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Abstract: This article proposes an autonomous greenhouse system which has a sunlight Reflector
Board (RB). In general, a greenhouse, which grows leafy vegetables, utilizes artificial light, such as
LED light, as a supplementary source of light. However, artificial light cannot be used as the main
source of light for photosynthesis for various kinds of plants. Our article utilizes natural sunlight,
instead of artificial light, for growing plants inside a greenhouse. We develop an autonomous system
to control the amount of sunlight inside the greenhouse by controlling the angle of the RB, which
is located in front of the greenhouse. Since the proposed greenhouse uses natural sunlight, one can
grow various kinds of plants which cannot grow under artificial light. Suppose that we accumulate
the RB angle data for one year. Since solar motion repeats every year, we can control the RB according
to this accumulated angle data. In this way, we can reduce unnecessary RB controls, after running
the system for more than a year. As far as we know, the proposed greenhouse system based on
autonomous RB controls is novel, since we control RBs for providing optimal sunlight for plants
inside the greenhouse. We perform experiments to demonstrate the performance of the proposed
greenhouse system.
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1. Introduction

This research proposes an autonomous greenhouse system which has a sunlight
reflector board (RB). Here, a greenhouse refers to an autonomous farm that can manage the
growing environment of plants inside the greenhouse.

In general, a greenhouse, which grows leafy vegetables, utilizes artificial light, such as
LED light, as a supplementary source of light. However, artificial light cannot be used as
the main source of light for photosynthesis for various kinds of plants.

In our article, we utilize natural sunlight, instead of artificial light, for growing plants
inside a greenhouse. Since the proposed greenhouse uses natural sunlight, one can grow
various kinds of plants which cannot grow under artificial light. We develop an autonomous
system to control the amount of sunlight inside the greenhouse by controlling the angle
of the RB, which is located in front of the greenhouse. We periodically control the RB
of sunlight, so that the optimal sunlight amount, which is set by the operator, can be
provided for the plants inside the farm. We acknowledge that artificial light can be used as
a supplementary source of light in cloudy days.

There are many papers on smart solar tracking systems. Refs. [1–3] addressed smart
solar tracking systems, which can increase the output power of solar panels. The solar
tracking system in [2] utilized the difference between the reading of the light sensors on
the top and bottom of the solar panel. When the difference is equal to zero, the position of
sunlight is precisely in the middle of the solar panel. The goal of a solar tracking system is
to arrange the solar panel, so that the panel is perpendicular to the sunlight direction. In this
way, one can maximize the output power of solar panels. Our research is distinct from solar
tracking systems [1–3], since we control the RB of sunlight, so that the optimal sunlight
amount, which is set by the operator, can be provided for the plants inside the farm.

Appl. Sci. 2024, 14, 5257. https://doi.org/10.3390/app14125257 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app14125257
https://doi.org/10.3390/app14125257
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-7565-068X
https://doi.org/10.3390/app14125257
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14125257?type=check_update&version=1


Appl. Sci. 2024, 14, 5257 2 of 9

There are many papers on monitoring smart farm systems [4–8]. Ref. [9] addressed
automated agricultural processes (seeding, ploughing, irrigation, planting, fertilizing, weed-
ing, or harvesting) using a programmable logic controller and zigbee network. Ref. [10]
built a greenhouse system using low-power bluetooth and low-power wide area network
communication modules including a wired communication network. Ref. [11] studied
weather station and mobile data logging type monitoring. Ref. [5] utilized the Internet
of Things, wireless networks, and message queuing telemetry tracking to monitor the
agricultural environment in real time. Ref. [6] addressed a smart farm system including the
monitoring of soil moisture and atmospheric sensors (temperature and relative humidity).
Ref. [7] proposed a strategy for smart irrigation to optimize water consumption and to
provide a remote control and monitoring of the irrigation system. Ref. [8] proposed to
implement a wireless sensor network connected to a central node, which is connected to a
central monitoring station. Ref. [12] proposed a trust model for monitoring humidity and
moisture in agricultural environments. Moisture content (MC) detection plays a vital role
in the monitoring and management of living trees. Targeting the drawbacks of high energy
consumption, low practicability, and poor sustainability in the current field of living tree
MC detection, Ref. [13] addressed an ultra-high-frequency radio frequency identification
(UHF RFID) sensor system based on a deep learning model, with the main goals of non-
destructive testing and high-efficiency recognition. Ref. [14] addressed the application of
Internet-of-Things (IoT) technology in agricultural soil measurements, which consists of
multiple sensors (temperature and moisture), a micro-processor, a microcomputer, a cloud
platform, and a mobile phone application. The wireless sensors can collect and transmit
soil information in real time, while the mobile phone app uses the cloud platform as a
monitoring center. Ref. [14] proved that a mobile phone app can be effectively used for the
real-time monitoring of soil quality and conditions in wireless multi-sensing based on the
IoT. As far as we know, most smart farms have been developed mainly for environmental
monitoring or environment controls of smart farms.

To the best of our knowledge, a smart farm in the literature utilized artificial light, such
as LED light, for shedding light onto plants. Ref. [15] studied the effects of artificial LED
light on metabolism, growth, and photosynthesis in leafy vegetables and some selected
plants. However, artificial light cannot be used as the main source of light for photosynthesis
for various kinds of plants. Our strategy is controlling the RB periodically, so that the
appropriate amount of natural sunlight intensity can be provided for the plants inside
the farm. Since the proposed greenhouse uses the natural sunlight, one can grow various
kinds of plants which cannot grow under artificial light. We argue that the proposed RB
control strategy can be useful in regions with sufficient sunlight intensity, such as Middle
East countries.

Suppose that we accumulate the RB angle data for one year. Since solar motion repeats
every year, we can control the RB according to this accumulated angle data. In this way, we
can reduce unnecessary RB adjustments, after running the system for more than a year.

As far as we know, the proposed greenhouse system based on autonomous RB controls
is novel, since we control RBs for providing optimal sunlight for plants inside the green-
house. Simple controls are computationally efficient, robust, easy to implement, and easy
to debug. Thus, we address simple RB controls, such that optimal sunlight can be provided
for plants inside the greenhouse. We perform experiments to demonstrate the performance
of the proposed RB controls.

This research is organized as follows. Section 2 describes the proposed RB controls.
Section 3 presents experiments of the proposed RB controls. Section 4 describes the discus-
sion. Section 5 presents the conclusions.

2. The RB Controls

We address a modular greenhouse system which can be extended to a long greenhouse.
For instance, Figure 1 plots the top view of a long greenhouse. In this long greenhouse,
there are two modular greenhouses, and a bold figure indicates one modular greenhouse.
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As we consider a long greenhouse, we can connect modular greenhouses side by side. In
Figure 1, two RBs are installed on one side of a long greenhouse.

Light sensor

Light sensor

DC motor

Light sensor

Light sensor

RB

RB

DC motor

Figure 1. An illustration of a long greenhouse structure (top view). Two RBs are installed on one side
of a long greenhouse.

Suppose that there are several light sensors inside the farm greenhouse. These light
sensors are installed to measure light intensity inside the farm in real time. Let mlux indicate
the mean of all intensity measurements inside the greenhouse. The RB in our research
moves according to the mean intensity mlux.

The RB is installed, as depicted in Figure 1. By controlling the motor attached to the
RB, we control the light intensity inside the farm. The greenhouse system can control the
RB angle precisely, since encoders are installed on the motor.

Figure 2 depicts the proposed RB control system. The sunlight is depicted as an arrow.
The RB controls the light shed onto the plants inside the farm. The RB is depicted with a red
line segment. Figure 2 shows that the light reflects many times inside the farm, because of
reflective films installed inside the farm. The sunlight is reflected by the RB on the right
side of the figure. Then, we control the RB angle, in order to provide the optimal amount of
sunlight which is set by the operator.

Top of the greenhouse

Reflector Board (RB)Plants

Figure 2. An illustration of the proposed RB control system. The sunlight is depicted as an arrow.
The RB controls the light onto the plants inside the farm. The light reflects inside the farm, since
reflective films are installed inside the farm. The RB is depicted with a red line segment.

2.1. Control the RB for Providing the Designated Sunlight Set by the Operator

Let optLux denote the designated light intensity set by the operator. optLux is set
depending on the plants inside the farm.

This subsection addresses autonomous RB controls, so that the set sunlight intensity
optLux can be provided for the plants inside the farm. We control the RB periodically, so
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that the designated sunlight intensity can be provided for plants inside the farm. In order
to obtain the RB angle at which the desired light intensity is obtained, we utilize the light
control algorithm in Algorithm 1.

In Algorithm 1, angle denotes the current RB angle. As we initialize Algorithm 1, we
initialize IterationCount = 0. At every ϵ minutes, the RB changes its angle with step size
∆. Let avg(mlux) denote the average of the mean light intensity mlux, while the RB stays
still for ϵ minutes. Here, the RB stays still for ϵ minutes, in order to obtain a stabilized
intensity measurement.

Algorithm 1 RB controls for providing the designated sunlight intensity optLux set by
the operator

Measure the light intensity avg(mlux), while staying still at the current RB angle for ϵ
minutes;
if avg(mlux) ≥ optLux + th then

angle = angle − ∆;
end if
if avg(mlux) ≤ optLux − th then

angle = angle + ∆;
end if
if we find a RB angle, such that ∥avg(mlux) − optLux∥ < th under Algorithm 1 or
IterationCount ≥ Q then

Maintain the RB angle for S minutes until moving the RB under Algorithm 1;
IterationCount = 0;

else
Re-run Algorithm 1;
IterationCount = IterationCount + 1;

end if

Suppose that Algorithm 1 ends and that the difference between the measured light
intensity and optLux is smaller than a certain threshold, say th. As time goes on, the Sun
light direction changes, since the earth rotates continuously. Thus, we maintain the set RB
angle for S minutes, until moving the RB again using Algorithm 1. In our experiments, we
set S as 10 min. In practice, we can set a large S, such as one hour.

In practice, running Algorithm 1 may not provide the light intensity which is suffi-
ciently close to the desired light intensity. This case may happen due to various environ-
mental conditions, such as temporary blocking of Sun light due to cloud.

Suppose that Algorithm 1 ends and that the difference between the measured light
intensity and optLux is larger than th. In this case, we re-run Algorithm 1, in order to find
the optimal RB angle again. This process iterates until the difference between the measured
light intensity and optLux is smaller than th. In Algorithm 1, IterationCount indicates how
many times this algorithm re-runs iteratively. As we re-run Algorithm 1, IterationCount
increases by one.

In order to avoid the case where Algorithm 1 keeps iterating infinitely, iteration of
Algorithm 1 stops after Algorithm 1 runs more than Q > 1 times. Here, Q is a constant
set by the farm operator. In experiments, we set Q = 3. In this way, we can avoid infinite
movements of the RB.

2.2. Control the Light RB according to Accumulated Angle Data

While we operate the greenhouse system, we can upload the RB angle and mlux in the
Secure Digital (SD) card. When data are uploaded, the upload time information is recorded
in the SD card. The DS1307 module is used to compute the upload time information.

Suppose that we accumulate the RB angle data for one year. Since solar motion repeats
every year, we can control the light RB according to this accumulated angle data. In this
way, we can reduce unnecessary RB controls after running the system for more than a year.
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3. Experiments of the RB Control in the Proposed Greenhouse System

As far as we know, the proposed greenhouse system based on autonomous RB con-
trols is novel, since we control RBs for providing optimal sunlight for plants inside the
greenhouse. We address experiments of the RB control in the proposed greenhouse system.
Using a small box, we made a small greenhouse to test our RB control algorithms, as plotted
in Figure 3. We install this greenhouse on outdoor open environments, so that sufficient
sunlight can be provided onto the greenhouse. The experiments are performed for three
hours (11:00–14:00). Figure 3 plots the RB installed in front of the greenhouse. Figure 3
shows a breadboard inside the box. On the breadboard, we install two light sensors.

Figure 3. Using a small box, we made a small greenhouse to test our algorithms. This figure shows
the RB installed in front of the greenhouse. Arduino Nano is utilized to control the RB, and the RB
is controlled using two encoder motors at both sides of the RB. We utilize encoders to measure the
RB angle in real time. Inside the greenhouse, we attached tinfoils to enable sunlight reflection. Two
encoder motors are marked with two arrows, respectively. This figure shows a breadboard inside the
box. On the breadboard, we install two light sensors.

We explain the experiment setup of our research. Arduino is an open-source micro-
controller, which is widely utilized for implementing IoT devices [16]. We utilized an
Arduino Nano which is a miniaturized model with an ATmega328 processor (Microchip
Technology Incorporated, Chandler, AZ, USA).

Arduino Nano (Arduino, Somerville, MA, USA) is utilized to control the RB, and the
RB is controlled using two encoder motors at both sides of the RB. We utilize encoder
motors to control the RB, while measuring the RB angle in real time. Inside the small
greenhouse, we attached tinfoils to enable sunlight reflection. In addition, two light sensors
are installed on the breadboard inside the greenhouse. The measurements of the light
sensors, RB angles, and the associated time information are stored in the SD card. By
controlling the encoder motor attached to the RB, we control the light intensity inside the
farm. We can control the RB angle precisely, since we install encoder motors. In Figure 3,
two encoder motors are marked with two arrows, respectively.

Our control settings are as follows. In Algorithm 1, we utilize ϵ = 1 min, since the
light sensors can obtain stable light measurements within 1 min. In experiments, we utilize
the angle step size as ∆ = 5 degrees. In addition, th is set as 25 Lux.

Experiments are carried out to demonstrate the performance of the proposed RB con-
trols in Section 2.1. The experiments are performed for three hours. Inside the greenhouse,
we measure the light intensity at every one minute, i.e., ϵ = 1 min.

Recall that optLux denotes the light intensity set by the operator. We set optLux = 175 lux
in our RB experiments.
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Figure 4 plots the experimental results proving the effectiveness of proposed RB
controls in Section 2.1. Algorithm 1 is utilized to control the RB, for providing the optimal
amount of sunlight which is set by the operator. The mean light intensity mlux remains
close to optLux (175 lux) under the light control system (Algorithm 1). This proves the
effectiveness of Algorithm 1 in providing the optimal sunlight for plants.

Figure 4. The experimental results showing the effect of controls in Section 2.1. The mean light
intensity mlux remains close to optLux (175 lux) under the light control system (Algorithm 1).

Figure 5 shows the change of RB angle (in degrees) associated with the experiments in
Figure 4. In Figure 5, Algorithm 1 is utilized to control the RB for providing the optimum
amount of sunlight. Once we set a RB angle using Algorithm 1, we maintain the angle for
S = 10 min until moving the RB again.

Figure 5. The change in RB angle (in degrees) associated with the experiments in Figure 4. Algorithm 1
is utilized to control the RB for providing the optimum amount of sunlight. Once we set an RB angle
using Algorithm 1, we maintain the angle for S = 10 min until moving the RB again.

4. Discussion

IoT-enabled automated greenhouse systems can increase the productivity of plants
grown in the greenhouse by monitoring and controlling various parameters, such as
humidity, mist, CO2 level, UV light intensity, water nutrients solution level, temperature,
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and amount of pesticides, through sensors for further efficient detection and diagnosis [17].
The proposed greenhouse can be extended to an integrated system, such that a greenhouse
operator can monitor various environmental parameters, such as temperature, humidity,
and carbon dioxide, inside the greenhouse.

In our integrated system, an operator can set various environmental parameters,
such as temperature, humidity, and carbon dioxide, inside the greenhouse. Once the
environmental parameters are set, the greenhouse system operates to achieve the set pa-
rameters autonomously. The system controls carbon dioxide (CO2), temperature, humidity,
and sunlight intensity inside the greenhouse autonomously.

CO2 sensors, temperature sensors, and humidity sensors can be installed inside the
greenhouse. In addition, following facilities can be installed inside the greenhouse: CO2
generators, air conditioners, heaters, and dehumidifiers. CO2 generators are used to
generate CO2 inside the greenhouse. Air conditioners and heaters are used to control the
temperature inside the greenhouse. In addition, dehumidifiers are installed to decrease the
humidity inside the greenhouse.

For instance, assume that the temperature setting by an operator is in the interval
[tmin, tmax]. If the current temperature is above tmax, then the air conditioner is turned
on for decreasing the temperature. If the current temperature is below tmin, then the
heater is turned on for increasing the temperature. If the current temperature is within
the interval [tmin, tmax], then both the air conditioner and the heater are turned off. In
this way, the greenhouse system can control CO2, temperature, humidity inside the house
automatically, so that the operator does not have to turn on/off each facility manually.

Arduino is an open-source micro-controller, which is widely utilized for implementing
IoT devices [16]. Depending on the sensor measurements, the Arduino turns on/off
the following facilities inside the greenhouse: CO2 generators, air conditioners, heaters,
and dehumidifiers. The sensor measurments and the associated time information can be
uploaded in the SD card. Here, the DS1307 module (Dallas Semiconductor, Dallas, TX,
USA) is used to compute the upload time information.

If necessary, the sensor measurements and the operation state can be transmitted
to a remote operator using Wifi communications or Lora module (Semtech Corporation,
Irvine, CA, USA). Ref. [14] proved that mobile phone app can be effectively used for the
real-time monitoring of soil quality and conditions in wireless multi-sensing based on the
IoT. Similarly to [14], sensor measurements and the operation state can be displayed and
controlled using mobile phone app of the operator.

5. Conclusions

This study addresses an autonomous RB control system, which controls the amount of
sunlight inside the farm. Since the proposed greenhouse uses the natural sunlight, one can
grow various kinds of plants which cannot grow under artificial light. Once we set an RB
angle using Algorithm 1, we maintain the angle for S minutes until moving the RB again.
We control the RB of sunlight, so that the optimal amount (which is set by the operator)
of sunlight can be provided for the plants inside the farm. To the best of our knowledge,
the proposed greenhouse system based on autonomous RB controls is novel, since we
control RBs for providing optimal sunlight for plants inside the greenhouse. Experiments
are utilized to demonstrate the performance of the proposed greenhouse system.

In the future, we will carry out experiments using a large-scale greenhouse, such that
an operator can monitor and set various parameters, such as temperature, humidity, sun-
light intensity, and CO2 inside the greenhouse. Once the parameters are set by the operator,
the greenhouse system works to achieve the set parameters autonomously, as presented in
Section 4. We will build a modular greenhouse system which can be extended to a long
greenhouse, as plotted in Figure 1.

In this paper, an RB is located in front of the greenhouse. However, the place of RBs
can change if necessary. For instance, considering a Fenluo type greenhouse, RBs can be
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installed on the house’s roof. We can apply Algorithm 1 for controlling the RBs. As we
control the RBs, direct or reflected sunlight can be provided for plants inside the greenhouse.

The proposed greenhouse can be powered by solar cells on the greenhouse. On top of
the greenhouse, solar cells can be installed to obtain sufficient power for operating facilities
in the greenhouse. We argue that the proposed RB control strategy can be useful in regions
with sufficient sunlight intensity, such as Middle East countries.
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