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In a commercial greenhouse, variables, such as temperature and humidity, should be controlled with
minimal human intervention. A systematically designed climate control system can enhance the yield of com-
mercial greenhouses. This study aims to formulate a nonlinear multivariable transfer function model of the
greenhouse model using thermodynamic laws by taking into account the variables that affect the Greenhouse
Climate Control System. To control its parameters, Mamdani model-based Fuzzy PID is designed which is com-
pared with the performance of proportional-integral (PI) and proportional-integral-derivative (PID) controllers to
achieve a smooth control action. The Fuzzy logic based PID provides robust control actions eliminating the need
for conventional tuning methods. The robustness analysis is performed using values obtained from real-time im-
plementation for the greenhouse model for Fuzzy based PID, PI and PID controllers by minimizing the Integral
Absolute Error (IAE) and Integral Square Error (ISE). The greenhouse model has strong interactions between its
parameters, which are removed by Relative Gain Array (RGA) analysis, thereby providing an effective control
strategy for complex greenhouse production. Further, the stability analysis of non-linear greenhouse model is
conducted with the help of the bode plot and Nyquist plot. Results show that good control performance can be
achieved by tuning the gain parameters of controllers via step responses such as small overshoot, fast settling
time, less rise time, and steady-state error. Also, smoother control action was obtained with Fuzzy based PID
making the Greenhouse Climate Control System stable.

Climate control system (CMS) is an important component
for the automation of the commercial greenhouses compris-
ing control modules interfaced with a central control sys-
tem. Bluetooth devices can be integrated with CMS systems,
which share the information in a faster manner using pi-
conets. In a piconet system, one Bluetooth device will act
as a master and the remaining devices will act as slaves. Pi-
conet allows a maximum of seven slaves in a system with a
master device (Olenewa, 2013). The configuration between
two Bluetooth devices is wireless, which makes the sys-
tem interconnection easy. The piconet Bluetooth networks

are user-specific and restrict other networks in the system,
thereby making it highly reasonable for multi-span commer-
cial greenhouses. Bluetooth technology in agricultural au-
tomation is one of the revolutionary approaches in green-
house automation that has attracted considerable research in-
terest. Kim et al. (2006) developed an irrigation system in-
terfacing the information of soil and water system with the
development of a sensor interface with a Bluetooth device.
The feedback loop is connected to a system of linear sprin-
klers controlled by a programmable logic controller (PLC)
which processes the feedback information from the base sys-
tem and controls the water irrigation parameters thereby con-



trolling the water requirements for plant growth. In open field
cultivation, plants require sunlight, soil, and water for crop
production (Saha et al., 2016). Controlling the temperature is
one of the important aspects in yield management of agron-
omy. Besides, maintaining water as well as moisture content
is another imperative factor in indoor cultivations in a con-
trolled water environment by preventing wastage (Bilderback
et al., 1999). Among various irrigation technologies, drip ir-
rigation has been proven as the most effective technology
owing to its conservation measures (Alderfasi and Nielsen,
2001). Furthermore, it can control the water level required
for plant growth.

Water supply to plants in an agronomical industry is being
controlled using various techniques. Conventionally, farmers
used to control this by routine inspections at various intervals
in a day. Further advancement occurred with the innovations
using timers, which can switch drip irrigation mechanisms
on and off to control the agro-water distribution (Akkuzu
et al., 2013). Advancement in agronomy led to the devel-
opment of Crop Water Stress Index (CWSI) (Alderfasi and
Nielsen, 2001; Akkuzu et al., 2013), which controls water
level required to schedule the irrigation demand (Irmak et
al., 2000; Teitel, 2007). CWSI helps farmers to determine
the best combination for the soil moisture content in conjunc-
tion with the yield management for the vaporization (Kittas
et al., 2005). Calibration curves obtained can help to iden-
tify the crop variety that can enhance the measurement ac-
curacy of the parameters that are influencing the yield man-
agement. Indoor environment control is one of the important
factors that drive commercial greenhouse production. Impor-
tant elements driving the indoor environment include temper-
ature, relative humidity, air velocity, and radiation emissions
(Marucci and Cappuccini, 2016). Major control tools that can
regulate the above parameters are shade curtains, fans, and
air vents. Indoor environment factors and the control factors
are highly interconnected with network CMSs (Akkuzu et
al., 2013). Therefore, the development of intelligent CMSs
with the help of sensors as field devices will facilitate real-
time output control (Puglisi et al., 2017). The optimum out-
put is the wherewithal of improved crop production inside
the greenhouse (Adeyemi et al., 2018; Pucheta et al., 2006;
Hu et al., 2011b). The proposed study emphasizes commer-
cial greenhouse Climate Control System to integrate the field
sensors with control tools and drip irrigation systems for con-
trolling the indoor environment. Power supply for the com-
mercial greenhouses is an important factor which will drive
the investment due to its high transmission cost, this can be
sorted out by using the hybrid renewable energy systems us-
ing the photovoltaic (PV) panels and wind turbines (WT),
this has been tested and found acceptable using adaptive iner-
tia based particle optimization (PSO) (Alireza and dos Santos
Coelho, 2015). To reduce the operational cost of the commer-
cial greenhouse, the reduction in energy consumption from
the HVAC system will make an important contribution and
this can be achieved by daily optimal chiller loading opti-

mization (DOCL) (dos Santos Coelho and Alireza, 2016).
A wavenet (Trierweiler Ribeiro et al., 2019) enabled future
load forecasting from data can also help to improve the ef-
ficiency of the commercial greenhouse to have better energy
management. Non-linear model predictive control (NMPC)
(Faccini Santoro et al., 2019) approach can study the effec-
tiveness of energy management approach in HVAC systems
without compromising the indoor thermal comfort by pro-
viding a balance between temperature and relative humid-
ity in the commercial greenhouses. Hygroscopic character-
istic of the building corners (dos Santos Coelho and Alireza,
2016) will impact the energy consumption of the commercial
greenhouses.

Commercial Greenhouse Control system has to moni-
tor and control temperature, humidity, pH, carbon dioxide
CO;, and fogging. Meihui et al. (2017) proposed green-
house climate control using decoupling technique to sepa-
rate CO; concentration, temperature and humidity and PID
controller is designed to track the setpoints whereas in
Faouzi et al. (2017) proposed fuzzy-based self-tuning of
PID controllers to control temperature and humidity but this
study lags stability and robustness analysis. Chaudhary et
al. (2019) proposed observer-based PID controller to con-
trol the indoor variables like inlet temperature and humid-
ity and author has used Fuzzy rule base for the enrichment
of COxy. In this study, there is no stability analysis carried
out. Susanto et al. (2018) discussed the design of PLC based
control system with PID controllers for rotary fixture and sta-
bility analysis was carried out using Routh-Herwitz criteria
and Nyquist plot. Premkumara and Manikandan (2018) dis-
cussed the stability and robustness analysis of ANFIS tuned
PID controller for brushless DC motor. The author carried
out the robustness analysis of controller by varying the iner-
tia, flux and resistance of motor from 50 % to 200 % and also
stability analysis was carried out using Nyquist plot.

Based on the extensive literature analysis, this paper con-
centrates on the modelling and control of a fully autonomous
commercial greenhouse with the implementation of fuzzy
PID and PID controllers to control the inlet temperature and
relative humidity. The main objective is to reduce the error
in inlet temperature and humidity thereby reducing the min-
imal use of energy consumption. Using MATLAB/Simulink
models, fuzzy PID controller for humidity and temperature
are designed and its performance is compared with the PID
controller along with the disturbances namely solar radia-
tion, outlet temperature and humidity. Stability analysis is
also performed using Bode plot and Nyquist plot for green-
house. Also, Robustness analysis for both controllers is anal-
ysed under 2 % and 15 % variations which are decided based
on operating regions obtained from the open-loop analysis of
greenhouse. Further the simulation analysis has been verified
with experimental results. The proposed decoupling method
using RGA analysis method can be effectively used in the
greenhouse for temperature and humidity control in the coun-



tries like the United Arab Emirates where cooling is a major
concern.

Climate control module with a central control which is inter-
faced with all the field devices has been tested in a real-time
scenario.

During the night, plants will consume more CO;, manure,
thereby providing adequate irrigation supply. Another impor-
tant factor affecting the plant growth during the day is the
variation in indoor variables like temperature and humidity
due to the disturbances from external conditions. Systemat-
ically designed Climate CMS can enhance the yield of the
commercial greenhouses, resulting in healthier crop produc-
tion. Test locations have been established in different regions
of the greenhouse. All the field test locations are shown in
Fig. 1. During the O position, all the central sensing sta-
tion will be active and sense the logging information at a
rate of 11 000-11 600 bits per second (bps). LICOR temper-
ature/quantum sensors (LI 190S) and humidity sensors (LI
7200), which can automatically log the data are used to log
the data from the specified locations. In locations, 1-6 of the
greenhouse, central loggers are used to record the data into
a source file. CMS module has been developed with a com-
munication distance from 80 to 120 m with a 20 dBm output
transmittance at a maximum frequency of 2500 MHz. How-
ever, the central CMS station host unit and transmitting field
devices need to be carefully placed without any obstruction
in between, which may affect the communication. The exper-
iment was conducted in the Al Khawaneej District, Emirate
of Dubai, United Arab Emirates. The test was conducted in
the climate control module with a microcontroller as a sens-
ing unit for validation and evaluation of its efficiency in trans-
mitting data. The upgraded controller has been tested for the
real control operation of one of the greenhouses for a small
production cycle (18 d) and the fluctuations in temperature
and humidity obtained were within the permissible limits.

Generally, a mathematical model is a simplified represen-
tation of any system. The mathematical methods and com-
plexity in solving these models require good control knowl-
edge. This work analyzes the dynamic system of commercial
greenhouse environment. In the literature available, green-
house dynamics modeling and different control strategies
have been reported. The models related to the horticultural
industry often require considerable extra programming ef-
fort to render them sufficiently user friendly. The model de-
scribed herein is a highly nonlinear model intended for scien-
tific research. Two popular approaches for greenhouse model-
ing include energy and massflow based approach and exper-

imental data based approach (Hu et al., 2011b). This paper
deals with energy balance approach proposed by Pasgianos
et al. (2003). The analytical modelling and controls based on
the state-space form is shown in Eq. (1).

(xX)=f(t;x;u;v) (D

where x represents state variables; herein, state variables are
inlet temperature Ti, (°C) and inlet humidity Hj, (g m3); u
are the manipulated inputs, such as fog capacity Qfoe (%) and
ventilation rate VR (%); v is external disturbances like solar
radiation energy Si, outdoor temperature 7oy, and outdoor
humidity H,y; t denotes time, and f(.) is a nonlinear func-
tion. To effectively validate the stability analysis, state-space
is converted into the transfer function model. The functional
block diagram of the greenhouse model is provided in Fig. 2.

To simplify the model and reduce the complexity of compu-
tation, the work is focused on only primary disturbance vari-
ables. After normalizing the controlled variables, the govern-
ing equations for the dynamic model of the greenhouse are
presented using the following differential equations Egs. (2)
and (3) (Hu et al., 201 1b; Pasgianos et al., 2003).

dTin () 1 : /
o —C [Si(t) = X' Qg.fog (1)]
VR.% UA
_ (%(1‘)4_ C )[Tin(l‘)—Tout(t)] (2)
dHj, (1) _ 0%, fog (1) rQs
= v + a'Si(t)
VR, %
_ R @ [Hin (1) — Hou ()] )

v

where Tin/Tou: is the indoor/outdoor air temperature (°C),
Hin/Hyye is the indoor and outdoor humidity ratios;
(g[H20] kg_1 [dry air]), UA is the heat transfer coefficient
of the enclosure (W K‘l), Co = pCpVin, where p and C,, are
air density and specific heat of air, respectively, Vi, is 60 %—
70 % of the geometric volume of the greenhouse, Si = solar
radiant energy (W), A’ = A Q}gzx, where  is the latent heat of
max
fog
of fog system, o’ = (A Vi)', where « is constant scaling
parameter, V' = Vy,/ Q‘fggx, and 1, is the time needed for one
air change.

The open-loop analysis using Eqgs. (2) and (3) deals with
the combined response of the greenhouse model with dif-
ferent initial conditions excluding the effect of the feedback
loop. Greenhouses are highly nonlinear; therefore, to obtain
the linearized transfer function model, an attempt has been
made to implement an open-loop analysis with step input
change. The manipulated variables (inputs) namely ventila-
tion rate VR ¢ and water capacity of the fog system Qo fog
is applied to the open-loop model and corresponding outputs

vaporization (Jg~'), and Q™ is maximum water capacity
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Block Diagram of Greenhouse Model.

inlet temperature 7;, and inlet humidity Hj, are obtained. It
is found that the open-loop response deviates from the ref-
erence value, which is termed as an error or offset. The dy-
namic model of the greenhouse using the above equations is
shown below in Fig. 3. The above steps can be accomplished
using a system identification toolbox in MATLAB using the
command “ident” in the command window. The block di-
agram of the modeling part that has been executed for the
greenhouse is given below in Fig. 4.

The key idea behind system identification is investigating the
behaviour of a model structure by recording the input-output
using continuous or discrete-time signals. The system herein
is assumed to be a black box to the user. The basics steps in-
volved in system identification as mentioned in Ljung (1987)
are as follows:

— Step 1: Collection of data from a mathematical model
by applying step response.

— Step 2: Choosing the model from trial and error.

- Temp/humidity/CO,/PH/ECI/ light sensors data to PC S/W

— Step 3: Selection of the best model that fits the process
from available models. Herein, VR ¢ and Qg fog Of the
greenhouse are applied to system identification toolbox
and corresponding Ti, and Hj, are recorded. Based on
the best fit value the process transfer function model of
the greenhouse is obtained.

— Step 4: From this process model, a controller for the
greenhouse is designed. The simplified flowchart for
system identification is given below in Fig. 5.

The transfer functions of greenhouse obtained from system
identification are given in below equations Egs. (4) to (7).

G 1-591 @
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From the above equations, G transfer function relates in-
let temperature and ventilation rate, keeping the fog capac-
ity constant; G, relates inlet temperature and fog capacity,
keeping ventilation rate as constant; Go; relates inlet humid-
ity and ventilation rate, keeping fog capacity as constant; and
G, relates inlet humidity and fog capacity, keeping ventila-
tion rate as constant. The block diagram representing mul-
tiple input multiple output (MIMO) of a greenhouse model
using the above transfer functions in MATLAB/SIMULINK
is shown below in Fig. 6.
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ror). To remove the steady-state error, the integral term is
introduced and in most of the industrial applications, the PI
controller is preferred because the high-speed response is not
required. To anticipate the future behaviour of the plant, a
derivative term is used where the output is proportional to the
rate of change of error. The general mathematical description
of PID mentioned in Chang (2007), Arruda et al. (2008) is
generally written in the ideal form in Eq. (8).

1 de(t

u(t)=K, e(t)+?/e(r)dr+Td (t) ®)
0

where K, =proportional  gain, 7;=integral time,

Ty =derivative time, K;= Kp/T; is the integral gain,

Kq= KpTy is the derivative gain, and e(z) is the current
error signal as described in Eq. (9).

e(t)=x()—u() )]

where x (¢) is the controlled variable of a plant (output),
which includes the inlet temperature 7i, and inlet humidity
Hi, and u(¢) is manipulated variable, which includes ven-
tilation rate and water capacity of fog system of greenhouse
respectively. The general block diagram of the PID controller
for the greenhouse is shown below in Fig. 7.
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The greenhouse dynamic model mentioned in this work is
a multivariable nonlinear system (Pohlheim et al., 2000;
Killingsworth and Krstic, 2006). In CMS aspects, if there are
multiple inputs and outputs for a particular system, there is a
requirement to design many controllers, which is practically
impossible and not cost-effective. Therefore, to optimally de-
cide the number of controllers based on input-output relation-
ship, relative gain array (RGA) analysis is conducted. RGA
analysis was proposed by Bequette (2010) and is a power-
ful tool for the input-output pairing of linear multivariable
plants. An appropriate choice of input-output pairs before
the commencement of the controller design is vital for op-
timal closed-loop behaviour. The RGA analysis involves for-
mation of gain matrix from transfer function G (s) which
determines the influence of each input variable with the out-
put. This analysis will be useful for decoupling the variables
which makes controller design much easier (Pohlheim et al.,
2000). A ratio of this open-loop gain to this closed-loop gain
is determined and the results are displayed in a matrix. Trans-
fer function matrix G (s) for a greenhouse model is given
below in Eq. (10).
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Multiloop Controller Design of a Greenhouse Model.

The RGA matrix is calculated by substituting s =0 in
Eq. (10) and the values are given below in Eq. (11)

Y1 Y>
K= |0.5532 0.4467 | U, (11
0.4467 0.5532 | U,

According to Bequette (2010), the recommended pairing
for the controller are matrix elements, which corresponds to
negative pairings, should not be selected and the value that
is closer to 1 is chosen. It is observed from the above RGA
matrix K that optimal pairing is Y1-U; an Y>-U,. The gen-
eral block diagram for the multiloop greenhouse model is
mentioned in Fig. 8. The MATLAB/SIMULINK diagram for
greenhouse model with PID and PI controller is shown below
in Figs. 9 and 10.

In fuzzy logic control, the process is controlled by the for-
mation of rules based on the human expert knowledge which
are called as fuzzy rules or relations (Chaudhary et al., 2019).
Hence fuzzy logic controllers may be reflected as nonlin-
ear PID controllers whose parameters can be resolute based
on the error signal and their time derivative or difference
(Zanetti Freire et al., 2016). In this paper, fuzzy logic PID
is used to create a rule base for gain scheduling of controller
parameters K, and K4 is proposed for greenhouse control
(Zhao et al., 1993). It is demonstrated in this paper that bet-
ter robust and stable control performance can be expected in
the proposed method than that of the conventional PID con-
trollers. The following are the steps involved in designing the
Fuzzy Logic PID controller is shown in Fig. 11.

There are two input variables needed for greenhouse model
namely e(k) and Ae(k) and three output variables taken for
analysis namely Ky, Kap and alpha.
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The inputs and outputs are associated with membership func-
tions forming a fuzzy set and each fuzzy sets have lin-
guistic labels. In this proposed work input fuzzy sets are
NB-Negative Big, NM-Negative Medium, NS-Negative Small,
Z0-zero,PB-Positive Big, PM- Positive Medium, PS- Positive
Small. Small and Big are considered as output fuzzy sets.

Membership function quantifies the linguistic labels and rep-
resents the fuzzy sets graphically. A membership function for
a fuzzy set A on the universe of discourse X is defined as
na: X — [0, 1] where the degree of membership varies be-
tween O to 1. The membership function used for input vari-
ables are trapmf,trimf whereas for output variables K, and
Kdp, guassmf is used and for alpha,trimf singleton member-

ship function is used. The membership functions are illus-
trated graphically and is shown in Fig. 12a—e.

Rule base defines the input-output relations and stores the
knowledge of the entire process so that the inference engine
can use this rule base to obtain the output fuzzy linguistic
variables. In this work, 49 tuning rules for K, Kqp and al-
pha have been formulated for fuzzy-based PID which are
mentioned in Tables 1, 2 and 3 respectively. The rules are
stored in IF-THEN format or IF-THEN-ELSE format.

In this step, crisp input variables are transformed into fuzzy
sets with the help of membership functions.
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Fuzzy inference engine evaluates the IF-THEN rule base and
combines results obtained from each rule. For example, rules
are formulated as below,

IF e(k) is NB AND Ae(k) is NB THEN K, is big, Kgp is
small AND alpha =2.

This step finally converts fuzzy sets obtained from the in-
ference system into crisp output values Kpp, Kgp and alpha.
Based on the obtained values, PID controller is tuned to per-
form necessary control action. The tuning values are calcu-
lated by using equations Egs. (12) to (14) and min and max
values are mentioned in Table 5.

Kp = (Kpmax - Kpmin) Kpp + Kpmin (12)



Fuzzy Tuning Table for Kpp of PID Controller.

Ae(k) e(k)
NB NM NS ZO PS

PM PB

NB B B B B B B B
NM S B B B B B S
NS S S B B B S S
Z0 S S S B S S S
PS S S B B B S S
PM S B B B B B S
PB B B B B B B B

Fuzzy Tuning Table for Kdp of PID Controller.

Ae(k) e(k)
NB NM NS ZO PS

PM PB

NB S S S S S S S

NM B S S S S S B

NS B B S S S B B

70 B B B S B B B

PS B B S S S B B

PM B S S S S B B

PB S S S S S S S
K4 = (Kdmax — Kdmin) de + Kdmin (13)
Ki= K, /aKq (14)

Where, K, =Proportional gain, Kq= Derivative gain and
K; = Integral gain.

The MATLAB/SIMULINK diagram for greenhouse
model with Fuzzy based PID controller is shown below in
Fig. 13.

In this section, simulation results of the proposed real-time
greenhouse model with the intelligent controller like Fuzzy
Based PID is implemented and also comparative results us-
ing PID controllers are presented. The identified parameters
of the greenhouse are specified, as shown in Table 4 (Hu et
al., 2011a, b). For this analysis, surface area and height of
greenhouse is considered as 1000 m? and 4 m, respectively.
The solar radiation is reduced to 60 % by using special cov-
ering material which is 300 W m™2 (Hu et al., 2011b; Pas-
gianos et al., 2003). The maximum water capacity of fog sys-
tem varies from 1.3 to 26 g [H, O] min~! m—3. The maximum
ventilation rate is chosen as 20 air changes per hour, which
is converted into a step change of 13-19.99 ms™!.

The active air mixing volume of temperature and humid-
ity are specified (Hu et al., 2011a, b) as Vi, = 0.65 V. With
respect to RGA analysis, as discussed in Sect. 2. the set-
point tracking test for controller outputs for inlet temper-

Fuzzy Tuning Table for Constant alpha.

Ae(k) e(k)
NB NM NS ZO PS PM PB
NB 2 2 2 2 2 2 2
NM 3 3 2 2 2 3 3
NS 4 3 3 2 3 3 4
y40) 5 4 3 3 3 4 5
PS 4 3 3 2 3 3 4
PM 3 3 2 2 2 3 3
PB 2 2 2 2 2 2 2
Parameters of greenhouse.

Parameter Values  Units

Co —32467 Minwe°C™!

UA 2081 wec™!

ty 341 min

N 465 W

o 0.0033 g73 min— ! w1

v/ 133 g 3min~!

ature and relative humidity, respectively, is illustrated. The
setpoint changes of inlet temperature and humidity ratios are
varied between increasing and decreasing steps ranging from
18 to 21°C (Tiy) and from 16.5 to 19.5 g [H,O] kg™ (Hiy).
The output is obtained for every sample time of 400 s, and in
every setpoint change, there exists a steady-state error. After
applying tuning parameters as shown in Table 5 for the green-
house model using PI and PID controller, a smooth closed
response is observed, and steady-state error is removed.

It is observed from Fig. 14a and b that because of inte-
gral action peak overshoot, which is nothing but maximum
peak value of output with respect to the input signal is ap-
proximately 15.6 % and there is no peak overshoot in the in-
let humidity. Also, it takes 93 samples and 250 samples to
reach steady state for inlet temperature and inlet humidity re-
spectively. A PID controller was designed and implemented
through simulation as shown in Fig. 15a and b. It is observed
that there is the only an initial peak value of 24.8 in temper-
ature and humidity which is considerably less than 30 with
PI controller and inconsequent samples smoother response is
obtained. Also, the controller utilizes only 60 and 50 samples
to achieve steady-state in inlet temperature and humidity. It
is assumed that by keeping the disturbance variables as con-
stant, for every 400 samples, a setpoint change in temperature
and humidity is produced, and it is observed that there is no
steady-state error and overshoot.

The Fuzzy based gain scheduling of PID gains for the
greenhouse is implemented to control the inlet temperature
and inlet humidity and Fig. 16 shows the Mamdani model
of fuzzy-based inference system implemented in MATLAB.
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Tuning parameters of conventional controllers for greenhouse.

Controller Kp K; Ky
PI Controller Loop 1 1.134  0.017 -
Loop 2 1.296 0.011 -
PID Controller Loop 1 0.303 0.074 0.252
Loop 2 1.182  0.231 1.161
Fuzzy PID Controller Loop1 Min=0.32K; Max =0.6K, Min = 0.08KyTy; Max = 0.15K Ty
Loop2 Min=0.32Ky; Max =0.6Ky Min = 0.08KTy; Max = 0.15K Ty

It is observed from the Fig. 17a and b that there is no ini-
tial overshoot with Fuzzy PID and smooth control action
is achieved for step time of every 400s with faster settling
time of 1.13 and 1.72 samples whereas PID controller took
60 samples to reach steady state. Also with fuzzy PID error
values in temperature and humidity obtained are lower than
conventional PID controller. Here disturbance variables are
kept constant and setpoint change is analyzed for every 400
samples for a total time of 1000 samples.

Table 6 depicts a comparative study of performance char-
acteristics of the greenhouse model designed with PI, PID
and Fuzzy based PID controllers. It is inferred that Integral
Absolute Error (IAE) and Integral Square Error (ISE) are less
with Fuzzy based PID controller with the value of 18.9 and
197 for inlet temperature and 13.78 and 124.6 for humidity
which is very high with conventional PID controller. For any
good controller settings, overshoot and settling time should
be minimal. As the above two criteria are satisfied for the
Fuzzy based PID controller, it is recommended for control of
greenhouse to achieve a faster response.

To evaluate the performance of CMS, robustness analysis
was performed for PI, PID controllers and finally compared
with Fuzzy based PID controller. This analysis was con-
ducted by varying the coefficients of the transfer function
for 2% and 15 % variations of the greenhouse system to
check the effectiveness of the controller stability. These up-
per bound and lower bound variations are decided based on
the operating points obtained from the open-loop analysis
of the greenhouse system. From robustness analysis, perfor-
mance characteristics like rise time, peak time, settling time,
IAE, and ISE were calculated for all the controllers. Perfor-
mance analysis plays a vital role in the design of controllers
(Killingsworth and Krstic, 2006). Figure 18a and b show the
graphical representation of greenhouse with 2% and 15 %
perturbations in four transfer functions with the PID con-
troller as mentioned in Eqgs. (4)—(7). From the Figures, it
is observed that for 15 % change, initial transients are high
which could cause damage to the controller. This transient
was observed less with both 2 % and 15 % changes for fuzzy
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PID as shown in Figs. 19a, b, 20a and b. Hence Fuzzy based
PID can perform better for greenhouse system than conven-
tional controllers.

Table 7 illustrates the comparative study of performance
characteristics of the greenhouse model by applying variable
step changes in the inlet temperature and inlet humidity with
all the controllers. The primary objective of performing ro-
bustness analysis is to ensure that the controller works well
in a real-time experimental setup of the greenhouse with dif-
ferent operating conditions. Although the settling time is of a
satisfactory range, a large amount of peak overshoot and os-
cillatory response makes the controller weak, which could be

avoided. Herein, the possible tuning of controller parameters
can be limited to 2 % change to 15 % change for control of
inlet temperature as well as inlet humidity while operating a
commercial greenhouse.

Stability in a system implies that any small changes in system
input or system parameters do not result in large variations
in system output. Therefore, stability is a crucial character-
istic of the transient performance of a system (Nagrath and
Gopal, 2006). The Bode plot is one of the most useful rep-
resentations of the transfer function, which is a logarithmic
plot comprising magnitude and phase angle plotted against
frequency. Another method to analyze the stability of dynam-
ical systems is Nyquist plot which is a frequency response
method where open-loop equation G(jw)H (jw) is plotted
with o varying from zero to infinity. The graph obtained is
Nyquist plot and if there are no encirclements around critical
point (—1 + j0) then the system is said to be stable (Susanto
et al., 2018). The proposed work is focused on analyzing the
stability of a greenhouse with the help of the Bode plot and
Nyquist plot by applying 2 % and 15 % changes in the gain
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Performance analysis of the greenhouse system.

Controllers Outputs T1AE ISE  Settling Time (s)  Rise Time (s)  %Over-shoot
With PI Controller Tin 587.4 1.688 x 10% 93 29.1 0.357
Hi, 164.3 340.2 250 2.51 15.6
With PID Controller Tin 364.6 4902 60 6.08 1.71
Hj, 138.5 306 50 4.35 28.5
With Fuzzy PID Controller  Tj, 18.9 197 1.13 0.039 62
H;ip 13.78 124.6 1.72 0.04 67.4

mentioned in Eqgs. (4) to (7). The system should be able to
accommodate these changes and reach a steady-state with-
out deviating much from the original transfer function output
response to reference tracking for 2 % changes in Ti,.

In general, gain margin can be obtained by calculating ver-
tical distance between the magnitude plot to x-axis at a fre-
quency where the phase angle is 180°. Similarly, phase mar-
gin is the vertical distance between the phase plot to x-axis
at a frequency where the magnitude is 0 dB. The Bode plots
illustrated in Figs. 21a, b, 22a and b shows that the system
is stable with 2% and 15 % changes in the inlet tempera-
ture Ti, and inlet humidity H;,. The performance parame-
ters of greenhouse in terms of gain margin and phase margin
with 2 % and 15 % changes in temperature and humidity are
shown in following Tables 8 and 9. Phase and gain margins
are greater for 2 % changes in the operating condition, and
they are stable. Also, from the above Bode plot, gain mar-
gin (GM) and phase margin (PM) for 2 % changes are pos-
itive at corresponding gain and phase crossover frequency
of 0.0404 and 0.148 rad s~ !, respectively. For 15 % changes,
both GM and PM are also positive at frequencies 0.643 and
0.312rads~!, respectively. Therefore, as per the Bode stabil-
ity criterion, the greenhouse is found to be stable for the given
operating conditions. From the Bode plot, it is concluded that
the greenhouse system is also stable with 15 % changes in the
gain of four transfer functions given in Egs. (4)—(7). From
the above study, the climate CMS designed for commercial
greenhouses has been tested using PID controllers. Various

input scenarios have been tested for the desired humidity
and temperature values. External disturbances have also been
taken into consideration for the robustness analysis. Further-
more, climate control modules can provide a better result in
irrigation control of commercial greenhouses in conjunction
with CWSI. CMS arrangement has been tested in real-time
scenario and should obtain the temperature and relative hu-
midity fluctuations within the permissible limit for the plant
growth. Temperature and humidity have been recorded in the
short cycle of cucumber between 17 January 2019 to 4 Febru-
ary 2019. Fluctuation from the set point was within the ac-
ceptable limits. There is an average of temperature of 2.5 °C
for a 9 m growth length and a relative humidity of 3.5 %. In-
formation management systems to measure the data at any
point of time have been previously investigated (Jahnavi and
Ahamed, 2015); however, the same has been improved in
the climate control strategy. CMS system can be further im-
proved using permanent magnet direct current motors and the
same has been previously verified using fuzzy logic systems
(Sankardoss and Geethanjali, 2019).

Further stability is analysed with the help of Nyquist plot
for which pole-zero map has been plotted which is shown
in Fig. 23. From the pole-zero map, it is inferred that sys-
tem is stable because it has poles on the left-hand side of s
plane (Martinez Baquero et al., 2018). The Nyquist stabil-
ity criterion can be calculated from the formula mentioned in
Eq. (15).
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Z=N+P (15)

Where Z =number of roots of 1+ G(s)H(s) in the right-
hand side (RHS) of s-plane. N = number of encirclement of
critical point 1 4 jO in the clockwise direction. P =number
of poles of open-loop transfer function (OLTF) in RHS of
s-plane.

The Nyquist plot with 2% and 15 % disturbances for
greenhouse has been analysed to check the stability which is
shown in Fig. 24a and b. From the figure, it can be seen that
there are no encirclements around critical point so N = 0 and
also from the pole-zero map P = 0. Therefore from Eq. (15),
Z =0 which implies that even under disturbances green-
house model is stable because there are no right side poles
and also the system will be stable in the closed-loop (Salehi
etal., 2019).

As discussed in Sect. 2 with respect to experimental setup
PID controller was designed and implemented using Direct
Digital Controller. The controller responses of humidity and

temperature readings has been recorded for set points 16.5—
19.5gm™3 and 18-21 °C respectively. Figures 25 and 26 de-
picts the actual response obtained for two different time peri-
ods. It is observed that the controller performances are vali-
dated for both temperature and humidity variations. Standard
deviations and mean for the humidity was 1.41 and 1.37 be-
tween the simulated and experimental with a mean of 17.48
and 17.43. Furthermore, the Standard deviations and mean
for the temperature was 1.41 and 1.40 between the simulated
and experimental with a mean of 18.98 and 19.48. The mean
and standard deviation are found to be within the acceptable
range as recorded in the Tables 10 and 11 for a particular
sampling period.

Herein, the dynamic model has been developed for the green-
house production process. Approximately 95 % of the pro-
cess industries extensively use PID controllers remaining to
their unpretentious architecture and for easy implementation.
However, the regulation of several controllers in the com-
mercial greenhouse environment is a challenge for process
engineers and operators and still requires research attention
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Robustness analysis of PID controller for greenhouse system.

Controllers Outputs  Rise time #; (s)  %Overshoot  Settling time 5 (s) IAE ISE
With PI Controller Tin 94.3 0.179 156 6579 3651
H;ip 88 6.56 386 3774 1512
With PID Controller Tin 4.5 6.23 35.8 271 1448
Hi, 5.73 13.5 18.8 1089 450
With Fuzzy PID Controller  Tj, 0.569 21.2 598 44.12 170.1
Hip 0.712 11.9 5.89  30.31 159.5

Robustness analysis of inlet temperature for 2 % and 15 %
changes in Tjj.

S.No. Gain Margin  Phase Margin  Closed-loop
stability

1 2% 10.1dB 62.4°  stable

2 15 % 9.46dB 55.5°  stable

Robustness analysis of inlet temperature for 2 % and 15 %
changes in Hj,.

S.No Gain Margin  Phase Margin  Closed-loop
stability

1 2% 37.8dB 85.2°  stable

2 15 % 47.7dB 52.8° stable

because of varying disturbances and interaction variables.
Herein, two PID loops for MIMO process were developed
and effectively tuned to achieve stability and smooth out-
put response. Robustness analysis was performed, and it was
proven that with 2 %-5 % change in parameters, PID can
achieve good with minimum peak overshoot, fast settling
time, and less steady-state error and rise time. Stability anal-
ysis of greenhouse was performed to test the effectiveness of
the designed CMS. Therefore, PID controllers are not lim-

Humidity — Simulated verses experimental statistics.

Simulated Experimental
SD Mean Range ‘ SD Mean Range
1.01 0.88 —0.13t01.89 ‘ 094 081 —0.13t01.75
Temperature — Simulated verses experimental statistics.
Simulated ‘ Experimental
SD  Mean Range ‘ SD  Mean Range
0.39 148 1.10to 1.87 ‘ 0.37 141 1.05t01.78

ited to greenhouses but can be extended to other nonlinear
applications. Climate CMS set up has been tested for one
short cycle and the desired values have been verified within
the permissible limit for the plant growth. It can be inferred
from the simulation results that the non-interacting control
scheme provides smooth set-point tracking and fast regula-
tory control even with disturbances. A comparative analysis
between the experimental and simulated values has been car-
ried out and the statistical data has been plotted in Figs. 25
and 26 and verified the standard deviation is within the range
of 5% to 10 %. Conventional timer-controlled systems con-
trolled the water consumption in the earlier days and later on
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hydroponic irrigation system also controlled the water con-
sumption as well as the most effective nutrient supply to the
system. However automatic central control system based irri-
gation and fertigation systems clubbed with the climate con-
trol systems can provide more yield in the commercial green-
house farming future innovations with this combinations to
be studied in details to improve the climate control system

strategy further. In the present study although smooth con-
trol action was achieved the tuning of the fuzzy rule-based
system was complex and purely depends on expert knowl-
edge. So this problem can be avoided with other soft com-
puting tools like Genetic Algorithm (GA), Artificial Neural
Networks (ANN) based predictive controllers which will be
considered for future scope of work.

Data are available at https://doi.org/10.6084/
m9.figshare.12738719 (Subin, 2020).
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