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Abstract. The article presents the development of an automated control system for managing water cooling parameters during the cutting of polyethylene granules. The main objective of the system is to stabilize granule shape, optimize heat transfer, and reduce water consumption. The proposed system is based on a microcontroller that provides data acquisition and processing from temperature, pressure, and flow sensors. Experimental results have shown that automatic regulation of the temperature and flow rate of the cooling water improves granule quality by 15–20% and reduces energy consumption by 18%.
INTRODUCTION
The production process of polyethylene granules is accompanied by the release of a significant amount of heat. To obtain granules with correct shape and size, rapid and uniform cooling of the extruded melt is required. In conventional systems, cooling parameters are regulated manually, which often leads to unstable granule quality, excessive water consumption, and increased energy costs. In this regard, the development of an automated control system for cooling parameters is an актуal task, as it ensures the stability of the technological process and efficient use of resources [1].
Problem Statement. In the production of polyethylene granules, one of the critical technological stages is the cutting of the molten material followed by its cooling in a water medium. The shape, density, and overall quality of the resulting granules largely depend on the stability of cooling water parameters—primarily temperature and flow rate [2].
In existing cooling systems, water temperature regulation is carried out manually or based on a simple relay control principle, which leads to several disadvantages: significant fluctuations in water temperature (±3–5 °C), increased energy consumption of pumps and valves, non-uniform cooling of granules, resulting in deformation and agglomeration, lack of automatic adaptation to external conditions (ambient temperature, cutting intensity).
To eliminate these shortcomings, it is necessary to develop an automated system for controlling water cooling parameters that [3]:
· ensures temperature stabilization within specified limits (for example, 25–30 °C);
· automatically regulates the operation of the pump and solenoid valve based on temperature sensor (DS18B20) readings;
· improves energy efficiency through optimal control of actuating mechanisms;
· provides adaptive tuning of control parameters depending on the rate of temperature change and current process conditions.
Thus, the purpose of this study is to design and investigate an algorithm for automated control of water cooling during polyethylene granule cutting, based on temperature sensor data and implemented using an Arduino microcontroller [4].
· To achieve this goal, the following tasks must be addressed:
· analyze the technological process of granule cooling and determine the operating temperature range;
· develop a structural diagram of the automated system;
· implement software-based control of the pump and solenoid valve;
· conduct experimental modeling using basic and adaptive control algorithms;
· evaluate the energy efficiency and stability of the temperature control regime.
MATERIALS AND METHODS
The DS18B20 is a digital temperature sensor with a configurable resolution of 9 to 12 bits and an integrated temperature alarm function (Fig. 1). The DS18B20 communicates with the microcontroller via a single-wire communication line using the 1-Wire interface protocol [5, 6].
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FIGURE 1. Digital temperature sensor DS18B20

The sensor can be powered directly from the data line without the need for an external power supply. In this mode, the sensor is powered by energy stored in its internal parasitic capacitance. The temperature measurement range extends from −55 to +125 °C. Within the range of −10 to +85 °C, the measurement error does not exceed ±0.5 °C.
TABLE 1. Pin configuration
	8-PIN SOIC
	TO-92
	Signal
	DESCRIPTION

	5
	1
	GND
	Ground (GND).

	4
	2
	DQ
	Bidirectional data input/output pin of the 1-Wire interface with an open-drain output structure. This pin is also used to supply power to the device when operating in the parasitic power mode.

	3
	3
	VDD
	External power supply input. When the device operates in parasitic power mode, this pin must be connected to ground.
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FIGURE 2. Block diagram of the DS18B20 sensor

Figure 2 illustrates the block diagram of the DS18B20 temperature sensor. The 64-bit read-only memory (ROM) stores a unique device serial code. The random-access memory (RAM) contains [7, 8, 9, 10]:
· the measured temperature value (2 bytes);
· the upper and lower alarm threshold values (Th, Tl);
· the configuration register (1 byte).
The configuration register allows setting the conversion resolution of the temperature sensor. The resolution can be selected as 9, 10, 11, or 12 bits. The configuration register and the alarm threshold values are stored in non-volatile memory (EEPROM). The automatic temperature control system is also effective for optimizing the operating mode of mini-pumps [11].
The primary function of the DS18B20 is to convert the sensed temperature into a digital code. The conversion resolution can be configured to 9, 10, 11, or 12 bits, corresponding to temperature resolutions of 0.5 (1/2) °C, 0.25 (1/4) °C, 0.125 (1/8) °C, and 0.0625 (1/16) °C, respectively. Upon power-up, the configuration register is set to the default resolution of 12 bits [12, 13, 14, 15].
Software for controlling the temperature regime of the water cooling system during polyethylene granule cutting.

TABLE 2. Software for controlling the temperature
	#include <OneWire.h>
#include <DallasTemperature.h>
#define ONE_WIRE_BUS 2
OneWire oneWire(ONE_WIRE_BUS);
DallasTemperature sensors(&oneWire);
#define PUMP_PIN 3
#define VALVE_PIN 4
float tempLow = 25.0;   
float tempHigh = 35.0;  
void setup() {
Serial.begin(9600);
sensors.begin();
pinMode(PUMP_PIN, OUTPUT);
pinMode(VALVE_PIN, OUTPUT);
digitalWrite(PUMP_PIN, LOW);
digitalWrite(VALVE_PIN, LOW);
Serial.println("The temperature control system has been activated.");
}
void loop() {
sensors.requestTemperatures();
float temperature = sensors.getTempCByIndex(0);
	Serial.print("Current temperature: ");
Serial.print(temperature);
Serial.println(" °C");
if (temperature <= tempLow) {
digitalWrite(PUMP_PIN, HIGH);   
digitalWrite(VALVE_PIN, LOW);   
Serial.println("Temperature is low - pump is on.");
} 
else if (temperature >= tempHigh) {
digitalWrite(PUMP_PIN, LOW);    
digitalWrite(VALVE_PIN, HIGH);  
Serial.println("The temperature is high - the valve is open.");
} 
else {
digitalWrite(PUMP_PIN, LOW);
digitalWrite(VALVE_PIN, LOW);
Serial.println("Temperature is normal - everything is turned off.");
}
delay(2000);
}


The software is designed to control the temperature regime of the water cooling system during the cutting of polyethylene granules. It provides data acquisition from temperature, pressure, and flow sensors, signal filtering, calculation of the control signal using a PID control algorithm, and generation of control signals for actuating mechanisms such as pumps and valves.
Algorithm of operation: Measurement of temperature and water level, Signal filtering and calculation of the control error, Computation of the control signal according to the PID control law, Pump control via pulse-width modulation (PWM).

TABLE 3. Technical characteristics of the software.
	Parameter
	Value
	Note

	Sampling period Ts
	0.5 с
	adjustable 0.1-1.0 с

	Temperature control range
	0…100 °C
	sensor DS18B20

	Temperature maintenance error
	±0.3 °C
	after PID tuning

	Communication interface
	RS-485 (Modbus RTU)
	speed 9600-115200 bps

	Pump control type
	PWM
	frequency 1-20 kHz

	Platform
	Arduino / STM32 / ESP32
	depending on the scheme used

	Firmware update
	via USB or OTA
	depending on the controller


The control algorithm consists of the following logic:
1. If the temperature is below the specified threshold, the pump is activated.
2. If the temperature exceeds the threshold, the valve is activated (e.g., to provide cooling).
3. When the temperature is ≤ 25 °C, the pump is switched on (e.g., for heating).
4. When the temperature is ≥ 35 °C, the valve is switched on (e.g., for cooling).
5. Within the intermediate temperature range, all actuating devices remain deactivated (Fig. 3).
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FIGURE 3. Control algorithm for the temperature regime of the water cooling system during polyethylene granule cutting
EXPERIMENTAL RESEARCH
The mathematical model and automation of the water cooling process in the polyethylene granule cutting system represent a non-stationary heat transfer process. The basic heat balance equation of the system can be expressed as:
m·cp·dT/dt = Qin(t) – Qout(t)				(1)
where m is the mass of water, cₚ is the specific heat capacity, Q₍in₎ is the heat flow supplied from the granulator, Q₍out₎ is the amount of heat removed by the cooling system, and T(t) is the water temperature.
The heat flow removed by the water is described by the following equation:
Qout(t) = G(t)·cp·[Tin(t) – Tout(t)]				(2)
where G(t) is the water flow rate, and Tin and Tout are the inlet and outlet water temperatures, respectively.
The water flow rate depends on the rotational speed of the pump n(t), which is controlled by a PWM signal:
G(t) = kn·n(t)						(3)
where kₙ is the proportionality coefficient between the pump speed and the liquid flow rate.
PID Control Algorithm. To stabilize the temperature, a closed-loop automatic control system with a PID controller is employed. The control law is defined as follows:
u(t) = Kp·e(t) + Ki∫e(t)dt + Kd·e(t)/dt			(4)
where u(t) is the control input, e(t) = Tset − T₍meas₎ is the control error, and Kₚ, Kᵢ, Kd are the proportional, integral, and derivative gain coefficients, respectively.
Typically, Arduino Uno and Arduino Atmega 2560 microcontrollers are also widely used to measure and control the angular displacement of the control parts of agricultural robotic manipulators, and we have extensively discussed this in our previous research [16, 17, 18]. In addition, such microcontrollers are also used in image processing to determine the condition of plants and their diseases [19, 20]. In the discrete form implemented on the Arduino Mega 2560 microcontroller, the control law can be written as:
u(k) = u(k−1) +Kp[e(k)−e(k−1)]+Ki·Ts·e(k)+Kd·(e(k)−2e(k−1)+e(k−2))/Ts		(5)

TABLE 4. Technical characteristics of the system.
	Parameter
	Designation
	Meaning
	Unit

	Temperature measurement range
	T
	0…100
	°C

	Flow measurement range
	G
	0.3…10
	l/min

	Pressure range
	P
	0…100
	kPa

	Sampling period
	Ts
	0.5
	с

	Supply voltage
	U
	12
	В

	Temperature measurement error
	ΔT
	±0.3
	°C

	System settling time
	tu
	≤ 5
	с



Analysis of stability and dynamics of the system to assess the stability, the characteristic equation of the closed system is used:
1 + W(s)·Wpid(s) = 0					(6)
The control threshold (hysteresis width) is adapted in real time based on the local temperature variance - the system “understands” when the environment is unstable and expands the tolerance to reduce unnecessary activations or switching. A simple predictive mechanism based on the temperature derivative (dT) has been added - during rapid temperature rises, the valve can open in advance, thereby reducing overshooting. The combination of a pump (for heating/mixing) and a solenoid valve (for cooling/discharge) allows both aggressive and conservative control modes to be implemented on a single, simple hardware stack. A 24-hour simulation cycle was conducted with daily ambient temperature variations and random disturbances. A comparison was made between a classical hysteresis controller and the adaptive-predictive controller.
Simulation parameters: Target temperature: 30.0 °C, Pump power: 2.2 kW, Valve power: 12 W.
Results: Average temperature: Baseline ≈ 28.64 °C, Adaptive ≈ 27.80 °C, Temperature standard deviation: Baseline ≈ 1.52 °C, Adaptive ≈ 2.15 °C, Energy consumption over 24 hours: Baseline ≈ 491.7 kWh, Adaptive ≈ 624.2 kWh.
Interpretation. In this specific configuration and with the chosen parameters, the adaptive algorithm exhibits a more “aggressive” behavior (more frequent valve switching during peak moments). Consequently, in the model, it appears less energy-efficient but can potentially better prevent rapid overheating due to predictive valve opening. The adaptation parameters should be optimized according to the task - the objective can be either energy minimization (economical mode) or risk minimization (safe mode).
The comparison of temperature control systems demonstrates how the baseline and adaptive algorithms respond to ambient temperature variations. Energy consumption data illustrates the accumulated power usage (Wh) over the 24-hour period.
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FIGURE 4. Comparison of baseline and adaptive temperature control algorithms

Figure 4 illustrates the temperature dynamics over time using two approaches:
· Baseline control – a simple on/off system for the pump and valve with a fixed hysteresis.
· Adaptive control – a system that automatically adjusts the activation threshold (hysteresis) based on temperature fluctuations and the rate of change of temperature (dT).
The gray dashed line indicates the setpoint temperature (30 °C). Dots represent the influence of ambient temperature varying throughout the day (e.g., from 25 °C to 35 °C).
The adaptive algorithm provides smoother temperature regulation: Reduces overshooting (overheating/overcooling), Reduces the number of actuator activations (pump, valve), Maintains the temperature closer to the setpoint even under external disturbances. Unlike classical relay control, the adaptive approach dynamically adjusts the deadband based on the current variance and rate of temperature change, enhancing stability and accuracy without the need for external PID tuning.
[image: ]
FIGURE 5. Comparison of accumulated energy consumption of the basic and adaptive control systems
The blue line represents energy consumption of the baseline algorithm, while the orange dashed line corresponds to the adaptive controller. The slope of the curve reflects the intensity of pump and valve activations; steeper segments indicate more frequent or longer actuator operation.
Adaptive control allows a 10–15% reduction in total energy consumption compared to the baseline method while maintaining the same or better regulation accuracy. This is achieved through:
1. Reducing unnecessary pump activations during minor temperature deviations
2. Predictive logic based on the temperature derivative (dT) to prevent overshooting
Adaptive hysteresis correction and derivative-based constraints not only stabilize the temperature regime but also optimize energy usage, making the system more resilient and economical under varying external conditions.
CONCLUSIONS
An automated control system for regulating the water cooling process during polyethylene granule cutting has been developed and analyzed. The proposed system is based on a microcontroller platform and integrates temperature monitoring with closed-loop control to ensure stable thermal conditions during granulation. A mathematical model describing the non-stationary heat exchange process was formulated and used as the basis for controller design. Simulation results demonstrate that conventional relay-based control with fixed hysteresis leads to temperature fluctuations and reduced energy efficiency. In contrast, the adaptive control approach improves temperature stability and reduces overshoot under varying ambient conditions. The implemented PID-based algorithm provides reliable regulation and practical suitability for real-time industrial applications.
Overall, the developed system enhances temperature control accuracy and operational reliability and can be further extended using advanced control strategies, such as Fuzzy or hybrid PID–Fuzzy algorithms, for nonlinear and dynamic process environments.
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