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 In this study, we proposed an adaptive perturb and observe (P&O) algorithm 

designed for efficient maximum power point tracking (MPPT) in photovoltaic 

(PV) systems. This method addresses key challenges in solar energy systems, 

including variability in solar irradiation and partial shading conditions. The 

proposed method introduced a dynamic and adaptive in adjusting the step size 

of the P&O as it nears the maximum power point (MPP), enhancing tracking 

precision and reducing energy losses. To show the ability of the proposed, we 

compared it with the conventional P&O and GWO & P&O. The proposed 

adaptive P&O MPPT algorithm consistently maintains near-ideal tracking 

efficiency of ≈99.7% across various irradiance scenarios, significantly 

outperforming conventional P&O, which drops to 74.45% under partial 

shading. Overall, it achieves an average efficiency of 99.71%, surpassing 

hybrid P&O-GWO (99.52%) and conventional P&O (91.30%), demonstrating 

superior reliability and energy harvesting performance. The results indicated 

that the proposed could reduce power deviations and obtain greater accuracy 

in detecting MPP. The study confirms the method's potential for optimizing 

energy extraction and suggests further refinement for broader applicability. 

This advancement represents a significant step in enhancing the reliability and 

efficiency of PV systems in both grid-connected and off-grid applications. 
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1. INTRODUCTION 

Maximum power point tracking (MPPT) is a crucial aspect of photovoltaic (PV) systems, as it enables 

the extraction of maximum power from the solar array under varying environmental conditions. The MPPT 

algorithm plays a vital role in optimizing energy yield, reducing energy losses, and increasing the overall 

efficiency of the PV system. Recent studies have shown that these limitations can result in significant energy 

losses, ranging from 5% to 20% of the total energy yield [1]-[3]. Furthermore, the increasing adoption of PV 

systems in grid-connected and off-grid applications has created a growing need for more efficient and reliable 

MPPT techniques. To address these challenges, researchers have explored various advanced MPPT algorithms, 

such as model predictive control, artificial neural networks, and fuzzy logic control [4]. However, these 

approaches often require complex computations, high-resolution sensors, and precise modelling of the PV 

system, which can increase the overall cost and complexity of the system. 

https://creativecommons.org/licenses/by-sa/4.0/
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The increasing adoption of PV systems in both grid-connected and off-grid applications has 

intensified the demand for more efficient, accurate, and reliable MPPT techniques. Recent studies have 

explored advanced algorithms to address the shortcomings of conventional methods. For instance, model 

predictive control (MPC) has been highlighted for its ability to anticipate system dynamics and optimize control 

actions [5], while artificial neural networks (ANNs) have demonstrated exceptional adaptability in learning 

nonlinear PV characteristics [6]. Similarly, fuzzy logic control has been employed for its robustness in handling 

uncertainties and variations in environmental conditions [4]. 

Despite their advantages, these advanced methods often come with increased involve high 

computational requirements and complexity, reliance on high-resolution sensors, and the need for precise 

modelling of PV systems, which can drive up costs and complicate implementation. Hybrid approaches, such as 

combining perturb and observe (P&O) with machine learning [7], have attempted to balance simplicity and 

performance. However, achieving a cost-effective solution with high accuracy and adaptability remains a 

challenge. Furthermore, real-world issues such as the need for fast response to irradiance changes, resilience 

under partial shading, and low dependency on precise sensor data highlight gaps in the current state of MPPT 

research [8], [9]. 

In this context, our study introduces a lightweight yet robust solution to two core challenges in 

conventional P&O: i) fixed step sizes that result in overshooting or slow convergence near the maximum power 

point (MPP) and ii) poor adaptability under rapid irradiance changes or partial shading. The proposed method 

enhances traditional P&O by introducing a gradient-based, normalized, and bounded step size—computed 

using the power-voltage slope. This dynamic mechanism accelerates convergence when far from the MPP and 

improves precision near the peak without increasing system complexity. While several advanced adaptive 

MPPT methods have been proposed—such as fuzzy logic controllers, artificial neural networks, and hybrid 

AI-based approaches—they often require complex tuning procedures, high-resolution sensor inputs, and 

substantial computational overhead [10]-[13]. These factors limit their practicality in low-cost or real-time 

embedded PV controllers. 

In contrast, the proposed algorithm maintains the simplicity and low-resource profile of the 

conventional P&O, making it highly suitable for low-power microcontroller-based systems used in rural, 

remote, or off-grid PV applications. Its novelty lies not in complexity, but in the effective balance it strikes 

between tracking accuracy, responsiveness, and implementation simplicity. Moreover, it does not rely on 

heuristics, pre-trained models, or rule-based logic, making it more predictable and easier to standardize. 

This article proposes a new MPPT technique that aims to improve the tracking accuracy and efficiency 

under various operating conditions. The proposed technique combines the benefits of existing MPPT 

algorithms with an advanced fast searching method to provide a more accurate and reliable method for 

optimizing energy yield. Therefore, the main contributions are: 

i) Development of an adaptive P&O MPPT algorithm that adaptively changes the step-size to approach the 

MPP, significantly reducing power deviation and improving tracking accuracy. 

ii) Demonstration of superior performance over both conventional P&O and hybrid P&O-GWO methods 

through simulation under uniform and partial shading conditions, validating faster convergence and 

enhanced reliability. 

The rest of this article will provide a detailed description of the proposed method and the simulation setting in 

Section 2. Section 3 discussed the simulation results and how that impact of the research. Section 4 concluded 

the key findings and highlights the practical relevance of the proposed method for improving MPPT efficiency 

in real-world PV systems. 

 

 

2. METHOD 

2.1.  Characteristics system 

A solar PV system consists of one or more interconnected solar panels, arranged in series and parallel 

or combined, with power electronic devices acting as an interface to the load. A cell in a PV system is typically 

modelled as a single-diode equivalent circuit. The current-voltage characteristic of the cell equivalent circuit 

is described as (1) [14]-[16]. 

 

𝐼𝑃𝑉 = 𝐼𝑝ℎ − 𝐼0  [exp (
𝑉𝑃𝑉+𝐼𝑃𝑉𝑅𝑠

𝑛𝑉𝑇
) − 1] −  

𝑉𝑃𝑉+𝐼𝑃𝑉𝑅𝑠

𝑅𝑠ℎ
 (1) 

 

The power electronic device is employing MPPT algorithm to ensure the system extract maximum 

power in every working condition. The change in solar irradiation is the most contributing factor in PV power 

generation. Two irradiation conditions must be taken into account. The first is when PV modules receive 

uniform irradiation, known as the uniform irradiation condition (UIC). The second is when certain modules of 

the PV array are shaded by passing clouds, or other objects, this referred partial shading condition (PSC). 
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Figure 1 shows the illustration of PV under UIC conditions with varied solar irradiance range from 1000 W/m2 

to 700 W/m2 [17]-[20]. 

 

2.2.  The proposed method 

The proposed MPPT technique that was proposed in this study focused an improved of the 

conventional P&O technique as outlined in previous research [21]-[23]. The main improvement of the proposed 

method lies in the dynamic adjustment of the perturbation step size based on the proximity to the MPP [24]. 

While the conventional P&O method maintains a constant step size throughout the search, the proposed method 

proposed a new adaptive size of steps by slowing down the steps as it approaches the MPP [25], [26]. This 

adaptive step size addresses a critical limitation of the conventional P&O method. When the step size is too 

large, the search may overshoot the MPP, reducing accuracy. Conversely, a smaller step size improves 

precision but significantly slows the search process. By dynamically adjusting the step size, the proposed 

method ensures efficient and accurate convergence to the MPP. Figure 1 depicts the proposed method's workflow 

and its adaptive step-size strategy, showcasing improved tracking precision and efficiency near the MPP. 

 

 

 
 

Figure 1. The proposed adaptive P&O 

 

 

As shown in Figure 1, the proposed MPPT method is based on the conventional P&O approach but 

introduces an adaptive behaviour as it nears the MPP. When the power output is increasing, and the tracking 

point is far from the peak, the proposed method operates similarly to the standard P&O algorithm, using a 

consistent step size to expedite the search. However, as the tracking point approaches the MPP, the proposed 

method significantly slows down its movement. This deliberate reduction in step size ensures precise 

convergence to the MPP, preventing overshooting or deviation from the optimal point. This adaptive 

mechanism enhances both the accuracy and stability of the tracking process. This adaptive strategy optimizes 

energy extraction while minimizing the drawbacks of conventional P&O methods. 

In a conventional P&O method, the step size ΔD for the duty cycle is constant. In the proposed 

method, the step size becomes a function of the power difference, enabling finer tuning as the algorithm nears 

the MPP. The perturbation step size is dynamically scaled based on the rate of change in power as (2). 

 

∆𝐷(𝑘) = 𝛼. |
∆𝑃

∆𝑉
| (2) 
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Where ∆𝐷 is a perturbation in duty cycle, 𝐷(𝑘) is duty cycle at iteration at k, 𝛼 is a gain factor, ∆𝑃 refers to the 

change in power output between two consecutive measurement points or iterations, and ∆𝑉 refers to the change 

in voltage over the same time interval. To ensure stability, it is capped using (3). 

 

∆𝐷(𝑘) = min(∆𝐷(𝑘), ∆𝐷𝑚𝑎𝑥) (3) 

 

Where ∆𝐷𝑚𝑎𝑥 is maximum allowable perturbation. This rule makes the perturbation become large when far 

from the MPP (high value of |
∆𝑃

∆𝑉
|) and small while near the MPP (low value of |

∆𝑃

∆𝑉
|) which prevent from 

oscilation. 

The direction of the update follows the P&O principle, which is calculated using (4). 

 

𝑖𝑓 ∆𝑃 > 0 ⟹ 𝐷(𝑘 + 1) = 𝐷(𝑘) +   ∆𝐷(𝑘)  

𝑖𝑓 ∆𝑃 < 0 ⟹ 𝐷(𝑘 + 1) = 𝐷(𝑘) −   ∆𝐷(𝑘) (4) 

 

This ensures the algorithm continues moving in the direction of increasing power but slows down adaptively 

as it converges to the MPP. The algorithm converges to the MPP more accurately than conventional P&O due 

to: i) Reduction in overshoot: smaller ΔD as MPP is approached, and ii) Faster stabilization: larger ∆𝐷 when 

far from MPP. This strategy leads to improved tracking accuracy, reduced steady-state oscillation, and shorter 

settling time. Algorithm 1 shows the simulation implementation of the proposed method. 

 

Algorithm 1. Adaptive perturb and observe MPPT 

Input: 

 Initial duty cycle (𝐷0) 

 Maximum step size (∆𝐷𝑚𝑎𝑥) 

 Adaptive gain factor (𝛼) 

Output: updated duty cycle D for MPPT control 

Steps: 

1. Initialization:  

  Set initial voltage 𝑉𝑝𝑟𝑒𝑣 , current 𝐼𝑝𝑟𝑒𝑣 , and power 𝑃𝑝𝑟𝑒𝑣 =  𝑉𝑝𝑟𝑒𝑣  × 𝐼𝑝𝑟𝑒𝑣  

  Set initial duty cycle 𝐷 ←  𝐷0 

2. Repeat for each sampling interval 

  Measure current voltage V, current I; compute current power: 𝑃 = 𝑉 ×  𝐼 

  Calculate change in power: ∆𝑃 = 𝑃 −  𝑃𝑝𝑟𝑒𝑣; calculate change in voltage: ∆𝑉 = 𝑉 − 𝑉𝑝𝑟𝑒𝑣  

3. Compute adaptive step size 

  if ∆𝑉 ≠ 0, compute:  

          ∆𝐷(𝑘) = 𝛼. |
∆𝑃

∆𝑉
|   

  else,  

          Set ∆𝐷 to a small constant 

  limit ∆𝐷 to (∆𝐷𝑚𝑎𝑥 

4. Update duty cycle D based on power change 

  If ∆𝑃 > 0 and ∆𝑉 >  0: 

         𝐷 ← 𝐷 + ∆𝐷 

  If ∆𝑃 > 0 and ∆𝑉 <  0: 

         𝐷 ← 𝐷 − ∆𝐷 

  If ∆𝑃 < 0 and ∆𝑉 >  0: 

         𝐷 ← 𝐷 − ∆𝐷 

  If ∆𝑃 < 0 and ∆𝑉 <  0: 

         𝐷 ← 𝐷 + ∆𝐷 

5. Update previous values 

  𝑃𝑝𝑟𝑒𝑣  ← 𝑃  

  𝑉𝑝𝑟𝑒𝑣  ← 𝑉  

6. Apply new D to the converter and repeat from step 2 

 

2.3.  Simulation setting 

Figure 2 shows simulation system of the proposed adaptive P&O. The simulation was designed on 

two conditions, including UIC and partial shading. The performance of the proposed MPPT method was tested 

through simulations using MATLAB Simulink under both uniform irradiance and partial shading conditions. 
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Figure 2. MPPT Simulink: (a) PV system and (b) overall MPPT simulation system 
 

 

Table 1 presents the main specifications of the PV module and boost converter circuit used in the 

MPPT system testing. The solar panel used is a Tata Power Solar System TP250MBZ with a maximum power 

pmax of 249 W, an open circuit voltage (Voc) of 36.8 V, a short circuit current (Isc) of 8.83 A, a voltage at 

maximum power of 30 V, and a current at maximum power of 8.3 A. This information is displayed in Table 1 

to provide an overview of the module's electrical characteristics, which form the basis for calculating the 

system's power performance. 

Furthermore, Table 2 also describes the specifications of the boost converter used to regulate the PV 

module's output voltage. The main components consist of a 1.2 mH inductor, a 468 µF capacitor, and a 53 Ω 

resistive load. The selection of these component values is based on the need to maintain voltage stability and 

maximize power transfer during the MPPT process. 

The MPPT system test scenario involved varying irradiation intensity at a constant temperature, as 

shown in Table 3. Four PV modules were arranged, each subjected to varying light intensity to simulate partial 

shading and uniform insolation conditions. PSC pattern 1 represents partial shading conditions, with irradiance 

of 1000 W/m² on modules 1 and 3, and 600 W/m² on modules 2 and 4. PSC pattern 2 depicts a transition to 

uniform conditions, with all modules receiving 1000 W/m². Uniform insolation represents conditions 

approaching uniformity but with irradiance variations decreasing to 700–1000 W/m². 
 

 

Table 1. The specifications of the photovoltaic (PV) 
No. Item Specifications 

1. Modules Tata Power Solar System TP250MBZ 
2. Max power 249 W 

3. Open circuit voltage 36.8 V 

4. Short circuit current 8.83 A 
5. Voltage at max power 30 V 

6. Current at max power 8.3 A 

 

 

Table 2. Boost converter specifications 
No. Description Nominal values 

1. Inductor L = 1.2 mH 

2. Capacitor C = 468 µF 

3. Resistive load R Load = 53 Ohm 
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Table 3. Irradiation changes the scenario with temperature constant 
No. Module number PSC pattern 1 (W/m2) PSC pattern 2 (kW/m2) Uniform insolation (kW/m2) 

1. Module 1 1000 1000 700 
2. Module 2 600 1000 900 

3. Module 3 1000 1000 1000 

4. Module 4 600 1000 900 

 

 

The effectiveness of an MPPT system is evaluated based on the deviation of the actual output power 

from the maximum reference power. The effectiveness calculation is performed using (5). 
 

𝑃𝑒𝑓𝑓 =
𝑃𝑟𝑒𝑓−𝑃𝑚𝑝𝑝𝑡

𝑃𝑟𝑒𝑓
 × 100% (5) 

 

Where 𝑃𝑟𝑒𝑓  is the solar panel's reference power obtained from the maximum power curve under the current 

irradiation conditions, while 𝑃𝑚𝑝𝑝𝑡 is the output power obtained from the MPPT algorithm being tested. The 

𝑃𝑒𝑓𝑓  value indicates the percentage of power loss relative to the reference power, so a smaller value indicates 

better MPPT tracking performance. Next, the average MPPT effectiveness over the test period is calculated by 

averaging the 𝑃𝑒𝑓𝑓  values for each data sample taken, using (6). 

 

𝑀𝑃𝑃𝑇𝑒𝑓 =
1

𝑁
 ∑ 𝑃𝑒𝑓𝑓𝑖

𝑁
𝑖=1  (6) 

 

Where N is the total number of measurement samples during the test period. This equation provides an average 

effectiveness value that represents the overall performance of the MPPT algorithm in maintaining the PV 

system output close to maximum power under various irradiation and load conditions. 
 

 

3. RESULTS AND DISCUSSION 

This section presents the simulation results and analysis of the proposed adaptive P&O. The 

performance is evaluated under various irradiance conditions, including uniform and partial shading scenarios. 

The objective is to assess the accuracy, responsiveness, and robustness of the method in tracking the MPP, and 

to compare its behavior against conventional P&O and hybrid P&O-GWO methods. Evaluation metrics such 

as convergence speed, steady-state stability, and power deviation are used to validate the effectiveness and 

practical applicability of the proposed approach. 

Figure 3(a) illustrates the effectiveness of the proposed adaptive P&O method in accurately tracking 

the MPP under varying irradiance conditions. The red curve represents the tracked MPP using the proposed 

method, while the blue curve indicates the actual MPP derived from system parameters. The simulation is 

divided into three regions to evaluate performance. In region 1 (Figure 3(b)), the power deviation is minimal 

at approximately 5 W, increasing slightly to 9 W in region 2 (Figure 3(c)) and 15 W in region 3 (Figure 3(d)), 

where partial shading introduces more complex dynamics. These deviations remain well within acceptable 

limits, demonstrating robust detection and tracking capability. The algorithm effectively adapts to changing 

operating conditions, maintaining stable convergence and minimizing energy loss. Even under non‑uniform 

irradiance, deviations remain below 20 W, confirming its reliability and adaptability. Overall, the proposed 

method consistently maintains close alignment with the actual MPP, outperforming conventional P&O by 

ensuring faster convergence and improved energy extraction in dynamic PV environments. 

Figure 4(a) compares the performance of the conventional P&O method and the proposed MPPT 

approach. The dashed blue line represents the proposed method, while the brown line corresponds to 

conventional P&O. In region 1, the conventional P&O method exhibits a deviation of nearly 200 W between 

the tracked MPP and the actual maximum power, whereas the proposed method achieves a deviation of only 

~5 W—demonstrating roughly a 40‑fold improvement in accuracy. This discrepancy arises because 

conventional P&O with a large step size suffers from overshooting and undershooting, resulting in poor 

precision and energy loss. The proposed method mitigates this by adaptively reducing its step size near the 

MPP, ensuring precise convergence. In regions 2 and 3, both methods perform comparably, but the superior 

accuracy in region 1 highlights the robustness of the proposed approach. 

Figure 4(b) further compares the proposed method with the hybrid P&O GWO technique. The hybrid 

method exhibits substantial deviation during the initial tracking stage, particularly in regions 1 and 3, before 

stabilizing after approximately one second. In contrast, the proposed method delivers accurate MPP detection 

from the outset, emphasizing its reliability in dynamic conditions. Overall, these results confirm that the 

proposed method consistently outperforms conventional and hybrid alternatives in maximizing PV energy 

extraction. 
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Figure 5 compares the proposed MPPT method with the hybrid P&OGWO and conventional P&O 

approaches. The proposed method consistently demonstrates accurate maximum power (MP) detection across 

all regions, maintaining stable and reliable tracking. In contrast, the P&OGWO method struggles during the initial 

phase in regions 1 and 3, exhibiting significant deviations before stabilizing after approximately one second. The 

conventional P&O method shows a different pattern, failing in region 1 due to its sensitivity to large step sizes 

but performing adequately in regions 2 and 3 where the power curve is less complex. Overall, the results 

highlight the superiority of the proposed method, which combines fast convergence with consistent accuracy, 

effectively overcoming the limitations of both P&OGWO and conventional P&O for robust energy extraction. 

Table 4 compares the performance of three MPPT methods—conventional P&O, hybrid GWO & 

P&O, and the proposed method—across PSC pattern 1, PSC UIC, and PSC pattern 2. Efficiency represents the 

ratio of tracked maximum power to Pref. under PSC pattern 1, P&O achieved only 74.45%, while GWO & P&O 

and the proposed method reached 99.38% and 99.70%, respectively. In uniform and Pattern 2 conditions, all 

methods exceeded 99.7%. The average efficiencies were 91.30% for P&O, 99.52% for GWO & P&O, and 

99.71% for the proposed method. These results confirm the proposed method’s superior and consistent 

performance, particularly under challenging partial shading conditions. The simulation results demonstrate that 

the proposed adaptive P&O algorithm outperforms both conventional P&O and hybrid P&O-GWO methods 

in accuracy and convergence speed. Its dynamic step-size mechanism minimizes overshoot near the MPP, 

reducing energy loss and ensuring smooth power regulation under varying irradiance. While P&O-GWO 

eventually achieves good accuracy, its delayed response limits early energy harvesting, and conventional P&O 

shows large deviations under partial shading. The proposed method balances simplicity and precision, making 

it suitable for real-time, low-cost embedded PV systems. In future work, integrating this adaptive method with 

global optimization logic may help it detect global MPPs in complex shading conditions. Moreover, 

experimental validation on hardware platforms could further establish its real-world applicability. 
 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 
 

Figure 3. Tracking the result of maximum point using the proposed method: (a) overall response,  

(b) region 1, (c) region 2, and (d) region 3 
 

 

  
(a) (b) 

 

Figure 4. Comparison results between the proposed improved P&O with (a) P&O conventional and 

(b) GWO and P&O 
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Figure 5. Comparison between the proposed method, P&O, and combination GWO and P&O 

 

 

Table 4. Simulation results 
Test case P ref Methods MPP Efficiency (%) 

Psc pattern 1 642 P&O 478 74.45 

GWO and P&O 638 (2 s delay) 99.38 
Proposed 640 99.70 

Psc UIC 989 P&O 986 99.70 

GWO and P&O 986 (2 s delay) 99.70 
Proposed 986 99.70 

Psc pattern 2 762 P&O 760 99.74 

GWO and P&O 758 (2 s delay) 99.70 
Proposed 760 99.74 

 

 

4. CONCLUSION 

This study proposes an adaptive method to enhance the P&O algorithm for MPPT. The proposed 

method proposed a new mechanism for the step size used in the detection process to become more adaptive 

and dynamic. Unlike conventional P&O, where the step size remains constant throughout, the improved 

method dynamically reduces the step size as it approaches the MPP. This adaptive step adjustment allows for 

more precise tracking near the MPP, minimizing overshooting and improving detection accuracy. The key 

advantage of this approach is its ability to detect the MPP with higher precision, especially in scenarios where 

subtle variations in power output can lead to inaccuracies in conventional P&O. However, the method has a 

limitation: it struggles to identify the global maximum when the initial peak is lower than subsequent peaks, 

such as in cases of partial shading. This shortcoming could lead to the algorithm converging on a local 

maximum rather than the true global MPP. Despite this limitation, the proposed method offers better 

mechanisms in MPPT technology by addressing the inefficiencies of constant-step P&O. Future work could 

focus on the ability to differentiate between local and global peaks and improving on complex scenarios like 

partial shading. 
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