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ABSTRACT

This study introduces smart tools and algorithms for controlling and monitoring Sustainable Agricultural
Greenhouses (SHG). Through the implementation of solar energy, Internet of Things (IoT) sensor-actuator
networks, and artificial intelligence, an SHG with a low carbon footprint has been designed. The former
makes minimal use of water resources, resulting in the reduction of costs while optimizing crops and
harvests. After choosing the structure and architecture of the system introduced, optimized PID controllers
based on Artificial Neural Networks (ANN) are proposed, for the maximum power to be derived from the
Photovoltaic (PV) solar source and the efficiency of the pump to be improved. Additionally, an IoT-based
remote control system has been created using an ESP32 microcontroller with a Wi-Fi interface along with
sensors for monitoring solar irradiation, soil moisture, indoor temperature, humidity, lighting, ventilation,
and water flow. The system collects sensor data in real-time and employs a built-in algorithm to update the
information in the cloud. The experimental measurements carried out in the SHG allowed for the
verification of the chosen models and simulation results. Thanks to the hybridization of renewable
energies, hydroponic techniques, smart technologies, and sustainable practices, this cutting-edge
greenhouse creates an ideal microclimate for year-round cultivation while preserving the ecosystem's
energy and water resources.

Keywords-hydroponic greenhouse; smart PV system; ANN-based PID controller; indirect field oriented
control; loT-based remote control
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I.  INTRODUCTION

Tunisia's energy policy has focused on achieving self-
sufficiency and security while ensuring high-quality service
delivery. The policy has also emphasized research and
development in exploring non-conventional sources of energy
production [1, 2]. Consequently, renewable energy sources
have received special attention for a considerable amount of

time. Among them, PV energy has emerged as the most
popular choice thanks to the advancements in power electronics
and computing, [3]. This renewable energy source has a wide
coverage area and presents a cost-efficient solution for diverse
industrial, space, agriculture and residential applications. Thus,
PV energy sources have gained immense popularity due to
their versatility and efficiency. The recent developments in this
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area are significant and generate considerable benefits with
respect to social, environmental, and economic factors [3].
Among the most reliable and cost-effective applications of PV
are the grid-connected PV systems [4, 5] and the PV water-
pumping systems [6, 7]. Grid-connected PV systems are
designed to supply electricity to the grid, while PV water-
pumping systems use solar energy to pump water from wells or
other places [8]. The latter in particular, utilize different types
of motors to drive the water pump, such as permanent magnet,
induction and synchronous reluctance motors. Among these,
induction motors are considered optimal due to their robust
construction, which ensures a dependable, trouble-free, and
efficient solar PV water pumping system [9]. The performance
of an Induction Motor (IM) is highly dependent on its control.
For speed-control drive systems based on IM, the vector-
control technique is preferred. In that regard, the field
orientation scheme can be classified into two main categories:
Direct Field-Oriented Control (DFOC) and Indirect Field-
Oriented Control (IFOC) methods. For induction motor drives,
the IFOC is the preferred method in industries due to its
simplicity [10].

On the other hand, PV water-pumping systems are gaining
popularity in agricultural settings due to their ability to
efficiently and sustainably provide water for irrigation [11] and
greenhouse applications [12], making it a cost-effective and
environmentally friendly option for farmers and growers. One
of the most significant applications of these systems can be
detected in hydroponic greenhouses, where they can play a
crucial role in ensuring the optimum growth and yield of crops.
Hydroponic greenhouses rely on a controlled environment
where plants are grown in a nutrient-rich water solution instead
of soil [13]. The PV water pumping system facilitates the
circulation of the water solution through the hydroponic
greenhouse, ensuring that the plants receive an adequate supply
of water, nutrients, and oxygen [14]. Moreover, PV water-
pumping systems can assist in the regulation of any indoor
environment where plants grow [15].

The suggested application can significantly contribute to
sustainable agriculture by reducing water consumption,
optimizing crop production, and minimizing the use of harmful
chemicals. In [16], the authors provide a detailed review of
solar water pumping technology. They explore the economic
practicality of solar water pumping systems and identify the
gaps in research and the hindrances in the widespread
implementation of this technology. The objective of [17] is to
create a dynamic modeling tool that integrates the water
demand, solar PV power, and pumping system models to check
whether an optimal alignment between water demand and
supply in PV water pumping systems exists. In [18], the
authors investigate the ideal configuration for a PV system that
can power a solar submersible pump to meet the domestic
water demands of five isolated households in a remote region
of Morocco. They also propose a comprehensive approach for
designing an optimized PV water pumping system based on
actual water usage data. In [19] a water pumping system
powered by a hybrid generator comprising both PV and wind
energy sources is proposed. That system employs centrifugal
pumps driven by variable speed IM that are controlled using a
FOC method.

Moreover, the advent of IoT technology has generated a
vast potential for innovative methods and smart solutions that
can revolutionize the agricultural sector [20]. One of the
prominent approaches to smart farming is the use of smart
greenhouse farming. There, an enclosed cultivation process that
leverages information and communication technology to
improve the quality and quantity of crops with minimal human
intervention is employed [21, 22]. Therefore, IoT can transform
a greenhouse into a smart and automated place, which may
assist growers in enhancing the productivity of food and crops
[23,25].

Numerous scientific attempts have been made to advance
the application of smart technologies in agricultural practices,
specifically in hydroponic greenhouses. One illustrative case is
outlined in [23]. The authors develop a smart hydroponic and
aeroponic system with advanced sensors and devices for the
monitoring of various meteorological parameters inside and
outside the agricultural greenhouse. In [24, 25], the authors
propose a circulation-free drip hydroponic system adopting IoT
technology for pepper plants, which are among the most
vitamin-rich vegetables and provide an excellent opportunity
for local and export markets. Recently, smart, and remotely
connected agricultural greenhouses, which incorporate
sustainable development architecture, have emerged. For
example, the prototype described in [26, 27] presents a
connected hydroponic system that allows users to remotely
monitor environmental and plant conditions in order to
optimize plant growth.

This study discusses the development and implementation
of a smart PV water pumping system designed to regulate the
indoor environment of a hydroponic greenhouse ensuring
optimum performance. The PV Hydroponic Greenhouse (PV-
HG) system regulates the circulation of the hot or cold water to
maintain the required temperature for optimal plant growth. It
consists of a PV Generator (PVG), a boost DC/DC converter, a
three-phase voltage source inverter, an induction motor, a
centrifugal pump, and a hydroponic greenhouse.

II. METHODS AND MATERIALS

A. Description of the Proposed PV-HG

The schematic diagram illustrated in Figure 1 provides an
overview of the configuration of the proposed PV-HG, which is
composed of a PVG, a boost DC/DC converter, a DC-bus, a
three-phase voltage source inverter, an IM, a Centrifugal Pump
(CP), and a Hydroponic Greenhouse (HG).

Hydroponic
Greenhouse

VG DC bus Induction Centrifugal
Motor Pump

Apy,
Boost
4 n 3-phase _’._—f.:
- converter -

f: ¢ T

ANN Indirect Field ‘
Tamb (*C) o MPPT Oriented Control ‘

Sr (Wim?) —»

Fig. 1. The schematic diagram of the proposed PV-HG.
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B. Modeling of the PVG

The model of a PVG composed of N, parallel panels with
N series cells is given by (1):

Ly = Nyloe = NyI [exp (Vyy + Rl ) /NVy) — 1] -

Vpp+Rshpy
e )

where 1,, (A), V,, (V) are the PV current and voltage
respectively, I, (A) is the diode current, R, (€2), R, (€2) are the

PV array series and parallel resistors, I, (A) is the short-circuit
current, A the panel ideality factor, and V= AKT/g.

C. Modeling of the Boost DC/DC converter

Typically, the PV voltage V,, is lower than the DC-bus
voltage V. to which the load is connected. Therefore, a boost
DC/DC converter is used to match the V,, with the V. Figure
2 gives the schematic diagram of the boost DC/DC converter.

lpv 1L Lpv l ac
—_— T

K @> C _— |V

Vpv| ——Cpv

Fig. 2. Schematic diagram of the boost DC/DC converter.

The dynamic model of the boost DC/DC converter is given
by (2):

dVipy
dI; - cL (Fpw = 1)

d

= (0 =DV +Vy) @)

k % = E((l -D)I, _Idc)

where D is the duty cycle of the boost DC/DC converter.

D. Modeling of the Three-phase Voltage Source Inverter

The DC energy produced by the PVG is converted into AC
energy by a three-phase voltage source inverter having three
independent branches. Each branch consists of two switches,
and each switch is made with a bipolar transistor with an
antiparallel diode. The switch control signals of the inverter
(K1, K2, K3) govern the modulation process. The inverter
output voltages (Vy;, Vi, Vi3) are modulated and expressed by

3):

Vsi\ , (2 -1 -1\/K
VSZ % -1 2 -1 KZ (3)
Vs3 -1 -1 2 K

To maintain a balance between the PV and the induction
avgc

motor power, it is crucial to employ a DC-bussoas I, = C "

where I, (A) is the DC-bus current.

E. Modeling of the Induction Motor
The electrical model of the induction motor is given by:

1 M w.
(las = 7o [Vas - 5Py + 72 My, + @,0Llgs

1
é los = T+0LgS [Vqs -

‘Ddr

l ‘qu

The mechanical model is given by:
[q)drlqs q)quds] - ? Cr (5)

where 1, and I, correspond to the stator currents, V4 and V,, to
the stator voltages, @, and @, are d and g-axis components
of the rotor flux, wy is the stator angular frequency, w, is the
electrical rotor speed, R;, R, are the stator and rotor resistors, Lj,
L, are the stator and rotor inductances, o is the viscous friction
coefficient, M is the mutual inductance, J corresponds to the
rotor inertia moment, p is the number of pole pairs and C, is the
motor load torque.

F. Modeling of the Centrifugal Water Pump

The centrifugal pump is designed to facilitate the
circulation of hot or cold water based on both the specific
requirements of the plant and seasonal changes. The pump is
engineered to harness centrifugal force to transfer water from
one location to another, making it an efficient and reliable
solution for water circulation. The torque that must be applied
to the pump shaft, neglecting mechanical and hydraulic
frictions is given by (6):

G = %Q(HON -40Q) (6)

where p, and 4; are constants depending on pump wheel
dimensions. They are calculated from the characteristic of the
power supplied to the pump shaft as a function of the flow P =
f(Q), at constant speed. W is the 11qu1d density (daN/m?*), Qis
the pump flow rate (m’/s), N is the motor rotation speed
(tr/min) and g = 9.81 m/s? is the acceleration of gravity. The
power P applied to the shaft is given by (7) as:

~NQUoN — 21Q) )

Furthermore, at the operating mode, the net height of the
pump H,, can be expressed as:

H, = uN? + ANQ + kQ? 8)

where u, A, and k are constants depending on the pump
characteristics. For each speed regime, the efficiency # is given

by (9):

ﬂso — % Mg, — ;0L ly]
br “)

[T (a)s r)q)qr +M1ds]

T s+1

T -

(‘)r)q)dr + Mlqs]

T,s+1

d(ur _
dt ]L

P=Cw, =

—QH, ©

This equation makes it possible to calculate, for a rotation
speed N provided by the asynchronous motor, the value of the
optimal flow rate Q,, corresponding to the pump's optimal
efficiency. Therefore, the optimal flow rate is calculated by:

100P

0 tok++/(uok)2+kAy Apo+A1 1)
opt — KA,

N (10)
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G. Modeling of the Hydroponic Greenhouse

The internal microclimate of the hydroponic greenhouse
depends on solar radiation, temperature, relative humidity, and
CO2 concentration. The hydroponic greenhouse thermal
equilibrium model is developed through neglecting several
physical phenomena: irradiative heat exchange between walls
and roofs; the storage capacity of sandwich panel walls and the
roof; the absorptive capacity and heat capacity of the enclosed
air; and conductive heat exchange between the interior air,
sandwich panel walls, and the roof. This dynamic model
consists of four components: the single-wall cover, the internal
air, the canopy, and the protected floor as described in Figure 3.

Sky
Sun Qjoer -
(- O s
09 QC o R
5 n ) X cov-sky
Qerop-s fioor Q_f,:o,.
S Pr— r 1
0, Hydroponic o
—* Greenhouse
s R 0; Q::o —sky
Qn‘op—n‘al Qﬂom i & floor >cov op-sk
\ r
AR
l 4 Floor
Crop Ooorscrop
Fig. 3. Schematic representation of the heat flux in hydroponic
greenhouse.

In Figure 3’ anv > Qgrapecav > Q;laar—wav > Q;laarec‘rap
and Q7,0 correspond to the absorbed heat of the solar energy
in all greenhouse components. QS,,_,mp . and Qf, are the
convective heat outside and inside the greenhouse. Qfﬁmr is the
heat exchanged by conduction from the floor. QLLZ{ amp 18 the
heat losses by infiltration. Q’C“mp_m is the heat exchanged by

ot R R R
€vapotranspiration of the Crop. Qcav—sky' ’Qcav—in’ chap—in’
Q& op—sky> Qfioor—in» A Qfiopr—sky are the heat losses due to
radiation from the greenhouse and its surroundings. Each one
of these elements is defined by a state variable, namely the
temperature, which is assumed to be uniform across the cover
and protected floor surfaces. The indoor air is also
characterized by a uniform absolute humidity throughout the
entire greenhouse volume. To address this problem, four
balance equations have been created for the indoor air of the
greenhouse [19].

The heat balance at the cover is given by:

ATcov _ 1 s s s
dtv - daiGCAcov (Qcav + chap—>cav + Qflaar—>cav -
c c R R
Qcav—amb - Qin + Qcav—sky + Qcav—in) (11)

where T,,, is the coverture temperature, d;, is the air density,
C, is the specific heat of air at a constant pressure, A, is the
surface area of the coverture.

The calculation of the crop's energy balance is provided by:

ATcrop 1

S S __ NR —
dt dairCpAcrop (Qcmp + Qflaar—>crap chap—in
R L
chap—sky - chap—in) (12)

where T, is the crop temperature and A, is the surface
area of the crop.

The calculation of the energy balance at the greenhouse
floor gives:

ATflo0r _ 1

N _Nncd _ NR R
e dairCpA floor (Qflaar Qflaar Qflaar—m
Q])Slaar—sky) (13)

where Ty o0y is the floor temperature and Ay, is the surface
area of the floor.

The dynamic equation describing the thermal evolution of
the internal air is given by (14) :

dTy, 1 c R R inf
d—tl_n = m (Qin - Qcav—in - chap—in - Qin—amb) (14)

where T}, is the crop temperature and V the volume of the
greenhouse.

H. ANN-based MPPT

The expression of an Artificial Neural Network's (ANN)
mathematical model is typically presented as a set of
interconnected mathematical equations that define the
network's structure and behavior [19]. It allows for the analysis
and prediction of the network's output for specific input
patterns as in (15):

a’®=p
al = f/(w/a=t + b))

where p is the input vector, w is the weight, b is the bias, a is
the output of the layer, f is the activation function and j is the
layer index. During the training process, the ANN models the
input-output relationship of a dataset by adjusting the weights
to minimize the difference between the network outputs and the
desired values. Once the training is completed, the network can
predict the output from a given input pattern. During the
training process, the connection weights are adjusted until the
input-output patterns match with the minimum errors,
indicating the best fit. The recommended performance
evaluation criterion, in this case, is the Mean Square Error
(MSE).

(15)

In this study, a two-layer feed-forward ANN architecture is
used to track the Maximum Power Points (MPP) and to
generate the duty cycle of the converter. It is considered that
the input layer is composed of a solar radiation S, and an
ambient temperature 7,,, Furthermore, the output layer is
associated with V,,,,, i.e. the optimal voltage of the PVG. The
training dataset included 70% of the total samples, whereas the
cross-validation and testing datasets contained 15% of the
samples. V,,,, was then compared with V,, and the error was
compensated with a discrete PID controller that generated the
appropriate duty cycle of the boost DC/DC converter, as
portrayed in Figure 4.
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Fig. 4. The architecture of the ANN-based MPPT controller.

1. Indirect Field-Oriented Control of the Induction Motor

For the Indirect Field-Oriented Control (IFOC), the Park
angle was calculated from the stator pulsation. The pulsation
was reconstituted using the speed of the machine and its rotor
to control the stator current and subsequently fix its operating
point. The IFOC is based on the orientation of the Park
referential such that the q-axis component of the rotor flux is
zero as in (16):

q)dr = q)r

16
{ Dy = 0 (16)

Therefore, the model of the IFOC is given by (17):

dal
(Vis = Rylys + oLs— — wsoLl,
dal,
Vos = Rglys + ol d‘f
&, = My,
Mlgs
Ty ®p

qs

+ wgoL a7

ws = wy +
The electromagnetic torque of the IM is expressed by (18):
Com = (BPM/ZLr)q)rlqr (18)

The structure of the proposed IFOC based on the optimized
ANN-PID controller is outlined in Figure 5. The reference
values of rotor flux and currents are calculated by:

®:(Q) = V3ZER ifQ<Q,

Mwgp

19)
P1(Q) =2 ;’:M if Q> 0,
(b*
=2
ds M (20)

lis = Com/ | (Z2) 7]

By neglecting friction and the losses of the induction motor,
the power can be expressed according to the load torque and
speed as follows:

P = C,w, == Ayw,3 21

where A, is the torque constant of the induction motor. Then,
(22) represents the reference speed of the induction motor,
which corresponds to the optimal PV power (P,,) generated by
the PVG:

+ _ 3 |Popt
Q= ’A,, (22)

|
l

PWM signals

Currents Measuremen
Park transformation
speed Measuremen

Reverse Park transformation

l
I

Fig. 5. The synoptic diagram of the IFOC of the induction motor.

OI.  SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results of the PV-HG

This system was implemented in Simulink-Matlab. Figure 6
displays the variation of solar radiation (/,) with time.

Ir = f(t)
800[
& 600
£ L
= 400
200
o = - - A
(o) 2 “ 6 8
Offset=0 Time (seconds)
Fig. 6. Solar irradiation waveform.

Consequently, the waveforms of the PV current and the
DC-bus voltage are manifested in Figures 7(a) and 7(b). Owing
to the ANN-based MPPT developed here, the PV current and
the DC-bus voltage were optimally evaluated, which
contributes to maximizing the power output of the PV
generator.

The IFOC is implemented in Simulink-Matlab and Figures
8(a) and 8(b) demonstrate the waveforms of the mechanical
speed N of the centrifugal pump and its flow rate Q,
respectively, for the same irradiation simulation variation. For
the performance optimization of both the IM and the
centrifugal pump, the rotational speed (N) and the flow rate (Q)
ultimately converged towards their respective optimal values,
signaling a tendency to follow the changes in specific speed
(S;). This phenomenon is a key factor in achieving the
maximum efficiency of these machines.

B. Experimental Implementation of a Smart PV-HG

In this study, an IoT-based system for the remote control of
the internal and external parameters relevant to plant growth is
designed and implemented in a hydroponic greenhouse. These
parameters are lighting, internal and external temperature,
relative humidity, soil moisture, and water flow rate. The IoT
system consists of a sensor network and an ESP32
microcontroller. The information provided by the sensors is
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transferred to the microcontroller that, in turn, integrates all the
data into a single platform, analyzes it, and then decides by
remotely interacting with the user via the internet, the optimal
way forward. The Wi-Fi connection with the cloud allows the
recorded data to be transmitted and stored in databases.

Ipy = f(t)' Vd_c = f(t)

0 2 4 6 8 0 2 4 6 8

Time (seconds) Time (seconds)
@) (b)
Fig. 7. PV-current (a) and DC-bus voltage (b) waveforms.
N = fit) Q=At)
1500 ] ] I I 15 ] ] I I
£ £ N
E 1000 —1 — @ 10 i i » |
= E
S 500 I ! I ! a5 | I I !
0 0

0 2 4 6 8 0 2 4 6 8

Offset=0 Time (seconds) Time (seconds)

Fig. 8. The mechanical speed (a) and the flow rate (b) waveforms.

C. Sensor Network

Temperature is one of the primary environmental factors
that affect plant growth and development. The ideal
temperature range for most plants is between 65 - 75 °F (18 -
24 °C) [20]. Temperatures outside of this range can cause stress
to the plants and affect their growth rate and overall health.
High temperatures can generate wilting and dehydration,
whereas low temperatures can slow down growth and even
cause damage to the plant's tissues. Therefore, maintaining the
ideal temperature range is crucial for optimal plant growth and
development. A DHT11 sensor is deployed to measure the
ambient temperature inside and outside the greenhouse. To
maintain optimal humidity levels inside the greenhouse and
ensure that the plant receives the right amount of moisture, a
soil humidity sensor SEN-13322 is utilized for regular
monitoring and control. Additionally, lighting is another crucial
factor in promoting rapid photosynthesis for plant growth. It is
interesting to note that the control of light intensity inside a
greenhouse can be provided by an LDR sensor. This sensor
consists of a photoconductive cell that is covered with a
moisture-resistant coating and safely put in a plastic housing.
The best part is that the lighting intensity can be automatically
adjusted, which is a great way to ensure that the plants get the
right amount of light throughout the day. Finally, the water
flow rate is measured via an YF-S201 sensor.

Thus, the complete sensor network is composed of a
DHTI11 sensor for measuring the temperature and relative
humidity, an LDR sensor for measuring the light intensity, a
soil moisture sensor SEN-13322, and a flow meter YF-S201
for measuring the pumped water flow. The microcontroller
employed in this study is of an ESP32 type because of its many

advantages, involving low-power programming and Wi-fi
capabilities. Figure 9 illustrates the smart PV-HG equipped
with all the IoT sensors and the ESP32. The implementation of
the smart system into the hydroponic greenhouse is depicted in
Figure 10.

DHT11 LDR SEN-13322 YF-5201

Fig. 9. The smart PV-HG.

I

Implementation of the smart [oT-based PV-HG.

Fig. 10.

The Blynk console platform offers an easy-to-use solution
for developing web applications that can collect and visualize
data from sensors. This platform provides a comprehensive set
of tools to create a custom graphical user interface that can
display real-time sensor measurements. The web application
developed engaging the Blynk console platform, exhibited in
Figure 11, enables users to collect and store data from various
sensors in a structured manner. These data can then be accessed
and analyzed for various purposes.

The IoT system has meticulously gathered and recorded the
precise values of solar radiation, ambient temperature, and IM
power consumption over a span of six days in June 2023 in
Tunisia. This comprehensive and accurate dataset is presented
in a clear and concise manner in Figure 12, allowing for easy
analysis and interpretation.

m 6 Hours 1 Day M ( ( (

Tempera... Humidity lumiere moisure

Fig. 11.  Web application for the smart PV-HG parameters controlling.
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Fig. 12. Measurements of solar radiation, ambient temperature, and power

consumption of the PV-HG for 6 days in June 2023 in Tunisia.

The changes in the IM power and water flow rate of the
centrifugal pump were observed for a single day. The
corresponding variations are portrayed in Figures 13 and 14.

2
J
[ *o000
Time (h)
Fig. 13.  Measurements of the Power consumption for one day in June 2023.
Q
— I:J b "J
c * u
<]
E 5 a
— 4
o oo e _ 2]
Time (h)
Fig. 14.  Measurements of the water flow rate for one day in June 2023.

The water flow rate varies according to the climatic
conditions, and this variation can be optimized to achieve the
best performance of the system. The proposed control
strategies, which use an ANN-based MPPT and IFOC, have
proven effective in tracking the MPP and optimizing the IM
performance. These results demonstrate the potential of the
deployed control strategies in enhancing the overall
performance of the system.

During the specific time frame mentioned, the cooling and
heating temperatures of the hydroponic greenhouse have been
recorded. These measurements have been meticulously
analyzed and compiled into easy-to-understand visual
representations in Figures 15 and 16. The information provided
in these figures can be exploited to gain a better understanding
of the temperature conditions within the greenhouse during this
period.

It is evident that the actual temperature is in line with the
reference temperature necessary for optimal plant growth. This

indicates that the PV-HG system has been successful in
maintaining optimal indoor conditions for the microclimate of
the plant.

40
30
o
% 20 _/-\/‘\
=
?—» A//Mw o
10
0
0 20 40 60 80 100

Time (h)
Fig. 15. Measurements of the heating temperature versus the required
temperature in the HG.

50
40
G /&:\
530 4
S e —————
F20r ]
10f ]

0 20 40 60 80 100 120 140
Time (h)
Fig. 16. Measurements of the cooling temperature versus the required
temperature in the HG.

IV. CONCLUSIONS

This paper proposes a smart hydroponic greenhouse system
that uses solar energy for irrigation, water pumping, and crop
and indoor climate management regardless of the weather
fluctuations. To achieve this, the system implements MPPT
control, based on an ANN, which continuously monitors and
extracts the maximum amount of energy from the solar source.
In addition, the system deploys field-oriented indirect control
based on optimized ANN-PID controllers to adjust the speed of
the pump. This helps maintain water flow in the system and
certifies that the water temperature is always at the optimal
value for the plants. Additionally, an IoT-based system for
remote control of important plant growth parameters is
designed and implemented in a hydroponic greenhouse. It
includes a sensor network and an ESP32 microcontroller,
which integrate data into a single platform. The system
analyzes data and interacts with the user via Wi-Fi to remotely
control lighting, temperature, humidity, soil moisture and water
flow. The system also records and stores data in databases
through cloud connectivity. The experimental results proved
the effectiveness of the proposed PV-HG in regulating the
microclimate of the agricultural farm.

This approach offers several advantages over traditional
greenhouse growing methods. Initially, the use of IoT enables
precise and automated microclimate control, leading to better
agricultural yields and improved resource efficiency. It allows
dynamic adjustments based on real-time data, ensuring optimal
growing conditions for plants. Second, the integration of
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photovoltaic energy systems provides a sustainable and
renewable energy source, reducing dependence on traditional
energy networks while minimizing the environmental impact of
greenhouse operations. The combination of IoT, hydroponics
and renewable energy sources, particularly PVs, provides better
results on cost, crop quality and the environment.
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