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Motivation

Crop growth control in greenhouse

Crop growth
Increased biomass or the physical dimensions of plants
[Bidwell, 1974]

How can it be measured?

v  Number and size of leaves (Leaves Area
Index, LAI).

v  Dry matter (material that results from
drying plants)

v  Fresh weight (actual plant weight
composed of dry matter and water)
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Motivation

Crop growth control in greenhouse

A greenhouse is a closed enclosure where weather conditions
{ can be manipulated to achieve optimal crop growth
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Motivation

Crop growth control in greenhouse

DISTURBANCE VARIABLES
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Motivation

Temp. Ventilacion
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Objectives

To explain the advantages and the need for the application of automatic
control techniques in the fundamental processes of greenhouse crop
production, specifically the control of climatic variables, irrigation and
fertilizer injection.

To describe the necessary elements (sensors, controllers and actuators)
that form this particular type of control systems.

To show the necessity of using advanced control techniques such as
gain scheduling control, cascade control or parallel feedforward control to
improve disturbance rejection, as well as to describe the principles of
operation of these techniques.

Show the need to use new approaches to climate-based crop growth
control considering economical, quality and energy saving aspects.
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Competences/Skills
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Competency to the sensors and actuators that acting together and fulfilling a
certain objective.

Competency to the basis of climate control.

Competency to the control algorithms design for the main climate variables.
Competency to distinguish the different trends in crop growth control

Competency to choose the most important variables that influence growth
and know how to control them to obtain maximum economical profit.

Competency to recognize that there are situations in which the climate
control can be forced and other in which this is not profitable



Lessons

6.1. Measurement
Introduce and motivate the student to understand the
importance of measuring climate variables and what the
measurement process looks like.

6.2. Greenhouse climate variable control
Show the commmercial controllers and advanced control algorithm
for certain variables, and learn about Iits advantages and
disadvantages.

6.3. Climate-based crop growth control
Crop control algorithms as a method to obtain input savings in
greenhouses. These algorithms are also used to efficiently manage
the consumption systems, such as the control of climate actuators.
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v  Books

w  Presentations and videos

v Interactive tools
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Crop Growth
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Learning material
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Sources
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Module 6:
CLIMATE MANAGEMENT

Lesson 6.1:
Measurement and modelling

Theme 6.1.1;
Fundamentals of measurement
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Conclusions
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Sensors - basic concepts

Steps In the measurement process

Conclusions
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Greenhouse climate management

Temperature

umidity

[y

ol Vo /|

(T

O
N

eWind speed
eWind directio
eRadiation
eTemperature
eHumidity
eRain

Acquisition system
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v What is a sensor?

Basic
concepts

) A measuring instrument or sensor that performs an estimation of the variable,
A converting a physical or chemical signal into an electrical signal.

Measurement
Process

v Climate »\(m METER § re Soil & water

. A RROMETER
S Temperature ‘ Water content
Relative humidity i Tensiometers
CO, ‘\ ELEKTRONIK® EC

Global radiation
PAR radiation
Wind speed
Wind direction

pH
Temperature
Nutrients - lons
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N Measurement Range

Basic

lower and an upper limit.

v

Mauwmiiliild  Temperature and humidity sensor

Process

‘6 CLIMA

Conclusions
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Temperature

Measuring range 0..+60°C

This sensor takes correct measurements between 0 and 60 2C

Is it a good choice for a greenhouse?

Important when choosing instrumentation

el Range is the scope of variable values that can be measured by the sensor. It is specified by a

16



Ml Definitions and basic concepts

Basic

concepts

v
Measurement

Brocess Span: is defined as the difference between the upper and lower values of the range.

‘6 Precision: The reference accuracy is the maximum limit of the measurement error, when the
instrument is used under nominal conditions.

Conclusions

Accuracy: is the degree to which the measurement it provides approximates a standard or
ideal measurement value. It is usually expressed in terms of standard deviation or range.

Important when choosing instrumentation
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Important when choosing instrumentation

I Sensor Accuracy

Basic

concepts Accuracy is the degree to which the measurement the sensor provides approximates a

‘4 standard or ideal measurement value. It is usually expressed in terms of standard deviation or
VIR range. Is 0.2-0.5 °C of temperature or 5% relative humidity correct?
Process
Vapour pressure measurement (kPa) with
p temperature and humidity sensor Temperature sensor
W
6.0 -
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Ml Definitions and basic concepts

Basic

concepts

%

il Repeatability: This characteristic indicates the degree of consistency of the instrument,
i.e., to what degree the device provides equal readings when the measured variables take

‘4 the same value and the measurement conditions are the same. If the measurement

conditions are not required to be identical, this characteristic is called reproducibility.

Conclusions

Deadband: The deadband of a measuring instrument is the range of variation of the
measured variable that does not produce a perceptible change in the output of the
instrument. The most common cause of deadband is static friction. The deadband of a
measuring device is usually specified as a percentage of its range.
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Definitions and basic concepts

Linearity: This term is applied to functions or curves and measures the degree to which
they can be approximated by a straight line. It is usually expressed as the maximum error
that would be made in approximating the function by a straight line. Linearity is a desirable
quality in most measuring instruments, since it implies similar sensitivity over the entire
measuring range.

Bias: It is a constant error that affects the measurement over its entire range. It is an error
that is not random and can be corrected by calibrating the instrument.

Derive: It is the variation experienced by some of its characteristics in a given period of
time. Drifts are due to changes that some components or materials of the instrument
undergo when the temperature or humidity varies.



N Instruments classification

Basic
concepts

Types of measurements

v

Measurement
Process

Directs: the meaning of the measurement and the purpose of the processing operation
g are identical. Fo

W "G

Copclusiogs Tesiometer (Pa)

IRROMETER

Indirect: the meaning of the measurement and the purpose of the processing operation
are not same, but are related to each other.

e
Potencimeters (mv or mA) to measure Windows oppenings (% or °) 141
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il Steps in the measurement process

Basic
concepts

Example: Pressure
W
Measurement
Process

Variable to measure
(Bar)
v

Conclusions

Sensors

N
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Steps in the measurement process

Example: Pressure

Main
Range of product OsiSense XM Sensors
Product or component type Electronic pressure sensors

Pressure sensor type
Pressure switch type of operation
Device short name

Pressure sensor size

Maximum permissible accidental

pressure

Destruction pressure

Controlled fluid

Fluid connection type

[Us] rated supply voltage

Pressure transmitter
Pressure transmitter
XMLR

10 bar
145 psi
1 MPa

40 bar
580 psi
4 MPa

40 bar
580 psi
4 MPa

Fresh water (0...80 °C)

Air (-20...80 °C)

Hydraulic oil (-20...80 °C)

Refrigeration fluid (-20...80 °C)

G 1/4A (male) conforming to DIN 3852-E

24 V DC SELV, voltage limits: 17...33 V

23
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Steps in the measurement process

Example: Pressure

Electric signal
Variable to measure (“low quality”)

(Bar) (mV)

Transducer

- HKINSTRUMENTS™ C

HK INSTRUMENTS -

=» “\w\\«\
Sensors P
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il Steps in the measurement process

Basic

concepts

) Example: Pressure
M\ : Electric signal
D rocece Variable to measure (“low quality”)

(Bar) (mV)

‘ [ ] [ ]
© d Conditioner
Conclusions Transducer Transm itte r

| HKINSTRUMENTS™ €
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v Steps in the measurement process___

Basic
concepts

Example: Pressure

i
A Electric signal
i VVariable to measure (“low quality”)

(Bar) (mV)

Electric signal
(“high quality”)

Monitoring

o [ ] [ ]
© d Conditioner
Conclusions Transducer Transm itte r

HK INSTRUMENTS™  C
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Basic
concepts

vl Steps in the measurement process.

Example: Pressure

i
A Electric signal
i VVariable to measure (“low quality”)

(Bar) (mV)

Electric signal
(“high quality”)

Monitoring

i -
® Conditioner
Transducer

Conclusions Transm itte §
Controller

Data logger

HK INSTRUMENTS™  C
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Steps of a measurement process

Calibration: is defined as the set of operations that aim to determine the relationship
between the values indicated by a measuring instrument and the true values of the

measured variable.
. A
_AY 60— (—60)

m=—=
Output: 1-5V 0 / AX 5—1
Range: -60 to 602C /

Linear -60 //

Y=mX+Db

Temperature sensor: 30

B=Y-mX=60-30-5=-90

Y=30X-90




i Steps of a measurement process

Basic

concepts

d
M:su,ement Calibration: is defined as the set of operations that aim to determine the relationship

TS between the values indicated by a measuring instrument and the true values of the

p measured variable.
©

Conclusions

Soil water content

Y=4.310%X3-5510%X?+2.92102%2X~-5.3107
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4
a New trends
Ml Connection to acquisition systems:
W
Measurement
Process
Acquisition SCADA
W HW software
Conclusions 2\
Sensor
10T
\d —
Monitoring

2
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Operation conditions

Operating temperature range
Storage temperature range
Operating humidity range

'
j
rd \

CAMPBELL
SCIENTIFIC

-20...+60 °C
-30...470 °C
0...100 %RH
non-condensing

Temperature
Relative humidity
Cco,
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Number and location

Operation conditions
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vl Operation conditions

Basic

concepts

Data adquisition

Measurement
Process

v

Conclusions

E CAMPBELL
SCIENTIFIC
\/
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Sampling theorem of Nyquist-Shannon
The sampling frequency of a continuous signal must be at least twice the highest frequency.
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Conclusions

N

N

N

N

N

To control a variable, it is necessary to measure it with sensors.
The sensor converts a variable into an electrical signal.

To work with this signal, other systems are required such as a signal
conditioner or a transmitter.

One must be aware of the sensor features to ensure that they can withstand
the extreme conditions possible in a plastic greenhouse.

A price/performance ratio has to be decided upon before choosing and
buying an acquisition system.

34
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Lesson 6.1:
Measurement and modelling

Theme 6.1.2:
Climate sensors
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Internal

climate
sensors
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External

climate
sensors
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Best
Practices

v

Conclusions
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Internal climate sensors

External climate sensors

Best practices

Conclusions
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Greenhouse climate management

i

W eWind speed
Internal eWind directio
climate ..

sensors eRadiation

‘6 eTemperature
 ernal eHumidity
climate oRain

sensors

Y
Best
Practices Temperature

‘0 umidity

Conclusions
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P Internal climate sensors

Internal

climate CO, concentration  Radiation
sensors I

v
External Wind speed —
climate Temperature Leaf system Radiation |

- o> o> o = = e

SYp—
‘!%I dry matter

sensors Humidity (Leaf Area Index) Temperature! Photosynthesis {"* = Leaves =—
N [ B ¥ Fruits

Best Nutrient and water ! + .

FACHEES assimilation i Stems

v -

Conclusions Breathing Flower

Roots Temperature
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Temperature
sensors

v

Humidity

sensors

v
Radiation
sensors

v

Conclusions
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Temperature sensors

Metal Resistors.

The resistance of a metal changes when its temperature varies

R(T)=R -(1+A-T+B-T°+C.T+..)

Platinum thermal
MgO resistance components  Sheath Lead

K

Four-wire system

Platinum thermal

MgO resistance components Sheath Lead
% i

Three-wire system

39



Temperature sensors

W

Temperature
sensors
w |
Metal Resistors. Pt-100
Humidity
sensors The resistance of a metal changes linearly when its temperature varies
450
4
w© 400 /’i
Radiati
s:nslitls?n 350 /'/
4 Linear expansion /
\ 300 V '
a /4 Actj.lal Pt100
Conclusions j‘j 250 d T
Q
§ 200
B
& 150 /
“ ' 100
50 /l
Z 0
I-I a@ -300 -200 -100 0 100 200 300 400 500 600 700 800 900 0
)
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Temperature sensors

» i
emperature IES
Temperat
sensors Order No. Technical Data CcCLIMA
‘6 ] 12V AC/6 VA or
iy Metal Resistors. Pt-100 2126520000 Operating voltage _
e 24\ DC/8 W

w
= IR
. insfruments
© Sonda Pt100 de 4 hilos de Aire/Gas

Conclusions

N4

2

)

NEGHTRA

+ Caracteristicas

- Rango: -30 a 3500C

- Precisién: +/- 0,25 0C, +/- 3% de lectura
- Mango de la Sonda: Carilon

- Sonda: Acero Inoxidable AISI 316

- T. de Respuesta: 30 segundos

Measuring element Pt 100 acc. to IEC 751

Ventilation 6 m/s

Connection plug

Weight 3.9kg




Pp T emperature sensors

W Thermistors
SH:,,TLO,'LW The resistance of a semiconductor changes when its temperature varies:
= PTC. Increases resistance when temperature increases
" = NTC. Decreases resistance when temperature increases

Radiation
sensors

1
% ==A+BlR+C(laR)’

Conclusions
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U Temperature sensors

climate
sensors

There are two kinds of temperature sensors:

4
© Metal Resistors. Pt-100

External

climate
sensors

The resistance of a metal changes when its temperature varies

w Thermistors

Best .
Practices The resistance of a semiconductor changes when its temperature varies

v

Conclusions

Feature Metallic Thermistor

Stability Good Reasonable
\d Repeatability Good Reasonable
Accuracy Low High
Z ja Temperature Range High Low
N.';IGHT{:'A Price Medium/High Low -




Temperature
sensors

W

Humidity

sensors

v
Radiation
sensors

v

Conclusions
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Humidity sensors

Hygrometers

Human hair, some animal tissues or some synthetic materials present different elasticity with

moisture, so if we measurements the length, we have a humidity sensor

Transforms moisture into displacement

YA



Pl Humidity sensors

Hygrometers
Human hair, some animal tissues or some synthetic materials present different elasticity with

moisture, so if we measurements the length, we have a humidity sensor

W

Humidity

sensors

v
Radiation
sensors

Transforms moisture into electrical measurement by means of potentiometers (variable electrical
\‘ resistance used to generate a variable voltage)

Conclusions

N4
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Recorrido

Recorrido ol
mecanico

eléctrico '
Recorido

eléctrico

Recorrido
mecéhico con
interruptor

7" Genlido ™4,

Interruptor
ocasional




U Humidity sensors I _

Temperature

R Psychrometers

\” It Is based on the temperature measurement of the dry thermometer and the wet thermometer (from
Humidity a distilled water tank)

sensors

v
Radiation
sensors

p Transforms moisture into electrical measurement by
. two temperature sensors:

Conclusions

N4
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= One to measure dry (air) temperature
= Other to measure the humid temperature (wet bulb)




Humidity sensors

Temperature
sensors

Psychrometers

\" It Is based on the temperature measurement of the dry thermometer and the wet thermometer (from
Humidity a distilled water tank)

sensors

v

. . ,§ 115 120 125
Radiation &
‘ Diferencia entre el termémetro seco y el himedo \@ N
sensors e L e L ILL ® 3°‘§.§J(13‘1’Ay .
&) @ $ R g
[18 (100 |05 90 (85 [80 |76 71 [65 [61 [57 [53 49 |45 [40 [37 [32 |28 [24 [20 [16 @ < / § § 0.040
L e e = L el L SRS an @ 0.
‘ [19[100 [o5 90 [85 [81 [77 [72 [66 [62 [58 [55 [51 [47 [42 (38 [34 30 [27 [23 |20 e RS 4 ™ \q‘gs 57 0.025 s ]
‘ [20 [100 [o5 (90 (85 [82 [77 [72 |68 |63 [60 [56 [52 |48 [44 [42 [37 32 29 [25 [22 9-&0'\"’ S 40y, f '§2 3 20035
! e L ! == = ! 2 Jo.
[21 (100 |05 (o1 |86 [82 [78 |73 [69 |64 [60 |57 [53 |49 [45 [43 [38 [34 [31 [27 |24 \‘\?éo'\ 06{2\5} f 4054 '?9:« il g 2
r r r r r r r 0 Ut <) i 3
. 22 [100 |95 [91 (87 82 78 [74 [70 [65 |62 [57 [54 [51 [47 45 [40 [37 [33 [29 26 $ NS Y VANSVERRY 0020 5 B
Conclusions 2l ,H,,,,,,H,,,,,,H ﬁ’i,;o@ \é,,bo NA AL i § oow ¢
[23[100 |05 (91 [87 (83 [79 (75 [70 [66 [63 |58 [s6 [52 [48 [46 [41 [38 [35 [31 |28 & o S % a8z ; ° N 3 ] 3
[24 100 [o5 [92 87 [83 [79 [76 [71 [67 [63 [60 [57 [53 [0 [48 [43 [39 [37 [33 [30 © D @fi}oo N R > @:0015 8 Joozs :
[25 [100 96 [92 [87 [83 [80 [76 [72 [68 [63 [61 [58 [54 [51 [48 [45 [41 [38 [35 [32 © 3’%\& KA TS < %4 g 5
|26 (100 |96 [92 (87 |84 [80 |77 73 [69 |65 [62 |58 |56 |52 |48 [46 [42 [39 [37 33 2, \;’l\\ . 'r /,:"»z a:h N 5 o020
[27[100 [o6 [92 [88 [84 [81 [77 [73 [70 [66 [62 [59 [57 [53 [50 [47 [43 [39 [37 [33 .g:@ S S Pas "’93:"’&,5’ 3 P 0010 é ] 2
- — - — - S . > ol La %, 34X : ] S
[28 [100 |06 92 |88 [84 [81 [78 [74 |70 [67 |63 [60 |57 [54 |51 |48 [45 [42 (38 [36 4:»'9 \]oo Bz ‘E'FE boj T A% 2 40015 8
|25 [100 |96 [92 |88 [85 (82 [78 75 [71 [67 [64 |61 [58 [S5 [52 45 [46 [43 [40 [38 S ° o PN E-«— e e 2
S 502 \o PSRN <108 ©eer] g Joowo
[30 (100 |96 |93 (89 |85 [82 |78 75 |72 |68 |65 |62 58 |56 |53 [50 [47 [44 [42 (39 S - » TP DR Y et T 0005 £ 3
L ==l L = L 1) ° 3 - SN S 110. S R
[31[100 [o6 93 [89 [86 [82 [79 [76 |73 [69 [66 [63 [60 [57 54 [51 [48 [45 [43 40 SRS ST~ T EER p3% SAeN S ]
e e e e e e e i e e e e e e = . EASTIREAS TR H 2 = —0.005
[32 100 |06 93 [89 [86 [83 [79 [76 |73 [70 (67 [63 |60 58 |55 [52 [49 [47 [43 [a1 = =2 5 S AAnS N S &
[(1)Temp. termémetro seco; (2) Humedad relativa en % 0 iSS o s [ = NN N N
5 10 15 20 25 30 35 40 45 80 0.00

/@ Temp de bulbo seco, °C

)

NEGHTRA




Humidity sensors

L

Temperature
sensors

Capacitive Sensors

\" The capacity of the capacitors can vary depending on the humidity of the Dielétrico
Humidity
sensors

W l’

saciadion Transforms moisture into electrical magnitude

sensors

v

A
C=e=

d

The Dielectric constant

N

/2

0

NEGHTRA

It is humidity function




U Humidity sensors I

Temperature
sensors

Capacitive Sensors
\” The capacity of the capacitors can vary depending on the humidity of the Dielétrico

|

Humidity

sensors

o
Radiation

sensors Transforms moisture into electrical magnitude

205 S — T ——

] AP rrummres
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“ HS 1101 . ‘
2 ” -

)
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P Humidity sensors

Internal There are three kinds of humidity sensors:

climate

sensors Hygrometers

‘d Human hair, some animal tissues, and some synthetic materials vary their elasticity
based on the moisture level - so if we measure the length, we have a humidity sensor.

External

climate

sensors PSYCh rometers

4 These sensors measure the temperatures of a dry thermometer and a wet
Ry L
o thermometer (from a distilled water tank), so really they are two temperature sensors.

Practices

Capacitive sensors

4
- The capacity of the capacitors can vary depending on the environmental humidity

Conclusions (ol —

Sensor Price Accuracy Comments

Hygrometer Medium +2 % Affected by low humidity
\d Psychrometer High +1.5C Good performance from 0 to 100%
P Capacitive sensor Low +1.5% Malfunctions when saturated

ez .
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Pl Best Practices

it Temperature and humidity

sensors

e Use direct radiation protection

W

Humidity
sensors

‘4 * Use forced ventilation with the sensors located into the greenhouse

Radiation
sensors

Air circulation

4
© * Accuracy: 0.3 2C and 3 % for humidity

Conclusions

+1.33
+1.26
+1.20
+1.13
+1.06
+0.99
+0.76| £ 1.54
+0.69| £ 1.40
+0.62| £1.26
+0.55[£1.13
+0.48| +0.99
70 80

HUMIDITY (%RH)

TEMPERATURE (°C)

P ATMOS 14

ga GEN 2
n it METER
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v Radiation sensors

Based on thermo-elements

“ The resistance of a metal changes when its temperature varies
Humidity

If There are two metals (A and B) welded at their ends and there is a temperature difference
between them, an electric current will circulate

sensors

W

Radiation Metal B
sensors |
v

Conclusions Metal A

By the Seebeck effect a thermocouple T, T,
\ (current generator) arises:
d K¢ P Kp
—EB——"—8=
2 V= CSeebeck-(TZ - Tl) N 5

NEGHTRA \ av




Radiation sensors

Temperature
sensors

Based on thermo-elements

\‘ The resistance of a metal changes when its temperature varies
:I:nT;?:y The radiation Is measured indirectly from the temperature.

\a The Total Radiation pyrometer is formed by a pyrex, silicon or calcium fluoride lens that concentrates
i the radiation of the hot object into a thermopile made up of several small sized thermocouples and
sensors assembled in series. The radiation is focused directly affecting the hot joints of the thermocouples.

W \

Conclusions \/\/

mj\ — __

‘;-\N--“'-- 2 ' > :

: :) :g

: i

— > |

2 L

iEs)
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Radiation sensors

v

Temperature
sensors
Based on photocells
\" They are semiconductors whose resistance varies according to the incident radiation.
Humidity
SENSOIs Longitud de onda
i £ £ E € E ¢ E €
A 2EgfefsEgieeglegbcs
Radiation - - - - A - -~ - - ~ - -~ ~ -~ - - - -~
sensors - | | | | | | | | | | | | | | | | |
g £ 8 : 8
[2])
R PAR radiation - é T o § = §, [
o . o . o 2] (2] [2]) o QO
Conclusions (Photosintetically Active Radiation) g § § T T é E = g & §
O O O bk 5 w W 5 &€ 5 e & S
\ &
- : - - .
\ | | 1 | 1
3
2 3 s 2 . S
g S s§ £ N 3 £
£ 4 xz < > & 5

T
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v Radiation sensors

Elmate There are two kinds of radiation sensors:

sensors

4
& Based on thermo-elements

External

climate The resistance of a metal changes when its temperature varies

sensors

w Based on photocells

Best
Practices The resistance of a semiconductor changes when its temperature varies

v

Conclusions

Sensor Price Comments

Thermo- High e All Spectrum (from UV to IR)
\ elements e Slow
d Photocells Medium | ¢ Very Fast
Jzi e Too Much Noise

ez .
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Pl Best Practices

Temperature RadiatiOn

sensors

* Shadows should be avoided

W

Humidity
sensors

W
Radiation
sensors

v

~ i« they must be well levelled.

N

2

T

NEGHTRA




Best Practices

> AT
et - Al the electronic systems must be protected
according to international IP67 standard (UNE EN W
Ly 60529:2018)
Humidity
sensors 609(:

* QOperation temperature: +60 °C.
W
Radiation

sensors * Operation relative  humidity:  100%  with
condensation.
v

Conclusions

” e |t is advisable to place the external climate station

£ :
: one metre above the ridge of the greenhouse
1 3I'E-.I

NEGHTRA

* Maintenance of the measuring systems must be
carried out at least once a year or when indicated
by the manufacturer.




w
Internal

climate
sensors

v

N

External
climate

Y
sensors

v

Best

N

Practices

W

N

Conclusions

2

N

[1

NEGHTRA

Conclusions

To control the greenhouse climate, one must measure the temperature,
relative humidity, global or PAR radiation, and CO..

The most suitable sensor should be selected according to the application for
which it is needed.

It is advisable to follow the best practices advice so that the measurement
system performs well.

All parts of the measuring system must be properly maintained.
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Internal

climate
sensors

W

External

climate
sensors

v
Best
Practices

v

Conclusions
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Index

.

.

.

Y

Internal climate sensors

External climate sensors

Best practices

Conclusions
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Greenhouse climate management

i

W eWind speed
Internal eWind directio
climate ..

sensors eRadiation

‘6 eTemperature
 ernal eHumidity
climate oRain

sensors

Y
Best
Practices Temperature

‘0 umidity

Conclusions

O
N

(T

[y

ol Vo /|

Acquisition system

N

2

)
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Il CO, concentration sensors

Internal

climate NDIR technique (Non-Dispersive Infrared Radiation)

sensors

"’ These are based on the properties of the gas molecules (such as CO,) to absorb the infrared

External radiation
L/-COR

climate
sensors

v
Best
Practices

v

Conclusions

\” Alarm LEDs
Removable terminal

2 RS-232 Port / / strip face
(L
n 3'@ Air Inlet/Outlet Ports o

NEGHTRA

14 cm Optical Path

o —————

Gokd Plated
Parabolic Reflector Gold Plated CO: Filters
Optical Path 3958426 um \:

Sroad Band IR Source

H.O Filters /

235&259um

Thermistor

Gas Inlet Gas Qutlet

Heating Element Heating Elerment




W
CO2
Measurements

v

wind speed

and direction

o
Rain detector
o

Best
Practices

N4

2

)

NEGHTRA

CO, concentration sensors

NDIR technique (Non-Dispersive Infrared Radiation)

They are based on the properties of the gas molecules (as CO,) to absorb the infrared radiation

As a gas detector a pressure sensor is usually
used because when the sample is absorbed
the Infrared radiation, it modifies the
pressure of the chamber

‘‘‘‘‘

Alarm LEDs

Air Inlet/Outlet Ports

Removable terminal

RS-232 Port strip face



v
Internal

climate
sensors

W

External

climate
sensors

v
Best
Practices

v

Conclusions

N4
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Wind speed and direction

Mechanical sensor: Anemometer and vane

Converts wind velocity into a mechanical variable and then into an electrical variable

Spinning speed Axis Position

An electrical signal is required!
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v
CcO2
Measurements

W

Wind speed Dynamo. Produces Direct current

Espira rectang la
"'l w.v'

Mechanical sensor: Anemometer

and direction

o
Rain detector
o

Good
practices

Incremental Encoder. Produces a series of pulses

Fotorreceptores
O I i 7 » D A
g1 < 0
Ul A‘ 4 /‘/
i NG
'-,,’/ )
O

N

2

)

NEGHTRA

Sy
=
Led
emisor

Wind speed and direction

Convert wind velocity into a mechanical variable and this into a electrical variable

Spinning Speed



Wind speed and direction

Mechanical sensor: Vane

v
CcO2
Measurements

Turn the wind direction into a mechanical variable

W

Wind speed
and direction

Potentiometric
4
)

Rain detector

™
S o S Yl
), ""P} /]
- " e — < l
B 2 & ]
‘ o et o
‘ d
Best
Practices

50 Ohmios= 90°= Este

/\—o 0 Ohmios= 0°= Norte

100 Ohmios=180°= Sur

/—0 200 Ohmios= 360°=Norte

O| 25 Ohmios= 45°= NorEste

-

Axis Position

150 Ohmios=270°= QOeste

N

2

)
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Wind speed and direction

Mechanical sensor: Vane

v
CcO2
Measurements

Turn the wind direction into a mechanical variable

Absolute encoders
{—ﬂ'[ 3 "-l_..-" =, leomiii:o#h,_ '\wu'“m”s
,, H}j]'

W

Wind speed
and direction

o
Rain detector
o

Best
Practices

N

@n ja Axis Position
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v
CO2
Measurements

W

Wind speed
and direction

o
Rain detector
o

Best
Practices

N

2

T

NEGHTRA

Convert wind speed into temperature measurement

Platinum or
tungsten Yarn

T, T
L]
B
i

- "

g™
s -‘I:I'\l-'l.
:J.-*'a_.

Wind speed and direction

Thermal sensor: Anemometer and vane

Wind Sensor




Wind speed an direction

Ultrasonic Sensors: Anemometer and vane

v
CO2
Measurements

Turn wind speed into time

W

Wind speed

and direction

Turn wind speed into time
o

Rain detector
o

Best
Practices

N4

2

)

NEGHTRA

Ultrasonic Pulse emitted ) )
Received Signal

FLIGHT TIME
Wind speed Function




Wind speed and direction

W

coz2 Ultrasonic Sensors: Anemometer and vane

Measurements

Convert wind speed into temperature measurement
Pulso de ultrasonidos emitido Sefial recibida

W
Wind speed H/
Iy

and direction They make up the measurements on two axes %_ =
TIEMPO DE VUELO
‘ = — v — Funcién de la velocidad
‘ ‘ .,‘\ ) de viento
Rain detector N ” NNE Wind

Best
Practices

N4

2

T

NEGHTRA

Component And

/




Wind speed and direction

4
L
co2 There are three kinds of wind sensors:
Measurements .
Mechanical
‘0 Convert wind velocity into a mechanical variable

Wind speed Thermal
and direction ) )
Convert Wlnd Speed INto temperature measurement

i
- Ultrasonic
Rain detector _ _ _
Turn wind speed into time
i
Ty
Best -
Practices Sensor Price Accuracy Comments
Mechanical Low Low Simple, need a minimum to start moving
Ultrasonic High High Complex, sensitive to Orientation,

measures very low wind speeds

\ Thermal Middle Middle Very Fast, sensitive to orientation, it Is affected
by thermal drifts, measures very low wind
2 speeds

i 71
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!
Internal

climate
sensors

W

External

climate
sensors

v
Best
Practices

v

Conclusions

N4

2
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Rain detector

This functions by producing a short circuit in an electronic system

§ They must be heated to avoid water detection via condensation, such
8 s from the dew at sunrise.

72



N Best Practices
mans SR

climate e All the electronic systems must be protected

i according to international standard IP67 (UNE EN W

W 60529:2018)

External

climate 602C

sensors

W
Best

Practices e Operating relative  humidity:  100%  with
condensation.
v

Conclusions

” e |t is advisable to place the external climate station

I :
: one metre above the greenhouse ridge.

NEGHTRA

* QOperating temperature: +60 2C.

* Maintenance of the measuring systems must be
carried out at least once a year or when indicated
by the manufacturer.




w
Internal

climate
sensors

v

External
climate
sensors

v
Best
Practices

W

Conclusions

N

2
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Conclusions

N

N

N

N

N

CO, variable is an important variable that should be measure to know about
the growth conditions

The external climate variables need to be measured.
This measured are important for control and modelling purposes.

The different technologies used to measure has influence in precision and
price

All parts of the measuring system must be properly maintained.
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Systems &
Models

v
Model
calibration

& validation

W
Use cases
o

Conclusions
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Index

.

Y

.

'

Systems, models and simulation

Calibration and validation of the models

Use cases

Conclusions
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v
el Systems and models

Models

. Systems
el A part of the real world in which interest is shown

calibration
& validation

o Model

Use cases A simplified representation or abstraction of a real system, process or
p theory, in order to:

A

Conclusions

* |Increase understanding.
 Make predictions.
» Design a control system.

N

/2

0

77
NEGHTRA 7




W
Systems &
Models

v

Model

calibration
& validation

W
Use cases
v

Conclusions

N

/2

0

NEGHTRA

Types of models

Physical models
They consist of the representation of physical
systems described by measurable variables.

Mental models

They are heuristic or intuitive processes that exist
only in our minds..

Symbolic models
These models include symbols, together with

logical and mathematical operations that can be
used to formulate a solution to a problem.

¥  Non-mathematical Symbols

78




Y Types of models

Systems &

Models Symbolic models

. These models include symbols, together with logical and mathematical

R operations that can be used to formulate a solution to a problem.

calibration

& validation °

v Mathematical Symbols

‘0 Example: Greenhouse air temperature SRS _

HSe cases cc—mp,a Cden,a rol.fny dij;’a: ccv,cb Carea,cb (Xt,cb_Xt,a)+CCV,S (Xt,s_Xz,a)+2VLA1 ccv,c—a (Xt,a_Xt,c)+ccv,cal Carea,cal (Xt,cal_Xt,a)_
Carea,s J \ Carea,s . “ o ) n, i N areair P A

\uf Air heat Cover Sail Crop Heating

Conclusions . .
Vietoe = Cyy [sm(l//)—szn(l//—Ua)

3/2
c c,. P X —-P kS
largo,vent ~desc ~ t,e t,a te 2 2 \3/2 ( ) vol inv
_{3 c (X _ P ) @ g P + cviento R/,e - (cviento [)v,e) Cden,a cc—esp,a X Xt,a 3 I)t,e - cren,hora Cden,a (Xt,a _I)t,e) +
g t,a te

te area,s

Natural Vents

Leaks
“ ch,s Vpcsv
V V I/r,estl/rn,c + 2 cclv VLAI (VHsat,a - XH,a )
V Ccv,cb—a area,cb (V —X ) V c-esp (V —V ) cpt
+ It,vap—a c V Hsat,cb H,a + It,vap V Hsat,s Hab,aire + V

c-esp area,s 1+ Crd,s CV,8 1+ pesy Vv +V
/@ ja Vd,VapVC-esp ( cpt J r,est r,cl
18 | —

NEGHTRA Cover latent heat Soil latent heat Crop transpiration 79
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Il Systems, models & simulation

Systems &

Heat loss
Models External air @
LEXISES $35100% empera
Poretiars L e Polrmatacristo Peiarer Cramel ¢ tre ".’
onduleds de metio e ptfcads
CaadenEcas (5,08 mm) 3,5 ) (33 e {¢ =) {13 s L]
6 Dececad o X ] 3,4 3,38 % ) 240 COMMC(M Coefficient
indce e 1,582 L5 . 1A% 156 L6
refracodn
N de Sloincn 5 108 W02 50009 . ok
ates e s.:c 1o - czes o = Cover Surface (A) K A
Model "o =: T T
I.b o Resstercs o fra 424800 C el C 20000 C JOs02* C Mestes C oy sles
y ealor
cail ratlon Owracdn 2 ofos 2-3 abes clevale cevela caveda ceiale
H H T o (XX b 7 b H
& Va|ldatlon .':._:’“'W‘\ s LH % 3 9790 Creenhouse air
marares temperature (T1)

/o G e
Thickness (E) C@M B - @ NS 2L 0O me

T
P

v

Use cases

v

Conclusions

Example:
Conduction

heat losses in a
greenhouse

COMPUTER

2

T

NEGHTRA
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» Model validation

Models A valid representation _ Real data should be similar to
‘ﬂ of reality is sought those estimated by the model.
Model

calibration Example: Greenhouse air temperature

& validation

Cvol,inv dXt,a _
cc—esp,a cden,a dt - Xev,ch-a + ch,s—a + ch,p—a + ch,cal—a & Qven _qugas _Qlt,cb _Qlt,s _Qlt,c
ea,s

v

Use cases

Implementation
i
)

Conclusions

Measured
Temperature

Estimated
Temperature

Estimated temperature =~ Measured temperature

N4

2

NEGHTRA
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Systems &
Models

W
Model
calibration

& validation

W
Use cases
o

Conclusions

2
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Model validation

Actual data should be similar to those estimated by the model.

Temperatura (°C)

......

—— Temp. real

—— Temp. estimada

B
il )

2000 4000 6000 8000 10000 12000 14000 16000 18000

Hora (minutos)

Temperatura (°C)

................

...........

—— Temp. real
—— Temp. estimada

......................................

...............

.lfl , |
............................. T o S
Nl R S P
A A L
........ TN, (FRRRUN (RRENEL NRRRRS URRRRRE (SRR WS,
16 1.65 1.7 1.75 18 1.85
Hora (minutos) % 10°
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VBl Model calibration

Systems &
Models

The models usually contain parameters whose values are unknown.

W

[\ [eYe [)| @
calibration

& validation ¢’U€TL (Uven) :@>Uven

v
. o e . V U )

s cases A process of identification of  u,,, i PrenUven)|
o these parameters and Greenhouse —CO
Conclusions Valldatlon Of the mOde|S gOT -0

themselves iIs generally

. Greenhouse
required. Model
¢ven(Uven)

model

N4

2
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Yl Use cases

Systems &

Models GCreenhouse structure design or actuator sizing

v
Model

calibration
& validation

a6 L 4

a4 L 4

‘l!g’ 42 - -

Use cases
40 |- 1
v |
Conclusions 36 | M i
34 ]
32 ]
| | | | |
1.76 1.78 1.8 1.82 1.84 1.86 1.88

x10*

N4

2

T
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Use cases
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Conclusions
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Use cases

Climate controller design

Adaptative control

Predictive control

N

controller

Climate

Robust Control j CID

|

Temperatura interior (° C)
N

/
J
) \
|
I

\

N

/

S

/

e

ot

0 5 3,
Tiempo (Horas)

Gain Scheduling control

S

!

Temperatura interior (T )
n
o

(&)
N

8
—

N
@©

N
=2
—~—

N
=
——

N
N
N

-
©
—

16 /

N

N

5 10 15

Feedforward control

20 25 30

Tiempo (horas)
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v Use cases

) & . .
Models Climate controller design —

6 XRPAR_sim
Q Rad. Par. Inv.
. Rad ext Rad. PAR int.
Model Malla sombreo -W—,Tem,, oxt
- c »| Rad. PAR inv. oy
calibration v Malla |— Temp. Exterior Temp. cubierta Temp. cb sim

3 3 <
& validation . Vel.viento ext.
. - XTSU_sim
Consigna P : Ventilacion Vel. viento 7 Tomp. sup.suslo
. | Pos. ventilaci
d Consigna PAR i Vent. f s
‘ s Temp. Inv. . Malla g
Temp. suelo sim1

Temp. suelo sim
g
. 5 Temp. inv.
» C Temp dia )
- eme Temp. Tuberia Balnqueo XTINV_sim

Climate

A

XTS4_sim

Temp. 1° capa suelo

Comrd ey

Consigna Temp dia P Temp. S
t I Ier - Temp. aire sim
: ontro . rel. inv.
‘ - »{C Temp. noclﬁ »|LAI A—‘—b XHINV_sim
\ Consigna Temp noche Estado Bomba —
Control climéatico E Hum. aba. ext. Hum. abs. inv. Humedad relativa sim1
. Hum. abs. exterior Clima invernadero XHINV_abs_sim
Conclusions
‘ Humedad aire sim
PSS
’ 4
.w.~..f | Temp Inv. N° Hojas —-
‘ s Namero de hojas
w0 e
‘ co2 LAI » XLAI_sim
- . CO2. inv LAl
s=w= Climate
L . controller2 __ | | Rad. P Peso Seco
Crop model Dry matter
CULTIVO TOMATE

2

s .
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Use cases

DSS decision support systems for climate-based crop growth control

Air Temperature

Air Humidity

PAR Radiation

co,

Wind Speed

Wind Direction

vV VY YVYVYY

B

Climate level

Air Temperature

Soil Temperature

Air Humidity

PAR Radiation

Co,

!

Location

Wind Speed

Wind Direction

External climate forecast

Model

vVYVYy YYVYVYY

Air Temperature

A

DiseasIs/ Pests

—— Mature fruits Dry weight

—— Mature fruits Fresh weight

—» Leaf Area Index

Greenhouse climate Tomato crop growth
Model Model

Air Humidity
PAR Radiation
Cco, —
Electrical Conductivity
Irrigation
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Use cases

W

Systems &

Models

N @

Model

calibration

validation

- Temperature Temperature Temperature

W Strategy 1 Strategy 2 Strategy 3

e Number of nodes 47 41 43,97 43.68

W Leaf Area Index 441 398 3,95

S [Total Dry Matter 1,621 Kg/m? 1,689 Kg/m? 1,538 Kg/m?
Fruit Dry Matter 0,967 Kg/m? 0,783 Kg/m? 0,836 Kg/m?
Ripe Fruit Dry Matter 0,559 Kg/m? 0,443 Kg/m? 0,261 Kg/m?

N
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Conclusions

The main advantages and benefits of the use of model are:

They help to evaluate the outcome of a real-world decision without actually
making it
They allows the organization of knowledge and observations about the

system as well as the possible logical deductions that can be made from this 0
organization.

In general, they are cheaper than experimenting with the real system.
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Conclusions

N

V'

V'

N

The use of models is agriculture sector is needed because evaluate the
outcome of a real-world decision without actually making it saving time and
money.

All models need to be calibrated and validated. For example, a greenhouse
temperature model is the same for all greenhouses, but its parameters are
different for each one.

There are several success stories of the use of models in greenhouse
agriculture.

The use of models is mandatory to crop growth control
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General

‘, Crop growth control

medsis The crop growth can be defined by biomass increment of
w the physical dimensions of the plants [Bidwell, 1974]

? l Leaves

Model
implementation

w How it can be measured?

Model

calibration and v/ Number and S|Ze Of |eaveS

validation

' v Dry matter (matter resulting of drying the Eruit
plants)
v  Fresh weight (weight of the plant composed
by dry matter and water) Stem
Roots

N

2

A .
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General

considerations
Crop growth control
i
\
fr:gz:f: A greenhouse is a closed enclosure where weather conditions
CO, concentration ~ Radiation ( can be manipulated to achieve optimal crop growth

v

Model pom————— N ﬂﬁ. -
implementation Wind speed L onf . CO,cont. } = F 28 S %l dry matter
ear sysiem Radiation | =
4 Temperature i th mhesls | 3 .
A Humidity =~ — (Leaf Area Index) JNEESE—_ Sy —» Leaves
Model
calibration and —  Fruits ,
validation .
Nutrient and water
“ assimilation Stems <
Conclusions
Breathing [ Flower ’¥
— Roots 1

7 L
I i
f

N4

2
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Greenhouse climate variables

The variables that describe the greenhouse climate and its
influence on the crop growth are:

v Alr temperature
w CO, concentration
v PAR radiation on the crop

Indirectly, the humidity of the air affects the development and
growth of the crop as it influences the transpiration of the crop.
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Greenhouse climate variables

Photosintetically Active Radiation (PAR radiation)

The spectral range of solar radiation from 400 to 700 nanometers that
photosynthetic organisms are able to use in the process of photosynthesis.

< Increasing Frequency (v)

0% 10> 10° 10" 10" 10 10'° 10" 10* 10° 10° 10° 10" v {Hz)
| | | | | | | | | | | | |
Yy rays X rays uv IR Microwave |FM AM Long radio waves
Radio waves
I | r [ ool [ K | | 3 I [ L
TS BRI [ R [} I ) B T R ) 10 10 10" 10° 10 10° 10" % im)

o
-

| I I

h — —
400 500 600 700 .
- S o - UC Davis (CC-BY-NC-SA 3.0)
400 nm Increasing Wavelength (4) in nm = 700 nm


http://creativecommons.org/licenses/by-nc-sa/3.0/us/

W . .
o Greenhouse climate variables control

v :
Cirmate Disturbances

models

Qutside air Outside Outside air

o Outside air
P Temperature  Wind speed gytside Humidity co,
‘ o ™  Wind direction g N

Model utside globa
implementation radiation

Control Controlled

Variables

Inside air Temperature

Model
calibration and

Signals

validation Ventilation

v

Heating
CO, enrichment

PAR radiation

Humidification Inside air CO,

Screens (Shade/Thermal) Inside air Humidity

Irrigation Transpiration
Fertilizers (EC, pH) Nutrients
2
MEE CONTROLLERS =1 DISTURBANCES

NEGHTRA o8



W
General

gl General considerations

8
Ciimate The dynamic behaviour of the microclimate inside a greenhouse is

) a combination of physical processes involving:
T oL
W v Energy balance (radiation and heat)

8
- thot vol dXT vol
e = Ch,vol = Qin,vol — Qout,vol + QO gen,vol
validation d t d t
v

v Mass balance (water vapor and CO2 fluxes).
thot vol dXC vol
\d = Cvol = Min,vol T Mout,vol - % Mgen,vol
) dt dr

s .
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General considerations

The transport phenomena to be considered are as follows:

% Basic heat transfer processes

» Conduction.

< Convection.

< Absorption, reflection and transmission of solar radiation.

< Emission, absorption, reflection and transmission of thermal radiation

*

% Basic processes of combined heat and mass transfer

)

» Condensation of water vapour
< Evaporation of water vapour
< Crop transpiration

w Effects of actuation systems

)

»  Ventilation systemes.

< Heating systems.

< Shading and thermal screens.

<+ Etc. 100
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e General considerations

8
fn Subsystems of a greenhouse

models

= 7
Model
implementation

v
Model

calibration and
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Cover. It is a solid and homogeneous medium which partially
transmits solar and thermal radiation.

Crop. It is a living organism that is an open thermodynamic
system that extracts and provide energy from and to the
surrounding environment

Air. It iIs a gaseous medium joining the different solid
elements in the greenhouse.

Soil. It iIs a porous medium responsible for the greenhouse
thermal Inertia, absorbing energy during the day and
emitting it overnight
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* Ventilation
« Infiltration

General considerations

Air 2

Greenhouse

*Convection

sEvaporation

«—Thermal
--___(qc_ﬂatlon

Thermal -
radiation
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General Hypotheses

.

.

.

The greenhouse is divided into four elements : Cover, internal
air, soil surface, and one soil layer.

The external element that interact with greenhouse are:
external air, crop, deep soil layer, sky (celestial vault) and
Fertigation ponds and channels (i.e. NFT systems)

The state variables of the model are: greenhouse air
temperature (X;,), CO2 concentration (X.,, and humidity
(absolute X, 4 and relative Xy, ,), cover temperature (Xr.,), soll
surface temperature (Xr.), and first soil layer temperature
(X7s) @and the PAR radiation onto the canopy (X, ).
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e e e General HypOtheses

The exogenous and disturbance inputs acting on the system are the
outside air temperature (Dr.), absolute humidity (Dg,.) and CO2
concentration (Dcoye) , Wind speed (D,,s.) and direction (D,,ge), SKy
temperature (Drg,), outside global solar radiation (D), PAR
radiation (D,,.), greenhouse whitening (D), the transpiration rate
inside the greenhouse via the leaf area index (D,,) and the
temperature of the deepest soil layer (D).

The control inputs of the system are: the position of the natural
ventilation (U,.,), the position of the shade screen (Uy,y), the heating
system (U, .4:), the humidifier system (U,,.,), the dehumidifier system
(Ughum), @and the CO, enrichment system(Ucg»),
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4 General Hypotheses
W

Climate
del
MOeces Convective Solar radiation Thermal radiation Heat latent

processes processes processes

‘4 processes
Model
implementation

v
Model

calibration and
validation

v

U X
Fheat " conduction I Qengssst Xpss Xrs - = -

processes I Q end,s1-s2 sz

2
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2= General Hypotheses

o Disturbances

modals
Model Temperature - speed v, \q  Humidity Conc CO,
implementation . = . . Sk =

) External D1re=ct10n =y

B Radiation Raln
_— Control Modelled
calibration and . .
validation Slgnals 1 Val’lables

\‘ ‘ Air Temperature

iatuf‘al vents ‘. ) I I I I I ‘ Radiation on the canopy
Sciaetel::sg > = X P Air Humidity
\ CO, Enrich. =) ‘ Air CO, concentration
d Hulznidiﬁer | ‘ ) Cover Temperature
2 ) . ° . ° . . ° . . o ‘ Soil Surface Temperature

1 ja Others

NEGHTRA 21d goil layer temperature
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General

considerations General HypOtheses

i
ﬁnate The greenhouse dynamics are defined by a system of 6 ODEs given as:
models
g dX
- — = f(X,U,D,,, V, C,t) with X(t;) = X;
implementation dt
o« Where:
Model
iR Snd =X(t) e R" Is a n-dimensional vector of state variables (n=6)
p U=u(t) e R™ Is a m-dimensional vector of input variables (m=7)
\ D=D(t) € R° Is an o-dimensional vector of measurable disturbances (o= 8)
V=V(t) e RP Is a p-dimensional vector of system variables
C e Rd Is a g-dimensional vector of system constants
t Is the time
\” X;i Is the known initial state at the initial time
t; Is the initial time
7 ED f.RN*m*o*prq 5 RN Is @ nonlinear function based on mass and heat transfer
[ balances. 107
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General Hypotheses

.

.

.

The heat fluxes are one-dimensional.

The temperature models are based on a heat transfer balance
where the following physical processes are included: Solar (sol)

and thermal radiation (rad) absorption, heat convection (cnv)
and conduction (cnd), crop transpiration (trp), condensation
(cd), and evaporation (evp).

To design the humidity model, a mass balance is used based
on artificial water influxes, exchange with the outside, crop,
condensation, and evaporation.

108



General
considerations

v
Climate
models

Model
implementation

v
Model

calibration and
validation

N

)

NEGHTRA

General Hypotheses

.

.

Y

The models of short and long wave radiation do not consider
reflection, and the air is inert to these processes.

The physical characteristics of the different elements, such as
density or specific heat are considered constant in the
temperature range the greenhouse evolves.

The thickness of the cover is in microns, so the conductive heat
flow is quantitatively negligible compared to other heat flows
that appear in the cover temperature models. So, it Is accepted
that the temperatures of both cover surfaces are similar.
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General Hypotheses

v A uniform homogeneous distribution of variables is considered

INn the cover, air and soll

---.---------
| TR | |
| | D | |

Temperature scale
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Radiation (Global and PAR) model

v The PAR radiation onto the canopy iIs similar to the PAR
radiation outside the greenhouse dimmed by the different

physical elements that absorb the radiation

Solar radiation
processes

Ctsw.cv

V. Cisw,cvCisw,wh
—

tsw,g =

Ctsw,cvCisw,shd

l Ctsw,cvCtsw, whCtsw,shd

Xl‘p,a = Vtsw,gDrp,e

no shade, no whitening
no shade, whitening
shade, no whitening
shade, whitening

m
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Radiation (Global and PAR) model

.

.

The solar radiation absorbed by the cover is determined by the
shortwave radiation cover material absorptivity and the
whitening.

The solar radiation absorbed by the soil surface is determined

by the shortwave radiation cover material absorptivity, the
shade screen, whitening and the crop status (defined by LAI),

Solar radiation

processes .
Q‘sol,cv — Casw,ch,e

rse Sky
Wu Qsol,ss — Casw,ss Vrs,cr exp (_chtsw,cr DLAI)
\V\ :

Vs 1S the solar radiation that reaches the top of the

canopy based on the solar radiation absorption by
the physical elements that the radiation crosses

n2

® =]
¢
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<
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e
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General

g Heat Transfer Fluxes with the Internal Air
W
Climate The greenhouse air temperature can be modeled using this

models

2 balance
© ; 7 Air Temperature Actua
Model vol ,g t,a
impl i — —
PEmEREEten Csph,a Cden,a d’l' anv,cv—a + anv,ss—a anv,heat—a Qven Qtip,cr "
§
T
Model
calibration and
validation I _ Qcnvev-a IS the convective flux with the cover
‘6 : : Qcnvss—q 1S the flux with the soil surface
"5 Qheat-a 1S the heat flux due to the heating

system
Q.en 1S the heat lost by natural ventilation and
the heat lost by infiltration losses
Qirper is the latent heat effect of the crop
transpiration
2 Qevpp IS the latent heat effect of evaporation
N j in the pools, humidifiers and
NEGHTRA ; — dehumidifiers b
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General

v Heat Transfer Fluxes with the Internal Air
L )

Climate Air Temperature

models
C bh—a2 C —
‘6 Cenv,cb—al ‘X t,ch -X t,a e +Cenv,ch—a3 VVVC,ZV’Cb at Cenv,ss-al ‘Xf’ss ~Xta
AN

Model . Cyol inv Y Carea,ch ( X, . - X ) (X -X ) dtedeal (U - X, )_
implementation Ce—esp,a Cden,a — \“teb t, ts t,a — Mtcal t,a
C = Carea,s DN _ carea,s

Cenv,ss—a2 [ ( )] Cenv,ss—a
*Cenv,ss—a3 Vvv,a exp \=Ceny,ss—ad P

o area,s P b S
~— —~—

“ accumulated heat in the air  Cover Soil surface

gocs - : . )
V; =c sin —sin(y -U
calibration and ec — “w,y [ W) (v -Ugy)

validation 3/2
_ Clargo,ventcdesc R,e Xt,a - l)t,e + P2 _ P2 3/2 i (X S P )_ cvol,inv X _P +
] g cviento v,e (Cviento v,e) Cden,a cc—esp,a ta te cren,hom Cden,a ( t.a t,e)

“ 3 cg (Xt,a - Pt,e) ‘Pt,e area,s
Natural vents Infiltration (losses)
Vpcsv
ViestVm,e ———+2¢cy Viar (VHsat,a - XH,a) V Coo:
Cpt 1 pcsat v . psico v
+ Vlt,vap = It,vap % g Clt,balsal ¥ rn,balsa % np Clt,balsa? dpv,a
csat SiCO csat SiCO
g [ - e
Cpt
N— _—
—
2 Crop Latent heat

T
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W
\ﬂ Heat Transfer Through the Cover
Climate The cover temperature can be modeled using the following

models

balance

over Temperature

Cvol,cv 1XT cv

o
Model
implementation CSph,CV Can,CV

— Qsol,cv E anv,cv—a . anv,cv—e - ch,cv o Qrad,cv
Carea,ss o
w
Model

calibration and
validation

v

Qsoicv IS the solar radiation absorbed by the cover

Qcnvev-a IS the convective heat transfer with the
internal air

Qcnvev-e IS the convective heat transfer with the
external air

Qcqev IS the latent heat produced by
condensation

Qradev IS the thermal radiation absorbed by the
cover (soil, sky, heating, crop, etc.)

iR

NEGHTRA

n5




W

General

paa Heat Transfer in the soil layers
:nate v The model considers the soil divided into three layers:

models

< Soils surface.
< First layer (located at 30cm depth).
¢ Deep layer with a constant temperature

Model
implementation

§
h v The soil first layer temperature can be modeled using the

Model
calibration and —_
Sleto following balance: oil frst oy e Ocndsl—r = Cong g 2Tt — D2

“ . Cd,s2 — Cd, sl
<1H> D,.. Csph s1Cden,s1Cth,s| and ss—sl —
v% '

de,ss
Q(ﬂVSS-G . . .
“ Qcndss-s1 1S the conductive flux between the soil
” x | ! surface, and the first soil layer
Cth,ss Vrsss a3 Qcnast-s2 1S the conductive flux between the the
Caat tqcndm! X1s1 first soil layer and the deep layer
NEGHTRA Cas2 tacmx-sz Drs2
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General

gl Heat Transfer in the soil layers

W
Climate . y
models v The soil surface temperature can be modeled using the
w following balance:
Model Soil surface Temperature
implementation
\ﬂ Csph,ssCden,ssCth, = Osol,ss — Qenv,ss—a — Qend,ss—s1 — Qevp,ss + Orad,ss
Model
vaiigation [N
o
\f’ e Qso1ss 1S the solar radiation absorbed by the soil

Qcnass-s1 1S the conductive flux between the soil
surface, and the first soil layer

v

837 Xta Qo surface

N Q Qcnvss-a IS the convective heat transfer with the
/x Qerp,ss \‘"m} lt internal air

Vg . Ve

@ Cas1 tqmdm, Xr1 Qevpss IS the latent heat produced by evaporation
ja c Qradev IS the thermal radiation absorbed by the
[~ as2 | ‘Q‘"““"’ Dis2 soil surface (cover, sky, heating, crop, etc.)

NEGHTRA
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General

s . { J ( ]
\d Heat Transfer In the soll layers
oo This a simple model . o
o because the conduction ¢ - ﬁ\% ';”\/f\\ R Y /\ X
W process is modeled solving “;J \V VAR Y \Zf VIV VY
Ha the Fourier ~ equation I_[ = =1
v considering one- o w0 T T TN TR
LEEEEE dimensional heat  transfer ! ! ! ! !
S along the deep axis, in
v steady state, the different

soil layers as flat parallel
planes, plus a delay in the
Process.

b o o o e e e e e e e e e e e e e e A e e e e e e e R e e e e e

Temperature of different soil surface layers
due to conduction (*C)

\” 4
p Really, diffusion equations ° = o w0 200 a00
qnE  would be used

NEGHTRA

iiThe results are similar!! e
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General

i Greenhouse Air humidity model

v
Climate The greenhouse air absolute humidity can be modeled with a
p water vapor mass balance equation:
s Actuators
Model Cvol Greenhouse air absolute humidity
implementation VoL, g2 Cden, — Mtrp,cr + Mevp,p + Mevp,ss — MCd,CV 4@ +MHum @
‘ﬂ Carea,s
Model ‘ Mirp.cris the crop transpiration flux
calibration and = E:b . Mevp,pis the is the evaporation flux in irrigation
Xio Uer ™ D,, reservoirs |
\‘ - g Mevp,ss IS the mass evaporation flux from the
{‘{e = Xo Mosf| soil surface
Reve @m Xoo 90@ M¢cqevis condensation flux from the cover
Myena-e 1S the is the outflow by natural
“ M,, ventilation and infiltration losses
” * Mewss 1 | Muyum 1S the is the water mass provided by
Uphet @ @ (XX (XX} humidifiers
i ) ' X, = Pogl - Mprum is the is the water mass removed by
[l EI dehumidifiers o

NEGHTRA
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CO, Mass Transfer Fluxes with the Internal Air

The CO, concentration in greenhouse air can be modeled using a
similar to a water mass balance for humidity:

Greenhouse air CO, Actuators

Cvolg
Cm,CO . = MCOZ,fot + co2en ~ MCOZ,ven MCOZ,losses
Carea,s

=2

Lrv o ‘MCO.'.mn % D CO2e
\.\ Mcozroris the CO, mass by crop photosynthesis

Mcozen IS the is the CO; mass provided by the
o0t e enrichment systems
Mcozven is the is the CO, mass removed by natural
vents
Mecozosses 1S the is the CO, mass removed by
infiltration losses
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General

vl Model implementation
c.?nate v The designed greenhouse climate model is composed of five

models

) ODEs related to the main greenhouse climate variables and 49
A algebraic equations

Model
implementation

6
- v This model must be divided hierarchically using a top-down

Model

Eellaationgnd approach from a high level that includes all the sulbmodels to
the lower level where each physical process is modeled.

v Two paradigms can be used:

\” <+ A Block-based modeling and simulation approach
p < An object-oriented modeling proposal

[ wa 121
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Temp. Exterior

Vel. viento

Pos. vent.

Malla sombreo

Blanqueo1

T, XTCAL+273

Rad. ext.
Rad. PAR int.

Temp. ext.

Temp. cubierta

Vel. viento ext.

Temp. sup.suelo
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Blanqueo

Temp. inv.

Temp. ion

A4
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Hum. rel. inv.

Hum. abs. inv.
Hum. abs. ext.

Temp. 1% capasuelQ

f———————————»
Rad. Par. Inv.

b—  »

Temp. cb sim

b—

Temp. suelo sim

Temp. suelo sim1

F———»

Temp. aire sim

>

Humedad relativa sim1

HINV_abs_sim

A 4

Humedad aire sim

Clima invernadero

ayer

MATLAB
SIMULINK

Prgext

Inside PAR

L 5 Pnd,ex

+

Model implementation. Block based

» R

U
Rad. ext.

Z

Coef. Abs. cb

J
Temp. Inv.

» Xich

>
Hum. abs. Inv.

<3

Temp Inv.
Temp. Cb

p|Hum. Abs. Inv.

Condensacion cb.

Calor latente Condensacion Cubierta

p{Temp. cb.

Temp. ext.

T/
Vel. viento

5

p(Temp. ext.

p|Vel. viento

Conveccio n cubierta exterior

p[Temp Cb.
p{Temp. Inv.
Temp. ext.

Pos.

Conveccion cb. int

7
Pos. ventilacion

—

Vel. viento

Conveccié n cubierta interior

Temp. suelo

Temp. Cal.

>
Inside air temperature

>
Cover temperature

™ Radiation
Pix:
| -~
U‘!m
“Uheat "l  Cover
Temperature
Model
P :
*|  Inside Air
Temperature
o Model
Phext '
3| Inside Air
L 5 Xn
Soil Surface
Temperature |——» Xes
Model
2. Variable Layer 3
(Temperature)
P > Soil Teap. B

Model

Temp. Cb.

Temp. suelo

Temp. exterior

Temp. cal.

Rad. abs. OL cb

Absorcion radiacion onda larga cubierta Sum.

Loy

™

KIC Sum?

= R

Pl - @

KFC  Sumi2 vapor. latent heat

(abs(u))*(113) b
sumit Dth0.3 geond |, -

Product
3 llnside absolute humidit

Abs.Hum. sat. cv.

Sum
sat. pressure

1/Cap. Calor cb Integrador Temp. cubiert

3. Process
Layer

4. Implementation
Layer

i)
Cover condensation

5%7 22
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Model implementation. Object based

model class greenhouse _compound

{Submodels}
e Cubierta C y_fisicas Estructura Suelo_superficie
submodel (greenhouse humidity) hum
submodel (greenhouse_thermal cover) cover Ventilacién Suelo_capal
submodel (greenhouse thermal soil) soil
submodel (greenhouse_thermal air) air Calefaccion Auele capo?
{Interface} 8} 8}
input Ushad, Prade, Uvent, Pte, Pve, Phabse, Ptds, Pwhite, Invernadero
Plai Utilizado_por_cb Utilizado_por_h Utilizado_por_sc Utilizado_por_ss
Utilizado _en_sc Utilizado_en_ss

: i T - Modelo suelo capal Modelo _suelo superficie
{Equations describing the connections between submodels}
{Conne‘:tlon. Of the gt ouse—h dlty mOdel} Utilizado _en _cb Utilizado_en_h Utilizado_en_t i > < 5
hum.xta = air .xta-z 73 Modelo_Cubierta Modelo_Humedad Modelo Temperatura Modelo_suelo
hum Xtcb = cover Xtcb-273
hum Xlai = Plai ] b ) 0
hnm_PHabse = PHal*e Modelo_invernadero
hum.P\"e = P\"e utilizado_por_c

hum.Pte — Pte utilizado_por_i
hum Prade = Prade Modelo_Cultivo

\d

hum Uvent = Uvent
2 o PPt / 7
R) Modelica

NEGHTRA y 4 Language




X
e Model Calibration

i
© . . . . :
Climate The main problem is the calibration of the model because it has
2 more than 30 parameters to estimate, but:
\
SIS v Data of the different climate variables to model, the disturbances and the
actuators status are measured, so the problem has been divided into some
w submodels calibration processes

Model

calibration and  [ATERYelg g1c of the involved physical processes in the balance equations are not
coupled or they have no influence in determined time lapses of a day

v  Some of the involved physical processes are modeled in different forms
based on determined situations

¥ In order to estimate the parameters related to the actuation systems, some

\” guided test
P A calibration methodology is proposed based
[] j on commonly measured data and simple tests.

NEGHTRA



Modeling and

W

Control of

General Greenhouse
gaa Model Calibration
‘6 . Calibration of the climate variables with an empty greenhouse (without crop) The la rg est number of param eters to
Climate a. Climate variables calibration without the effects of the actuation systems esti mate Si mu |ta neOUS|y iS Si)( N the
models (no heating, no ventilation) f | f | b : .

1. Calibration of the first soil layer temperature submodel [4 parameters] processes Or soll surrace Call ration In
‘6 ii. Calibration during nocturnal time intervals (without solar radiation Nnocturna | t| me i Nnterva |S W|th an

iii. Calibration of cover temperature submodel

iv. High wind speed [1 parameter]

v. Low wind speed [3 parameters]
lvi. Calibration of soil surface submodel [6 parametersl
‘d vii. Calibration during diurnal time intervals (with solar radiation)
viil. Calibration of cover temperature submodel [3 parameters]|

Model
implementation

empty greenhouse.

The parameters can be obtained

Model . 5 - . .
calibration and ix. Calibration of soil surface temperature submodel [3 parameters] Obta | ned by minNniMmiZli ﬂg a |eaSt
validation x. Calibration of internal air humidity submodel [2 parameters] . : f
p a. Calibration|of the parameters related to natural ventilation (without heating) squares cr Iterion:
‘ [2 parameters]| N
b. Calibration of the parameters related to heating system (without vents) 2 .
[2 parameters for pipe heating systems or 1 parameter for air heaters] J = |[Xreal — Xsim||” = Z(X real (1) — Xsim (7))

R . . . i=1
2. Calibration of the climate variables with crop

a. Calibration of the long wave parameters in the cover temperature submodel Xrea/ is a set of N real measurements of
[1 parameter] % .
# the variables to estimate

b. Calibration of the long wave parameters in the soil surface temperature

N

submodel [2 parameters] Xsim are the values of the variables
2 j c. Calibration of the parameters related with the crop transpiraton process calculated by the |mp| emented
S| [4 parameters]
] El model

NEGHTRA 3. Calibration of the PAR radiation model [1 parameter]



~_
V]
~

Summer (b)

/] z [ [ o 2 s
A\ S I AT
General ® o = g |
considerations 2 g
i Model Calibratior: o |
< l 2 a0 |
N . | | U AVAVANRVAVINEY
10 , (_, v \ TR W k
Climate Ara ba greenhouse (c) 2000 4000 eo%om(ms)ooo 10000 12000 14000 (d) 2000 4000 6000 m(w e
models
. . o 5 o Aa AL G
o Almeria (Spain) P O S T £ Y e W VAV AVA TN LA
e RN L e | e AW WAV I VAV
T T T T T 8 - f ALY
Model ST I TR
implementation NN AR AR AR AR E A T
S IRVRVINATRVAYE VRN WS ERG YA
‘0 mzs (L \‘\' y v v V ' £ s ¥ ¥
" ’(e) 2000 4000 6000 /m(r:mw)oo 12000 14000 18000 18000 (f) 2000 4000 6000 8%9("210;1) 2000 14000 16000 ¢
calibration and %90 e 71 G aslf foix
validation "52 f [ K..\ f f gw \\ \‘ \ \ \ :
¢ T
. FIRsinE Bl
Conclusions § ® / ! | J IR i E 2 J V | .l o J d
Time (min) Time (min)
Winter go), fll)
g
] j'@ g” S A U D
NEGHTRA 500 1000 1500 2000 2500 5000 3500 4000

Time (min) Time (min)



General
considerations

v
Climate
models

W

Model
implementation

W
Model

calibration and
validation

v

Conclusions

N4

2

)

NEGHTRA

Model Calibration

Araba greenhouse

Almeria (Spain)

Summer Winter

Air Air relative | Cover Soil surface | First soil layer | Air Air relative

temp. humidity | temp. temp. temp. temp. humidity
Variation |21.1-49.0 | 21-94 20.55-52.1 | 25.5-42 28.19-31.4 11.5-25.5 | 47.9-100
interval | (27.9°C) | (73%) (31.55°C) | (16.5°C) (5.9°C) (14°C) (50.3 %)
Mean 0.51 3.96 0.52 0.68 0.25 0.52 2.53
Maximum | 2.81 24.32 3.38 4.12 0.79 2.06 17.19
Standard |0.52 3.75 0.53 0.44 0.17 0.48 2.39
deviation




January April August

d Temperature | Humidity | Temperature | Humidity | Temperature | Humidity
‘ Variation | 11.43-21.67 | 45.4-99.1 | 11.3-27.3 29.3-58.66 | 18.5-51.1 31.42-92.21
interval (10.24°C) | (533.7%) | (16.0°C) (59.36 %) | (32.6°C) (60.79 %)

General ® ® Mean | 0.56 411 | 058 454 112 362
considerations o e a I a t I o n Maximum | 4.25 1785 | 3.99 20.84 6.05 14.89
Standard | 0.52 399 | 058 4.0 0.94 343

deviati
f (a) (b) Summer deviation
“ gy ' ! ' ' : F sshi -
Climate % R S IR W & B | S z®
models - | YR TUU R TN . BN (- ]l EB
E ~ sl
: @
p §o-fd A | et
© 5 i B
% 30 - ;- v i1 g :
Model £ gk _ J 2.
implementation g : : : 4
20 1 e 1 T L I 1] g

W
Model

calibration and
validation

v

Conclusions

Araba greenhouse

Almeria (Spain)

Greenhouse air temperature (°C) ’;;‘
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Araba greenhouse

Almeria (Spain)

Model Validation

January April August

Temperature | Humidity | Temperature | Humidity | Temperature | Humidity
Variation | 11.43-21.67 | 45.4-99.1 | 11.3-27.3 29.3-58.66 | 18.5-51.1 31.42-92.21
interval (10.24°C) (53.7%) | (16.0°C) (59.36%) | (32.6°C) (60.79 %)
Mean 0.56 4.11 0.58 4.54 1.12 3.62
Maximum | 4.25 17.85 3.99 20.84 6.05 14.89
Standard | 0.52 3.99 0.58 4.09 0.94 343
deviation




W

e Model Validation

W @ b) Spring Inamed greenhouse

Py I S S L
Climate 830..  FELTTETRE PEPEPRPE PSP
models g 28}--- P TR A TR PP I

B 204 - - pewe- - SRR SR i e e e e
Model 3 ASUU TSR SO SR U 30 Y 01 0 N W1 RO
implementation

Almeria (Spain)

Gmenhouse air emperature (°C
R R ERERRELS

@ 3000 4000 6000 8000 10000 12000 14000
Time (min)

105 11 1145 12 125 13 135 14 145 A
Time (min) x10

Summer

W
Model 540 oo kg

calibration and ’éss - : TN L -
validation g i : R '

v

e

2 3 8 5

Greenhouse air
3

9

—_—
Greanhouse air elative humidity (%) &

0 2°ml ml 600. 0 9000. 10000‘ 12(1!). 14000- 160‘00 18000 1(;00 2000; 30(1): 4000: 5000: 6000= 70:(X) 8000l 9000: 10000= 1‘;(!1)
Time (min) Tima (min)

Conclusions
January April August
Temperature | Humidity | Temperature | Humidity Temperature | Humidity
“ Variation | 12.54-23.66 | 59.4-100 | 14.72-32.53 | 63.18-93.41 | 18.5-51.1 31.42-92.21
d interval (11.12°C) | (40.6%) | (17.81°C) | (30.23%) (32.6°C) (60.79 %)
Mean 0.48 3.26 0.63 2.11 1.12 4.01
Q)I_I 3@ Maximum | 3.12 16.01 4.89 12.99 6.05 15.54
)

Standard | 0.43 3.17 0.55 2.19 0.94 3.97
deviation

NEGHTRA
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Conclusions

The internal processes that determine the climate dynamics in a
greenhouse are known, so models based on physical principles can
be designed and implemented.

The designed model responds coherently to the dynamics of the
external climatic variables and to the state of the installed actuators.

As all the processes do not occur simultaneously, a theoretical
methodology has been proposed to obtain the parameters that

characterise them without the need to estimate them all at the same
time.

As the parameters obtained in the calibration process are based on
data taken inside a specific greenhouse, the results obtained cannot
be extrapolated to other greenhouses, although the fact that the
methodology and the model present acceptable results in the
Independent greenhouses proves their validity.
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4
C.?,,ate v  This kind of model is a powerful simulation tool that can be used for
Meass the design of controllers, the dimensioning of actuation systems, or
w to study the effect of different roofing materials on the climate or
Model o different growing substrates.
. v The formulation and calibration of such models is complex, difficult

o and tedious:
S on Shd < All physical, biological, etc. phenomena have to be taken into account.
< A large number of variables need to be measured, some of which are
difficult to obtain, such as the cover temperature.
< It is necessary to know the physical parameters of the different elements
that make up the greenhouse system.

It is necessary to estimate a large number of parameters in the
calibration process.

4

4

o0

D)

N

T It is possible to work with simplified models.
NEGHTRA
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= Complete first principles model

Disturbances

W

Simplified
Climate models
4 External Wind External
w External
vodel Temperature spe:d 4 Hunlldlty Cone C 0,
5::;2;?;?1" = - Direction
External
\ﬂ Radiation l Raln
Conclusions ContrOl MOdelled
Signals 1 Variables
Natural Vents mmm Crop ) Air Temperature
Heati ) I I I I I Radlatlon on the canopy
Sceraeelllllsg > = = ‘ Air Humidity
\ CO. Enrich ) ‘ Air CO2 concentration
” Hulznidiﬁer . ‘ ) Cover Temperature
2 j Others ‘ . ° . ° . . ° . . Y ‘ S:t)ll Surface Temperature
] E' P 15 layer soil Temperature

NEGHTRA 21d goil layer temperature



General
considerations

Simplified
Climate models

v
Model

calibration and
validation

v

Conclusions

N

/2

iR

NEGHTRA

Complete first principles model

Solar radiation
processes

Convective
processes

D;.

ws,e

Qloss

anv,cv-e

Qrad,cv-bc X Tcv

Thermal radiation
processes

Qrad,cr-cv

Qrad,ss-cv

Qrad,heat-cv

Qrad,cr-cv

Qrad,ss-cv
Qrad,heat-cv

Heat latent
processes

Q
anv,heat-a sol,cr rad ss-cr e
LAI evp,ss evp,p
CnV ss-a vrs SS Qevp o Q J
evp,p
d) @ X @ soI ss Q rad,ss- @ d\/
8e_ 00 007 00 00 00¢= n 0&Uss, o shseo gos i
UTheat - - - _
i Xrs Conduction Qcn,ss-s1 Xt Ts1 Xrss ST

processes I Qcnis1s2 Dy,
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samd Complete first principles model

i
s:p,iﬁed The greenhouse dynamics are defined by a system of 6 ODEs given as:
Climate models
{ dX
ot — = [(X,U,D,,, V, C, 1) with X(z;) = X;
g2lbatnans dr
o« Where:
e =X(t) € R" is a n-dimensional vector of state variables (n=6)
U=u(t) e R™ Is a m-dimensional vector of input variables (m=7)
P=P(t) € R° Is an o-dimensional vector of measurable disturbances (o= 8)
V=V(t) e RP Is a p-dimensional vector of system variables
C e Rd Is a g-dimensional vector of system constants
t Is the time
\” X;i Is the known initial state at the initial time
t; Is the initial time
e ED f.Rh+*m*o+p*rq 5 RN Is a nonlinear function based on mass and heat transfer
L[> balances. 138
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s Complete first principles model
R
e 'y This kind of model is a powerful simulation tool that can be

Climate models

' used for the design of controllers, the dimensioning of
Model actuation systems, or to study the effect of different roofing

calibration and . . . 3

validation materials on the climate or different growing substrates.
v
Conclusions

v The formulation and calibration of such models is complex,
difficult and tedious:
Y

\ It is possible to work with simplified models
2

[ j@ 139
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S Linear empirical models based
Climate models on the reaction curve

4
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on ARX structures Non-linear empirical models
| | based on neural networks
A(z ) y(k) = B(z " )u(k)+ v(k)
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Gene'::iaelrations ° ° °

; Simplified models

R

MWW Thce main objective of a model for some applications (such as
control) is its ability to capture the dominant dynamics of the

Model modelled system

calibration and
validation

8 . x : o
- Models based on simplified first principles that are
SOREESons able to capture the dynamics of the main climate

variables of a greenhouse can be used.

v

They are represented by a system of differential equations:

N

) C:;X:f(X,U,P,V,C,T) with X(7;)=X,
n g'a T 141
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General

gl General considerations

8
- The main subsystems of a greenhouse are:

Simplified
Climate models

- v Air. It Is a gaseous medium joining the different solid
Model elements in the greenhouse.

calibration and

“""""';““ w Soll. It is a porous medium responsible for the greenhouse
© thermal Inertia, absorbing energy during the day and
Conclusions emlttlng |t Overﬂlg ht

The following system are not considered:
w Cover. It is only an interface between the inside and outside

alr where energy Is exchanged depending on the inside-
\d outside temperature difference.

. w Crop. its effect on climate is modeled by transpiration and
n\j CO2 supply or consumption due to photosynthesis amrzwd
NEGHTRA respiration




W

General

gl General considerations

8
‘ L] L] L] L] L] L] L] L] L] L]
ey Although air is inert to radiation, most simplified models of inside

C"":“e’““’e's air temperature include a term depending on global radiation to
L model air warming due to the sun.

Model

sty The soil surface temperature model only considers the energy

p fluxes due to convection processes with greenhouse air and
= . conduction ones with the first soil layer are taken into account.
e The thermal radiation processes among physical elements of the
greenhouses are not considered.

v Heat transfer coefficients with the soil or heating pipes are
considered constant.

v The model of several physical processes such as ventilation is
\” simplified, often using empirical relationships or considering some
@ energy fluxes in steady state, such as those from the heating
mE) system

NEGHTRA
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e e e General HypOtheses

If soil surface temperature sensors are available, then the
greenhouse model only consider the greenhouse air as
elements.

The external elements that interact with greenhouse are:
external air, crop and soil layers.

The physical properties of air are considered constant with
respect to temperature and time.

The state variables of the model are: greenhouse air
temperature (X;,), CO2 concentration (X.,, and humidity
(absolute X,,, and relative X, ), and first soil layer
temperature (X)) if it is not measured.
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General Hypotheses

V4

V4

.

The exogenous and disturbance inputs acting on the system
are the outside air temperature (Dr.), CO2 concentration
(Dcoze) and absolute humidity (Dpge), Wind speed (D,,c.) and
direction (D,q4e), outside global solar radiation (D..), PAR
radiation (D), greenhouse whitening (D,,;), the transpiration
rate inside the greenhouse via the leaf area index (D, 4,) and the
temperature of the soil layer [soil surface (D) or deepest soil
layer (Dr¢)].

The control inputs of the system are: the position of the natural
ventilation (U,.,), the position of the shade screen (U..4), the
heating system (Up.y:), the humidifier system (Up,..), the
dehumidifier system (Ugh,m), and the CO, enrichment
system(Ucoo).

A uniform homogeneous distribution of variables is considered
IN the air and soill. s
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2 General Hypotheses

Disturbances

W

Simplified
Climate models
i External Wind External
) . 1 External
odel Temp(irature spe:d Wind Hun:dlty Conc CO,
R - Direction o
) External l
© Radiation Rain
Conclusions ContrOl i - COIltl'Olled
Signals 1 1 Variables
Natural Vents Hmmp Crop > Air Temperature
Heating I I I I I I ‘ Radiation on the canopy
Screens ) = = - - 7 . .
) Air Humidity
N d CO, Enrich. W)
Humidifier — > @ d} d:/ 5;; d"\/ d':/ P Air CO, concentration
T mmm) | WoOgooyoeoyeo y 0o

1 ja Others

NEGHTRA I Soil Surface Temperature
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Convective
processes

Solar radiation
processes

0 00X 00 ..

Qgorer

Solar
radiation
absorbed
by air

,SS
rad,ss

General Hypotheses

Thermal radiation
processes

Qrod ss-cr

Qh "

Heat latent
processes
M D
M loss Ha,e
Qo Dyse
cd.cv-e A
e Myen
Mlt cv-a
Q(d cv-a M"p’“
xHo,a i E :Qtrp.cr
?;M's M evp,p
Qevp.p

’ LiZoo

s

’ Conduction j and,ss-sl

X T,s1

PfOCBSSGS I QCM’,SI-SZ DT,SZ
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Radiation (Global and PAR) model

The Global and PAR radiation onto the canopy is modeled using an
algebraic equation, because it is similar to the external radiation
dimmed by the different physical elements that absorb the
radiation (mainly cover material, cover whitening and shade

screen)
. A 2 Solar radiation
< processes

Vtsw,g =

er,a ~ Vtsw,gDrp,c

Ctsw.cv
Cisw,cvCisw,wh

Ctsw,cvCisw,shd

| Ctsw,cvCisw,whCtsw,shd

no shade, no whitening
no shade, whitening
shade, no whitening
shade, whitening
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Greenhouse Air Temperature model

The greenhouse air temperature can be modeled using the
following balance

Air Temperature

Actuators

@'*‘ Qcnv—cnd,a—e @' Qloss,a—e — Qﬂp,cr

Qsoi-q IS the solar radiation absorbed by the air

Qcnv-cnda-e IS the convective-conductive flux
with the cover

Qcnvss-a 1S the flux with the soil surface

Qheat—q 1S the heat flux due to the heating
system

Q.en 1S the heat lost by natural ventilation and
the heat lost by infiltration losses

Qlossa-e IS the heat lost by infiltration losses

. Qupcris the latent heat effect of the crop

s transpiration 149

Cvol,g dXT.a :
- le.;l B anv,SS—a

Csph,aCden,a
Carea,ss

Solar radiation absorbed by air

XT,CV —
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General

gul Greenhouse Air Temperature model

W
Simplified The greenhouse air temperature can be modeled using the

Climate models
following balance

\‘ Air Temperature
Model Cvol,g d XT.a
st Csph,aCden,a Qsol,a + Qcnv,ss—a + Qheat—a + Qcnv—cnd,a—e —Qven,a—e — Qloss,a—e — Qup.cr
validation Carea 55 dt

v

Conclusions

QsoLa = Casw.a Vrs,cr
Constants in this kind of model

anv,ss—a (XT,ss - XT,a)‘
and—cnv,‘a—e =(XT,a — DT,c)

Cden,aCsph,a
\ chn,a—c + Qloss,‘a—c —_ Vven,ﬂux(XT,a — DT,C)
Carea,ss

ﬂn j@ Qtrp,cr - Vlt,vathrp,cr

NEGHTRA
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sed Soil surface temperature model

W
ﬁmpﬁkd ] .
°"”:“e’“°°'e's If necessary, the soil surface temperature can be modeled using the
& following balance:
Model
calibration and Soil surface Temperature
\‘ Csph,ssCden,ssCth, = Qsol.ss — Ocav,ss—a — and,ss—sl
Conclusions A
T.E on.
xr,a deAs . y .
N Q Qsoiss 1S the solar radiation absorbed by the soil
A Qevp,ss - ’ surface
Qcnvss—q IS the convective heat transfer with the
Cot,ss Vis,ss & Xrss internal air
Cd,s1 t"‘"‘m‘ Xy A Qcndss-s1 1S the conductive flux between the soil
& surface, and the deep soil layer
/m a. cd,SZ ¥ @Mﬂ_g DT,SZ v Cd'$1
HHE:

NEGHTRA
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vl Soil surface temperature model
»

"“”;“e’““‘e's If necessary, the soil surface temperature can be modeled using the
& following balance:

Model
calibration and
validation

\‘ Csph,ssCden,ssCth, = Qsolss — Qcav.ss—a — Qend,ss- 52

Soil surface Temperature

Conclusions

Qsol,ss = Casw,ss Vrs,cr cXp (_Cextsw,chLAI) VFS,CT — VtSW,ngS,e
Constant in this kind of model
\ anv,ss—a ; XT,ss - XT,a)
T.ss — XT,sl
e j Qcnd,ss—sl Cend,sl
] @ Cd.s1 — Cd ss

NEGHTRA
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e Water Mass Transfer Fluxes with the Internal Air

L\
The greenhouse air absolute humidity can be modeled with a

Simplified

Climate models
p water vapor mass balance equation:
‘ Actuators
Model Greenhouse air absolute humidity
calibration and ) dXHa -
validation Cden.a (Cvol,g/ Carea,ss. T . Mtrp,cr@en,a—e +MHum@
%
Conclusions
E}ZO B . B
y Mirp.cris the crop transpiration flux
Ore M enq-e 1S the is the outflow by natural
Mlmi | ventilation and infiltration losses
Muum 1S the is the water mass provided by
humidifiers
My, Mpuum 1S the is the water mass removed by
N dehumidifiers
. [® ® @]
o , e
[~ 153
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CO, Mass Transfer Fluxes with the Internal Air

The CO, concentration in greenhouse air can be modeled with a
CO, mass balance equation: :

Cvolg

Carea,s

Cm,co3

T
L ven

Greenhouse air CO,

Actuators

= Mcoz,fot YMcoz,en — Mcozven )™ Mcoz,osses

=2

‘MCO.'. wn % D CO2e

Mcozroris the CO, mass by crop photosynthesis

Mcozen IS the is the CO; mass provided by the
enrichment systems

Mcozven is the is the CO, mass removed by natural

vents
Mecozosses 1S the is the CO, mass removed by

infiltration losses
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Model implementation and calibration

In order to iImplement, calibrate and validate the model, the same
techniques described in complete first principles model section
must be used.

August

Inamed greenhouse

Almeria (Spain)

January April

Temperature | Humidity | Temperature | Humidity | Temperature | Humidity
Variation 13.76-23.55 | 55.64-100 | 14.5-38.6 36.2-87.7 | 19.4-48.6 36.36-87.4
interval (9.79°C) (44.36 %) | (24.1°C) (51.5%) | (29.2°C) (51.11 %)
Mean 0.74 3.64 1.31 4.32 1.14 4.71
Maximum 3.67 17.10 6.71 20.02 5.32 22.01
Standard 0.71 3.23 1.36 3.86 1.09 3.79

deviation
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Comparation models

Simplified model

157

January April August
Temperature | Humidity | Temperature | Humidity | Temperature | Humidity
Variation 13.76-23.55 | 55.64-100 | 14.5-38.6 36.2-87.7 | 19.4-48.6 36.36-87.4
interval (9.79°C) (44.36 %) (24.1°C) (51.5%) | (29.2°C) (51.11 %)
Mean (074 364 (131 ) 4.32 1.14 4.71
Maximum | 3.67 17.10 6.71 (2002) |532 2.01 )
Standard 0.71 3.23 1.36 3.86 1.09 3.79
deviation _ _
irst Principles complete model
January April August
Temperature | Humidity | Temperature | Humidity Temperature | Humidity
Variation | 12.54-23.66 | 59.4-100 | 14.72-32.53 | 63.18-93.41 | 18.5-51.1 31.42-92.21
interval (11.12°C) | (40.6%) | (17.81°C) | (30.23 %) (32.6°C) (60.79 %)
Mean (048 ") 326 (063 ) 2.11 1.12 401
Maximum | 3.12 1601 | 4.89 (12.99) 6.05 15.54)
Standard | 0.43 3.17 0.55 219 0.94 3.97
deviation
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Relative humidity

Almeria type greenhouse

Almeria (Spain)
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General

con:derations CO n CI u S I O ns
s:p.iﬁed ¥ The designed simplified model responds coherently to the dynamics

Climate models

of the external climatic variables and to the state of the installed
Ly actuators.

Model

it 7 They are pseudo physical models because use process that really

don’t occur in the greenhouse to simulate the effect of other not
W . considered processes . Furthermore, the formulation of other
S processes are simplified.

v The calibration process is less expensive because the number of
parameters to be estimated is much smaller.

v As the parameters obtained in the calibration process are based on

1Y data taken inside a specific greenhouse, the results obtained cannot
d be extrapolated to other greenhouses, although the fact that the
P methodology and the model present acceptable results in the

T \j Independent greenhouses proves their validity.
NEGHTRA 161
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Temperature control problem
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Temperature control problem
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Temperature

control Temperature setpoint proposal
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Diurnal temperature control

During the day, it is necessary to decrease the greenhouse
temperature using natural ventilation.

This consists of a set of windows located around the perimeter of

the greenhouse and/or in the roof.
Roof vents

Roof vents

!

When they are _gpen, there is an echage of air between the
Interior and exterior of the greenhouse, which depends on:

¥  The temperature difference between the internal and external air.

Side vents

v  The wind speed.
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Diurnal temperature control

B> control¥ersionPredictivoPWMv4ConEnsayosRiegoGPC2.vi Front Panel *
File Edit Operate Tools Browse Window Help

Temperature
control

!
Control
schema

Control Riego I

Calefaccion | Malla Sombreo | Niveles | Ensayos Yentilacion

Tarjetas Ventilacion

Yelocidad viento mazima alo.lm oC maxima ( V.Viento maxima) 1]20.00 ©°C minima ( V.Viento mixima ) a 14.00 ‘

Yelocidad viento minima -} 0.00 ©C mixima ¥.Viento minima 16.00 ©°C minima ¥.Yiento minima alo.oo i

Humedad que Influye en °C ﬂ- 80.00 Influenica max. Humedad en °C 2.00 Maxima desviacién Humedad aZD.OD |
‘6 P miximo P minimo  Accion Integral °C Ventilacién Limite Max. Dir.  Limite Min. Dir. ~Sumar Dir.
315_00 as.oo ao.oo g 19.00 ao ao ao
CO ntro I T. apertura (sg) C T. cierre (sg) C 'l'(') ventilacidn | piferencia Lateral g lateral
| 0 0 0.00 0
algorithms J J : i
T.apertura (sg) YL1 T.cierre (sg) ¥L1 T.retardo (sg) ¥L1
0 46 0 Méx. Vel. Viento  Max. Lluvia | Minimo tiempo
T. apertura (sg) ¥L2 T.cierre (sg) ¥L2 T.retardo (sg) ¥L.2 a 0 a 0 32000

0 0

v

Conclusions

LEYENDO...

mRh

NEGHTRA




Control schema

L\
Temperature This Is a continuous actuator, so a Proportional controller is
contro .
4 required.
W How do you know if the ventilation is in the ideal position?
Control P — PP —
schema II Ideal \I Il Real \I
‘6 Ventilation Error : Ventilation: : Ventilation :
i openin i
ot oo ) g = Greenhouse
algorithms P e(t) air temperature
Proportional Natural
‘ Greenhouse
4 controller vents
T
Conclusions
u(t) =K, -e(t)

N4
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How do you know that ventilation is in the ideal position?

y Control schema

gt To achieve the vent opening calculated by the controller, a motor
needs to turn until the vent reaches this position:

W

Control

schema

o
Control
algorithms

v

v UsIiNng a position sensor

v Based on time - the time it takes for the ventilation to open/close
Is measured and the motor is activated for the necessary period by

means of a relay.

N

/2
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Control algorithms

v
Temperature . . . 3
control This i1s a continuous actuator, so one needs to use a Proportional
. controller
Control
schema Vent opening = K, (Greenhouse Temperature — Vent Temperature setpoint)
W Kp= 5 [%/°C] Setpoint = 22 °C
S Greenhouse Temperature=25°C Greenhouse Temperature= 30° C
Error =3 °C = Vent opening=15 [%] Error = 8 °Camp Vent opening= 40 [%]
v o S
. . ? 80| kp=20 (%/T)
It is essential to know the s
. . C ool
optimal Kp value, which s ol =10 o)
R depends on the greenhouse g
” structure and the type of vent. & |
/@ 10 | g
n 3.-@ 0 2 4 6 8 10 -

NEGHTRA Error (2C)



Control algorithms

Temperature . . . n
This Is a continuous actuator, so one needs to use a Proportional

et

control

. controller
Control
schema Vent opening = K, (Vent Temperature setpoint — greenhouse Temperature)
Kp= 5 [%/°C] Setpoint = 25°C
Control Greenhouse Temperature=27° C
SSGHEE Error = 2 °C 3 Vent opening= 10 [%]
o Does it make sense for the ventilation opening to be the same in

. these external scenarios?

N

2

)

NEGHTRA

External Temperature=10°C
External Temperature= 20°C .
b Wind speed=10 m/s

Wind speed= 0 m/s
External Temperature=20°C

Wind speed=10 m/s
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Control algorithms

W
il AN adaptive controller needs to be used to consider the external
conditions .
w Disturbances
Control —
schema —
4 Adaptation pu— Disturbance -II
A Ventilation Error controller sensors

Eaatrol emperature  Signal

algorithms setpoint e(t) Greenhouse
air temperature
Prop rtional Natural
“ ‘ P Greenhouse
cont. »ller vents
Conclusions
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u(t) =K ,"e(t)
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Control algorithms

d
T:perature An adaptive controller needs to be used to consider the external
centrol temperature and wind speed
u
Control Vent opening = K, (Greenhouse Temperature — Vent Temperature setpoint)
schema \ .
; A . /Adaptatlon of Kp
W
Control Ckpven,max Q &
o c °
algorithms "D_% SetpOInt — 22 oC
’ o Greenhouse Temperature= 25°C
W g Error =3°C Vent opening= ? [%]
C
8 va,e:0 va,e:cvv max .
g Kp Is calculated based on:
R S v the external temperature
” Ctvenmin,\jmin Ctvenmin,imax Ctvenmax,vmin Ctvenmax,vmax > “a t h e Wi n d S peed
Z External temperature (2C)
n E@ 174
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Control algorithms

W
Lomperature Setpoint = 22 °C
7 Greenhouse Temperature= 25° C Ex.ternal Temperature = 20°C
C‘t | Error =3°C Vent opening = 22 [%] Wind speed =0 m/s
schema A
20 Kp=12 %/C
‘6 ckpven,max Q o
Control < /
algorithms ©
5 | Kp=12
¢ oY T T
- 5 b | b Errop-rs s Vent opening= 36 [%]
Conclusions o O {,‘ﬁ /S | vhe ywmax
o 10 m/s
15 : External Temperature = 20°C
Cpenmin Wind speed =10 m/s
\d “ ' in Ct T Ciy in St >
20 25 35 Error =3 °C Vent opening = ?? [%]
2 External temperature (2C)
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COntrOI algorith ms GCreenhouse Temperature
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Control algorithms. Adjustment 1

‘d o [ ] [ ] o [ ] [ ] o [ ]
hssgad Creenhouses with ventilation installed in different orientations
‘4 The leeward ventilation position is hormally calculated by the adaptive controller
control and the windward ventilation is less.
schema 60 % C » —

20% 0% C = 60% gave \C:-_’"‘\ 100% N—
W - Z =
Control 64 =
algorithms T(C) T(C) TCC)

v

Conclusions

‘-—ll : When does the wind direction change?
QI'I p A weather vane is necessary

NEGHTRA




Temperature
control

v

Control

schema

W
Control
algorithms

v

Conclusions

2

)

NEGHTRA

Control algorithms. Adjustment 2

Adjusting the algorithm to extreme conditions

A maximum opening is allowed under certain conditions and calculated
proportionally to it (as if 100% is achieved with the maximum opening)

abee Rain > High wind speed
r et e
= 8 m/s i 15 m/s
% — AN —
| ) ///
60% 0% 450 10 % %7%% 0% <39
()
TCC) T(°C) T(°C) T(°C)

I T T T T
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U Control algorithms. Adjustment 3

skl Daytime temperature control problem with ventilation

W Integral action
Control When the setpoint is not reached, an integral action is introduced

schema
An integral step is defined that is added to the proportional action if the
w conditions are not modified.

Control

algorithms Exam ple

Greenhouse Ventilation
8 Pl controller temperature oppening
© Kp =10 %/OC 12:00 23 °C 2°C 20 %
Conclusions Ki =5 9% /o C (start) (P a(ction) )
. 12:01 22 °C 12C 25 % (Il action
Consigna = 21°C i
12:02 22 °C J¥CC 30 % (I action)
\ Constant external 12:03 21.5°C 0.5°C 32.5 % (I action)
d temperature and wind 12:04 21 9C 0eC 32.5%

p speed
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Control algorithm

Parameters o
Ventilation

Temperature

@ .
' L setpomt
o o @ o i

Vent temperature setpoint

Error calculation

Influence of external temperature i
Influence of wind speed | |
Kp intervals i 7 Kp calculation

Measurements

& &

Greenhouse temperature

External temperature
Wind speed

- - LeewaLd vent

Maximum vent opening

for wind direction opening calculation

Windwgrd vent

Maximum vent opening opening calculation

for rain

Adjusting for rain
and wind speed

.

Maximum vent opening
for high wind speed

Vent position

Wind direction

Rain
Wind Speed
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Conclusions
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N

N
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Natural ventilation is the main cooling mechanism in greenhouses and it is
necessary in mild climate zones.

The greenhouse diurnal temperature is controlled automatically by a
proportional controller.

Other variables that influence the internal temperature behaviour, such as
external conditions, must be taken into account.

Knowledge of the parameters influencing ventilation is necessary to achieve
optimal daytime temperature control.

Each greenhouse will have its own values for these parameters, which need
to be calibrated in each case.

It is very important to understand these parameters and know how to obtain
good values for them in order for the diurnal temperature to be well
controlled when operating natural vents.
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Temperature control problem
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sasis  Temperature setpoint proposal
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o Five daily time intervals are considered
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File Edit Operate Tools Browse MWindow Help
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Control of aerial-pipe heating

The water flowing through the pipes is warmer than the air around
It, thus increasing the air temperature.

How is the temperature of the water in the pipes controlled?

A three-way valve is used
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Control of aerial-pipe heating

Three-way valve

-\

1

e

Controller

Boiler

WAl

M

Pump

Three-wa
valve

Greenhouse temperature
senso

ater temperature
sensor
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Control of aerial-pipe heating

Control schema

One needs to use a Cascade controller, which consists of two
controllers:
v Master controller. Air temperature controlled by pipe water

temperature
v Slave controller. Pipe water temperature controlled via the
valve ,
Pipe temperature Valve Pipe
Tempergture setpoint openning temperature Temperature
setpoint FESSESES  amcass ~ | | |
+ | . .

— O e R Valve I-Ie.a aing ~Greenhouse—*

1 - | femperature Pipes ||

| |

W controller | "Heating system

N o /
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Control of aerial-pipe heating

Both actuators are continuous, so proportional controllers need
to be used.

Three steps are performed to control the temperature:

1. If the temperature of the greenhouse (7,) is lower than the
heating temperature setpoint (7,) , the heating should operate.

2. The temperature of the pipe water (T,,) Is calculated by a
proportional controller (master controller)

Ty = KpW(Tg — Th) + Thase

3. The valve position (V,) is calculated by a proportional controller
to achieve the desired water temperature (T,,) (slave controller)

Vp = Vp-1+ Kpy(Tpw — Tw)
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Control of aerial-pipe heating

d . .
A Kp.,,= 20 [°C,,.te//°C air] Setpoint = 15°C Kp,= 2 [%/ °Cater]
Temperature Base Temperature= 20°C Water Temperature= 20°C
control Greenhouse Temperature=27°C
W
Al ons Greenhouse Base Air Water Water pipe initial Water Valve Valve
temperature temperature temperature Proportional temperature Valve temperature Proportional position
p Error steo position error step
R 13°C 20°C 29C 40°C 20 + 40 = 60°C 15% 40°C 80% 15+80=95%
E:;‘:‘r"s'ai’ 14°C 20°C 1°C 20°C 20+ 20 = 40°C 95% -202C -40% 95-40=55%
15eC 20°C 0°C 0eC 20+ 0=20°C 55% -20°C -40% 15%

v
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Does it make sense for the heating system to be the same in
these different external scenarios?

External Temperature=10°C
Wind speed= 0 m/s

External Temperature= -2°C
Wind speed= 0 m/s
External Temperature=10°C

Wind speed=10 m/s




Control of aerial-pipe heating

W

- To calculate the base temperature, one needs to use a
et feedforward controller to consider the external conditions.

w Disturbances

Aerial pipes =

w Feedforward __ Disturbance hl

Forced-air controller sensors

heaters
DlBase Temperature
w Pipe temperature Valve Pipe |8
Conclusions Temper?ture Setpoint openning tempqraf { @mpgrathe
setpoint s | nE |
® ol +l Pipe Heating
——— ' = Valve [~ .. reenhouse—
- ftemperature Pipes ||
\d controller | Heating system |
2
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Control of aerial-pipe heating

Increasing the temperature of the pipe water based on the external
temperature and wind speed via the Base Temperature

Kpw=5 [°Cwate/°C air] Heating Setpoint =16°C
GCreenhouse Temperature=12°C
4 External temperature= 152C
S C%ng . ~ Wind speed=5 m/s
= Tbase= 40 2C
E
§_ ______ b_II_l/S__ I 10 m/s Twater= KPw (TheatingT'greenhouse')+Tbase
= _ =
8 RN (e e Toater= 5 (16-12)+40=60 °C
c |
$ | External temperature= 20°2C
20 4(x 50 70 Wind speed=5 m/s
Ctcalmax,,vmin Ctcalmax,vmax ctcaltvnin vmin ctcalm;vmax > Tbase: 30 QC
Base temperature (2C) Twater= 5 (16'12)"'30:50 °C
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Control of aerial-pipe heating
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Control algorithm

W
Measurements
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Temperature N eating
control . . Temp. Ventilacién . Temperature
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Aerial pipes — i

Heating temperature setpoint ,
Error calculation

Q Greenhouse temperature
% |
Forced-air . External temperature
heaters Kp,, Master controller Twater Calculation Q Wind speed
Influence of e>fternal temperature T,.ce Calculation
Influi?ce of wind speed ' Pipe water temperature
; Pipe water ‘
1 temperature :E
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Control of forced-air heating

These heating systems warm the greenhouse air by distributing
heated gases throughout the greenhouse via fresh air currents.

Hot
air

Combustion —
air

air

Smoke

|

<J

N

Combustion
Chamber

& |
b Hot
air

Heat
exchanger

Heater

air

& J creenh
Greenhouse l} reenhouse
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Control of forced-air heating

This is an on/off actuator, so one would need to use an on/off
controller corrected by a dead zone

Heating
Temperature
setpoint

100 TU®
Error “@. Control
Signal Signal Greenhouse
e(t) air temperature
On/Off Forced-air
‘ ) Greenhouse
controller Heating

| o, e(t) <0
ue) = [100, e(t) > 0
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Control of forced-air heating

W

Nocturnal Typical sawtooth behaviour of an on/off controller
Temperature 16.5

control ; ;

¥ : Cx Gf\

Aerial pipes N ,/' \

. st ]
remrs R f .

. / j VA
g SN AN RN A AN/ N\
© VA NVVVVY 14.5 > - [T
Tiempo (minuto) /

0 100 150 200 250 300 350 400 450 500
Tiempo (minuto)

\” One needs to analyse if the width and duration of the sawteeth are
Z suitable for our greenhouse.
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’ Control with heating by forced air
Nocturnal PWM (Pulse width modulation)

Temperature

control
Regulate the power-up time based on the error as if it were a proportional controller
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Control with heating by forced air

W

Nocturnal PWM (Pulse width modulation)

Temperature

control

) Regulate the power-up time based on the error as if it were a proportional controller

\

Aerial pipes 26,

\0 24 il Algorithm Commutations  Active time

Forced-ai

Poreedtair L | | On/off 13 741
GPC-PWM 39 670

v 2.
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Control with heating by forced air
PWM (Pulse width modulation)

Regulate the power-up time based on the error as if it were a proportional controller
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Conclusions

\

N
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It is essential to analyse from an economic standpoint whether heating is
really necessary in mild climate zones.

There are different continuous and on/off heating systems which are
controlled in different ways.

The temperature controller used in aerial-pipe heating consists of two
proportional control loops, for which all the parameters need to be known
and carefully selected.

The temperature controller used in forced-air heating is easier to tune
because it is an on/off controller with few parameters.

Each greenhouse and heating system will have its own values for these
parameters, each of which will need to be calibrated.

It is very important to understand these parameters and know how to obtain
good values for them in order for the nocturnal temperature to be well
controlled when operating the heating systems.
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Conclusions
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The humidity needs to be

kept within a certain interval o, _.

(60-80%). o |
It Iis strongly correlated with =4
temperature. o1
The same temperature .
actuators must be used to %
control humidity. 40

Humidity control problem

Relative humidity (%) 29 04 95
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¥ Temperature is controlled
v Humidity is kept within a certain interval;
- Low relative humidity: nebulizers, etc.
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- High relative humidity: vents and heating
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Humidity control with vents durlng ™
daytime periods 7

When the vents open, internal and external air are mixed,
producing two effects:

v The internal temperature decreases because the external
temperature is usually lower.
v  Absolute humidity also decreases because the amount of

water vapour inside the greenhouse is generally higher
than that contained in the external air.

The relative humidity decreases
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MW Humidity control with vents ™
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Humidity control with vents

Paramete rs

Ventilation
Temperature

C& E Vimedad ot ) .
F L @ setpoint

lllll

Vent temperature setpoint

Error calculation

Influence of external temperature i
Influence of wind speed
Kp intervals Kp calculation

; : LeewaLd Vent

Maximum opening vent

for wind direction opening calculation

Windwgrd Vent

Maximum opening vent opening calculation

for rain
Adjustriuent for
Maximum opening vent rain, wind and
for high wind speed humidity
.

Vent position

Measurements

l

Greenhouse humidity

Greenhouse temperature

External temperature
External humidity
Wind speed

Wind direction

Rain
Wind Speed
Greenhouse Humidity
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Humidity control with heating during
night time periods ‘

During night time periods, the greenhouse Is usually closed, so
when the heating systems is in operation:

v The temperature rises,

% The relative humidity decreases (although it is usually
compensated for by an increase in crop transpiration)

Generally there are no problems with humidity
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Humidity
control

I transitions

Daytimes
with vents

W High humidity and low temperature control with ventilation

Night times

With heating

w v A minimum ventilation position s

Night to day defined as long as the relative

w humidity Is above the limits.

“#° | v This is calculated based on the

w outside temperature and wind speed,

Conclusions which influence the air exchange
between the greenhouse interior and
exterior.
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Bl transitions @
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N:htﬁmes Control of high humidity at low temperature (but higher than the

el hcating setpoint) in daytime periods with low radiation and

W heating.

Night to day

v

s A minimum base temperature for the pipes is
set as long as the relative humidity is above the

¢
. limits. It Is calculated based on the external

radiation.
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N Control with other actuators

Humidity
control

W
Daytimes
with vents Y

¢«

Night times

With heating \\d

o

Night to day
v

Other
actuators

W

N4

2

T

NEGHTRA

Other actuators used to control the humidity are:

Fog systems
Cooling systems
Dehumidifying machines

This is an on/off actuator, so one would need to
use an on/off controller corrected by a dead zone.
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Conclusions

N
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Relative humidity is not one of the climatic variables that directly affects crop
growth, although its control is of particular interest.

It Is essential to analyse from an economic standpoint whether it is really
necessary to use actuators in mild climate zones to control the humidity.

It is essential to modify the greenhouse temperature control with vents and
heating systems to account for the humidity.

In order to modify this, controllers are needed to tune the new parameters.

Each greenhouse and actuator will have its own values for these parameters,
which will need to be calibrated in each case.

It is very important to understand these parameters and know how to obtain
good values for them in order for the relative humidity to be well controlled.
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Radiation control problem

It Is Important to control the radiation because:

.

.

It provides the energy for the physiological processes of
plants (photosynthesis).

It heats the solid elements of the greenhouse, affecting the
heat transfer processes.

Excess radiation

Y

.

The more radiation, the more
photosynthesis.

The crop and air temperature increase,
and this can damage the crop.

Radiation decreases
using shade screens
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Radiation control problem

It Is Important to control the radiation because:

v It provides the energy for the physiological processes of
plants (photosynthesis).

v It heats the solid elements of the greenhouse, affecting the
heat transfer processes - -

Lack of radiation

It is necessary for crop growth.

Radiation can be
increased using
artificial lighting
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radiation controi witn snade
screens

This is an on/off actuator, so one would need to use an on/off
controller corrected by a dead zone. -

100 Tu®
Error «t. Control
Radiation Signal Signal Greenhouse
setpoint e(t) radiation

‘ On/Off Shade Greenhouse

controller screen

| 0, e(t) <0
ue) = [100, e(t) > 0
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Radiation control with shade screens

Real results Greenhouse Radiation

W

Radiation Disturbances IR N ‘\

control

A

v

n PAR interior(W/m2)

(o0
control

o | R I
|

[e0]

o

A —
I
e
—]
;—'—’—'-'_F'_FF

|
it

Radiacio

n PAR exterior(W/m2)

‘ 50
hed
e N 50 100 150 200
= 100
©

Tiempo (Horas)

N
o

g
—
i —

Conclusions

Radiacié n PAR interior(W/m2)
[}
o

Rad
N
S)
——
P

k

s

Tiempo (Horas)

(%)
>

15 20 25 30 35 40 45
Tiempo (Horas)

nde malla

Shade screen

N

50 100 150
/@ Tiempo (Horas)

[ j@ 230

NEGHTRA




W
Radiation
control

v

(o0
control

v

Conclusions

N4

2

T

NEGHTRA

Radiation control with shade screens
Correcting for high humidity and/or high temperature

By extending the shading screens, the volume of air around the

crop is reduced as is the exchange of external air.

upper air volume

Crop air volume

Under certain conditions,
the temperature and/or

&g‘? ﬁ%@ @%@@ ég@ g@ @%@? hurnidity may increase.
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Radiation control with shade screens

W Correcting for high humidity
control Maximum shade screen opening is allowed to improve the air
) exchange with the external air.
-
o %  Shade screen opening starts when
control humidity = 85 %
¥  Maximum position of shade screen r—w
\ﬂ when influencing humidity =15 %.
el Y Shade screen opening stops when
humidity = 95 %
0% 8% . _15% . -
T T m I m [ 150
85% 90% 95%
\d usp s | | wssams | | wmpams| -
ass amfs asjs A npang | - L
/m O T T T T T T T T A T T T T T I T
n 3&@ 232

NEGHTRA



W
Radiation
control

v
CoO,
control

v

Conclusions

N

/2

)

NEGHTRA

Radiation control with lighting

INn this case, a closed-loop controller is not used.

The user only programs the lighting systems by indicating:

v Duration
When each artificial lighting period begins and its duration.

¥ Intensity
It is necessary to indicate the setpoint for the light

INntensity in each lighting period.
w Type of light

It Is necessary to indicate the type of light (colour, etc.) in
each lighting period.
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CO, control problem

F?:iation CO, must be controlled because it is essential for the

control photosynthesis process.

W | | .

0 There is an optimal CO, concentration for each crop state.

control

«  [Objectve | Date CO2concentration [ppm]

. \Vegetative growth before flowers appear Nov-Dec 700-1000
Development of strong clusters and flowers Jan-Feb 500-700
Maintaining the balance of the plant Feb-Apr 900-1500
Maintaining the quality of the flowers May-Jul >400
Maintaining the fruit quality Aug-Nov 1000-1250

N

/2
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CO, control problem

¢
Fsiation At night, the plant does photosynthesise so it does not
control consume CO, and the CO, concentration is maximum.

g
; During the day, the plant needs CO, for photosynthesis, so it -
SRR consumes it, leading to a deficit. A \
o There is a lack of CO, < Vv

Conclusions

CO2 enrichment is required

N

2
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CO, control problem

wf There are three types of CO, actuators

Radiation
control

v Pure CO2 cylinders

co, w (Gas combustion
control . d
v Gas flow from boilers for water heating

v

Conclusions

W

N4

2

n 3&'@ 236

NEGHTRA




CO, control problem

What happens in warm areas?

m Water

Boilers

2

n 3@ 237
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CO, control problem

Control algorithm for CO2 enrichment systems

—

e Open ventilation

e Turn off enrichment
if it was in operation

‘ Operate the same

—

e Turn on enricher if it
wasn't in operation

e Store heat if the
heating is operating
during the daytime
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CO, control problem

o Correcting the control algorithm for CO2 enrichment systems

Radiation Effect of radiation ‘ Incregse the minimum level allowed

control
100 W/m? 3 300 W/m? Ztl ):

200 W/m?

W

Biological criteria

CO,
control

450 ppm
s YN A(sR(s R|(s
LU sy Asus

k-1
. !

— e Effect of ventilation ﬂ Deérease tAhe minimum level allowed

10 % 30%
/\ /§ N%
400 ppm 350 ppm 300 ppm

. Economical criteria =TETH=“ “:“H: @“’“ :.@
i Lo
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Radiation and CO, control

B
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Radiation and CO, are two variables that directly affect crop growth,
so their control is of particular interest.

It is essential to analyse from an economic standpoint whether these
kinds of actuators are really necessary in mild climate zones.

The control of radiation and CO, are easy because the algorithms used
only need a few parameters to work.

Each greenhouse and actuator will have its own values for these
parameters, which will need to be calibrated in each case.

It is very important to understand these parameters and know how to
obtain good values for them in order for radiation and CO2 to be well

controlled.
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Crop growth

How can it be measured?

Y
\

Y

Crop growth can be defined as an increment in the
biomass or the physical dimensions of the plants [Bidwell,
1974]

Numlber and size of leaves

Dry matter (matter resulting from drying the Fruit

plants)

Fresh weight (weight of the plant comprising
the dry matter and water)
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Y Crop growth

Crop growth A greenhouse is a sealed enclosure where weather
onditions can be manipulated to achieve optimal crop
growth

CO, concentration  Radiation

v
Climate
control
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‘6 Temperature Leaf system o . )
: Humidity =~ = (Leaf Area Index) —» Leaves
Conclusions : 1
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Crop growth
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Crop growth
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“*. Proyecto (Sin Nombre)
Archivo Opciones Ayuda

Climate control strategies

D@ WY 2emued B 634

Definicion del Experimento

@ Definicién del Experimento
@ Datos Climéticos

4 Datos Crecimiento

€ Modelo de Crecimiento

+ 4 Simulacién del Experimento

Nombre del experimento: II

Pais: lEspaﬁa 7

X

gL

Poblacién: [

Latitud: DQ D'
Longitud: DQ D'

Altitud :] metros

Oeste v

D"
Dn

Fecha de Inicio: 1141172004 v
Fecha Fin: 12/11/2004 o~

Tipo de Tomate: Ramillete v

Variedad:

Densidad de Cultivo:

L]
L ]

|
g oo

Estructura:
N2 de Capillas: \:] =
Altura: :nehos
Longitud: |:nettos
Anchura: :nelros

Tipo de Cubierta:
Coeficiente de l—\
Transmisividad:

Tipo de Sustrato:

<

‘

[[]Ventilacién Natural: "Lateral"
[[]Ventilacién Natural: "Cenital*
[ Nebulizacién

[[] Malla Termica
Coeficiente de Sombreo

[ Mallas de Sombreo l:]

Tipo:

[[] Ventilacién Forzada
Tipo:

[] Calefaccién Aerotermo
Tipo:

[[] Enriquecimiento de CO 2 7012 P

] 11/11/2004 18:47:29
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Climate control estrategies

Tomato crop in greenhouse

Main features of the experiment:

e Crop density of 3.04 plants/m2

e Latitude: 372 23" North

¢ Longitude: 22 45" West

e Altitude above sea level: 150 meters

e Transmissivity coefficient of the greenhouse: 0.9.
¢ 98 days of simulation, from 1/2/2021 to 9/5/2021
e Tomsim growth model, default parameters

e Initial conditions, nodes: 10.8, LAI: 0.39, total biomass: 60gr
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Climate control strategies

Tomato crop in greenhouse

Results of simulation experiments:

Strategy 1 Strategy 2 Strategy 3
47,41 43,97 43.68
Leaf area index 4,41 3,98 3,95
Total biomass 1,621 Kg/m?2 1,689 Kg/m? 1,538 Kg/m?

Biomass fruits

0,967 Kg/m?2

0,783 Kg/m?

0,836 Kg/m?

Biomass mature fruits

0,559 Kg/m?2

0,443 Kg/m?

0,261 Kg/m?
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- Climate control strategies

Crop growth The greenhouse production process consists of three
°°";’°' interacting systems:
W

Climate
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w

T Greenhouse:
V) Climate Market
Y Irrigation

L (weeks, months)
W Fertilization

(Minutes, seconds) Crop
(days)
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- Climate control strategies

Crop growth

control To obtain and sell the crop production when the prices are
w highest, one needs to include the economic criteria.

Climate
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1 wy
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Crop growth control In greenhouses is a complex system, so a
hierarchical multilayer controller is a good solution.

It is necessary to use different models (market, crop, climate, ...

The system must be flexible, allowing for manual modifications of the
control decisions proposed by the control algorithm.

These decisions will influence on the final production results and on
profits.
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Real results
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Real results
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Real results
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Real results
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Real results
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It is necessary to use different models (market, crop, climate, ...

The system must be flexible, allowing for manual modifications of the
control decisions proposed by the control algorithm.

The weather forecast is very important, so the optimization problem
must be repeated daily to reduce errors.

The main goal in greenhouse production is to obtain the maximum
profit, although it would be useful to consider other objectives.

The main drawback of hierarchical architecture is the need to have a
good model of market behaviour to predict the selling prices and
costs.
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