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Existing traditional agricultural systems consume an enormous amount of water and energy, with more than 69% of the world's freshwater volume attributed to agriculture. This fact leads to a degradation of water levels in several aquifers, as well as water quality. In Morocco, agriculture consumes about 88% of water resources, and the management of these resources is a significant issue, especially after the decline in rainfall rates in recent years. Designing an irrigation system that reduces water losses and evapotranspiration losses is the key to sustainable precision irrigation. This paper proposes an irrigation system based on an intelligent and efficient strategy for the automatic watering of agricultural areas and more adapted to the climatic conditions of Oriental Morocco. The system uses fuzzy logic to decide the duration of watering in an adaptive and precise way. Weather conditions (air temperature and solar radiation) and soil moisture (water content) are the inputs to the fuzzy system. The acquisition of these data is made by analog and digital sensors. The variables are fuzzified using trapezoidal and triangular membership functions. In the Fuzzification step, the Max-Min inference engine and the Mamdani rule base are used to decide the best decision for each given situation. The control strategy was implemented in the Arduino Uno R3 board. Typical three-day data from the summer and fall seasons were used to validate the proposed system. The simulation results showed that the proposed irrigation system maintains the soil moisture above the user-defined value and eliminates the under-irrigation risk.

Introduction

The development of the agricultural sector is one of the most powerful levers to ensure economic prosperity and social stability. Morocco has placed this area in the center of its development priorities with regard to the essential economic, social, and territorial issues raised by this sector. This sector generates about 14% of Morocco's gross domestic product (GDP). Climatic conditions (drought season) and rainfall contribute significantly to the increase or decrease of GDP [START_REF] Abioye | A review on monitoring and advanced control strategies for precision irrigation[END_REF][START_REF] Jaiswal | Fuzzy inference based irrigation controller for agricultural demand side management[END_REF].

An efficient and appropriate provision of irrigation water leads to a significant improvement in agricultural productivity and water conservation in view of its scarcity, which has become a major global preoccupation. Irrigation and rainfall are the two major sources of water for agriculture. However, precipitation is insufficient to satisfy the plant's water needs. On the contrary, excessive moisture limits the assimilation of nutrients by plants and increases disease development risk [START_REF] Li | A real-time fuzzy decision support system for alfalfa irrigation[END_REF]. The different irrigation control techniques that can be used are illustrated in Fig. 1 and can be classified into two types: open loop and closed-loop control [START_REF] Touati | A fuzzy logic based irrigation system enhanced with wireless data logging applied to the state of Qatar[END_REF]. In an open-loop control system, irrigation decisions are manually made by the farmer. The operator, based on his knowledge of the perceived crop response, sets irrigation time, the volume of water to be dispensed and irrigation speed. This technique is widely used thanks to its simplicity of implementation and the absence of the necessity to use sensors. However, it can lead to over-irrigation in some areas while other areas are under-irrigated, which may cause undesirable water stress [START_REF] Benzaouia | Design and Performance Analysis of a Photovoltaic Water Pumping System based on DC-DC Boost Converter and BLDC Motor[END_REF][START_REF] Benzaouia | Energy Management Strategy for an Optimum Control of a Standalone Photovoltaic-Batteries Water Pumping System for Agriculture Applications[END_REF]. In addition, the losses of water and energy are considerable, which is incompatible with the general policy of the world to conserve and rationalize water resources.

Therefore, the design of an intelligent irrigation system (closed-loop control) represents an alternative and efficient solution to traditional irrigation methods. The intelligent system applies to the soil the amount of water necessary for plant growth and development while monitoring several parameters that influence irrigation performance. The control is done by feedback. The control action depends on the result, allowing the preservation of the desired output condition while comparing it to the input conditions to make the best decisions. The decisions made are generally guided by the data acquired by sensors and compared to the desired set points [START_REF] Ma'mun | Robust irrigation system institutions: A global comparison[END_REF]. The main task of these systems is to accurately determine the crop irrigation needs. Table 1 summarizes recent intelligent irrigation strategies and techniques.

In this paper, an intelligent irrigation system adapted to the climate of the oriental region of Morocco has been developed. It uses feedback control based on fuzzy logic, which can also be easily integrated into drip irrigation systems without further modifying the overall system design. The system is designed to efficiently program irrigation times to maintain soil moisture above 30%. Irrigation periods are programmed in a way that evapotranspiration times are minimal. The fuzzy controller provides the irrigation duration required for the crop according to the recorded conditions of the soil moisture, ambient temperature and solar radiation sensors. This data is then transmitted to the fuzzy controller to apply well-designed fuzzy rules to control irrigation. The structure of this paper is as follows: The first section presents the introduction of the paper. Section 2 explains the design of the studied system, section 3 deals with the mathematical modeling of the fuzzy logic controller, section 4 describes the steps of the operation of the system, section 5 discusses the obtained results and their analysis, and the last section concludes the paper.

Presentation of the irrigation system

The structure of the irrigation system is given as follow (Fig. 2). The irrigation process depends on the data received from the weather station and the soil moisture sensor placed beside the plant, which is then processed by the Arduino controller. Based on the values acquired by the sensors, the fuzzy controller applies the well-designed rules to obtain the optimal irrigation decision. Wind speed and air humidity are not taken into account because their influence on the irrigation process in the oriental region is minor. 

Mathematical modeling

The proposed fuzzy logic system consists of three modules: a Fuzzification module, an Inference engine and a Defuzzification module (Fig. 3) [START_REF] Zerouali | Improvement of Conventional MPPT Techniques P&O and INC by Integration of Fuzzy Logic[END_REF]. In the fuzzy logic system, a universe of discourse (𝑈) is developed (a membership function), and an interval of (𝑈) is defined by (𝑚𝑆). 𝑚𝑆(𝑒) is defined as a membership function that is based on a set of ordered pairs of elements e and the probability that e belongs to (𝑆). The system takes three (3) input parameters: soil moisture (𝑆𝑀), temperature (𝑇) and solar radiation (𝑆𝑅), each parameter consists of three membership functions, which are designated by a fuzzy subset of (𝑆). Soil moisture is designated by a variable 𝐴, temperature is given by a variable 𝐵 and solar radiation is designated by a variable 𝐶. For all three variables, 𝑚𝐴(𝑥), 𝑚𝐵(𝑥), 𝑚𝐶(𝑥), indicate the degree to which 𝑥 belongs to variables 𝐴, 𝐵, and 𝐶. The fuzzy intersection and the union set are given by equations ( 1) and (2) [START_REF] Zerouali | Fuzzy logic MPPT and battery charging control for photovoltaic system under real weather conditions[END_REF].

𝐴 ∩ 𝐵 ∩ 𝐶 = {𝑥, min(𝑚𝐴(𝑥), 𝑚𝐵(𝑥), 𝑚𝐶(𝑥)) ⋮ 𝑥 ∈ 𝑆}

(1) 𝐴 ∪ 𝐵 ∪ 𝐶 = {𝑥, max(𝑚𝐴(𝑥), 𝑚𝐵(𝑥), 𝑚𝐶(𝑥)) ⋮ 𝑥 ∈ 𝑆}

(2)

Fuzzification Module

The Fuzzification step is designed to convert a digital input measured by a sensor into a linguistic variable based on membership functions. A membership function is a function that defines the belonging degree of a numerical input to a linguistic variable. The membership function used controls several parameters such as variations of soil moisture, temperature and solar radiation. In order to obtain the right decision, the triangular and trapezoidal membership functions represent a typical choice in the proposed irrigation system. Equation ( 3) and (4) shows the structure of a triangular and trapezoidal adhesion for a three-value fuzzification system. Fig. 4 and 5 shows the membership functions of the fuzzy logic controller inputs and outputs. 

Fuzzy Inference Module

Fuzzy inference allows interpreting the input values obtained from the sensors and, based on sets of rules, assigns values to the output. To achieve this, a set of if-then rules has been designed to operate with the membership functions of each input. In literature, two types of fuzzy inference systems can be implemented: Mamdani type and Sugano type. The Mamdani concept has been chosen for the proposed irrigation system since it is well suited for expert system applications. For each given scenario, the controller's output will be the irrigation duration, which varies according to the fuzzy rules grouped in Tables (2-4).

Defuzzification Module

Defuzzification is the last step in the process of implementing the intelligent irrigation strategy. The rules are then applied to the fuzzified values and a fuzzy output is generated, which is then converted to a scalar quantity. The centroid defuzzification method has been chosen due to its ability to provide accurate results. The defuzzified output (𝑥 ′ ) is expressed by Equation ( 5 

System Operation Steps

The operation of the irrigation system is illustrated in Fig. 6. In the first step, temperature, solar radiation and soil moisture are measured in real time through the metrological station and the soil moisture sensor integrated with the plant. The second step consists of comparing the measured soil moisture value with the desired value. In case the soil moisture content is higher than 30%, the system is turned "off"; otherwise, the process of determining the irrigation duration is started and calculated by the fuzzy controller integrated into the Arduino board. The process of aspiration of water through the soil is estimated to take about 60 minutes, so the system is programmed to wait for the same amount of time before checking the sensor values and deciding on irrigation times. 

Results and Discussion

To examine and evaluate the proposed system's behavior and the irrigation strategy, an apple plant was selected. According to experts in the field of agriculture, the apple tree requires a soil moisture content above 30%. For this purpose, typical three day data from two different seasons: summer (August 2020) and autumn (November 2020) has been used. The variations of temperature and solar radiation are illustrated in Fig. 7 and Fig. 8 respectively.

In the summer season the temperature varies between a maximum and a minimum of 38 °C / 19 °C, while the solar radiation reaches its maximum value around 1 Pm and 2 Pm of each day. In the fall season, weather variations are average. The temperature range is about 5°C / 20°C and solar radiation reaches 60% as a maximum value. Fig. 9 and Fig. 10 show that the proposed fuzzy controller avoids irrigating the plant during periods when temperatures are high (corresponds to high solar radiation), which allows reducing losses due to the phenomenon of evapotranspiration along the day, by referring to the well-designed fuzzy rules (Tables 2, 3 and4). The system selects the appropriate times and durations for irrigation to satisfy the plants' water needs, which also allows saving water. Soil moisture is therefore maintained at the desired value (30%) (Fig. 11). 

During the fall season

During the fall season, since temperature and solar radiation don't reach high values, the irrigation times and periods are programmed when the plant requires water, with determined durations (Fig. 12 and13). The soil moisture is also maintained at the desired value (Fig. 14). 

Conclusion

In this paper, closed-loop feedback control and fuzzy logic based irrigation strategy were presented to develop an optimal and sustainable irrigation approach that aims at conserving water in the oriental region of Morocco. Mamdani's Fuzzification, trapezoidal and triangular membership functions set irrigation duration for a specific type of plants. The use of the fuzzy control maintains the soil moisture above the user-defined value and eliminates the risk of under-irrigation. The obtained results show the efficiency and reliability of the system during both summer and fall seasons.
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 13 Fig. 13. Irrigation duration depending on temperature variation.
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 14 Fig. 14. Evolution of soil moisture content.

Table 1 .

 1 Summary of irrigation techniques discussed in the literature.

	Techniques	Reference	Controller	Measurement Parame-	Drawbacks
				ters	
		[8]		Soil moisture	PID controllers are easy to im-
	Linear control	[9]	PID		plement, but are unable to con-trol multivariable and moving
					processes with time delays.
		[10]			
		[11]	ANN	Soil moisture	Training data are necessary to estimate the irrigation action.
		[12]	FL	Soil moisture, Tempera-	
				ture, Air humidity	
	Intelligent				
	control				
		[13]	FL	Soil moisture, 𝐸𝑇 𝑐 , Rain forecast, Rain forecast probability, DAP	Requires an evaluation of ref-erence evapotranspiration (𝐸𝑇 𝑐 ), and the knowledge of stress and cultural coefficients
					(𝑘 𝑠 , 𝑘 𝑐 ).
		[14]	FL	Soil moisture, Crop water Stress Index (CWSI), Ambient temperature, So-lar Radiation, Humidity,	Multiple sensors are used which can be costly for large applications.
				Infrared Temperature	

The measured parameters are not sufficient to decide the irrigation time precisely. Furthermore, the decision is made based on the pump's state, whether on or off, leading to over-or under-irrigation.

Table 2 .

 2 Rules of duration (in min) at wet soil moisture.

	Temperature	Dark	Solar Radiation Medium	Light
	Cold	Zero	Zero	Zero
	Medium	Zero	Zero	Zero
	Hot	Zero	Zero	Zero

Table 3 .

 3 Rules of duration (in min) at medium soil moisture.

Table 4 .

 4 Rules of duration (in min) at dry soil moisture.

	Temperature	Dark	Solar Radiation Medium	Light
	Cold	Very long	Very long	Very long
	Medium	Long	Long	Short
	Hot	Very long	Very Short	Zero