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Abstract

Greenhouses are crucial elements of contemporary farming methods that enable the year-round production of crops under
carefully regulated climatic conditions. Conventional manual control of greenhouse parameters and power management
are laborious and inefficient. Therefore, this study designs a control system for intelligent power management of a
greenhouse, implement the proposed design and evaluate the performance of the system. The system comprises the current
sensor, temperature and humidity sensor, soil moisture sensor, Light Dependent Resistor (LDR) for monitoring the
temperature, humidity, soil moisture and light intensity. As the central control unit, the ESP32 microcontroller processes
data from various sensors and makes decisions in real time to modify the greenhouse's operations, including the watering,
lighting and cooling systems that are necessary for the sustainability and growth of the plants. Using the Internet of Things,
real-time remote monitoring and control was incorporated to enable users to modify environmental parameters without
physically present in the greenhouse. The study outcomes revealed that the temperature was effectively kept between 23°C
and 27°C, the humidity level was maintained between 65% and 80% and the soil moisture content maintained between
60% and 80% which are ideal for growing tomatoes in greenhouse. Result further shows that the farmer can monitor and
modify environmental parameters within the distance of 35 to 40 meters away from the greenhouse and the greenhouse's
optimal energy utilization was achieved as a result of components’ operation as needed. The applied control system could
give tomatoes nursery plants a steady and regulated environment resulting in more consistent and healthy growth.
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1. Introduction

Crops are cultivated in greenhouses, which are frames of
inflated structures covered in a transparent substance, under
carefully regulated climatic conditions. They are crucial
elements of contemporary farming methods, enabling the
year-round production of crops in controlled settings
regardless of the outside weather [1], [2]. In addition to
providing opportunities to optimize growing conditions for
increased productivity and crop quality, they also offer
controlled climate conditions, efficient water usage,
optimized space, crop diversity and specialization, nutrient
management, season extension and crop rotation,
technology integration, and protection from unfavourable
weather, pests and diseases [3]. Compared to the traditional
field farming approach, intelligent greenhouses yield greater
harvests [4]. The management of climatic elements that
impact crop output in order to cultivate crops in the most
favourable environment has been identified as the reason for
the improved yield [5]. Presently, the world's population
growth, urbanization, depletion of arable land and climate
extremes pose a serious challenge to the agriculture industry.
Growing crops in greenhouses could offer creative solutions
for sustainable agriculture, which is needed to mitigate these
issues [6]. However, effective resource management, of
which energy is a crucial component, is necessary for the
sustainable running of greenhouses [7]. Energy usage in
greenhouses includes, among other things, ventilation,
lighting, heating and cooling systems. Both the
environmental effect and operating expenses are greatly
increased by these systems. Since energy costs are the
second-highest operational cost for greenhouse production
in cold climates after labour, [8] and [9] posited that the
higher energy costs associated with greenhouse production
are a significant problem. As a result, efficient energy
management in the greenhouse is necessary. Effective
greenhouse management requires intricate decision-making
to strike a balance between the best growing conditions for
plants and the utilization of resources like energy and water
[10] - [12]. In the meantime, advanced greenhouse
automation systems have been developed in this area
through developments in sensor technology, artificial
intelligence [13] and data analytics. In-depth information
about greenhouse conditions can be obtained using wireless
sensor networks that are outfitted with sensors for
temperature, humidity, soil moisture and light intensity [14],
[15]. In order to optimize energy consumption and maximize
crop output, machine learning algorithms, such as neural
networks and fuzzy logic controllers, may evaluate sensor
data and modify equipment operation in real-time [16], [17].
A robust and flexible control system for greenhouses is
produced by combining the Internet of Things (IoT) with
microcontrollers [18]. The microcontroller processes the
continuous stream of precise data from 10T sensors to
maximize growing conditions. Automated systems carry out
the microcontroller's decisions thereby continuously
enhancing the outcomes. In the contemporary context of
climate change and food security, this synergy is essential

because it enables more effective resource management,
higher productivity and improved adaptation to changing
conditions [19]. There is still a need for a straightforward yet
all-inclusive intelligent power management system designed
especially for greenhouse operations, even with the
advancements in greenhouse automation technology.
Current solutions frequently concentrate on certain elements
or don't integrate with larger greenhouse management
systems [20]. In order to resolve the issues of cost-
effectiveness, sustainability, and energy efficiency in
greenhouse operations, there is an urgent need for research
and innovation in this field. Conventional power
management systems for greenhouses frequently depend on
manual control or simple automation, both of which are
ineffective and incapable of adjusting to changing
environmental conditions [21], [22]. Manual techniques are
time-consuming and prone to human error, which results in
energy waste and less-than-ideal resource use. The inability
of simple automation systems, such as timers or thermostats,
to optimize energy use based on real-time data [23], [24]
results in inefficiencies and higher expenses. Advanced
sensor technologies, control algorithms and data analytics
provide a more flexible solution to these constraints. By
optimizing energy use and guaranteeing ideal growing
conditions, these technologies allow for real-time
monitoring and decision-making. The creation of intelligent
power management systems for greenhouses ought to be
promoted in view of the aforementioned.

Most of the existing work on the power management of
greenhouse did not consider all the factors that contribute to
the overall improvement of the greenhouse. Therefore, this
work designs a control system for intelligent power
management of a greenhouse with due consideration of all
the factors that improve greenhouse productivity, implement
the proposed design using both software and hardware
prototype adaptable to the research farm of the faculty of
agriculture, Federal University, Oye-Ekiti and evaluate the
performance of the system.

Considerable progress has been made in optimizing
greenhouse energy consumption. An intelligent Internet of
Things-based system for monitoring and controlling
greenhouse temperature was designed in the research efforts
by [25]. In order to monitor the greenhouse environment and
generate the appropriate reference temperature that was
delivered to a temperature regulating block, a Petri Nets
(PN) model was employed. Furthermore, the PN model
tracked the greenhouse's energy usage and gave the right
signal for the necessary modification as needed. To regulate
the greenhouse's temperature, a wireless sensor network
continuously measures the outside temperature and
compares it with readings kept in the system's backend
database. Meanwhile, other factors that improve greenhouse
productivity and power usage, such as irrigation and
humidity, were not taken into account in this study. In order
to automate and improve agricultural productivity, research
by [26] investigated the integration of information
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technology with  greenhouse climate management.
According to the study, these systems are essential for
controlling the seasons, shielding crops from harsh weather
and guaranteeing ideal growing circumstances. In order to
satisfy certain plant development requirements, the
researchers also created a complete control system for
intelligent greenhouses using Mitsubishi PLC and MCGS.
To maintain optimal environmental conditions, the system
used a standard PID control method with sensors and control
devices. The study demonstrated how well sophisticated
control systems work to maximize greenhouse management
and raise agricultural yields. [27] worked on integrating
intelligent control, artificial intelligence (Al) and the Internet
of Things (loT) into the greenhouse system. Through the
examination of real-time environmental data, their study
suggested a monitoring and control system intended to
improve greenhouse operations. The design of the system
makes use of Al and loT to streamline greenhouse
management procedures, guaranteeing effective regulation
of temperature, humidity and other crucial parameters. The
study illustrated how intelligent technologies could greatly
increase agricultural practices' efficiency. Despite the fact
that the outcome of their study produced a good control
system for sustainable greenhouse management, combining
the technologies involved may be capital intensive thereby
making it unaffordable for the rural farmers.

This work advances knowledge by the development of
control algorithm, adaptable to FUOYE research farm, to
optimize energy usage and enhance operational efficiency of
a greenhouse through the integration of real-time data on
environmental conditions and plant requirements for
sustainable agriculture.

2. Methodology
The methodology adopted in this work includes the design
description that gives details of the components used and
their functions, the design calculation that shows the values
and ratings of key components and design implementation
that shows the layout and construction of the prototype.

A. Design Description
Modular components and a flexible feedback loop
algorithm, an ingenious automation solution that ensures
stability and efficiency and enables dynamic modifications
depending on changes in environmental conditions were
employed in the design of the intelligent greenhouse system.
The system comprises the current sensor, temperature and
humidity sensor, soil moisture sensor, Light Dependent
Resistor (LDR) for monitoring the temperature, humidity,
soil moisture and light intensity. As the central control unit,
the ESP32 microcontroller processes data from various
sensors and makes decisions in real time to modify the
greenhouse's operations, including the watering, lighting and
cooling systems that are necessary for the sustainability and
growth of the plants. It is set up to effectively control these
devices, guaranteeing that the greenhouse keeps the ideal
growing circumstances for plants while using the least

amount of energy. A 4-channel relay module is also
integrated into the system to regulate the lightbulb, water
pump, and DC fan in response to detected conditions. The
real-time data on the system status and ambient conditions is
shown on a digital Liquid Crystal Display (LCD).
Additionally, the design includes wireless connectivity,
which shows how the Internet of Things (1oT) may be used
practically by allowing remote control and monitoring via a
web interface. The microprocessor, sensors and actuators
work together to create a responsive and adaptable system
that improves greenhouse management productivity and
efficiency. The block diagram of the greenhouse and the
control components is shown in Fig. 1. The microcontroller,
as illustrated in Fig. 1, is an inexpensive microcontroller that
has built-in Bluetooth and Wi-Fi, which makes it perfect for
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Fig. 1: Block diagram of the greenhouse and control
components

Internet of Things applications. In order to interface with
sensors, relays and actuators, it features a number of general-
purpose input/output (GPIO) pins, analog-to-digital
converter channels and pulse-width modulation outputs. Its
dual-core  processing power guarantees effective
management of real-time communication and data
processing. It provides smooth cloud service integration for
remote greenhouse management and monitoring. Reliable
measurements of both temperature and humidity are
provided by the DHT11 sensor, which is crucial for keeping
an eye on and managing the greenhouse environment. It
functions within a temperature range of 0 to 50°C and a
humidity range of 20% to 90%. The water content of the soil
is determined via the attached soil moisture sensor. The
resistance between the two probes, which is dependent on
the moisture content of the soil, is measured by this device.
Utilized for ventilation, the DC fan aids in controlling the
greenhouse's temperature and air flow. The greenhouse's
artificial light source is a DC lamp. In order to guarantee that
the plants receive constant illumination, it is triggered when
the light-dependent resistor sensor detects inadequate
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natural light. In order to prolong the sunshine hours for
photosynthesis, this is essential. The greenhouse's watering
system makes use of the DC water pump. It is triggered when
the soil moisture sensor senses that the soil is dry. The
microcontroller communicates with fans, pumps and
lightbulbs through the 4-channel relay module. Because the
module can switch DC loads, it can be used in a variety of
greenhouse applications. The current sensor keeps track of
how much electricity is being utilized by the different
components in the greenhouse. It gives the microcontroller
real-time data, which aids in assessing the energy efficiency
of the system. The system makes judgments to minimize
waste and optimize power usage by monitoring current
usage. Fig. 2 displays the control system's circuit diagram.

Kisneq MQQId'
... e

Fig. 2: Greenhouse control system circuit diagram

B. Design Calculations
The power requirement of the greenhouse and control
components was calculated using equation 1;

P=1Vv @)
where; | = Current and V = Voltage.

The breakdown of the system power requirement is shown
in Table 1.

Table 1: Greenhouse control power requirement

Device Operating Current Power
voltage (V) ) (I1xV)

Light bulb 12 1.75 21
DC cooling fan 12 0.3 3.6
DC water pump 12 0.3 3.6
DC outlet fan 12 0.45 5.4
Buck converter 12 5 60
Total power drawn from the main power supply =93.6
w
ESP32 Microcontroller 5 0.25 1.25
Relay 5 0.3 15
LCD 5 0.02 0.1
Current sensor 5 0.012 0.06
DHT sensor 5 0.0003 0.0015
LDR sensor 5 0.05 0.25

Soil moisture sensor 5 0.005 0.025

Total power drawn from the buck converter =32
\A/

From Table 1, the total power consumption of the system is
93.6 W. This informed the choice of a 100 W main power
adapter with voltage and current ratings of 12 V and 8.3 A
respectively. Therefore, the main power adapter supplies the
components with 12 V rating directly while the buck
converter steps down the 12 V input from the main power
adapter to 5 V output and supplies the 5 V-rated components.
The soil moisture content as a percentage of the sensor's
readings was computed using the range of dry and humid
soil required for plant growth [28];

Volume of water
Soil moisture = ——  x 100
Volume of soil

Therefore, the maximum sensor reading of 4095 corresponds
to 100% dry soil, sensor readings between 365 and 600
corresponds to humid soil while sensor readings of the range
605 — 1000 corresponds to dry soil. Using linear
interpolation within the range of humid (365) and dry (1000)
with the sensor reading (Sr), the percentage of soil moisture
content was computed using equation 2;

. . 1000-S
0f) = ——°r
Soil moisture (%) To00-370 % 100
(2)
C. Design Implementation

A 30-litre storage container of dimension 450mm x 350mm
X height 260mm was used as the framework of the
greenhouse. On the external part of the storage container,
shown in Fig. 3, the system power supply, a box which
contains the control system components and the two fans
were attached using a hot glue to ensure firmness.

Fig. 3: Assembled components

The components of the irrigation system were fixed to the
outer surface of the top of the container and the lighting bulb
connected to the inner top surface. The temperature,
humidity and soil moisture sensors were kept in the
container. The completed prototype of the greenhouse with
the control components is shown in Fig. 4.
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Fig. 4: Constructed prototype

The algorithm written for the control of the greenhouse’s
parameters is as follows;

Step 1: Start.
Step 2: Initialize the microcontroller and connected sensors.
Step 3: Read sensor data for plant environmental parameters.

Step 4: Analyze the data to determine the greenhouse
condition.

Step 5: If the temperature exceeds 300C: activate the cooling
fan.

Step 6: If the soil moisture is below 10%: turn on the water
pump to irrigate the plants.

Step 7: If light intensity is low or below 50%: turn on the
lighting bulb.

Step 8: Continuously monitor the conditions and adjust the
devices accordingly.

Step 9: Send real-time data to the user via Wi-Fi for remote
monitoring and control.

Step 10: Repeat the process in a loop for continuous
operation.

Step 11: End.

The microcontroller hosts a web server that allows it to
connect to a local server via a web interface. It can send and
receive data across a network by connecting to a Wi-Fi
network. The microcontroller continuously gathers sensor
data, which includes temperature, humidity, soil moisture
and light levels. The data is shown in real-time on the web
interface, and the user can adjust the parameters remotely.
The microcontroller's corresponding GPIO pins are
triggered when a control command is provided, enabling
functions like turning devices on and off. For effective
greenhouse management, the microcontroller serves as both
a controller and a data collector, facilitating smooth
communication between the user, sensors, and actuators.

In order to test the responsiveness and efficiency of the
greenhouse, tomatoes were planted and the growth was
monitored.

3. Results and Discussion
The control of the parameters of the greenhouse was
actualized in a number of steps shown in the flow chart of
Fig. 5. The microcontroller loads the stored software during
system initialization, turning on all the sensors and linked
devices. The greenhouse's parameters are continuously
monitored by environmental sensors, which include light,
temperature, humidity and soil moisture sensors. These
sensors provide real-time data to the microcontroller, which
processes it using preset thresholds and control algorithms
depicted in Fig. 5. The microcontroller uses the linked relays
to transmit a signal to turn on the cooling system (fan) if the
temperature rises beyond the predetermined threshold of
30°C. This threshold was set because temperature above
30°C is not favourable for the growth and wellbeing of

tomatoes.
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Fig. 5: Greenhouse control system flow diagram

Similarly, the microcontroller activates the water pump to
start the irrigation system if the soil moisture levels fall
below the predetermined range. The light intensity is
managed by controlling the lighting system to ensure the
plants receive sufficient light based on day-night cycles.
Every activity is recorded, and the system shows real-time
information on an LCD screen, such as the state of the linked
devices and the surrounding environment. The system stays
inactive and continuously monitors and updates sensor data
when no changes are required. The temperature was
effectively kept between 23°C and 27°C, which is ideal for
growing tomatoes in both greenhouse and natural planting
systems. Additionally, the humidity level was maintained
between 65% and 80% to maintain a favourable environment
for the growth of healthy plants while preventing the
establishment of mold or other infections. As seen in Figures
6a and 6b, the soil moisture sensor inserted into the loamy
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soil successfully activated the irrigation system when ) A 19216843215 < D) o
necessary, keeping the soil moist and not waterlogged and
preventing the root from rotting. This is in accordance with
the ideal soil moisture content for tomato growth, which is D
between 60% and 80% [29]. s
[ renos ] [ _reacer ]
= et oo
[ o o]

Fig. 8: Web interface performance evaluation

Fig. 9 displays the current sensor's measurements, which
were used to calculate the current used by each part of the
greenhouse's control system.

(a) Before irrigation (b) After irrigation
Fig. 6: Irrigation system implementation

In order to make sure the tomatoes plant received enough &
light for photosynthesis, the light sensor tracked the amount
of natural light and sent signals to turn on the light bulb when
needed, taking into account the light intensity ideal for
tomato growth, which is between 600 and 1000 pmol/m?/s.
This was especially helpful in the early morning and late
evening when there was not enough natural light, as seen in 2

5 I

=

B [nitial current

w

Current {(A)

Actusl current

® Sensof reading

Fig. 7. Real-time remote monitoring and control were made
possible by the web interface's integration, giving users the
freedom to modify

Fig. 7: Lighting system implementation

environmental parameters without physically being in the
greenhouse. Even when the user is within a certain distance
of the greenhouse, this feature has shown to be extremely
helpful in keeping constant growing conditions. After
testing, it was found that the Wi-Fi network worked well
within 35 to 40 meters of the greenhouse. Communication
and reception can deteriorate if the farmer is out of range. As
seen in Fig. 8, the greenhouse's temperature, humidity, soil
moisture content, light intensity and load consumption were
all shown on the web interface.

Buck converter

Cooling fan Bulb

Water pump
Components
Fig. 9: Graphical representation of control components’
current

The sensor data from Fig. 9 show that the components of the
control system were able to operate as needed and the drawn
current was less than their rated values. This accounts for the
greenhouse's optimal energy utilization achieved through a
system automation that allows components’ operation when
the need arises. In terms of energy preservation, this is an
improvement over the greenhouses where the light is
permanently on regardless of the light intensity of the
greenhouse. The implemented design of the control system
for the greenhouse proved that it could give tomato nursery
plants a steady, regulated environment, resulting in more
consistent and healthy growth. Utilizing this technology in
plant nurseries can optimize the use of resources like water
and electricity while drastically reducing the labour required
for manual monitoring and control.

4. Conclusion
Design and implementation of a control system for
intelligent power management of a greenhouse was carried
out in this work. The system comprises the current sensor,
temperature and humidity sensor, soil moisture sensor, Light
Dependent Resistor (LDR) for monitoring the temperature,
humidity, soil moisture and light intensity. As the central
control unit, the ESP32 microcontroller processes data from
various sensors and makes decisions in real time to modify
the greenhouse's operations, including the watering, lighting
and cooling systems that are necessary for the sustainability
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and growth of the plants. Using the Internet of Things, real-
time remote monitoring and control was incorporated to
enable users to modify environmental parameters without
physically present in the greenhouse. The study outcomes
revealed that the temperature was effectively kept between
23°C and 27°C, the humidity level was maintained between
65% and 80% and the soil moisture content maintained
between 60% and 80% which are ideal for growing tomatoes
in greenhouse. Moreover, the farmer can monitor and
modify environmental parameters within the distance of 35
to 40 meters away from the greenhouse and the greenhouse's
optimal energy utilization was achieved by system
automation that allows components’ operation when the
need arises. The applied control system could give tomatoes
nursery plants a steady and regulated environment resulting
in more consistent and healthy growth. Meanwhile, future
work may consider integration of solar energy as alternative
power source and improvement of the network range beyond
40 meters to enhance the efficiency of the greenhouse.
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