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Abstract. Accurate water flow measurement in large-diameter pipes remains challenging due to turbulent and unsteady flow, non-uniform velocity profiles, air bubbles, and pressure fluctuations. Capacitive sensors are a promising solution for such conditions because of their simplicity, low power consumption, and high sensitivity potential. This study presents a theoretical and experimental investigation of the dynamic behavior of a capacitive water flow measurement sensor. The sensor response to rapid input signal variations was analyzed by modeling dynamic flow effects with a unit pulse. Transient processes were studied using the Laplace transform method, and the amplitude - frequency and phase - frequency responses of the sensor were derived. Numerical simulations were conducted in MATLAB and ISIS Proteus, and the results were validated through laboratory experiments on a prototype measurement circuit.
INTRODUCTION
Despite the development of numerous high-accuracy methods and instruments for water flow measurement in irrigation systems, accurate flow measurement in large-diameter pipes (1– 4 meter) at major pumping stations remains a significant scientific challenge. Numerous studies indicate that conventional flow measurement methods, including ultrasonic, optical, acoustic, electromagnetic, and pressure-based flow meters, exhibit significant limitations when applied to large-diameter pipes [1]. 
Water flow measurement in large-diameter pipes is associated with several fundamental challenges, including non-uniform velocity distributions, complex asymmetric or vortex-type turbulent flow profiles, extremely high Reynolds numbers, the presence of air bubbles, sharp pressure and flow-rate fluctuations, and reverse flow. These factors result in a significant reduction in measurement accuracy. Furthermore, the design of calibration test facilities for such large-diameter pipes is highly complex, and no self-calibration methods currently exist for systems of this scale.
RELATED RESEARCH WORKS
In practice, however, water flow measurements in large pumps and pumping stations remain largely based on nomograms, which leads to considerable measurement uncertainty.
Accurate water flow measurement in large-diameter pipes is essential for reliable determination of electrical energy consumption and overall efficiency at large pumping stations. Accurate water flow measurement is also required for reliable electronic monitoring of specific electrical energy consumption per unit volume of water, which directly influences the production cost of agricultural products.
According to statistical data, 74% of the total expenses required to supply consumers with each cubic meter of irrigation water is accounted for by electrical energy [2].
Therefore, in order to determine the actual value of electrical energy consumption at large pumping stations, it is necessary to optimize the operating modes of the pumps based on the irrigation norms of the agricultural crops being irrigated.
Accordingly, an urgent research task is the development of technically simple, high-accuracy water flow sensors with self-calibration, high sensitivity, low power consumption, and adaptive capability for operation in large-diameter pipes characterized by complex velocity profiles, turbulence, and unsteady flow conditions. This development should be based on the integration of digital technologies, artificial intelligence capabilities, and advanced sensor systems. 
During the research, water-flow sensors operating on various principles were analyzed, including the following:
“Ultrasonic water-flow sensors - although they offer non-contact measurement, do not create additional hydraulic resistance in the pipe, have negligible pressure loss, are easy to install, and possess a wide measurement range along with other favorable technical characteristics, they also have certain limitations. For example, they are highly sensitive to air bubbles and various mixtures in the water; during turbulent flow, it is very difficult to estimate the average flow rate; and measurements are significantly inaccurate when the pipe is not completely filled [3, 4, 5, 6, 7]. Electromagnetic (magneto-inductive) flow sensors are highly reliable, have no moving parts, and their readings are independent of water’s viscosity, temperature, density, and pressure. However, these systems are characterized by large physical dimensions, high sensitivity to external electromagnetic interference, the need for specialized noise-suppression circuitry, and frequent calibration requirements [1,8]. Differential pressure (head-loss) flow meters, one of the classical measurement methods, are simple in principle and widely used. Nevertheless, this method exhibits significant measurement errors under turbulent flow conditions, in the presence of vortices, or when the pipe is not fully filled. Due to these limitations, their use is often restricted [4, 7].
Recent studies suggest that capacitive sensors are a promising solution for water flow measurement in large-diameter pipes, largely satisfying the established technical requirements. They exhibit high sensitivity and possess a linear static characteristic.
However, capacitive sensors generate very weak electrical signals corresponding to water flow, which necessitates the design of measurement circuits capable of precise detection of extremely small capacitances. Currently, various methods exist for the measurement of extremely small capacitances (picofarad or nanofarad range), and the resulting signals are processed by microcontrollers or computers. However, ensuring high accuracy, minimizing external interferences, and reducing measurement errors remain critical challenges in the measurement of extremely small capacitances [2].
In real-time measurement and monitoring, it is essential to account for even very small capacitance variations. In such cases, it is crucial that the sensing element exhibits a linear static characteristic or that its associated accuracy is ensured. Furthermore, the design of an electrical measurement circuit with high resolution, as well as the careful selection of each of its components, is subject to strict requirements. To meet these requirements, several high-resolution methods for small capacitances measurement have been developed to date. In the following, we analyze some of the most commonly used techniques.
The method based on the principle of double differentiation is widely used as an effective approach for very low capacitances measurement, offering high accuracy [9,10]. Figure 1 below presents the block diagram of this measurement method.
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FIGURE 1. Block diagram of a low capacitance measurements system based on a double-differentiation method
This circuit can operate effectively over a capacitance variation range of up to ΔC = 10⁻¹⁸ F. It is particularly convenient for measurement and monitoring objects with unknown initial capacitance, and its design is relatively simple. However, due to the use of a 24-bit ADC and a reference capacitor, the cost of the system is high.
Furthermore, the use of a reference capacitor requires compliance with specific environmental conditions, which limits the application scope of this circuit.
Another method for low capacitances measurement, which offers high resolution and a high degree of linearity, is also available [11]. This capacitance measurement method can be widely applied in the field of biomedical engineering.
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FIGURE 2. Block diagram of a ultra-low capacitance measurement method with high resolution and linear characteristics

Figure 2 shows the block diagram of a capacitance measurement method with high resolution and a linear characteristic [11,12]. This circuit is highly effective for extremely low capacitances measurement, specifically in the femtofarad range (1 fF = 10⁻¹⁵ F). Consequently, it is widely applied in medical diagnostic equipment. However, this method also relies on a reference capacitor and the use of alternating current, making it susceptible to external electromagnetic field interference.
Another recent method for measuring extremely low capacitances involves using a novel signal generator equipped with a third-order high-frequency filter that exhibits very low sensitivity to low or high-frequency components of the signal [10,13,14,15,16].
In this method, a CMOS circuit, developed using integrated circuit technology with a feature size of 0.7 µm, is employed. The reference capacitance is 2 pF, and over a temperature range from −30 °C to +70 °C, the measurement error is as low as 100 aF (1 aF = 10⁻¹⁸ F). Figure 3 presents the block diagram of this measurement method.
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FIGURE 3. Block diagram of  a ultra-low capacitance measurement system using a signal generator

This circuit, utilizing a reference capacitor, features automatic calibration to minimize both multiplicative and additive errors. The output of the measurement circuit is independent of the signal amplification factor, and temporal fluctuations of the signal do not affect the output. The measurement range is 0÷2 pF, with a sampling time of 330ns.
Another method for measuring extremely small capacitances is based on a linear relationship between the phase shift of the output signal and changes in the phase angle [16,17,18,19,20]. One of the main features of this circuit is its high immunity to parasitic signals, along with very high resolution. Figure 4 shows the block diagram of this method for extremely low capacitances measurement.
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FIGURE 4. Block diagram of a ultra-low measurement system based on phase angle

The static characteristic of this circuit exhibits a nonlinearity of 0.5%. Compared to other measurement circuits, its main advantages are the linearity of its static characteristic and its high resolution. This circuit is primarily used for extremely low displacements measurement of various objects, down to 7.7 × 10⁻¹² m. 
Another method for measuring low capacitances is based on phase delay in an RC network [21,22,23]. Figure 5 shows the block diagram of this measurement method.
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FIGURE 5. Block diagram of  a capacitance measurement method based on RC phase delay

The output of this RC network serves as a pulse-width modulation (PWM) signal, with each measurement cycle being proportional to the capacitance variation. The sensitivity of this measurement circuit is approximately 246 mV/pF. The output signal is filtered through a low-pass filter, level-adjusted, and amplified. Therefore, this method is suitable for capacitances measurement of several tens of pF or smaller. Moreover, this measurement approach requires few components and has a simple circuit design.
When using capacitive sensors, their main characteristics are the amplitude-frequency response (AFR) and phase-frequency response (PFR). These characteristics are used, in particular, to evaluate the following properties of capacitive sensors:
- frequency characteristic: capacitive sensors are used across various frequency ranges, and their amplitude-frequency response (AFR) is employed to assess the frequency range in which the sensor operates stably or with minimal deviation;
-evaluation of resonance effects: in some cases, a capacitive sensor may operate in a resonant state, which can affect measurement accuracy. Therefore, the amplitude-frequency response (AFR) is also important for detecting the occurrence of unwanted vibrations;
-evaluation of phase shift: in capacitive sensors, the phase shift or time delay of the signal is assessed using the phase-frequency response (PFR). This is particularly important for ensuring high measurement accuracy and in systems with feedback loops.
-signal processing optimization: when electronic components such as filters and amplifiers are present in the measurement circuit, the amplitude-frequency response (AFR) and phase-frequency response (PFR) are used to tune the system characteristics to an optimal operating mode;
-error correction and calibration: if the static characteristic of a capacitive sensor exhibits nonlinearity or frequency-dependent deviations, corrections can be applied using the amplitude-frequency response (AFR) or phase-frequency response (PFR), or through software-based methods;
- proper circuit selection: some capacitive sensors perform optimally only within a specific frequency range. This frequency range can be determined using the amplitude-frequency response (AFR) or phase-frequency response (PFR).
Therefore, we analyze the amplitude-frequency response (AFR) and phase-frequency response (PFR) of the capacitive sensor used for water flow measurement.
MATERIALS AND METHODS
Next, the measurement circuit diagram of the capacitive sensor shown in Figure 6 is analyzed. For this circuit, the following expression can be written:
 	                                       		(1)
The effect of the input signal on the measurement circuit of any measurement and control sensor depends directly on the frequency of the input signal [24, 25, 26]. In investigating such a process, a unit pulse or Dirac function (see fig.6 a) is applied to the input of the measurement chain, and the chain's response is observed.
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FIGURE 6. Unit pulse or Dirac function (a) and integrating circuit (b)

The nature of the circuit's response depends on several parameters, such as the amplitude and duration of the unit pulse [27, 28, 29]. Therefore, to the input of the measurement circuit shown in Figure 6 (b) above, we apply a unit pulse voltage (signal) as illustrated in Figure 6 (a).
For the analysis of transient processes, the Laplace transform method is used. Therefore, we depict the measurement circuit in operator form, as shown in Figure 7, (a). In this diagram,  is considered the input voltage, while  is regarded as the response voltage. We then write the operator form of the transfer coefficient in terms of voltage:
						(2)
According to Ohm's law, the current is expressed as follows:
						(3)
The output voltage of the measurement circuit can be written as follows:
, 				(4)
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FIGURE 7. Laplace transformed circuit (a), and response to a unit pulse (b)

Alternatively, the operator form of the transfer coefficient is equal to the following:
, 			(5)
If we substitute the values of the operator resistances Z(p) into equation (5) and divide each term by RC, the following expression is obtained:
				(6)
Using the Laplace transform, we move from the operator description to the time-domain characteristic. Taking into account that we can write the following pulse response:
, 						(7)
Here, - the time constant of the measurement circuit.
To determine the transient response characteristic, we write the following expression:
,			(8)
To determine the output voltage, we analyze the following two time intervals:
1)  in this case 
 		(9)
By substituting the variable, or  and  taking into account the change of the integration limit, we write the following:
. 	(10)
In this case, at the end of the pulse, the output voltage of the measurement circuit is equal to the following value:
.				(11)
2)  when or  at  . The function has a discontinuity, so it is necessary to perform the integration over two intervals: from 0 to  and from  to the current . Therefore, we write the following expression:
 		(12)
Thus, by substituting the corresponding time interval values for , we obtain the following:

Using a step function and assuming the initial time state as , we write the following:
					(14)
Using formula (14), we plot the unit impulse response of the measuring circuit. The corresponding graph is shown in Figure 7, (b).
As noted above, in order to construct the amplitude-frequency and phase-frequency response of the integrating circuit, we express the complex form of its transfer coefficient:
				(15)
Here, the complex transfer coefficient of the -integrating circuit.
The magnitude of formula (15) is given by the following expression:
, 				(16)
Equation (16) represents the amplitude-frequency response (AFR) of the low-capacitance measurement sensor. To construct its phase-frequency response (PFR), we utilize the following expression:
			(17)
This expression represents the phase-frequency response (PFR) of the low-capacitance measurement sensor.
Taking into account  in the resulting formulas (16) and (17),  can be expressed as follows.:
 				(18)
where fc – cutoff frequency, f – frequency of the input signal. 
Based on equations (16) - (18), the magnitude and phase frequency responses of the low-capacitance measurement sensor are derived.These are shown in Figure 8, (a) and (b) below.
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FIGURE 8. Frequency response of the capacitive sensor: (a) amplitude-frequency response, b) phase-frequency response
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FIGURE 9. Input and output signals of a ultra low capacitance measurement circuit

As shown in Fig. 8, analysis of the AFR and PFR demonstrates that at frequencies above the cutoff frequency fc, the magnitude of the transfer function |Kt.c(f)| tends to zero and the phase approaches 90°. Hence, the circuit can be classified as a low-pass filter with a passband from 0 to fc, where fc​ corresponds to a −3 dB attenuation (|Kt.c| = 0.707). Simulation results obtained in MATLAB for the proposed integrated circuit were compared with those obtained using ISIS Proteus, as shown in Fig. 9.
EXPERIMENTAL RESEARCH
To verify the adequacy of the theoretical results, a laboratory prototype of the capacitive sensor measurement circuit was assembled and experimentally evaluated. A unit pulse was applied to the circuit input using an FY6900 signal generator, while the output signal waveforms and amplitudes were measured with a FLUKE 199 SCOPEMETER. The excitation frequency was varied in the range of 100 -1000 Hz.
The unit-impulse response of the measurement circuit was analyzed using MATLAB and ISIS Proteus. Experimental studies were then performed to validate the theoretical results, and the corresponding experimental setup and circuit schematics are presented in Fig. 10.
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FIGURE 10. Experimental setup of the measurement circuit

Figure 11 below presents the amplitude - frequency and phase - frequency responses obtained experimentally.
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FIGURE 11. Experimental results of the RC integrator circuit: (a) amplitude-frequency responce (b) phase-frequency responce
CONCLUSIONS
This study investigated the feasibility of using capacitive sensors for water flow measurement and analyzed their dynamic characteristics. In particular, the sensor response was examined under conditions of rapid input signal variations caused by dynamic flow effects, including turbulence, frequent formation of asymmetric and swirling flow profiles, air bubble entrainment, and abrupt fluctuations in pressure and flow rate. These rapid input variations were modeled using a unit impulse, enabling analysis of the sensor’s dynamic behavior and the transient response of the measurement circuit. Furthermore, the amplitude - frequency and phase-frequency responses of the capacitive sensor under dynamic conditions were investigated both theoretically and experimentally. The obtained results can be used to determine the frequency range that ensures accurate measurements, evaluate deviations of the output signal from nominal values, and assess measurement stability under dynamic operating conditions. The findings are also valuable for the design of capacitive sensors, optimization of measurement circuit parameters in dynamic regimes, and the development of effective filtering techniques to mitigate noise induced by external environmental factors.
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