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 Solar harvesting system with photovoltaic (PV) is one of the most desirable 

renewable energy sources because of its prominent advantages. However, low 

efficiency due to fluctuating output power is a major problem for PV systems. 

A technique used to maximize power extraction known as maximum power 

point tracking (MPPT) has been proposed by various literature to deal with 

this problem. One of the most widely developed MPPT methods due to its 

ease of implementation is perturb and observe (P&O). Since the initial 

discovery of the principle, the P&O method has been extensively modified 

including the fixed step-size: step-size variables, partial shading, threshold 

module current, three-point-comparison, maximization of dynamic 

performance, minimization of dynamic performance, bandwidth of 𝑃 − 𝑉 

curve, decoupling, observation of 𝑑𝑉, 𝑑𝐼, and 𝑑𝑃, datasheet parameters, curve 

fitting, voltage hold P&O, and observation of 𝑑𝑉 and 𝑑𝑃. This paper presents 

the development of the P&O method from the initial principle to the end as a 

reference source for readers. The hope is that a new easy and robust P&O 

method as a complement to the implementation of the MPPT technique is 

developed in the solar harvesting system. 
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1. INTRODUCTION 

Renewable energy sources are experiencing rapid development. This is due to the policies of many 

countries in an effort to make the earth healthier. Therefore, renewable energy sources in the production of electrical 

energy play an important role in reducing emissions and achieving sustainable power generation [1]–[3]. In the 

last decade, from various types of renewable energy, solar energy based on solar harvesting systems with 

photovoltaic (PV) achieved the most widespread application because of its most prominent advantages [4]. Easy 

installation with high security, quiet, and environmentally friendly are some of the advantages offered [5]. 

Furthermore, because the operation of the PV system does not require a drive unit, this system is able to operate 

for a long time due to minimal maintenance [6]. Moreover, the recent decline in production costs has 

increasingly made PV systems the most promising candidate for renewable energy systems [7]. 

However, fluctuations occur in the output power of the PV system due to intermittent weather 

conditions due to solar irradiation and rapidly changing ambient temperature [8]–[11]. Fluctuations in output 

power due to variations in irradiation obtained by PV might lead to the undesirable performance of the electric 

network. This variation can occur due to clouds covering the solar irradiation to the PV, which can cause the 

output power of the PV system to drop to zero. Therefore, the efficiency generated by the system. Therefore, 

https://creativecommons.org/licenses/by-sa/4.0/
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a technique used to maximize power extraction known as maximum power point tracking (MPPT) was 

introduced to deal with this problem by controlling the PV system so that it always operates at its maximum 

point. To date, various MPPT methods have been introduced. One of the most widely used methods is perturb 

and observe (P&O) [12], [13]. The P&O method is a favorite because it offers easy and inexpensive 

implementation, and has even been widely applied to commercial products [14]. 

There have been many studies in the form of review papers specifically reviewing the performance of 

the MPPT method that can be taken into consideration by researchers. Belhachat and Larbes [15], Li et al. [16], 

Dileep and Singh [17], Ahmad et al. [18], Lyden and Haque [19], Mohanty et al. [20], Mohapatra et al. [21], 

Saravanan and Babu [22], Tajuddin et al. [23], Danandeh and Mousavi [24], Bollipo et al. [25],   

Karami et al. [26], Mao et al. [27] described the advantages and disadvantages, or the merits, and demerits of 

each method. Other article review such as Subudhi and Pradhan [8], Verma et al. [28], Esram and Chapman [29], 

Ali et al. [30], Kamarzaman and Tan [31], Bendip et al. [12], Gupta et al. [32], Podder et al. [33] describes a 

review and classification of MPPT techniques with their development variables. The aim of this paper is to 

provide an unbiased review of the key steps in the development and establish the state-of-the-art of P&O 

method in MPPT technique. The final goal is that the reader is expected to be able to understand the various 

development strategies of the P&O method so that it can be a reference in modifying and perfecting it. 
 

 

2. DEVELOPMENT OF MAXIMUM POWER POINT TRACKING 

In theory, the principle of operation of MPPT is maximum energy transfer [34]. The basic purpose of 

the MPPT method is to find the maximum power by finding the operating point of the PV system. When the 

output impedance of the PV cell and the load impedance are the same, the maximum power can be obtained. 

Therefore, the MPPT technique works by matching the output impedance of the PV cell with the load 

impedance. When the PV system is implemented in the field, and therefore the output impedance of the PV 

cell is affected by environmental factors, the MPPT control is carried out in real-time. Under different 

conditions, the PV system produces an 𝐼 − 𝑉 characteristic curve as Curve 1 and Curve 2 are shown in Figure 1. 

Load 1 and Load 2 are load curves, while A and B are points of the maximum power output of the PV system 

under different irradiation. The maximum power output at point A will change to A’ if the PV gets a sudden 

increase in irradiation. In this situation, the PV system must work at point B to provide maximum power. 

Therefore, for the load characteristics to be a Load 2 curve, the external PV circuit must be controlled. 
 

 

 
 

Figure 1. MPPT at 𝐼 − 𝑉 curve 
 

 

3. HISTORICAL DEVELOPMENT OF P&O METHOD 

The most robust P&O principle was proposed in 1979. At the beginning of its introduction, P&O was 

introduced from the basic techniques of hill-climbing using mathematical optimization. Until 1982, Schoeman 

et al. refined the initial P&O ideas into the final version [35]. Since then, the P&O method has been developed 

into several bases. The development journey of P&O as a method in MPPT on PV systems is packaged in a 

milestone shown in Figure 2. 

The P&O method developed rapidly, starting from the fixed step size introduced by Atlas Atlas et al. [36]. 

Since then, various method developments have shown variations, such as adjustable step size. Then followed 

the need to handle partial shading and different other requirements. The developmental methods include fixed 

step-size; step-size variables; partial shading; threshold module current; three-point-comparison; maximization 

of dynamic performance; minimization of dynamic performance; bandwidth of 𝑃 − 𝑉 curve; decoupling; 

observation of 𝑑𝑉, 𝑑𝐼, and 𝑑𝑃; datasheet parameters; curve fitting; voltage hold P&O; and observation of 𝑑𝑉 

and 𝑑𝑃 will be explained in more detail. 
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1. Schoeman et al. 1982 [35] 2. Atlas et al. 1996 [36] 3. Yeong-Chau et al. 2001 [37] 4. Noguchi et al. 2003 [38] 

5. Salas et al. 2005 [39] 6. Liu et al. 2008  [40] 7. Gomathy et al. 2012 [41] 8. Moore et al. 2013 [42] 

9. Killi et al. 2015 [43] 10. Al-Amoudi et al. 1998 [44] 11. Liu et al. 2004 [45] 12. Xiao et al. 2004 [46] 

13. Femia et al. 2005 [47] 14. Husain et al. 2016 [48] 15. Irisawa et al. 2000 [49] 16. Veerachary et al. 2001 [50] 

17. Kobayashi et al. 2006  [51] 18. Amrouche et al. 2007 [52] 19. Qi et al. 2014 [53] 20. Alik et al. 2017 [54] 

21. Hua et al. 2001  [55] 22. Hsiao et al. 2002  [56] 23. Jiang et al. 2005 [57] 24. Hua et al. 2003 [58] 

25. Baek et al. 2010  [59] 26. Elgendy et al. 2011 [60] 27. Mamarelis et al. 2014  [61] 28. Zakzouk et al. 2016 [62] 

29. Sher et al. 2017 [63] 30. Jung et al. 2005 [64] 31. Sera et al. 2006 [65] 32. Yafaoui et al. 2007 [66] 

33. Sera et al. 2008 [67] 34. Mamatha et al. 2016 [68] 35. Kim et al. 2006 [69] 36. Abdel-Salam et al. 2018 [70] 

37. Azab et al. 2008 [71] 38. Khatib et al. 2010 [72] 39. Abdalla et al. 2011 [73] 40. Devi et al. 2017 [74] 

 

Figure 2. Milestone of P&O as MPPT method on PV system 
 

 

3.1.  Fixed step-size 

The tracking speed of the method and the oscillations around the MPP that occur due to the P&O 

method become a trade-off problem that was discussed in 1996. by Atlas et al. [36]. In that case, a fixed step-

size is used to increase the speed of finding the MPP and reduce the oscillations around the MPP. Although the 

results show that the tracking speed is increasing, the oscillations that occur cannot be completely suppressed. 

Problems related to solar irradiation that varied and suddenly became a concern and tried to be overcome in 

2001 by Kuo et al. [37]. The experiment was carried out using a fixed step-size and optimizing it by adding an 

irradiation sensor. As a result, dynamic efficiency increases, but costs and complexity also increase due to the 

dependence of the system on the irradiation sensor. Still to solve the trade-off problem, in 2003, Noguchi et al. 

make modifications by adding a PI controller [38]. The resulting performance shows oscillations can be 

reduced, but tracking speed is the same as classic P&O. The correct MPP was obtained under suddenly varying 

solar irradiation in 2005 by Salas et al. by proposing a fixed step-size tested under steady-state and dynamic 

conditions [39]. The results obtained showed satisfactory efficiency, which reached 97%. However, in this 

case, the variation of the solar irradiation slope is not considered. 

For grid-connected PV systems, the P&O method was implemented and compared with hill climbing in 

2008 by Liu et al. [40]. Both methods succeeded in getting the MPP estimation well. The P&O results show fast 

dynamic performance and a well-regulated PV output voltage. The P&O method was modified and simulated in 

MATLAB/Simulink in 2012 by Gomathy et al. [41]. Modifications are made with a fixed step-size and result in 

better tracking speed. Another modification was made and applied to the street lighting system in 2013 by Moore 

et al. [42]. Simulations and experimental results are presented for design validation. The results show the tracking 

speed of MPP seeking and efficiency at steady-state increases. However, the resulting dynamic efficiency cannot 

exceed 84%. The P&O method often drifts. This phenomenon occurs due to wrong decision making in the first 

step change in duty cycle when there is a rapid increase in irradiation in the classical P&O method. Modifications 

were made taking into account current changes (𝑑𝐼) to avoid drift problems in 2015 by Killi et al. [43]. 
 

3.2.  Variable step-size 

 The classic problem arising from the fixed step-size P&O method is the selection of the right step 

size length which results in the tracking speed and oscillations around the MPP. To overcome this problem, a 

step-size variable was proposed in 1998 by Al-Amoudi et al. [44]. A new scheme was proposed by calculating 

the direction of the next perturbation in 2004 by Liu et al. [45]. This scheme uses peak current control and 

instantaneous value for DC-DC boost converter. Based on the step-size variable, the modified adaptive hill-

climbing (MAHC) technique was proposed in 2004 by Xiao et al. [46]. This modification updates the voltage 

step-size on-line to suit sudden changes in exposure levels. The experimental results show the steady-state 

efficiency of 97.3%, and the dynamic efficiency of 96.3%. To overcome the problem of oscillations around the 

MPP, the P&O method was optimized based on the step-size variable in 2005 by Femia et al. [47]. The 
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experimental results show steady-state accuracy is better than the classical method because the tracker step size 

is adaptive matches the location of the operating point. However, the trade-off problem between MPP tracking 

speed and accuracy has not been solved. Fast mutable duty (FMD) was proposed approaching MPP quickly 

and then supported by variable 𝑑𝐷 in 2016 by Husain et al. [48] in 2016. A limited search area for tracking 

characterizes this method. The step size mutates automatically based on the distance of the operating point. 

Fast convergence and low oscillations are generated during a steady state. 
 

3.3.  Partial shading 

 Under field conditions, the PV system is operated under various environmental effects such as under 

uniform or non-uniform irradiation. The PV system operating under non-uniform irradiation produces several 

points of maximum power on the 𝐼 − 𝑉 curve which causes serious problems in the MPPT technique. To 

overcome this problem, the method using cell monitoring to get the right operating starting point and the 𝑑𝑉/𝑑𝐼 
method was proposed in 2000 by Irisawa et al. [49]. Using load voltage information, the process of tracking 

the maximum power point using an interleaved dual boost (IDB) converter was proposed in 2001 by 

Veerachary et al. [50]. The experimental results show that more power extraction is produced. A two-stage 

MPPT control technique to track the maximum power point occurring under partial shading was proposed in 

2006 by Kobayashi et al. [51]. The performance of this control concept was evaluated in simulation using 

PSIM and LabView software. A modification by combining the classic P&O method with artificial neural 

network (ANN) to solve problems related to partial shading was proposed in 2007 by Amrouche et al. [52]. 

Although ANN is very helpful in determining the global MPP, it inevitably increases the complexity. MPPT 

technique strategies that can handle under partial shading conditions with classical methods continue to be 

developed because of their low complexity. Improving the performance of classic MPPT by adding a change 

detection procedure under partial shading and global peak area search was proposed in 2014 by Qi et al. [53]. 

Modification of the P&O method by adding a checking algorithm was proposed in 2017 by Alik et al. [54]. 

The results obtained indicate that the maximum power point can be tracked both in uniform and non-uniform 

conditions. However, this strategy is still under simulation test and has not considered the effect of temperature. 
 

3.4.  Threshold module current 

To deal with problems related to the effects caused by sudden variations in solar irradiation, a 

technique based on extra loops combined with classical techniques was proposed in 2001 by Hua et al. [55]. 

Variation of irradiation level is detected by threshold current parameter which is the loop of the proposed 

method. The experimental results show that the steady-state and dynamic efficiency can reach 83.6%. 
 

3.5.  Three-point-comparison 

To avoid the problem of perturbation oscillations, a three-point weight comparison method was 

proposed in 2002 by Hsiao et al. [56]. The experimental results show superior performance compared to the 

classical method. To overcome similar problems and the effects caused by sudden variations in solar 

irradiation, a three-point weight comparison technique was used in 2005 by Jiang et al. [57]. The steady-state 

efficiency from the experimental results reaches 97%, while the dynamic efficiency reaches 92%. 
 

3.6.  Maximization of dynamic performance 

The P&O method was modified to maximize dynamic performance, in this case maximizing tracking 

speed. The large and small-signal model and transfer function was developed based on the principle of energy 

conservation carried out in 2003 by Hua et al. [58]. The experiment was carried out under sudden variations in 

solar irradiation. The results show the tracking speed can improve in dealing with suddenly changing exposure 

levels. Combination of P&O with fractional open-circuit voltage (FOCV) was proposed in 2010 by  

Baek et al. [59]. FOCV technique is used only at the start-up tracker to interrupt the output current. Then the 

open circuit voltage is recorded by the tracer with the subsequent loss of power in the PV system. A comparison 

of the perturbation of P&O implementation was carried out in 2011 by Elgendy et al. [60]. The reference 

voltage perturbation can respond to irradiation and temperature transients quickly, but the stability decreases 

when operated at high perturbation levels. On the other hand, direct duty ratio control has good stability in 

slow transient response, but poorer performance in the fast change of irradiation. To improve P&O performance 

at steady-state, P&O was modified by implementing small perturbation of the controlled variable in 2014 by 

Mamarelis et al. [61]. With this scheme, tracking at constant irradiation only consists of three operating points, 

i.e., the center point is close to MPP while the other two are on the side of MPP.  
 

3.7.  Minimization of dynamic performance 

P&O modification was carried out by varying the perturbation step during a sudden change in ambient 

temperature, especially to reduce oscillations around the MPP, in 2016 by Zakzouk et al. [62]. This 
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modification scheme depends on the 𝑑𝑉, 𝑑𝑃, and 𝑑𝑃/𝑑𝑉. The experimental results show the steady-state and 

dynamic state efficiency of 99.8%. The P&O method is modified to detect dynamic weather conditions faster 

which is based on the fractional short circuit current (FSCC) method in 2017 by Sher et al. [63]. The 

experiments carried out reduce offline measurements (short circuit current) so that energy utilization is better. 
 

3.8.  Bandwidth of 𝑷 − 𝑽 curve 

The P&O method was modified based on the bandwidth of the 𝑃 − 𝑉 curve in 2005 by Jung et al. [64]. 

This method is based on the hysteresis band and auto-tuning perturbation step. Experimental was conducted 

on the digital signal processor (DSP), and the results show an increase in tracking speed, but not an increase in 

dynamic efficiency, and tracking is complicated.  
 

3.9.  Decoupling 

Modification of the P&O method with voltage perturbation is decoupled was developed due to extreme 

variations in irradiation and ambient temperature sudden changes. Classic P&O dynamic performance modified 

based on dP-P&O by decoupling the change in PV output power due to the effect of weather changes from the 

power change effect due to perturbation of the voltage, then in the middle of the step perturbation an additional 

measurement is recorded in 2006 by Sera et . al. [65]. The value of steady-state and dynamic efficiency resulting 

from the experiment is 99.6%. A similar modification of the P&O was proposed in 2007 by Yafaoui et al. [66]. 

Even though, the scheme of this method depends on the estimation process of each perturbation step. The 

experimental results show steady-state efficiency of 97.5%, dynamic efficiency of 95%, but the tracking speed 

decreases due to delay in the estimation process. An additional power measurement without perturbation was 

used in the dP-P&O method and utilizing this information to decoupling the perturbation from environmental 

effects was proposed in 2008 by Sera et al. [67]. Simulation and experimental results provide fast and accurate 

tracking in rapidly changing environmental conditions. Modifications based on the decoupling of changes in PV 

output power due to voltage perturbations and changes in irradiation levels were also proposed in 2016 by 

Mamatha et al. [68]. The experimental results show that the steady-state and dynamic efficiency can reach 94.8%. 
 

3.10.  Observation of 𝒅𝑽, 𝒅𝑰, and 𝒅𝑷 

 Current and voltage is sensed, then the polarity of current changes and the corresponding power 

change is observed as a modification of the classic P&O method in 2006 by Kim et al. [69]. The resulting 

performance is better than the classic P&O, however the current sensor is expensive. Another P&O 

modification is to utilize the polarity of the PV current change 𝑑𝐼 corresponding to voltage change 𝑑𝑉 and 

𝑑𝐼/𝑑𝑉 to direct tracer to MPP in 2018 by Abdel-Salam et al. [70]. Steady-state efficiency increases up to 

99.48%, while dynamic efficiency is 98.03%. 
 

3.11.  Datasheet parameters 

 The maximum power obtained from the PV module datasheet was used as the basis for modification 

of the P&O method in 2008 by Azab et al. [71]. The maximum known power is used as the control reference 

value. The buck chopper is operated so that the PV operates at maximum power. Its steady-state and dynamic 

efficiency is up to 95%.  
 

3.12.  Curve fitting 

Curve-fitting-based techniques to improve classical P&O performance were proposed in 2010 by 

Khatib et al. [72]. This modification is done by determining the optimal voltage module approaching the 

maximum power (𝑉𝑚𝑝𝑝) according to the PV module datasheet. Furthermore, classical P&O method are 

employed with small step-size to reach the actual MPP. However, based on the experiments carried out on 

average efficiency cannot exceed 89.2%. 
 

3.13.  Voltage hold P&O 

 To track MPP correctly under the irradiation changes, modification based on the voltage-hold 

Perturbation and Observation was proposed in 2011 by Abdalla et al. [73]. The voltage across a capacitor 

because of changes in the output of PV currents due to irradiation level dependence is considered in this 

method. The operating voltage perturbation under irradiation changes is not carried out, but perturbation is 

done before exceeding the MPP voltage and directly forces the voltage to the capacitor. Based on the 

experimental results, the value of efficiency in established and dynamic conditions is 91%. 

 

3.14.  Observation of 𝒅𝑽 and 𝒅𝑷 

Classical P&O modifications to solve problems that occur related to sudden irradiation changes using 

the polarity of voltage mining (𝑑𝑉) and power change (𝑑𝑃) ere proposed in 2017 by Devi et al. [74]. The ∆𝑉 

and ∆𝑃 are taken into account and multiplied together to decide where the next perturbations are directed.  
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4. CONCLUSION 

Milestone The development of the P&O MPPT technique in the solar harvesting system has been 

described. Since the beginning, the principle was stated in 1979 and the final version of 1982, until now various 

modifications have been developed from the derivative of the P&O method. Modification of the P&O method 

with a fixed step-size model; variable step-size; Partial Shading; Threshold Module Current; Three-point-

comparison; Maximization of Dynamic Performance; Minimization of Dynamic Performance; Bandwidth of 

𝑃 − 𝑉 Curve; decoupling; Observation of 𝑑𝑉, 𝑑𝐼, and 𝑑𝑃; datasheet parameters; Curve fittings; Voltage Hold 

P&O; And the Observation of 𝑑𝑉 and 𝑑𝑃 is part of an effort to maximize PV power conversion systems. 

Through consideration and inner studies, it is expected that a new modification-based P&O method will be 

born to perfect the MPPT technique at solar harvesting system. 
 

 

ACKNOWLEDGEMENTS 

We would like to thank Ministry of Education, Culture, Research and Technology of Republic 

Indonesia, for funding this research under World Class Research (WCR) grant, contract No: WCR-

001/SKPP.ATJ/LPPM UAD/IV/2020; and Embedded System and Power Electronics Research Group 

(ESPERG) for supporting this research. 
 

 

REFERENCES 
[1] A. O. Baba, G. Liu, and X. Chen, “Classification and Evaluation Review of Maximum Power Point Tracking Methods,” Sustain. 

Futur., vol. 2, p. 100020, 2020, doi: 10.1016/j.sftr.2020.100020. 

[2] A. Haddou, N.-E. Tariba, N. Ikken, A. Bouknadel, H. El Omari, and H. El Omari, “Comparative study of new MPPT control approaches 

for a photovoltaic system,” Int. J. Power Electron. Drive Syst., vol. 11, no. 1, p. 251, 2020, doi: 10.11591/ijpeds.v11.i1.pp251-261. 
[3] H. S. Kamil, D. M. Said, M. W. Mustafa, M. R. Miveh, and N. Ahmad, “Low-voltage Ride-through Methods for Grid-connected 

Photovoltaic Systems in Microgrids: A Review and Future Prospect,” Int. J. Power Electron. Drive Syst., vol. 9, no. 4, p. 1834, 2018, 

doi: 10.11591/ijpeds.v9.i4.pp1834-1841. 
[4] H. Zhang, Z. Lu, W. Hu, Y. Wang, L. Dong, and J. Zhang, “Coordinated optimal operation of hydro–wind–solar integrated systems,” 

Appl. Energy, vol. 242, pp. 883–896, 2019, doi: 10.1016/j.apenergy.2019.03.064. 

[5] A. Hasan and I. Dincer, “Development of an integrated wind and PV system for ammonia and power production for a sustainable 
community,” J. Clean. Prod., vol. 231, pp. 1515–1525, 2019, doi: 10.1016/j.jclepro.2019.05.110. 

[6] J.-S. Ko, J.-H. Huh, and J.-C. Kim, “Overview of Maximum Power Point Tracking Methods for PV System in Micro Grid,” 

Electronics , vol. 9, no. 5. 2020, doi: 10.3390/electronics9050816. 

[7] A. F. Mirza, M. Mansoor, K. Zhan, and Q. Ling, “High-efficiency swarm intelligent maximum power point tracking control 

techniques for varying temperature and irradiance,” Energy, vol. 228, p. 120602, 2021, doi: 10.1016/j.energy.2021.120602. 
[8] B. Subudhi and R. Pradhan, “A comparative study on maximum power point tracking techniques for photovoltaic power systems,” 

IEEE Trans. Sustain. Energy, vol. 4, no. 1, pp. 89–98, 2012, doi: 10.1109/TSTE.2012.2202294. 

[9] R. C. N. Pilawa-Podgurski and D. J. Perreault, “Submodule Integrated Distributed Maximum Power Point Tracking for Solar Photovoltaic 
Applications,” in IEEE Transactions on Power Electronics, vol. 28, no. 6, pp. 2957-2967, June 2013, doi: 10.1109/TPEL.2012.2220861.  

[10] A. Ali et al., “Review of online and soft computing maximum power point tracking techniques under non-uniform solar irradiation 

conditions,” Energies, vol. 13, no. 12, p. 3256, 2020, doi: 10.3390/en13123256. 
[11] T. Sutikno, A. C. Subrata, and A. Elkhateb, “Evaluation of Fuzzy Membership Function Effects for Maximum Power Point Tracking 

Technique of Photovoltaic System,” IEEE Access, p. 1, 2021, doi: 10.1109/ACCESS.2021.3102050. 

[12] B. Bendib, H. Belmili, and F. Krim, “A survey of the most used MPPT methods: Conventional and advanced algorithms applied 
for photovoltaic systems,” Renew. Sustain. Energy Rev., vol. 45, pp. 637–648, 2015, doi: 10.1016/j.rser.2015.02.009. 

[13] S. Motahhir, A. El Hammoumi, and A. El Ghzizal, “The most used MPPT algorithms: Review and the suitable low-cost embedded 

board for each algorithm,” J. Clean. Prod., vol. 246, p. 118983, 2020, doi: 10.1016/j.jclepro.2019.118983. 
[14] J. A. B. Vieira and A. M. Mota, “Maximum power point tracker applied in batteries charging with PV panels,” IEEE International 

Symposium on Industrial Electronics, 2008, pp. 202-207, doi: 10.1109/ISIE.2008.4676969.  

[15] F. Belhachat and C. Larbes, “Comprehensive review on global maximum power point tracking techniques for PV systems subjected 

to partial shading conditions,” Sol. Energy, vol. 183, pp. 476–500, 2019, doi: 10.1016/j.solener.2019.03.045. 

[16] G. Li, Y. Jin, M. W. Akram, X. Chen, and J. Ji, “Application of bio-inspired algorithms in maximum power point tracking 

for PV systems under partial shading conditions–A review,” Renew. Sustain. Energy Rev., vol. 81, pp. 840–873, 2018, doi: 
10.1016/j.rser.2017.08.034. 

[17] G. Dileep and S. N. Singh, “Application of soft computing techniques for maximum power point tracking of SPV system,” Sol. 

Energy, vol. 141, pp. 182–202, 2017, doi: 10.1016/j.solener.2016.11.034. 
[18] R. Ahmad, A. F. Murtaza, and H. A. Sher, “Power tracking techniques for efficient operation of photovoltaic array in solar 

applications–A review,” Renew. Sustain. Energy Rev., vol. 101, pp. 82–102, 2019, doi: 10.1016/j.rser.2018.10.015. 

[19] S. Lyden and M. E. Haque, “Maximum Power Point Tracking techniques for photovoltaic systems: A comprehensive review and 
comparative analysis,” Renew. Sustain. energy Rev., vol. 52, pp. 1504–1518, 2015, doi: 10.1016/j.rser.2015.07.172. 

[20] P. Mohanty, G. Bhuvaneswari, R. Balasubramanian, and N. K. Dhaliwal, “MATLAB based modeling to study the performance of 

different MPPT techniques used for solar PV system under various operating conditions,” Renew. Sustain. Energy Rev., vol. 38, pp. 
581–593, 2014, doi: 10.1016/j.rser.2014.06.001. 

[21] A. Mohapatra, B. Nayak, P. Das, and K. B. Mohanty, “A review on MPPT techniques of PV system under partial shading condition,” 

Renew. Sustain. Energy Rev., vol. 80, pp. 854–867, 2017, doi: 10.1016/j.rser.2017.05.083. 
[22] S. Saravanan and N. R. Babu, “Maximum power point tracking algorithms for photovoltaic system–A review,” Renew. Sustain. 

Energy Rev., vol. 57, pp. 192–204, 2016, doi: 10.1016/j.rser.2015.12.105. 

[23] M. F. N. Tajuddin, M. S. Arif, S. M. Ayob, and Z. Salam, “Perturbative methods for maximum power point tracking (MPPT) of 
photovoltaic (PV) systems: a review,” Int. J. Energy Res., vol. 39, no. 9, pp. 1153–1178, 2015, doi: 10.1049/iet-rpg.2019.1163. 

[24] M. A. Danandeh and S. M. Mousavi G., “Comparative and comprehensive review of maximum power point tracking methods for 



Int J Pow Elec & Dri Syst  ISSN: 2088-8694  

 

Milestone of the most used maximum power point tracking in solar harvesting system (Tole Sutikno) 

1283 

PV cells,” Renew. Sustain. Energy Rev., vol. 82, pp. 2743–2767, 2018, doi: 10.1016/j.rser.2017.10.009. 
[25] R. B. Bollipo, S. Mikkili, and P. K. Bonthagorla, “Critical Review on PV MPPT Techniques: Classical, Intelligent and 

Optimisation,” IET Renew. Power Gener., vol. 14, no. 9, pp. 1433–1452, 2020, doi: 10.1049/iet-rpg.2019.1163. 

[26] N. Karami, N. Moubayed, and R. Outbib, “General review and classification of different MPPT Techniques,” Renew. Sustain. 
Energy Rev., vol. 68, pp. 1–18, 2017, doi: 10.1016/j.rser.2016.09.132. 

[27] M. Mao, L. Cui, Q. Zhang, K. Guo, L. Zhou, and H. Huang, “Classification and summarization of solar photovoltaic MPPT 

techniques: A review based on traditional and intelligent control strategies,” Energy Reports, vol. 6, pp. 1312–1327, Nov. 2020, 
doi: 10.1016/j.egyr.2020.05.013. 

[28] D. Verma, S. Nema, A. M. Shandilya, and S. K. Dash, “Maximum power point tracking (MPPT) techniques: Recapitulation in solar 

photovoltaic systems,” Renew. Sustain. Energy Rev., vol. 54, pp. 1018–1034, 2016, doi: 10.1016/j.rser.2015.10.068. 
[29] T. Esram and P. L. Chapman, “Comparison of photovoltaic array maximum power point tracking techniques,” IEEE Trans. energy 

Convers., vol. 22, no. 2, pp. 439–449, 2007, doi: 10.1109/TEC.2006.874230. 

[30] A. N. A. Ali, M. H. Saied, M. Z. Mostafa, and T. M. Abdel-Moneim, “A survey of maximum PPT techniques of PV systems,” in 
2012 IEEE Energytech, 2012, pp. 1–17, doi: 10.1109/EnergyTech.2012.6304652. 

[31] N. A. Kamarzaman and C. W. Tan, “A comprehensive review of maximum power point tracking algorithms for photovoltaic 

systems,” Renew. Sustain. Energy Rev., vol. 37, pp. 585–598, 2014, doi: 10.1016/j.rser.2014.05.045. 
[32] A. Gupta, Y. K. Chauhan, and R. K. Pachauri, “A comparative investigation of maximum power point tracking methods for solar 

PV system,” Sol. energy, vol. 136, pp. 236–253, 2016, doi: 10.1016/j.solener.2016.07.001. 

[33] A. K. Podder, N. K. Roy, and H. R. Pota, “MPPT methods for solar PV systems: a critical review based on tracking nature,” IET 
Renew. Power Gener., vol. 13, no. 10, pp. 1615–1632, 2019, doi: 10.1049/iet-rpg.2018.5946. 

[34] M. S. Aziz and B. A. Hamad, “Comparison between neural network and P&O method in optimizing MPPT control for photovoltaic 

cell,” Int. J. Electr. Comput. Eng., vol. 10, no. 5, p. 5083, 2020, doi: 10.11591/ijece.v10i5.pp5083-5092. 
[35] J. J. Schoeman and J. D. v. Wyk, “A simplified maximal power controller for terrestrial photovoltaic panel arrays,” IEEE Power 

Electronics Specialists conference, 1982, pp. 361-367, doi: 10.1109/PESC.1982.7072429.  

[36] I. H. Altas and A. M. Sharaf, “A novel on-line MPP search algorithm for PV arrays,” in IEEE Transactions on Energy Conversion, 
vol. 11, no. 4, pp. 748-754, Dec. 1996, doi: 10.1109/60.556374.  

[37] Y.-C. Kuo, T.-J. Liang, and J.-F. Chen, “Novel maximum-power-point-tracking controller for photovoltaic energy conversion 

system,” IEEE Trans. Ind. Electron., vol. 48, no. 3, pp. 594–601, 2001, doi: 10.1109/41.925586. 
[38] T. Noguchi and H. Matsumoto, “Maximum power point tracking method of photovoltaic using only single current sensor,” 

EPE2003, Toulouse, p. 8, 2003. 

[39] V. Salas, E. Olias, A. Lazaro, and A. Barrado, “New algorithm using only one variable measurement applied to a maximum power 
point tracker,” Sol. Energy Mater. Sol. Cells, vol. 87, no. 1–4, pp. 675–684, 2005, doi: 10.1016/j.solmat.2004.09.019. 

[40]   F. Liu, Y. Kang, Y. Zhang and S. Duan, “Comparison of P&O and hill climbing MPPT methods for grid-connected PV converter,” 3rd 

IEEE Conference on Industrial Electronics and Applications, 2008, pp. 804-807, doi: 10.1109/ICIEA.2008.4582626.  
[41] S. Gomathy, S. Saravanan, and S. Thangavel, “Design and implementation of maximum power point tracking (MPPT) algorithm 

for a standalone PV system,” Int. J. Sci. Eng. Res., vol. 3, no. 3, pp. 1–7, 2012. 

[42] J. Moore, W. L. Erdman, and E. R. Nelson, “Networked multi-inverter maximum power-point tracking.” Google Patents, Mar. 19, 2013. 
[43] M. Killi and S. Samanta, “Modified perturb and observe MPPT algorithm for drift avoidance in photovoltaic systems,” IEEE Trans. 

Ind. Electron., vol. 62, no. 9, pp. 5549–5559, 2015, doi: 10.1109/TIE.2015.2407854. 

[44] A. Al-Amoudi and L. Zhang, “Optimal control of a grid-connected PV system for maximum power point tracking and unity power 
factor,” 1998 Seventh International Conference on Power Electronics and Variable Speed Drives (IEE Conf. Publ. No. 456), 1998, 

pp. 80-85, doi: 10.1049/cp:19980504. 

[45] C. Liu, B. Wu, and R. Cheung, “Advanced algorithm for MPPT control of photovoltaic systems,” in Canadian Solar Buildings 
Conference, Montreal, 2004, vol. 8, pp. 20–24. 

[46] W. Xiao and W. G. Dunford, “A modified adaptive hill climbing MPPT method for photovoltaic power systems,” IEEE 35th Annual 

Power Electronics Specialists Conference (IEEE Cat. No.04CH37551), 2004, pp. 1957-1963 Vol.3, doi: 10.1109/PESC.2004.1355417.  
[47] N. Femia, G. Petrone, G. Spagnuolo and M. Vitelli, “Optimization of perturb and observe maximum power point tracking method,” 

IEEE Transactions on Power Electronics, vol. 20, no. 4, pp. 963-973, July 2005, doi: 10.1109/TPEL.2005.850975.  
[48] M. A. Husain, A. Jain, and A. Tariq, “A novel fast mutable duty (FMD) MPPT technique for solar PV system with reduced searching 

area,” J. Renew. Sustain. Energy, vol. 8, no. 5, p. 54703, 2016, doi: 10.1063/1.4963314. 

[49] K. Irisawa, T. Saito, I. Takano and Y. Sawada, “Maximum power point tracking control of photovoltaic generation system under 
non-uniform insolation by means of monitoring cells,” Conference Record of the Twenty-Eighth IEEE Photovoltaic Specialists 

Conference - 2000 (Cat. No.00CH37036), 2000, pp. 1707-1710, doi: 10.1109/PVSC.2000.916232.  

[50] M. Veerachary, T. Senjyu, and K. Uezato, “Maximum power point tracking control of IDB converter supplied PV system,” IEE 

Proceedings-Electric Power Appl., vol. 148, no. 6, pp. 494–502, 2001, doi: 10.1049/ip-epa:20010656. 

[51] K. Kobayashi, I. Takano, and Y. Sawada, “A study of a two stage maximum power point tracking control of a photovoltaic system under partially 

shaded insolation conditions,” Sol. energy Mater. Sol. cells, vol. 90, no. 18–19, pp. 2975–2988, 2006, doi: 10.1016/j.solmat.2006.06.050. 
[52] B. Amrouche, M. Belhamel, and A. Guessoum, “Artificial intelligence based P&O MPPT method for photovoltaic systems,” Rev. 

des Energies Renouvelables ICRESD-07 Tlemcen, pp. 11–16, 2007. 

[53] J. Qi, Y. Zhang, and Y. Chen, “Modeling and maximum power point tracking (MPPT) method for PV array under partial shade 
conditions,” Renew. Energy, vol. 66, pp. 337–345, 2014, doi: 10.1016/j.renene.2013.12.018. 

[54] R. Alik and A. Jusoh, “Modified Perturb and Observe (P&O) with checking algorithm under various solar irradiation,” Sol. Energy, 

vol. 148, pp. 128–139, 2017, doi: 10.1016/j.solener.2017.03.064. 
[55] Chih-Chiang Hua and Jong-Rong Lin, “Fully digital control of distributed photovoltaic power systems,” ISIE 2001. 2001 IEEE International 

Symposium on Industrial Electronics Proceedings (Cat. No.01TH8570), 2001, pp. 1-6 vol.1, doi: 10.1109/ISIE.2001.931745.  

[56] Ying-Tung Hsiao and China-Hong Chen, “Maximum power tracking for photovoltaic power system,” Conference Record of the 2002 IEEE 
Industry Applications Conference. 37th IAS Annual Meeting (Cat. No.02CH37344), 2002, pp. 1035-1040 vol.2, doi: 10.1109/IAS.2002.1042685.  

[57] J.-A. Jiang, T.-L. Huang, Y.-T. Hsiao, and C.-H. Chen, “Maximum power tracking for photovoltaic power systems,” Tamkang J. 

Sci. Eng., vol. 8, no. 2, p. 147, 2005, doi: 10.6180/jase.2005.8.2.07. 
[58] C. Hua and J. Lin, “An on-line MPPT algorithm for rapidly changing illuminations of solar arrays,” Renew. energy, vol. 28, no. 7, 

pp. 1129–1142, 2003, doi: 10.1016/S0960-1481(02)00214-8. 

[59] J. W. Baek, J. S. Ko, J. S. Choi, S. J. Kang and D. H. Chung, “Maximum power point tracking control of photovoltaic system using 
neural network,” International Conference on Electrical Machines and Systems, 2010, pp. 638-643.  

[60] M. A. Elgendy, B. Zahawi and D. J. Atkinson, “Assessment of Perturb and Observe MPPT Algorithm Implementation Techniques 

for PV Pumping Applications,” IEEE Transactions on Sustainable Energy, vol. 3, no. 1, pp. 21-33, Jan. 2012, doi: 



                ISSN: 2088-8694 

Int J Pow Elec & Dri Syst, Vol. 13, No. 3, September 2022: 1277-1284 

1284 

10.1109/TSTE.2011.2168245.  

[61] E. Mamarelis, G. Petrone, and G. Spagnuolo, “A two-steps algorithm improving the P&O steady state MPPT efficiency,” Appl. 
Energy, vol. 113, pp. 414–421, 2014, doi: 10.1016/j.apenergy.2013.07.022. 

[62] N. E. Zakzouk, M. A. Elsaharty, A. K. Abdelsalam, A. A. Helal, and B. W. Williams, “Improved performance low-cost incremental 

conductance PV MPPT technique,” IET Renew. Power Gener., vol. 10, no. 4, pp. 561–574, 2016, doi: 10.1049/iet-rpg.2015.0203. 
[63] H. A. Sher, A. F. Murtaza, and K. Al-Haddad, “A hybrid maximum power point tracking method for photovoltaic applications with 

reduced offline measurements,” in 2017 IEEE International Conference on Industrial Technology (ICIT), 2017, pp. 1482–1485, 

doi: 10.1109/ICIT.2017.7915585. 
[64] Y. Jung, J. So, G. Yu, and J. Choi, “Improved perturbation and observation method (IP&O) of MPPT control for photovoltaic power 

systems,” in Conference Record of the Thirty-first IEEE Photovoltaic Specialists Conference, 2005, pp. 1788–1791, doi: 

10.1109/PVSC.2005.1488498. 
[65] D. Sera, T. Kerekes, R. Teodorescu, and F. Blaabjerg, “Improved MPPT method for rapidly changing environmental conditions,” 

in 2006 IEEE International Symposium on Industrial Electronics, 2006, vol. 2, pp. 1420–1425, doi: 10.1109/ISIE.2006.295680. 

[66] A. Yafaoui, B. Wu, and R. Cheung, “Implementation of maximum power point tracking algorithm for residential photovoltaic 
systems,” in 2nd Canadian solar buildings conference Calgary, 2007, pp. 10–14. 

[67] D. Sera, R. Teodorescu, J. Hantschel, and M. Knoll, “Optimized maximum power point tracker for fast changing environmental 

conditions,” in 2008 IEEE International Symposium on Industrial Electronics, 2008, pp. 2401–2407, doi: 10.1109/ISIE.2008.4677275. 
[68] G. M. G. Mamatha and R. B. Ram, “Assessment of different mppt techniques for PV system,” J. Electr. Eng., vol. 16, no. 1, p. 8, 2016. 

[69] I.-S. Kim, M.-B. Kim, and M.-J. Youn, “New maximum power point tracker using sliding-mode observer for estimation of solar 

array current in the grid-connected photovoltaic system,” IEEE Trans. Ind. Electron., vol. 53, no. 4, pp. 1027–1035, 2006, doi: 
10.1109/TIE.2006.878331. 

[70] M. Abdel-Salam, M.-T. El-Mohandes, and M. Goda, “An improved perturb-and-observe based MPPT method for PV systems under 

varying irradiation levels,” Sol. Energy, vol. 171, pp. 547–561, 2018, doi: 10.1016/j.solener.2018.06.080. 
[71] M. Azab, “A new maximum power point tracking for photovoltaic systems,” Waset. Org, vol. 34, pp. 571–574, 2008. 

[72] T. T. N. Khatib, A. Mohamed, N. Amim, and K. Sopian, “An improved indirect maximum power point tracking method for 
standalone photovoltaic systems,” in Proceedings of the 9th WSEAS international conference on applications of electrical 

engineering, Selangor, Malaysia, 2010, pp. 56–62. 

[73] I. Abdalla, L. Zhang, and J. Corda, “Voltage-hold perturbation & observation maximum power point tracking algorithm (VH-P&O 
MPPT) for improved tracking over the transient atmospheric changes,” in Proceedings of the 2011 14th European Conference on 

Power Electronics and Applications, 2011, pp. 1–10. 

[74] V. K. Devi, K. Premkumar, A. B. Beevi, and S. Ramaiyer, “A modified Perturb & Observe MPPT technique to tackle steady state 
and rapidly varying atmospheric conditions,” Sol. Energy, vol. 157, pp. 419–426, 2017, doi: 10.1016/j.solener.2017.08.059. 

 

 

BIOGRAPHIES OF AUTHORS 
 

 

Tole Sutikno     received B. Eng. and M. Eng. in electrical engineering from Universitas 

Diponegoro and Universitas Gajah Mada, Indonesia, in 1999 and 2004, respectively, and the Ph.D. 

degree from Universiti Teknologi Malaysia in 2016. He is an Associate Professor with the Electrical 

Engineering Department, Universitas Ahmad Dahlan, and the leader of Embedded Systems & 

Power Electronics Research Group (ESPERG). He has published hundreds of research results in the 

form of scientific articles published in reputable international journals, international proceedings 

and books. In addition, he is active as an editor in several reputable international journals in the 

fields of electrical, computer and informatics engineering. His research interests include power 

electronics and electric motor control, industrial electronics and informatics, embedded systems and 

the internet of things (IoT), renewable energy and electrical energy storage systems and digital 

control systems (control, robotics and sensors). He can be contacted at email: tole@ee.uad.ac.id. 

  

 

Arsyad Cahya Subrata     received B.E. and M.E. in electrical engineering from 

Universitas Ahmad Dahlan, Indonesia and Universitas Diponegoro, Indonesia in 2016 and 2020, 

respectively. Currently, he is a member of the Embedded Systems and Power Electronics Research 

Group (ESPERG) research team since 2018 and has been a Lecturer with the Electrical Engineering 

Department, Universitas Ahmad Dahlan (UAD), Yogyakarta, Indonesia since 2021. His research 

interests include renewable energy, robotics, artificial intelligence, control instrumentation, 

intelligent control, and internet of things. He can be contacted at email: arsyad.subrata@te.uad.ac.id. 

  

 

Mohd Hatta Jopri        received his B.Eng. from Universiti Teknologi Malaysia (UTM), 

Msc. in Electrical Power Engineering from Rheinisch-Westfälische Technische Hochschule Aachen 

(RWTH), Germany, and Ph.D from Universiti Teknikal Malaysia Melaka (UTeM), respectively. 

Since 2005, he is an academia and research staff at UTeM. He is registered with Malaysia Board of 

Technologist (MBOT), Board of Engineers Malaysia (BEM) and a member of International 

Association of Engineers (IAENG). His research interests include power electronics and drive, 

power quality analysis, signal processing, machine learning and data science. He can be reached via 

email: hatta@utem.edu.my. 

 

https://orcid.org/0000-0002-1595-2915
https://scholar.google.com/citations?user=haR50igAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=35794013800
https://publons.com/researcher/1876482/tole-sutikno/
https://orcid.org/0000-0002-7336-2884
https://scholar.google.com/citations?user=I7lQrq0AAAAJ&hl=id
https://www.scopus.com/authid/detail.uri?authorId=57209975027
https://orcid.org/0000-0002-6902-0099
https://scholar.google.com/citations?hl=en&user=cIEgnxUAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=55611377300
https://publons.com/researcher/4596730/mohd-hatta-jopri/

