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Abstract: The direction of sunshine or the installation sites of environmental control 

facilities in the greenhouse result in different temperature and humidity levels in the 

various zones of the greenhouse, and thus, the production quality of crop is inconsistent. 

This study proposed a wireless-networked decentralized fuzzy control scheme to regulate 

the environmental parameters of various culture zones within a greenhouse. The proposed 

scheme can create different environmental conditions for cultivating different crops in 

various zones and achieve diversification or standardization of crop production. A star-type 

wireless sensor network is utilized to communicate with each sensing node, actuator node, 

and control node in various zones within the greenhouse. The fuzzy rule-based inference 

system is used to regulate the environmental parameters for temperature and humidity 

based on real-time data of plant growth response provided by a growth stage selector. The 

growth stage selector defines the control ranges of temperature and humidity of the various 

culture zones according to the leaf area of the plant, the number of leaves, and the 

cumulative amount of light. The experimental results show that the proposed scheme is 

stable and robust and provides basis for future greenhouse applications. 

Keywords: fuzzy logic inference; graphic user interface; wireless sensor network; 

environment control 
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1. Introduction 

The benefit of using a greenhouse for plant cultivation is that it can reduce damaged crops caused 

by pests, decrease microbial contamination and increase crop quality and quantity [1–3]. Nevertheless, 

a greenhouse is a semiclosed thermodynamic system, which is influenced by the outside air 

temperature, humidity, solar radiation intensity, wind speed, and CO2 concentration, as well as the 

indoor heating system, lighting, and heat dissipation of other equipment, crop soil heat dissipation, and 

moisture diffusion variables, all of which means the environment in the system is prone to change. 

Therefore, the cultivators must use advanced facilities to regulate heat exchange between the 

greenhouse and external environment manually or automatically, so that the environmental conditions 

inside the greenhouse can maintain plant growth. Common greenhouse environmental control 

technologies preset the upper and lower limit values of the environmental control parameters, as 

provided by various environmental control facilities according to the user's experience, which then 

increase or reduce the temperature and humidity.  

However, the greenhouse environmental control facilities, such as shade nets, wetted pads, spray 

facilities, and blowers, are installed in a specific position in the greenhouse to implement 

environmental control. This practice, for a large greenhouse, often results in non-uniform temperature, 

humidity, and CO2 value distribution in various zones inside the overall greenhouse. As each position 

is at a different solar angle, this results in different illumination intensities in the various zones of the 

greenhouse, meaning the plants in the greenhouse receive non-uniform light, which will certainly 

cause differences in the growth of plants in various zones.  

To standardize quality of products, an environmental condition regulation method that creates 

multiple zones in the greenhouse is required. The most suitable environmental condition is created 

based on the plant growth response and conditions of different zone in the greenhouse. This method 

can prevent the above-mentioned problem and reduce energy consumption to achieve standardized 

production. In addition, the early greenhouse environmental control system was huge and wired, thus, 

increasing the wire acquisition cost and difficulties in construction maintenance. In recent years, many 

greenhouse practitioners have set up wireless networks in greenhouses to solve the above problems. 

This method enables the users to know the running conditions of various facilities in the greenhouse 

and detect changes in the environmental factors in the greenhouse from a notebook, a personal 

computer (PC), or mobile devices, and they can even operate various environmental control facilities 

via a remote interface, in order to implement the expected environmental conditions in the greenhouse. 

At present, the common communication transmission standards on the market include Bluetooth, WiFi, 

and Zigbee, etc. Embedded wireless sensor modules are accepted by many users for their low energy 

consumption, compactness, and low cost [4–11]. Besides, control facilities and monitoring devices are 

developing towards microminiaturization, intelligence, and unified specifications [12–15]. However, 

as the climatic factors of greenhouses have strong relationships with each other, it is difficult to  

build an environmental climate model. Thus, performance when using different environment control 

methods often depends on the precision of that climate model for the greenhouse. Many simplified 

models and intelligent control method are used for greenhouse application, such as neural  

networks [16], model predictive control [17], gradient modeling [18], dynamic modeling [19], 

wireless-based relay control [20], machine learning [21], and multi-stage fuzzy logic control [22]. 
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However, different zones in the greenhouse present different environmental parameters due to  

different angle of arrival for the sunlight outside the greenhouse. Therefore, this study proposes a  

wireless-networked decentralized fuzzy control scheme to accurately regulate the environmental 

parameters in the various zones of a greenhouse.  

The proposed fuzzy rule-based inference method has been applied to engineering applications. The 

purpose is to solve ill-defined control problems. As long as the designer effectively designs the 

database, the uncertainty problem can be effectively solved [23]. Through many methods have 

currently been utilized to compensate for the drawbacks of a fuzzy logic controller (FLC), such as 

supervised learning [24,25] or reinforcement learning [26,27], the structure of these methods is more 

complex and a large amount of computation time is required during the execution process in order to 

adjust FLC parameters [28]. In terms of hardware implementation and real-time computation, they are 

not as easy as FLC.  

In addition, the wireless sensor/actuator network technique is employed to reduce the cost of wire 

layout in the greenhouse and enhance performance of greenhouse management [29,30]. In comparison to 

the traditional available control system [23,31,32], the proposed system has the following characteristics:  

a. The high stability and robust micro-electromechanical (MEM) sensing and control devices are 

used to regulate and control the environmental parameters inside the greenhouse; 

b. Remote monitoring displays current temperature and humidity changes in the various 

cultivation zones in the greenhouse; 

c. The control range of temperature and humidity are adjusted automatically based on different 

plant growth stages to achieve plant growth optimization;  

d. Multi-zone decentralized control based on fuzzy rule-based inference for planting 

standardization and diversification; 

e. A wireless sensing network is utilized, which reduces the cost of wire mounting between 

sensing nodes, actuator nodes, and control nodes and provides high mobility, cultivation data 

collection and processing, and good control flexibility. 

The organization of this study is as follows: Section 2 depicts the proposed scheme, including the 

design concept of wireless greenhouse monitoring and automation and design process of decentralized 

fuzzy control scheme. Section 3 elaborates the practice implementation of hardware and software and 

system testing for the proposed scheme, such as image processing and data reception and 

measurement. The performance analysis of the proposed system is illustrated in Section 4. The 

experiment results and discussion are also given in this section. The last section is the conclusion, 

which offers recommendations for additional study and investigation. 

2. Methodology 

This study proposed a wireless-networked decentralized fuzzy control scheme to create different 

temperature and humidity conditions in a greenhouse, which results in planting standardization and 

diversification. The design and implementation process of the proposed scheme is illustrated in  

this section.  
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2.1. Design Concept 

Although the early environmental control method can effectively adjust the environment parameters 

in the greenhouse [31,32], the lighting intensity at different positions in the greenhouse differs due to a 

different emission angle for the sun. This factor affects the temperature and humidity of one specific 

position. Besides, the sunlight blanking degree, such as from a cloud or the building, and wind 

direction all influence the environmental parameters of each position in the greenhouse. These 

problems of difference cannot be solved by the current controlled-environment facility technique. 

Thus, this study proposes one decentralized fuzzy control scheme in combination with one  

highly-stable and robust star-type wireless sensor network technique. The whole system structure is 

shown in Figure 1. 

 

Figure 1. The proposed system architecture is under unpredictable environmental conditions. 

There is a total of N cultivation zones in the greenhouse. Each zone includes a sensing node, control 

a node and an actuator node. The temperature and humidity sensors, a light sensor, a CO2 sensor, a 

heater, a humidifier, and a fan are placed in each zone of the greenhouse. The micro-controller in the 

sink node transfers the environmental data collected from sensors in each zone via Zigbee transmission 

interface to the coordinator. The total data is then sent to the PC via RS-232 or universal serial bus 

(USB). The graphic user interface (GUI) displays the environmental data of various zones and provide 

the manual mode and automatic mode options for user to manage and control the environment 
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parameters in Zone #n (n = 1, 2, 3…, N). The temperature, humidity, CO2, photo flux values, and plant 

growth response can be automatically recorded, and the user can observe the data in real-time. The 

decentralized control system is performed and to regulate the environmental factors in each zone of  

the greenhouse under the automatic mode.  

2.2. Decentralized Fuzzy Control Scheme 

The proposed scheme consists of N  fuzzy logic controllers (FLCs), a stage selector, a data a 

transformer, an actuator module, and a set-points module (see Figure 2). The micro-environmental 

sensing data of various zones are sent to the fuzzy logic controllers, where fuzzy rule-based inference 

in the controller decides the starting conditions of the actuators in various zones and controls the 

actuator output. The v  value of the plant growth stage is determined by the average leaf area index  
( LAI

avgM ), the number of leaves ( Leaf
avgM ), and the cumulative amount of light ( Flux

avgM ). When the v  value is 

determined, the selector exports a temperature maximum ( ,
max
n vT ), temperature minimum ( ,

min
n vT ), 

humidity maximum ( ,
max
n vR ), and humidity minimum ( ,

min
n vR ) to the set-points module for No. n  

cultivation zone. The selector selects the target temperature and humidity within the range of 

temperature and humidity randomly. These data will be imported into the FLCs as the target 

temperature and humidity. The functions of each block are introduced, as follows. 

 

Figure 2. The block diagram of decentralized fuzzy control scheme. 
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2.2.1. FLC 

Fuzzy logic inference technology is usually used to solve unknown or nonlinear control problems in 

a dynamic system. The core of the technology is to use the fuzzy rules created by expertise to control 

the system parameters. It is unnecessary to combine the mathematical model for environmental 

condition changes in the greenhouse with fuzzy controllers for temperature and humidity control. 

However, it is crucial to know the correlation between the input and output variables of the system, 

and to study the actuation degree of system output to equipment operation, such as the input voltage of 

heater (H), pad-fan (S) and the fan (F). The design process of fuzzy logic controller is shown as 

follows [33]: (a) define the input and output variables; (b) define the membership type of fuzzification; 

(c) design control rules and fuzzy inference; (d) decision logic; (e) select the defuzzification method. 

The first step is to fuzzify the input variables. The selection of input variable directly affects the 

manifestation of the controlled object, meaning it is necessary to consider the operational conditions 

that must be observed and measured. In each of fuzzy logic controllers, there are two input variables, 
which are temperature deviation n

eT  and humidity deviation n
eR , defined as follows: 

set in
n n n

eT T T= −  (1)

set in
n n n
eR R R= −  (2)

where set
nT  and set

nR  represent the target temperature and humidity set by controller n , where in
nT  and in

nR  

represent current temperature and humidity, respectively. The fuzzy controller must make decisions 

according to the difference between the expected variable value and the actual variable value. It is 

noteworthy that there is mutual coupling correlation between temperature and humidity. Therefore, the 
temperature and humidity deviation are imported into the 1η  and 2η  factors, and the output equations 

are described by Equations (3) and (4): 

( )1 21n n n
e e eT T Rη η= − +  (3)

( )2 11n n n
e e eR R Tη η= − +  (4)

where 1η  and 2η  values are 0~1. When 1η  and 2η  values are 0, the mutual coupling between 

temperature and humidity deviation is disregarded. When the 1η  and 2η  values are increased, the 

fluctuation of temperature and humidity deviation is reduced. Afterwards, the n
eT  and n

eR  need to be 

converted into a fuzzy linguistic (fuzzy set) for expression. By determining the number of fuzzy sets 

used based on the complexity of the control problem in terms of each input or output variable, each 

variable is matched with 3 different fuzzy sets in each fuzzy logic controller according to its category. 

Basically, a membership function is utilized to define how much of the temperature (or humidity) 

deviation “crisp” value is “small (S)”, how much is “moderate (M)”, and how much is “large (B)”.  
In addition, output variables of each controllers include normalized voltage of fan ( n

Fu ), voltage of 

heater ( n
Hu ), and voltage of pad-fan ( n

Su ), whose fuzzy sets are low (L), moderate (M), and high (H), 

respectively. The membership function for fuzzy set A  on the universe of discourse X is defined as 
( )A xμ : X →[0,1], where each element of X is mapped to a value between 0 and 1. This value, called 

the degree of membership, quantifies the grade of membership of the element in X to fuzzy set A . The 

shape of the membership function will influence the degree value of each membership function 

corresponding to each input value, and directly influence the performance of the controller. The 
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membership functions are defined as singleton membership function ( (1) ( )A xμ ), triangle membership 

function ( (2) ( )A xμ ), and trapezoid membership function ( (3) ( )A xμ ), respectively, as these membership 

functions are simple. The different types of membership are shown in Figure 3. 

 

Figure 3. Different types of membership functions.  

The mathematical equations are expressed as Equations (5)–(7).  

Type I: Singleton membership function: 

(1) 1
( )

0A

x i
x

x i
μ

=
=  ≠

 (5)

The points of the base can be depicted as { }s . 

Type II: Triangle membership function: defined by a lower limit i , an upper limit j , and a value m, 

where i  < m  < j . 

(2)

0,                  

,          

( )
,         

0,                 

A

x i 

x i
i < x m       

k i
x

j x
m < x j        

j k

x j   

μ
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 − ≤
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 ≥

 (6)

The points of base can be demonstrated as [ i , m , j ]. 

Type III: Trapezoid membership function: defined by a lower limit i , an upper limit l , a lower 
support limit j , and an upper support limit k , where i  < j  < k  < l . 

(3)

0      ( ) or ( > )

       

( )
1           

      

A

, x < i x l   

x i
, a x b        

j i
x

, j x k  

l x
, k x l        

l k

μ


 − ≤ ≤

−= 
≤ ≤

 − ≤ ≤
−

 (7)

The brackets [ i , j , k , l ] show the points of the base. The type and quantity of membership functions 

and the input variable range designed by each controller in this system are as listed in Table 1.  

( ) ( )a
A xμ

(1) ( )A xμ (2) ( )A xμ (3) ( )A xμ
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Table 1. Fuzzification parameter settings and different type of membership function determination.  

Variables Fuzzy Subset (Linguistic Labels) Type of Membership Function Points of Base Range 

Temperature deviation  
( n

eT ) 

S  Trapezoid ( (3) ( )A xμ ) [−5, −5, −2.5, −0.5] 

[−5, 5] M  Triangle ( (2) ( )A xμ ) [−1.5, 0, 1.5] 

B  Trapezoid ( (3) ( )A xμ ) [0.5, 2.5, 5, 5] 

Humidity deviation  
( n

eR ) 

S  Trapezoid ( (3) ( )A xμ ) [−10, −10, −5, −3] 

[−10, 10] M  Triangle ( (2) ( )A xμ ) [−5, 0, 5] 

B  Trapezoid ( (3) ( )A xμ ) [3, 5, 10, 10] 

Fan ( n
Fu ) 

L  
Singleton ( (1) ( )A xμ ) 

{ }0.3  

[0, 1] M { }0.6
 

H { }0.9
 

Heater ( n
Hu ) 

L  

Singleton ( (1) ( )A xμ ) 

{ }0.3  

[0, 1] M { }0.6
 

H { }0.9
 

Pad-fan ( n
Su ) 

L  

Singleton ( (1) ( )A xμ ) 

{ }0.3  

[0, 1] M { }0.6
 

H { }0.9
 

When the input variables are fuzzified, a group of fuzzy output values shall be obtained by the 

fuzzy inference process, and this inference process often uses an “If-Then” rule. Table 2 describes the 

association rule base of input variables and output variables. For example, the fuzzy rule (1) statement 

in Table 2 is: 

Rule (1): If {( n
eT  is S) & ( n

eR  is S)} Then {( n
Fu  is L)} & {( n

Hu  is L)} & {( n
Su  is L)} (8)

Table 2. Fuzzy rules.  

  n n n
F H Su , u , u  

n
eT  

S M B 

n
eR  

S { }L,  L, L  { }M,  M, L  { }L,  H, L  

M { }L,  L, M { }M,  M, M { }H,  H, M

B { }L,  L, H  { }M,  M, H  { }H,  H, H  

After completion of the inference process, a decision is required. This group of fuzzy output values 

uses “min-max” synthesis inference for making decisions [33]. During calculation, “ ∧ ” is taken as 

intersection operator and “ ∨ ” as the union operator. The maximum output membership value of the 

entire inference result is as shown in Equation (9): 

1 21 1 2 2
( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( )
KK K

C B BA C A C

BA C

zμ μ α μ β μ γ μ α μ β μ γ

μ α μ β μ γ

′
   = ∧ ∧ ∨ ∧ ∧ ∨   
 ∧ ∧ 

     

  


 (9)

where α , β , and γ  denote input variables; z  depicts the output variable; and K  is the total quantity 

of fired fuzzy rules. ( )μΔ ∗  is defined as Equations (5)–(7). Finally, a crisp output is obtained by 

defuzzification of the fuzzy output values after inference, where the fundamental purpose is to reduce 

the fuzzy membership grade to a single output value. The common methods include center of gravity, 
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center of sum, and weighted average method. In this study, the weighted average method is taken for 

defuzzification (Mark II, 1994), as shown in the Equation (10). 

1 1

( ) ( )
Q Q

C q q C q
q q

U z z zμ μ′ ′
= =

=   (10)

where Q  is the fired rule quantity, ( )C qzμ ′  can be obtained through Equation (9), and jz  is the degree 

that the premise of rule j  is satisfied. U  is the normalized voltage, as a driver is adopted, and the 

scaling output value will range from 0 to 12 V; as the fuzzy membership function output by the system 
is singleton, ( )C qzμ ′  of Equation (10) can correspond to one weight value qw . Therefore,  

Equation (10) can be rewritten as: 

1

1

=

Q

q q
q=

Q

q
q=

w z

U
w

⋅


 (11)

Finally, the thn  fuzzy controller exports output data , , n n n n
F H SU U U =  c , where , , and  n n n

F H SU U U  

denote the crisp voltage output of the fan, heater, and pad-fan, respectively.  

2.2.2. Data Transformer 

The data transformation processing function calculates the leaf area index (LAI) and the cumulative 

amount of light of the thn  cultivation zone, and the calculated values are sent to the stage selector.  

The leaf area and number of leaves in various culture areas are obtained using a charge-coupled-device 

(CCD) to record the plant leaf width above the various cultivation zones, and then the leaf area index is 

calculated by the image processing method [14]. In general, the maximum LAI for vegetables is 

around 5, and it is ideal when the LAI remains between 3 and 4 [34]. 

2.2.3. Growth Stage Selector 

Many early environmental control methods use the ideal plant physiological model to determine the 

optimal environmental control value, which is then imported into the actual greenhouse system [35]. 

This control mode is inflexible, and cannot dynamically adjust the environmental factor values in the 

greenhouse. Since 2004, dynamic regulation of environmental factors has received the attention of 

many scholars, and many methods have been proposed [22,36,37]. In the proposed scheme, the output 

value obtained by each fuzzy controller in the system will be sent to the stage selector, which decides 

whether or not to start the actuators for various zones. The selector divides the plant growing process 

into three stages, which are the seedling stage, growth stage, and harvest stage. The required leaf area, 

number of leaves, and cumulative amount of light in each growth stage are as shown in Table 3. The 

present stage of the plants is judged according to the plant growth leaf area average, number of leaves, 

and the required cumulative amount of light, so the three values must conform to the required 

conditions of the stage so that the growth stage of plants can be defined; otherwise, the previous 

growth stage will remain. In addition, if two output values are out of the set range, it is the “other” 

stage, and the previous growth stage remains. Table 3 takes lettuce as an example. The leaf area range 
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of plant growth in each zone can be captured by the image device in the zone and calculated by binary 

conversion. In the same way, the number of leaves can be obtained from the image captured by image 

processing recognition. The lighting intensity can be obtained by the light quantum sensor in each zone. 

When the corresponding plant growth stage is found in Table 3, the growth stage corresponds to the habitat 

temperature and humidity of the stage. 

Table 3. Plant growth stages corresponding to plant growth response intervals. 

Parameters 

Growth Stage 
Leaf Area Index LAI

avgM  Number of Leaves Leaf
avgM  

Cumulative Amount of Light Flux
avgM  

( 2 1μmol m s− −⋅ ⋅ ) 

Seedling stage [0.8,1.7)  [1,3)  [0,126220)  

Growth stage [1.7, 3.3)  [3,9)  [126220,  320000)  

Harvest stage [3.3, 5)  [9,12)  [320000, )∞  

Table 4 shows the environmental conditions of temperature and humidity range corresponding to 
various growth stages, where n

oT  and n
oR  represent the preset temperature and humidity of the Zone #n, 

respectively. The setup range in terms of temperature and humidity is based on the acquired parameters 

of previous cultivation experiments. These parameters are suitable for the current cultivation 

environment. When the cultivation site differs, the interior parameter still requires correction. 

Table 4. Target temperature and humidity range corresponding to various growth stages. 

Stage 
Range 

Seedling Stage Growth Stage Harvest Stage 

Temperature , ,
min max,  n v n vT T    , 1n n

o oT T −1 +  1, 2 5n n
o oT T . + +  3, 1n n

o oT T − +   

Humidity , ,
min max,  n v n vR R    8,  − 

n n
o oR R  10, 5n n

o oR R − −  , 20n n
o oR R +   

2.2.4. Set-Points Module  

This module can randomly set the temperature and humidity expectations according to the temperature 

range and humidity range values of the current stage of the plants (in automatic control mode). The user 

can manually set the expected temperature and humidity values of various culture areas. 

3. System Implementation 

Figure 4 shows the software and hardware architecture of the overall system, including the sensing 

and communication module, actuator module, control module, and PC. The controller at each sensor 

node receives the environmental parameter data of the node via the wireless ZigBee module, including 
temperature and humidity sensors, the 2CO  sensor, and the light quantum sensor. These values are 

sent by the ZigBee module on the controller of the node to the controller at the coordinator node. This 

controller integrates the sensor data of the various nodes and sends them to a local side controller. The 

local side controller transfers the data to the computer to instantly display the environmental data of 

various sensor nodes, and the output values of the actuators in various zones are decided by fuzzy logic 

control according to the feedback values. Finally, the output values are transferred to the controller of the 

actuator node in various zones, and the controller drives the heater, fans, and humidifier for 
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environmental control. The hardware design implementation and software development process are 

introduced, as follows. 

 

Figure 4. System structure with wireless sensor network. 

3.1. Hardware 

3.1.1. Sensor Node  

In this system, each sensor node is embedded with a temperature and humidity sensor, a 2CO  sensor, 

and a luminance sensor. The model of the temperature and humidity sensor is DHT22 (Model:  

AM2303) [38], the model of the CO2 sensor is MH-Z14 [39], the model of the luminance sensor is 

Lightscout 3668I [40], and the service voltage is 5 V. The output end of these sensors is connected to 

the controller input/output port, and the collected data are sent by the ZigBee communication module 

on the controller (model: XBee-PRO® 900 HP [41]) to the coordinator. XBee-PRO 900 HP embedded 

modules offer best-in-class range wireless connectivity to devices. This module utilizes the featuring 

dense network operation and support for sleeping routers and DigiMesh® networking protocol. They 

also provide support to a proprietary point-to-multipoint configuration. Figure 5 demonstrates the 

MEM-based components in the system. The sensor node and actuator node share one micro-controller. 

The sink node includes two ZigBee modules and one micro-controller. The coordinator is made up of 

one micro-controller and one ZigBee module. 
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Figure 5. The MEM-based components in the system. 

3.1.2. Actuator Node 

The actuators in the actuator node include a humidifier (with a set of fans), a heater (with a set of 

fans), and a circulating fan. The humidifier is a pad-fan (with two sets of fans) for humidification.  

The direct-current (DC) fan blows the drip into the environment, humidifying and cooling the  

regional environment. The microcontroller sends a pulse-wide-modulation (PWM) signal to the  

solid-state-relay (SSR) to control the pad-fan output. The heater consists of a set of heating cords and 

two sets of fans. One set of fans draws air into the heater, the heat energy is emitted when the heating 

cord is short circuited, and then the heat is removed by the other set of fans. In this heating process, 

though heating is fast, the box will not be overheated, so there is no overheated air blown out, which 

would injure the plants. The control mode of the heater is the same as the humidifier, meaning the 

PWM signal drives the on/off of SSR relay to control the output. The circulating fan control circuit 
also uses the SSR relay to switch the fan on and off. In addition, a set of 2CO  supply devices is placed 

in the greenhouse, which supplements the amount of 2CO , in order to have the 2CO  concentration 

reach the expected level.  

3.1.3. Control Node 

The sensor/actuator nodes in each cultivation zone are embedded with a micro-controller, and the 

coordinator and sink node have a set of controllers. The appropriate controller is selected according to 

the data size to be processed and the memory space. The Arduino-MEGA development board is 

utilized in the sensor/actuator node and coordinator. The Arduino-UNO development board is utilized 

in the sink node. 
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3.2. Software 

3.2.1. Graphic User Interface 

This study uses Visual Basic software to design the human-machine interface, which is designed 

with four window menus. The first window displays the transmission protocol setting of the 

communication transmission port. The second part displays the present environmental parameter 

variable values of all zones (see Figure 6a). The third part is the window menu of the parameters to be 

preset in the fuzzy control mode (see Figure 6b). The level of photo flux determines the day and night. 

The fourth part is the menu for the manual control mode. The automatic control mode setting window 

is displayed by clicking “Automatic”. The window displays “Zone1”, “Zone2”, and Zone3 menus, 

which correspond to three planting zones. The user can set the threshold of cumulative light and leaf 

area values, as well as the corresponding temperature and humidity values for various plant growth 

stages. Finally, in the window menu of manual control, if the user clicks “Manual”, the window 

displays the on/off state of the actuating devices in various culture areas. It is noteworthy that when the 

system is in automatic control mode, the user cannot perform any operations in manual mode.  

 
(a) 

 
(b) 

Figure 6. Monitoring of environmental parameters of various zones. (a) Monitoring  

of environmental parameters of various zones; (b) parameters setting under automatic 

control mode. 
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The flowchart of manual and automatic operation program is shown in Figure 7. The system will 

initially receive sensor data from the control module and present it in a GUI. The fuzzification and 

defuzzification program is written by VB software based on Equations (1)–(11). The program has a 

built-in 9-rule database for the system to perform decision functions. When the system completes the 

defuzzification process, the three normalized control data are generated. The data are converted to  

0~255 PWM driver signals to each actuator through a data conversion process. In addition, the system 

also drives the actuators through manual operation.  

 

Figure 7. Flowchart of GUI program design. 
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3.2.2. Data Reception and Control Program 

The data acquisition, synchronization and reception of sensor data is decided by the Arduino  

micro-controller in the coordinator. The ZigBee module is employed to achieve the functions of data 

transmission and reception. The work flow program of the control module is depicted as follows. 

Define variables 

Input variable: sensor data (Temperature, Humidity, CO2, and Light intensity); 

Output variable: actuator data (Heater, Pad-fan, and Fans); 

Communication: protocol setup and port connection (PC and ZigBee); 

Begin 

Loop 1 

{ Receive the actuator data from PC; 

 Remove wrong data.  

Decode the actuator data; 

Send the decoded actuator data to actuator via Zigbee; 

 }  

Loop 2 

{ Receive the sensor data via Zigbee; 

 Remove wrong data.  

Decode sensor data; 

Send the decoded sensor data to PC; 

} 

End 

The above process shows that the control module will decode each actuator datum sent from the PC. 

When the received number of data reaches the target number, the collected data is then sent from 

ZigBee to the actuator. This process is repeated. The PC keeps sending actuator data to the control node 

every five seconds. On the other hand, the controller also decodes each sensor data transmitted from the 

sensor. When the number reaches the target number, these data are sent to PC. It is noteworthy that the 

interval of data transmission for each sensor differs. The longest interval is adopted to acquire sensor 

data so that all the sensor data is collected prior to the data transmission process. 

3.3. System Integration and Testing 

After the overall systems are designed and completed, the execution of software and hardware 

modules is tested. According to the test results, the temperature deviation and humidity deviation 

detected by the DHT22 and commercial recorder (Model: TR-74Ui [42]), respectively, is ±0.4 °C  

at 65% RH and ±2% at 27 °C. The result demonstrates the stability is sufficient for an outdoor 
experiment. The concentration range detected by the 2CO  sensor (MH-Z14) is 0 ppm–5000 ppm,  

the warm-up period is about 4 min, and then the 2CO  concentration value becomes stable. The  

XBee-PRO
®

 900HP module with 2.1 dB dipole antennas is tested in an unshaded outdoor 

environment, and data reception within 6 km is normal; however, if there is a medium, such as a glass 

window or cement wall, between the receiving and transmitting modules, the transmission distance 
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decreases to about 290–305 m. In addition, to test the communication’s multiplexing scope, the ZigBee 

module is dispersed and deployed with the spacing of 150 m between each other. The distance between 

each ZigBee module and the reception module is 300 m. The experiment results show that its 

communication distance can reach 200 m and remain stable and robust among crowded buildings.  

In the end, the results matched expectations. 

Some literature discusses transmission energy attenuation of the ZigBee module and incorrect 

reception data, and proposes some mathematic models to depict such a phenomenon [30,43]. This 

study does not take into account the abovementioned factors, which cause data loss during 

transmission or sensor anomalies. However, even with the above problems, the unreliable data can be 

removed through post-processing of recorded data offline. In terms of the heater test, when the 

confined space is 0.48 m3, in a full voltage test, the heating rate is 2.1 °C/min; in the same volume and 

full voltage supply, the humidification rate of humidifier is 5%/min. When the fan is supplied with full 

voltage, the maximum air velocity is 2.1 m/s. In terms of software testing, the information sent from 

the control node to the PC is a continuous value, as initiated by the letter “S” to transmit instructions, 

and then the environmental sensing values of various nodes, in the human-machine interface, the 

values are segmented and stored in a matrix, and then the data in the matrix are read according to the 

user requirement. Besides, the NI myRIO device [44] is used to acquire the image of plant leaves and 

calculate the LAI and number of leaves through NI LabVIEW interface. After calculation, the data is 

received by the GUI program and sent to the growth stage selector to determine the current growth 

stage of the plant. Figure 8 demonstrate the image process results for leaf area detection under different 

plant growth stages.  

 
(a) (b) (c) 

Figure 8. The results of the image process. (a) Seedling stage; (b) growth stage; (c) harvest stage. 
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4. Experimental Results and Discussion 

4.1. Culture Conditions 

The target crop in this study was leaf lettuce, as provided by the Known You company. The 

hydroponics are utilized for lettuce cultivation and the sponge foam was served as growth medium. 

Styrofoam plates were used to shield nutrient solution from light, and to avoid lichen breeding in the 

nutrient solution. There are 18 hollow pots in the plate for fixing the sponge foam. Each pot was sown 

with three seeds secured with foam, which were thinned to one plant per pot after 4 day. The nutrient 

solution was changed every 10 days, and was prepared by mixing 1.8 g ammonium nitrogen, 8.7 g 

carbon nitrogen nitrate, 9 g water soluble phosphoric anhydride, and 28.5 g water soluble potassium 

oxide, 48 g in all, with 1 L of water. The bubbler is started every three hours, and works for 15 min 

each time, in order to maintain the dissolved oxygen in the nutrient solution. The electrical 

conductivity of the nutrient solution is maintained at 1.1~1.3 ms, the pH is maintained at 6~6.5. 

4.2. Experimental Setup 

Three different cultivation scenarios are used to validate and analyze the performance of proposed 

system. The first experiment aims to test whether the system can maintain consistent environmental 

conditions of various zones. The second experiment aims to test whether the system can control the 

temperature and humidity of various zones at different levels. The above experiments disregard the 

growth conditions of plants. The target of the temperature and humidity of various zones are preset  

in order to observe whether the proposed system can reach the target values. The third experiment  

is to regulate the temperature and humidity considering the plant growth response. As limited to the 

heating, air supply, and humidifying capacities of the actuator module, a tunnel-type greenhouse  

(480-cm × 240-cm × 270-cm (Width (W) × Length (L) × Height (H)) is utilized for lettuce planting, in 

order to validate and analyze the performance of proposed system in regulating the parameters of 

various zones. Figure 9 shows the appearance of the experimental site. The greenhouse is enclosed by 

transparent material and contains three planting zones, and each zone is 120-cm × 110-cm (L × W). 

There are baffles between the culture areas. The baffle is 50-cm × 110-cm (H × W). There are sensing 

and communication modules, actuator modules, and a control module in the planting zones, and there 

are sensing and communication modules (reference node) outside the greenhouse for monitoring the 

temperature and humidity changes outside the greenhouse. The CO2 replenishing device is placed in 

the lower part of the second culture area (Zone #2), and CO2 is conveyed by taps to various planting 

zones, in order that the CO2 concentration is uniformly distribution in various zones. There is a webcam 

above each zone for recognizing the plant growth stage. There are three sets of fans, which are the 

circulating fan, the fan for the heater, and the fan for the humidifier, which are placed in the corners of each 

zone for creating air guide walls around the planting area. This configuration of modules forms a 

microenvironment climatic region in the planting zones.  
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(a) 

 
(b) 

Figure 9. The configuration of plant cultivation zones in experimental site. (a) Appearance 

of tunnel-type greenhouse; (b) snapshot of experimental site. 
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a. Scenario 1 

In this experiment, the expected temperature in the three cultivation zones is set to 3 °C lower than 

the outside temperature, and the humidity is identical with that outside the greenhouse. The initial 

temperature and humidity of the various zones are different, and then this system is actuated and the 

ambient temperature and humidity changes in various zones are observed for one day. Figure 10 shows 

the temperature and humidity changes in various zones. It is observed that when the outside 

temperature gradually increases, the difference between the temperatures inside and outside the 

greenhouse controlled by the system gradually decreases to 1.2 °C. That is, it is difficult to maintain a 

temperature difference of 3 °C between the inside and outside of a greenhouse in terms of temperature 

control. When the outside temperature decreases to 20 °C, the system can control the difference 

between the temperatures inside and outside the greenhouse within 2.6 °C. In terms of humidity 

control, the humidity deviation is about 2.5%. 

 
(a) 

 
(b) 

Figure 10. Temperature and humidity curves in various zones and outside greenhouse 

(Scenario 1). (a) Temperature curve; (b) humidity curve. 
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b. Scenario 2 

In this experiment, the initial environment parameters of each zone are consistent, and the target 

range of temperature and humidity are manually set, thus creating different temperature and humidity 

conditions in each zone. The environment parameters in each zone are set as follows: 

The preset temperature and humidity is set as 1
0 =T  21 °C and 1

0 =R  80% for Zone #1, respectively. 

The target temperature and humidity for Zone #1 range between 20 °C and 22 °C, respectively. 

Similarly, the parameter setting for Zone #2 and Zone #3 is shown in the following Table 5 accordingly.  

Table 5. The parameter setting in each zone for scenario 1. 

Stage
Parameters 

Zone #1 Zone #2 Zone #3 

Temperature 

Preset ( 0
nT ) 21.2 °C 19.5 °C 23 °C 

Target ( n
setT ) 21 °C 19 °C 23 °C 

Range , ,
min max,  n v n vT T    [20, 22] [18, 20] [22, 24] 

Humidity 

Preset ( 0
nR ) 80% 70% 75%

Target ( n
setR ) 75% 65% 70%

Range , ,
min max,  n v n vR R    [72, 80] [62, 70] [67, 75] 

Whether the zones can be maintained at the range of temperature and humidity is observed under 

the regulation and control of the proposed system. The parameters are recorded once every 1 h, the 

mean of which is obtained after the duration of 24 h. Figure 11 shows the changes in the temperature 

and humidity in each zone. The average temperature of Zone #1 is 21.8 °C, humidity 75.1%; the 

average temperature of Zone #2 is 19.8 °C, humidity 65.6%; the average temperature of Zone #3 is  

22.6 °C, humidity 69.2%. The result shows that at noon (12:00–14:00), the higher temperature outside 

the greenhouse results in an increase of average temperature inside the greenhouse. However, the 

temperature stays within the desired range and the humidity remains the same.  

 
(a)      (b) 

Figure 11. Comparisons of diurnal changes of parameters in each zone; (a) temperature; (b) humidity.  
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c. Scenario 3 

In this experiment, the lettuce is cultivated in Zone #1, Zone #2, Zone #3, and the uncontrolled zone 

within the greenhouse. The initial environment parameters of each zone are different. The crop harvest 

was performed at 30 days after sowing (DAS). In this cultivation experiment, the temperature and 

humidity values are regulated based on the growth response of plant. The preset temperature and 
humidity is set as 0 =nT  20 °C and 0 =nR  80% for each zone (n = 1, 2, 3), respectively. The average 

CO2 concentration is 600 ± 75 ppm and the average photo flux is between 85 and 210 2 1μmol m s− −⋅ ⋅  in 

the greenhouse. This is equivalent to the average daily light integral (DLI) from 3.6 to 9.07 1mol d−⋅ . 

Figures 12 and 13 show the changes in the temperature and humidity during plant growth, and show 

the changes of temperature and humidity outside the greenhouse, where the dotted line represents the 

switching time point of the plant growth stage. During 9 DAS to 10 DAS, the lettuce cultivated in 

various zones turned from the seedling stage into the growth stage. During day 22 to day 23, the 

lettuce in various zones has gone from the growth stage to the harvest stage. Due to the change of 

temperature outside the greenhouse, the temperature inside the greenhouse changes as well. However, 

the temperature change is still within the desired control range. 

 

Figure 12. Comparisons of temperature parameter changes between Zone #1 to Zone #3 

(under automatic mode). 

 

Figure 13. Comparisons of humidity parameter changes between Zone #1 to Zone #3 

(under automatic mode). 
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Figure 14 indicates the changes in the daily LAI of lettuce, number of leaves and cumulative 

amount of light. As a complete knowledge database for the relations between the growth response and 

the plant growth conditions had already been established, the output of the “data transformer” could be 

compared with the growth response of the corresponding plants in the database. The plant growth 

information in the database can serve as a reference for decentralized control required by the proposed 

system. The main measurements of harvested crops taken were average fresh mass, dry mass, number 

of leaves, and height of lettuce, shown in Table 6. The data shows that all treatment results for lettuce 

cultivation in each zone are not significantly different statistically. Relatively, the result of growth 

response of plant in uncontrolled area is different from that in other zones. It is indicated that the 

proposed system can control some plant growth conditions in terms of temperature and humidity in 

each zone for standardized planting. 

 
(a) 

  
(b) 

Figure 14. Cont. 
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(c) 

Figure 14. Variations in plant growth patterns: (a) LAI versus DAS; (b) number of leaves 

versus DAS; (c) cumulative amount of light versus DAS. 

Table 6. The tissue analysis of Lettuce under different growth conditions. 

Parameters Zone #1 Zone #2 Zone #3 Uncontrolled Zone 

Height of plant (cm) 24.9 ± 0.9 24.4 ± 1.4 24.1 ± 1.1 23.1 ± 0.8 
Number of leaves 12 ± 1 12 ± 1 12 ± 1 11 ± 1 

Shoot dry mass (g/plant) 3.8 ± 0.2 3.8 ± 0.6 3.8 ± 0.3 3.2 ± 0.5 
Shoot fresh mass (g/plant) 30.1 ± 1.3 30.2 ± 1.5 30.2 ± 1.2 24.2 ± 1.5 

4.3. Discussion 

According to above experimental results, when the system is in automatic mode, the temperature 

and humidity parameters in various zones can be regulated based on the target range of temperature 

and humidity at the lettuce growth stage. The proposed scheme allows the user to cultivate the same or 

different kinds of crops in the same greenhouse. It offers the most suitable growth environment based 

on the growth conditions of crops. In contrast to the common plant growth facilities, this system is 

more flexible and more suitable for cultivating a small area with different crops. Thus, there is no need 

to use multiple greenhouses to cultivate different crops, which greatly saves on costs and space. 

Besides, in order to maintain a consistent environment for the benefit of plant growth, the common 

plant growth facilities needs to consume large amounts of energy for cultivation. With regards to the 

proposed system, the indoor environment parameters are adjusted real-time based on the plant growth 

response, temperature and humidity outside the greenhouse. Doing so can reduce energy consumption 

from using plant growth facilities. Although this system is limited by its failure to adjust the 

temperature and humidity of a large range, its benefits in terms of energy consumption meet the 

demand with regard to cropping suitability. However, this system uses a small heater, pad-fan, and 

fans, and the effects of heating, cooling, humidification, and dehumidification are limited to a space of 

a specific size. If it is used in large greenhouses in the future, additional cooling equipment, blowers, 

or a large wetted pad system can be installed for environmental control in a large greenhouse.  
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5. Conclusions 

In this paper, a prototype for a proposed scheme based on a fuzzy rule-based system has been 

proposed, and it is used to control and monitor environmental parameters in various zones within a 

greenhouse. The prototype of the proposed system has been preliminarily implemented in an outdoor 

tunnel-type greenhouse. The experimental results show that the proposed system can effectively 

regulate the inside temperature and humidity according to plant growth response in each zone. When 

the environmental parameters in each zone of the greenhouse are inconsistent due to uncertainties, the 

proposed system can adjust the parameter to keep it consistent in each zone. In this way, the growth 

quality of plants is consistent. This method can be applied in each zone of the greenhouse to 

intentionally adjust the environment parameters of plant growth to achieve diversified cultivation. 

Furthermore, users can observe the growth response of plants and monitor environmental factors 

within the cultivation zone remotely at any time in order to effectively enhance the quality and 

quantity of plant production. All sensors and controllers are made by means of MEM technology, and 

these high-stability modules can be duplicated based on user demand. It is low in terms of hardware 

implementation costs and flexible in terms of hardware modification. 

In the future, this proposed technique will be combined with the supplemental lighting system and 

the cloud-based plant production platform to monitor plant growth, improve the growth quality of 

plants and enhance quantity of plant production [45].  
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