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ABSTRACT

Greenhouses are highly vulnerable to internal and external climate factors like sunlight,
temperature, humidity, and carbon dioxide. An appropriate control mechanism of the
greenhouse environment is required to maximize the growth and quality of the plants. Even
though controlling the indoor climate of a greenhouse is difficult due to the system
nonlinearity and existence of coupling relation among system parameters, the designed
controller should have good tracking and rejection performances. With this as a starting
point, feedback linearization linear quadratic regulator (LQR) control of greenhouse indoor
climate is implemented in this thesis. The nonlinear multi-input multi-output (MIMO)
dynamic model of greenhouse climate is obtained and transformed to its equivalent linear
model using input-output feedback linearization. Then, a proportional-integral (P1)-type
LQR controller is designed based on the linearized model to obtain a fast response with less
overshoot. In addition, a genetic algorithm (GA)-based practical proportional integral
derivative (PID) controller that minimizes the performance indices such as integral absolute
error (IAE) and integral square error (ISE) is implemented for comparison purposes. The
setpoint tracking and disturbance rejection performance tests are performed by considering
different psychrometric processes for the daytime summer season operations. The
performance of these controllers is evaluated using performance measures such as
overshoot, settling time, recovery time, and perturbance peak values. In the tracking test, the
closed-loop response of indoor temperature at 28°C and 20g [water]/kg [dry air] using the
LQR temperature controller gives 1.6369min, 3.0330min, 0, and 1.8523 of rise time, settling
time, overshoot, and IAE, which is very small as compared to the PID, respectively. Also,
the LQR humidity controller gives a 0 overshoot with 0.5814 of IAE even though the settling
time (3.8772min) is slightly greater than the PID. In the rejection test, when both the
intercepted solar radiant energy and outside temperature are increased while setpoints are
fixed at 28°C and 18g [water]/kg [dry air], the LQR recovers the output responses of
temperature and humidity quickly with a recovery time of 4.2819min and 3.7231min,
respectively. These values are very small compared to the PID controller. In general, the
performance measures of the implemented controllers in both performance tests informed
that the LQR indoor temperature and humidity controller is better than the PID controller
for this designed system.

Keywords: Greenhouse Climate, LQR, Feedback Linearization, PID Controller, and

Genetic Algorithm
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CHAPTER ONE

INTRODUCTION

1.1 Background

Supplying agricultural products outside the cultivation season is the main aim of greenhouse
industries. Since the open fields are not suitable, they provide an appropriate internal
environment for plants to obtain more fruiting and growth. Controlling the greenhouse
environment implies controlling the basic environmental parameters of the greenhouse, such
as air temperature, humidity, air composition, and light [1]. The comfort in a greenhouse
depends on these environmental parameters. The cooling and heating uniformity is also an
essential design consideration of greenhouse to maintain the desired setpoint conditions of

greenhouse environment parameters.

The difficulty in the distribution of cooling and heating may result from a non-uniformly
controlled environment. Since the environment is not uniform, managing the plant climate
system becomes more difficult. Additionally, the non-uniform environment causes potential

disease problems and differential plant growth rates [2].

The coupling relation of the greenhouse parameters, basically between the air temperature
and humidity, is the principal cause for the problematic distribution of either heating or
cooling. The inside air temperature and internal humidity are the fundamental factors that

affect the microclimate of the greenhouse industry.

This internal coupling characteristic of temperature and humidity exists through
psychrometric laws and the thermally dynamic nature [3]. Psychrometry deals with moist
air's physical and thermodynamic behaviors. A mixture of dry air and water vapor is called
moist air. The psychrometric processes are the basic requirements for designing
environmental control systems for plants, crops, animals, or humans. The psychrometric
properties of air include dry air, moist air, saturated air, dew point temperature, dry and wet
bulb temperature, relative and percentage humidity, and relative ratio. The properties of
moist air can be represented in a graphical format using a psychrometric chart. A
psychrometric chart is used in many greenhouse industries for troubleshooting greenhouse

environmental problems [4].



Several control techniques were proposed to solve the non-uniform distribution of cooling
and heating, namely PID, fuzzy logic control, predictive control, and adaptive control. These
techniques were applied to control either the nonlinear or the linearized dynamic system of
a greenhouse. The results obtained from those methods indicate that the effectiveness of
those control systems in tracking setpoint changes. However, the speed of the responses and
the system'’s stability are significant problems of those methods. As a result, a poor setpoint
tracking performance was obtained. In their study, they did not consider the performance of
the controllers in rejecting disturbances, as there were external disturbances in the

greenhouse.

In this thesis, the greenhouse indoor climate is modeled mathematically. Then, the input-
output feedback linearization is applied to transform the nonlinear system into its equivalent
linear system. A Pl-type LQR controller is designed based on the linear model and then
combine with the nonlinear cancellation part to obtain the control input. For comparison
purposes, the PID controller is designed and GA is used for tuning the PID gains. In the
tuning process, the IAE and ISE performance indices are used as objective functions that are
minimized by GA. The overall system simulation is performed in MATLAB software based

on both setpoint tracking and disturbance rejection tests.

1.2 Statement of the Problem

Nowadays, greenhouse facilities have become more popular in different parts of the world.
However, a common challenge remains in managing the interior climate. The internal
environment of the greenhouse is essential to obtain better plant growth with good quality.
This environment is affected by different parameters such as temperature, humidity, light
intensity, and carbon dioxide concentration. The control of such parameters mainly depends
upon the climatic seasons like summer (warm) and winter (cold) seasons. The inside air
temperature is cooled in summer whereas heated in winter to make a favorable environment.
Even though majorities of plants are grown quickly in the summer season, cooling the
greenhouse air faces challenges because of less advanced technology in the greenhouse

cooling system.

Air temperature and humidity are the major factors that affect the greenhouse microclimate
since plants are more sensitive to these environmental parameters. The system is complex
due to the nonlinear coupling between indoor air temperature and humidity through

psychrometric process law. Coupling may lead to little change in air temperature that causes
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a change in humidity. The existence of coupling among these system parameters results in a
stability and tracking problem in the system. Setpoint tracking is an important performance
measuring in greenhouse controller design because the setpoint of such parameters can be
changed by the operators depending upon the types of plants, plant-grown stages, and the

season.

Additionally, disturbance rejection is also used as performance testing of the greenhouse
microclimate controller. The inside environment is also highly affected due to external
disturbances such as solar radiation, wind, outside air temperature, and external humidity.
Either increasing or decreasing such factors affects the greenhouse indoor climate, especially
in the summer season. To overcome the problems mentioned above during the summer
season, a transformation from coupling to decoupling system is required for the nonlinear

MIMO greenhouse system.

Furthermore, an optimal control method for the decoupled system is also needed for
obtaining fast response and good stability of the system during both tracking and rejection
problems. In this thesis work, the input-output feedback linearization technique and Pl-type
LQR controller are proposed and developed. As the PID controller is widely used in many
greenhouse industries, the GA-based practical PID controller is also designed for comparison
purposes. The proposed control method and the optimized PID is implemented and simulated
using MATLAB software.

1.3 Objectives of the Study

1.3.1 General Objectives
The main objective of this thesis is to present an LQR control for greenhouse indoor climate
incorporating with feedback linearization technique.

1.3.2 Specific Objectives
The specific objectives of the thesis are:

e To obtain the nonlinear model of greenhouse indoor climate and convert it to an
equivalent linear model using the feedback linearization scheme

e To design a Pl-type LQR controller that provides good setpoint tracking and
disturbance rejection performance

e To check the controllability and stability of the closed-loop system

e To compare the responses of the proposed method with those of the GA-tuned PID

controller based on system performance measures



1.4 Scope of the Study

The thesis focuses on the mathematical modeling and design of an indoor climate of a
greenhouse system. The simulation of feedback linearization LQR control of greenhouse
indoor climate is performed. The designed system is only applied for the daytime operation
of the summer season. A GA-based PID controller is also intended for comparison purposes.
In GA tuning, the IAE and ISE performance indices are minimized. Furthermore, the
setpoint tracking and disturbance rejection performance tests are performed. The
performances of the proposed and the optimized PID methods are discussed using

performance measures.

1.5 Limitations of the Study

This thesis work is only applicable for the daytime summer season operations. Even though
the greenhouse has many environmental parameters, the indoor temperature and humidity
are controlled in this study. Although the greenhouse microclimate is affected by several
external disturbances, only three disturbances (intercepted solar radiant energy, outside
temperature, and external humidity) are considered in this proposed system. Furthermore,
the setpoint tracking test is performed using the different setpoint conditions of the cutting
flower. Accordingly, this thesis is only applicable for cutting flowers since the temperature

and humidity requirements are different from plant to plant.

1.6 Motivation of the Study

Nowadays, greenhouse industries are built in most parts of the world to grow different plants
such as vegetables, fruits, crops, and flowers. Greenhouses with a controlled environment
can help greenhouse owners to get better-quality control and increase plant growth with
advanced control techniques. Plenty of related research has been conducted, especially in the
area of microclimate control of greenhouse. The future will have a massive market in
greenhouses, and it is essential to be more professional in greenhouse microclimate design,

modeling, and control.

1.7 Significance of the Study

The main contribution of this thesis is to model and control the greenhouse indoor air
temperature and humidity using an LQR controller incorporating feedback linearization. Due

to the complexity and nonlinearity of greenhouse dynamic systems, it is difficult to use
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classical controllers. To overcome this, an input-output feedback linearization technique is
used to convert the nonlinear model to an equivalent linear model. Then, a Pl-type LQR is
designed based on the linear model and combine with the nonlinear cancellation part to
obtain the control input. The main advantage of using LQR is to provide good setpoint
tracking and disturbance rejection performance since it can stabilize the given system by
selecting eigenvalue locations of the closed-loop system. As the system uses an automated
way of finding a state feedback controller, the plant growth and quality are increased. Finally,
this thesis can also be an input for people who are engaged in the work of the greenhouse

microclimate control system.

1.8 Thesis Organization

This thesis has been organized into six chapters. The first chapter presents the background
of the study, statement of the problems, objectives, significance, scope, and limitation of the
research. The second chapter describes the overview of the greenhouse system and a review
of previous work. It also contains information on the classification of greenhouse based on
structure, glazing, and environmental control. The psychrometric chart is explained in this
chapter. Moreover, the feedback linearization technique is explained in detail. At the end of
this chapter, the pros and cons of previous works are presented. The third chapter presents
the methodology and system modeling. The fourth chapter explains the overall controller
design. Moreover, stability analysis of the proposed system and the design of the PID
controller tuned by GA is presented in this chapter. The proposed system results and
discussions are presented and discussed in chapter five. The last chapter presents the

conclusions drawn from this work and recommends possible directions for future studies.



CHAPTER TWO

THEORETICAL BACKGROUND AND LITERATURE
REVIEW

This chapter mainly covers five main sections. The first section is about the overview of the
greenhouse systems. The second section contains the main classifications of greenhouse
based on structure, glazing, and environmental control. In the third section, the
psychrometric chart and its explanation are described in detail. The feedback linearization
technique is described in section four. The last section is about the review of closely related
works, especially in indoor climate control of greenhouse with different control techniques

along with their merits and demerits.

2.1 Overview of Greenhouse Systems

Greenhouses are covered structures that help crops to grow under a controlled environment.
During the off-season, producing foods and ornamentals are impossible by outdoor
production. Therefore, greenhouse technologies are essentials in creating a controlled
environment to increase crop yields. Also, the growing cost inside a greenhouse is greater
than outside growing, which makes the greenhouse industry obtain high production costs.
Monitoring and controlling environmental parameters such as temperature, relative
humidity, lighting, air quality, CO- levels, water, ratio, plant nutrients, and pest control are

necessary to obtain high production at low expense and make the environment competitive
[1] [5].

Greenhouses are a technology-based industry. The more advanced technology used, the
higher potential to achieve a controlled growing environment. This capacity to tightly control
the conditions within which the crop is grown is strongly associated with the health and
productivity of the crop. Greenhouse technology gives a suitable and controlled environment
for the plants to grow seasons outside the cultivation seasons. The technology protects plants
from the warmth in summer, and from the cold in winter [6]. The greenhouse technology is
more favored to vegetable crops and flowers like tomato, rose, carnation, cauliflower,
capsicum, gerbera, cabbage, and chilies. Since commercial farming requires investment in

building up the entire framework, applying such technology is suitable for them [7].



2.2 Classification of Greenhouse

Greenhouses are differentiated and classified depending on several criteria. Based on
working and principal applications, the greenhouse can be classified as crop cultivation, solar
energy collector, and crop drying [8], as shown in Figure 2.1. In this study, the Classification
of greenhouse based on the type of structures, type of glazing, and environmental control is
explained in detail.

Greenhouse systems

Crop production Crop drying Solarium
I | |
| | | ] | |
Heating of ~ Cooling of Heating  Ventilated Space Solar energy
GH GH | GH heating collector

‘ Active solar |

|—| GH drier Natural  Forced

Ventilation Evaporative

cooling

/_LI I_Iil

Natural Forced Pad-fan Fogging

Buried pipe Movable North wall Ground air Water tank
insulation collector

Figure 2.1 Classification of greenhouse based on working and principal applications [8]

2.2.1 Classification Based on the Structure
2.2.1.1 Quonset Greenhouse
Based on structure, a greenhouse is categorized as a Quonset greenhouse. In this greenhouse
type, the trusses are sustained through pipe purling that runs along the length of the
greenhouse. The enclosure material that used in such a greenhouse is polyethylene.



When compared with gutter-connected greenhouses, it is less expensive and preferable in a
given small confined area. The standing and interlocking styles are the basic connection
styles that are used in such greenhouses. In the case of interlocking, it is required to grow
plants between the overlapping portion of neighboring houses by overlapping truss members.

In this type, a single large cultural space exists for a set of houses. This arrangement is better
adapted to the automation and movement of labor [9].

Figure 2.2 Quonset Type Greenhouse [10]

2.2.1.2 Gable Roof Greenhouse
Gable-roofed greenhouses are common types of greenhouses. They gain maximum amounts

of sunlight while supplying ample space to grow many plants [10].
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Figure 2.3 Gable roof type of greenhouse [10]



2.2.2 Classification Based on Glazing
2.2.2.1 Glass Glazing
Glass glazing is the oldest one among all other types of greenhouses glazing materials. As
its name implies, the glass is used as a glazing material in this type of greenhouse, as shown
in Figure 2.4. It is more effective for winter cultivation as compared to summer cultivation.
This is because the temperature is high in the daytime of the summer season. Due to its high
installation cost, complicated construction, and frequent damage of glasses through high
wind velocity, a glass glazing greenhouse is not preferred [11]. However, the double-pane
tempered glass is the best glass glazing type due to its robustness. Also, it breaks into small
square pieces in case of damage which minimizes the chances of injury, and tiny parts will

not damage your plants [11].

2.2.2.2 Fiberglass Reinforced Plastic Glazing
This type of greenhouse is available in two configurations. These are corrugated and flat
panels. The corrugated is used as their corrugated shape that lends strength and rigidity to
the panels for the greenhouse ceiling. In contrast, the flat is commonly used for windows,
sidewalls, and vents [3]. FRPs are soft to be bent in a curve that fits the Quonset type
greenhouse framework although they are categorized as rigid plastic, it is also classified as
a plain sheet and corrugated sheet [13].



(A=
Figure 2.5 Corrugated sheets [14]

2.2.2.3 Plastic Film
A flat solid could be a nice diffuser of daylight, granting intense lightweight at the cover
level of the greenhouse. It conjointly produces few shadows as a result of fewer braces and
trusses square measure usually utilized in constructing a synthetic resin greenhouse. It is a
good selection for first-time greenhouse growers. It is conjointly additional classified as
Ultraviolet stabilized low-density synthetic resin and Silpaulin [8].

Figure 2.6 Plastic (polyethylene) film [15]

2.2.3 Classification Based on Environmental Control
The greenhouse environment is affected by many factors such as temperature, solar
radiation, carbon dioxide, and humidity. Thus, appropriate control of these factors is
required. Every greenhouse has its environmental control system. This system helps to obtain
a uniform controlled environment. When the environment is non-uniform, many problems

occur in the plants, such as potential diseases, ineradicable results with hormonal or nutrition
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applications, and variation of plant growth rate. As a result, it is difficult to manage the plant

production system [16].

During the summer season, reducing a large amount of heat is the basic concern of the
greenhouse environment control system. The main sources of this heat are the incoming solar
radiation and heat gain through air exchange. So, reducing such sources of heat and
maximizing the fraction of energy partitioned into latent heat can minimize the heat amount
of heat in the greenhouse. The best methods to reduce solar radiation are whitewash and
shade nets.

Also, the extra heat through air exchange between outside and inside is removed by
ventilation during low outside temperatures. The other common technique is evaporative
cooling. This technique increases the latent heat fraction of dissipated energy to decrease
sensible heat load [17]. A detailed explanation of ventilation, cooling systems and is

described below.

2.2.3.1 Ventilation
Two types of ventilation are used in a greenhouse. These are either mechanical or natural
ventilation. In the case of mechanical ventilation, the fans are operated using exhaust fans,
inlet openings, and electricity [18]. So, a proper design is required to obtain enough cooling

under a variety of climatic conditions [19].

The thermal buoyancy and wind effect are the basic natural ventilation phenomena
depending on these phenomena. When incoming solar radiation is high, ventilation affects
inside greenhouse temperature. Removing excess amounts of heat is necessary to exchange
air between inside and outside of a greenhouse in a homogenous manner [19]. The
temperature gradients between outside and inside greenhouse and wind create a pressure
difference in the greenhouse. As a result, natural ventilation occurs through openings in the
greenhouse structure to control the humidity and temperature within the greenhouse. Also,

it can provide sufficient air exchange [20].

Fans, roof vents, and front doors are combined to create good ventilation in the greenhouse.
The improvement of ventilation is an effective method to reduce the difference between

indoor and outdoor air temperature [20].
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Figufe 2.7 Naturally ventilated greenhouse [21]

2.2.3.2 Cooling System
The temperature control of the greenhouse may be required an additional cooling system
when the cooling ability of the ventilation system becomes insufficient for controlling the
greenhouse. Pad-fan and fog systems are those additional cooling systems that are worked
using water evaporation [20]. In fogging systems, small water droplets with high pressure
are sprayed into the air above the plants [22]. This helps to maximize the water surface in
contact with the air. When the inside greenhouse is cooled, the relative humidity becomes

high during the fogging system [9]. These two cooling systems are described as follows.

1. Fan and Pad Cooling System
The appropriate size of fan and pad systems should be chosen to achieve maximum cooling
efficiency. Since these systems cannot be justified all the time, passive ventilation may be
used with an open-sided greenhouse. For a given crop, it helps to provide adequate cooling
without using any energy. A closed greenhouse with a fan and pad system may be necessary
where biosecurity or insect exclusion is a priority in the given greenhouse [23].

12
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Figure 2.8 Fan and a greenhouse evaporative cIin system [21]

The pads minimize air temperature by passing the air through it. The pad gains heat from
plants, soil, and solar radiation when the air moves across the house to the fans. This leads
to a gradual increase in air temperature. As a result, the air moves down the greenhouse and
increases the temperature. Due to the temperature difference among the fan and pad sides of
the greenhouse, there is a temperature gradient across the length of the greenhouse.

Some minerals and algae may develop and cause low efficiency and less air movement in
the cooling pads. So, they need frequent maintenance to be efficient. The fan and pad cooling

systems can be influenced by many factors [23], the main factors are listed below:

» Greenhouse location and orientation
Types of cooling pad
Water flow rate

Problem with cooling pads

YV V VYV V

Operational considerations

2. Fog Cooling System
A pump unit and fogging lines are the basic elements of fogging system in the greenhouse.
The pump unit consists of a pump, a water reservoir, a water softener, a fine filter, a pressure
adjusting regulator, a valve, and the fogging lines consist of the main pipeline, distributor
line, LDPE (low-density polyethylene) pipe [17].

Small size water droplets that contain fog is generated using a high-pressure pumping
apparatus. During evaporation, the size of these droplets is very small to stay suspended in
the air. When the fog is distributed throughout the greenhouse, that cools the air everywhere,
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and the risk of disease and pest attack is reduced when the foliage is not wet by the cooling
system. Hence, the plants stay dry throughout the process. This system is also used for seed
germination and propagation as it removes the need for a mist system. Both types of summer
cooling systems can reduce the greenhouse air temperature [23].

Since the size of water droplets is very small in fog, the fog system can reduce the incoming
air temperature by 100% while the fan-pad reduce 80% of the difference between the dry
and wet bulb temperatures. As a result, complete evaporation of water is taken place in the
fog system [17].

Figure 2.9 Fogging system for cooling a greenhouse [24]

2.2.3.3 Shading
One of the procedures for cooling the greenhouse is shading. It is used to reduce the amount
of solar radiation that reaches plants. By reducing the solar load on the greenhouse, the air
temperature difference is smaller, making the absolute air temperatures inside the

greenhouse closer to the outside temperatures [17].

Direct solar radiation is the primary source of heat gain in greenhouses. Due to the reduction
of light and the possible effects of ventilation rate, the development and photosynthesis of
greenhouse plants might be affected by shading. Hence, care has to be taken when deciding

on the type of shading and associated control strategies [17].

A proper selection and installation of shed nets can contribute to increasing crop productions
in periods or places where temperature and solar radiation are adverse. The shading plays a

large role by protecting the plants from high solar radiation in the greenhouse system [25].
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Figure 2.10 Aluminum Shade net for Greenhouse [26]

2.3 Psychrometric Chart

The mixture of different gases, water vapor, and many pollutants make an atmospheric air.
The pollutants should be filtered out before processing of air. Thus, the process of air is a
mixture of various gases that contain air and water vapor. This mixture yields moist air.
Moist air is a mixture of dry air and water vapor. The thermal and physical behavior of this
moist air is called psychrometry. The state points of this moist air are represented in a
graphical form which is known as a psychrometric chart. The environmental problems of a
greenhouse and livestock building can be solved using this chart. The air temperature and
humidity problems can be solved by understanding the use and shape of the psychrometric
chart. Figure 2.11 depicts an odd-shaped graph of a psychrometric chart that contains a lot

of information about the attributes of moist air [4].

A humidity ratio and dry-bulb temperature are scaled on the vertical and horizontal axis of
the psychrometric chart, respectively. The dry-bulb temperature is the temperature of air
recorded by a standard thermometer with clean and dry sensing elements used during the
healing process [27]. Humidity ratio is used for comparing the water vapor to dry air by
weight. Different properties of moist air are included in the chart, such as dewpoint

temperature, relative humidity, enthalpy, specific volume, and wet-bulb temperature [24].

For evaporative cooling, the wet-bulb line is used to represent the removal of sensible heat
by the addition of moisture to the air at a constant wet-bulb temperature. This process is used
to increase the relative humidity and decrease the air temperature [4]. The design and

analysis of the air conditioning greenhouse environment have required the identification of
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various processes that are performed on the air. After various processes are identified, the

laws of conservation of mass and energy can be used to analyze the processes [24] [27].

Wet-Bulb Temperature
Relative
Enthalpy Humidity
Dewpoint
Temperature >
Humidity
Ratio

Spécific Volume

Dry-Bulb Temperature —

Figure 2.11 A simple representation of the psychrometric chart

These processes are called psychrometric processes such as humidification,
dehumidification, sensible heating, sensible cooling, heating and humidification, heating and
dehumidification, cooling and humidification, and cooling and dehumidification. In the
sensible cooling process, the moist air flows over a cooling coil. This reduces the temperature
in the air with a constant moisture content of the air. During the cooling and dehumidification
process, both the temperature and humidity ratio of air become decrease due to the
condensation of some of the water vapor in the air—the temperature decreases as its
humidity rise in the cooling and humidification process. Hence, the evaporative cooling
produces a low temperature as compared to the dry-bulb temperature of the air; however, it

is higher than its dewpoint temperature to avoid condensation [27].
2.4 Feedback Linearization

Feedback linearization is one of the well-known approaches used in controlling nonlinear
systems. The approach involves converting the nonlinear system into an equivalent linear
system that could be controlled easily using existing linear control theory. Consider a SISO

nonlinear system of the following form [28]:

x=f(X)+g(X)u (2.13)
y =h(x) (2.1b)
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where xeR" is the state vector, ueR the control input, yeR the output. f: D—R", g: D—>NR",
h: D—R are nonlinear functions and sufficiently smooth on a domain DcR" [28]. To apply
the idea of nonlinearity cancellation to Equation (2.1a), it has to be converted into a

controllable linear state equation of the following structure:

X = AX + By(X)[u — a(X)] (2.2)
where A R™"and BeR" are the system matrices, the pair (A, B) is controllable, a.(x) and
v(x) are the functions, and y(x) is nonsingular for ¥xeD.

Letting v=y(X)[u-o(x)] in Equation (2.2) gives
X =Ax+Bv (2.3)
For the regulator problem, we can design v=-Kx such that all the poles of (A-BK) have a

negative real part. The final goal is to obtain a control input via the state-feedback of the

form:

u=o(X)+y  (X)v

(2.4)
= a(X) —B(X)Kx

where B(x)= y1(x). Figure 2.12 shows the block diagram of a SISO system with feedback

linearization.

v

yfef< >e Linear |V Feedback | U | Nonlinear | Y
* 3 controller linearization system

A

Figure 2.12 Block diagram of a SISO system with feedback linearization [29]
Feedback linearization is conveniently divided into two categories: input-output
linearization and input-state linearization [30].

A. Input-output feedback linearization: The input-output map of the system is
linearized, while the state equation may be partially linearized. If the system is partly

linearized, the control design has practical meaning only when the internal dynamics
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are stable. In this method, the output y is differentiated until the input u appears in
the r'" derivative of y. Then u is designed from the linearized system [28].

B. Input-state feedback linearization: The state equation is completely linearized.
This feedback linearization technique may fail in designing a controller since the

output is nonlinear. Hence it is hard to obtain satisfactory performance [31].

The nonlinearity cancellation via feedback linearization requires a certain structural property
of the system and whether or not it is possible is determined by a factor called the relative

degree of the system, according to Definition 2.1 [28] [30]:

Definition 2.1 (Relative degree of SISO systems)
A SISO nonlinear system of Equation (2.1) is said to have a relative degree r, 1<r<n at X in

aregion DocD if and only if [28]:
L,Li'h(x) =0 (i=1,2,---r=1) but L L7*h(x) =0 (2.5)

where the following notation known as the lie derivative is used to calculate the multiple

derivatives of h concerning the same vector field f:
Lth(x) =h(x)
oh
L.h(x)=—T*(x
M) =—1(x)

L3 = L Lhe) = S50
Lh(x) = L, L h(x) = a(Li: )t(x) and

%gm@_“Lm

Note that if r=n, then the system is fully feedback linearizable, if r<n, it is partially feedback

linearizable, and if r>n, feedback linearization is impossible.

In this thesis, we use input-output feedback linearization for convenience since both types

of feedback linearization are the same when the system is fully feedback linearizable.

2.4.1 Input-Output Feedback Linearization of MIMO Nonlinear Systems
The primary objective of feedback linearization is to design a nonlinear control law by
assuming that the inner-loop control is, in the most suitable case, precisely linearizes the

nonlinear system after appropriate state space modification of coordinates [29]. It is a
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common technique used in controlling nonlinear systems. For MIMO nonlinear systems,
feedback linearization is used to cancel the interactions between variables. Besides, it is used

to remove nonlinearities in the input-output relations [32].

Input-output feedback linearization can be applied to an MIMO nonlinear dynamic system

of the form:
)’(zf(x)+igi(x)ui (2.6a)
Y. = hl(X)
Y, : h,(x) (2.6b)
Y =hn(X)

where

X =[X1X2... Xn] T €R" is the state vector,

u=[uiuz... up] T €RP is the control input,

y=[y1¥2... ym] T €RM is the output,

f (x) and gi (x) are n-dimensional smooth vector functions and

hi (x) (i = 1, 2...m) are smooth nonlinear functions [29] [33].

Let assume r; is the smallest integer such that at least one of the inputs appears in yi ™V, that

is
Y =Leh () +> L, L (X, (2.7)
j=1

with ngL’if‘lhi(x) #0 at least one j [29] [31].

The above equation can be written in a simple form as shown in Equation (2.8).

y](.rl)
y(rz)
2 |=AX)+EX)u (2.8)
y('rm)
where
L, (%) L, Lith,(x) - L, Lith(x)
A(X) = : ,and E(X) = : :
L"]rcn h m (X) Lgl Lrlin_lhm (X) t Lgm erm _1hm (X)
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where A(x) is the lie derivative of h along with f(x), and E(x) is the lie derivative of h along
with g(x).

E(x) is also called the decoupling matrix of the system, and it is not always nonsingular, and
therefore the linearization control is then achieved if and only if the decoupling matrix is

invertible [29]. Therefore, writing the linearization control law in compact form as
u=E*(X)[-A(X)+V] (2.9)
reduces the input-output relationship of Equation (2.8) to

yi
y("z)
2 |=v (2.10)

y(mrm)

where v is the new input control that is designed to solve regulation problems. In Equation

(2.10), i is called the relative degree of the system, according to Definition 2.1.

Definition 2.2 (Relative degree of MIMO systems)
A MIMO nonlinear system of Equation (2.3) is said to have a relative degree r= ry+ro+---+

'm, 1<r<n at x in a region DocD if and only if [28]:

L,Li*h(x)=0for i=1,2,---r, —1but L Li*h(x) 0 forr, <n (2.11)

2.5 Review of Previous Works

Since the controlled environment is the main requirement to increase the plant quality in
every greenhouse, many researchers are interested in designed and developed different
controlling mechanisms to control the basic environmental parameters of the greenhouse,
such as air temperature, humidity, and carbon dioxide. Hence, several research papers have
presented on the internal climate control of a greenhouse using conventional methods like
PID and optimal control methods, including predictive control [34] [35] [36], multivariable
control [37] [38], fuzzy logic control [39], fuzzy and PID [40], and neural network control
[41]. Some recent papers are presented in this thesis. The nonlinear greenhouse system is
linearized by the feedback-feedforward technique to obtain a decoupling system. PID and
fuzzy logic controllers were proposed to control the decoupling system in literature [42]. The
result shows that the system’s closed-loop response remains tolerable for any step change of
setpoints, whatever external disturbances. However, these responses are prolonged to
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regulate the internal humidity and temperature of the greenhouse due to the fuzzy logic

controller.

The authors in [43] designed a fuzzy logic controller to control the internal climate. The
nonlinear MIMO greenhouse dynamic system was controlled by considering the temperature
and humidity as input variables in this designed system. In contrast, the water spills and roof
openings are output variables. A two fuzzy associative matrix was created in which the

output variables are mapped to the corresponding input variables.

Based on these matrices, the fuzzy rules were formed for all combinations. This study shows
that the temperature and humidity were controlled automatically by controlling the roof
opening and water spills of the greenhouse. But, the response of both control signal and
output signals is slow due to a large number of fuzzy rules. There is also a stability problem
due to controlling the nonlinear system. The other drawback of this study is that it didn’t

discuss the effect of disturbances in the greenhouse.

An automated greenhouse temperature controller was proposed to control the ideal
greenhouse temperature for a particular crop to grow [44]. In this paper, a self-tuning of the
proportional controller of the greenhouse was designed and simulated for setpoint tracking.
The developed system didn’t consider any disturbance rejection methods. Even though
humidity has a large impact on the quality and growth of plants, this study is not focused on
humidity control. Hence, controlling only the temperature of a greenhouse is the drawback
of this paper. Due to the existence of a coupling relation between air temperature and

humidity, it is essential to control both parameters.

An adaptive feedback linearization based on predictive control of greenhouse temperature
was performed in literature [45]. The study shows that the proposed technique has a good
setpoint tracking performance of indoor temperature with efficient energy inputs in an
adaptive way. The system is not simulated under disturbance conditions, and internal
humidity control is not considered in the system. These problems can be viewed as a

limitation of the study.

The authors in [46] proposed a hybrid control strategy by combining the RBF network with
a conventional PID controller. The PID gains were tuned and identified adaptively using the
RBF network. The results show that the proposed technique has good adaptability,
robustness, and setpoint tracking. The proposed technigque used a gradient descent method

to minimize the error. Since the training algorithm using a gradient descent method is time-
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consuming, it is difficult to obtain a fast response during any setpoint change. It is the

drawback of the study.

From the above-reviewed literature, the controller’s ability to reject any disturbances that
exist in a greenhouse is not discussed. Since the greenhouse environment is highly affected
by external disturbances in both the summer and winter seasons, the designed control
technique should have good performance in rejecting disturbances. The primary
performance measures such as settling time, overshoot, and integral absolute error are not
addressed in the literature. This thesis work solves the listed problems using an optimal
control method that preserves the existing advantages and assimilates further performance
tests by designing LQR based PI-type state feedback controller for indoor climate control of

a greenhouse.
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CHAPTER THREE

METHODOLOGY AND SYSTEM MODELING

This chapter deals with obtaining the mathematical model of a greenhouse climate system
that has been used by most of the researchers [47] [48]. The greenhouse climate system is

described in the state space form. The possibility of using feedback linearization is examined.

3.1 Methods

Before modeling and designing the proposed system, several tasks are performed, such as
literature review, data collection, and analysis. The closely related papers and literature are
reviewed to get more information about the greenhouse climate control system and feedback

linearization technique.

Since this thesis work aims to perform different tracking and rejection tests, the setpoint
values of indoor temperature and humidity for the different psychrometric processes are
taken from the Floresnsis Ethiopia PLC. These data are collected by observing recorded data
of the company and interviewing with the concerned bodies to get better information about
the overall greenhouse and its control system. Moreover, the values of solar intercepted
energy and outside temperature are taken from the company. Since this company produces
cutting flowers, the proposed method can be used for only such flowers because the indoor
air temperature and humidity vary from plant to plant. The greenhouse model parameter
values are also taken from the literature. In general, the primary and secondary data
collection methods are used in this thesis work. The collected data are analyzed
mathematically and graphically for developing system modeling.

The modeling and feedback linearizing of greenhouse indoor climate control systems are
analyzed. A Pl-type LQR controller is also designed to control the indoor temperature and
humidity of the greenhouse. The simulation results of the system are compared with those
of the GA-based PID controller. The overall system is implemented on MATLAB software.
The methods followed throughout this thesis work are described in the block diagram of

Figure 3.1.
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Figure 3.1 Block diagram of research methodology



3.2  Mathematical Modeling of the Greenhouse System

Since the greenhouse integrates various physical and biological phenomena, the system
behaves in nonlinear characteristics [48]. As shown in Figure 3.2, the greenhouse is an
MIMO system that has several state variables such as internal temperature, internal humidity,
and carbon dioxide (CO>). It consists of some physical systems for ventilation, heating,
spraying, and CO: injection to regulate those state variables. The greenhouse system is
highly prone to external disturbance unless the glazing, shading, and other disturbance
rejections are chosen properly. The disturbances can be solar radiation, external temperature,

external humidity, and wind speed [44] [49].

External Disturbances
Solar  External External ~ Wind

Radiation Humidity Temperature Sieed

T

Outputs

Inputs
_ Internal

Ventilation sy (== Temperature
T i Humidiy
Shading

Heating sy Carb(()g-cgizl)omde
-C 0-2 ' Concentration
Injection

Greenhouse

Figure 3.2 A simple greenhouse climate system representation [50] [44]

3.2.1 Greenhouse Climate Control System for Summer Season
The determination of the dynamic behavior of the greenhouse model is based on the energy
balance and mass transfer equations [51] [52]. To model this complex dynamic system, the

water balance and heat balance differential equations are considered.

A. Heat Balance
The air exchange between the internal air and the external environment produces losses that

affect the heat and water balance. The internal heat balance is calculated by Equation (3.1):

pCpVTTin (t) = Qs + Qh _QV _QC _Qe _Qfog (3.1)
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where p is the air density (kgm?), C, is the specific heat of the air (Jkg*K™), Vr is the
temperature active mixing volume (m?), Qs is the solar energy entering the greenhouse (W),
Qn is the heat emanated by the floor heating system (W), Qc is heat loss conducted through
the walls, Qe is heat loss due to water evaporation, Qfog IS heat loss due to the fog system, Qv
is due to the ventilation, (W), Tin is the indoor air temperature in (°C), and t is time (min)
[50].

Solar gain is a natural way of recovering heat losses in the morning till dusk. Solar energy
entering the greenhouse can be obtained using Equation (3.2) [48] [50].

er = Si (t) = (X‘CTCAI (32)

where o is the cover absorptivity of the solar radiation, tc IS the cover transmittance, A is
the surface area (m?), | is solar radiation (Wm~2), Sis intercepted solar radiant energy (W)
[48].

For the summer operation, the value of Qn in Equation (3.1) becomes zero. Equation (3.3)
represents the heat ventilation losses Qv that is a linear function of the difference between
inside temperature Tin and outside temperature Tout in °C, as well as of the ventilation rate
VR in (m*/min) [47] [2].

QV = fV (Tm ’Tout ! VR) ~ pCpVR (t)(Tm (t) - Tout (t)) (33)

The conductive heat losses Qc are a linear function of the temperature difference Tint and Tout
and it can be expressed using Equation (3.4) [47] [42].

QC = fC (Tin ! Tout) ~ UA(Tm (t) _Tout (t)) (34)

where UA is the heat transfer coefficient of the enclosure (W/K).

The heat losses due to the fog system Q+oq are related to the water capacity of the fog system
(rate of vaporization of water by the fog system) grog, through Equation (3.5) [47].

Qfog = }“qfog (t) (3.5)
where A is the latent heat of vaporization in (kJ/kg)

The heat losses due to evaporation of the water from the floor Qe is negligible in this system
because it has little influence on the thermal and moisture processes of the greenhouse indoor
climate. Equation (3.1) can be expressed as [42] [53] [54].
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pCpVTTin (t) = Si (t) - pCpVR (t)(Tm (t) - Tout (t)) - UA(Tm (t) _Tout (t)) - }\'qfog (t) (36)

B. Water Balance
After the heat balance, the dynamics of the humidity inside the greenhouse need to be
modeled. This is based on Equation (3.7):

+W.

pVH H in (t) =W, airout (3.7)

fog

+W,-W,

airin

where V4 is actively mixing air volume humidity (m®), Hix is inside humidity ratio in (g
H,0/kg of dry air), Wreg (Grog(t)) is the water capacity of the fog system (g [H20] %), Wairout
and, Wairin are the rates of moisture transfer from the outside air entering the greenhouse, and
from the inside air leaving the greenhouse respectively in (g [H20] s%), and W are the rates

of moisture due to evaporation water from the floor in (g [H20] s [53].

The rates of moisture due to evaporation water from the floor is expressed as Equation (3.8)
and also the evapotranspiration rate is primarily related to the intercepted solar radiant
energy, through the simplified relation that expressed in Equation (3.8):

W, = (5 (0., ) =20 H, () 69)

where a is an overall coefficient to account for shading and leaf area index (dimensionless),
and P is the overall coefficient to account for thermodynamic constants and other factors
affecting evapotranspiration (i.e., stomata and air motion) [47] [2] [42].

The rates of moisture transfer from outside air Wairout and inside air Wairin are also linear

functions and depend on VR, Hin, and Hou, SO that [47]:

Wairout = fout (VR ! Hout) ~ VR (t) Hout (t) (3-93-)
Wairin = fin (VR ! Hin) ~ VR (t)Hm (t) (3.9b)

The differential equation of inside humidity of greenhouse can be rewritten as [42] [54]:

PV Hin (1) =g (1) + aSiT(t) =BrH;, (1) = Ve (O(H;, (1) —H,, (1)) (3.10)

Based on Equations (3.1) - (3.10), the mathematical model describing the heat and moisture

processes of the indoor climate of the greenhouse can be expressed as [47]:
Tin (t) = fT (Tln ! Tout’ Hout ! qfog ! VR) (3113-)
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Hio () = i (Hio s Siy Hoges G Vi) (3.11b)

in?

The overall system differential equations for coupled energy and water vapor mass balances
are defined below:

Ty (0= 5 (02 (0122 Va ()

o] O

(T (t) - Tom(t»—%(Tm(o—nm(t» (3.122)

50— H, (1) -2l

Ap v oV, v, HaOHou(0) - 3:120)

: 1
H, (t) =——q,,(t
|n( ) pVH qfog( )+

where Co=1/pCpV represents the thermal capacity of the greenhouse [47] [42].

The model described by Equation (3.12) is rewritten in Equation (3.13).

T, (0= 15,0 -2 01220 (1, 0 -, 0) -2 (1, 0-T,,0) 3139

V

|;|in (t) =

%fog (1 o (t
a8 s YO g, 01, ) (3130
where ty represents the inverse of the number of air changes per unit time, qufog defined as a
percentage of the maximum capacity of the fog system, A" is a product of A and qfog, max, V'=
VH/Gfog, max IS greenhouse volume per unit of the maximal fog water supply, and o' =1/ aVH

which is the contribution of evapotranspiration to the balance of the absolute humidity [2]
[53].

3.3 State Space Representation

The greenhouse considered in Section 3.2 is a two-input, two-output system with three
external disturbances, as shown in Figure 3.3 and was modeled for the daytime of the
summer season. During the hot season, the indoor temperature and humidity are changed
due to changes in the outside temperature and solar radiation. At this time, fog spray and

ventilation are used for adjusting the indoor climate of a greenhouse.
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Figure 3.3 Model of a greenhouse indoor climate system [43]

As in Equation (3.13), the physical model of the greenhouse is described by coupled
nonlinear equations. These equations can be effectively expressed by assigning the indoor
temperature Ti, and interior humidity Hin as the state variables, x1(t) and x(t), respectively.
The ventilation rate Vr and the fog rate grg as the control variables, ui(t) and ux(t),
respectively. Also, the intercepted solar radiant energy S, the outside temperature Tout, and
the outside humidity ratio Hou are taken as the disturbances, di(t), i = 1, 2, 3. Equation (3.13)

can alternatively be rewritten in the state-space form:

. UA 1 A 1 UA
X, (t) = —C—Oxl(t)—ixl(t)ul(t)— c. u, (t)+C—0d1(t)+C—0d2 (1)
1 (3.14a)
+t—u1(t)d2(t)
. 1 1 , 1
X, (t) = % (t)u, (t)+V u,(t)+a dl(t)+t_ u, (t)d,(t) (3.14b)

Defining the state vector as x = [x1 X2] T eR?, Equation (3.14) can be rewritten in a compact

form:

>'<=f(x)+i:gi(x)ui (3.15a)
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Y1 =h;(X)

(3.15b)
Y, = hz(X)
where y; and y are the outputs,
_% X1 i dl + % d2
f(X) = Co Co Co (315C)
a'd,
1 1
t_(dz_xl) —(d3—X2)
G0 e (3.15d)
Co V'
h. (X) =
hz(x) =X,

and m is the dimension of the control input vector u = [u1 uz] T € R? with m=2

3.4  Input-Output Feedback Linearization

As mentioned previously in Section 2.4, input-output feedback linearization is used for
obtaining the linear behavior of the given nonlinear system by nonlinear coordinate
transformation [31]. Equations (3.15a) and (3.15b) show that the outputs are indirectly
related to the inputs through the state variables and the state equation. Hence, it is not easy
to see how the inputs can be designed to control the tracking behavior of the outputs. This
difficulty can be solved by finding a direct relationship between the system outputs and the

control inputs using input-output feedback linearization.

To check whether feedback linearization can be applied to the system in Equation (3.15) or

not, we examine the relative degree of the system through Theorem 3.1.

Theorem 3.1:
Consider the MIMO nonlinear system in Equation (3.15). Then, the system is fully feedback
linearizable if the following condition is satisfied:

Relative degree r=ri+r,=2

Proof: Finding the first derivative of the outputs in Equation (3.15b) yields

H L h(x)+L,h(x)u (3.162)

2

30



where

d UA, UA
L.h Ly ——d,-—x
Lheg=| e e, e .160)
L.h,(x)
fi'2 O(.’dl
1 %
= (d. - -
L o - Lo Lih () Lo L] tv( 2 7%) C, (3.160)
’ Lo Lih, 00 LyLih,00f 11 0y L '
I VA

Rewriting Equation (3.16) gives
. 1 A
¥y =Lehy(X) + t_(dz = X;)U, C u,

0

(3.17)
u2

!

. 1
y,= thz(x)+t—(d3 - XU, +—

\

Since at least one of the inputs appears in both Y;and Y,, itis clearly shown that the relative

degree of each output is 1, that is, r1=r>= 1. Hence, the total relative degree r becomes ry+ry=
2 and according to Definition 2.2, the full state feedback controller design is possible. =

31



CHAPTER FOUR

CONTROLLER DESIGN

In this chapter, the augmented system for the linear model is explained in detail. The Pl-type
controller is designed for the augmented system after checking its controllability.
Furthermore, the stability of the closed-loop system is discussed. Finally, a GA- based PID

controller is designed for performance comparison.

4.2 Augmented System

By Theorem 3.1 and Definition 2.2, we know that the full state feedback controller design is
possible for the MIMO system given by Equation (3.15). From Equation (3.16a), if v=[v1

v2]" is chosen as

v =A(X)+E(X)u (4.13)
where
_UA
A(X)=Lh(x)-| C,
0 (4.1b)

E(x) =L,h(x)

The linear system is obtained by substituting Equation (4.1) into Equation (3.16a) as follow:

] |-
{1}: C, |+v (4.2)
Y, 0

Defining the state variables as z1 = y1, and z2 = y> with the fact that y1 = x1, and y2 = Xz yields:
. UA
Z, :—C—z1 +V, (4.3a)

Z,=V, (4.3b)

Equations (4.3) can be rewritten in the following form:
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2=Az+Bv (4.4a)

y=Cz (4.4b)
where
UA
z= 4 A=| C 0 B= 10 and C= 10 4.4
z,| ;o o) 0 1 (440)

State feedback involves the use of the state vector, that is, a linear combination of the state
variables to compute a control law for the system given in Equation (4.4). To check the
existence of such a control law, its controllability of the pair of (A, B) has to be checked.

From the following controllability matrix

10 —% 0
U=[B AB|= C, (4.5)
01 0 0

the rank of U is equal to 2. Hence, the linear system in Equation (4.4) is controllable.

In designing a greenhouse indoor climate control system, exhibiting a particular desired
response of the inside air temperature and humidity is the principal issue in the presence of
either setpoint or disturbance changes. A state feedback controller is straightforward in
design, gives good performance in the presence of uncertainty, and improves system
characteristics such as rise time, overshoot, and settling time [55] [45]. One of the common
problems that occurred in state feedback control is not only stabilizing the system against
disturbances but also making the output track to setpoint changes. For the output to follow

the desired setpoint, new state variables are defined as
A, = [ (v, -y, )t (4.6a)
d, = [ (y, -y, )t (4.6b)
Differentiating both sides of the Equations (4.6) gives

Q=Y:—Y, (4.7a)

4, =Y, Y, (4.7b)

Adding Equation (4.7) to Equation (4.4) forms a linear augmented equation as
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[ 0
x:Ax+Bv—L}yr (4.83)

y =CX (4.8b)
where

)~(:[Zl 22 ql qz]T 1yr :[yrl yrZ]T’

—% 0 0O 1 0
- [A 0 ° . [B] |0 1 i 1000
1 0 0O 0 0
| O 1 0 0]

Finally, the greenhouse climate system is expressed by Equation (4.8), and we design a state
feedback controller based on this linear equation, so it is necessary to check the
controllability of the pair (A, B) in Equation (4.8). The following theorem verifies the

controllability of the augmented system.

Theorem 4.1 (Controllability of the linear augmented system)
Consider the augmented system expressed by Equation (4.8). This system is controllable if

and only if the pair (A, B) of the original system in Equation (4.4) has the rank of n [56]:
rank[B- AB - A"™'B]=n (4.9)

and the following condition is satisfied

B A
rank{o C:}:n+p (4.10)

where n denotes the order of the original system and p the dimension of y.
Proof:

Obtaining the rank of Equation (4.10) gives

10 -2
CO
B A
rank{O C}:rank 01 O 0 |=n+p=4 (4.11)
B 00 -1 0
00 0 -1
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From the fact that Equation (4.5) has the rank of 2 and Equation (4.11) has the rank of 4, the

pair (A, B) of the augmented system is controllable. [

Note that from Equation (4.4), n is 2 (two-state variables z1 and z») and p is also 2 (two output

elements y1 and y>).

4.2 Design of a Pl-type LQR Controller

With the augmented system of Equation (4.8), the control law for both indoor air temperature

and humidity control can be of the form
v=-KXx=-K x-Kq (4.12)

where K= [Kp Ki], and K and Ki denote the proportional gain matrix and the integral gain

matrix, respectively. The poles of the feedback system matrix (A—EK) must be stable,

suitably damped locations in the complex plane. Theorem 4.1 guarantees that a PI-type state
feedback control law can be synthesized. There are some appropriate methods for designing
a state controller based on a state-space representation of the linear model of Equation (4.12)
such as pole assignment, LQR, eigenvalue assignment, and so on [57] [58]. In the pole
assignment method, the gain matrix is obtained from the user-supplied poles. LQR is one of
the fascinating control methods. It is essentially an automated way of finding a state feedback
controller that assures stability robustness with full state feedback. In this thesis, the LQR

design method is adopted.
In the LQR method, K is obtained such that the following quadratic cost function is
minimized

J= % [ Qx+vTRV)dt (4.13)
0

where Q € R**“*is a semi-positive definite and symmetric state weight matrix (Q > 0) and R
ER>2js asymmetric and positive definite control weight matrix (R > 0). We need to specify

the right weighting matrices that deliver specified performance for the linear system.
The optimal feedback gain K is evaluated by:
K=R'B'P (4.14)

where PeR*“4 is the solution of Riccati equation and a symmetric positive definite matrix
[59] [60]:
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A"P+PA-PBR'B'P+Q=0 (4.15)

As shown in Equation (4.13), the weighting matrix Q is used to penalize the bad performance
by minimizing the state/error signal of the system. On the other hand, the weighting matrix
R is used for penalizing the actuator's effort (fan and fog spray). The weighting matrices of

the following diagonal form are used in this thesis.

q, 0 0 O

Q= O U2 O O gro| O (4.16)
0 0 g O 0 1,
0 0 0 g,

where (11, 022, Q33 Ga4, I11, and r2 denote the real positive number. From Equation (4.13),
the energy expenditure of the system related to the quadratic cost function is determined by
the weighting matrices [60]. Hence, the proper selection of these weighting matrices is

required for a successful LQR design.
Finally, the overall control input is calculated using Equations (4.1a) and (4.12) as

u=E"(X)[v-AX)]

(4.17a)
=E"([-K x-Kg-AX)]
where
1 A
E( ) E(dz_xl) _C_o
X) =
1 1
t_(ds_xz) v
LV . (4.17b)
d, UA
L+ =d,
AX=|C, C,
a'd,
Finally, substituting Equation (4.6) to Equation (4.16a) gives
—y,)dt
u=E"'(X)[-Kx+K, Jv =) — AX)] (4.18)
[y, =y,

The block diagram of the proposed system is illustrated in Figure 4.1 as shown below:
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Figure 4.1 Design of the overall proposed system

4.3 Stability Analysis of the Closed-Loop System
When designing a controller, one of the important factors to be considered is the stability of
the closed-loop system. It is known that the main advantage of LQR control is to stabilize
the given system by selecting eigenvalue locations of the closed-loop system. Now, the

stability of the proposed closed-loop system is checked.
Substituting Equation (4.1) into Equation (3.23a) gives the closed-loop equation:

x=(A- BK)X—[?}y, (4.19)

Under the assumption that the setpoint y: is step-type, differentiating both sides once give

the following equation:

% =(A-BK)X (4.20)
The solution of the above equation is written by
X(t) = AR (t,) (4.21)

The LQR control allows all eigenvalues of the feedback system matrix (A-BK) to have

negative real values, so the following condition holds.
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o] =limle* ** 3 < limfe™ |-t >0 2
That is,
2,(1)
e 2,0
!LTHX(UH:!EE qj(t) —0 (4.23)
G,(t)

Equation (4.23) implies

limg, (t) = lim[y, (t) -y, (D] =0
o o (4.24a)
limq, (t) = lim[y, (t) -y, ()] =0

that is,

limy,(t) =y, (1)

. (4.24b)
limy,(t) =y, (1)

This means that the proposed controller can either track step-type setpoint changes or reject
step-type disturbance changes that exist in the indoor climate of a greenhouse. Since the
linear augmented system becomes asymptotically stable after applying the LQR technique,
accordingly, if the decoupling matrix E(x) in Equation (4.1b) is nonsingular, then the overall

system becomes stable.

4.4 Equilibrium States
Equilibrium denotes the condition of a system when its state, itscontrol input, and
disturbances do not change with time. The equilibrium states of the greenhouse system at a
nominal operating point must satisfy the following equilibrium equations expressed by
Equation (3.14).

UA 1 I 1 UA 1
0=——X,——XU, ——Uu,+—d, +—d,+—ud, (4.25a)
C, =t C, ~ C,  C, t,
1 1 1
Oz—Ex2u1+Vu2+ocdl+Euld3 (4.25b)

Rearranging Equation (4.25) in the form of Ax = b, and the nominal control input uo (t) yields:
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L d,—x,) N UA 1 UA
2 Y e —x, () ——d, (t) - ——d, (t
) SOB%KF g5t d 0 .26
'[_ (d;—X,) V ” —a/'d, ()
As long as matrix A is nonsingular, uo (t) exists and it is obtained by:
! (d, —x,) Ak UA 1 UA
o Y e =X () - =—d, () - ——d,(t
=01 e RS
* t_ (d; —X%,) 7 —a/d, (1)

4.5 PID Controller Design for Performance Comparison

4.5.1 Practical PID Controller
The proportional-integral-derivative (P1D) controller is the most commonly used form in the
process industry. Today, more than 95% of controllers used in the control loops are of PID
type [61]. The PID controller has three terms: proportional, integral, and derivative terms.
The proportional is used for determining the reaction of the controller to the current error.
The integral term determines the reaction depend on the sum of errors to remove offset, and
the derivative term determines the reaction based on the rate at which the error has been
changing [61]. The time-domain mathematical equation is expressed in both standard and

parallel form in Equations (4.28a) and (4.28b), respectively.

Standard form:
u(t) = K_[e(t) + = [‘e(x)de+ T, 260 4.28
()—p[0+fL(or+d7fﬂ (4.283)
Parallel form:

u(t) =K e(t) +K, I;e(r)dr +K&(t) (4.28b)

where u (t) is the control input, and e (t) is the current error that is the difference between the
reference input y:(t) and the process output y (t), K is the proportional gain, Ti is the integral
time, Tq is the derivative time, K;= K, /Ti is the integral gain, and Kq= K- Tq is the derivative

gain.

Equation (4.28b) can be rewritten in the transfer function form:
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ve) K, +ﬁ+ K4S (4.29)
E(s) S
In general, the result of the ideal differentiator would be a spike. Sudden changes of the
setpoint and/or disturbances or high-frequency noises can cause the derivative of the error to
be instantaneously large and the controller output saturates actuators for some cycles. This
phenomenon known as derivative kick causes low performance such as large overshoot, long

settling time, and instability.

For showing the effect of the ideal differentiator to frequency, the magnitude of the ideal

derivative term Uq (S)/E(S) = Kgs is

Ug(jo)| _ o

Figure 4.2 shows the magnitude plot for = 0.01~100 [rad/sec]. It can be seen in Figure 4.2
that since the magnitude plot increases in proportion to o, the ideal differentiator amplifies

high-frequency signals or noises.
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Figure 4.2 Magnitude plot of the ideal derivative term (Kq= 1)

Due to the derivative kick phenomenon, a built-in derivative filter with a time constant is
often used in combination with the standard PID controller in industrial control loops. In this

thesis, to overcome the disadvantages of the standard PID controller, a practical PID
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controller is designed to manipulate the system outputs, namely the indoor air temperature

and humidity, to their setpoint values y1 and yr., respectively.

The practical PID controller is expressed in the time-domain as

u(t) =u, (t)+u;(t) +u,(t) (4.31a)
u, (1) =K,e(t) (4.31b)
u (1) = K [e(t)dt (4.31c)
20,00 +1,(0) =K £0) @.310)

Equation (4.31) can be rewritten in the frequency domain as:

U(s) K +£+ K,s

e Ot (4.32)

1+-9%s
N

where the derivative filter divisor N is usually set to N =5~50 [61] but N= 10 is used in this
thesis. To see the effect on the filter, finding the magnitude of the frequency response of Ug
(S)/E(s) yields

Ud(j®)|: Kgjo ‘ Kyo

. = 4.33
E(jo) | 1+dew‘ 1+(T,w/ N)? 439
N

It is seen in Equation (4.33) that |U4(jo)/E(joo)|—KaN, as m—o0. For high frequencies, the
gain of the practical differentiator approaches to KqN. Due to this, the effects of high-
frequency errors or noises on the input are limited to some extent. Figure 4.3 shows the

magnitude plot of the practical PID derivative term for three typical N with Kq=1 and Tq4=1.
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Figure 4.3 Magnitude plot of the practical derivative term for three typical N

Therefore, two PID controllers of the form Equation (4.32) are used

Temperature controller:

K. K,S
U, (s) = (KpT +_IT++)E1(S) (4.34a)
S 14-9s
Humidity controller:
K. KuS
U, (s) = (K + =+ ——)E,(5) (4.34b)
S 1+ﬁs

where Ky, KiT, and Kgr are the proportional, integral, and derivative gains of the temperature
controller, respectively. Kpn, Kin, and Kgn are the proportional, integral, and derivative gains
of the humidity controller, respectively. Also, e1= yrn-y:1 is error signal for temperature and

e2= Yr-Yy- is error signal for humidity.

Figure 4.4 depicts the PID control system for a greenhouse climate. The sensors constantly
monitor the outputs of the system and pass this information back to the PID controller. When
the setpoint is abruptly and largely changed, the controller output becomes large and exceeds
the limit values of the actuator input. Hence, input saturation is used to limit the actuator

input signals. Both ventilation rate and fog rate are in the range [0, 1].
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Figure 4.4 PID control of a greenhouse control system

4.5.2 Genetic Algorithm as an Optimization Tool
As can be seen in Equation (4.34), the two PID controllers have a total of 6 gains (Kpr, KiT,
and Kgr for the temperature controller; Kyn, Kin, and Kgn for the humidity controller) to be
tuned. Tuning them to improve the performance of the overall control system in terms of
minimizing a performance index becomes a multivariable optimization problem and requires
an optimization method. For this, GA is used. A GA is based on natural evolution and natural
mutation, producing an essential solution for many optimization problems. GA uses only
payoff information (objective function). Hence, this algorithm can be applied to any discrete
or continuous optimization problem. In GA, the risk of becoming trapped in a stationary
point is reduced because the GA always operates on a population of points (strings).
Encoding exists in GA, representing solutions for the corresponding optimization problems
as a population point (chromosomes). The encoding method can be binary, real number, and
symbolic. The reproduction process is used for obtaining the best solution by evolving those

chromosomes [62] [63]. Figure 4.5 depicts the structure of a genetic algorithm.
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Genetic Algorithm ()
Set k=0;
Initialize an initial population, P(k);
Evaluate chromosomes in the population P(k);

While < termination condition not met >

{

Set k= k+1;

Select chromosomes from P(K);

Crossover chromosomes;

Mutate chromosomes;

Evaluate chromosomes in the population P(k);
}

Return the best chromosome in P(K)

Figure 4.5 Structure of a genetic algorithm

Each of these operations will be described in the following:

Population Initialization: At the starting of the evolution process, an initial population is
generated either randomly or heuristically. The heuristic method is used to solve real
optimization problems, whereas the random is mainly used for research purposes to test a
new GA performance. During many populations, the search space area is large, and the
generation is less and vice versa. Hence, the number of generations should be considered in

assigning the number of populations.

Fitness Evaluation: A fitness function is defined and calculated from the objective function
used to guide the simulation towards the optimal solution. This function evaluates every
individual in the population. Evaluation of the fitness function is essential to decide how
best the solution is concerning the problem. For example, the problem can be either

maximization or minimization problems.

Selection: This is more related to natural selection, which is about better individuals have
more chances for survival. Depend on the individual fitness; many individuals are selected
using many selection operators such as tournament, roulette wheel, ranking-based, stochastic

sample, and affine. The Roulette wheel operator is the most common method.
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Crossover: In this stage, two individuals from the parent population exchange information
between chromosomes to create a new individual. The new individuals may be better than
their parents. Based on the encoding type of chromosomes, many crossover operators like

one-point, two-point, uniform, simple, flat, and arithmetic crossover.

Mutation: GA mutation is also related to biological mutation. A mutation is used to maintain

the genetic diversity from one generation to the successive [62] [64].

In both tests, the GA is applied to minimize those errors by tuning six parameters (K, Kir,
Ka, Kph, Kin, and Kgn). In each iteration, GA adjusts the gain values to minimize the fitness
values to the smallest value as much as possible. Thus, the design aims to eliminate the error
and obtain the desired response. Around 8-10 iterations are performed in this thesis until the

best fitness value of each performance index is obtained.

4.5.3 Tuning of the PID Controller
In designing a PID controller, tuning is required for adjusting the control parameters (gains)
to optimum values until the system performance is satisfactory. A plenty of different
methods have been used for tuning purposes, such as Ziegler Nicholas, GA, and Particle
Swarm Optimization (PSO). Here a GA is applied to have optimal gain values since it is easy
to understand and simple to use. Since GA optimization is required to minimize the values
of performance indices by adjusting the gains, two performance indices, that is, IAE and ISE

are used in this work.
IAE = j:(| e, (t) | +] e, (t)[)dt (4.35)
ISE = j:’(ef (1) +e3(t)) dt (4.36)

where e1(t) = yr(t) — ya(t) and ez(t) = yro(t) — y2(t)

Since the Equations (4.35) and (4.36) are used as objective functions, the PID gains are tuned
as these performance indices are minimized by GA. The tuning process is required for
determining the PID gains that produce the desired outputs. Hence, the population is

evaluated by minimizing the following performance indices criteria:
ty
Jne = . (&0 +] e, (1) ot 4.37)

t
e = L (ef (1) +e5(t))dt (4.38)
where ts is a sufficiently large time
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CHAPTER FIVE

RESULTS AND DISCUSSIONS

This chapter deals with the simulation and analysis of the proposed LQR for the indoor
climate control of the greenhouse. In addition, for the comparison purpose, the PID controller
is designed and optimally tuned using a GA. The simulation results of the proposed control
system are compared with that of the GA-tuned PID controller to fulfill the specific

objectives of the thesis. The overall simulation is done using MATLAB script.

5.1 Specification of the Controlled Object

For a set of simulation works, the parameters and their values of the greenhouse climate
system model at a nominal condition are used and summarized in Table 5.1. The disturbances
of intercepted solar radiant energy, outside air temperature, and external humidity ratio used
in this simulation have an initial value of 300W, 35°C, and 4g [H20]/kg [air], respectively.
The initial values of inside air temperature and internal humidity ratio are set to 30°C and
18g [H20]/kg [dry air] for daytime of the summer season, respectively. Also, the ventilation

rate and fog rates are taken in the range of 0 and 1.

Figure 5.1 Parameter and values of the greenhouse system model for summer season
operation [41]

Parameters Values with unit
UA 29.81[W/°C]
Co -324 [minW/°C]
ty 3.41 [min]
V' 0.0752 [g/m®min]
o 0.0033 [g/m®*minW]
A 465 [W]

With these values, the control inputs at the nominal condition for ventilation rate ui(t) and
fog rate uo(t) are calculated using Equation (4.27). The results are obtained as

0.7806
o(t) = {0.1665} 1)
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After obtaining the initial conditions and the nominal control inputs, the performance
measures of the proposed controller and the PID controller are evaluated for both setpoint

tracking and disturbance rejection tests.

5.2 Controller Settings

5.2.1 LQR Setting
As mentioned earlier, although LQR provides control input in terms of minimizing the
quadratic performance index, Q and R are user-defined weighting matrices and affect the
overall performance. The higher the state error term, the faster the closed-loop response
becomes and the more oscillation it has due to bigger control input, whereas the higher the
actuator effort term, the slower the closed-loop response becomes with less oscillation [65]
[66] [67].

In this work, the following matrices are selected

10 0 O
01 0 O 0.04 0
Q= Jand R = (5.2)
0 017 O 0 0.0001
00 0 1
With this selection of Q and R, Equation (4.3) yields the feedback gain matrix
. 6.2600 0 6.5192 0
K=[K, K|= (5.3)
0 100.9950 0 100
where
6.2600 0 6.5192 O
K, = K, = (5.4)
P 0 100.9950 0 100

5.2.2 PID Controller Setting
Since each PID controller has the three gains, the total six gains are tuned by a GA based on
the nonlinear MIMO system model of Equation (3.14). The response is obtained for
calculating two performance criteria, IAE and ISE, while the setpoint y:: is changed from
30°C to 28°C and yr from 18g [H20]/kg [air] to different setpoint conditions and
disturbances remain constant. The parameters of the GA used in the simulation are shown in
Table 5.2.
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Table 5.1 Parameter settings of the GA

Parameter Value
Maximum generation 20
Population size 30
Number of parameters 6
Lower bounds of parameters [000000]
Upper bounds of parameters [30.5330.53]

As a result, the PID controller gains tuned for IAE and ISE performance criteria are shown
in Table 5.3. Based on these gain values, all the simulation results are presented in the next
section for both setpoint tracking and disturbance rejection performances tests. It helps to
see the ability of these tuned controller gains to control the system in case of both tracking

and rejection.

Table 5.2 PID controller settings tuned by a GA

PIDIgaIns Temperature controller Humidity controller
Il:’neerC))(rmance Kot Kir Kar KpH Ki Kdn
IAE 1.6157 | 0.0295 | 0.7078 | 1.0424 | 0.0573 | 0.2995
ISE 2.0314 | 0.0616 | 1.9945 | 1.4976 | 0.0377 | 0.1952

5.3  Performance Tests

In this section, a set of simulation works are done using MATLAB based on two performance
tests, that is, setpoint tracking and disturbance rejection tests. The performances of the
proposed controller are compared with those of the PID controllers. The tracking
performance is measured in terms of the peak time tp, rise time t;, settling time ts, overshoot
M, and IAE. The regulation performance is measured in terms of the peak time tp, recovery
time trcy, perturbance peak Mpeak and IAE are measured. Mpeak denotes |Ymax-Yr| OF [ymin-Yr| and

trcy does the time that it takes for y to recover within 2% of yr.
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5.3.1 Setpoint Tracking Performance Test
In the setpoint tracking tests, the setpoints yr1 and yr are changed while disturbances remain
constant, and the simulation is done for 30min.
5.3.1.1 Setpoint Change of Indoor Temperature at a Constant Humidity

When indoor air temperature increases due to intense sunlight at the daytime of the summer
season, it is better to reduce it to the required temperature for plants in the greenhouse. For
this reason, it requires a sensible cooling process. In this simulation, the setpoint y, for
indoor air temperature is decreased from 30°C to 28°C while the setpoint yr> of the indoor
humidity ratio is fixed at 189 [H20]/kg [dry air].

Figure 5.1 depicts the closed-loop responses of the LQR and the PID controllers tuned for
IAE and ISE with their control input signals.

3 1 T T T T T
PID-IAE
PID-ISE

30 LQR .
Reference indoor temperature

|

Indoor temperature (°C )
[\
O

27 1 1 1 1 1
0 5 10 15 20 25 30
1.2 T T T T T
. PID-IAE
=
é 09 L PID-ISE | |
S LQR
E
=06 | -
Q
g
§ 03 1
kS
g |
-03 1 I 1 1 1
0 5 10 15 20 25 30

Time (min)

Figure 5.2 Tracking responses of the closed-loop system to a step-type temperature change
while yi2 is fixed at 18 g [H20]/kg [dry air]
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It can be seen in the Figure 5.1 that all three controllers show satisfactory performance. The
result shows that the LQR provides a quick response for the setpoint change of temperature

with acceptable overshoot than the PID controller.

The quantitative comparison of the control methods is summarized in Table 5.4. The LQR

gives a shorter rise time and settling time, and a smaller IAE than those of the PID controller.

Table 5.3 Performance measures when yy is changed from 30°C to 28°C with yr= 18 g
[H20]/kg [dry air]

Temperature Performance measures
controllers tn t, M, te IAE
PID - IAE 29.5 1.5980 0 3.7803 2.9801
PID - ISE 9.70 2.4907 0.7357 4.2043 2.7249
LQR 2.36 1.5665 3.8603 3.0634 2.0366

Figure 5.2 illustrates the responses of indoor humidity when y1 is changed while yr, remains
constant. From the figure, it can be seen that the LQR provides better regulatory
performance. The quantitative performance measures listed in Table 5.5 imply that the LQR
takes a shorter recovery time to settle down within 2% of its steady-state value than the PID
controllers. Moreover, Mpeak and IAE are less in LQR as shown in Table 5.5. These results

indicate that the LQR has better performance in tracking indoor temperature setpoint change.

Table 5.4 Performance measures when yi1 is changed from 30°C to 28°C

Humidity Performance measures

controllers t) Mopeak trey IAE

PID - IAE 0.92 0.8500 7.0308 1.3345

PID - ISE 0.56 0.5047 5.9316 0.8078
LQR 0.76 0.1384 5.6829 0.2693
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Figure 5.3 Tracking responses of the closed-loop system to a step-type temperature change
while the humidity is fixed at 18 g [H20]/kg [dry air]

5.3.1.2 Setpoint Change of Indoor Humidity at a Fixed Indoor Temperature
As the next simulation, the humidification is added to the previous scenario. In another word,
the operator decreases the setpoint yr1 of the indoor temperature from 30°C to 28°C and
increases the setpoint yr. of the indoor humidity from 18g [H20]/kg [dry air] to 20g [H20]/kg
[dry air]. This process is called the cooling and humidification process. During
humidification process, cool water is sprayed in the air stream. The responses of indoor

temperature and their control signals are illustrated in Figure 5.3.
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Figure 5.4 Tracking responses of the closed-loop system to a step-type humidity change
while the temperature is fixed at 28°C

Figure 5.3 shows that the LQR gives quicker response than the PID controller. The responses
in Figure 5.3 are further zoomed-in between 0 and 8 min as shown in Figure 5.4. It can be
seen that the LQR takes a short time to settle the temperature within 2% of the steady state
value. The result also implies that the selected Q and R, appropriately penalize the state error

and vent effort.

52



T

PID-IAE

PID-ISE

LQR
. Reference indoor temperature
O 284 1
N
)
=
2
<
—
o
£
3 282 7
—
1)
S
o]
[=
Lo

28 —_——

2 4 6
Time (min)

Figure 5.5 Indoor temperature zoomed result using the LQR and PID controllers
The quantitative comparison of the control methods is listed in Table 5.6. The LQR gives

better tracking performance than the GA-tuned PID controllers since all the performance

measures are small in LQR compared to the PID.

Table 5.5 Performance measures when yr2 is changed from 18 to 20 g [H20]/kg [dry air]

Performance measures
Temperature
controllers t t M, t IAE
PID - IAE 29.5610 1.6640 0 5.4882 3.4229
PID - ISE 9.8200 2.5065 0.7353 4.3386 2.9912
LQR 23.1000 1.6369 0 3.0330 1.8523
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Figure 5.6 Tracking responses of the closed-loop system to a step-type humidity change

while the temperature is fixed at 28°C

Figure 5.5 shows the humidity responses of the three methods. The LQR shows slower
response with zero overshoot as compared to the PID controller but it is acceptable. Since R
penalizes the fog spray effort and limits the fog rate signal from reaching its maximum value,
this results in slower response and zero overshoot in LQR. Figure 5.6 shows the zoomed-in
responses of the indoor humidity between 0 and 7 min. It indicates that the LQR takes much

time to attain its setpoint even though IAE is smaller compared to the PID controller.
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Figure 5.7 The indoor humidity zoomed response when indoor humidity is increased at a

fixed temperature

The quantitative comparison is summarized in Table 5.7. Even though the LQR gives large

tr, tp, and ts, the 1AE, and overshoot remain smaller than the PID controller.

Table 5.6 Performance measures when yr. is changed from 18 to 20 g [H20]/kg [dry air]

Humidity Performance measures

controllers tp tr Mp ts IAE

PID - IAE 1.02 0.3774 17.6418 2.3862 0.8183

PID - ISE 0.66 0.2059 11.2839 2.0681 0.6459
LQR 10.53 2.1778 0 3.8772 0.5814

The heat amount in the air becomes less as the day riding. At this condition, the operator
needed to decrease the internal humidity ratio through dehumidification process. Figures

5.7~5.9 demonstrate the result of indoor temperature and humidity corresponding to their
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input signals for both LQR and PID controllers when y. is decreased 18g [H20]/kg [dry air]
to 16g [H20]/kg [dry air].
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Figure 5.8 Tracking responses of the closed-loop system to a step-type humidity change
while the temperature is fixed at 28°C

To keep the indoor temperature in its desired value while the humidity is decreased from 18g
[H20]/kg [dry air] to 16g [H20]/kg [dry air], the fan should be turned on and cooled the
environment. Due to this reason, the ventilation rate is increased, as shown in Figure 5.7.
The LQR turns on the fan quickly and works at a 0.4 ventilation rate for 2.78 min. After
3.82min, it becomes increases to a 0.8885 m*/min vent rate. Due to the R weighting matrix,

the ventilation rate is minimized from 0.8885 to 0.6885 m3/min.

At this time, an undershot occurs in the indoor temperature response. However, the
temperature attains its steady-state value than PID quickly. The indoor temperature is

zoomed from 27.2 to 28.5°C with 13min of the simulation time as shown in Figure 5.8.
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Figure 5.9 The indoor temperature zoomed result when indoor humidity is decreased while

the temperature is fixed at 28°C

Figure 5.8 depicts that the indoor temperature response in LQR reaches its steady-state value
within a short period compared to PID. It implies the LQR gives a faster response even
though an undershoot exists in the temperature response. Moreover, the proposed controller
also has a good performance in minimizing IAE than PID. The performance measures for

both temperature controllers are summarized in Table 5.8.

Table 5.7 Performance measures when y. is changed from 18 to 16g [H20]/kg [dry air]

Temperature Performance measures
controllers t t M, e IAE
PID - IAE 30 1.5807 0 2.5722 2.5689
PID - ISE 9.18 2.3754 1.0414 3.9531 2.8401
LQR 3.90 2.2234 35.3133 6.2494 1.9654
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Figure 5.10 Tracking responses of the closed-loop system to a step-type humidity change
while the temperature is fixed at 28°C

The above simulation result shows that the LQR gives a small peak time and settling time
with a tolerable overshoot than the PID. This implies the proposed controller gives a quick
response for the setpoint change of indoor humidity from 18 to 16 g [H2O]/kg [dry air].
Furthermore, the 1AE is small in LQR in comparison to PID. Table 5.9 shows the setpoint
tracking performance parameters of the humidity controllers for the dehumidification

process.
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Table 5.8 Performance measures when yr. is changed from 18 to 16 g [H2O]/kg [dry air]

Humidity Performance measures

controllers t) tr Mp ts IAE

PID - IAE 4.18 0.9571 11.8157 28.5394 9.9211

PID - ISE 4.68 1.1692 3.5154 20.1903 6.8254
LQR 3.80 2.4260 18.3390 6.0048 2.9997

The setpoint tracking performance of the indoor temperature and humidity controller is
summarized in Figure 5.10. The figure illustrates the tracking performance in terms of
settling time for both temperature controllers by considering the setpoint change condition
of humidity. The graph shows that the LQR controller has better tracking performance with
a short settling time than the PID.

The overall setpoint tracking performance tests imply that the LQR has good performance
in terms of settling time, rise time, peak time, IAE, and overshoot than PID. Since the LQR
is designed for a linear model of a greenhouse indoor climate system, its tracking
performance is better compared to PID. Moreover, the optimal control input is quickly
synthesized in the proposed controller since the open-loop augmented with the integral error
is controllable, as it is proofed in theorem 3.2. Hence, the LQR gives a faster response during

setpoint change.

Figure 5.10 demonstrates the settling time graphical results of each temperature and
humidity controller. The graph shows that the LQR temperature and humidity controllers
have better tracking performance than the others. It implies that the LQR gives faster response
than PID.
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Figure 5.11 Graphical representation of indoor temperature and humidity controllers

tracking performance based on settling time

5.3.2 Disturbance Rejection Performance Test
As can be expected, greenhouse systems are highly affected by external disturbances, mainly
solar radiation, outside temperature, and outside humidity. Solar radiation and outside
temperature have an immense effect on the greenhouse system during the daytime of the
summer season. In this thesis, the robustness of the proposed controller to reject those
disturbances is shown and compared with the PID controllers using different performance

measures. The simulation is done for 30min.

Similar to the case of the setpoint tracking performance test, disturbances are changed while
setpoints are kept constant, and performances in terms of perturbance peak Mpeak, recovery

time trcy, and 1AE are gauged.

5.3.2.1 Disturbances Increase at a Fixed Indoor Temperature and Humidity
During the daytime of the summer season, the plants cannot resist a large amount of
temperature that is increased by intercepted solar radiant energy and outside temperature.
Accordingly, the role of the controller is to keep the indoor temperature and humidity at their
desired value whenever the intercepted solar radiant energy and outside temperature have

existed in the system.

60



The first simulation was carried out by considering that the intercepted solar radiant energy
is increased from 300W to 400W while the outside temperature remains constant at 35°C,
and the system operates at 28°C and 18 g [H20]/kg [dry air].
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Figure 5.12 Rejection response of the feedback system when intercepted solar radiant

energy increases while the outside temperature is fixed at 35°C

Figures 5.11 shows that the LQR and PID temperature controllers produce the control signal
after 10min of the simulation time to reject the effect of disturbance on the indoor
temperature. When the intercepted solar radiant energy becomes increases, the indoor
temperature is also increased. Hence, the fan requires more energy to keep the temperature
at its desired value. As shown in Figure 5.11, the ventilation rate increases at 10min to
minimize the effect of solar radiant energy on the indoor temperature. During this change,
the ventilation rate that is produced by the PID temperature controller has some oscillation

compared to LQR.
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The quantitative comparison of the control methods is summarized in Table 5.10. In PID
controller, there is not a finite time which is required to recover the response to less than 2%
of the desired response. But, the LQR requires 4.6748 min to recover the response as shown
in Table 5.10. Even though the LQR has large IAE and Mpea, it takes small time to reach to

its first peak. Disturbance rejection performance is better in LQR than PID since LQR has

small peak time and recovery time.

Table 5.9 Performance measures when d; changes from 300 to 400W

Temperature Performance measures
controller t, Mopeak trey IAE
PID - IAE 2.72 0.0639 - 1.6815
PID - ISE 3.96 0.0484 - 1.2227
LOR 1.54 1.0598 4.6748 1.8923

62



= 19 T T T T T
8=
i PID-IAE
%ﬁ PID-ISE
5' 18.5 1 LQR .
E Reference indoor humidity
= A
= 18 N—
§
z
= 1751 7
=
o
o
E
[San] 17 | | | | |
0 5 10 15 20 25 30

12 T T T T T
P PID-IAE
= PID-ISE
g 09 LQR ]
5
15
E 0.6 i
=0
Q
§ 0.3 ;__\ -
o0

0 -

_0.1 | | | | |

0 5 10 15 20 25 30
Time (min)

Figure 5.13 Rejection response of the feedback system when intercepted solar radiant

energy increases while the outside temperature is fixed at 35°C

The simulation result of the indoor humidity with its control signal is shown in Figure 5.12.
Like the fan, the fog spray rate is also increased as the intercepted solar energy increases to
cool the indoor climate of a greenhouse. But a small amount of fog rate is added to the
environment compared to the ventilation rate since the system operates at 18g [H20]/kg [dry
air]. The LQR humidity controller turns on the spray nozzle as quickly as possible to recover
the humidity response to 17.98g [H20]/kg [dry air] than PID. Besides, the LQR has less peak
time and error than PID, as described in Table 5.11. Figure 5.13 shows the zoomed-in
responses of the indoor humidity between 0 and 15 min. It indicates that the LQR has large

perturbance peak even though tp, try, and IAE is smaller compared to the PID controller.
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Figure 5.14 The indoor humidity zoomed result when intercepted solar radiant energy

increases while the outside temperature is fixed at 35°C

Table 5.10 Performance measures when di changes from 300 to 400W

Humidity Performance measures

controller . Moca trey IAE

PID - IAE 1.88 0.0286 32.4606 0.2857

PID - ISE 10.02 0.0241 - 0.3929
LQR 0.04 0.3436 4.1572 0.2725

Furthermore, it is a well-known fact that solar radiation is directly related to air temperature.
Hence, the next simulation is performed by considering the midday of the summer season.
Due to this reason, both intercepted solar radiant energy and outside temperature are
increased from 300W to 400W and 35°C to 37°C while the setpoints are kept constant,
respectively. The closed-loop responses of the outputs with corresponding control signals

are illustrated in Figures 5.14 and 5.15.
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From the closed-loop response of the indoor temperature, as illustrated in Figure 5.14, it is
realized that the LQR recovers the indoor temperature quickly by minimizing the energy
consumption of the fan. Whereas the optimized PID controller increases the ventilation rate
signal with some oscillations. As a result, the recovery time of the indoor temperature is high
in PID. On the other hand, the PID controller has a small perturbance peak value compared
to the LQR, as shown in Table 5.12. Table 5.12 also indicates that the LQR has a small error
than PID because the selected weighting matrix Q properly penalizes the temperature error
signal. Hence, LQR has a good rejection performance in minimizing the error signal than
that of PID. Even though the PID rejection performance in terms of obtaining a fast response

is less compared to LQR, it shows a satisfactory performance.
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Figure 5.15 Rejection response of the feedback system when both step-type disturbances

increase while setpoints are kept constant at 28°C and 18g [H20]/kg [dry air]
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The quantitative comparison of the control methods is summarized in Table 5.12. Table 5.12

implies that the LQR controller has a better performance than PID in obtaining fast response.

Table 5.11 Performance measures when both di and dz increase at 28°C and 18g [H20]/kg
[dry air]

Temperature Performance measures
controller t, Mopeak trey IAE
PID - IAE 2.56 0.1044 - 1.8959
PID - ISE 3.88 0.0790 69.3938 1.8427
LQR 1.16 1.2075 4.2819 1.0923
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Figure 5.16 Rejection response of the feedback system when both step-type disturbances

increase while setpoints are kept constant at 28°C and 18g [H20]/kg [dry air]
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Figure 5.15 depicts that all the humidity controllers increase the fog rate signal with some
oscillation after 10min of the simulation time to reject the effect of disturbance on the indoor
temperature. However, the fog rate signal that LQR produces has less fluctuation since the
weighting matrix R is used in LQR. It minimizes the energy consumption of the spray nozzle,
so the fog spray works with less oscillation and recovers the indoor humidity quickly as
much as possible to its desired value. As a result, the closed-loop response of the indoor
humidity takes a considerable time to recover to 17.98g [H2O]/kg [dry air] of indoor
humidity. Table 5.13 indicates that the LQR has better rejection performance with short
recovery time, peak time and small error signal. Since the weighting matrix Q penalizes the
humidity error signal, the IAE is very small in LQR. It demonstrates that the selected Q
matrix appropriately penalizes the state error.

Table 5.12 Performance measures when both di and dz increase at 28°C and 18g [H20]/kg
[dry air]

- Performance measures
Humidity
controller
tp Mpeak trcy IAE
PID - IAE 1.76 0.0471 67.4936 0.7813
PID - ISE 10.02 0.0350 - 1.0483
LOR 0.04 0.2285 3.7231 0.1680

5.3.2.2 Disturbances Decrease at a Fixed Indoor Temperature and Humidity
The amount of solar radiation decreases as the time of the day is getting rid of. Because of
the direct relation between solar radiation and air temperature, the outside temperature is
reduced when the solar radiation reduces. Hence, the simulation is done by reducing
intercepted solar radiant energy from 400W to 200W and outside temperature from 37 to
32°C while the indoor temperature and humidity are kept constant at 28°C and 18g [H20]/kg

[air], respectively.

67



(O8]
S

PID-TAE
PID-ISE
LQR

Reference indoor temperature | -

[\
O
T

Indoor temperature (°C )
[\
o¢]

[\
~

—_
I

PID-IAE
PID-ISE |
LQR

—
[\
T

[u—
1

N
IS
T
1

Ventilation rate (m3/min)
(] (e
N [o2e]

10 15 20 25 30
Time (min)

e
o

(o]
(9]

Figure 5.17 Rejection response of the feedback system when both step-type disturbances
decrease at 28°C and 18g [H20]/kg [dry air]

The ventilation rate signal in Figure 5.16 depicts that the PID controller takes a large time to
produce a ventilation signal and reject the disturbances. On the other hand, the weighting
matrix R in LQR has a small ventilation rate signal within a short period; hence the fan works
in its operational range after 3.8636min of the simulation time. A short recovery time with a
small error is obtained in LQR than PID.

Figure 5.17 shows the zoomed-in responses of the indoor temperature between 0 and 15 min.
It indicates that the LQR takes short time to recover the response to less than 2% of its
setpoint even though Mpeak is larger compared to the PID controller. The PID takes an infinite

time to recover the temperature response hence it is difficult to obtain fast response.
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Table 5.14 shows the quantitative comparison of the control methods based on disturbance
rejection performance measures. The LQR gives fast response with less peak time compared
to PID controller. From the table, it is observed that LQR has better rejection performance
than PID.

Table 5.13 Performance measures when both d; and d2 decrease at 28°C and 18g [H20]/kg
[dry air]

Performance measures
Temperature
controllers tp Mopeak trey IAE
PID - IAE 13.44 0.0804 - 3.8124
PID - ISE 14.66 0.0643 - 2.4272
LQR 3.96 0.5736 7.0895 1.8923
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Figure 5.19 Rejection response of the feedback system when both step-type disturbances
decrease at 28°C and 18g [H20]/kg [dry air]

Figure 5.18 shows the humidity responses of the three methods. The LQR shows fast
response with 0.5842 perturbance peak as compared to the PID controller. Since LQR has
small peak time, it has better swiftness behavior than PID. Also, the simulation result in
Figure 5.18 shows that the LQR can minimize the integral absolute error using the state
weighting matrix Q. Since Q is appropriately selected in this thesis work, the IAE is very
small compared to PID. The zoomed-in response in Figure 5.19 depicts that the PID takes
infinite time to recover the response. As a result, the output response cannot match the
setpoint. In LQR, the recovery time is finite and small hence the LQR has better closeness
property than PID. Furthermore, Table 5.15 summarizes the performance parameter values

of the humidity controllers.
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Figure 5.20 Indoor humidity zoomed response when both step-type disturbances decrease
at 28°C and 18g [H2O]/kg [dry air]

Table 5.14 Performance measures when both d; and dz decrease at 28°C and 18g [H20]/kg
[dry air]

Performance measures
Humidity
controller tp Mopeak trey IAE
PID - IAE 12.88 0.0199 - 0.5953
PID - ISE 14.26 0.0114 - 0.5767
LOR 0.06 0.5842 6.5865 0.4649

The overall disturbance rejection performance test implies that the LQR takes a short time
to recover the output response with an acceptable perturbance peak than PID. Therefore, the
proposed method shows better performance in disturbance rejection than tracking
performance. Furthermore, since this thesis work is designed for the daytime of the summer
season, the controller performance should be larger in rejecting a high amount of
disturbances within a short period. Figure 5.20 demonstrates the disturbance rejection
performance in terms of the peak time of each humidity and temperature controllers when

both disturbances increase and decrease at 28°C and 18g [H20]/kg [dry air].
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The graph shows that the LQR temperature and humidity controller gives faster response

than the PID since the LQR has small peak time. It also implies that the responses have better

swiftness behavior in LQR.

Disturbance rejection performance comparison of different
temperature and humidity controllers in terms of peak time

20
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m tp when both disturbances increase for temperature controller
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tp when both disturbances increase for humidity controller
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Figure 5.21 Graphical representation of indoor temperature and humidity controller’s

disturbance rejection performance based on peak time
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The greenhouse is a highly nonlinear system whose dynamics is affected by the factors of
greenhouse parameters like air temperature, air humidity, carbon dioxide, and light intensity
varying between day and night. Among these parameters, indoor air temperature and
humidity are the basic parameters that influence the growth and quality of greenhouse plants.
Due to the principle of psychrometric law, there is a coupling relation between these

parameters.

In this work, the LQR for indoor climate control for a greenhouse has been presented. The
greenhouse system was formulated by an MIMO nonlinear model and the input-output
feedback linearization technique was used to transform the nonlinear model to its equivalent
linear model. An augmented system model was obtained to eliminate the steady-state error
from disturbances, and its controllability was confirmed. Then, the Pl-type LQR was
designed based on the linear augmented model for controlling indoor temperature and

humidity of the greenhouse.

In addition, to compare the performance of the proposed method, two practical PID
controllers were designed based on greenhouse system's nonlinear model. The parameters of
the PID controller were optimally tuned using a genetic algorithm by minimizing the
performance indices, namely IAE and ISE. The controllers' performance was analyzed by
doing both setpoint tracking and disturbance rejection performance tests.

In setpoint tracking, the performance of the LQR and the GA-tuned PID controller were
compared using performance measures such as rise time, settling time, IAE, and overshoot.
The setpoint tracking tests show that the LQR has better performance than the PID controller,
especially giving a faster response with acceptable overshoot.

For the disturbance rejection test, the intercepted solar radiant energy and outside
temperature were changed by considering different setpoints, and different performance
measures were taken, such as recovery time, perturbance peak, and IAE. In the disturbance
rejection test, the LQR showed robustness with less perturbance peak and short recovery
time than the GA-tuned PID controller.
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It was found from the overall results of this work that the LQR provides better performance

when both setpoint and disturbance conditions exist in the greenhouse system.

6.2 Recommendations

The greenhouse environment control system needs continuous controlling and monitoring
of its environmental parameters. Hence, this thesis work can be further improved by
considering the winter and nighttime operations control system. Hence, designing an
advanced control technique such as a model predictive control for controlling the other
parameters like carbon dioxide, soil temperature, and humidity is recommended. Since the
proposed system is implemented only in MATLAB software, the hardware implementation
of this work is also recommended. Nowadays, several greenhouse industries are built in
different parts of Ethiopia, including urban areas like Addis Ababa. Even though the climatic
condition of Ethiopia is suitable for crop production, the indoor climate of a greenhouse
always needs a better control system. Accordingly, it is also recommended that the student

practice, update, and implement the proposed control system by doing experiments.
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APPENDICES

APPENDIX A

A. 1 Appendixes related to input-output feedback linearization
MATLAB code for obtaining lie derivatives of vector field h along the vector fields
f(x) and g(x)

% Enter parameters, number of states and number of inputs
par= input ('Parameters','s");

eval (sprint ('syms %s', par));
parameters= sprint ('%s', par);

n=input (‘Number of states=");

nin= input ('Number of inputs=");
X=sym (zeros (1, n));

u=sym (zeros (1, nin));

forj=1:n

eval (sprint ('syms x%d', j))

X (z, J) = sprint ('x%d', j);

end

for k=1: nin

eval (sprint ('syms u%d', k));

u (:, k) = sprint ('u%d', k);

end

% Enter the functions
fx=input(‘f(x)=",'s");
gx=input(‘g(x)=",'s");

hx= input(h(x)=",'s");

% Represent these on a symbolic format
fx= str2sym(fx);

gx= str2sym(gx);

hx= str2sym(hx);

% Generate the desired functions

[Lhf, Lhg] = Feedback Linearization (fx, gx, hx, X)



APPENDIX B

B. 1 Appendixes related to proposed system design
The MATLAB code for obtaining operating values
% Calculates ul(t) and u2(t) at an operating point

% Assume that the operating point is

C0=-324.67; UA=29.81; tv= 3.41; lam= 465;

alpha= 0.0033; V= 1/13.3; % Parameters

x1=30; x2= 18; % Initial outputs

d1= 300; d2= 35; d3= 4; % disturbances

% In the steady-state, xdot (1) = xdot (2) = 0 and obtain ul(t) and u2(t)

all= -x1l/tv+d2/tv; al2= -lam/CO;

a2l=-x2/tv+d3/tv; a22= 1/V;

A=[all al2; a2l a22];

b1= UA/C0*x1-d1/C0-UA*d2/C0;

b2=-alpha*d1,;

B=[bl; b2];

format long

x=A\B

format short

% Greenhouse modeling

function xdot= GH_Model(t, x, u)

global CO UA tv lam alpha V d1 d2 d3

% State-space representation of greenhouse dynamic model

xdot= zeros(2,1);

xdot(1)= -UA/CO*x(1)-x(1)*u(1)/tv-lam*u(2)/CO+...
d1/CO+UA*d2/CO+u(1)*d2/tv;

xdot(2) = -x(2)*u(1)/tv+ u(2)/V+alpha*d1+u(1)*d3/tv;

% Equivalent linear model of greenhouse system

% The lie derivative of the vector field h along f(x)
ax= [d1/CO+(UA*d2)/CO0; alpha*d1];

% The lie derivative of the vector field h along f(x)
bx= inv([(d2-x(1))/tv -lam/CO0; -x(2)/tv 1/V]);

u= bx*(-ax+v); % control input to the actuators
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APPENDIX C

C. 1 Appendixes related to Magnitude plot of PID controller
% Magnitude plot of ideal PID controller derivative term
w= logspace(-2,2,200);

s=j*w; Kd= 1,

g= Kd*s;

mag= abs(9);

plot(w,mag,'linewidth',2)

xlabel(\omega'), ylabel('|U_d(j\omega)|)

% Magnitude plot of practical PID controller derivative term
w= logspace(-2,2,200);

S=j*w;

Kd=1; Td=1;

mag= [I;

N=5; g= Kd*s./(1+Td*s/N); mag= [mag abs(g)];

N=10; g= Kd*s./(1+Td*s/N); mag= [mag abs(g")];

N=15; g= Kd*s./(1+Td*s/N); mag= [mag abs(g")];
plot(w,mag(:,1),--r',w,mag(:,2),":b',w,mag(:,3),'k’,'linewidth’,2)
axis([0 60 0 22])

xlabel(\omega'), ylabel('|U_d(j\omega)|)
legend('N=5''N=10",N= 15")

85



C. 2 Appendixes related to objective function and GA optimization of PID indoor
temperature and humidity controller
% Implementation of the object function for GA optimization
function Perf= Objfun_PID (pop)
% Sets PID controller parameters
KpT= pop(1); KiT= pop(2);KdT= pop(3);
KpH=pop(4); KiH=pop(5);KdH= pop(6);N=10;
gainsT= [KpT KiT KdT NJ;
gainsH= [KpH KiH KdH NJ;
for i= 1:loop
eT=yrT-yT,
eH=yrH-yH;
% Measures the performance indices
se= abs(eT)+abs(eH); % IAE
se=eT"2+eH"2; % ISE
if i==1 || i==loop
Perf= Perf+0.5*h*se;
else
Perf= Perf+h*se;
end
% Calculates the PID for temperature control
ul=PID(yrT,yT,h,gainsT,qT);
u(1)= Saturation(ul,[0,1]);
% Calculates the PID for humidity rate control
u2= PID1(yrH,yH,h,gainsH,qH);
u(2)= Saturation(u2,[0,1]);
% Calls the greenhouse model with input u(t)
x= RK4(@GH_Model,t,x,u,h);
yT=x(1); yH=x(2);
t=t+h;
end
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% GA optimization of PID temeperature and humidity controller
function Tune PID_GH

options= optimoptions('ga’,'PlotFcn’,@gaplotbestf);
options.PopulationSize= 20;

options.MaxGenerations= 30;

nvar= 6; % Number of variables

LB=[000 0 0 0]; % Lower bound of tuning parameters
UB=[30.5330.5 3]; % Upper bound of tuning parameters

[x,fval] = ga(@Objfun_PID,nvar,[],[1.[1.[].LB,UB,[],options)
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