Improved efficiency based on nonlinear MPPT control for grid-connected PV system
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Abstract. In a Grid-Connected Photovoltaic system (GCPS), Maximum Power Point Tracking (MPPT) is crucial for optimizing the system's efficiency. Conventional MPPT techniques, such as Incremental Conductance (INC) and Perturb and Observe (P&O), have been a significant source of interest in the field. Nonetheless, these methods exhibit high fluctuations and slow tracking times. This article introduces a nonlinear MPPT technique based on a Backstepping Controller (BS). The MPPT method is implemented in a GCPVS, improving the system's efficiency and accuracy. A comparative analysis has been made in Matlab/Simulink during irradiance and temperature changes, which reveals that the BS technique surpasses the classic INC algorithm in terms of tracking time, efficiency, power losses, and Total Harmonic Distortion (THD).
Keywords— Backstepping controller, Grid-connected photovoltaic system, MPPT.
INTRODUCTION
Nowadays, Grid Connected PV Systems (GCPVS) are highly affordable due to the low installation cost and the non-essential batteries, thanks to the direct grid power injection. Intense improvements in the PV sector are focusing on Maximum Power Point Tracking (MPPT), which plays an essential role in the system. Conventional MPPT control techniques, like Perturb and Observe (P&O) [1], Incremental Conductance (INC) [2], and Constant Voltage (VC) [3], are widely used due to their ease of maintenance and simple implementation in the system [4]. Nevertheless, they may experience high oscillations at the Maximum Power Point (MPP) and slow convergence time during environmental condition changes [5]. 
The researchers aimed to improve the GCPVS performance by ameliorating traditional MPPT and inventing new ones. Such as improved P&O [6], which enhances the P&O algorithm by utilizing a variable step size instead of a fixed one. This change contributes to the MPPT to improve the energy efficiency and minimize the power losses. The non-linear techniques are also known in the literature due to their high performance. For instance, Sliding Mode Control (SMC) [7], a robust Partial Feedback Linearizing (PFL) stabilization scheme, has been developed for grid-connected PV systems, which ensures stable DC-link voltage and grid current injection under parameter uncertainties [8], and Backstepping Control (BS) [9-10]. The latter is based on the Lyapunov function, which allows the PV system to be stable with fewer oscillations and insignificant power losses. 
The present essay discusses the application of the BS MPPT method in a GCPVS, which is implemented in Matlab/Simulink environment, in order to improve the tracking efficiency, minimize power losses, reduce fluctuations, and produce a low Total Harmonic Distortion (THD). Contrary to the traditional MPPTs that exhibit high oscillations and power losses, which influence the quality of the injected power. This paper is introduced as follows: the GCPVS is presented in the second section. The third one depicts the methodology of the proposed BS technique. The simulation and results discussion are investigated in the fifth section. The final section is dedicated to the conclusion.

THE GRID-CONNECTED PV SYSTEM PRESENTATION
The configuration of the proposed PV system is illustrated in Fig. 1. The structure contains a PV array generator of 84 kW power. The first converter is a boost converter that elevates the extracted Vpv to a desired voltage level. The second converter is a three-phase inverter that converts the DC power to AC power, which is injected into the electrical grid after being filtered with an RL filter. The MPP is ensured by the BS technique that generates the duty cycle α based on the Lyapunov functions. The inverter-grid side (or the DC-AC side) is assured by the Proportional Integral (PI) controller. 
[image: ]
Figure 1. Grid-connected PV system structure 
The PV array generator [11] equation can be introduced as: 

							(1)
Where: Ns and Np are the number of PV panels linked in parallel and series, respectively. Ip is the photocurrent, Isc is the saturation current, A is the ideality factor, Rs and Rp are the series resistance and parallel resistance, respectively. I is the output current, Vth is the thermal voltage, V is the output voltage, q is the charge of an electron, T is the temperature, K is Boltzmann's constant, and Nc is the total number of cells per module.
NONLINEAR BACKSTEPPING CONTROLLER MPPT
The BS is a technique utilized for controlling nonlinear systems by breaking them down into subproblems of lower-order systems. This control method can be applied to the DC-DC converter in a PV system as an MPPT for regulating the duty cycle α. 
In this paper, the boost converter plays an essential role in stepping up the output PV voltage (Vpv) to the desired voltage (Vdc). This converter is controlled by the proposed BS technique, which enhances the production of an adequate duty cycle to ensure the stability of the PV system with rapid response, without major fluctuations and decreased THD. The first Lyapunov function is employed to guarantee the stability of the system, which is introduced as:

											            (2)
The first error is:

											            (3)
The derivative of equation (2) is given as:

								            (4)
For ensuring the system stability, the Lyapunov function defined in Eq. (2) must be positive, while its derivative must be negative, with:

									            (5)
Where x2 is the current of the boost converter, which is presented as:

									            (6)
The stabilization function is introduced as:

									            (7)
Which iref acts as the reference current of x2. To satisfy the stability condition, the current x2 must tracks its reference iref. 
The second error is introduced as:

											            (8)
Equation (3) becomes:

								            (9)
The derivative of equation (8) can be introduced as:

									          (10)
To guarantee global stability, a second Lyapunov function Vb is introduced as:

											          (11)
Differentiating equation (11), therefore:

							          (12)
The derivative of Vb must be strictly negative to ensure global stability, then: 

							          (13)
The design of the BS technique is based on Lyapunov functions, which they introduced to guarantee stability at different stages of the system. The first function in Eq. (2) provides the stability of the step-up converter current dynamics, whilst Eq. (7) enforces the tracking of x2 to its reference iref. The second Lyapunov function and its derivative enhance the overall system stability. Based on these conditions, the duty cycle law α is derived, assuring the GCPVS system stability with rapid convergence and negligible fluctuations. With this purpose, α is described as:

							          (14)
SIMULATION RESULTS AND DISCUSSIONS
The GCPVS is simulated in Matlab/Simulink and tested during two scenarios. The first scenario involves changes in irradiation and temperature, and the second concerns a real measured irradiance profile.
Scenario 1
The first scenario analyzes the behavior of the GCPVS under variations in environmental conditions by using the BS and INC techniques. Figure 2(a) presents the applied profile. Fig. 2(b) displays the behavior of the extracted power Ppv under this scenario, where the proposed BS technique achieves rapid tracking with fewer fluctuations, resulting in lower energy losses. Contrary to the classic INC method, which produces a Ppv power with significant fluctuations. Fig. 2(c) depicts the active power Pa, where the INC creates major fluctuations without following the Ppv. Meanwhile, the BS reaches the suitable power rapidly, with negligible oscillations. Regarding the DC bus voltage, the suggested technique exhibits a stable voltage, with reduced fluctuations as demonstrated in Fig. 2(d). In contrast, the INC generates a Vdc signal with extremely high oscillations, indicating poor stability and robustness.
[image: ]
Figure 2. DC bus voltage of scenario 1 
Scenario 2
Concerning the second scenario, the GCPVS is tested under real irradiance changes of El-Jadida, MOROCCO. Figure 3(a) presents the used profile, which includes slow and fast variations during the day. Moreover, it combines slow drifts and unpredictable dips. These changes represent a more realistic challenge for control techniques compared to regular profiles.  Figure 3(b) shows the Ppv behavior under the real irradiance profile, where the BS technique produces a power with an improved efficiency, minimizing energy losses. The INC controller generates significant oscillations in Ppv, specifically during fast irradiance dips and rises, as indicated in zooms one and two. These fluctuations influence the overall efficiency. Concerning the active power, the INC technique generates an unstable Pa with important oscillations, reflecting its poor stability. Meanwhile, the proposed method injects a Pa power into the grid with rapid and minor fluctuations under abrupt climatic changes, as displayed in Fig. 3(c). Figure 3(d) illustrates the Vdc voltage, which the BS control technique maintains a stable signal throughout the day, with less voltage ripple. In contrast, the INC method produces a Vdc signal with significant fluctuations, which may reduce the AC side efficiency.
[image: ]
Figure 3. DC bus voltage of scenario 2 
These results affirm the effectiveness and robustness of the suggested BS technique. Unlike the classic INC, which suffers from poor stability and significant oscillations. 
THD at STC
A THD comparison has been established under two scenarios for evaluating the robustness of the proposed technique, the first considers a real irradiance profile, whilst the second is applied at Standard Test Conditions (STC). Figure 4 introduces the benchmarked THD results under real irradiance variations, showing that the proposed technique BS exhibits a reduced value of 2.60%, unlike the INC method, which achieves a high THD value of 7.57%. 
[image: ]
Figure 4. THD under real irradiance changes: (a) BS technique (b) INC technique

Figure 5 reveals that the BS technique exhibits a diminished THD with a 0.96% value. Contrary to the INC method, which displays a high THD of 7.71%. This comparison indicates the superior power quality of the proposed BS control technique, which is crucial in GCPVS. 
[image: ]
Figure 5. THD at STC: (a) BS technique (b) INC technique
Comparison of THD for Different Control Techniques

	Table 1 presents the THD values under STC of the proposed BS techniques and other benchmarked control methods in the literature. The suggested technique achieves the diminished THD with 0.96%, indicating its ability to inject superior power quality into the grid. This reduced value reveals enhanced performance and compliance standards in the grid, highlighting its robustness.
Table 1. THD comparison
	Ref
	Technique
	THD under STC

	Proposed
	Backstepping controller
	0.96%

	[12]
	Sliding mode control
	1.76 %

	[13]
	Sliding mode control
	1.99%

	[13]
	P&O
	3.64%

	[14]
	sliding mode-predictive direct power control
	4.21%

	[15]
	Conventional PI
	5.06%

	[15]
	Predictive neural network-based adaptive controller
	1.97%



CONCLUSION
	The present paper introduces a nonlinear Backstepping Control technique for tracking the MPP of a grid-connected PV system that contains a PV array generator of 84 kW, a boost converter that bridges the PV generator with the AC side of the PV chain. This side includes a three-phase inverter linked to an electrical grid. The proposed BS technique was presented to tackle the disadvantages of traditional MPPT techniques, such as slow convergence, long response time, high fluctuations, and high THD values. A comparison study is established in the MATLAB/Simulink environment between the proposed technique and the INC method. The results demonstrate that the BS controller provides a suitable extracted PV power, active power with negligible fluctuations under the two suggested scenarios. Moreover, the use of the BS method contributes to generating an enhanced DC bus voltage with reduced oscillations and lower THD, which improves the quality of the injected power, in contrast to the INC method. This affirms the validity and the superiority of the BS technique in GCPVS applications. 
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