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Abstract

Precision agriculture has emerged as an essential approach for addressing global challenges related to food security, sustainable
production, and the efficient management of natural resources. Among its most promising innovations, the smart hydroponic
greenhouse distinguishes itself through its ability to precisely control the environmental factors that govern plant growth. This
article examines the electronic architecture designed to regulate key parameters within a hydroponic greenhouse, including
temperature, humidity, pH, electrical conductivity, and lighting. The system integrates a network of sensors, microcontrollers,
and automated actuators that work together to monitor real-time conditions and apply corrective actions whenever deviations
occur. Control algorithms interpret sensor data and adjust heating, cooling, ventilation, nutrient dosing, and illumination to
maintain an optimal and stable environment for plant development. The proposed architecture emphasizes modularity, allowing
components to be replaced or upgraded easily, and scalability, making it suitable for both small-scale and commercial
installations. Experimental evaluations conducted on a prototype greenhouse revealed significant improvements in the stability
of climatic and nutrient-related variables when compared with traditional cultivation methods. Temperature and humidity
variations were substantially reduced, and nutrient solution parameters such as pH and electrical conductivity were maintained
within tighter tolerances. These enhancements resulted in more consistent growing conditions, which are essential for improving
plant health and maximizing yields. Overall, this study demonstrates that integrating intelligent monitoring and automated control
into hydroponic systems can greatly enhance their performance. By ensuring precise and continuous regulation of environmental
factors, smart hydroponic greenhouses represent a major step forward in modern agriculture and contribute meaningfully to the
development of sustainable and efficient food production systems.
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1. Introduction

Technological advancement is driving a major transfor-
mation across various sectors, particularly in agriculture,
through the integration of digital technologies and automation.
This revolution is underpinned by the use of cyber-physical
systems, which reduce reliance on human labor while enhanc-
ing the efficiency and precision of agricultural operations. The

optimization of production costs and the improvement of crop
quality are paving the way for a more modern and sustainable
form of agriculture.

Hydroponics, a soilless cultivation method, stands out due
to its numerous advantages, including efficient water resource
management, optimal use of space, and precise control over
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environmental parameters. With advancements in Information
and Communication Technology (ICT), the Internet of Things
(IoT) and Artificial Intelligence (Al) are playing a crucial role
in enhancing intelligent hydroponic systems. Recent advances
in IoT, wireless sensor networks, and artificial intelligence
have significantly improved the efficiency of precision agri-
culture and controlled-environment farming systems [1-4].

This project focuses on the design and implementation of a
smart hydroponic greenhouse that integrates IoT and Al It
aims to monitor and adjust in real-time critical environmental
parameters such as temperature, humidity, potential of hydro-
gen (pH), electrical conductivity (EC), and light intensity to
optimize plant growth. Furthermore, an artificial intelligence
system is incorporated for the early detection of plant diseases
through the analysis of images captured by a camera. An
online platform will enable users to remotely monitor and con-
trol the entire system.

1.1. Problem Statement

In Madagascar, agriculture faces major challenges, includ-
ing land degradation, climate change [5], limited access to wa-
ter and agricultural inputs, as well as the proliferation of dis-
eases and pests that threaten crops. Increasing food demand
necessitates innovative solutions to enhance productivity
while optimizing available resources. Hydroponics presents a
promising solution by enabling optimized production with re-
duced water consumption and precise nutrient control [6].

However, the manual management of environmental pa-
rameters and the identification of diseases remain complex
and prone to error. An automated system capable of monitor-
ing and adjusting growth conditions, as well as detecting dis-
eases, is essential to maximize yields and ensure crop health.

1.2. Project Objectives

The objectives of this project are as follows:

1) To design and develop a smart hydroponic greenhouse
integrating loT and Al for advanced monitoring and con-
trol of critical parameters.

2) To implement an online management system enabling
users to remotely track growing conditions and adjust
parameters.

3) To automate the adjustment of environmental parame-
ters to optimize plant growth.

4) To integrate an Al-based plant disease detection system
using a camera and an image analysis model for the early
identification of infections.

1.3. Project Scope

This project involves developing a prototype of a smart hy-
droponic greenhouse based on sensors and actuators con-
nected to an [oT platform. The main sensors used include:

182

1) DHT22 temperature and humidity sensor to ensure a sta-
ble climate.

2) pH sensor to monitor the acidity of the nutrient solution.

3) EC sensor to control nutrient concentration.

4) Light sensor to adjust artificial lighting.

5) Camera to detect plant diseases by analyzing leaf images.

The entire system is managed via an intuitive web platform,
allowing users to monitor real-time data, adjust thresholds,
and automate specific tasks.

1.4. Project Significance

The implementation of an Al-enhanced smart hydroponic

greenhouse offers several advantages:

1) Resource optimization: Reduced water and input con-
sumption through precise management,

2) Productivity improvement: Optimal growing conditions
ensuring high yield and better-quality crops,

3) Advanced monitoring: Early disease detection via Al,
thereby reducing agricultural losses. Deep learning tech-
niques have demonstrated high performance in plant dis-
ease identification and crop monitoring through image
analysis, making them suitable for greenhouse automa-
tion applications [7-11],

4) Accessibility and remote control: Real-time oversight
and management capabilities.

1.5. Assumptions and Limitations

The main assumption of this project is that the integration
of IoT and Al will enhance plant growth and reduce disease-
related losses. However, certain limitations must be consid-
ered:

1) The IoT platform requires a stable internet connection,

2) The disease detection Al requires a well-trained model

and high-quality images to be effective.

2. Methods

2.1. Hydroponic Greenhouse System

The hydroponic greenhouse is a controlled environment
structure where plants are cultivated without soil, with nutri-
ents supplied directly dissolved in water. This system enables
optimized crop growth, water conservation, and enhanced re-
silience to environmental variations. Controlled-environment
agriculture and vertical farming approaches further improve
resource efficiency and crop productivity under limited land
and water availability [12, 13]. Several hydroponic systems
exist, including Nutrient Film Technique (NFT), Ebb and
Flow, Deep Water Culture, and Aeroponics. The following
Figure 1 shows an example of a hydroponic system [14]:
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Figure 1. Type of hydroponic system.

2.2. Development Methodology

2.2.1. Parameter Analysis

Studying the physical behavior within the greenhouse ena-
bles precise control of the internal climate. The three key pa-
rameters defining the greenhouse climate are: temperature, air,
and humidity.

Temperature is one of the most critical parameters in the
greenhouse. Understanding heat exchange is essential as it de-
termines the relationship between internal and external tem-
peratures. The three modes of heat transfer convection, con-
duction, and radiation must all be considered in greenhouse
design. To better evaluate heat transfer, we use the equation (1)
for convection heat flux and (2) for conduction heat flux as
follows:

T1-T2
Rth

®P1—>2=hS(T1-T2) = )

1) h: The convective heat transfer coefficient is expressed
in W m2K!

2) Rth: Convective Thermal Resistance

o (T1-T2) _ T1-T2
01 —2=1S e Rth

2)

1) X: Thermal conductivity of a material is expressed in W

m! K!

2) Ru: Conductive Thermal Resistance

Ventilation study is important for understanding the physi-
cal aspect of air exchange [15]. The normal external wind
speed ranges from 4 to 6 m/s, while inside, the average speed
is 0.3 to 0.5 m/s. According to a 1999 study by Day & Bailey,
wind speeds exceeding 0.5 m/s can slow plant growth. To an-
alyze air exchange, the following equation is applied [16]:

Volume of air exchanged per unit time
N = 3)

Total air volume

N: is expressed in h'' (number of air volume renewals per
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hour).

To study the moisture content in air, two key formulas are
used to calculate humidity levels: equation (4) for relative hu-
midity and equation (5) for absolute humidity.

RH = 2~ X 100 )
SVPD

1) RH: Relative humidity

2) VP: Vapor pressure

3) SVPD: Saturation Vapor Pressure

AH =% (5)
1) AH: Absolute Humidity

2) g: Mass of water vapor

3) m®: unit volume of air

2.2.2. Block Diagrams

The design of this project is based on a well-defined archi-
tecture that integrates several interconnected modules to en-
sure optimal control of environmental conditions and early de-
tection of plant diseases. The following Figure 2 shows the
system's block diagram, highlighting the main hardware and
software components involved in its operation.

1) ATMEGA 328P and ESP8266: These two components
play major roles in the project, as they handle all data
processing from the sensors and transmit the data to the
server computer [17].

2) DHTI11 Sensor: This is a two-in-one sensor that
measures both relative humidity and temperature.
Widely used in climate control systems, it consists of a
thermistor-based temperature sensor and a capacitive hu-
midity sensor.

3) pH Meter: To measure the pH of the hydroponic solution,
an analog pH meter was selected for its high measure-
ment accuracy.

4) TDS Meter: This sensor measures the total dissolved sol-
ids concentration in a solution with high precision,
which is crucial for assessing nutrient solution quality.
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The sensor is analog.

5) TSL2561 Light Sensor: This sensor plays a critical role
in determining the light intensity received by plants. It
measures this parameter through a phototransistor in-
stalled on its surface.

6) Fan and Heater: These two components regulate temper-
ature and humidity inside the greenhouse.

7) Peristaltic Pumps: Four peristaltic pumps are installed in

Analysis results

Comparing and

the greenhouse to maintain stable pH and TDS levels.
8) RGB LED Strip: This LED strip mimics the specific
light spectra required during different plant growth
stages.
9) LCD Screen: Liquid crystal display technology is used
as the primary display interface, showing system data
and parameters.

ACTION
h

Sensors

sending result

Wifi-module

Web
Application

Database

Saving and readings

measurements

N~

Figure 2. System's block diagrams.

The integration of wireless sensor networks and IoT com-
munication technologies allows continuous monitoring, data
acquisition, and remote control of greenhouse operations [2-
4].

2.2.3. Implementation of the Electronic System

At the heart of the hydroponic greenhouse automation lies
an electronic control system that continuously monitors envi-
ronmental parameters and manages irrigation, lighting, and
nutrient distribution. Imaging technologies and plant pheno-
typing methods provide valuable information for crop moni-
toring and can be integrated with artificial intelligence models
for automated disease diagnosis [10]. This system ensures op-
timal growing conditions for plants. In this context, this sec-
tion focuses on the design, integration, and control logic of the
temperature sensing subsystem used for greenhouse climate

regulation [ 18].

In this project, a DHT digital temperature and humidity sen-
sor is employed due to its ease of integration with microcon-
troller-based platforms. Unlike conventional analog sensors,
the DHT incorporates an internal temperature sensing element
based on an NTC (Negative Temperature Coefficient) ther-
mistor, allowing reliable and digitally processed temperature
measurements.

Most NTC thermistors operate effectively within a temper-
ature range of approximately —55°C to 200°C, where they pro-
vide high measurement accuracy. The temperature sensitivity
of an NTC thermistor is commonly expressed as the percent-
age change in resistance per degree Celsius or Kelvin. De-
pending on the semiconductor materials and manufacturing
processes, typical sensitivity values range from —3% to —6%
per °C, indicating a strong and predictable dependence of re-
sistance on temperature.
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Figure 3. NTC characteristic curve [19].

As can be seen from the Figure, the NTC thermistors have
a much steeper resistance-temperature slope compared to plat-
inum alloy RTDs (Resistance Temperature Detector), which
translates to better temperature sensitivity. Even so, RTDs re-
main the most accurate sensors with their accuracy being #0.5%
of the measured temperature, and they are useful in the tem-
perature range between -200 and 800°C, a much wider range
than that of NTC temperature sensors.

In the proposed system, the resistance variation of the NTC
thermistor is first converted into a voltage signal using a volt-
age divider circuit. This analog voltage is then applied to one
of the analog input channels of the ATmega microcontroller.
The ATmega integrates a high-resolution analog-to-digital
converter (ADC), typically 10-bit, which samples the input
voltage and converts it into a corresponding digital value.

At 3w

. -S—

LAl A

5

[*]

‘ RLY

18k

Figure 4. Amplification stage.
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The output current provided by the microcontroller is lim-
ited to approximately 25 mA, which is insufficient to directly
energize a relay coil. Therefore, a transistor-based amplifica-
tion circuit is employed. In this configuration, a small base
current supplied by the microcontroller output is used to con-
trol a larger current flowing from the external power supply
through the collector-emitter path of the transistor. When the
transistor is driven into saturation, it allows sufficient current
to activate the relay coil. This arrangement ensures electrical
isolation between the low-power control circuit and the high-
current load, while enabling reliable and safe relay operation.
Figure 4 illustrates the schematic of the amplification stage.

2.2.4. General Operation

In summary, the sensors read the various parameters and
transmit them to the PC, which checks if there are predefined
parameter ranges for comparison. After verification, the PC
sends these values to the microcontroller, which performs the
actual comparison.

For instance, regarding temperature: the Microprocessor
Control Unit (MCU) compares the reading to determine if it
falls below the minimum threshold to activate the heater, or
exceeds the maximum threshold to trigger the fan. If the tem-
perature remains within the accepTable range, no action is
taken [6].

2.2.5. Website Modeling

This diagram in the Figure 5 aims to illustrate the function-
ality and usage of the interface created to monitor greenhouse
parameters and detect plant diseases.
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Figure 5. User's diagram.
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Figure 6. Temperature evolution after activation’s heater.
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Taking temperature as an example, it is one of the most crit-
ical parameters for the proper development of hydroponic
crops. In this experiment, the tested crop is tomatoes, whose
ideal temperature range is between 18°C and 26°C. During a
typical hour test, temperatures measured at different time
points are illustrated in the Figure 6.

According to this curve, the system's response time—that
is, the time elapsed between temperature detection and actua-
tor activation—is less than 5 seconds, ensuring rapid regula-
tion. The curve indicates that the temperature reaches an aver-
age of 20°C within 15 minutes, demonstrating the effective-
ness of the heating system. This exponential increase shows
that the temperature rises gradually to avoid abrupt changes
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No action

o
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pH values
o)
<}

wo o
o @

>
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4{ —e— Measure pH
Lower threshold (6.5)
Upper threshold (6.5)

ot
N

No action

inside the greenhouse.

3.2. Water Parameters

Two parameters need to be monitored and regulated in the
water: pH and TDS. The regulation of these two parameters
follows the same principle, as each requires two peristaltic
pumps. Let’s examine the pH results, as this parameter di-
rectly influences the availability of mineral elements for the
roots. For the tomato crop used in this study, the optimal pH
range is between 5.5 and 6.5. Two peristaltic pumps are used:
one to inject an acidic solution if the pH exceeds 6.5, and the
other to inject a basic solution if the pH falls below 5.5.

Acid added

No action

No action

Enzyme injection

10

15 20

Time (hours)

Figure 7. PH evolution and adjustment action from the system.

According to the graph in the Figure 7, the injections of
acidic or basic solutions function perfectly with a satisfactory
response time.

4. Discussion

The obtained results demonstrate that the embedded system
is capable of autonomously maintaining parameters within
their ideal range. The embedded algorithm effectively detects
deviations from the set thresholds and activates the appropri-
ate actuator. This system generally relies on simple relay-
based control operating on an on-off logic. While this method
is straightforward to implement and reliable in low-dynamic
environments, it presents certain inherent limitations. For in-
stance, in temperature regulation, occasional slight overshoot-
ing beyond the upper threshold is observed. This overshoot is
attribuTable to the system's thermal inertia, combined with the
fact that heating remains active until the threshold is exceeded,
without progressive power modulation.

The integration of a Proportional-Integral-Derivative (PID)
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controller in future work would enable more precise regula-
tion. By continuously responding to the error between the set-
point and measured value, the PID controller would limit
overshoot, reduce stabilization time, and enhance the overall
self-regulation capability of the system [20]. Future develop-
ments may combine advanced control algorithms with ma-
chine learning and big-data analytics to achieve predictive
greenhouse management and improved crop health assess-
ment [1, 4, 11].

5. Conclusion

This project has successfully designed and implemented a
smart hydroponic greenhouse system that effectively inte-
grates IoT and Al technologies. The system demonstrates re-
liable performance in monitoring and controlling critical en-
vironmental parameters, maintaining optimal growing condi-
tions for crops with response times under 5 seconds. The inte-
gration of automated actuators and Al-based disease detection
provides a comprehensive solution for precision agriculture.
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The results confirm the system's capability to maintain sta-
ble environmental conditions and effectively regulate key pa-
rameters like temperature and pH. While the current on-off
control system proves functional, future improvements could
incorporate PID controllers for enhanced precision. The pro-
ject establishes a solid foundation for smart agricultural sys-
tems that optimize resource use while enabling remote moni-
toring and automated crop management.

This research contributes to sustainable agriculture by
demonstrating how digital technologies can address chal-
lenges in resource-limited environments. The system provides
a scalable framework for implementing precision farming
techniques that can enhance food security while minimizing
environmental impact.
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