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1. Abstract 

Greenhouse system (GHS) is successfully implemented in most of the regions to 

provide suitable climate conditions for the growth and expansion of the plants. The 

internal environment can be suitably modified using GHS as per the requirements of the 

crop. It is noticed from the literature survey that the GHS is a class of complex, dynamic, 

and nonlinear systems. In the GHS, crop experiences internal climate conditions such as, 

inside temperature, inside humidity, and co2 concentration. The main sources of external 

disturbances are outside air temperature, outside air humidity, canopy temperature, wind 

velocity, and solar radiation. These disturbances are dynamic and uncertain by nature. 

The prime controlled variables in the GHS are inside temperature and inside humidity. 

The regulation of such variables can be accomplished by controlling the subsystems like 

heating, ventilation, and, fog systems. However, these controlled variables possess heavy 

interaction with each other. Hence, the GHS is a group of Multi-Input Multi-Output 

(MIMO) and strongly coupled systems. Another unavoidable problem with the GHS is 

the actuator saturation.  

 

In this research, a novel approach for dynamic modelling and control of nonlinear GHS is 

presented. For understanding the dynamics of the GHS, initially, the mathematical model 

is obtained using energy and mass balance principles. To validate and analyze such a 

model, a LabVIEW-based virtual simulator has been developed. This simulator allows 

users to modify the GHS parameters, climate conditions, and control strategies under 

diversified weather conditions. Also, the simulation has been carried out under the 

extreme variations in the above-mentioned disturbances. It is observed that this software 

provides an actual estimation of the dynamic behavior of the GHS with different design 

configurations and weather data. Further in this research, a Neural Network (NN) based 

artificial model has been investigated using the system identification tools. In the later 

stage, the NN-based model predictive control structure has been utilized. 

 

 After obtaining the model dynamics, initially, the climate control of the multivariable 

GHS has been carried out using feedback linearizing based decoupler design. First, the 
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MIMO greenhouse system is converted into two individual SISO systems.  In the later 

stage, the stabilizing and tracking control for the decoupled systems has been achieved 

using GA & PSO tuned optimized controllers subsequently. To improve the efficacy of 

the integer-order optimized controllers under the nominal variation of the disturbances, 

the fractional-order optimized controller has been incorporated. The effect of load 

disturbances and sensor noise for diversified scenarios are tackled by the combination of 

the Nonlinear Model Predictive Control (NMPC) and Extended Kalman Filter (EKF). 

Finally, it has been observed that the NMPC integrated with the EKF controller has 

shown robust performance in stabilizing, tracking, and disturbance rejection operations 

compared to other control structures. 

 

2. Introduction  and Literature Survey  

The greenhouse system (GHS) provides a protected climate for the plant, where climate 

conditions can be realized that would not be achievable in open-field agriculture[1]. 

Generally, the creation of a favorable climate requires precise regulations of the 

environmental variables [2]. Therefore, greenhouse climate control plays a significant 

role in the greenhouse production process[3]. Though, greenhouse climate control is still 

a difficult task due to the inherent complexity of greenhouse climate[4]. The solar energy 

arrived the greenhouse is absorbed by the plants, floor, and other substances as a result; 

the energy of solar gets confined inside a greenhouse thus increasing its temperature, this 

effect defined as the greenhouse effect[5]. GHS is an advanced form of agriculture[6].  

 

In the greenhouse system environment can be properly modified as per the necessity. The 

creation of a favorable climate inside a GHS requires the regulation of all parameters 

such as inside temperature, inside humidity, and co2 concentration. Such climate 

conditions can be achieved by manipulated variables such as heating system, fog system, 

ventilation system, and co2 injection system[7] [8]. Disturbances of the GHS are external 

temperature, global solar radiation, external humidity, canopy temperature, wind speed 

and evapotranspiration[9]. Dynamics of greenhouse system are varying continuously so 

to achieve climate conditions several mathematical models (Nonlinear/Linear), control 
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algorithms were proposed to control the GHS climate parameters as per given conditions 

under the effect of disturbances and parameter uncertainties[10] [11].  

 

A mathematical model of GHS obtained by the energy and mass balance principle[12]. 

Figure 1 shows the schematic diagram of the GHS.  It has been observed from many 

kinds of literature that the GHS is a complex dynamic system so the mathematical model 

of this system achieved by object-oriented language dymola[13]. Several simulation, a 

virtual lab, and interactive tools have been developed for the diagnostics of GHS 

characteristics[14]. IoT based indoor air quality monitoring system developed for the 

GHS[15]. Some of the researchers developed cost affective Embedded system for the 

climate control of greenhouse environment[16]. Smart farming with IoT integrated 

system developed for the greenhouse microclimate[17]. The dynamic nature of the micro-

climate is a combination of physical processes involving energy transfer and mass 

balance[18] [19]. These processes depend on the outside climate conditions, construction 

of the greenhouse, type and state of the crop and on the effect of the control 

actuators[20].  

 

 

Figure.1 Schematic Diagram of Greenhouse System 
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Greenhouse simulators allow the user to identify the effect of different parameters on 

each other[14]. GHS is strongly coupled and nonlinear in nature [21]. Many control 

algorithm such as on-off controller, fuzzy controller and nonlinear feedback control 

techniques had been implemented to get the desired response[22]. In the GHS two control 

models had been developed, first is the heating model tuned by the heater system and the 

cooling model tuned by the ventilation system and fog system[23].  

 

GHS is a strongly coupled system so with the use of feedforward feedback linearization 

and decoupling techniques MIMO system transforms into two SISO systems[24]. For the 

comparison, controller algorithms namely Proportional-Integral-Derivative (PID) 

controller, LQR controller, rule based Fuzzy Logic Control and Fuzzy Immune PID 

control are studied[25]. In “non-intelligent” technique, PID and LQR method that is more 

conventional is considered. In “Intelligent” technique, Fuzzy PID and Fuzzy immune PID 

are considered[26] [27]. Deep learning techniques implemented for automated GHS, 

which help in identifying diseases in the plant [28]. Fuzzy logic controller with Mamdani 

fuzzy model used for the climate control of GHS[29] [30]. For energy saving and rapid 

temperature control intelligent greenhouse system had been proposed [31]. Automatic 

shading system implemented for the complex greenhouse system[32]. Kalman filtering 

techniques help to estimate the sensor noise and process noise in the system[33]. 

Artificial neural network techniques have been implemented for the Modelling and 

control of GHS[34]. The model predictive controller helps to identify the forward 

dynamics of the plant, so the MPC strategy has been used to control the inside 

environment in the GHS[35]. Based on the non-linear autoregressive model, two neural 

network-based control structures such as a neural predictive control (NPC) and non-linear 

auto-regressive moving average controller have been designed to get the preferred growth 

conditions such as relative humidity and inside temperature for better crop 

production[36] [37]. Intelligent Control of the Microclimate of greenhouse system 

Powered by a Supporting PV System has been implemented[38]. Takagi- Sugeno fuzzy 

modelling approached for the modelling of the greenhouse system[39]. The greenhouse 

system also controlled with fuzzy logic integrated with a wireless sensor network 

Adaptive Fuzzy control has been implemented for the control of nonlinear MIMO system 
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with eliminating the actuator saturation problem in the GHS[10]. Adaptive fuzzy fault 

hiding control has also been implemented for detecting sensor fault in GHS[40] [41] 

.Greenhouse temperature has been controlled by a robust model predictive controller with 

particle swarm optimization[42]. Disturbance observer-based sliding mode controller has 

been implemented for the GHS[43]. Using feedback feed-forward linearization 

techniques the MIMO nonlinear GHS is transformed into two individual SISO 

systems[24]. For controlling SISO systems, PID controller with different tuning methods 

and LQR controller have been applied[24] [44]. 

 

The prime importance of the greenhouse climate control system is to control the growing 

environment[45]. Plants require a precise range of temperature, humidity and nutrients to 

grow[46] [47]. The accurate control of the GHS control variables helps to increase plant 

growth and reproduction[41]. Control variables for the GHS are inside humidity and 

inside temperature. Actuators for this system are heating system, ventilation system, and 

fog system. Disturbances for this system are solar radiation, canopy temperature, outside 

humidity and outside temperature[48].  

 

GHS is a multi-variable nonlinear system[49], represented by mass and energy balance 

equations shown in equation (1) and equation (2), respectively[10]. A mathematical 

model of a system helps to recognize the dynamic nature of the system; it supports to 

improve process design and operating conditions[50]. Energy balance is the total 

Accumulation of Energy in the system is the difference between the inputs of energy into 

the system to the output of Energy from the system[51] [52]. Mass balance to the system 

mentions to the rate of the mass input to the system is equal to the rate of the mass output 

[10] [9] [53].  

 

Here, Hin and Tin are the state variables and represent inside humidity and inside 

temperature, respectively. uh  is heating rate input (W), ufog is fogging rate (g/s), and uv  is 

ventilation rate (m
3
/s).Tout is the outside temperature,  Hout  is the outside humidity, TC is 

the canopy temperature, and QS is the solar radiated energy. Kcanopy is the heat transfer 

coefficient of the canopy effect (20 W/K). Vt and Vh are the temperature and humidity 
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level mixed to the air volumes. E is the evapotranspiration rate (E =
αQs

λ
− Hinβ) where α 

is an overall coefficient to interpretation for shading and leaf area index and β is the 

overall coefficient affecting evapotranspiration. Tin and Hin are the two controlled 

variables in the GHS, while the manipulated variables are heating rate input, fogging rate, 

and ventilation rate. λ  (2257 KJ/Kg) is the latent heat of vaporization, Ϛ  (1.2 Kg/m
3
) is 

the air density, µ (30 W/m
2
 K) Heat transfer coefficient of the enclosure, and cp  (specific 

heat of the air) 1006 J/Kg K [10] [9]. 

 

Temperature Dynamics: 

𝑑𝑇𝑖𝑛

𝑑𝑡
=

1

Ϛ𝐶𝑝𝑉𝑡
(𝑢ℎ + 𝑄𝑆 − 𝜆𝑢𝑓𝑜𝑔) −

𝑢𝑣

𝑉𝑡
(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) −  

µ

Ϛ𝐶𝑝𝑉𝑡
(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) +

𝐾𝑐𝑎𝑛𝑜𝑝𝑦

Ϛ𝐶𝑝𝑉𝑡
(𝑇𝐶 − 𝑇𝑖𝑛) 

(1) 

 

Humidity Dynamics: 

𝑑𝐻𝑖𝑛

𝑑𝑡
=

𝑢𝑓𝑜𝑔

𝑉ℎ
−

𝑢𝑣

𝑉ℎ

(𝐻𝑖𝑛 − 𝐻𝑜𝑢𝑡) +
[(𝐸(𝑄𝑠, 𝐻𝑖𝑛))]

𝑉ℎ
 

(2) 

 

Greenhouse system is dynamic MIMO system which is represented by two state variables 

inside temperature x1(t) and the inside absolute humidity x2(t). Heating system, fogging 

system and ventilation system are considered as the manipulated variables u1, u2 and u3, 

respectively. Solar radiant energy, outside temperature, outside absolute humidity and 

canopy temperature are considered as the disturbance variables d1, d2, d3 and d4 

respectively. 

 

𝑥1̇ =
1

Ϛ𝐶𝑝𝑉𝑡
𝑢1 +

−µ

Ϛ𝐶𝑝𝑉𝑡
𝑥1 +

𝑑1

Ϛ𝐶𝑝𝑉𝑡
 +

µ

Ϛ𝐶𝑝𝑉𝑡
𝑑2 +

(𝑑2−𝑥1)

𝑉𝑡
𝑢3 +

−𝜆

Ϛ𝐶𝑝𝑉𝑡
𝑢2 +

𝐾𝑐𝑎𝑛𝑜𝑝𝑦

Ϛ𝐶𝑝𝑉𝑡
(𝑑4 − 𝑥1) 

 
(3) 

𝑥2̇ =
−𝛽

𝑉ℎ
 𝑥2 +

(𝑑3 − 𝑥2)

𝑉ℎ
𝑢3 +

𝛼

𝜆𝑉ℎ
𝑑1 +

𝑢2

𝑉ℎ
 

 

(4) 
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It is observed from the state space model that the greenhouse system is having two state 

Variables, three input variables and four disturbances. The dynamical Equation 3 

represents the state equation of the inside temperature. It is depicted from the equation 

that the input u3 and d2 are in the multiplier term. The dynamical Equation 4 represents 

the state equation of inside humidity; where u3 and d3 are in the cross product.so non-

linearity exists in both of these state equations. Even though the input u2 and u3 appear in 

both of these state equations that increases the coupling between both of these loops. So it 

is illustrated from Equation 3 and Equation 4 that the input and disturbance are in 

multiplier term so it is a strongly coupled and nonlinear system. As can be observed from 

Equation 3 and Equation 4, the dynamic system of GHS is nonlinear and multi-variable 

in nature. 

 

3. Formulation of Problem Statement 

As discussed earlier, the greenhouse system is a complex system with multi-variables and 

uncertain dynamics. The input systems like heating, fog, and ventilation all act 

simultaneously on the climate variables like inside temperature and inside humidity. 

These variables are highly interacting and nonlinear by nature which needs to be modeled 

as per the change in the environments. After obtaining the model dynamics, the model-

based control structure is implemented to regulate them as per the requirements.  

 

Here in this system, the input variable and the disturbance variable are in cross-product 

terms in both of the modelling equations represented in (3) and (4). Because of the 

“structural nonlinearity” of GHS, it is challenging to develop a nonlinear control 

structure. It is revealed in several researches [54] that these nonlinear control structures 

require fine-tuning of the controller parameters with or without using the optimization 

techniques. 

 

It is depicted from (3) and (4), the GHS is affected by multiple disturbances such as 

outside temperature (Tout), solar radiation (Qs), outside humidity (Hout), and canopy 

temperature (Tc).  Disturbances of this system are uncertain and time-varying. To provide 
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a favorable climate to the crop, the dynamic behavior of the greenhouse system, the effect 

of parameters on each other, and disturbances effects should be determined. The canopy 

temperature effect (Tc) described in (3) is one of the potential candidates of the 

disturbances which provides continuous information on the consumption of water and 

how a plant is functioning metabolically. Another problem is the actuator saturation that 

looks when the control variable from the controller crossing the range of actuator 

operation should be reflected in the design of an appropriate controller for an actual 

system. Even the control input  ufog has an interaction with both of the loops as depicted 

in equation (1) and equation (2).  

 

At last, the system variables are affected by the sensor noises in the system. Also, in the 

presence of such noises, the information gathered by the measuring devices is 

manipulated. Hence, to provide the noise free estimation, the nonlinear filter structure is 

recommended. Finally, the estimated information is sent to the nonlinear control structure 

to minimize the effect of noise and to reject the above-discussed disturbances in the GHS. 

 

4. Scope of Work 

After extensive literature review and research gap identified, the followings are scope of 

the present work. 

 

 To examine the dynamics of the GHS Web-based tool developed in LabVIEW 

software.  To design the efficient controller dynamic of the GHS should be 

investigated with different conditions. 

 To propose NN-model to identify the dynamics of the GHS. The neural predictive 

controller is further investigated for the modelling and control of the complex 

GHS.  

 To implement Feedback Linearization and Decoupling methods to decouple the 

nonlinear GHS and transform it into two individual SISO systems.   

 An optimized controller (GA tuned & PSO Tuned) is proposed for decoupled 

loops.  
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 Optimized Fractional order controller structure is suggested to further enhance the 

performance of the optimized controller. 

 The Nonlinear Model Predictive Control (NMPC) integrated with Extended 

Kalman Filter (EKF) is proposed for the efficient control of GHS with different 

diversified scenarios.  

 

5. Organization of  the Thesis 

The outline of the thesis is as follows: 

 

 Chapter - 1 begins with the introduction and the literature survey in the area of the 

greenhouse climate control system.  The chapter discusses a brief introduction of GHS 

with a conceptual model and different aspects of GHS. Various issues related to GHS are 

also discussed. 

 Chapter - 2 discusses the Preliminaries of the Greenhouse System. In this chapter, a 

basic schematic diagram of GHS with different types of disturbances and how it affects 

the performance of the system are discussed. In this section concept of modelling and 

simulation of the GHS using LabVIEW-based software is introduced. The dynamics of 

the GHS are investigated in this section. Lastly, various challenges and problem 

statements of the GHS are also highlighted. 

 Chapter – 3 presents the concepts of the neural network for modelling and control of the 

GHS. The dynamics of the GHS are precisely modeled in the presence of disturbances 

using the system identification approaches based on the Neural Network (NN). Neural 

predictive control is approached to tackle nonlinear GHS. Simulation for the stabilizing 

and tracking operations is carried out for the different scenarios. 

 Chapter - 4 describes the feedback linearizing and decoupling method for the climate 

control of GHS. By implementing decoupling schemes nonlinear greenhouse system is 

converted into two individual SISO systems. An optimized controller (GA tuned & PSO 

Tuned) is suggested and implemented for decoupled loops. Simulation results were 

obtained for stabilizing control and tracking control for diversified conditions. 
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 Chapter – 5 covers the concepts of the fractional order controller design for the 

decoupled loops of the GHS. PSO Tuned fractional order PID controller implemented for 

the GHS.  Simulation results for the stabilizing and tracking operations are discussed for 

the different aspects. 

 Chapter – 6 included nonlinear model predictive control (NMPC) and NMPC integrated 

with extended Kalman filter are suggested and implemented for the effective control of 

GHS with different diversified scenarios. The simulation results are obtainable to validate 

the efficacy of the proposed nonlinear control. 

 Chapter – 7 concludes the thesis with possible future scope of research in the field of the 

model-based control of the greenhouse system. 

 

6. Conclusion and Future Scope 

In this research, a novel approach of dynamical modelling and control of the greenhouse 

system (GHS) is introduced. The GHS is a closed structure to maintain favorable climate 

conditions for the crop. This is a class of uncertain, highly coupled, and nonlinear MIMO 

systems with heavy disturbances. Initially, the dynamical model for the GHS in the 

presence of uncertain disturbances with different scenarios has been obtained. The 

obtained model has been further simulated using the virtual simulator based on the 

LabVIEW environment. This simulator allows users to modify the GHS parameters, 

climate conditions, and control strategies under diversified weather conditions. As an 

extension of this modeling approach, Neural Network (NN) based artificial dynamical 

model has been derived using the system identification algorithm. This NN-based virtual 

model has been utilized to develop the neural predictive control structure for the GHS. 

 This NN-based predictive controller has shown the computational complexity during the 

offline computation for the training. 

 

After investigating the model dynamics, the feedback linearizing and decoupling control 

strategies have been introduced for the climate control of GHS. With the implementation 

of decoupling strategies, the nonlinear MIMO dynamics are decoupled into two 

independent linearized SISO dynamics (i.e., temperature dynamic and humidity 



13 

 

dynamic).  These dynamics have been controlled by the Genetic Algorithm (GA) and 

Particle Swarm Optimization (PSO) tuned optimized PID controllers. The stabilizing 

control and the tracking control performances of the GHS have been validated using the 

optimized control structures. It has been noticed from the simulation that the optimized 

controllers have shown a quick and deviation-free response. However, to improve the 

efficacy of the overall system, a fractional-order controller has been blended with the 

optimized control structure. But still, the influence due to sensor noise and uncertain 

disturbances has not been accurately tackled by the above control structures. Hence, the 

nonlinear model predictive control (NMPC) scheme has been designed and investigated. 

To suppress the effect of the measurement noise, the Kalman filter is being introduced. 

The nonlinear model predictive controller is integrated with an extended Kalman filter is 

introduced to eliminate errors and uncertainties from measurements and to provide 

accurate control to the GHS. Finally, based on investigations for the climate control of 

the GHS, it is investigated that the NMPC integrated with the EKF control scheme has 

provided rapid, saturation-free, and overshoot-free transient response compared to the 

other control schemes. Their performances are analyzed qualitatively and quantitatively. 

It has been discovered by the observation of ISE that the suggested design has also 

gained performance supremacy in steady-state compared to the other designs. The 

performance robustness of the suggested control structure has been assured in the 

presence of the different disturbance conditions as well as diversified scenarios for the 

GHS. 

 

Future Scope 

 Neuro-Fuzzy based control structure can be explored further to reduce the effect 

of uncertain dynamics of the greenhouse climate control system. 

 This work can be further extended by implementing Nonlinear Fractional PID 

controllers to enhance the efficacy of GHS.  
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