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ABSTRACT:- It presents a simulation study oriented to the control of irrigation systems, whose main objective 
was to evaluate the performance in terms of stability of controllers based on the fuzzy logic and PID, which 

have as a characteristic the emulation of human knowledge and traditional use in industrial applications 

respectively. Both control systems interacted with the different models and sub-models related to the 

microclimate of plants, so that their fundamental purpose was to maintain soil moisture and the water 
requirements of the crop. As a control strategy, it was defined as an input signal the difference between the 

humidity level supported by the existing soil type and the actual humidity level measured in each instant of time 

through electronic sensors. The water balance equation, i. e. the interaction between climate, crop and soil 

subsystems, was used as a strategy to model these moisture levels. These were parameterized under the climatic 

conditions of the study area and adapted to the different types of soils in the municipality of Sincelejo 

(Colombia). Finally, we propose the best control alternative that optimizes water management in irrigation 

systems for watermelon crops, taking as a decision criterion the stability of the system and its energy 

consumption. It is concluded that the irrigation model based on the PID controller achieved better performance 

in terms of stability, energy consumption and reliability, but the diffuse controller uses less liquid to maintain 

water requirements, however, the continuous intermittent operation presumably makes the controller susceptible 

to increased power consumption. 
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I. INTRODUCTION 

The world population is growing rapidly and according to global projections mainly in the least 

developed countries, where the population is growing at a rate five times higher than in developed countries 

(FAO, 2011). This growth implies that agriculture remains the essential engine of growth for economic 
development and environmental services, and for reducing rural poverty. In Colombia, approximately 70% of 

the freshwater used for human consumption is destined for the agricultural sector (Steduto et al., 2012). This 

high percentage of extraction and consumption in the country is due to the demand for each of the permanent or 

transitory crops that are used to sustain food for people and animals (Pacheco Riaño, 2017).   

 

According to the IGAC (2012), in Colombia only 24.1% of the area with agricultural vocation is used, 

and that although the country has an important agricultural production potential that could exceed its domestic 

demand for food, and if the comparative advantages associated with its intertropical location are used, important 

gains linked to the export of agricultural products could be assured, contributing to the country's rural 

development (Perfetti et al., 2013). But despite such important potential, our country has multiple difficulties 

with the modernization of its fields, presenting competitive disadvantages with many agricultural countries in 

the world. For this reason, and thinking of providing a technological development option for the countryside, 
especially in the region of the Savannahs of the department of Sucre - Colombia, where rural technological 

implementations are very scarce, thought was given to the implementation of an automatic irrigation system 

based on fuzzy logic or a PID controller, which would guarantee the optimization of water use in agriculture 

taking into account the basic water requirements of the crop, using techniques of modelling and simulation of 

the plant microclimate (Díaz 2005). 
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In this writing, mathematical models are used to be used in the simulation of the variables involved in 

water consumption for a watermelon crop (Citrullus lanatus). For this purpose, consideration was given to the 

water balance point presented by Laio et al., (2001), where the dynamics of soil moisture losses and the effects 

of perspiration are modelled, which is defined as the microclimate of plants. To do this, some models such as 

Penman Monteith (PM) are used to evaluate evapotranspiration (Allen et al., 2006) used by Norero (1976) for 

estimating the daily root growth of the plant and its impact on water consumption, Liotta (2007) for the 

evaluation of water volumes for irrigation in watermelon crops, James (2012) for the flow balance process, 

Mendoza-Díaz (2009) for the soil study model in the Sincelejana Savannah, Kostiakov - Lewis for calculating 

the velocity (Laio et al., 2001), Lop et al., (2005) for the model for estimating useful water in plants, Flores and 
Ruíz (1999) for the desired humidity model in soils and Hernández-Tórres (2010) for the eco-hydrological 

model of punctual water balance, among others. Evaluated all of them, through dynamic modelling defined to 

recreate the global water requirements of the plants, as close as possible to reality and demonstrating that this is 

a process totally controllable in time and usable for studies oriented to agricultural production. 

 

 

II. MATERIALS AND METHODS 

The project used modelling and simulation tools for encapsulating the plant's microclimate, in a 

transfer function modelled over time, so that it could be controlled through a mathematical model (transfer 

function) that facilitates the adjustment of the constants of a proportional, integral and derivative controller 
(PID), respectively Kp, Ki and Kd. This, so that it can be implemented in an efficient and simple way, studying 

its stability in terms of gain, poles and zeros using some traditional methods, such as the geometric place of the 

roots, tuning techniques such as Ziegler Nichols (O'Dwyer, 2006), so that the ideal tuning can be found. In 

parallel, the fuzzy controller was used as an important alternative due to its ease of application related to its 

intuitive interface and easy applicability, so that tuning was done based on rules aimed at correcting the error 

that occurs when comparing the input and output functions of the plant. 

 

For this purpose, the main climatic variables of the study area were defined, using the satellite weather 

station of the Sucre University, located in the municipality of Sincelejo, from which a total of 17,280 data were 

obtained from precision sensors. These data correspond to air temperature, precipitation, global radiation, 

relative air humidity, atmospheric pressure, wind speed and direction, being measured with an hourly periodicity. 

These records fed the model of Penman Monteith Allen et al., (2006) to recreate the water consumption of the 
crop through the evapotranspiration process (Equation 1). The data taken and applied to the simulation study 

were selected from the measures corresponding to the months in which watermelon is grown in the study area, 

namely March, April, May and June. 
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(1) 

 

Where, ETo is the reference evapotranspiration (mm/day), Rn is the net radiation on the crop surface 

(MJ/m2 day), G is the flow of soil heat (MJ/m2 day), T is the average air temperature at two meters high (°C), U2 

is the wind velocity at two meters high (m/s), es-ea is the actual vapor pressure (kPa), Δ is the slope of the steam 

pressure curve (kPa/°C) and finally   is the psychrometric constant (kPa/°C). In addition to modelling 

evapotranspiration, the cultivation coefficient Kc and its phenological stages, the soil's water properties were 

modelled, worked from some mathematical models subject to the principle of conservation of mass. To model 
the soil zone, the water balance model was used following the methodology of Laio (2001) and Rodríguez-

Iturbe and Porporato (2007), considering the porous medium as a structure of small interconnected ducts of 

diameter n and taking into account the laminar flow expressed by the Darcy's Law (Sanchez, 2011) in such a 

way that:  

 

Where, n is the soil porosity, Zr is the active depth of the root zone of the plant, s(t) is the relative 

moisture content of the soil, φ[s(t);t] is the infiltration rate, χ[s(t)] is the rate of moisture loss from the root zone. 

The study region used for the implementation of the control system corresponds to a tropical dry forest zone and 

its characteristic landscape is the mountain. The predominance of fog is common in hillside forests during the 

early morning and evening hours. The action of trade winds during the dry season influences the regulation of 
temperature, relative humidity and precipitation. It has two well marked seasons, during the summer that 

( )
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extends for more than eight months a year, the temperature rises and the soils are very prone to dryness and 

erosion. Likewise, for the winter season rainfall is continuous and copious. Figure 1, shows the behaviour of 

some variables on a summer day in the study area and at sowing time. 

 

 
Fig. 1: Sample of global radiation, relative humidity, atmospheric pressure and average temperature in 

the study region (Savannahs of the department of Sucre) on one day during the watermelon harvest. 

 

It can be inferred from Figure 1 that the radiation and temperature values are quite high averaging 

midday, staying well into the night. This indicates that the sun's rays hit the crops hard during a good part of the 

day, producing liquid requirements. 

 

Similarly, the model (2) not only includes consumption by transpiration of the crop but also adds the 

soil's water activity, where some quantities of water are absorbed by the roots, others do not penetrate the soil 

and others are infiltrated through the soil without being useful for the plants (Moreno and Osorno 1999), and is 
shown in figure 2, producing the deep percolation and that in this document is not included, because of the 

difficulty of measurement and the low percentage contribution to the totality of liquid drained by precipitation 

or irrigation. The general model of the plant microclimate used for the control system is shown in Figure 3, 

where precipitation rate R(t) is shown, in addition to losses due to infiltration I(t), surface runoff Q[s(t);t), 

evapotranspiration E[s(t)] and deep percolation L[s(t)]. From equation 2, the complete model used in the control 

system can be inferred (Rodríguez-Iturbe, 1999; Laio et al., 2001; Porporato et al., 2004; Hernández Tórres, 

2010). 
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Once the models that simulated the different variables that represent the plant's microclimate (3) have 

been defined, the control systems are defined. Two types of controllers were used, one proportional, integral 

derivative (PID) and one diffuse. Both using the same input data and the same simulation model, to compare its 

operation and establish which one best adapts to the dynamic conditions of the microclimate presented in the 

Sucre Savannahs. 

 
Fig. 2: Infiltration rate graph for soil types in the savannah of Sucre department. 

 

First, a tuned PID Control system was used. Based on its classic configuration, using the respective 
gain (Kp) and tuning the design variables related to the proportional, integral and derivative controller Kp, Ki, Kd. 

The heuristic method used to optimize the controller was Ziegler - Nichols Tuning (Ruíz, 2011). In order to 

achieve this tuning, some recommendations were taken into account in the PI and PID Controller Tuning 

Handbook (O´ Dwyer, 2006) to obtain constant values quickly and guaranteed, so that the desired behavior 

could be achieved. 
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Fig. 3: Distribution of fluid loss in the plant (Laio et al., 2001). 

 

When tuning the controller experimentally, as proportional, integral and derivative design parameters, 

the values of Kp = 2, Ki = 0.1, Kd = 0.3 were obtained respectively, so that the response delivered in terms of 

actual humidity or measured with the desired humidity, produced an error of approximately 0%. This subjecting 

the controller to various tuning and stability tests, to establish whether the control system was following the 

desired signal. This is how we proceeded to change the block that models the desired humidity (system input 
signal) by a source with a stepped signal, then by a source with a constant signal and/or finally, a source with a 

ramp type signal. For all of them, the system showed total stability and an error signal response very close to 

zero. This could ensure that the PID controller is correctly tuned. Figure 4 shows the PID controller designed in 

Matlab® using its development tool Simulink®. 

 

To control irrigation, the irrigation control system used a measure of the actual moisture level of the 

soil, and then compared it to the desired moisture level or moisture level supported by the soil. In general, the 

difference between the desired humidity level and the current humidity level is equal to the error, which is set by 

the controller via a feedback control loop. The controller output causes the actuator to regulate the process for 

the purpose of reducing error by opening or closing the valve so that the difference between the moisture level 

data is continuously reduced. For practical purposes, the estimation model for useful water in plants (UPA) was 
used as design ranges, in fact, the optimum moisture level at which the crop should remain, either because of 

precipitation levels or the control system's action. This UPA level is defined as the difference between the value 

of the field capacity (FC) and the permanent wilting point of the crop (PMP). Both models are included in the 

block called Water Balance of Figure 3 (Lop et al., 2005; Dukes et al., 2010; Osuna and Ramírez, 2013). 

 

 
Fig. 4: Tuned PID Controller applied to the microclimate model. 

 
Also, the Matlab® toolbox was used for the fuzzy controller, as shown in figure 4 (Klee and Randal, 

2011). The controller input signal is the error, i.e the difference between the desired humidity and the actual 

humidity, as proposed by Rahangadale and Choudhary (2011). The diffuse input and output variables were 

loaded into the toolbox, as well as the inference mechanism used for this case Mamdani (1975). This mechanism 
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of Mamdani's inference has the advantage that the areas of the belonging functions are not used, but each 

contribution is operated separately and a weighted average of the contribution centers is calculated, which 

simplifies the mathematical analysis of their behavior (Berengi, 1996). In addition, the diffuse mamdani system 

is the most widely used in the Fuzzy methodology (Nicolas, 2008). 

 

 
Fig. 5: Belonging function for the error signal. 

 

Figure 5 shows the membership functions used as diffuse driver rules in the Matlab® software, which 

can be seen in table 1. Five language labels are assumed: Very Negative (LN), Little Negative (SN), Zero (E), 

Little Positive (SP) and Very Positive (LP). 

 
Table 1. Rules used in the diffuse controller to evaluate the microclimate of the plant. 

Fuzzy Controller Rules 

1. If the Error is Very Negative (LN), then Valve Closes Quickly 

2. If the Error is Little Negative (SN), then Valve Closes Slowly. 

3. If Error is Zero (E), then Valve Does Not Change 

4. If the Error is Poorly Positive (SP), then Valve Open Slowly 

5. If the Error is Very Positive (LP), then Valve Open Quickly 

 

This set of fuzzy rules decided based on the error of the humidity level, the position in which the valve 

was adjusted. These rules were obtained by making a heuristic analysis of the possible decisions that would 

have been made if the operator were a human (Juárez et al., 2011).  

 

Figure 6, illustrates the fuzzy division of the controller's output spaces with their respective language 

labels and their triangular function. The membership functions performed on the valve are observed, i. e. when 

these rules are executed on the diffuse controller the valve will open or close gradually, as the case may be. This 

limits the amount of water available for each irrigation terminal (gutter) according to the water requirement of 

the plant. 

 

 
Fig. 6: Function belonged to the valve control. 

 
The products of these standards or rules are then aligned to determine the temporary position of the 

actuator valve. Mamdani's method of fencing the inputs are fuzzified to obtain the valve position. The next 

process that executes the method in the diffuse algorithm is the defuzzification of the rules and executions 

coming from the controller and that will serve as an output of it MATLAB® uses the centroid method to 

execute these processes as the default procedure, using the Center of Gravity (COG) equation (Rahangadale and 
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Choudhary, 2011) as the basic equation. In figure 7, the diffuse controller is shown, where the feedback of the 

output on the valve is observed, i. e. the amount of water in the irrigation, so that the water balance block 

defines the current value of the differentiated humidity with the desired value. 

 

 
Fig. 7: Diffuse Controller applied to the microclimate model 

 

III. RESULTS AND DISCUSSION 

The execution time of the model under consideration is the lifespan of the watermelon crop, estimated 

between 90 and 110 days corresponding to 3 months and 20 days, i. e. 720 hours of monthly simulation (2,640 

hours in total), the latter being the units of time in which the system is executed. In order for the model 

simulation and controller structure to function properly, the format of the data included in each of the models 

was matrix at hourly intervals, some of them provided directly by the weather station, others indirectly through 

sub-models (Allen et al., 2006) and others through their temporal assessment due to crop growth. By practicality, 
daily runs of the model were carried out to know its behavior before variable input signals in time such as those 

of the Penman-Monteith model, the model of root size, the model that establishes water requirements, among 

others. All this to try to understand first-hand the performance of the controllers, the fluid consumption, the 

work of the valve, and so on. The graphical results are shown in the following figures. 

 

In Figure 8, the comparison of the input variable (Wished Humidity - green signal) and the output 

variable (Actual Humidity - blue signal) is shown. It can be seen from this graph that the behavior of the 

controller is optimal, because although the input signal is time-varying and complex to define in continuous 

space, it reacts smoothly to the tuning of the controller and its response to changes in this input signal is to 

generate values very close to the controllable signal or output, i. e. error magnitudes close to zero. In Figure 9, it 

is observed that the transient error (the difference between desired humidity and actual humidity) obtains an 

observable maximum value of approximately 6x10-3, i. e., in the order of 0.6%, this indicates that the control 
action aims to quickly bring the humidity level to the desired value, thus demonstrating that the system has an 

optimal behavior in response to plant requirements (Javadi et al., 2009). 
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Fig. 8: Comparison of Real Humidity and Desired Soil Humidity for PID over 24 hours. 

 

Now, for the fuzzy controller. Figure 9, shows the relationship between Desired Humidity and Actual Humidity 

after the controller's work. 

 

 
Fig. 9: Error signal for the PID Controller. 

 
As can be seen, the behavior of the Diffuse controller has a certain resemblance to the PID controller in 

terms of stability, only that the difference margins between both variables (H. Real and H. Desired) are more 

pronounced, but not greater than 1.5% (Figure 10). It should be noted that this is only observable after a 
pronounced zoom on the comparative figure. If you review the humidity behavior after the action of both 

controllers, you could say that the action of the tuned PID controller is softer than the action of the Diffuse 

controller. This could be because the controller's rule base is based on error (see table 1), so it could be 

expanded, so that there is a larger number of rules in the fuzzy controller, thus reducing the Error differential 

(ΔE) for each rule. Starting from the fact that, the number of rules defined based on the error reduces the same, 

insofar as each rule applies for a lower differential. 



Application and optimization of control implemented in irrigation systems based on microclimate models 

24 

 
Fig. 10: Comparison between actual and desired soil moisture for the fuzzy controller. 

 

In figure 11, the error signal (difference between the desired and actual humidity) is shown at the 

output of the adder in the fuzzy controller, and it can be inferred that the values of the same in percentage terms 

exceed slightly 1.5%, which according to Rahangdale and Choudhary (2011) is a valid value for a control 

system, and even more so for an agricultural application where the margins of the error can be high. In addition 
to this, it can be said that in certain hours of the day and for relatively short periods of time the error is zero, 

which shows the stability of the system and the optimization of the water resource; unfortunately it is oscillating 

and with an approximate oscillation period of 2.4 cycles/hour, but with amplitude values almost constant of 

±1.5% approximately. 

 

 
Fig. 11: Error signal for the Diffuse Controller. 

 

On the other hand, and for the technical evaluation in terms of energy, it can be inferred from the valve 

position for both controllers (Figure 12), that its maximum expression is obtained by averaging midday, i. e. 

between 9.30 am and 3 pm. Timetable that coincides with the schedules of maximum water requirements in 
each plant. The following are comparative graphs showing the work performed by the valves for each of the 

controllers. 
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Fig. 12: Valve working signal for diffuse controllers (a) and PID (b). 

 

The maximum amount of work carried out (amount of irrigation supplied to the crop) by the valve, 

when the controller is diffuse (Figure 12a), occurs approximately between 13 and 14 hours a day, with a value 

close to 13 milliliters (12,6755 ml), this without taking into account the initial expenditure (first hour of 

irrigation). In contrast to the PID controller (Figure 12b), the diffuse controller shows an alternating irrigation, i. 

e. irrigation is not continuous, but in long periods of time the amount of water is oscillatory, which increases 

ostensibly the work in the valve, but also the maximum consumption exceeds 18.29 milliliters, during the first 

hour of work, and on average consumption reaches 1.7533 milliliters of water. 

Similarly, Figure 12b shows the water consumption or the amount of water supplied to irrigation by the 

PID controller, it is observed that the PID controller provides permanent irrigation to the crop and its operation 

is continuous. As with the diffuse controller, it can be said that in the noon hours, maximum water requirement 
and therefore maximum liquid delivery occurs, reaching its maximum delivery value of 11.89 milliliters of 

water approximately at 13.07 hours of the day (01:04 pm). Additionally, it can be affirmed that the actual work 

performed by the valve when using the PID controller is greater, this can be seen by the greater area under the 

curve of the PID controller than in the Diffuse controller, and because the average value (arithmetic mean) of 

consumption in the PID controller valve is of the order of 6,333 ml/hour, while in the diffuse 1,7533 ml, which 

represents only 27,68%. But with the attenuator that in diffuse control the valve works discontinuously and 

sharply, generating high peaks in short periods of time not recommended in terms of stability and energy saving 

of the system. Strictly speaking, the regulator in both cases works to a greater extent during the first few minutes 

of irrigation to overcome the inertia of the system in terms of water requirements, and then reduce its work 

drastically. It is necessary to remember that all the figures between 8 and 12 show what happened during an 

average simulation day, in other words, the typical behavior of controllers throughout the seedling life or initial 

phase of the plant, or if desired, any other phase of plant development. For this purpose, the hourly values of 
each one of the climatological variables that feed the Penman-Monteith model were included, and based on 

these variables, it responds graphically as shown in figure 13. It can be observed that the maximum water 

requirement of each plant, in relation to the microclimate variables, is between nine (9 am) and twenty hours a 

day (8 pm). Reaching a maximum value of 17.5458 milliliters of water (approximately at 13.5 hours), and a 

minimum liquid requirement value of 0.8558 milliliters of water, during the first and last hours of the day. 
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Fig. 13: Evapotranspiration behaviour. 

 

The graphical behavior of the Penman-Monteith model (equation 1) and figure 13, responds to the 

typical behavior of this model in different parts of the world (Gong and Xu, 2005; Allen, 2006; Nghi, 2008; 

Mundo-Molina, 2008; Howell, 2010; Adeboye and Osunbitan, 2010). This demonstrates the correct application 

of the same one, based on the climatic parameters circumscribed to the Savannah region of the department of 

Sucre. On the other hand, if the value of Kc (phenological plant age) is varied, or the type of crop is changed, so 

that this value of Kc represents another stage of plant growth, with other water requirements, the behavior of the 

controller would be the same. An easy way to comply with the paper formatting requirements is to use this 

document as a template and simply type your text into it. 

 

IV. CONCLUSIONS 

It is concluded that, under the parameters used in it, the irrigation model based on the PID controller 

achieved better performance in terms of stability, energy consumption and reliability, but the diffuse controller 

uses less liquid to maintain water requirements, despite the permanent intermittence in its operation that is 

presumed to make the controller susceptible to increased energy consumption. But in general terms, it has been 

possible to define a water model that is independent of the type of controller, proves to be controllable and 

dynamically manipulable. This is important when it comes to field implementation, as modelling saves a lot of 
money and time because some models would replace the purchase of precision sensors that are usually very 

expensive for the farmer. It also facilitates the implementation of it in its later implementation in other types of 

crops, land, types of irrigation. 
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