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Abstract:



The output power of a photovoltaic (PV) module depends on the solar irradiance and the operating temperature; therefore, it is necessary to implement maximum power point tracking controllers (MPPT) to obtain the maximum power of a PV system regardless of variations in climatic conditions. The traditional solution for MPPT controllers is the perturbation and observation (P&O) algorithm, which presents oscillation problems around the operating point; the reason why improving the results obtained with this algorithm has become an important goal to reach for researchers. This paper presents the design and modeling of a fuzzy controller for tracking the maximum power point of a PV System. Matlab/Simulink (MathWorks, Natick, MA, USA) was used for the modeling of the components of a 65 W PV system: PV module, buck converter and fuzzy controller; highlighting as main novelty the use of a mathematical model for the PV module, which, unlike diode based models, only needs to calculate the curve fitting parameter. A P&O controller to compare the results obtained with the fuzzy control was designed. The simulation results demonstrated the superiority of the fuzzy controller in terms of settling time, power loss and oscillations at the operating point.
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1. Introduction


In recent years, the use of photovoltaic (PV) energy has experienced significant progress as an alternative to solve energy problems in places with high solar density, which is due to pollution caused by fossil fuels and the constant decrease of prices of the PV modules. Unfortunately, the energy conversion efficiency of the PV modules is low, which reduces the cost-benefit ratio of PV systems.



The maximum power that a PV module can supply is determined by the product of the current and the voltage at the maximum power point, which depends on the operating temperature and the solar irradiance. The short-circuit current of a PV module is directly proportional to the solar irradiance, decreasing considerably as the irradiation decreases, while the open circuit voltage varies moderately due to changes in irradiation. In contrast, the voltage decreases considerably when the temperature increases, while the short circuit current increases moderately.



In summary, increases in solar irradiation produce increases in the short-circuit current, while increases in temperature decrease the open circuit voltage, which affects the output power of the PV module. This variability of the output power means that in the absence of a coupling device between the PV module and the load, the system does not operate at the maximum power point (MPP).



According to the previous context, the use of maximum power point (MPPT) controllers is currently increasing [1]. These devices are responsible for regulating the charge of the batteries, controlling the point at which the PV modules produces the greatest amount of energy possible, regardless of variations in climatic conditions. The use of MPPT controllers in PV systems has the following advantages: 1. They yield more power, depending on weather and temperature; 2. They allow the connection of PV modules in series to increase the voltage of the system, which reduces the wiring gauge and adds flexibility; 3. They offer a cost savings in the transmission wire needed for the installation of the PV system.



In contrast to MPPT controllers, traditional controllers make a direct connection of the PV modules to the batteries, which requires that the modules operate in a voltage range that is below to the voltage in maximum power point. For example, in the case of a 12 V system, the battery voltage can vary between 11 V and 15 V, but the voltage at the maximum power point is a typical value between 16 V and 17 V. Due to this situation, with the traditional controllers the energy that the PV modules can deliver is not maximized.



Taking into account the above, different researches have been carried out using traditional algorithms for the modeling and implementation of MPPT controllers [2], of which the following are highlighted: perturb and observe (P&O) [3,4], modified P&O [5,6], fractional short circuit current [7], fractional open circuit voltage [8], sliding mode control [9,10] and incremental conductance [11]. The P&O algorithm has been used traditionally, but it has been shown that this method has problems for tracking the MPP when there are sudden changes in solar irradiance [12].



Also, algorithms based on artificial intelligence techniques such as fuzzy logic [13,14,15,16,17,18,19] and neural networks [20,21,22] have been used, as well as the implementation of optimization algorithms such as glowworm swarm [23], ant colony [24,25] and bee colony [26,27,28]. These algorithms are part of soft computing techniques and have the advantage of being easily implemented using embedded systems. Additionally, MPPT controllers are widely used in hybrid power systems, in which different control techniques based on neural networks, fuzzy logic and particle swarm optimization have been evaluated. In [29,30,31], the effectiveness of these control techniques was demonstrated in order to achieve a fast and stable response for real power control and power system applications. The implementation of new control and optimization techniques that are detailed in [32,33,34,35] for electrical power and energy systems can be studied in the modeling and implementation of MPPT controllers.



This paper presents the design and modeling of a fuzzy controller to track the maximum power point of a PV module, using the characteristics of fuzzy logic to represent a problem through linguistic expressions [36]. This paper presents as a novelty the use of the mathematical model proposed in [37,38] for modeling the PV module, which, unlike diode based models, only needs to calculate the curve fitting parameter. The results were compared with the P&O controller, which demonstrated that the proposed approach presents less energy losses and ensures MPP in all cases evaluated in simulation. It is worth mentioning that this work is part of a set of intelligent control techniques being evaluated in the research group Magma Ingeniería of the Universidad del Magdalena in order to implement a MPPT controller of low cost and high efficiency.



The main objective of this work is the design, modeling and simulation of a fuzzy logic controller and a dc-dc converter for an off-grid PV system. In a second stage, the fuzzy logic controller will be implemented using the low-cost Arduino platform [38], taking as a reference the input variables, output, fuzzification, inference system and defuzzification evaluated during the modeling stage. The dc-dc converter will also be implemented according to the design conditions evaluated in the simulations.



This work is structured as follows: Section 2 presents the design and modeling of PV system. Section 3 shows the simulation results for different operating conditions established in Matlab-Simulink. Finally, Section 4 summarizes the main conclusions.




2. Design and Modeling of PV System


Figure 1 shows the general diagram of the PV system, which is composed of the 65 W PV module, the buck converter, the battery and the MPPT algorithm (fuzzy or P&O).


Figure 1. Block diagram of the photovoltaic (PV) system.
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2.1. Modeling of the PV Module


In Equation (1) the mathematical model of the PV module is shown [37,38]. With this model, it is only necessary to calculate the curve fitting parameter that can be obtained directly from the Equation (1). The other parameters are obtained from the electrical data of the PV module.
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(1)




where Vx and Ix are the open circuit voltage and short circuit current with dynamic values for solar irradiance and temperature, which are defined by Equations (2) and (3); b is the characteristic constant, it does not have units and is the unique parameter that has to be calculated.
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(2)
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(3)




where; s: number of PV modules connected in series; p: number of PV modules connected in parallel; Ei: effective irradiation of the PV module; EiN: irradiation constant of 1000 W/m2; T: temperature of the PV module; TN: temperature constant of 25 °C; Tcv: temperature coefficient of voltage; Tci: temperature coefficient of current; Voc: open circuit voltage; Isc: short-circuit current; Vmax: voltage for irradiations under 200 W and operating temperature of 25 °C (this value is 103% of Voc); Vmin: voltage for irradiations over 1200 W and operating temperature of 25 °C (this value is 85% of Voc).



The electrical parameters of the 65 W PV module (Yingli Solar, Baoding, China) are illustrated in Table 1. To find b, Equation (1) and the parameters of Table 1 were used. Knowing that the value of b is in the range of 0.01 to 0.18 [39], the approximation of Equation (4) can be done.
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(4)







Table 1. Electrical parameters of the PV module type YL65P-17b.







	
Parameter

	
Value






	
Short-circuit current (Isc)

	
4 A




	
Open circuit voltage (Voc)

	
21.7 V




	
Voltage at Pmax (Vmpp)

	
17.5 V




	
Current at Pmax (Impp)

	
3.71 A




	
Temperature coefficient of voltage (Tcv)

	
−0.0802 V/°C




	
Temperature coefficient of current (Tci)

	
0.0024 A/°C




	
Maximum voltage (Vmax)

	
22.35 V




	
Minimum voltage (Vmin)

	
18.44 V










Therefore, for Vx = 21.7 V; Ix = 4 A; I = 3.71 A and V = 17.5 V; the value of b is 0.07375.



Figure 2a shows the modeling of the PV module with the Simulink function blocks (MathWorks, Natick, MA, USA). Figure 2b presents the PV module in a subsystem, which was evaluated for different values of solar irradiance and temperature.


Figure 2. PV module in Matlab. (a) Model implemented with Simulink function blocks; (b) Subsystem implemented for the simulation.
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Table 2 shows the values obtained with the mathematical model of the PV module, using variable solar irradiance and operating temperature of 25 °C. It can be seen that the values obtained for standard test conditions (Ei = 1000 W/m2, T = 25 °C) correspond to the electrical parameters of the PV module presented in Table 1. Additionally, it is worth noting that the decreases in the solar irradiance considerably affect the short-circuit current, while the open circuit voltage is affected in smaller proportion.



Table 2. Parameters of the PV module for variable solar irradiance.







	
Parameter

	
1000 W/m2

	
800 W/m2

	
600 W/m2

	
400 W/m2

	
200 W/m2






	
Short-circuit current Isc (A)

	
4.0

	
3.2

	
2.4

	
1.6

	
0.8




	
Open circuit voltage Voc (V)

	
21.70

	
21.42

	
21.02

	
20.44

	
19.62




	
Voltage at Pmax Vmpp (V)

	
17.66

	
17.55

	
17.37

	
16.78

	
16.08




	
Current at Pmax Impp (A)

	
3.679

	
2.924

	
2.171

	
1.459

	
0.730




	
Maximum Power Point (W)

	
64.98

	
51.31

	
37.72

	
24.48

	
11.75










Table 3 shows the data obtained with the mathematical modeling of the PV module for solar irradiance of 1000 W/m2 and variable temperature. In this case, it can be noted that increases in temperature considerably affect the open circuit voltage, while the short-circuit current is affected in a smaller proportion. Table 2 and Table 3 will be used as references in the results and discussion section, in which a comparison with the fuzzy and P&O controllers will be made; with variations of the solar irradiance and the operating temperature of the PV module.



Table 3. Parameters of the PV module for variable temperature.







	
Parameter

	
0 °C

	
25 °C

	
50 °C

	
75 °C






	
Short-circuit current Isc (A)

	
3.94

	
4.00

	
4.06

	
4.12




	
Open circuit voltage Voc (V)

	
23.71

	
21.7

	
19.69

	
17.69




	
Voltage at Pmax Vmpp (V)

	
19.39

	
17.66

	
16.47

	
14.47




	
Current at Pmax Impp (A)

	
3.606

	
3.679

	
3.617

	
3.771




	
Maximum Power Point (W)

	
69.92

	
64.98

	
59.59

	
54.55











2.2. DC-DC Converter Model


A buck converter as control device was used. Figure 3 shows the circuit that was designed to ensure that the converter operates in the continuous conduction mode (CCM); in order to avoid that, the current in the inductor reaches zero during a time interval.


Figure 3. Buck converter circuit.
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In the CCM, when the transistor is conducting, the diode is in open circuit (Ton). Using Equation (5), the ripple of the inductor is obtained as shown in Equation (6).
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(5)
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(6)







The inductor current decreases during the off state as shown in Equation (7).
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(7)







Assuming that Vd, RL y VDS are very small values, Equations (8) and (9) are obtained.
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(8)
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(9)







Equating Equations (8) and (9); using Ts = Toff + Ton, Equation (10) for the duty cycle D is obtained.
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(10)







2.2.1. Inductor Design


The inductor was designed to maintain the balance volts per second of the converter and to reduce ripple in the output current. Using an improper inductor produces an alternating current ripple in the direct current output, causing a change between continuous and discontinuous conduction modes. To operate in the continuous conduction mode, the critical output current must be greater than or equal to half the inductor current ripple. See Equation (11) and Figure 4.
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(11)






Figure 4. Critical output current.
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Replacing Equation (8) in (12), using Ton = DTs, the Equation (12) for the design of the inductor is obtained.
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(12)







To calculate L, the maximum power and voltage according to the MPP of the PV module were used: Vs = 17.71 V, Pmax = 64.984 W, io = 5.41 A, fs = 20 KHz. Using a ripple value of 10% for a maximum output current, Equation (13) is obtained.
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(13)







Using Equations (12) and (13), the minimum value of the inductor as shown in Equation (14) is obtained.
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(14)








2.2.2. Capacitor Design


The current in the capacitor is defined as the variation of the charge with respect to time. See Equation (15).
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(15)







Using Figure 5 and Equation (15), the expression for the variation of the load ΔQ is obtained. See Equation (16).
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(16)






Figure 5. Time variation of the current in the inductor.
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Therefore, Equation (17) for the design of the capacitor is obtained.
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(17)







Using a ripple value of 0.1%, Equation (18) is obtained.
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(18)







From Equations (13), (17) and (18), the minimum value of the capacitor is obtained. See Equation (19).
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(19)








2.2.3. Modelling of Buck Converter


Figure 6 shows the buck converter that was modeled using the fundamental blocks of Simulink.


Figure 6. Buck converter modeled in Simulink.
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Figure 7 shows the current in the battery with the buck converter in open loop, with solar irradiance of 200 W/m2 and temperature of 25 °C; in which it is observed that the converter works in the CCM according to that established in the design conditions.


Figure 7. (a) Battery current for open loop; (b) Extended section for range (0.2213–0.2215 s).
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2.3. Fuzzy Controller Design


Fuzzy control is a method that allows the construction of nonlinear controllers from heuristic information that comes from the knowledge of an expert. Figure 8 shows the block diagram of a fuzzy controller. The fuzzification block is responsible for processing the input signals and assign them a fuzzy value. The set of rules allows a linguistic description of the variables to be controlled and is based on the knowledge of the process. The inference mechanism is responsible for making an interpretation of the data taking into account the rules and their membership functions. With the defuzzification block, the fuzzy information coming from the inference mechanism is converted into non-fuzzy information that is useful for the process to be controlled.


Figure 8. Block diagram for a fuzzy controller.
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Taking into account the above, the design of fuzzy controller for this work is presented. A fuzzy controller with two inputs and one output was designed. The two input variables are Error (E) and Change of Error (CE), which are shown in Equations (20) and (21) for sample times k.
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(20)
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(21)







The input E(k) is the slope of the P-V curve and defines the location of the MPP in the PV module. The CE(k) input defines whether the movement of the operating point is in the MPP direction or not. The output variable is the increment in duty cycle (ΔD), which can take positive or negative values depending on the location of the operating point. This output is sent to the dc-dc converter to drive the load. Using the value of ΔD delivered by the controller, an accumulator was made to obtain the value of the duty cycle. See Equation (22).
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(22)







2.3.1. Membership Functions


Triangular membership functions for the fuzzification process were used. For the inputs E, CE and for the output ΔD, 5 membership functions were defined in terms of the following linguistic variables: Very Low (MB), Low (B), Neutral (N), High (A) and Very High (MA). The range for the error is (−60 to 100), for the change of error is (−10 to 10) and for the increment in duty cycle is (−0.01 to 0.01). Figure 9 shows the membership functions for the inputs and outputs of the controller.


Figure 9. Membership functions. (a) Error; (b) Change of error; (c) Increment of duty cycle.
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2.3.2. Fuzzy Rules


Table 4 shows the 25 fuzzy rules applied in the controller. The rows and columns represent the two inputs E and ΔE. The output ΔD is a variable located at the intersection of a row with a column.



Table 4. Fuzzy associative matrix.







	
E/ΔE

	
Very Low

	
Low

	
Neutral

	
High

	
Very High






	
Very Low

	
VH

	
VH

	
H

	
VL

	
VL




	
Low

	
H

	
H

	
H

	
VL

	
L




	
Neutral

	
H

	
H

	
N

	
L

	
L




	
High

	
H

	
H

	
L

	
L

	
VL




	
Very High

	
H

	
H

	
L

	
L

	
VL











2.3.3. Fuzzy Controller Modelling


The controller was modeled with the Matlab Fuzzy Logic Toolbox (MathWorks, Natick, MA, USA). A Mamdani controller with the centroid defuzzification method was used. This procedure was carried out using the fuzzy inference system editor (FIS editor) (MathWorks, Natick, MA, USA). Figure 10 shows the controller modeled in Simulink, for which a subsystem was performed to calculate ΔV and ΔP in order to obtain the inputs E and ΔE.


Figure 10. Fuzzy logic controller.
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2.4. P&O Controller Design


The P&O algorithm consists of modifying the operating point of the PV module by increasing or decreasing the duty cycle of a dc-dc converter in order to measure the output power before and after the perturbance. If the power increases, the algorithm perturbs the system in the same direction; otherwise the system is perturbed in the opposite direction. Figure 11 shows the 4 possible options that are presented during the tracking of the MPP, with point 1 being the previous position and point 2 being the current position of each case (A, B, C and D).

	
Case A: ΔP < 0 y ΔV < 0.



	
Case B: ΔP < 0 y ΔV > 0.



	
Case C: ΔP > 0 y ΔV > 0.



	
Case D: ΔP > 0 y ΔV < 0.







Figure 11. Movement of the maximum power point on the P-V curve of the PV module.
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In cases A and C, the duty cycle must decrease, causing the PV module voltage to increase; while in cases B and D the duty cycle must be increased so that the voltage of the PV module decreases. The flowchart implemented for the P&O controller is shown in Figure 12.


Figure 12. Flowchart of the perturbation and observation (P&O) controller.
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2.5. PV System Modelling


Figure 13 shows the PV system implemented in Matlab/Simulink, which is composed of the PV module, the buck converter and the fuzzy/P&O controller. The signal builder block was used to generate the temperature and irradiance signals in order to evaluate the controller performance. Additionally, this system was used to evaluate the standard P&O controller and perform the comparison with the fuzzy controller.


Figure 13. PV system modelling.
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2.6. Limitations


The dc-dc converter and fuzzy control were designed based on the electrical parameters of the PV module under study; for this reason, the calculations made apply to PV modules with powers up to 65 W. One of the inputs of the fuzzy controller is the change of error, which requires a differentiation operation that increases the complexity in the calculations and can generate errors when measuring small powers that are sensitive to noise.





3. Results and Discussion


To test the performance of the PV system, different scenarios were simulated in which the traditional P&O control is evaluated in comparison with the fuzzy controller. Four scenarios that simulate sudden changes in solar irradiance and operating temperature of the PV module are presented. In all cases, the following elements were used: 65 W PV module, 12 V battery, inductor of 416 μH and capacitor of 500 μF; with a sampling frequency of 20 KHz for the dc-dc converter.



● Case 1: standard test conditions



In this case, the two controllers were evaluated for solar irradiance of 1000 W/m2 and temperature of 25 °C. Figure 14a shows the results obtained for the power delivered to the battery with a simulation time of 0.03 s. It can be seen that the two controllers extract the maximum power of 65 W with a good stabilization time of 0.005 s, which is consistent with the results obtained in [15,16]. In Figure 14b, it is observed that the duty cycle of the P&O control presents small oscillations between 0.6926 and 0.7, in contrast to the fuzzy control that is stabilized at a value of D = 0.694.


Figure 14. PV system with Ei = 1000 W/m2 and T = 25 °C. (a) Output power of the PV module; (b) Duty cycle.
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● Case 2: changes in solar irradiance, temperature of 25 °C



In this case, the performance of the controllers was evaluated with an operating temperature of 25 °C and sudden changes in solar irradiance. Initially, an irradiance signal was used with increments of 200 W/m2, starting at 200 W/m2 and ending at 1000 W/m2. Changes in irradiance were made every 0.2 s with a total simulation time of 1 s (see Figure 15a). Subsequently, a test signal with decreases in solar irradiance between 1000 W/m2 and 200 W/m2 was used (see Figure 15b).


Figure 15. (a) Increases in solar irradiance; (b) Decreases in solar irradiance.
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Figure 16a shows the output power for increments in the irradiance signal. In general terms it can be noted that the two controllers present a good performance in the different instants of time. The power obtained is between 11.7 W and 64.9 W, which corresponds to the values presented in Table 2. However, it should be noted that the P&O controller presented small oscillations for Ei = 200 W/m2, which is evidenced in the duty cycle of Figure 16b, in times between 0 and 0.2 s.


Figure 16. (a) Output power of the PV module for increases in solar irradiance; (b) Duty cycle.
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In Figure 17a, the output power for decreases in the irradiance signal is shown. As with the increase signal, the two controllers exhibit good performance with output power between 64.9 W and 11.7 W. Figure 17b shows the duty cycle, in which it is noted that the P&O controller presents the oscillations that characterize this method, but that do not significantly affect the performance of the system.


Figure 17. (a) Output power of the PV module for decreases in solar irradiance; (b) Duty cycle.



[image: Energies 10 02036 g017]






With the tests carried out in case 2, it is evident that the two controllers exhibit a similar behavior for sudden changes in solar irradiance. In addition, it was found that the P&O control has small oscillations that do not significantly affect the power delivered to the battery.



● Case 3: changes in temperature, solar irradiance of 1000 W/m2



At this point, the performance of the system was evaluated for sudden changes in temperature with a constant solar irradiance of 1000 W/m2. Initially, the signal shown in Figure 18a was used, with temperature increases every 0.2 s between 0 °C and 100 °C, for a test time of 1 s. Subsequently, the signal shown in Figure 18b was used, with decreases in temperature between 100 °C and 0 °C.


Figure 18. (a) Increases in temperature; (b) Decreases in temperature.
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In Figure 19a, the power delivered to the battery is shown, where it is evident the oscillations and power losses that are obtained with the P&O control. Sudden changes in temperature significantly affect the P&O control, which is confirmed by the duty cycle signal shown in Figure 19b. In contrast, the fuzzy control delivers stable power with duty cycle values that adapt to changes in the operating temperature of the PV module. With the P&O control, there are average power losses of 3.15 W, 2.13 W, 2.84 W, 4.12 W and 6.38 W for each of the simulation intervals. The losses were calculated taking as reference the power obtained with the fuzzy controller for the five operating temperatures between 0 °C and 100 °C, which correspond to the values presented in Table 3.


Figure 19. (a) Output power of the PV module para increases in temperature; (b) Duty cycle.
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Figure 20 shows the power obtained for decreases in operating temperature. As in the scenario proposed in Figure 19, the P&O control presents oscillations. The worst scenario occurs when the temperature drops from 100 °C to 75 °C, where the system does not reach stabilization and there are oscillations between 20 W and 52 W. With the P&O control, there are average power losses of 46.18 W, 17.32 W, 0 W, 1.11 W and 1.2 W.


Figure 20. (a) Output power of the PV module for decreases in temperature; (b) Duty cycle.
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● Case 4: variations in solar irradiance and temperature



Finally, the performance of the system was evaluated for sudden changes in temperature and solar irradiance in different time values between 0 and 1 s, as seen in Figure 21.


Figure 21. Irradiance and temperature signals to evaluate the performance of fuzzy and P&O controllers. (a) Increases in solar irradiance; (b) Variable temperature.
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For the described test conditions, the power obtained from the PV module using fuzzy and P&O controllers is shown in Figure 22. The results prove that the fuzzy controller tracks the MPP without oscillations and power losses. In contrast, the P&O controller exhibits power losses and oscillations for changes in solar irradiance and temperature. The worst case scenario, for the P&O control, is between 0.3 and 0.4 s when the temperature changes from 50 to 75 °C with a solar irradiance of 1000 W/m2, in which the power oscillates between 11.5 and 37.5 W. The highest average power losses with the P&O control occurred between the times 0.2 s to 0.3 s and 0.3 s to 0.4 s with values of 8.52 W and 30.48 W, respectively.


Figure 22. Output power of the PV module with the fuzzy and P&O controllers.
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4. Conclusions


In this paper, a fuzzy controller to track the maximum power point of a PV module was presented, for which their performance was compared with a P&O controller. All components of the PV system were modeled in Matlab/Simulink (PV module, buck converter, fuzzy and P&O controllers). In this way, different test scenarios with signals of temperature and solar irradiance variables were used in order to evaluate the performance of the PV system. It was demonstrated that the fuzzy controller has an excellent performance when there are sudden changes in the operating temperature of the PV module, in contrast with P&O control that is considerably affected, presenting power losses up to 46.18 W. On the other hand, it was also evidenced that in the presence of variations in solar irradiance the two controllers presented a good performance and extracted the maximum power according to the electrical characteristics of the PV module; although the P&O control presented the well-known oscillations, mainly in the sudden changes of irradiance. In this way, the main contribution of this manuscript is the guarantee of supplying the maximum possible power to a battery in an off-grid PV system, using a fuzzy controller. As future work, in the second stage of the project, the fuzzy controller will be implemented in the low-cost Arduino platform; emphasizing that fuzzy control offers the advantage of being easily programmed in microcontrollers.
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Abbreviations




	Vx
	Open circuit voltage for variable values of solar irradiance and operating temperature.



	Ix
	Short-circuit current for variable values of solar irradiance and operating temperature.



	MPP
	Maximum power point of the PV module.



	Pmax
	Maximum power of the PV module.



	Vmpp
	Voltage at Pmax.



	Impp
	Current at Pmax.



	s
	Number of PV modules connected in series.



	p
	Number of PV modules connected in parallel.



	Ei
	Effective irradiation of the PV module.



	EiN
	Irradiation constant of 1000 W/m2.



	T
	Temperature of the PV module.



	TN
	Temperature constant of 25 °C.



	Tcv
	Temperature coefficient of voltage.



	Tci
	Temperature coefficient of current.



	Voc
	Open circuit voltage.



	Isc
	Short-circuit current.



	Vmax
	Voltage for irradiations under 200 W and operating temperature of 25 °C.



	Vmin
	Voltage for irradiations over 1200 W and operating temperature of 25 °C.



	VL
	Voltage in the inductor.



	RL
	Internal resistance of the inductor.



	Rc
	Internal resistance of the capacitor.



	Ton
	The on time in the dc-dc converter.



	Toff
	The off time in the dc-dc converter.



	Ts
	Sampling time.



	D
	Duty cycle.



	Vs
	Input voltage in dc-dc converter.



	Vdc
	Transistor voltage in the on mode.



	Vd
	Diode forward voltage.



	Vo
	Output voltage of the dc-dc converter.



	ΔIL
	Ripple current in the inductor.



	ΔIL(+)
	Ripple current in Ton.



	ΔIL(−)
	Ripple current in Toff.



	Io
	Critical output current.



	ΔQ
	Charge variation in the capacitor.



	ΔV
	Voltage variation in the capacitor.
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