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Abstract: This study introduces an innovative approach to maximizing power point tracking (MPPT) within solar power systems, 

utilizing a synergetic adaptive control (SAC) mechanism. The setup includes a solar panel, a DC-DC boost converter, a resistive load, 

and a synergetic adaptive controller. The control system operates on a two-loop framework; the first loop identifies the peak voltage from 

the solar panel, providing a baseline for the second loop. This secondary loop, a sophisticated synergetic adaptive controller, maintains 

the system's closed-loop equilibrium by employing Lyapunov's principle. The optimization of the controller's settings is achieved through 

the particle swarm optimization (PSO) method. Tailored to maintain optimal power production under a range of environmental 

conditions, this method's effectiveness and dependability were verified through detailed mathematical simulations of a solar power 

system in Matlab/Simulink under varying climate scenarios. The outcomes of the simulations strongly validate the effectiveness of the 

proposed method. 

Keywords: Synergetic adaptive control, Maximum power point tracking, PSO algorithm, Photovoltaic system, Power transfer 
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1. Introduction 

In this era of rapid technological progress, humanity enjoys 

unparalleled comfort compared to past generations. Much 

of this progress stems from the ability to harness and 

utilize energy efficiently in daily life. However, the 

accelerated consumption of energy has brought about a 

host of problems associated with fossil energy, including 

high costs and environmental pollution. In response to 

these challenges, alternative, more cost-effective and 

environmentally-friendly energy sources are explored[1]. 

Renewable energy with its diverse array of sources, stands 

out as the optimal solution. Among these renewable 

sources, the photovoltaic generator emerges as a promising 

alternative. Its most notable advantages include 

environment sustainability and reduced maintenance costs. 

However, a significant drawback of photovoltaic 

generators is their low efficiency, which is closely tied to 

fluctuating weather conditions. The amount of electric 

power generated is inherently dependent on variables such 

as solar cell temperature and irradiance levels.  

In recent decades, significant efforts have been made to 

refine various MPPT algorithms, with the goal of 

maximizing energy harvest from photovoltaic panels 

amidst fluctuating climatic conditions. This initiative has 

resulted in the creation of a wide array of designs, 

characterized by their efficiency on one side and their 

simplicity on the other. 

Conventional techniques like are primarily adopted in 

MPPT strategies, such Perturbation and Observation 

(P&O), Hill Climbing (HC) along with Incremental 

Conductance (IC), represent the most commonly employed 

methods in MPPT[2],[3],[4] These algorithms employ a 

systematic flowchart approach to track the maximum 

power output. Renowned for their uncomplicated 

implementation, they offer a practical solution in MPPT 

applications. Despite this, their precision in consistently 

identifying the maximum power point (MPP) remains 

somewhat constrained. 

Another design approach involves MPPT commands based 

on proportionality relationships [5],[6],[7]. This control 

approach relies on the proportional relationship between 

the characteristic parameters of PV module and optimal 

parameters identifying the optimum power point. A 

notable limitation of this technique is the power dissipation 

experienced during each computation of the PV module's 

characteristic parameters. 

Artificial intelligence  have also been employed for 

tracking the MPP, utilizing techniques, including fuzzy 

logic[8],[9] and artificial neural network [10],[11],[12].  

These algorithms have proven to be very effective at 

tracking the maximum value. However, the disadvantage 

of these algorithms is their complexity since they involve 
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multiple parameters associated with the system dynamics 

that must be accurately known. 

Recently, metaheuristic optimization algorithm such as 

genetic algorithms (GA) [13], particle swarm optimization 

(PSO) [14], [15], and Artificial  Bee  Colony (ABC) [16], 

[17], which have been implemented through flowcharts 

tailored to each algorithm's specific characteristics. This 

methodology has yielded significant improvements in 

efficiency. However, the complexity of this approach 

stands out as a significant challenge. 

Furthermore, a nonlinear control strategy has been 

proposed to address these issues. This type of control 

offers the advantage of ensuring system stability around 

the operating point, which is MPP. For instance, Sliding 

Mode Control (SMC)[18],[19] is known for its robustness 

and simplicity, however, its primary limitation lies in the 

chattering phenomenon. Synergetic control[20],[21],[22] is 

based on the same concept as sliding mode control, 

demonstrating simplicity in implementation and significant 

efficacy, especially in eliminating the chattering effects.  

The Incremental Conductance algorithm has been utilized 

to determine the maximum power voltage, which then acts 

as a benchmark for an adaptive sliding mode control [23]. 

Although the outcomes were satisfactory, it's important to 

recognize that this algorithm presented a high level of 

complexity. 

This study presents a novel MPPT design that estimates the 

maximum power voltage through a straightforward 

algorithm. The estimated maximum power voltage is 

subsequently utilized as a set-point in a closed-loop control 

system. This system integrates an innovative synergetic 

adaptive method, which is further optimized by employing 

the PSO algorithm. 

To gauge the effectiveness of the suggested strategy and 

appraise the performance of the method, a comparative 

investigation was carried out in connection with a 

contemporary approach, known as Integral Backstepping 

Sliding Mode Control (IBSMC) [24]. 

The article's structure is as follows: 

• Section 2 provides a concise overview of the 

photovoltaic panel model. 

• In Section 3, mathematical framework governing boost 

DC-DC converter is elaborated upon. 

• Section 4 introduces the innovative approach, 

particularly focusing on the development of the 

adaptive synergetic MPPT controller. 

• In Section 5, both simulation results and analytical 

findings are presented, accompanied by a comparative 

analysis aimed at evaluating the effectiveness of the 

proposed strategy. 

• The article concludes with a summarizing section that 

encapsulates the key findings. 

2. PV panel modeling characteristics 

In a standalone photovoltaic system, the PV generator 

serves as the primary and pivotal component. Its 

paramount importance lies in its capacity to convert 

sunlight into electric current. Over time, the scientific 

community has devised multiple models aimed at 

optimizing its performance. One of the traditional models 

is equivalent representation of PV panel, , as depicted in 

Figure 1 (Mars et al., 2017). 

The equivalent circuit consists of a current source opposed 

by a diode and supplemented by a shunt resistance 

identified as . 

The equivalent model is described by the following 

equation: 

    (1)  

With: 

                                           (2) 

                                                    

                                                      (3) 

                                  (4) 

                            (5) 

The output current is given by: 

      (6) 

Where: 

   represents the photocurrent  

 is the shunt current 

  denotes the current through the diode 

  represents reserved saturation current 

 represents electron charge 

 stands for Energy of the band gap for silicon 

 is Boltzmann’s constant 
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For an ideal PV cell, a high shunt resistance  is 

preferred, while the series resistance  should ideally be 

very low. The last equation (6) becomes: 

                         (7) 

 

Fig 1. Equivalent Circuit of a Solar Cell 

Figures 2 and 3 showcase power-voltage and current-

voltage profiles of PV module across various levels of 

irradiance, with the temperature held constant. In a similar 

vein, Figures 4 and 5 reveal these profiles under varying 

levels of irradiance while the temperature remains 

unchanged. It is significant to note that (MPP) rises with a 

decrease in temperature or an increase in solar irradiance, 

highlighting PV module's nonlinear characteristics. 

This nonlinearity in PV module's characteristics 

underscores the complexity and the challenge in efficiently 

extracting maximum power. The variability in the MPP 

with changing environmental conditions necessitates 

sophisticated control strategies for optimal energy harvest. 

As such, advanced MPPT algorithms play a crucial role in 

adapting to these dynamic conditions. This adaptability is 

not only pivotal for maximizing energy output but also for 

enhancing the overall reliability and lifespan of the 

photovoltaic system.  

Table 1. Specification of PV array panel 

Pmax  299.86 (W) 

 (Voc)   39.8   (V) 

Isc  9.75   (A) 

Vmp  31.9  (V) 

Imp  9.4   (A) 

 

 

Fig 2. Power-voltage curve under different irradiances 

levels (T=25°C) 

 

Fig 3. Current-voltage curve under different irradiances 

levels (T=25°C) 

 

Fig 4. Power-voltage curve under different temperatures 

(G=1000 W/m2) 

 

Fig 5. Current-voltage curve under different temperature 

(G=1000 W/m2) 

3. DC-DC boost converter 

The effective use of power produced by the photovoltaic 

panel involves various challenges, primarily due to 

system's non-linear parameters, as previously discussed. 

To optimize power output, connecting the photovoltaic 

panel to the load through a DC-DC boost converter is 

essential. The principal objective of this controller is to 

guarantee a continuous maximum power output from the 

photovoltaic panel, even in the face of varying weather 

conditions. Figure 5 visually depicts the schematic diagram 

of the boost converter for reference. 

 

Fig 6. Simplified equivalent circuit of DC-DC boost 

converter linked to a PV panel 
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To accurately determine Pmax, MPPT controller regulates 

DC-DC boost converter by modulating switch S with a 

PWM signal. PWM signal oscillates between 0 and 1, with 

variations in frequency. Consequently, the operation of 

DC-DC boost converter is described using two states that 

signify the status or position of the switch S. Mathematical 

formulation is detailed as follows: 

• First state:  for switch is OFF( ), the corresponding 

equations are formulated as follows: 

                                                       (8) 

                                                         (9)                                            

                                                     (10) 

• Second state: when switch is ON     the 

equations are described as follows: 

                                                              (11) 

                                                         (12) 

The comprehensive mathematical model for the nonlinear 

system is derived by amalgamating the two states using the 

state space averaging technique [20]. The model is 

articulated as follows: 

                                           (13) 

                                            (14) 

Where the two state variables,  and  signify current 

through inductor and voltage across load, respectively.   

corresponds to the voltage output from the photovoltaic 

module. Duty cycle of PWM signal is denoted by 

. L and C are inductor and capacitor 

components of the converter, respectively, and  is the 

resistance of the load. 

4. Design of adaptive synergetic MPPT controller 

The designed approach is predicated on the principle of 

supplying maximum voltage to the load while concurrently 

maintaining the power generation at its peak value. 

It consists of two main parts: a maximum power voltage 

estimator and an adaptive synergetic controller (SAC). 

• The first part comprises a maximum power voltage 

estimator, which calculates the voltage value 

corresponding to the MPP generated by the 

photovoltaic generator. Ensuring system stability is a 

prerequisite for obtaining an accurate estimation of the 

voltage value, and this condition is fulfilled in the 

second part of the design. 

The secondary element consists of an Adaptive Synergetic 

Controller (SAC), crucial for reducing the variance 

between the voltage at maximum power and the load 

voltage   to nil.  

 

Fig 7. Bloc diagram of PV system with synergetic adaptive 

controller 

In this segment, the adaptive synergetic controller is 

engineered to trace MPP. Initially, manifold  was chosen 

as 

                                   (15) 

which guaranteed that the boost converter will operate as 

long as the power is   maximum.        

With   the manifold becomes: 

 

                                                    (16) 

    Hence, the maximum power voltage MPV is defined as: 

                                         (17) 

The intended dynamic behavior of the macro-variable is 

defined in the following manner: 

                                            (18) 

The projection of this dynamic on nonlinear system can be 

described as: 

                          (19) 

Upon (14), (19) can be rewritten as : 

                                     (20) 
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Substituting  from (20) into (18), (21) we obtain: 

                            (21) 

                            (22) 

The synergetic control low given as: 

                                   (23) 

We should note that the control law incorporates a load 

value which can be changed as needed. 

To solve this problem, we put . So (23) can be 

                                      (24) 

To augment the efficacy of the proposed method, an 

adaptation feature was integrated. This adaptation enables 

Ts to dynamically adjust in response to changes in error 

(equation (15)), facilitating a swift response to varying 

dynamics, such as rapid shifts in weather conditions, so: 

                                    (25) 

With: 

                                                                  (26) 

And 

                                                             (27) 

Stability analysis and adaptation law 

The Lyapunov function is chosen as: 

                                              (28) 

Its time derivative is 

                                                  (29) 

Bearing in mind that , then (29) can be given as: 

                                     (30) 

                 (31) 

Replacing  by its expression in (25), we obtain 

                                                                (32) 

   

(33) 

                                             (34) 

Replacing (27) in (34)  

                                       (35) 

                                     (36) 

       If                                                            

(37) 

The adaptation law can be written as:  

                                                     (38) Then 

                                                               (39) 

Asymptotic stability is verified through Barbalat’s lemma. 

In our effort to eliminate the need for a sensor to determine 

 current value, we derive it from the current  through 

(8) 

                                                  (40) 

Table 2. System specifications 

parameter value 

Inductor L 1 mH 

Capacitor Cr 200 µF 

Capacitor C 2200 µF 

Load RL 12 Ω 

Adaptive gain P 0.001 

 

5. Result and discussion 

Two distinct scenarios were considered to assess its 

performance comprehensively, In both standardized 

conditions, (G= 1000 W/m2, T = 25 °C) and under 

changing conditions, utilizing Matlab/Simulink 

simulations. 

 

(A) 
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(B) 

Fig 8. Simulation results conducted under standard 

conditions(A) Ppv, Vpv , Ipv , V0 and (B) duty cycle 

 

Fig 9. Solar irradiance variation 

 

(A) 

 

(B) 

Fig 10. Simulation with stepped irradiance change 

(A) Ppv, Vpv, Ipv , V0 and (B) duty cycle 

To assess effectiveness of the algorithm, an evaluative 

comparison was performed by juxtaposing its outcomes 

with those achieved through the Integral Backstepping 

Sliding Mode Control (IBSMC) approach. 

The performance study involves comparing the two 

controllers in three criteria simultaneously: response time, 

power oscillation and maximum efficiency. 

The latter is defined as per [25] : 

                               

(41) 

 

(A) 

 

(B) 

 

(C) 

(D) 

(E) 

Fig 11. Simulation under standard conditions  
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(A) Ppv, (B)Vpv , (C) Ipv , (D) V0 and (E) duty cycle 

The irradiance level (Figure 9). and temperature degree 

(Figure 13) are abruptly altered to assess the response 

speed of each technique . 

 

(A) 

 

(B) 

 

(C) 

 

(D) 

 

(E) 

Fig 12. Simulation during rapid irradiance fluctuations 

(A) Ppv, (B)Vpv, (C) Ipv , (D) V0  and (E) duty cycle 

 

Figure 13. Temperature variation 

(A) 

 

(B) 

(C) 

(D) 
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(E) 

Figure 14. Simulation with step temperature change 

(A) Ppv, (B)Vpv, (C) Ipv , (D) V0  and (E) duty cycle 

 

The outcomes of the simulation are: 

Table 3. Performance of different controllers 

 

MPPT 

Methods 

 

Response 

time (ms) 

 

Power oscillation 

(watt) 

 

Max efficiency   

(%) 

IBSMC 27.8 0.06 98.38 

SAC 2.1 0.0003 99.79 

 

The findings underscore superior accuracy of the algorithm 

(SAC) in identifying the MPP, particularly in comparison 

to IBSMC technique. Remarkably, even amidst varying 

irradiance levels, this algorithm demonstrated consistent 

accuracy in MPP tracking, thereby emphasizing its 

substantial robustness against environmental fluctuations 

and external disturbances. 

The SAC algorithm displayed notable efficiency in power 

conversion, maintaining a stable performance across 

varying irradiance levels, in stark contrast to the IBSMC. 

This stability is particularly crucial in settings where even 

minor power output fluctuations can significantly affect 

system effectiveness, such as in grid-connected PV 

systems or isolated power setups. Additionally, the SAC 

showcased a quicker response to environmental changes 

compared to the IBSMC, a key advantage in regions with 

rapidly shifting weather patterns, ensuring optimal power 

harnessing during short periods of peak solar exposure. 

Furthermore, the SAC's streamlined design suggests 

potential benefits in terms of scalability, maintenance, and 

long-term reliability. Its adaptability and robust 

performance across diverse conditions indicate suitability 

for both small and large-scale PV installations. While its 

advancements over the IBSMC are clear, future research 

could focus on optimizing SAC's performance under 

extreme weather and integrating it with emerging 

technologies like energy storage systems, further 

enhancing the efficiency and utility of solar power 

systems. 

6. Conclusion 

This investigation introduces a synergetic adaptive control 

strategy, anchored in an MPPT algorithm, to effectively 

pinpoint MPP in a standalone photovoltaic setup under 

fluctuating environmental conditions, including 

temperature and sunlight exposure.  

Matlab/Simulink simulations revealed that the synergetic 

adaptive strategy excelled in efficiently and precisely 

tracking the MPP, outperforming the IBSMC algorithm in 

both speed and effectiveness. Moreover, this algorithm is 

comparatively simpler than many contemporary 

algorithms, including IBSMC. The proposed method also 

demonstrated significant robustness and high performance, 

even under fluctuating weather conditions. 

Moreover, the simplicity of the synergetic adaptive 

controller design is noteworthy. This simplicity not only 

facilitates easier implementation and integration into 

existing PV systems but also potentially reduces the 

overall system cost. Such cost-effectiveness, combined 

with the demonstrated high efficiency and robustness of 

the system, makes it an attractive option for widespread 

adoption in renewable energy applications. The future 

implications of this study could extend to improving the 

economic viability and accessibility of solar energy 

technologies, especially in regions where energy costs and 

environmental concerns are paramount. 
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