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Abstract: In soilless culture, water and nutrients must be frequeantly precisely applied due to the reduced volume and low water
holding capacity of the substrate. For this reason, iridgascheduling is an important and difficult task. The use rofragation
control tray with two electrodes (level sensor) is a simpégfior controlling irrigation. Irrigation operation is ¢rjered when the water
level in the tray decreases below a preset level. This is alsion-off control but inflexible because it requires peigoghanually
calibrations. This work aims at developing a more efficienmttool system for the irrigation management of soillessurel The control
system is based on a Proportional Integral Derivative (RIG9rithm and it allows for fully automatic operation withranimum set of
variables in order to reduce the cost of the equipment. Tidtseobtained demonstrate that the PID control algoritamefficiently

be used to control irrigation in soilless culture. The chlted average daily leaching fractions fit reasonably veethe target values.
Nevertheless, some improvements of the control algoritherequired to reduce the variability of the calculated lhetag fractions
during the initial stage of crop development.

Keywords: Irrigation scheduling, substrate culture, irrigation tohtray, PID controller

1 Introduction exist behind this change. Soilless culture can provide
higher yields and improved product quality due to the
Automatic control algorithms are successfully used ingreater control of the production process.
industrial processes. Nowadays, the application of In substrate culture, water and nutrients must be
optimal control techniques and evolutionary algorithms toprecisely applied to the crop because the water holding
the management of water systems is an active field ofapacity of the substrate is very low and substrates are
research. usually inert. If the volume of water absorbed exceeds the
These methods have also been applied to thedllowable water depletion of the substrate, the crop may
management of irrigation systems. For example, Severa$uffer severe stress and yield reduction. For this reason,
authors P4,16,19] developed algorithms for the optimal the irrigation periods must be very short and frequent.
irrigation scheduling of irrigation districts. Montesmet The irrigation water applied must satisfy crop water
al., see 13], applied an evolutionary algorithm to the consumptionand an additional amount of water to prevent
optimal management of furrow irrigation. Nevertheless, salt accumulation in the substrat1{10]. Nevertheless,
few of these works have been specifically applied to theif excessive water were to be drained from the substrate,
irrigation scheduling control of soilless crops. there would be losses of water and nutrients, thereby
Soilless culture 25] is a growing technique largely increasing the operational costs and producing
used in greenhouse horticulture in the Mediterranearenvironmental damage due to groundwater pollutijn [
basin of Spain. The use of this technique is increasing For these reasons, the development of an efficient
because of soil salinization and overexploitation, and therrigation scheduling method for substrate culture is of
presence of soil pathogen8][ Economic reasons also greatimportance. Currently, various irrigation scheualyli
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methods are being developed and tested to optimise the ’ Crop evapotranspiration, ‘

water use efficiency in soilless cultures. Va N
Some irrigation scheduling methods are based on th
application of a water balance. These methods require
accurate estimation of the consumption of water by the
crop. These irrigation water needs are usually calculated
by modelling the crop transpiration using climatic data
obtained under greenhouse conditio88,12,17,2,5,18,
11].
Lizarraga et al., se€9], assessed the performance of
two differentirrigation scheduling methods for hydroponi
tomato production in Navarra, northern Spain.

Fig. 1: Water balance in the irrigation control system

culture makes this process almost continuous; thus, a PID
o . controller can be a suitable option to control this process.
Other irrigation scheduling methods are based on P b

i The testing and calibration of the proposed control
measurement of the water status of the substrate, either 3Jgorithm has been performed by a by developing a crop
substrate moisture, using granular matrix sensors o

= ] mulation model that reproduces the behaviour of a real
capacitive sensorslf] or as substrate water potential, oo, and a water balance model that simulates the
using tensiometer or electrotensiometr [

- . L performance of the control tray. This procedure allows us

An alternative procedure is to use an irrigation controly, " gjmate under greenhouse climatic conditions, the

tray, Wh'crlll IS a S|Ir|r_1ple but gffecnveh rge;[_hod OF \vater consumption of the most extended crops in the area

automatically - controlling Irrigation scheduling In- 554 the response of the PID algorithm to these simulated
substrate crops4]. The most widespread irrigation

! ; .water demands. With this procedure many expensive and
control tray used in greenhouse crops in southern Spai

ks with a level lav. S | units th me consuming field experiments have been avoided.
works with a level sensor relay. Several units that contain Finally, an optimization algorithm has been used to

the growing medium (i.e., grow bags or rock-wool slabs) tune the PID control algorithm parameters.

are placed on the tray. This type of tray contains WO The proposed automatic irrigation control model has
electrodes placed at different heights. One electrode I$een implemented in a computer program

constantly submerged. When the level of water decreases
by a specified level due to the water consumption of the
plants in the control unit, the second electrode is expose% hodol
and an electrical signal triggers irrigation. This tray ker Methodology
as a simple on-off control system. The level of the second o ]
electrode has to be manually set to obtain the leaching.1 Proposed irrigation scheduling control
fraction that ensures the adequate removal of salts fronsystem
the substrate. This is one of the main disadvantages of
this type of irrigation control tray. In addition, this maalu  The proposed irrigation scheduling control system is
calibration needs to be carried out periodically as the crofillustrated in Figure 1. The water input to the tray is
roots grow or when changes in the leaching fraction arerepresented by the applied irrigation dep#r). The
desired. outputs of water from the system are the drainage depth

To overcome these limitations, new optimal control from the tray Hp) and crop water consumption. Crop
methods are being researched. Sigrimis et al., 8k [ water consumption is determined by evapotranspiration
proposed an optimisation-based method for irrigation(ET).
control of soilless culture under greenhouse climatic In a real experimentir can be calculated as a function
conditions. of the emitter dischargeg), number of emitters per tray

In this work, the main objective is to develop an (n), irrigation time (), number of plants per trayng),
automatic irrigation scheduling control system for sele  and plant spacingSj.
culture based on the use of a Proportional Integral
Derivative (PID) controller and a control tray. This Hg = Ne-q- b L)
control system is intended to be robust and use a S-np
minimum set of control variables to reduce cost. In the
irrigation control tray used, the volume of water drained
is measured rather than the water level in the tray.
Measuring of the volume of water applied and drained
allows the leaching fraction to be accurately calculated.
The PID controller uses information regarding past and
current deviations of the actual leaching fractions to the Ho—ET. — H @)
target leaching fraction to regulate the intervals between R ¢ D
irrigations. The basic assumption made in this work is  The leaching fractionl(F) is defined as the ratio of
that the very high irrigation frequency used in substratethe water drained to the water applied. Knowing both

Experimentally, Ho can be measured by using a
tipping bucket gauge (similar to a pluviometric gauge) or
gravimetrically (for example using a load cell).

The following water balance equation can be written
for this system:
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variables, the leaching fraction can be calculated usingvater depletion in the substratél{), and the resulting

the following equation: LF will coincide exactly with the required or target
leaching fraction I(F¢). If the irrigation interval were
LF — Ho 3) longer or shorter, the resulting leaching fractions would
Hr be lower or higher and the salt concentration in the root

The objective of irrigation management in Substrateepvironment would not be optimal. This would result in a

culture is to provide the volume of water consumed by theYi€!d reduction that could be estimated using methods
crop plus an additional target leaching volume in order to2vailable in the literature2y.
refill the water withdrawn from the substrate by the crop
and maintain the salt concentration in the substrate within
allowable limits 1. 2.2 Model framework

To avoid crop water stress, it is necessary to limit the__ ] ]
maximum amount of water taken up by the crop from the This works aims at testing the adequacy of the proposed
substrate to the allowable water depletioR)( It is  P!D controller to properly manage the irrigation
usually expressed as a fraction of the total available wategcheduling in a substrate culture and at calibrating its
in the substrateTTAWY). TAW, is usually expressed as a Parameters.

fraction of the total substrate volumés). The allowable The proposed control model is composed of two main
water depth in the substratel{) can be calculated using Submodels: a PID based irrigation control simulation
the following equation: model and a PID calibration model. The first one
comprises a crop simulation model to estimate the water
Y TAN-Vs- P @) uptake of the crop for a given period, a water balance in
ac— ~— & -

the tray to calculate the drainage water volume and the

resulting leaching fraction and a PID controller to
The usual irrigation scheduling strategy in substratecalculate the length of intervals between two irrigation

culture is to apply a constant irrigation water depth for all eyents.

the irrigation operations equal to the allowable water in  The calibration model provides the optimal PID

the substrate plus a drainage depth. As the wateparameters values that best fit the resulting leaching

consumed by the crops is variable depending on the crofractions to the target or required leaching fraction. Both

status and the climatic conditions, the length of themodels can be run independently.

intervals between two irrigation events are consequently  The basic scheme of the model is depicted in the

variable. The irrigation water is calculated using the following flowchart:

following equation:

Hr = Hac+Hp = Hac+ LF - Hr (5)  2.2.1 Irrigation controller simulation model

Finally, Hr can be calculated as a functiontefc and

. Crop simulation model
the desired.F: b simuia

A crop simulation model was developed to calculate
H the crop water consumption for each irrigation interval.
_ ac - . .
=1°LF (6) The f|r§t step is to calculate daily crop
evapotranspirationHT;). The methodology proposed by
The desired_F is established in order to maintain an Fernandez et al., se&][ was used for this purpose. Crop
appropriate salt concentration in the root environmentevapotranspiration can be calculated using the following
Methods to calculate this requirddE are proposed in  equation f]:
specific literature22].
The accurate estimation of the length of the interval ET.=ETy K¢ @)

between two irrigation events is very important to obtain . o
the desiredLF. For this purpose, a radiation sensor is . WhereET, is the reference evapotranspiration aqd
is the crop coefficient.

commonly used. Using the radiation measurement, it is Reference evapotranspiratioE},) was calculated

possible to estimat&T. and determine the appropriate using measured daily pan evaporation data from a Class A
irrigation time. In the proposed model in this work, rather g me yp pora .
evaporation pan located inside an experimental

than using a radiation sensor or other complex or . . .
reenhouse in the local agricultural research center "Las

_ex_perwive devices, thg length of_the interval betvvee.n twqgalmerillas” (Almeria, Spain). The following equation
irrigation events is estimated using only the water |nputWas applied: ' :

and output information provided by the tray and the

proposed PID controller. ET — Koo E (8)
If the length of the interval between two irrigation 0~ pant o

events is correctly estimated, the plant water consumption Where Kpan is the pan coefficient and, is the

(ET;) during that period will be equal to the allowable evaporation from a free water surface.

Hr
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Fig. 2: Flowchart of the proposed irrigation control model

The value used forKpan was the proposed by solar radiation for daily or shorter periods can be
Fernandez et al., see7][ for greenhouse climatic calculated from the solar constant, solar declination and
conditions Kpan=0.79). time of the year using appropriate astronomical equations
[1], the equation used to disaggregate the daily crop water

To calculate crop coefficientsk{) for the most evapotranspiratiorT, ) in shorter periodsETe) is as

common horticultural greenhouse crops along their lows:
development stage, the model proposed by Fernandez (f-:f? '

al., see 7], was used. Empirical relationships for the =

estimation of thé; values as a function of the cumulative ET: = E'I'Qd—’t 9)
thermal time for the major horticultural greenhouse crops Rad

in southern Spain were proposed by these authors. Where:R, 4 is the daily extraterrestrial solar radiation

With the aim of simulating the water consumption of and Ryt is extraterrestrial solar radiation during the
the plant between two consecutive irrigation events, it isinterval between irrigation
necessary to disaggregate the calculated daily crop PID based irrigation control model
evapotranspiration into shorter time periods. As no  An algorithm based on a PID controller is used to
experimental climatic data were available for periodsestimate the irrigation interval. The aim of this work is
shorter than a day, the proposed model assumes that thhat the PID controller uses information regarding past
fraction of the water consumption during a specific time and current deviations of the actual leaching fractions to
interval to the daily water consumption is directly related the target leaching fraction to regulate the irrigation
to the fraction of the incoming extraterrestrial solar intervals. The basic assumption made in this work is that
radiation R,) during that period. As the extraterrestrial the very high irrigation frequency used in substrate
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culture makes this process almost continuous. The aim ofrrigation operations and the target leaching fraction was
this work is to test the suitability of the proposed PID used to evaluate the performance of the control algorithm.
based controller to control this process.

The PID controller proposed in this paper calculates S (LF — LF )2
the time interval between irrigations using the following F=y &=t =€ (11)
equation: n

Where LF; is the leaching fraction provided by the
model for theit" irrigation event andh is the total number

liyr=1i+Kp(LF —LF) of irrigations.
i An optimization algorithm was used to determine the
+K > Ik(LR—LF) values of the optimal parameter valués (K, andKp) of
k=i-m+1 the PID control algorithm that minimise the mean square

K (LR —LR) — (LF_1 — LF) 10 error of the leaching fractions. The Nelder-Mead Simplex
+ Ko l; (10) optimization algorithm 14] was used in this work. This
is a technique for minimising an objective function in a

Where: | is the length of the intervals between two many-dimensional space.
consecutive irrigations (in minutes). Subsciipt+ 1 and
i — 1 refers to the current, next and previous irrigation
events respectively an.d subscrﬁp’s useq to calculate the 3 Results and discussion
integral of the leaching fraction deviations of the
preceding irrigation events. The number of previous ..
irrigation events,m, is a parameter of the control 3.1 Software application development
algorithm and must be set by the user. Findily, K|, Kp .
are the proportional, integral and derivative gains of theA New software tool has been developed to implement the
PID controller, respectively. proposed methodology. This tool is able to simulate the

Equation (0) provides an estimation of the time Performance of a PID controller for the automated control
interval between irrigations for thier 11" irrigation event ~ Of the irrigation operations in a substrate culture, under
from the previous time interval between irrigations and Simulated crop water demands. The software provides the
leaching fractions whose values are known. irrigation times, the length of the irrigation intervalsdan

The resulting leaching fraction for the present time the resulting leaching fractions.

interval can be calculated using the water balance model, [N addition, the developed tool allows tuning of the
see equationf and Q). optimal parameters of the PID control algorithm to obtain

the best fit between the leaching fraction estimates and
the target leaching fraction using an optimisation method.
2.2.2 PID calibration model The main control algorithm has been programmed
using the Visual Basic for Applications programming
To apply the model in practice to a real crop, it is language embedded in a Microsoft Excel spreadsheet file.
necessary to tune the parameters of the control algorithm The user interface has been designed using a
previously. Tuning a control loop is the adjustment of its Microsoft Excel worksheet. It is organised into several
control parameters (proportional gain, integral gain andframes, in which basic model parameters, crop data,
derivative gain) to the optimum values for the desiredirrigation system data and substrate characteristics are
control response. introduced. From the main Visual Basic program and
The adjustment of control parameters using anusing the ActiveX Data Objects (ADO) technology, the
experimental procedure is not feasible due to the veryprogram can perform queries to a database implemented
high experimental time and cost. In this work, a crop in Microsoft Access to retrieve the input data needed by
simulation model has been preferred to simulate thethe model. The input database tables are a climate
behaviour of the control system under not real butdatabase (which stores the weather variables), a crop
simulated crop water requirements. database (which stores the agronomic features of each
The water consumption for a given period is crop) and a substrate database (which stores the physical
calculated using the proposed crop simulation model. Theeharacteristics of the substrates).
irrigation water input per irrigation event is calculated ~ The data required by the model are the following:
using equation &), for a given target leaching fraction.
Knowing the volume of irrigation water and the simulated
consumption of the crop, the resulting drainage water3.1.1 Model parameters
volume and leaching fraction can be calculated by
applying the equatior?j of water balance in the tray. The values of the three parameters used by the PID
The mean square erroiF) between the leaching algorithm Kp, K| andKp) can be either explicitly defined
fraction provided by the simulation model for all the as input parameters or their optimal values can be

(@© 2015 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

52 NS 2 D. Rodriguez et. al. : Development of a New Control Algaritfor Automatic...

calculated using the optimisation module. The target
leaching fraction I(F;) and the length of the initial

interval (1) must be also defined. The model allows the
user to change the required leaching fraction along the._ .
crop growing cycle. o

5

Estimated ET,
w

~

3.1.2 Crop data

The user must select the type of crop to simulate. The *
main horticultural greenhouse crops in southern Spain are st
available in the crop database. Once the crop has been ° : 2 s

selected, the agronomical data needed by the model are Hessured ET 0
retrieved by querying the crop database. The plant

spacing and the dates of planting and harvesting of therig. 3: Estimated versus measurdlT; values between two
crop have to be defined. consecutive irrigations

ET,: Crop evapotranspiration

3.1.3 Irrigation System Data

Basic irrigation system data must be provided to thethey compared the measured and estimated daily
model: emitter spacing, emitter discharge and irrigationvalues and also found a good fit between the measured
uniformity. and estimate; values.

With the aim of testing the accuracy of the proposed
methodology to disaggregate the daily crop
evapotranspiration into shorter periods, actual crop wate

consumption data for a tomato crop have been

The user can select the type of substrate to simulate. Afte : . :
selecting the substrate, the physical data for the substratéXpe”menta"y obtained and compared to the estimated

are retrieved by the oroaram by performing a auery to theC e The actual water consumption data have been
y Prog y P 19aquery 1o the. ained for a real tomato crop measuring the irrigation
substrate database. This database contains the majority

substrates used in soilless culture. The desired water ater input and drainage output volumes for every
depletion of the substrate, the volume of the substrat [rigation event, see equatio@)( The actual crop water

econsumption for a specific interval between two
22?1[2;Qﬂggﬁ;g;gigpsegﬁ{etéay and the number of plantt%on_secutive irrigations can be_ obtained subtract?ng the

: drainage volume to the irrigation water volume in the
final irrigation event of each period. The experimental
period was between March 20 and April 14, 2013. Figure
3 shows the comparison between the measured and
eestimatedE'I’C values between irrigations.

3.1.4 Substrate data

3.1.5 Climate data

The climate data used in the model were taken from th
Experimental Station "Las Palmerillas” located in the As expected, a satisfactory correlation has been found
centre of the study area at 37 N of latitude. This researctbetween thé&eT; values measured between two irrigation
centre has a weather station placed on a turf inside a&vents and the estimated values provided by the proposed
typical plastic-covered greenhouse. Pan evaporation androp simulation model, because the evapotranspiration
temperature data inside the greenhouse were used for thisside a greenhouse is mainly related to solar radiation.
study. However, a lag betweeBT; and incoming radiation has

been experimentally observed. This fact has been pointed

out by other researche2]]. [12] stated that the observed
3.2 Experimental evaluation of the crop hysteresis of the transpiratior_1 With the radiation may have
simulation model been related to the thermgl inertia of the greenhouse. In
fact, crop water consumption has been measured even in
the night time when there is no direct solar radiation.
Nevertheless, only daylight irrigation periods have been
onsidered in the previous analysis.

The crop simulation model used in this work is based on
the methodology proposed by Fenandez et al., ggeq
calculate the daily crop evapotranspiration. These asthor®
demonstrated that the estimation of the daily crop  These results demonstrate that the proposed simulation
evapotranspiration from daily pan evaporation datamodelis accurate enough to be used as a tool with the aim
following their methodology is pretty accurate. They of assessing the performance of the irrigation scheduling
obtained a regression coefficiemf) value of 0.98 when  control model.
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3.3 Performance of the control model tolerance of the crop and they should not be too much
high with the aim of saving water and nutrients. The

In order to evaluate the performance of the model, aconclusion is that the performance of the algorithm
simulated case study was analysed. In this case studghould be improved for the cases where Ibi values
tomato was chosen as it is the most extended crop in tha'e used.
area. The selected planting date was on February, 15 and In the following paragraphs, the results provided by
the harvesting date was on June, 22. A plant density of 2Zhe model for &_F; value of 0.3 and & value of 0.05 are
plants m~2 was considered and the number of plants perdiscussed. Figure 4 shows the simulated daily crop water
tray was 4. The selected substrate was perlite. Theonsumption along the growing cycle. The daily average
number of bags per tray was 2 with a volume of 10 water consumption was 2.32 m~2, with a maximum of
L-bag?. 7.57L-m2 and a minimum of 0.1& - m~2. As observed
The first step was to run the PID calibration model to from the graph, the water demand increases as the crop
get the optimal values of the parameters of the controldevelops. The number of irrigations events ranged from
algorithm for the proposed case study. The values of thdess than 1 irrigation per day in the early stages of the crop
parameters provided by the model that minimised theto 21 irrigations per day when the crop is fully developed.
deviations from the target leaching fraction in the case
study were as followsKp = 60, K, = 200 andKp = 2.
The model was then run with the estimated optimal
values and an initial time interval of 450 minutes. ° :
To evaluate the performance of the model under ... .. ... . = =
different management conditions, a sensitivity analysist .
has been performed for several values of target leaching
fraction, LF. and allowable water depletior. The -
results provided by the model are summarized in table 1,5. R -
wheren s the mumber or irrigatiortir is the irrigation s ot .
depth,l is the average length or the irrigation interval;
is the average simulated leaching fraction dhds de
mean square error.

Initial stage Crop development Reproductive stage

onsumpt
@
.
]

©

~

Daily crop water
1]
(4

-

o

0 20 40 60 80 100 120 140
Day after planting

Table 1: Results of the performance of the model . ) . . ) )
LF. PR n Hr (Mm) | (min) LF = Fig. 4: Daily water consumption provided by the crop simulation
030 0025 1628 4169 444 0305 00ss model
0.30 0.050 806  412.8 88.0 0.308 0.053
0.30 0.075 538 413.3 128.2 0.312 0.069

030 0.100 404 4138 167.1 0314 0.081 Figure 5 shows the length of the interval between two
0.25 0.025 1659 396.5 43.6 0269 0.090 jrrigation periods provided by the model. Model
025 0050 822 3929 86.3 ~ 0.273 0.065  gyecytion resulted in 806 irrigations, representing an
0.25 0.075 553 396.5 124.8 0.282 0.089

095 0100 414 3958 1632 0283 o009 Average qf 7 irrigations per day. The average va_llue of time
020 0025 1697 3802 126 0236 0116 between irrigations throughput Fhe entire growing season
020 0050 842 3773 845 0242 0085 Was 88 minutes. As shown in Figure 5, the initial interval
0.20 0.075 568 381.8 121.4 0.255 0.109 Was 450 minutes, and during the first stage of the crop
020 0100 427 382.7 1582 0.259 0.117 developmentin which crop water consumption was low,
the irrigation intervals were longer. The irrigation needs
grow higher as the crop leaf area increase; consequently,

As it is shown in Table 1, the obtainédvalues were the time between irrigations becomes shorter. In the
lower for higherLF. and lowerR; values. This means that middle of the growing season, there were several
the model performs better for these working conditions.consecutive cloudy days in which the irrigation needs of
This seems to be reasonable because in these conditioffte crop were lower. The proposed control algorithm
the irrigation operations are more short and frequent andesponded efficiently to these changing crop demands by
the PID control works more efficiently. From an increasing the duration of the irrigation intervals. The
agronomical point of view, lowerR values are model also responded fairly well to the cyclic daily
appropriate for the crop development because the wateyariations in water demands. In the last stages of the crop
depletion in the substrate is low and the risk of watergrowing season, the length of the intervals also exhibits
stress is lower. However, required leaching fractions tocyclic variation.
maintain the salt balance in the substrate depend on the Figure 6 shows the average daily leaching fractions
electrical conductivity of the irrigation water and thetsal throughout the entire growing season.
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Initial stage Crop development Reproductive stage

~
3
8

to zero. This entails that the applied irrigation water tept
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, was in fact lower than the crop water consumption and as
.#f a consequence there was not any drainage flow. This fact
i is undesirable as the crop can undergo a severe water and
saline stress.

2
3
S

.

@

8

S
.

Time interval between irrigations (min)

3

‘, Table 2 summarizes the contribution of the
wy |8 proportional, integral and derivative terms of the PID
. . controller. As it is shown in this table, the most relevant

¢ : component was the proportional term. The mean

g

****** ;‘,ﬁﬁ_},,TT_F,,_,,i,,;;,_,,;,,,,,,,',;{ correction of the time interval between irrigations
o2 W hARNHH (|Al|mean Was 9 minutes which represents approximately
o s owe om0 ow m wn w0 oo o« w0 w o ow @ 10% of the mean irrigation time intervalga) along
tumberefimoaton event the growing period (88 minutes). The integral component
Fig. 5: Time intervals between irrigations provided by the model had @ much lower contribution as its mean correction was
less than a minute (0.33% of the mean time interval). The
contribution of the derivative controller can be considere

o

o il sage Gap devsopment Reprodustve stage absolutely negligible.
g 0’6 7777777777777777777777777777777777777777777777777777777777777777777777777 Table 2: Contribution of the Proportional, Integral and Derivative
L components
o4 : ’ . : Proportional Integral  Derivative
‘§03 777777777777777777777777 f.;.;,ﬁ.ﬁ;,--,_j:;; LemE e L Alpax (Min) 30.80 1.52 0.05
: . N e el Almin (Min) -55.24 257 -0.17
oz e o |Al|mean(min) 9.06 0.29 0.005

- . |Al|mean/Imean(%)  10.29 0.33 0.01

Days after planting Taken the results obtained in this work as a basis,

future research and developments are expected to be done
in this research line to improve the performance of the
irrigation control model. It is necessary to implement
some modifications in the algorithm to allow a more rapid
response of the controller to the low and changing
irrigation needs, especially in the early stages of the crop
development. A salt balance in the tray is going to be

implemented in order to estimate the salt concentration in

These_ results can be considered satlsfgctory as thfhe substrate and the yield response of the crop. Finally, a
model adjusted fairly well the target leaching fraction field research program is going to be carried out to test

during most of the growing cycle. Nevertheless, as the :
graph shows, théF deviations from the targetF were the proposed methodology experimentally.

much higher in the first stage of crop development. This

can be due to the low water consumption of the crop at .

the beginning of the growing season that resulted in very4 Conclusions

large irrigation intervals. These large irrigation intels

made the response of the controller to be slower thar simple and low cost automatic control system based on
desired and, for this reason, there is a lag between tha PID algorithm has been developed for optimal irrigation
actions taken by the controller and the crop needs. Thesmanagement in soilless cultures.

rapidLF variations can produce short-term changes inthe  The automatic control system developed requires a
salt concentration in the substrate that can be especiallyery low number of variables to operate as the irrigation
detrimental for the crop. Some researchers have pointethput and the drainage output volumes of water to the
out that a sudden increase of the electrical conductivity inirrigation system. These variables are easily measurable,
the root environment strongly will reduce the water and there is no need to measure weather data or using
absorption, because of the reduced difference between thexpensive climatic sensors to control the irrigation
osmotic potential of the internal and external solution efficiently.

[22]. Besides, the crop is more sensitive to abiotic stresses The proposed model has performed well when
in the first part of the growing cycle. Furthermore, along applied to a case study. In this case study, the model was
the early stage of the crop, sohE values resulted equal tested under the simulated demands of a common

Fig. 6: Daily leaching fractions provided by the model

The resulting average leaching fraction for the entire
growing period was 30.75%. The relative deviation from
the target leaching fraction (30% in this case) was 2.5%.
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5 Notation

The following symbols are used in this paper:

Eo
ETc
ETeq
E Tc,t
ETo

Evaporation from a free water surface
Crop evapotranspiration

Daily crop evapotranspiration

ETc during the irrigation intervat
Reference evapotranspiration

Mean square error

Allowable water depth in the substrate
Drainage depth

Irrigation depth

Time interval between irrigations
Crop coefficient

Derivative gain of the PID controller
Integral gain of the PID controller
Proportional gain of the PID controller
Pan coefficient

Leaching fraction

Target leaching fraction

Simulated_F for thet!" irrigation event
Number of previous irrigation events
Total number of irrigation operations
Number of emitters per tray

Number of plants per tray

Allowable water depletion

Emitter discharge

Coefficient of regression
Extraterrestrial solar radiation

Daily extraterrestrial solar radiation
Ra during the interval irrigation

Plant spacing

Total available water in the substrate (Fraction)

Irrigation time
Substrate volume
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