – maximum possible sensor capacity, pF. 

The microcontroller outputs the VH voltage to the line D5 (PC5) and starts the clock counter. The 

capacitor C begins to charge. When the VC = Vr event occurs, then the binary code Ni of the counter 

will be stored in the Capture Register. The time ti is determined by the equation (4): 

 ti = Ni∙Tc , (4) 

where Tc – microcontroller clock period (cycle time), s. 

TC = 1 / fC ,  

where fc – microcontroller clock frequency, Hz. 

The experimental studies were conducted using a variable capacitor C, which appearance is 

shown in Fig. 3. Arduino Uno power supply, as well as information exchange, including the output of 

conversion results to a PC monitor, is carried out via a USB port [12-14]. 

 

Fig. 3. Variable capacitor with a resolution of 0.2 pF and  

a capacitance range from 50 to 1150 pF 
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The result of converting the capacitance C into a binary code N at Vr = 0.632 ∙ VH is formed in the 

microconroller Counter Register (TCNT1) of the timer/counter (TC1) in accordance with the 

expression (5): 

 N = R·C/Tc, (5) 

At the microcontroller clock frequency fc = 16MHz, the cycle time Tc = 62.5 ns. 

For MMC implementation, the variant Vr = 0.5 VH was used. In this case, R1 = R2. Then, the 

capacitance of the sensor C in accordance with (3) is determined by the expression (6): 
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Since, in our case, Vr = 0.5 VH, the expression (6) takes the form (7): 
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Results 

Let us consider an example of designing the MMC of capacitance for the HCH-1000 air humidity 

sensor. When the air humidity changes from 0 to 100 %, the capacitance of this sensor varies from 280 

to 380 pF [6]. It is required to obtain the MMC resolution of 1 pF to measure humidity with a 

resolution of 1 %. In our case, when the sensor capacity changes to ∆C = 1 pF, the transient time 

should change by one clock period Tc = 62.5 ns, and the binary code ∆N = 1. The problem solution is 

reduced to determining the resistance R in the RC circuit (Fig. 1). 

In accordance with expression (7) we obtain (8): 
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In the experimental studies the reference resistor R = 100 kΩ was used. In this case, the MМС 

capacitance resolution is: 

 pF625.0
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Channel 1 (CH1) of the waveform shown in Fig. 4 reflects the voltage VC change on the 

capacitance C = 205 + 195 = 400 pF: where 205 pF – the variable capacitor capacitance; 195 pF – the 

capacitance of the oscilloscope’s connecting probe.  The input impedance of the oscilloscope also 

influences.  

 

Fig. 4. Oscillogram: channel 1(CH1) – voltage VC across the capacitance;  

channel 2 (CH2) – reference voltage Vr 
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Channel 2 (CH2) reflects the reference voltage Vr = 0.632 VH. The oscillogram shows that the VC 

voltage continues to increase after crossing the reference voltage Vr to the value Vmax = 3.38 V. This 

fact can be explained by the delay of the analog comparator (not more than 0.5 μs) [22] and the 

execution of several clock cycles of machine instructions by the microcontroller. The waveform also 

shows other parameters of the channel 1 signal, for example: period = 1.06 ms; frequency of 

conversion cycles Frequ = 942 Hz, etc.  

Experimental dependences of the MMC binary code N on the capacitance C are shown in Fig. 5.  

 

Fig. 5. Dependencies of binary code N of MMC on capacitance C at R = 100 kΩ 

The experiment was performed for two cases: Vr = 0.632 ∙ VH ≈ 3.06 V and Vr = 0.5 ∙ VH ≈ 2.42 V 

(when the MMC was powered from USB VH ≈ 4.84 V and from an external source VH ≈ 4.98 V). The 

power supply voltage of the microcontroller changed by about 3 % and the result of converting the 

capacitance to binary code was not affected. 

Conclusions 

1. The analytical expressions presented in this paper allow calculating the main MMC parameters 

depending on the microcontroller clock frequency and the capacitive sensor resolution.  

2. The MMC conversion characteristic is linear and its slope does not depend on fluctuations in the 

supply voltage in the range of 3-4 %. 

3. The study results can be used to design MMC based on microcontrollers of other manufacturers. 

4. The MMC algorithm and code can be used to study microprocessor measuring devices in 

engineering education. 
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