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Abstract

:

In this paper, we explain the design and implementation of an intelligent irrigation control system based on fuzzy logic for the automatic control of water pumps used in farms and greenhouses. This system enables its user to save water and electricity and prevent over-watering and under-watering of the crop by taking into account the climatic parameters and soil moisture. The irrigation system works without human intervention. The climate sensors are packaged using electronic circuits, and the whole is interfaced with an Arduino and a Simulink model. These sensors provide information that is used by the Simulink model to control the water pump speed; the speed of the water pump is controlled to increase or decrease the amount of water that needs to be pushed by the pump. The Simulink model contains the fuzzy control logic that manages the data read by the Arduino through sensors and sends the command to change the pump speed to the Arduino by considering all the sensor data. The need for human intervention is eliminated by using this system and a more successful crop is produced by supplying the right amount of water to the crop when it is needed. The water supply is stopped when a sufficient amount of moisture is present in the soil and it is started as soon as the soil moisture levels drops below certain levels, depending upon the environmental factors.
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1. Introduction


Agriculture plays an important role in the economy and is considered the backbone of the economic systems of emerging countries. Agriculture has been linked to the production of staple food crops for decades. To produce a successful crop, one must take into account the process of irrigation and the amount of water that is being used. The amount of water should only be that which is needed by the plants. Since water is one of the most precious resources we have, we should use it wisely. In this paper, we discuss the implementation of an intelligent control system based on fuzzy logic that, after considering the climatic conditions, decides how much water should be given to the crop, and a successful crop is produced if the right amount of water is supplied—not too much and not too little [1,2].



The fuzzy control system developed considers four input variables: soil moisture, solar irradiance, air temperature, and air humidity—as all these factors affect the evaporation rate of water from the soil [3,4,5]. By controlling the output variable of the fuzzy logic control system [1,3], i.e., the pump voltage of the water pump using a pulse-width modulation technique [6], we control the speed of the pump, which in turn results in the change in the rate of water supply. This makes the system different from previous work as more input variables are employed and a direct rule base is created based upon the relationship of each input variable with the output variable [1,7,8,9,10,11,12].




2. Fuzzy Logic Control System


A fuzzy logic control system is developed with the help of four blocks. The first is fuzzification, which converts a crisp input value into a fuzzy value by assigning a degree of membership to the input. Then, the second block is an inference engine that deduces the fuzzy result from fuzzified inputs on the basis of the if–then rules block. The if–then rules is the rule base that contains all the relevant combinations of inputs and outputs that are designed by the user to denote a mathematical relationship between them [1,3,4,5,13]. On the basis of membership functions, the fuzzified inputs and outputs are distributed into different sets. The controller provides a crisp output that is derived from the fuzzy output that the inference engine generated. This conversion of inference engine output from fuzzy to crisp is done by the defuzzification process. Figure 1 shows a general fuzzy-logic-based control system in the form of a block diagram.



Figure 2 shows the fuzzy inference system developed in MATLAB. Our fuzzy inference system is designed using the MAMDANI approach of fuzzy inference. As a result, the AND operator is realized by calculating the minimum, whereas the OR operator is achieved by calculating the maximum [3,13,14,15]. Considering the four input variables, soil moisture, solar irradiance, air temperature, and air humidity, the output variable, pump voltage, is controlled based on the fuzzy rules defined in the MATLAB fuzzy rule base.



We chose pump voltage as the output variable because the quantity of water required in the soil can be varied by varying the DC pump’s terminal voltage since the pump speed is directly related to the pump input voltage. To prove that by changing the DC pump’s terminal voltage, the rate of flow of water can be changed; we conducted an experiment in which the pump input voltage is changed manually, and at each voltage value the time needed to fill an empty mug is noted. The experimental data of pump voltage vs. pump water output are shown in Table 1.



2.1. Membership Functions


Each of the input variables is designed with three membership functions and the output variable with five membership functions [1,16]. All input and output variables are defined with the help of trapezoidal and triangular membership functions and linguistic variables [17,18]. The triangular membership function and the trapezoidal membership function were implemented solely for the sake of simplicity and for achieving good quality control. According to Lotfi A. Zadeh, the simplest methods work the best because they are intuitively clear and we can easily make use of our intuition and the mathematical formulas together, but if we use complex functions, we can only rely on the formulas as they are difficult to intuitively understand. This explanation is reasonable on the qualitative level and the quantitative explanation is provided in the research [3,19].



2.1.1. Soil Moisture


The soil moisture input variable is defined with the help of three linguistic variables, namely low, normal, and high, as shown in Figure 3. It ranges from 0 to 100 to denote the percentage of moisture content in the soil. The membership function parameters are given below:




	
Low—trapezoidal membership function with params [−36 −4 20 35]



	
Normal—triangular membership function with params [20 40 60]



	
High—trapezoidal membership function with params [45 60 104 136]









2.1.2. Solar Irradiance


The solar irradiance input variable is defined with the help of three linguistic variables, namely dim, normal, and bright, as shown in Figure 4. It ranges from 0 to 1000 to denote the amount of solar irradiance incident on the soil w.r.t. watts per square meter. The membership function parameters are given below:




	
Dim—trapezoidal membership function with params [−360 −40 350 500]



	
Normal—triangular membership function with params [350 500 675]



	
Bright—trapezoidal membership function with params [500 675 1040 1360]









2.1.3. Air Temperature


The air temperature input variable is defined with the help of three linguistic variables, namely cold, normal, and hot, as shown in Figure 5. It ranges from 0 to 50 to denote the temperature of the air in degrees Celsius. The membership function parameters are given below:




	
Cold—trapezoidal membership function with params [−18 −2 17.5 22.5]



	
Normal—triangular membership function with params [17.5 22.5 27.5]



	
Hot—trapezoidal membership function with params [22.5 27.5 52 68]









2.1.4. Air Humidity


The air humidity input variable is defined with the help of three linguistic variables, namely low, normal, and high, as shown in Figure 6. It ranges from 0 to 100 to denote the percentage of moisture content in the air. The membership function parameters are given below:




	
Low—trapezoidal membership function with params [−36 −4 35 50]



	
Normal—triangular membership function with params [35 50 70]



	
High—trapezoidal membership function with params [52.5 70 104 136]









2.1.5. Pump Voltage


The pump voltage output variable is defined with the help of five linguistic variables, namely very low, low, normal, high, and very high, as shown in Figure 7. It ranges from 0 to 13 to denote the pump voltage in volts. The membership function parameters are given below:




	
Very low—trapezoidal membership function with params [−2.43 −0.271 2 3.3]



	
Low—triangular membership function with params [2 3.3 5]



	
Normal—triangular membership function with params [3.3 5 7]



	
High—triangular membership function with params [5 7 10]



	
Very high—trapezoidal membership function with params [7 10 11.1 13.2]










2.2. Fuzzy Rules


Fuzzy rules are defined by taking into consideration how each of the input variables affects the amount of water that the plant needs. First, we check the soil moisture starting from high to low, then solar irradiance is checked starting from dim to bright, then air temperature from cold to hot, and finally air humidity from high to low, as in this sequence we can deduce that if soil moisture is high and solar irradiance is dim and air temperature is cold and air humidity is high then, the need to supply more water to the soil is minimal, and by permuting all the input variables in this order we can say that the water need is increasing, as this is the lowest case. The total count of fuzzy rules that need to be designed can be determined from the general formula for calculating the number of fuzzy rules, which is by multiplying the number of membership functions for each input variable, i.e., 3 × 3 × 3 × 3 = 81 [1,13].



We can verify that the rules defined by the user are correct by viewing the surface graphs automatically generated by the MATLAB software after inputting all the rules, as per the deduction that the amount of water needed by the plant increases directly with solar irradiance and air temperature, while it decreases with increases in soil moisture and air humidity [13].



We can see that the pump voltage increases with an increase in solar irradiance and air temperature, as shown in Figure 8, and the pump voltage decreases with an increase in soil moisture and air humidity, as shown in Figure 9.





3. Verification of Fuzzy Controller


To test the fuzzy controller, we designed a prototype model in Simulink that can be used to test the fuzzy controller for a large set of input values for each input variable. Figure 10 shows the model used for testing the fuzzy logic controller in Simulink. For each input variable, a sine wave function block is used with different parameters to permute every possibility as defined in the fuzzy rule base. For soil moisture, a sine wave with 50 amplitude and 50 bias is used to get a range of 0–100 as soil moisture will always be in percentage. Solar irradiance is simulated as a sine wave of 500 amplitude and 500 bias to get a range of 0–1000 as solar irradiance can range from 0–1000 watts per meter square. Air temperature is simulated with the help of a sine wave with an amplitude equal to 25 and a bias of 25 to get a range of 0–50, which will be in degrees Celsius, and, finally, the air humidity is the same as soil moisture as it will also be in percent. Each of the waves is specified to engulf each other in all possible ways to get all the permutations of all input variable values. Figure 10 shows the testing model of the system designed in Simulink with the above specifications, Figure 11a shows the changing values of input variables throughout the simulation, and the pump voltage result is shown in Figure 11b.



Test Results


According to Figure 11b for voltage output (simulation time is represented on the x-axis and the value of the respective variable w.r.t. to its unit of measurement is represented on the y-axis), the following observations were made:




	
While moving from 20 to 30 on the x-axis, we can see that the voltage is decreasing and this happens when solar irradiance is decreasing while soil moisture and air humidity is increasing through the same value. Since soil moisture was almost at the peak and solar irradiance was decreasing, the need for more water was eliminated and pump voltage decreased to minimum.



	
From 45–60 on the x-axis, we see that the voltage is increasing; this happens while the solar irradiance is also increasing and soil moisture is decreasing. This also suggests that more water is needed when soil moisture is low and solar irradiance is high.



	
From 75–77, the voltage drops suddenly to around 6.7 volts; as solar irradiance decreases below 400 watts per meter square, soil moisture starts increasing above 0 and air humidity is also increasing. Since there is little sunlight and air humidity is high, the need for water is decreased.



	
From 90–95, the voltage decreases as soil moisture increases.








From the above observations and Figure 11, we can clearly see the effect of each input variable on the pump voltage. The pump voltage graph mostly resembles the soil moisture graph but appears inverted, meaning that the soil moisture has the highest impact on the pump voltage, followed by solar irradiance, then air temperature, and lastly air humidity.





4. Analysis of Fuzzy Controller


The fuzzy logic controller was designed with respect to controlling the soil moisture content based on the instantaneous values of the pre-defined input variables that are soil moisture, solar irradiance, air temperature, and air humidity. The pump voltage was chosen as the output variable of the fuzzy controller because of the relationship between pump voltage and the flow rate of water, controlling which is the main purpose of our controller. Since the DC pump that was taken could be easily controlled by changing the terminal voltage and thus changing its speed. Using the observations from the experiment described above and in Table 1, the following mathematical equations can be written. Since an increase in input voltage results in less time needed to fill the mug completely, we can say that input voltage is inversely proportional to the time needed to fill the mug completely and can be written in mathematical form as:


Input voltage ∝ 1/time taken to fill 500 mL



(1)




and the rate of flow of water can be defined by:



Rate of flow of water = change in volume/time taken to fill 500 mL = (500 − 0)/time taken to fill 500 mL,



The above equation can be rewritten as:


Rate of flow of water ∝ 1/time taken to fill 500 mL



(2)







From Equations (1) and (2), we can say that the rate of flow of water is directly proportional to the input voltage of the DC water pump.


Rate of flow of water ∝ Input voltage



(3)







Mathematically, the relationship between the input variables that are soil moisture, solar irradiance, air temperature, and air humidity and the pump voltage output variable can be defined by:


Soil Moisture ∝ 1/Pump Voltage



(4)






Solar Irradiance ∝ Pump Voltage



(5)






Air Temperature ∝ Pump Voltage



(6)






Air Humidity ∝ 1/Pump Voltage



(7)







These four equations can be proved by considering the effect of each input variable on the soil moisture content:




	1.

	
Equation (4) is a general equation considering that increasing soil moisture content indicates less need for water and, thus, the inverse relationship between the variable soil moisture and pump voltage;




	2.

	
When the value of the solar irradiance increases, it increases the rate of evaporation, and, thus, to maintain the moisture content of the soil, the rate of flow of water from the pump needs to be increased, and, thus, the pump voltage is increased;




	3.

	
Air temperature acts similarly as solar irradiance acts upon the moisture content of the soil and, thus, the direct relationship is formed;




	4.

	
Air humidity is defined by the inverse relationship because when the moisture content of the air is low the evaporation rate of water in the soil is increased as the dry air tends to absorb the moisture from the surface.









From Equations (4)–(7):


Pump Voltage ∝ Solar Irradiance × Air Temperature)/(Soil Moisture × Air Humidity)



(8)







Equation (8) represents the mathematical model of the system.



4.1. System Response w.r.t Each Input Variable


The response of the fuzzy controller with respect to each input variable is analyzed in the same way the above results are found. A test model is designed for each input variable such as soil moisture, solar irradiance, air temperature, and air humidity. Each model is run three times by considering the values of the remaining variables as:




	1.

	
Minimum water needed;




	2.

	
Maximum water needed;




	3.

	
At standard operating conditions.









4.1.1. Soil Moisture


According to Equation (4), the effect of soil moisture on the pump voltage should be inversely proportional, and with an increase in the soil moisture value, the pump voltage should be decreased. This can be validated by the following graphs. Figure 12a,b show the graphs of soil moisture vs. time and voltage vs. time when all the other variables’ need for water is at a minimum, respectively. When soil moisture is 0–20, we can see that the pump voltage is constant (around 7.3 V). As the soil moisture value increases from 21 to 60, the pump voltage is decreased simultaneously to somewhere around 1 V and then is maintained there as the soil moisture increases further to 100 and back to 60.



As soon as the soil moisture starts decreasing below 60, the pump voltage is increased gradually to 7.3 V. The pump’s voltage is not increased above 7.3 V because the need for water is at minimum by the other variables such as solar irradiance and air temperature being set to minimum and the air humidity being set to maximum, signifying no effect of these variables on the evaporation rate of water from the soil. This is with respect to the fuzzy controller only and when the hardware model is connected to it the output will change significantly as the minimum voltage our system can work on is 3.3 V. So, as soon as the fuzzy controller outputs a value below 3.3, the actual value becomes 0 and the DC pump is shut down.



Similarly, considering that the need for water is at maximum w.r.t. to the other variables, the effect of soil moisture on the pump voltage is defined by the graph shown in Figure 12c, Considering the soil moisture value from Figure 12a. We can see that the range of pump voltage has shifted from 1–7.3 V to 3.2–9.5 V, but it is still in accordance with our Equation (7) as the voltage is increased when soil moisture decreases from 60–20 and vice versa. The range of pump voltage has changed slightly from 3.2–9.5 V to 2.2–9.2 V at standard operating conditions, according to Figure 12d considering soil moisture value from Figure 12a. To get the graph at standard operating conditions, we manually set solar irradiance to 600.00 W/m², air temperature to 25 °C, and air humidity to 50%. This slight decrease in the range is due to a decrease in the solar irradiance value from 1000.00 W/m² at max to 600.00 W/m², while the graph is almost identical.




4.1.2. Solar Irradiance


According to Equation (5), the effect of solar irradiance on the pump voltage should be directly proportional, and with an increase in the soil moisture value the pump voltage should also be increased [8]. This can be validated by the following graphs shown in Figure 13.



Figure 13a,b show the graphs of solar irradiance vs. time and voltage vs. time, respectively, when all the other variables’ need for water is at a minimum. When solar irradiance is 0 to 400.00 W/m², we can see that the pump voltage is constant (around 1.35 V). As the solar irradiance value increases from 400.00 W/m² to 700.00 W/m², the pump voltage is increased simultaneously to somewhere around 3.4 V and then is maintained there as the solar irradiance increases further to 1000.00 W/m² and back to 700.00 W/m². As soon as the solar irradiance starts decreasing below 700.00 W/m², the pump voltage is decreased gradually to 1.35 V. The pump’s voltage is not increased above 3.4 V because the need for water is at minimum by the other variables such as air temperature being set to minimum and the air humidity and soil moisture being set to maximum, signifying no effect of these variables on the evaporation rate of water from the soil.



Similarly, considering that the need for water is at maximum w.r.t. to the other variables, the effect of solar irradiance on the pump voltage is defined by the graph shown in Figure 13c, Considering solar irradiance value from Figure 13a. We can see that the range of the pump voltage has shifted from 1.35–3.4 V to 7.25–9.5 V, and it is still in accordance with our Equation (5), as the voltage is increased when solar irradiance increases from 300.00–500.00 W/m² and vice versa. The range of the pump voltage is changed slightly from 7.25–9.5 V to 3.5–6.25 V at standard operating conditions, according to Figure 13d, Considering the solar irradiance value from Figure 13a. To get the graph at standard operating conditions, we manually set soil moisture to 50%, air temperature to 25 °C, and air humidity to 50%. This slight decrease in the range is due to a decrease in solar irradiance value from 1000.00 W/m² at max to 600.00 W/m², while the graph is almost identical.




4.1.3. Air Temperature


According to Equation (6), the effect of air temperature on the pump voltage should be directly proportional, and with an increase in the air temperature value the pump voltage should also be increased [8]. This can be validated by the following graphs shown in Figure 14.



In Figure 14b, when the need for water is minimum because of other factors, then the effect of air temperature can be neglected as the value of pump voltage is below 3.3 V and the Arduino microcontroller will set the voltage to 0 V when below this level. Similarly, considering that the need for water is at maximum w.r.t. to the other variables, the effect of air temperature on the pump voltage is still negligible, as shown by the graph in Figure 14c.



From Figure 14d, we can see that the pump voltage changes according to Equation (6). The effect of air temperature is observed in standard conditions. To get the graph at the standard operating conditions we manually set solar irradiance to 600.00 W/m², soil moisture to 50 °C, and air humidity to 50%. The graph depicts a range of 3.6–6.1 V, while between the range, the pump voltage is seen to be increasing when the air temperature increases above 15 degrees Celsius and hits the maximum when the air temperature reaches 27 degrees Celsius. Since between the range, the pump voltage increases with an increase in air temperature, and Equation (6) is validated.




4.1.4. Air Humidity


According to Equation (7), the effect of air humidity on the pump voltage should be inversely proportional, and with an increase in the air humidity value the pump voltage should be decreased [8]. This can be validated by the following graphs shown in Figure 15.



Figure 15a,b show the graphs of air humidity vs. time and voltage vs. time, respectively, when all the other variables’ need for water is at a minimum. This graph can be neglected as the maximum voltage observed is less than 3.3 V. Similarly, considering that the need for water is at maximum w.r.t. to the other variables, the effect of air humidity on the pump voltage is defined by the graph shown in Figure 15c. This graph also does not provide enough information as the range observed is only 0.4 V and, based on our hardware resolution, it will be rounded off. From Figure 15d, we again observed that the graph lies between an overall range of 0.3 V and the actual output will be rounded off. This concludes that the effect of air humidity is negligible on the pump voltage.



The highest range observed from the above graphs was the effect of soil moisture on pump voltage and the second highest was solar irradiance. The effect of air temperature and air humidity is found to be negligible, while the graph of air temperature under standard conditions showed some response. We can conclude that the highest priority was given to soil moisture as it is also the control variable that we need to monitor, and then the second is solar irradiance as it is the largest factor that affects the amount of water needed by the soil, and the third and fourth are air temperature and air humidity, respectively. We can say that the system is highly sensitive to change in soil moisture and then moderately sensitive to change in solar irradiance, less sensitive to change in air temperature, and minutely sensitive to change in air humidity.






5. Proposed Model


For data acquisition, the Arduino microcontroller is used with different types of sensors to collect the real-time readings of all the input variables. Arduino Nano is used for the base of our system. Serial communication is established between Arduino and Simulink to get all the input values and the output is then sent back to Arduino, which also controls the input voltage of the pump [2,20,21,22,23,24]. Figure 16 shows all the relevant components and their connectivity in the proposed model in the form of a block diagram.



Soil moisture is taken in by soil moisture sensor RC-A-4079, which comprises a probe with two electrodes and one eight-pin integrated circuit. The two electrodes on the probe act as a resistor with variable resistance (just like a potentiometer). The resistance of these two electrodes changes relative to the quantity of water in the soil. The sensor determines the soil moisture level by applying a voltage to the resistance and measuring the voltage drop from the source [2,23,25,26,27]. Solar irradiance is calculated by using solar panel characteristics as described in [28]; short-circuit current and solar panel temperature are substituted in the formula:


GIsc = (GSTC/ISCstc) (ISC − μIsc(TC − TCstc))



(9)




where



	
GIsc = the solar irradiance calculated using the short-circuit current,



	
GSTC = the solar radiation in standard operating conditions = 1000 W/m²,



	
ISCstc = the short-circuit current in standard conditions (Appendix A),



	
ISC = the short-circuit current read from the sensor,



	
μIsc = the temperature coefficient for the short-circuit current (Appendix A),



	
TC = the measured temperature of the solar panel,



	
TCstc = the temperature of the solar panel at STC (298.15 K).






The short-circuit current of the solar panel is measured by short-circuiting the solar panel terminals using a 5 V DC relay and then taking the current value from an INA219 current sensor and the panel temperature from a thermistor attached to the solar panel [29,30,31,32,33,34]. Air temperature and air humidity are taken from a DHT11 sensor [23,26].



All the values from the sensors are taken in by the Arduino and then sent to the Simulink model (block parameters can be found in Appendix A), as shown in Figure 17, with a serial receive block; solar irradiance is calculated by passing the panel temperature and short-circuit current through a subsystem block, which comprises the logic to find the solar irradiance value, as shown in Figure 18; input variables are passed to the fuzzy controller block and the output is then sent to the Arduino using the serial send block. The Arduino then changes the input voltage of the DC water pump using the PWM technique and motor driver [6,35]. After changing the voltage of the DC water pump, a delay is programmed into the Arduino to wait for 10 minutes and start again. All of these steps can be summarized by the flow chart defined in Figure 19. The flow chart does not have a stop block because the algorithm is designed to work recursively and keeps on repeating the process of gathering sensor data and changing the speed of the water pump based on them. The algorithm and the system were developed after extensive research to work efficiently based on all the input factors and sensor modules [7,10,11,12,24,27,36]. The final working model of the system is shown in Figure 20.




6. Results


The automatic irrigation control system is operated at different times during the day from sunrise to before sunset on different days to obtain different input values from various sensors to observe the change in output voltage and the pump’s water flow rate. The results obtained are shown in Table 2.



According to Table 2, we observed that the input voltage of the water pump increases based on the environmental values measured from the various sensors. We can see that when soil moisture is measured to be 0% and 4%, the solar intensity ranges from 545.68 W/m² to 662.61 W/m², the air temperature is approximately equal, which is 22.7 degrees Celsius, and the air humidity is 57%. This results in the fuzzy logic controller giving the output of 9.36 V and 8.93 V, both of them being near 9 V, which is in the maximum range of our system, providing the most water to the plant. As the soil moisture value increases to 22% and there is a significant solar intensity of 330.76 W/m² and the air temperature increases to 29.74 degrees Celsius and the air humidity is decreased to 37%, then the fuzzy controller gives the output of 7.24 V, reducing the pump’s voltage from before when there was no moisture in the soil.



We saw that the minimum voltage observed during the day was 1.85 V when soil moisture was around 84% with a solar intensity of around 528.21 W/m² and the air temperature being 21.1 degrees Celsius and air humidity equaling 60%, Our system cannot modulate the voltage to below 3.3 V, so it turns the pump off at this range indicating 0 V. At soil moisture of 84% and 85%, we can see the solar irradiance values at 528.21 W/m² and 628.72 W/m², respectively. We can ignore the changes in air temperature and humidity as they are much less. We saw that the fuzzy controller output changed from 1.85 V to 2.73 V because of the increase in the value of solar irradiance. Now, when the soil moisture is further increased to 90%, the value of solar irradiance is 673.42 W/m², while comparing this with the values of other variables at a soil moisture level of 85%, we saw a further increase in the solar irradiance value, a 3.79-degree increase in air temperature, and a 6% decrease in air humidity—all variables indicating more need for water. Thus, the fuzzy controller output can be seen increasing to 3.4 V and the actual pump is switched ON. The circuit diagram, the Arduino program and other supplementary materials can be downloaded from github (link to github repository is mentioned in the supplementary materials section below).




7. Conclusions


The automatic control system was developed using the fuzzy logic controller, which is able to handle different values and to run and control the DC water pump’s input voltage based on environmental factors like soil moisture, solar irradiance, air temperature, and air humidity. By controlling the water flow rate, thereby controlling the soil moisture and taking it as an input parameter, a closed-loop control system that is getting continuous feedback is formed. This, in turn, saves water when sufficient moisture is present in the soil and it is not required; also, the plant/crop is not overwatered and is provided with only the sufficient amount of water that is required for optimal growth. The sufficient amount required by the plant/crop is always dependent on the type of plant/crop and the type of soil, and thus the pump voltage membership function values needs to be tweaked for different types of plant/crop and soil. By automating the irrigation process, we also achieved the prevention of under-watering of the plant/crop since the system would automatically provide water to the plant/crop when it senses the need depending upon the soil moisture and the various environmental factors incorporated in the system through different sensors. In addition, our system uses solar panel characteristics to measure the solar irradiance instead of using a pyranometer, which is expensive, or using commonly available radiation sensors, which are not suitable to capture the radiation for the whole spectrum. This solar irradiance measurement not only provides us with a better precision while measuring solar irradiance but also reduces the cost of the system.








Supplementary Materials


The supplementary materials, such as the Arduino program (MAIN.ino); the circuit diagram (Schematic_main_2022-01-08); the fuzzy inference system file for MATLAB (Fuzzy_Controller.fis); the Simulink model (MASTER.slx). This can be downloaded at the following link: https://github.com/TabTQ/Intelligent-Control-of-Irrigation-System-using-Fuzzy-Logic-Controller.git (accessed on 16 August 2022).
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Appendix A




	
Solar panel specifications




	
ISCstc

	
1.163 A




	
μIsc

	
0.0681 AK−1




	
Simulink serial configuration block parameters




	
Baud rate

	
9600 bps




	
Data bits

	
8




	
Parity

	
None




	
Stop bits

	
1




	
Byte order

	
little-endian




	
Flow control

	
None




	
Timeout

	
10




	
Simulink serial receive block parameters




	
Terminator

	
CR/LF




	
Data size

	
[1 5]




	
Data type

	
Single




	
Block sample time

	
0.01




	
Simulink serial send block parameters




	
Terminator

	
CR/LF
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Figure 1. Block diagram of a fuzzy logic control system. 
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Figure 2. Fuzzy inference system. 
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Figure 3. Soil moisture membership function plot. 
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Figure 4. Solar irradiance membership function plot. 
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Figure 5. Air temperature membership function plot. 
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Figure 6. Air humidity membership function plot. 
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Figure 7. Pump voltage membership function plot. 
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Figure 8. Surface graph of air temperature and solar irradiance vs. pump voltage. 
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Figure 9. Surface graph of soil moisture and air humidity vs. pump voltage. 
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Figure 10. Simulink model for testing fuzzy controller. 
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Figure 11. (a) Solar irradiance, air temperature, air humidity, and soil moisture input graph; (b) voltage output graph. 
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Figure 12. (a) Soil moisture vs. time; (b) voltage vs. time at minimum water need; (c) voltage vs. time at maximum water need; (d) voltage vs. time at standard operating conditions. 
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Figure 13. (a) Solar irradiance vs. time; (b) voltage vs. time at minimum water need; (c) voltage vs. time at maximum water need; (d) voltage vs. time at standard operating conditions. 
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Figure 14. (a) Air temperature vs. time; (b) voltage vs. time at minimum water need; (c) voltage vs. time at maximum water need; (d) voltage vs. time at standard operating conditions. 
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Figure 15. (a) Air humidity vs. time; (b) voltage vs. time at minimum water need; (c) voltage vs. time at maximum water need; (d) voltage vs. time at standard operating conditions. 
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Figure 16. Block diagram of the control system. 
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Figure 17. Simulink model. 
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Figure 18. Subsystem to find solar irradiance value. 
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Figure 19. Flow chart of the control algorithm. 






Figure 19. Flow chart of the control algorithm.



[image: Energies 15 07199 g019]







[image: Energies 15 07199 g020 550] 





Figure 20. Working model of the system. 
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Table 1. Pump voltage vs. time taken to fill 500 mL.






Table 1. Pump voltage vs. time taken to fill 500 mL.





	S. No.
	Pump Voltage (Volts)
	Time Taken to Push 500 mL (s)





	1
	2.0
	106



	2
	2.5
	78



	3
	3.2
	54



	4
	4.0
	41



	5
	5.0
	33



	6
	6.0
	29



	7
	7.0
	24



	8
	8.0
	22



	9
	9.0
	20



	10
	10.0
	18
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Table 2. Results.






Table 2. Results.





	
S.No.

	
Sensor Readings

	
Solar

Irradiance (W/m²)

	
Fuzzy

ControllerOutput

(Volts)

	
Actual

Pump Voltage

(Volts)




	
Soil

Moisture

(%)

	
Panel

Temperature

(K)

	
Short

Circuit

Current

(A)

	
Air

Temperature

(°C)

	
Air

Humidity

(%)






	
1

	
0

	
294.18

	
0.500

	
22.70

	
57

	
662.61

	
9.36

	
9.4




	
2

	
85

	
294.70

	
0.496

	
23.00

	
56

	
628.72

	
2.73

	
0




	
3

	
22

	
297.29

	
0.326

	
29.74

	
37

	
330.76

	
7.24

	
7.2




	
4

	
34

	
293.76

	
0.247

	
30.20

	
57

	
469.03

	
5.65

	
5.7




	
5

	
89

	
297.29

	
0.897

	
26.00

	
49

	
821.53

	
3.44

	
3.5




	
6

	
100

	
294.80

	
0.504

	
22.79

	
58

	
629.98

	
2.70

	
0




	
7

	
55

	
295.22

	
0.498

	
22.10

	
59

	
600.49

	
4.12

	
4.1




	
8

	
84

	
293.13

	
0.273

	
21.10

	
60

	
528.21

	
1.85

	
0




	
9

	
4

	
293.45

	
0.314

	
21.79

	
57

	
545.68

	
8.93

	
9.0




	
10

	
90

	
297.71

	
0.753

	
26.79

	
50

	
673.42

	
3.40

	
3.4
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