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Traditional biomass boiler operations predominantly rely on manual control, with adjustments made based on operator experience. This approach not only demands considerable manpower but also leads to suboptimal resource utilization. Addressing the specific operational dynamics of biomass boilers, this study introduces a controller designed around the STM32 microcontroller. This device employs a modular architecture and incorporates cost-effective chips and peripheral components. To enhance energy efficiency and the overall user experience, the controller utilizes pulse width modulation pulse modulation alongside a fuzzy PID control strategy. Capable of toggling between manual and automatic modes for local operations, it also supports data logging directly on the device or in the cloud. Tailored to meet diverse user requirements, the controller facilitates remote monitoring and management. It employs a strategic control mechanism for various motors, ensuring precise hot water temperature measurements within the boiler and enabling data uploads to cloud platforms. This not only conserves energy and reduces labor costs but also promotes environmental sustainability and operational efficiency. Through ongoing refinement and rigorous testing, the controller has achieved a level of maturity that underscores its readiness for widespread implementation.
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1 INTRODUCTION
Biomass energy is known as the fourth generation energy that can replace non-renewable energy sources such as coal, oil and natural gas. The carbon emitted during its combustion process is only part of the carbon absorbed during its growth, basically achieving zero carbon emissions (Xiang et al., 2022). Biomass boilers utilize biomass materials such as wood, straw, and waste to convert into thermal energy for heating, hot water, and steam production, functioning as a greener alternative to traditional coal-fired boilers. These boilers are composed of a combustion chamber, boiler body, and a flue gas treatment system, leveraging renewable biomass resources to offer a solution with significantly reduced environmental impact and enhanced sustainability. Biomass boilers find application across various domains, including but not limited to industrial manufacturing, agricultural processing, and residential heating (Zhou et al., 2017; Liu et al., 2018; Šulc and Oswald, 2021).
Given the diversity in biomass fuel characteristics, usage demands, and environmental guidelines, the design and type of biomass boilers vary. Modern advancements equip some biomass boilers with sophisticated combustion control and flue gas treatment technologies, aimed at minimizing emissions and boosting energy efficiency (Przemysław et al., 2020; Cornette et al., 2021; Ciupek et al., 2024).
The realm of biomass boiler control encompasses a suite of operations and technological methods dedicated to the monitoring, adjustment, and regulation of operational parameters, ensuring the system’s safety, stability, and efficiency (Abrams and Toupin, 2007; Dedi et al., 2022). Traditional biomass boiler control systems may lack precise control of fuel supply, air volume, temperature and other parameters (Wang and Liu, 2010; Liu and Liu, 2018; Liu et al., 2024). This may lead to unstable combustion processes and affect the thermal efficiency and energy utilization of the boiler (Li et al., 2023). At the same time, the traditional biomass boiler control system may not be able to fully utilize the energy of biomass fuel. For example, unstable fuel supply or incomplete combustion process will convert most of the energy into the flue gas (Khamis and Lesewed, 2014). According to statistics, the exhaust heat loss of biomass boilers is the largest loss among all losses during the combustion process, exhaust heat loss accounts for 60%–70% of all losses (Pu et al., 2014; Zhao et al., 2019). Due to the lack of remote monitoring functions in traditional biomass boiler systems, operators may not be able to monitor equipment status in real time, which may result in delayed discovery of faults or inability to deal with problems in a timely manner, increasing boiler safety hazards and thus affecting equipment performance and safety (Zhao et al., 2018; Chou, 2023).
Today’s primary focus lies in the development and application of innovative methods for biomass control (Shao et al., 2022). Addressing the operational features of biomass boilers and user requirements, this paper introduces a cost-effective and smart biomass boiler controller (Chen and Zheng, 2019; He, 2020; He and Li, 2020; He, 2022). This innovation supports both automatic and manual control, marrying remote with local management to optimize energy utilization, decrease emissions, save on labor, and guarantee safe and consistent boiler operation (Feng, 2012; Liu, 2015; Li et al., 2017; Jana et al., 2021).
2 METHODOLOGY
For the central processing unit (CPU), the selection favored the STM32 microcontroller series, specifically the STM32F103RET6 model. This choice was aimed at ensuring that the hardware not only fulfills the performance demands of the controller but also remains economically viable. The design methodology embraced modularity, facilitating the independent assembly and replacement of various system components. This approach not only reduced costs by leveraging the economies of scale associated with standardized modules but also simplified manufacturing and maintenance processes. Lower-cost peripheral components, such as relays, wireless data transmission modules, and sensors, were selected to meet the requisite control functionalities without significantly inflating costs. Circuit designs were intentionally simplified to eliminate unnecessary complexity and features, focusing solely on the indispensable functions critical for the boiler’s control mechanism. This strategy effectively minimized the quantity and cost of the necessary components.
Traditionally, parameter settings in biomass boiler controllers have been predominantly based on the operators’ experiential judgment, reflecting a relatively rudimentary level of automation. This project introduced a fuzzy PID algorithm, utilizing pulse width modulation (PWM) for regulating the operational cycles of the circulation pump according to predefined control protocols between the set temperature for pump activation and the actual temperature of the hot water. This mechanism aims to maintain the output water temperature aligned with the boiler’s hot water temperature, thereby gradually elevating the piping system’s temperature to safeguard the infrastructure and augment the heating comfort for end-users. Automatically adjust the flow rate of the circulation pump according to changes in temperature to achieve the function of a climate compensation system, which not only ensures the stability and efficiency of the supply system, but also reduces energy consumption and maintenance costs.
Furthermore, the controller was designed with a data storage feature, allowing operators to easily access and manage the biomass boiler controller, including the monitoring of historical parameters and statuses. To enhance operational efficiency and reduce labor costs, remote monitoring and control capabilities were incorporated via a wireless transmission module. Using the STM32 microcontroller, operational data from the boiler are transmitted to a cloud-based platform for energy efficiency analysis. Leveraging learning algorithms and data analytics, the system provides optimization recommendations aimed at boosting the biomass boiler’s energy utilization efficiency.
3 SYSTEM DESIGN
3.1 Biomass boiler controller hardware design
At the heart of this design lies the STM32F103RET6 microcontroller, which processes signals from temperature sensors (NTC/PTC) through its ADC peripheral for precise temperature readings. These readings enable the controller to manage outputs to various I/O ports automatically based on predefined temperature limits. Enhanced user interaction is achieved through serial communication for direct touch screen control and physical buttons for intuitive operation. The design incorporates an AT24C08 EEPROM via I2C communication for retaining user-configured settings, ensuring settings persist across reboots. Remote monitoring and control capabilities are provided by a DTU, allowing for the observation and management of boiler parameters and sensor data in real-time from mobile devices or cloud services.
3.1.1 Power circuit
Given the industrial setting, where voltages can exceed 220V, a stable power supply is critical. The controller’s touch screen operates at 5V, the STM32 at 3.3V, and the DTU at 12V. Voltage conversion circuits transform 220V AC to 12V, and subsequently to 5V and 3.3V through switching power supplies and linear regulators, providing stable power to all components and ensuring operational reliability.
3.1.2 Temperature sensing circuit
Temperature sensing, vital for controlling the biomass boiler’s load motors, requires precise conversion of sensor signals to digital formats for the microcontroller. Temperature sensors, both NTC (e.g., B3950, B3435, and B3470) and PTC (e.g., PT100, PT1000), output low-voltage signals that are amplified and conditioned for digital conversion, facilitating accurate temperature monitoring and control.
3.1.3 Relay control circuit
The boiler is managed through six control variables: motors for the grate, feed, blower, draft, circulation pump, and the igniter, necessitating varied power levels and operational voltages. Solid-state relays, driven by amplified signals from the STM32’s I/O ports and isolated by optocouplers, enable the electronic circuit to safely control these high-power components, minimizing electrical interference and ensuring smooth operation.
3.1.4 Interface and peripheral circuit
The controller is designed with user-friendly tactile buttons for essential functions, including power, mode switching, and direct control of the boiler’s operational variables. A bistable circuit controls power to the STM32 and touch screen, facilitating easy operation. Parameters are stored in an AT24C08 EEPROM, ensuring user settings are preserved without needing reconfiguration after power cycles.
3.1.5 Touch screen and remote transmission module
The user interface employs a Taojing series USART/HMI touch screen, chosen for its cost-effectiveness, low energy consumption, and high resolution. It displays critical boiler parameters and allows for easy adjustment of operational settings. The Yunren Cloud DTU module ensures data from the boiler can be transmitted for remote viewing and control, offering convenience and enabling efficient boiler management from anywhere.
3.2 Software system design for biomass boiler controller
3.2.1 Control strategy
The controller operates in both automatic and manual modes, allowing users to manage energy use effectively and perform direct control of operational variables as needed. It intelligently switches modes based on water temperature, engaging the heating system at optimal times to maximize energy efficiency and minimize unnecessary power usage.
3.2.2 Fuzzy adaptive PID algorithm
The controller utilizes a fuzzy PID algorithm that adapts to the system’s current state in Figure 1, adjusting control parameters in real-time for optimal performance. This approach allows for rapid initial adjustments and finer control as the system approaches its target state, ensuring efficient and precise temperature regulation.
[image: Figure 1]FIGURE 1 | Block diagram of fuzzy PID principle.
3.2.3 Software design workflow
For programming the controller, KEIL5 software was used, employing C language to craft the control strategy for the biomass boiler. The program’s architecture is built on three primary structures: sequential, selection, and looping constructs, allowing for comprehensive and effective control over the boiler’s operations. The main procedural flow, depicted in Figure 2, systematically illustrates the controller’s operational logic. This methodology underpins a reliable execution of the biomass boiler’s control mechanisms, ensuring optimal performance and efficiency in managing the system’s variables.
[image: Figure 2]FIGURE 2 | Main program flow chart.
4 EXPERIMENTAL RESULTS
4.1 Functionality and implementation of the serial touch screen interface
Figure 3 showcases the touch screen display interface of the biomass boiler controller, which is pivotal for monitoring, controlling, and managing the operational aspects of the system. The interface dynamically adjusts to display control buttons corresponding to different motor actions, allowing operators to promptly respond to system needs for effective maintenance and management. Figure 4 illustrates the parameter settings interface, exemplifying how users can configure and fine-tune various settings and options through the touch interface. This feature empowers operators to adjust biomass boiler operating parameters directly on the screen, enhancing user interaction. Furthermore, the interface is equipped with an operational data logging feature, which archives historical data for subsequent analysis and study. This capability is designed to improve both the efficiency and reliability of the system or device.
[image: Figure 3]FIGURE 3 | Configuration interface diagram.
[image: Figure 4]FIGURE 4 | Parameter setting diagram.
4.2 EqDisplay effects on the industrial internet platform (Youren Cloud)
The integration of a Data Transmission Unit (DTU) facilitates the transmission of biomass boiler parameters to a server, which subsequently uploads this data to the Youren Cloud platform for visualization. This platform not only displays the data but also allows for the remote control of the biomass boiler, enabling functionalities like one-click start and stop operations, as depicted in Figure 7. Figure 5 red curve showcases a temperature curve derived from the actual temperature changes in the boiler hot water during the combustion process. The process begins at a startup temperature of 31°C, with the pump activation set at 45°C and deactivation at 35°C. Throughout the normal combustion from 12:00 PM to 12:45 PM, the pump cycles on and off to circulate water heated to 45°C to the heating elements, forming a temperature waveform. In the last cycle of activation, the circulating water does not reach the shutdown temperature, leading to equalization of the temperatures in the boiler and the heating system. Due to a large heating surface area, the temperature of the hot water increases slowly until it reaches the shutdown threshold of the boiler, signaling the end of operation until the next activation cycle. Figure 5 blue curve illustrates the application of fuzzy PID control in managing the start and stop cycles of the circulation pump, which stabilizes the temperature of the water leaving the boiler to match that of the boiler’s hot water. Following the initial pump activation, the variance in the boiler’s hot water temperature decreases and stabilizes. When the first pump point temperature is reached, PID control stabilizes the boiler outlet water temperature at the preset pump start temperature. The variance of the subsequent curves with PID control is 1.7, while without PID control, the variance is 11.8, which is significantly larger. Thus, the fuzzy PID control has a notable effect on stabilizing the water temperature. Figure 6 shows the impact of different control methods on the circulating pump on indoor temperature. Comparing the red curve and the blue curve, it can be clearly seen that the method of using fuzzy PID combined with temperature fuzzy control and PWM is better than the traditional method of pump-open temperature and pump-stop temperature control method provides more precise control, allowing the biomass boiler to utilize fuel energy more effectively, which has a positive impact on the heating system. At the same time, it can cope with various changes and uncertain factors during the operation of the biomass boiler, improving the stability and robustness of the system. These graphical representations provide a clear analysis of the biomass boiler’s combustion process, performance evaluation, and enhancement of resource utilization efficiency.
[image: Figure 5]FIGURE 5 | Biomass boiler combustion hot water temperature curve under different controls.
[image: Figure 6]FIGURE 6 | Indoor temperature curve changes under different controls.
[image: Figure 7]FIGURE 7 | Internet platform monitoring and control.
5 CONCLUSION
Utilizing advanced embedded and remote wireless communication technologies, the project has developed a biomass boiler controller capable of a wide range of functionalities, including both local and remote control, data archiving, and signal collection. This controller is designed with a focus on practical application, adhering to the operational principles of biomass boilers and addressing user requirements through intelligent, cost-effective research and development. It effectively employs a fuzzy PID control strategy to optimize system operations while enabling real-time performance monitoring, significantly improving energy efficiency. Extensive testing has led to the creation of reliable electronic circuitry and software programming for the controller, successfully implementing the features desired by users. From a cost-saving perspective, this approach has proven beneficial in reducing labor, time, and resource expenditures, suggesting a promising future and high utility for the controller in practical applications.
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