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Greenhouse microclimate environment adaptive control based on a
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Abstract: Environmental parameter measurements from various sensors spatially distributed in greenhouse crops can be used
to create an accurate and detailed depiction of the climate in different regions of the greenhouse. Microclimate environments
have an impact on crop yield, productivity, quantitative and qualitative characteristics of plants, and various plant diseases. In
this study, an automatic monitoring system based on a wireless sensor network was designed to monitor the survival rate of
greenhouse crops. The system design includes a sensor model selection and placement process, host computer monitoring
software and communication module design. The Zigbee protocol was used for wireless communication between the nodes.
The proposed fuzzy-PID controller was easy to design and highly adaptive to the measurement errors of the sensors. The test
results show that the system valuable for monitoring the environment in the greenhouse, where it was successful in controlling

and maintaining an optimal microclimate condition.
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1 Introduction

Facility horticulture that involves modern agricultural
engineering, machinery, technology and management is used to
improve the local environment and allow crops to adapt to growth
temperatures, light, water, gas, fertilizer and other microclimate
parameters in a controlled environment industry, that contains crop
cultivation management technology, environmental control, and
greenhouse engineering technology along with supporting
equipment™®.  The greenhouse regulatory mechanism is complex
and involves numerous environmental conditions necessary for
growing crops, as shown in Figure 1. Controlling the
environmental changes in a greenhouse is challenging because of
the complex environmental characteristics!®!. Precision
agriculture is crucial to modern greenhouse cultivation practices,
which include recording crop conditions, providing crop growth
regulation and monitoring crop field variability!"®l.

In recent years, wireless sensor networks (WSNSs) have been
widely used in greenhouse microclimate environments'.
Traditional monitoring systems are common in greenhouse
cultivation, including wired communication between sensing and
computing devices’®.  The WSN automatically gathers
information hundreds or thousands from sensor node base stations
or sink nodes that are used to acquire parameters under certain
conditions and then transfers these parameters. WSNs exhibit
features that facilitate placement and ad hoc communication; along
with improved sensing abilities. The network has the ability to
continuously record dynamic environmental parameter changes in
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various greenhouse environments!*#*3, However, sensor

networks have limitations and require additional boundary nodes to
enable the precise control of climate change in the greenhouse. In
addition, factors such as temperature, humidity, light, water, and
other microclimate parameters; are important concerns. Adaptive
control schemes should be considered for the complex nonlinear
greenhouse control system with microclimate parametersi*4.

In the last few years, much attention to the intelligent
algorithm has been paid. Major efforts have been devoted to the
control of greenhouse environments. Thus, diverse intelligent
methods, including adaptive, robust, predictive, fuzzy, and
nonlinear controls have been proposed for use as a greenhouse
microclimate control™®¥.  These studies are of great significance
for practical engineering applications of greenhouse production.
However, most of these methods are theoretically complex, or
difficult to carry out in the actual greenhouse. The fuzzy control
method for nonlinear systems analysis has been recently developed.
A fuzzy controller was proposed to keep the internal greenhouse
temperature using hot air when the temperature decreases at
night®.  The architecture of proportional, integral, and derivative
(PID) controllers is simple enough!®!. We can take advantage of
the advantages of fuzzy PID methods for use in a greenhouse
control system that is a complex strongly coupled nonlinear
system[22228],

The microclimate system in a greenhouse is an important
control problem that is crucial to the proper growth of the crops.
A microclimate control can maintain a greenhouse temperature and
humidity that is suitable for crop growth. This study investigates
the WSNs and host computer monitoring that enable actuators to
calculate and control the microclimate system.  The sensor models
containing temperature, humidity and illumination sensor are
presented to allow the control system to monitor key environmental
parameters. The host computer monitoring system can
automatically collect and transport data, and send real-time data
and alarm messages to the manager via a WSN when the parameter
exceeds the set threshold. A fuzzy-PID controller that is highly
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adaptable, and easy to design is utilized in this study for adjusting
the measurement errors of the sensors. The proposed intelligent
system can create and preserve an ideal climate condition in the
greenhouse.

The remainder of this paper is as follows: Section 2 describes
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the system requirements and parameters analysis. Then, the sensor
model selection and placement, host computer monitoring system
and communication module design are discussed in Section 3.
The test results from the greenhouse monitoring system are
presented in Section 4.  Finally, conclusions are given in Section 5.
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Figure 1 Schematic diagram of coupling relationship of greenhouse microclimate parameters

2 System requirements and parameter analysis

Each greenhouse is equipped with a wireless sensor network
node that is connected to temperature, humidity and light sensors to
measure the internal and external values of the greenhouse. The
monitoring system can collect and send the sensor data from all
greenhouses, as shown in Figure 2. If the threshold for a

parameter is exceeded, the alarm can be issued. The base station
with host computer monitoring software is located in a place where
farmers can easily access real-time monitoring data[**. The
intelligent control algorithm can calculate the deviation between
the predicted value and the actual value, thereby adjusting the
sensor equipment to provide suitable climate growing climatic
conditions for the greenhouse crop.
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Figure 2 Monitoring system of greenhouse based on WSNs

Temperature is a key parameter that influences the crop growth
and the physiological processes of plants within a certain range[>?°.
When the temperature is below the required temperature range, the
normal physiological activities of crops will become decrease,
which will affect the normal growth of crops. When the
temperature is higher in the crops than the required temperature
range, crop respiration will be affected by interference, and crop
transpiration can also be delayed, thus inhibiting the growth of the
crops. Therefore, it is important to monitor the temperature
parameters in the greenhouse.

If the air humidity is too high, the transpiration of the crop will
be weakened, and the ability to transport minerals and nutrients
will also decrease. If the long-term humidity is too low because
there is moisture inside the blade, the external water pressure is low,
the water pressure differential will be too high, which will cause

necrosis in the leaf seriously affect the growth of the crop!?227,

Therefore, it is very important to control the humidity within a
suitable range by monitoring the humidity of the air in the
greenhouse in real-time.

If the light intensity is too high, water loss will occur in the
cells of the crop. When the light intensity is too low, the
photosynthesis efficiency will decrease. Furthermore, when the
light intensity falls below to a certain range, the photosynthesis
carried out by the crop will not be enough for the respiratory action
to take place effectively, and the crop will stop growing.
Therefore, the light intensity is also very important for crops. In
addition, these environmental parameters are interactive. The
change in temperature affects the humidity. The higher the
temperature is, the greater the loss of moisture into the air which
leads to a corresponding increase in humidity. The light intensity
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will change the temperature. It can be seen that the growth and
development of crops are affected by the interaction of these
parameters.

3 System hardware and software design

3.1 Sensor model selection and placement

As shown in [9], the reliability of temperature and relative
humidity measurements is significantly affected by the solar
radiation intensity in the real environment. The WSN selection is
very important in controlling greenhouse microclimate conditions.
When the sensor collects information and sends data to the host
computer, monitoring system, the station can make decisions and
drive actuators. In this work, we selected some temperature,
humidity, and illumination sensor styles.
3.1.1 Temperature sensor DS18B20

The DS18B20 is a commonly used digital temperature sensor,
which outputs digital signals, has the characteristics of small size,
low hardware overhead, strong anti-interference ability, and high
accuracy. It can measure temperatures from -55°C to 125°C,
with a precision of #0.5°C.  The sensor can be controlled directly
by a single chip microcomputer without the need for A/D
conversion. The circuit diagram is shown in Figure 3. The DQ
terminal is the signal end, and this design is connected with P0.6
microcontroller, the GND terminal is directly grounded, and the
VCC is connected to a 3.3 VV power source.
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Figure 3 DS18B20 temperature sensor circuit

3.1.2 Humidity sensor DHT11

The DHT11 is a single-wire serial interface and the output is a
digital signal. The sensor includes a resistive humidity sensing
element and an NTC temperature measuring element and is
connected to a high-performance 8-bit microcontroller. Therefore,
this product has the advantages of excellent quality, ultra-fast
response, strong anti-interference ability, and high-cost
performance. Because the DHT11 can also measure temperature,
compared with the DS18B20, its temperature measurement
accuracy is far less it is only 2, therefore, we only used it to
measure air humidity. The circuit diagram is shown in Figure 4
DATA is connected to the microcontroller PO.7 port.
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Figure 4 DHT11 humidity sensor circuit

3.1.3 Intensity of illumination sensor GY-302

The solution for light intensity monitoring using the
BH1750FVI1 is digital. It is based on the IIC interface and can
collect light intensity. Its power supply 3-5 V, data range 0-6535,
sensor built-in 16-bit AD converter, direct digital output, omit
complex calculations and omit calibration. Spectral
characteristics close to visual acuity allow high-precision
measurement of 1 lux over a wide range of brightness. The
Gy-302 is a sensor that uses the BH1750FVI chip. The circuit
diagram is shown in Figure 5. SCL is the clock pin of the 11C bus,
SDA is the data pin of the 1IC bus, and ADDR is the address pin of
the 11C device, which is directly grounded. SCL is connected to a
P1.4 microcontroller, and SDA is connected to a P15

microcontroller.
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Figure 5 GY-302 light sensor circuit

3.1.4 Data acquisition program design

The greenhouse parameter acquisition module is used as the
terminal module of the system. This design program needs to be
downloaded to the CC2530 microcontroller for driving.
Therefore, IAR software is required to compile the program to
implement this function. The flow chart for the temperature
acquisition program is shown in Figure 6. Because the read and
write data are binary, only one bit can be read and written, for a
total of 8 bits. Subsequently, the temperature, which is an ASCII
value, is read converted to the sensor readout value. For testing
convenience, the temperature value is sent to the computer through
the serial port for a display to determine if there is a problem with
the acquisition program. In the subsequent networking process,
the collected data does not need to be sent to the serial port; instead,
the data are sent to the sink node. The data are read and sent
again after a delay, and the next data gain is performed to ensure
the dynamic update of the data. The values measured by the
program are accurate to one decimal place. The humidity and
light data collections are similar to that for temperature.
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Figure 6 Temperature acquisition program flow chart
3.2 Host computer monitoring software
The host computer sends commands and acquires signals
through the nodes of the routing station. Users can analyze the
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collected information link to the host computer®. The host
computer has three functions. First, it displays the monitoring
data in real-time. Second, three sets of parameters can be drawn
as a line graph displayed in real-time, and the change of parameters
can be conveniently observed. Finally, performance thresholds
can be set.

The alarm operation is performed when the monitored data is
not within the previously set range. Three windows are designed
for this function, the monitoring data window, the line graph
dynamic display window, and the threshold setting window and the
alarm window. Three create three new form applications for the
same project, Form 1, Form 2, and Form 3. Write three form
application design features corresponding to the code compilation
interface. The Form1 window is the display monitor data window.
Drag three text box controls in the window to display three
environment parameters. Then drag a button to control the
opening and closing of the serial port. Clear the data in the three
text boxes to conveniently display the collected data. Determine
if the program is connected to the serial port.

If there is no connection, click ‘‘Start’’ to display ‘‘Error’’. If
connected, the program can read the serial port number and accept
the data transmitted by the serial port. After sorting the data, the
programs are displayed in the three text boxes. Form 2 window is
a dynamic display window for line drawings and is mainly used for
timer controls and chart controls in VS. Chart controls are
controls for drawing on the VS c# environment. A chart control is
dragged to the window to configure graphics, lines, and other

related configurations and code. The timer control is a timer in c#.

Its main function is to execute the timer event written into the timer
control at regular intervals. Form 3 window is a threshold setting
and alarm window. The three sets of data received through the
serial port under Form 1 window are called. The data in the text
box is entered as the comparison range in this window interface.
The timer is started, the data received by the serial port in the
display window is called by the delegation and converted to integer
or float type, and calculations performed with the input data. A
comparison program is added to the timer event. If the value is in
range, the timer will execute. An event is always calling and
comparing the next set of data. If it is not within range, an alert
will be created.
3.3 Adaptive fuzzy-PID algorithm for data handling

A strategy to further reduce data traffic and power
consumption is the intelligent application method and sensor fusion
shown®®3Y. PID controllers are the most widely used control
loops because they are easy to design, simple in structure, and
provide good control system performance. However, sometimes
PID controllers cannot achieve a satisfactory control performance
when the model is nonlinear and uncertain. Fuzzy control theory
was first presented by Prof. Zadch, who developed a model that
cannot be precisely described by mathematic®>%!. This model
can process characteristics using people’s experiences to reflect and
formulate certain control rules because PID controllers have a
simple structure and the fuzzy method has a strong adaptability*].

In this model, the error and the error variation in the set value
and the actual output value are used as the input of the fuzzy
controller, and the variation in the PID parameter is used as the
output of the fuzzy controller. The domain is divided according to
different fuzzy states. For example, the domain is divided
according to {NB, NM, --; PM}. Each fuzzy state corresponds to
a domain. When the input value of the input enters the fuzzy
controller, the quantity is classified according to the different fuzzy

state pairs to blur the exact value of the input quantity. The
system error E and error rate E. are defined as the domain of the
fuzzy set. Its fuzzy subset is E, Ece {NB, NM, NS, ZO, PS, PM,
PB}, and the subset elements represent negative, negative, negative,
zero, positive, positive, and positive, respectively. Control rules
are established for fuzzy PID controllers, as shown in Tables 1-3.
The variation in the PID parameter is refined by using the centroid
method, and the output of the entire fuzzy.

Table 1 Kp fuzzy control rule

Ec

Ke
NB NM NS Z0 PS PM PB

NB PB PB PM PM PS Z0 Z0
NM PB PB PM PS PS Z0 NS
NS PM PM PM PS Z0 NS NS
E Z0 PM PM PS Z0 NS NM NM
PS PS PS Z0 NS NS NM NM
PM PS Z0 NS NM NM NM NB
PB Z0 Z0 NM NM NM NB NB

Table 2 K; fuzzy control rule

Ec
Ki

NB NM NS Z0 PS PM PB

NB NB NB NM NM NS Z0 Z0
NM NB NB NM NS NS Z0 Z0
NS NB NM NS NS Z0 PS PS
E Z0 NM NM NS Z0 PS PM PM
PS NM NS Z0 PS PS PM PM
PM Z0 Z0 PS PS PM PB PB
PB Z0 Z0 PS PM PM PB PB

Table 3 Kp fuzzy control rule

Ec

Kp
NB NM NS Z0 PS PM PB

NB PS NS NB NB NB NM PS
NM PS NS NB NM NM NS Z0
NS Z0 NS NM NM NS NS Z0
E Z0 Z0 NS NS NS NS NS Z0
PS Z0 Z0 Z0 Z0 Z0 Z0 Z0
PM PB NS PS PS PS PS PB
PB PB PM PM PM PS PS PB

The PID control system is calculated by the PID control
algorithm to realize the control of the actuator. The domain of the
errors Ec and error E as input is, the domain of the parameter K, as
output is {-0.6, 0.6}, the domain of the parameter K;is {-0.12,
0.12}, and the domain of the parameter Ky is {-6, 6}. Fuzzy rules
are added to the fuzzy controller through MATLAB's fuzzy logic
toolbox. It can be seen that the conventional PID controller only
takes about 300 s to reach the target temperature, while the fuzzy
PID control system takes more than 500 s. When the temperature
reaches the target value, the conventional PID control system has a
large overshoot and obvious ups and downs, which require a long
settling time, while the temperature curve of the fuzzy PID control
system is smoother and more stable, and the overshoot is reached
after reaching the target temperature. Under the control of the
fuzzy PID controller, the overshoot is small and the stability is
good.

3.4 Communication module design
ZigBee technology is an important part of the Internet of
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Things. It has been widely used in industry, agriculture and other
fields because of its advantages of low cost, low power and low
latency®®1.  ZigBee is a simple, low power consumption, and
practical economical wireless communication technology, which is
more suitable for the positioning of scenic spots in a specific
outdoor area, with the advantages of strong self-organization and
high scalability®®*). This proposed design uses Zigbee wireless
transmission technology for greenhouse the environmental control
of the greenhouse. The bottom layer of the ZigBee protocol
architecture uses the IEEE 802.15.4 physical layer (PHY layer) and
the medium layer (MAC layer). On this basis, the design
establishes its network layer (NWK), which uses the layer
framework to form the Zigbee protocol architecture. The wireless
communication module designed is Tl's Z-Stack design. The
protocol stack is based on this design. APP is the application
layer directory, and NWK is the network directory layer. The
recording is primarily mainly developed in the APP layer compiler.

The wireless communication flow chart is shown in Figure 7.
A well-integrated data takeover program is added in the application
layer directory (APP) to complete the realize data collection of the
terminal node. Carrying out the program is mainly performed in
the main conducted directory.  After the initialization is complete,
the coordinator builds the network and the program assigns itself
the unique network address of 0x0000 as the unique network

address. The address is used to distinguish the Zigbee device, and
the Zigbee device is divided into a MAC address and a website
address.
5! Assign network addresses
to nodes
’ Initialization ‘ ¢
‘ I Terminal nodes send data
The coordinator establishes | l
the network D - 3 ;
T'he coordinator receives
the data
Is it successful? l
No Date is transmitted to the
serial port
Terminal nodes join the
network End

T
Figure 7 Wireless communication flow chart

The MAC address has 64 bits, and the website address has
only 16 bits. Therefore, this program will generally include the
URL. After the network is successfully connected, the terminal
node or a router node can obtain a 16-bit web address, and the
website program can complete the sending and receiving of data.
After the network connection is successful, the terminal node sends
data, and the coordinator receives the data and transmits it to the
serial port.

4 Test results of the greenhouse monitoring system

The temperature sensor DS18B20, the humidity sensor DHT11,
and the luminance sensor GY-302 are connected to the cc2530 as
originally designed. The air temperature, humidity and light
radiation sensors data are uploaded and saved every five minutes
after the required experimental data are collected, which will
eventually be available for indoor and outdoor air temperature and
light intensity. The integrated ¢ parameter acquisition program is
downloaded to the microcontroller, and the microcontroller is
connected to the computer through a USB cable to implement serial

data transfer. After booting up, the serial debugging assistant is
opened, and the “Open Serial Port” option is selected. A baud
rate of 115200 was selected, and the situation was observed. The
temperature, humidity, and illumination data are separated by
commas. One group was collected every two seconds. To
validate the designed data acquisition module, the system needs to
be tested with two CC2530s, with one CC2530 serving as the
coordination node to receive the data and upload it to the serial port.
A terminal sensor was used for collecting environmental
parameters.  The designed wireless communication module
program was downloaded to the coordinating node and the
endpoint.  The terminal node was placed remotely and the
coordinator is connected to the computer.

The sensor is connected to the microcontroller.  The
integrated parameter acquisition program is downloaded to the
CC2530. Next, the designed host computer program is opened,
and the main interface data monitoring window appears. “‘Start”
option is selected to display the monitoring results. Here, we can
find data changes, real-time displays, and dynamic update
monitoring data. The host computer software draws the collected
data into a graphical dynamic display in real-time. It is updated
every two seconds. The “Set Threshold” button in the monitor
data display window is selected to open the threshold settings and
alarm. The ‘““‘Open’’ option is selected to open the alarm function
and monitor the data in real-time. When the temperature data is
higher than the input range, an alarm interface will pop up

5 Conclusions

The development of an adaptive microclimate system in the
greenhouse is a crucial control issue for the successful growth of
crops. This study proposed a wireless monitoring system for
controlling greenhouse environmental conditions in order to
monitor the microclimate condition, by analyzing the parameters,
selecting various sensors and designing host computer monitoring.
The test results showed that each sensor node operates normally
and accurately collect multiple greenhouse parameters
simultaneously. The aggregation node can receive data accurately
and regularly.  The host computer software can complete
functions such as data display, waveform display, and threshold
alarm. The proposed fuzzy-PID controller was easy to design and
adaptive to measurement errors of the sensors. The proposed
adaptive control system based on WSNs can calculate and preserve
an optimal microclimate condition in the greenhouse.
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