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Abstract: This paper proposes a simulation-based smart greenhouse management system specifically designed for soilless 

agriculture applications. Integrating an Arduino Uno microcontroller with a desktop application built in C#, the system 

provides real-time monitoring and precise control of critical environmental parameters including temperature, humidity, 

electrical conductivity (EC), pH levels, light intensity, and water management. A structured serial communication protocol 

facilitates robust data exchange, allowing immediate sensor feedback and dynamic adjustment of actuator operations. 

Using Proteus Design Suite, the system is thoroughly validated in a virtual simulation environment, enabling 

comprehensive testing of automated responses under various stress scenarios without physical hardware. Results 

demonstrate effective autonomous control, consistent performance, and reliable interaction between embedded systems 

and user interface components. The presented framework offers a cost-efficient, adaptable, and user-friendly solution, 

paving the way for future IoT integration and AI-driven adaptive strategies in precision agriculture. 
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I. INTRODUCTION 

 

 Background and Motivation 

Traditional agriculture methods, though foundational, 

are increasingly challenged by environmental factors, 
resource scarcity, and climate unpredictability [1]. To address 

these issues, modern agricultural practices have evolved 

toward controlled environment agriculture, notably through 

soilless techniques such as hydroponics and aeroponics. 

These innovative methods offer substantial benefits, 

including increased productivity, optimized resource use, and 

reduced environmental impact [2]. Consequently, the 

integration of automated systems within greenhouse 

management has gained considerable attention from 

researchers and industry professionals. 

 

 Problem Statement 
Managing the ideal conditions for plant growth within a 

greenhouse environment is inherently complex, requiring 

constant monitoring and adjustment of parameters such as 

temperature, humidity, nutrient concentration (pH and EC), 

and light intensity [3]. Manual management approaches often 

result in suboptimal crop yields due to human error, 

inconsistencies in control, and delayed responses to changing 

conditions [4]. Moreover, manual methods can significantly 

increase operational costs and labor requirements, 

highlighting the necessity for automated and precise control 
systems. 

 

 Importance and Relevance of Automated Greenhouse 

Systems 

The adoption of automation in greenhouse management 

enhances operational efficiency, reduces resource waste, and 

ensures consistently optimal environmental conditions [5]. 

Automated systems leverage sensors and actuators to 

precisely regulate essential parameters, thereby improving 

crop quality, increasing yields, and reducing overall 

management costs [6]. These systems also facilitate remote 

monitoring and control, further streamlining operational 
processes and enabling immediate responses to 

environmental changes [7]. 
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 Objective of the Study 
The primary objective of this study is to develop a 

comprehensive simulation-based automated greenhouse 

management system, integrating an Arduino-based embedded 

system with a desktop application for real-time monitoring 

and control. This system aims to provide an efficient and 

user-friendly platform for managing key environmental 

parameters within a simulated soilless greenhouse 

environment, thus demonstrating the feasibility and benefits 

of such technology prior to physical implementation. 

 

 Scope and Contribution 

The scope of this project encompasses the design and 
implementation of a simulated automated greenhouse control 

system, including: 

 

 An Arduino-based embedded system to acquire data from 

sensors and control actuators based on predefined and 

user-configurable thresholds. 

 A desktop application developed in C# (Windows Forms), 

providing a graphical user interface (GUI) for remote 

real-time monitoring and comprehensive control of the 

simulated greenhouse environment. 

 
This study contributes significantly by offering a 

robust, fully integrated simulation environment that can be 

utilized for thorough testing and validation without the initial 

need for physical hardware investment, thus benefiting 

researchers and practitioners in precision agriculture. 

 

II. LITERATURE REVIEW 

 

 Overview of Soilless Cultivation Systems 

In recent decades, the global agricultural sector has 

increasingly adopted soilless cultivation methods, 
particularly hydroponics, as a viable alternative to traditional 

farming due to land scarcity and resource constraints. 

Hydroponics leverages nutrient-rich aqueous solutions for 

plant cultivation, substantially enhancing water efficiency—

reportedly reducing water usage by approximately 90% 

compared to conventional soil-based methods [8]. Urban 

agricultural initiatives have especially benefited from 

hydroponics, facilitating localized, sustainable food 

production that mitigates urban food insecurity [9]. 

 

 Greenhouse Automation Technologies and Their Impact 

Automated greenhouse systems, which leverage sensors 
and actuators to maintain ideal growth environments, have 

revolutionized precision agriculture. These systems 

dynamically control critical environmental parameters—such 

as temperature, humidity, nutrient solution quality (pH and 

EC), and lighting—significantly boosting yields and product 

quality while simultaneously reducing resource waste [10]. 

Automation reduces dependency on manual monitoring, 

leading to improved labor efficiency, lower costs, and 

minimized errors associated with human intervention [11]. 

 

 Embedded Systems for Agricultural Automation 

Microcontroller-based embedded systems have 

significantly enhanced the functionality and affordability of 

smart agriculture. Platforms such as Arduino have emerged 

prominently due to their open-source design, affordability, 
and ease of sensor integration, facilitating widespread 

adoption in greenhouse automation. Researchers have 

successfully demonstrated various Arduino-based control 

solutions that provide reliable environmental monitoring and 

real-time decision-making [12]. 

 

 Communication Interfaces and Protocols 

Efficient greenhouse management requires robust and 

reliable communication protocols for seamless data transfer 

between embedded devices and monitoring interfaces. 

Commonly used wireless technologies include Bluetooth and 

Wi-Fi, whereas serial communication remains prevalent for 
its reliability and simplicity, particularly in simulation 

environments. Studies have indicated Bluetooth’s suitability 

for short-range communication, due to its low-power 

consumption and straightforward implementation in 

embedded solutions [13]. 

 

 Simulation-Based Validation of Greenhouse Systems 

Simulation environments are increasingly being 

adopted in agricultural technology development to validate 

system functionalities before physical implementation. 

Utilizing simulation tools such as Proteus significantly 
reduces development costs and accelerates testing cycles. 

These tools enable precise visualization and validation of 

interactions between embedded systems, sensors, actuators, 

and software interfaces, fostering more accurate system 

designs [14]. Desktop-based graphical interfaces enhance this 

simulation experience by allowing users to interact intuitively 

with the simulated environment, adjusting parameters and 

observing system responses in real-time. 

 

 Identified Research Gaps and Project Contribution 

While existing literature provides substantial evidence 

of advancements in automated greenhouse systems, there 
remain noticeable gaps, particularly in the integration of 

comprehensive hardware-software simulation environments. 

Few studies address the complete lifecycle of system 

development—from hardware simulation to fully integrated 

desktop application control interfaces—especially within the 

context of Arduino-based solutions. This research 

specifically addresses these gaps by developing a complete, 

simulation-based greenhouse automation system, combining 

robust Arduino hardware simulations with intuitive and 

interactive desktop software for effective monitoring and 

control. 
 

III. SYSTEM DESIGN AND ARCHITECTURE 

 

 General System Architecture 

The greenhouse management system is centered around 

an Arduino Uno microcontroller, which continuously 

manages sensor readings, actuator controls, and data 

transmission. To maintain continuous operation and prevent 

system resets, it is recommended that the Arduino is always 

powered, preferably supported by an Uninterruptible Power 

Supply (UPS) and a backup generator. Power interruptions 
require the system to be rebooted, potentially disrupting 

greenhouse operations [15]. 
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Sensor data is collected by the Arduino via analog or 
I²C inputs. These sensor readings are processed and 

displayed locally on a 16x2 LCD screen, providing 

immediate feedback regarding current environmental 

conditions inside the greenhouse. Simultaneously, this sensor 

data is transmitted in real-time to a desktop application, 

which is responsible for setting and managing the thresholds 

necessary for actuator operations. Actuators (e.g., pumps, 

lights, heating elements, humidifiers, fans) are subsequently 

controlled via relay modules, based on these predefined value 
ranges [16]. 

 

 Hardware Subsystem 

The hardware subsystem is designed to precisely 

monitor and control greenhouse environmental parameters. 

Detailed information about the sensors used and their 

respective roles is given in Table 1. 

 

Table 1 Sensor Specifications and Functions 

Sensor Type Measurement Purpose Interface 
SHT25 Greenhouse air temperature and humidity I²C 

PH Sensor Water pH level (irrigation water quality) Analog 
EC Sensor Electrical conductivity of water Analog 

HC-SR04 Ultrasonic Water level in storage tank Digital (Echo/Trig) 
NTC Thermistor Temperature of water in storage tank Analog 

DS1307 RTC Real-time clock for scheduled operations I²C 
LDR Ambient daylight intensity Analog 

Wind sensors Wind speed and direction Analog/Digital 
 

The system actuators, controlled through relays, 
manage environmental conditions autonomously or manually 

based on set thresholds. Actuator types and their functionality 

include ventilation, humidification, water pumping (both 

irrigation and tank refilling), artificial lighting, heating, and 
manual valve control for water tank drainage [17]. 

 

Figure 1 shows a representation of the system 

connections on Proteus 8.13. 

 

 
Fig 1 Schematic Connection of Arduino Uno's Sensors and Devices to Relays (Leds) on Proteus 8.13 
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 Communication Protocol 
Communication between the Arduino and the desktop 

application is implemented via a structured serial 

communication protocol at a baud rate of 9600 bps. This 

protocol ensures consistent and reliable data transmission 

essential for real-time monitoring and control. 

 

The structure of the transmitted data is specifically 

formatted for easy parsing, with clearly defined start and end 

markers for each sensor or actuator data group. An example 

data string transmitted from Arduino to the desktop software 

is as follows: 

 

B8bT0.00tHovfhK273kE0.00eL277.44lP4pW51wJ50j
D2dO0oQ20-25qR60-70rY400-0yU50-100uI0-10iF5-

7fG6:30:0gZ15:30:0zX17:30:0xN14:3 

 

 Interpretation of Data Packet: 

 

 Sensor and actuator statuses are encapsulated between 

upper-case (start) and lower-case (end) letters. 

 Time-based operation intervals and actuator thresholds 

are also included clearly within the packet structure [18]. 

 Table 2 shows a complete explanation of the data range 

from Arduino to the application. 

Table 2 Explanation of the Data Set Coming from the Arduino to the Application 

Format Description Unit/Range 
T...t Air temperature °C 
H...h Humidity % 
E... e Electrical conductivity (EC) mS/cm 
P... p pH level pH 

W... w Water level Liters 
L... l Light intensity Lux 
K... k Tank temperature °C 
D... d Wind direction Degrees/Index 
O... o Wind speed km/h 
Q... q Temperature range °C (min-max) 
R... r Humidity range % (min-max) 
Y... y Light range Lux (min-max) 
U... u Tank water range Liters/cm (min-max) 
I... i EC range mS/cm (min-max) 
F... f pH range pH (min-max) 
G... g Light ON time HH:MM: SS 
Z... z Light OFF time HH:MM: SS 
X...x Irrigation start time HH:MM: SS 
N... n Irrigation stop time HH:MM: SS 
V... v Valve status 0: Closed, 1: Open 

S Stop/end bit End of data packet 
 

IV. IMPLEMENTATION 

 

 Embedded System Implementation 

The core logic of the system is programmed into the 

Arduino Uno microcontroller. Upon initialization (setup()), 

all sensors and actuators are set up. This includes configuring 

analog or I2C inputs for temperature, humidity, light, pH, 

EC, wind, and water level sensors, as well as initializing the 

DS1307 RTC module for time-based automation. 
 

Interrupts are assigned to two hardware buttons for 

local LCD navigation. The 16x2 LCD displays sensor values 

and system status (temperature, humidity, EC, etc.). Once the 

setup phase is completed, the Arduino enters a continuous 

loop (loop()), performing the following operations(Figure 2): 

 

 Sensor Reading:  

Values are continuously collected from all sensors. 

 

 Climate Control:  

Based on temperature and humidity thresholds set via 

the desktop application, the heater, fan, and humidifier are 

automatically activated or deactivated. 

 

 Irrigation Logic:  

If EC and pH levels are within the acceptable range, 

irrigation starts based on scheduled watering times and tank 

level availability. 
 

 Light & Ventilation:  

These are scheduled using the RTC and daylight 

readings from the LDR. 

 

 Serial Communication:  

Sends current readings to the desktop application and 

receives new threshold or timing commands. 
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Fig 2 Flowchart Diagram of Code 

 

 Desktop Application Development 

The desktop application was developed using the C# 

Windows Forms framework. It consists of several key 

interfaces: 

 

 Home Tab:  

Displays real-time status of all actuators such as 

watering motor, heater, light, and ventilation (Figure 3). 

 
Fig 3 “HOME” Page of Application 
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 Port Config Tab:  
Allows the user to select COM port and baud rate (9600) to establish a serial connection with the Arduino (Figure 4). 

 

 
Fig  4 “PORT CONFIG” Page of Application 

 

 Sensor Data Tab:  

Visualizes current sensor readings in a user-friendly dashboard style (Figure 5). Each module (temperature, pH, light, wind, 

water tank) displays the live value along with its timestamp. 

 

 
Fig 5 ”SENSOR DATA” Page of Application 
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 Controls Tab:  
Users can input threshold values for each sensor parameter and define active periods for lighting and watering (Figure 6). 

Upon pressing SEND, a formatted string is transmitted to Arduino to update its control logic. 

 

 
Fig 6 "Controls" Page of Application 

 

The GUI ensures real-time monitoring and parameter 

updates through structured serial parsing, and updates reflect 

instantly based on the Arduino’s feedback. 

 
 Serial Communication Protocol 

A crucial component in the operation of the greenhouse 

simulation system is the serial communication interface 

between the Arduino Uno and the desktop application. This 

interface facilitates two-way data exchange, enabling the 

application to retrieve sensor values and send control 

parameters to the embedded system. 

 

The communication is established via a USB serial port 

using a baud rate of 9600 bps, which ensures reliable 

transmission without significant delays or data loss. The 
serial protocol follows a structured message format wherein 

the application sends concatenated command strings to define 

operational thresholds for various subsystems, such as 

lighting, irrigation, temperature, and pH control. 

 

The desktop application transmits data in predefined 

textual formats that are parsed on the Arduino side. Each 

message string begins with a keyword representing the target 

parameter (e.g., Temp, Motor, Valve), followed by delimiters 
such as colons (:), hyphens (-), and semicolons (;) to segment 

the control values. 

 

 Typical Formats İnclude: 

 

 Temperature/Humidity Range: Temp:20-25; 

 Lighting Schedule: Lumen:06-30_00+14-30_00; 

 Irrigation Timing: Motor:15-30_00+17-30_00; 

 Valve Control: Valve:1; 

 These messages are parsed using string-handling 

functions which extract numeric values for the control 
logic. The Arduino code employs routines such as 

findValue() and find_start_stop() to interpret these strings 

and store the values in configuration structures(Figure 7).
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Fig 7 Parsing Text from the Program 

 

This allows real-time parameter updates without 

reprogramming the microcontroller. The modularity and 

transparency of this method enhance usability and system 

flexibility, which are essential for adaptive greenhouse 
environments [19],[20]. 

 

In the opposite direction, Arduino transmits real-time 

data readings back to the application, formatted similarly 

with symbol-paired tags (e.g., T...t, H...h, etc.). This returned 

data includes current sensor values and device statuses. These 

values are visualized on the graphical dashboard, while the 

predefined settings are reflected for validation (Table 2). 

 

This two-way architecture ensures synchronization 

between hardware control and application-level interface, 

enhancing the automation, monitoring, and fine-tuning of all 
environmental parameters within the greenhouse[5],[6]. 

 

V. SIMULATION ENVIRONMENT 

 

The proposed greenhouse control system was validated 

using a simulation-based methodology developed in Proteus 

Design Suite. This approach enabled virtual emulation of 

microcontroller hardware and facilitated direct testing of 

firmware with simulated sensors and actuators. The 

simulation included a virtual Arduino Uno, environmental 

and nutrient sensors, and actuator modules interfaced through 
digital output pins. 

 

All sensors—temperature, humidity, pH, EC, light, and 

water level—were represented by adjustable analog or digital 

inputs. Outputs were simulated using LEDs to reflect device 

activation. The system’s firmware, written in C/C++, was 

embedded into the microcontroller block, allowing real-time 

behavioral observation. 

 

Key test cases included environmental stress scenarios 
such as temperature spikes, humidity drops, light deficiency, 

dry substrate, and nutrient imbalance. These cases verified 

that the system could respond autonomously by activating the 

relevant actuators, such as fans, heaters, lights, pumps, and 

valves. The simulation supported scenario tuning, enabling 

dynamic modification of input signals and observation of 

control response. 

 

Proteus’s virtual UART terminal was connected to the 

PC via a virtual COM port bridge. This enabled live 

interaction between the Arduino and the desktop GUI, 

simulating real-time data exchange. Commands from the PC 
updated sensor thresholds or triggered manual overrides, 

while the Arduino continuously sent back sensor readings. 

This two-way communication validated the robustness of the 

system's architecture in a non-physical environment[21], 

[22], [23]. 

 

VI. RESULTS AND DISCUSSION 

 

Simulation tests confirmed that the embedded system 

operated as intended. For each threshold breach, appropriate 

actuator responses were triggered without delay. Temperature 
control, for instance, engaged ventilation when ambient 

temperature exceeded the configured maximum. Similarly, 

humidity control activated the humidifier under dry 

conditions, maintaining a stable internal climate. 
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The light control module demonstrated correct 
scheduling and light compensation behavior. The grow lights 

activated during low LUX readings or per user-defined time 

intervals. For pH and EC, the system reacted by stopping 

irrigation when values exceeded permissible ranges. Once 

corrected, it resumed scheduled operations, avoiding 

potential harm to plants. 

 

All communication between the Arduino and desktop 

interface was consistent. Sensor data was parsed accurately 

by the GUI, and user-defined setpoints were successfully 

received and applied by the microcontroller. No data loss or 

command failures were observed. The round-trip latency 
between the desktop interface and actuator response 

remained within real-time tolerances. 

 

Overall, the simulation outcomes confirmed that the 

proposed system was functionally stable, responsive, and 

adaptable. While threshold-based control inherently limits 

fine-grained regulation, it proved sufficient for the system’s 

purpose. The behavior observed aligns with established 

models of autonomous greenhouse management [24], [25], 

[26], [27]. 

 

VII. CONCLUSION 

 

This study presents a complete simulation framework 

for the autonomous control of a soilless greenhouse. The 

system integrates an Arduino Uno microcontroller, a suite of 

environmental and nutrient sensors, and a desktop interface 

for supervisory control. Through simulation, the system 

demonstrated real-time monitoring, autonomous actuation, 

and robust serial communication. 

 

Key contributions include the design of a dual-layer 

architecture combining local control with user oversight, 
validation of control strategies through scenario-based 

testing, and demonstration of simulation-based development 

in smart agriculture. 

 

Future directions involve integrating IoT connectivity 

for cloud-based monitoring, applying AI for predictive and 

adaptive control, and deploying the system in a physical 

greenhouse for empirical validation. These enhancements 

aim to increase automation, improve resource efficiency, and 

support scalable smart farming solutions. 
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