https://doi.org/10.46793/zbIEP25.761P Original Scientific Paper
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Abstract

This paper explores the potential of microcontrollers as electronic components
in agricultural production within the concept of smart and precision agriculture.
The technical architecture of a system based on the STM32F4 microcontroller
that implements a multi-layered approach with integrated sensors and machine
learning algorithms for predicting optimal agricultural treatments is analyzed.
Extensions of the sensor platform, architectural system improvements, and
implementation of advanced artificial intelligence techniques are proposed. The
research points to the competitive advantages of microcontroller solutions in terms
of cost savings, increased efficiency, and sustainability of agricultural production,
with special reference to the potential for application in the Republic of Serbia.
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Introduction

Smart agriculture represents a technological revolution in agricultural practices
that integrates advanced technologies such as the Internet of Things (IoT), data
analysis, and microcontrollers (Tomar & Kaur, 2021). Microcontrollers represent
the ‘brain’ of smart agricultural systems that automate irrigation, fertilization,
and pest control, and monitor environmental conditions (ambient temperature,
humidity, pressure, soil moisture, etc.).

To implement new technologies both in agriculture and in all other areas of
economy and society, a central unit is needed, i.e., a primary computer of small
dimensions with significant mobility and robustness. This device could perform the
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job of processing and directing collected data in the most agricultural production
efficient, energy-efficient, and cost-effective way in the agricultural field, outdoors,
or in the industry in closed factory conditions.

Developed Western countries, as well as China, Singapore, Japan, and South
Korea, have been applying the latest digital technologies for many years both
in Industry 4.0, with some having reached Industry 6.0, and in smart agriculture
or as it is called in some scientific circles and economies — digital agriculture or
Agriculture 5.0 (Kumar and Aishwarya, 2024).

A microcontroller is a device that integrates a processor, memory, and input/output
peripherals on a single chip, designed to manage specific tasks (Rowekamp &
Kainka, 2022). Microcontrollers and microprocessors as fundamental components
in the field of electrical and computer engineering are already successfully applied
in numerous areas of economy and society, including agriculture. The most
optimal options that have been recorded so far are Arduino and Raspberry Pi
microcontrollers. They provide high precision, reliability, and robustness with high
levels of affordability and energy efficiency. Microcontrollers provide numerous
output pins, both digital and analog, for connecting so-called peripherals, which
are mainly sensors. They can be used in agriculture for testing and measuring
various values of agricultural land, crops, different chemicals, and environmental
conditions.
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Figure 3. Data flow in the microcontroller

Artificial Intelligence (AI) represents a set of techniques that enable
machines to imitate human intelligence, including learning, reasoning, and
decision-making. One of the great potentials besides resource allocation and
optimization of agricultural production is intelligent and rational decision-
making thanks to the implementation of artificial intelligence and machine
learning on microcontrollers.
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Machine Learning (ML) is a subset of Al that allows systems to learn from data and
improve performance without explicit programming. Although there is a prevailing
opinion that artificial intelligence and machine learning require great processing
power and storage space, this is not the case with small artificial intelligence and
machine learning models that can be extremely efficient for limited storage space,
as well as for applications in smart agriculture. That is the case with Naive Bayes
machine learning model.

The aim of this paper is to show the potential of microcontrollers, as electronic
components and its's implementation in agricultural production as part of smart
and precision agriculture. This promotes and stimulates the use of microcontrollers
as extremely cost-effective as well as extremely powerful analytical components
in terms of data processing and energy efficiency, which represents a significant
process of inevitable digitalization of the entire economy, including agriculture in
the Republic of Serbia.

Technical architecture of the optimal system

A system based on the STM32F4 microcontroller can implement a multi-
layered architectural approach that includes integrated sensors (DS18B20 for soil
temperature, Weather Click for ambient temperature/humidity/pressure, Ambient
Light sensor, etc.), machine learning (ML) for treatment prediction, and the
FreeRTOS real-time operating system.

The system can be implemented with an optimized Naive Bayes model for machine
learning that analyzes five characteristics (light, soil temperature, air humidity,
pressure, ambient temperature) and is trained with predefined data that classify
four different types of treatments (labels 0-3).

For determining the optimal treatment, the system uses advanced scoring that
analyzes the last 10 ML predictions through criteria such as treatment repetition,
minimal differences between treatments, and treatment consistency. This approach
enables making the most rational decisions, with the potential to upgrade this
scoring system into a stochastic dynamic programming algorithm.

Methodology and verification

The work is based on a rigorous methodology that includes desk research method,
experimental method with microcontroller units and corresponding peripherals
in the form of the mentioned sensors and adequate software developed for this
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occasion and for the given sensors. The work is also based on methods of analysis,
synthesis, induction, deduction, observation, and comparison. Experimental
verification confirmed that the design and concept of the system, with certain
corrections, work excellently in practice, while validation of user experience and
needs remains for further research.

Competitive advantages and economic justification

Microcontroller solutions implemented in smart agriculture offer significant
competitive advantages over traditional methods through three key aspects:

o Cost savings (reduced labor, water, and fertilizer costs);
o Efficiency (optimized use of resources and increased productivity);
¢ Sustainability (environmentally friendly agricultural practices).

Table 1. Types of implemented sensors in the research and its's measurement units

Feature Arduino Raspberry Pi
Price Relatively low Mediocre
Precision High High
Energy Efficiency High Mediocre
Number of Pins Limited availability High availability

Table 2. Comparison of the two most optimal microcontroller models

Sensor Type Measurement Unit
Soil Humidity Humidity %
Temperature °C
Chemical sensors pH, nutrient concentration
Light Lux

System improvements
Proposition for sensor platform extensions include:
e pH and EC sensors for soil;

e Mineral sensors (NPK - Nitrogen, Phosphorus, Potassium (from the Latin
kalium));

e Spectral analysis of leaves;
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e Underground moisture sensors;

e Implementation of a wireless sensor network (WSN) with LoRaWAN
communication and mesh topology, along with EDGE computing.

Architectural improvements suggest transitioning from STM32F4 to a dual-core
architecture (ESP32) where Core 1 would be responsible for sensors and real-
time processing, and Core 2 for ML/AI and communication, with DMA (Direct
Memory Access) optimization for all ADC (Analog-Digital Converter) channels
and RTOS task for Hardware watchdog and error recovery (Oner, 2023).

Microcontroller Dual-Core Architecture

Core 1 (Sensors and real time Core 2 (AIML and Wi-Fi
processing) Communication)

FreeRTOES Tasks for
Management and Ermr

FreeRTOS Tasks for Data
processing and Network

Maonitoring Management
Access Control Management
(Event Groups and Semaphores)
Senvor Gitd b Clowd Computing

Connection

Figure 4. Preview of improved smart agriculture system based on dual-core
microcontroller

Smart agriculture and its multidisciplinary impacts

The multidisciplinary nature of smart agriculture unites multiple fields into one,
including agriculture, agro-industry, electrical engineering and computing, artificial
intelligence, machine learning, and programming (Pejanovi¢ et al., 2024). The
system in this paper represents an attempt to help and assist the population in rural
areas of both the Republic of Serbia and other developing countries, especially
their small and medium agricultural producers develop more sustainable and
relatively labour-free agricultural production.
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State of Agriculture in the Republic of Serbia

The technical-technological state of agriculture and the financial situation of farmers
in the Republic of Serbia are at an extremely low level, which presents a special
motivation for developing this system (Pejanovi¢, 2013). The system represents
an attempt to contribute to better informing farmers about modern technologies
and better practices, as well as highlighting the importance of agriculture, with an
emphasize on smart agriculture, to state authorities.

The Autonomous Province of Vojvodina, which abounds with the most fertile land
in Europe, has some agricultural resources that are currently, and have been for
many decades, unoptimized, unallocated, neglected, and abandoned, representing
significant potential for implementing smart agricultural solutions.

Farms in the territory of the Autonomous Province of Vojvodina and the
Republic of Serbia face frequent problems that can be solved with this
microcontroller-based smart agriculture system. As a case study let us take an
water optimization problem that is neuralgic point of agriculture of Republic od
Serbia. Climate change with inefficient irrigation leads to waste of water as a
key and limited resource. Microcontroller implementation adds time precision
in allocation of water as a resource. Poor irrigation systems result in low
yields. Implementation of AI/ML with microcontrollers allows yield prediction
and predictive maintenance startegies and methods. An automated system
based on soil moisture sensors and microcontroller control can solve these
problems. Microcontrollers allow full or partial automation of most agricultural
production activities. This automation depends on the degree of digitalization
and investment in hardware and software infrastructure.

Future research directions

For testing microcontrollers or smart agriculture systems based on microcontrollers,
implementation in practice is not necessary or essential at the beginning of the
research. In accordance with the product and innovation development cycle and
its associated phases (design, analysis, implementation, testing, deployment, and
maintenance), the need for testing comes after the several initial phases.

One of the more important phases, besides the process of conceptualizing and
designing the system, is analysis, which includes the simulation process, often used
for verification and validation of scientific research in natural sciences, especially in
electrical engineering and computer science. It is possible to conduct the following
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simulations in future research on this topic for more thorough and detailed analysis,
comprehensive verification, and partial validation. Utilizing relatively powerful
computer, the authors plan to apply simulation method to conduct the following
simulations to improve the microcontroller-based smart agriculture system, both
in theory and in practice:

Simulations of resource optimization and business processes;
Simulations of small AI/ML models on microcontrollers;

Simulations of energy performance and efficiency of microcontrollers.

For future research, the authors propose following directions:

Assessment of challenges, like influence of ambiental conditions on the
system, components’ robustness, reliability of the system, measurement
insecuritites, as well as implementation of an Al models on microcontrollers
with limited resources;

Analysis of examples of successful applications of microcontrollers in smart
and precision agriculture worldwide as part of the concept of Industry 4.0;

Consideration of economic and ecological benefits of introducing these
technologies in rural areas through SWOT, PEST analyses, and cost-benefit
analysis;

Exploration of the potential for integrating microcontrollers with larger IoT
systems and cloud platforms in Indutry 4.0;

Monitoring future trends and potential development of microcontrollers and
Al technologies for smart agriculture;

Taking into an account sustainability and scalability issues of these solutions
in the context of climate change and global warming.

Concluding remarks

There are numerous challenges on the path to implementing and developing
smart agriculture systems. These problems are particularly pronounced in
underdeveloped and developing countries due to insufficient skilled personnel
who need to conceptualize and implement these innovations in practice, as well
as in terms of state assistance in stimulating and encouraging digitalization
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and application of new technologies. The most pronounced challenge in
implementing new technologies and systems, in agriculture of developing
countries, represens a price unaffordability of digital infrastructure, i.e., hardware
and software for smart agriculture systems. These challenges are multiplied
by the fact that it is almost impossible to comprehensively or even largely
implement such innovative systems in smart agriculture without the appropriate
price affordability of the given systems. Financial situation and/or lack of state
support in underdeveloped countries and developing countries like the Republic
of Serbia are main generators and drivers of this challenge. Accordingly, in
overall, two key challenges for implementing smart technology are lack of
technical knowledge among farmers, as well as high initial investment costs.
Possible solution for the first could be comprehensive training programs and user
interfaces, and for the latter government subsidies, diverse financing options, and
support for retrofitting concepts (Pejanovi¢, & Urekar, 2025).

Based on the conducted research, the several observations can be made. First
of all, application of microcontrollers can optimize resource use in agriculture
and reduce costs. Using sensors connected to microcontrollers enables precise
measurement of key soil and crop parameters; As far as energy efficiency is
considered, microcontrollers’reduced energy consumption makes them suitable
for use in remote or non-electrified areas using batteries or solar panels. Use
of microcontrollers on the terrain can contribute to larger Machine learning
models processing for better weather predictions, as well as environmental
predictions for agriculture utilizing Big Data analytics. This concept requires
that small ML models are implemented on microcontrollers and/or large Al/
ML models are deployed on cloud computing. Robustness of microcontrollers
enables long-term operation in demanding agricultural conditions making the
system reliable. Reliability represents a feature of significant importance in
Industry 4.0 and digitalization process, including smart and precise agriculture
systems. Integration of Al and microcontrollers can contribute to more
sustainable, environmentally friendly and ecologically aware agriculture
through precise management.

Conclusion

Based on the previous analysis, discussion based on methods of comparison,
analysis, synthesis, induction, and deduction microcontrollers (such as Arduino
and Raspberry Pi as optial choices) can significantly improve precision and
efficiency in agricultural practices. Implementation of artificial intelligence and

768



machine learning on microcontrollers enables more rational decision-making in
agriculture. Small Al models can work efficiently on microcontrollers with limited
storage space which is significant cost and process effective benefit.

Therefore, microcontrollers are revolutionizing agriculture through a transformative
vision that includes sustainable and efficient data-driven agricultural practices,
which is a necessary transformation given the growing global demand for food
that requires innovative solutions.
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