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Abstract: The performance of a grid-connected photovoltaic system is highly dependent on environmental conditions and grid electrical parameters. To enhance energy conversion efficiency, this work proposes the application of the Backstepping control algorithm for Maximum Power Point Tracking. The algorithm is assessed under various climatic scenarios to evaluate the overall stability and robustness of the system. Furthermore, a three-phase DC/AC inverter, governed by hysteresis-based Pulse Width Modulation, is employed to ensure accurate synchronization with the grid in terms of amplitude, frequency, and phase. This control technique offers both high dynamic response and ease of implementation while significantly improving the quality of the injected current. The combined use of the Backstepping Maximum Power Point Tracking strategy and hysteresis Pulse Width Modulation -controlled inverter results in a robust and efficient system, capable of delivering optimal power transfer and high-quality grid injection.
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INTRODUCTION
The global dependence on fossil fuels for energy generation in all its forms (electrical, mechanical, chemical etc), combined with the increase in energy demand, is accelerating the transition to renewable energy sources [1], [2]. Photovoltaic (PV) energy has emerged as an attractive solution due to its low maintenance costs and the development of power electronics, which have led to the expansion of grid-connected photovoltaic systems [3], [4].
This study presents an MPPT control strategy applied to a DC-DC boost converter, tested under various climatic conditions, as well as an optimized DC-AC conversion via a grid-synchronized inverter. The goal is to ensure a stable and high-quality energy injection.
MPPT techniques vary by application: AI-based methods offer flexibility but lack formal stability guarantees; linear controllers are easier to implement but limited by the system's nonlinearity. Nonlinear controllers offer better performance under dynamic conditions, but require accurate and practical models [5], [6], [7].
The proposed approach improves PV production by operating at the maximum power point and ensures compliance with grid stability and power quality standards [8], [9], [10].
This paper presents the modeling and simulation of a grid-connected photovoltaic (PV) system designed to improve energy efficiency and provide high-quality energy input into the grid. The proposed system combines a backstepping-based Maximum Power Point Tracking (MPPT) algorithm with a three-phase inverter controlled by hysteresis-based pulse-width modulation (PWM).
This study is divided into three sections. First, the photovoltaic array is modeled taking into account environmental influences such as irradiance and temperature. Second, the MPPT Backstepping algorithm is implemented and tested in various climate scenarios to assess its robustness and tracking performance. Third, a hysteresis-controlled inverter is developed to achieve precise synchronization with the grid in terms of amplitude, frequency, and phase.  The simulation results are presented to evaluate the overall behavior of the system.
The results show that the proposed approach ensures fast and stable MPPT, high-quality current injection and compliance with grid standards. This integrated control strategy offers a promising solution for efficient and reliable grid-connected PV systems.
SYSTEM MODELING
This section discusses the main components of a grid-connected PV system, namely the PV panels, a DC/DC converter incorporating a MPPT algorithm [15], and a DC/AC inverter responsible for maintaining synchronization with the utility grid [4].
Modeling a PV Solar Field
The PV generator model is derived from the conversion of sunlight into electricity. The equivalent circuit of a PV cell is shown in Fig 1.
[image: ]
          Fig. 1.  PV cell circuit equivalent 

The output current in this model is defined according to the expressions presented in (4)
                                                                    (1)
with                                                                                                                                     (2)
and                                                                                                                                                                     (3)
Equations (1) can be deduced for Ns Cells series and Np Parallel   
                                                                               (4) 
The power output of a PV cell is primarily influenced by solar irradiation: higher levels of irradiation result in increased current and power generation. However, this relationship is not strictly linear, as factors such as ambient temperature and the specific characteristics of the PV cell also play a significant role. To enhance overall performance particularly in conditions of variable sunlight efficient controllers and solar tracking systems are essential.
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Fig. 2. Influence of solar irradiation on the I–V and P–V characteristics of PV panels 

The power curves of a PV cell as a function of irradiation, shown in the fig 2, indicate that the maximum operating point is not stable under varying irradiation levels. This suggests that the system exhibits unstable behavior over time.
In photovoltaic systems, various control techniques are used to drive power converters (such as Boost converters and inverters) and ensure optimal tracking of the Maximum Power Point (MPPT).
These techniques are generally classified into two categories:
· Conventional methods: Backstepping, Sliding Mode Control (SMC), Perturb and Observe (P&O)
· Intelligent methods: Fuzzy Logic Control (FLC), Artificial Neural Networks (ANN)
The table 1 summarizes their comparison:

Table 1: Advantages and disadvantages of advanced control strategies

	Technique
	Advantages
	Disadvantages
	Références

	Backstepping
	Highly robust, good MPPT tracking
	Complex design, requires an accurate model
	[14][16][19]

	SMC
	Robust, fast response
	Chattering effect, difficult to eliminate
	[21]

	P&O
	Simple, low cost
	Oscillations around MPP, less effective under dynamics
	[20]

	Fuzzy Logic
	Adaptive, good balance between complexity and performance
	Rule-dependent, less accurate in non-nominal conditions
	[23]

	ANN
	Learns complex behaviors, adaptive to variations
	Requires training data, high implementation complexity
	[22]
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Dynamic Model and Back-Stepping Control DC/DC Design

The role of the DC/DC converter is to adapt the DC current from the PV array to track the MPPT. Using high-frequency semiconductor switches, it responds swiftly to voltage changes through dynamic adjustment of the duty cycle [16].
[image: ]

Fig. 3  Block diagram of a BOOST DC/DC converter
To reach the MPPT, the Boost converter elevates the voltage from the PV generator and forwards it to the inverter. System stability is ensured through a control approach grounded in Lyapunov functions, while Kirchhoff’s laws are used to establish the mathematical model of the system [16].     
                                                                          (5)
                                                             (6) 
                                                                     (7)
The first step involves defining the tracking error as:
 ​                                                                        (8)
A control law based on Lyapunov theory is then applied to ensure the system’s stability and accurate tracking of the reference voltage .The evolution of the error can be characterized by the following dynamic equation (8).
                                          (9)
To guarantee the stability of the control system in the first stage, the Lyapunov Candidate Function (LCF) is defined as follows:          
                                                                                      (10) 
Then:                                                                                                                   (11)we rest that                                                                                                        (12)
To ensure stability, equation (10) must hold, with ​ being a strictly positive constant            
                                                                                                                   (13)
In the first step, the virtual control input of the system is defined and set to the reference value   
                                                                                                      (14)
Second step: control of virtual variables 
At this stage, we aim to ensure the stability of the virtual control tracking error, expressed as follows:    
                                                                                                                                                                       (15)                                             
Substituting α into equations (12) and (6) yields the following result   
                                                                                                           (16)
                                                          	                                                                                              (17)
The second Lyapunov function is                                                                        (18)                                                       
Then the derivative of W2 is:                                        (19)	             
To obtain   where k2 is a positive constant, it is necessary to have the following       (20) 
                                                                                                  (21)
The control strategy governing the converter's duty cycle is defined in 
                                                    (22)
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               Fig. 4 The voltage of the Boost converter when using Backstepping 

Table 2. DC-DC converter characteristics 

	 Parameters                                
	C1 
	     L
	   R
	Vref
	K1
	  K2

	Value 
	0,00001 F
	0,001 H
	100 Ω
	300V 
	 1
	 100



The Boost DC-DC converter’s control system maintains a stable output voltage that closely tracks the reference set by the MPPT algorithm. Simulation results highlight its high performance, demonstrating excellent stability, accurate reference tracking, and rapid dynamic response with a settling time under 0.03 seconds. The values of the electrical components of the system are shown in Table 2.
Design Hysteresis Current Control of a Three-Phase Inverter
Inverters convert direct current (DC) into alternating current (AC) using PWM [13], [16], [17], [18], [19]. This study investigates a synchronization technique to align the inverter’s output with the grid current.                                   
                                                                   (23)
,                                                            (24)

Reference voltages and currents are applied across the load and used to regulate the system's power flow 
                                              (25)                                                         
Resistance can be neglected as it acts as an active load :                                            (26)                                                         
The error term ε(t) induces angular oscillations of the current through the load around its reference value [14].
SIMULATION AND RESULTS

The simulations, implemented in MATLAB/SIMULINK, model a PV system comprising a PV panel linked to the DC bus via a BOOST converter and a grid-tied inverter, facilitating energy transfer to the electrical grid.

[image: ]
                         Fig. 5. Diagram of grouping a boost and a three-phase inverter

The system consists of PV modules, each providing a peak power of 319.92 W, with an open-circuit voltage of 44.5 V and a short-circuit current of 9.07 A. At the MPPT, each module operates at 37.2 V and 8.6 A.
The PV array is configured with 6 parallel strings, each composed of 2 modules in series. This setup results in an MPPT output voltage of 91.8 V (2 × 37.2 V) and a total power output of 3820 W (6 × 2 × 319.92 W).
The 91.8 V DC output from the PV array is supplied to a Boost converter, which steps up the voltage to 300 V DC, suitable for the input of a three-phase inverter.
The inverter then converts the 300VDC into a three-phase 380VAC output, synchronized and compatible with the local electrical grid[image: ][image: ]
                Fig 6: Three-phase voltage PWM control                                                                                        Fig 7: Three-phase voltage control PWM hysteresis

[image: ][image: ]

            Fig 8: Phase shift between the PWM control s and the power grid signal                                    Fig 9: voltage synchronization between the inverter PWM hysteresis output
                                                                                                                                                                                   

Figures 6 and 8 present the simulation results based on conventional PWM, while Figures 7 and 9 illustrate the system’s performance using hysteresis-based PWM control.
The comparison clearly highlights a notable improvement in signal quality and better synchronization with the electrical grid when the hysteresis control method is applied.
Hysteresis PWM control is characterized by its simplicity, fast response time on the order of a few milliseconds, and high reliability. It ensures good system stability and is easy to implement. Its main tuning parameter is the hysteresis bandwidth, which defines the current tolerance around the reference value and directly affects the switching frequency. A narrower bandwidth results in more precise current tracking but increases the switching frequency.
To evaluate the quality of the current injected into the utility grid, a harmonic analysis was performed on the inverter output using the Fast Fourier Transform (FFT) method. The results indicate that the three-phase DC/AC inverter, operating under fixed-band hysteresis Pulse Width Modulation (PWM), achieves a Total Harmonic Distortion (THD) of 2.63% in the injected current. This value is well below the IEEE 519-2014 recommended limit of 5%, confirming the effectiveness of the control strategy in minimizing harmonic content. The FFT spectrum presented in Figure 10 illustrates the predominance of the fundamental component and the rapid attenuation of higher-order harmonics, demonstrating compliance with grid power quality requirements.

[image: ]
                                                                     Fig 10: Harmonic Analysis of Injected Current under Fixed-Band Hysteresis PWM Control
DISCUSSION
The implementation of the Backstepping control strategy on the DC-DC Boost converter exhibits outstanding dynamic performance, characterized by a settling time of less than 30 milliseconds. This rapid transient response enables effective voltage step-up, even in low-power PV systems comprising as few as 2 to 10 modules connected in series. Consequently, the output voltage reaches levels compatible with subsequent DC/AC conversion, ensuring seamless integration with inverter stages.
In parallel, the three-phase DC/AC inverter controlled via fixed-band hysteresis Pulse Width Modulation (PWM) achieves high-precision synchronization with the utility grid. With a response time in the order of 100 microseconds, the inverter is capable of real-time tracking of grid voltage and frequency, leading to accurate current waveform generation and remarkably low Total Harmonic Distortion (THD) in the injected current.
The combined application of these advanced nonlinear and hysteresis-based control techniques results in a substantial improvement in overall system behavior. Notably, these methods enhance the robustness, efficiency, and power quality of the energy conversion process. Their capability to ensure stable operation under variable environmental and load conditions renders them particularly well-suited for emerging in applications such as grid-connected renewable energy systems, where fast dynamic response, minimal harmonic pollution, and high energy efficiency are imperative.
While the proposed hysteresis PWM-based control strategy demonstrates promising performance in terms of efficiency and harmonic distortion mitigation, certain limitations remain that should be acknowledged. First, the validation is mainly based on simulation models, which, despite their accuracy, may not fully capture the nonlinearities, parasitic effects, and uncertainties encountered in real-world PV systems. Second, the system’s performance is evaluated under typical irradiance and temperature profiles; however, more extreme environmental variations could impact the stability and effectiveness of the control approach. Third, the study focuses primarily on small-scale PV configurations, and scalability to larger, utility-scale systems requires further investigation.  
Future research should therefore explore Hardware-in-the-Loop (HIL) and experimental validation to strengthen the practical applicability of the proposed strategy. Additionally, extending the framework to real-time embedded platforms would allow for assessing its computational efficiency under operational constraints. Investigating the adaptability of the method to hybrid renewable systems, including wind or energy storage integration, also represents a promising direction. Finally, the development of adaptive or predictive control schemes, possibly combined with artificial intelligence techniques, could enhance robustness against rapid environmental fluctuations and improve overall system resilience.
CONCLUSION

The backstepping control laws applied to the DC-DC Boost converter, combined with a hysteresis modulation strategy for the three-phase DC/AC inverter, demonstrated significantly superior performance. This approach allows for precise synchronization between output quantities and their references, while significantly improving the quality of the current injected, especially in terms of harmonic distortion reduction and dynamic stability. It thus confirms the relevance of advanced conventional control methods for the development of grid-connected photovoltaic systems, in particular for MPPT, DC/DC conversion and inverter control.
In addition, this control architecture constitutes a structuring foundation for the exploration of more advanced techniques, particularly those based on artificial intelligence. Real-time implementation via Hardware-in-the-Loop (HIL) and Software-in-the-Loop (SIL) platforms offers a rigorous framework for functional and temporal validation of control algorithms, making it possible to secure their industrial deployment.
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