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Abstract— the many different techniques for maximum 

power point tracking of photovoltaic (PV) arrays are 

discussed. The techniques are taken from the literature dating 

back to the earliest methods. It is shown that at least 19 

distinct methods have been introduced in the literature, with 

many variations on implementation. This paper should serve 

as a convenient reference for future work in PV power 

generation. 
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I. INTRODUCTION 

Tracking the maximum power point (MPP) of a photovoltaic 

(PV) array is usually an essential part of a PV system. As 

such, many MPP tracking (MPPT) methods have been 

developed and implemented. The methods vary in 

complexity, sensors required, convergence speed, cost, range 

of effectiveness, implementation hardware, popularity, and in 

other respects. They range from the almost obvious (but not 

necessarily ineffective) to the most creative (not necessarily 

most effective). 

In fact, so many methods have been developed that 

it has become difficult to adequately determine which 

method, newly proposed or existing, is most appropriate for 

a given PV system. Given the large number of methods for 

MPPT, a survey of the methods would be very beneficial to 

researchers and practitioners in PV systems. Fig. 1 shows the 

total number of MPPT papers from our bibliography per year 

since the earliest MPPT paper we found. The number of 

papers per year has grown considerably of the last decades 

and remains strong. However, recent papers have generally 

had shorter, more cursory literature reviews that largely 

summarize or repeat the literature reviews of previous work. 

This approach tends to repeat what seems to be conventional 

wisdom that there are only a handful of MPPT techniques, 

when in fact there are many. This is due to the sheer volume 

of MPPT literature to review, conflicting with the need for 

brevity. 

This survey is a single reference of the great 

majority of papers and techniques presented on MPPT. We 

compiled over 90 papers pertaining to different MPPT 

methods published up to the date of submission of this 

manuscript. It is not our intention to establish a literal 

chronology of when various techniques were proposed, since 

the publication date is not necessarily indicative of when a 

method was actually conceived. As is typical of review 

papers, we have elected not to reference patents. Papers 

referencing MPPT methods from previous papers without any 

modification or improvement have also been omitted. It is 

possible that one or more papers were unintentionally 

omitted. We apologize if an important method or 

improvement was left out. 

This manuscript steps through a wide variety of 

methods with a brief discussion and categorization of each. 

We have avoided discussing slight modifications of existing 

methods as distinct methods. For example, a method may 

have been first presented in context of a boost converter, but 

later on shown with a boost buck converter, otherwise with 

minimal change. The manuscript concludes with a discussion 

on the different methods based on their implementation, the 

sensors required, their ability to detect multiple local maxima, 

their costs, and applications they suit. A table that 

summarizes the major characteristics of the methods is also 

provided. 

II. MPPT TECHNIQUES FOR PV ARRAY 

A. Perturb and Observe  

The P&O algorithm is also called “hill-climbing”, but both 

names refer to the same algorithm depending on how it is 

implemented. Hill-climbing involves a perturbation on the 

duty cycle of the power converter and P&O a perturbation in 

the operating voltage of the DC link between the PV array 

and the power converter. In the case of the Hill-climbing, 

perturbing the duty cycle of the power converter implies 

modifying the voltage of the DC link between the PV array 

and the power converter, so both names refer to the same 

technique. 

In this method, the sign of the last perturbation and 

the sign of the last increment in the power are used to decide 

what the next perturbation should be. As can be seen in Figure 

1, on the left of the MPP incrementing the voltage increases 

the power whereas on the right decrementing the voltage 

increases the power. 

 
Fig. 1: V-I and P-V Curve of Solar Array 

If there is an increment in the power, the 

perturbation should be kept in the same direction and if the 

power decreases, then the next perturbation should be in the 

opposite direction. Based on these facts, the algorithm is 

implemented. The process is repeated until the MPP is 

reached. Then the operating point oscillates around the MPP. 

This problem is common also to the INC method, as was 
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mention earlier. A scheme of the algorithm is shown in Figure 

2. 

 
Fig. 2: Flow Chart of P&O algorithm 

B. Incremental Conductance 

The incremental conductance algorithm is based on the fact 

that the slope of the curve power vs. voltage (current) of the 

PV module is zero at the MPP, positive (negative) on the left 

of it and negative (positive) on the right, as can be seen in 

Figure 3: 

 ΔV/ΔP = 0 (ΔI/ΔP = 0) at the MPP 

 ΔV/ΔP > 0 (ΔI/ΔP < 0) on the Left 

 ΔV/ΔP < 0 (ΔI/ΔP > 0) at the Right 

By comparing the increment of the power vs. the 

increment of the voltage (current) between two consecutives 

samples, the change in the MPP voltage can be determined. 

A scheme of the algorithm is shown in Figure 3.  

 
Fig. 3: Flow Chart of in Cond Algorithm 

In both P&O and INC schemes, how fast the MPP 

is reached depends on the size of the increment of the 

reference voltage. 

The drawbacks of these techniques are mainly two. 

The first and main one is that they can easily lose track of the 

MPP if the irradiation changes rapidly. In case of step 

changes they track the MPP very well, because the change is 

instantaneous and the curve does not keep on changing. 

However, when the irradiation changes following a slope, the 

curve in which the algorithms are based changes continuously 

with the irradiation, as can be seen in Figure 4, so the changes 

in the voltage and current are not only due to the perturbation 

of the voltage. As a consequence it is not possible for the 

algorithms to determine whether the change in the power is 

due to its own voltage increment or due to the change in the 

irradiation. 

 
Fig. 4: MPP at different radiation level 

The other handicap of both methods is the 

oscillations of the voltage and current around the MPP in the 

steady state. This is due to the fact that the control is discrete 

and the voltage and current are not constantly at the MPP but 

oscillating around it. The size of the oscillations depends on 

the size of the rate of change of the reference voltage. The 

greater it is, the higher is the amplitude of the oscillations. 

However, how fast the MPP is reached also depends on this 

rate of change and this dependence is inversely proportional 

to the size of the voltage increments. The traditional solution 

is a tradeoff: if the increment is small so that the oscillations 

decrease, then the MPP is reached slowly and vice versa, so 

a compromise solution has to be found. 

To overcome these drawbacks some solutions have 

been published in recent years. Regarding the rapid change of 

the irradiation conditions, Sera et al. published in an 

improved P&O method, called “dP-P&O”, in which an 

additional measurement is performed without perturbation in 

the voltage and current. In this way, every three consecutive 

samples the effect of the perturbation in the voltage (current) 

and the effect of the change in the atmospheric conditions can 

be evaluated so that the increment in the power used in the 

algorithm only contains the effect caused purely by the MPPT 

algorithm. Then the correct decision about the direction of the 

next perturbation can be taken. The efficiency of the tracking 

is improved. Although the method was tested using 

irradiation slopes, they were not the ones proposed in the new 

European Standard EN 50530. 

A different solution is suggested, which considers 

the traditional P&O algorithm, in which the perturbation 

amplitude is tuned constantly taking into account the 

previous changes in the power. It also includes a stage in 
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which the latest increment in the power is compared with the 

latest perturbation amplitude to determine if the power 

increment was due to a change in the irradiation. If this is 

the case, then the voltage perturbation is set to the same 

direction as the change in the power condition. The steady 

state error and the tracking speed are improved, but the 

algorithm has only been tested with irradiation step 

changes and not with the irradiation slopes proposed. 

In relationship with the oscillations around the MPP 

in steady state, Zhang et al. proposed a variable perturbation 

step for the P&O algorithm to reduce the oscillation around 

it. This modified P&O method determines also if the 

operating point is near to or far from the MPP and adjusts the 

size of the perturbation according to that: if the operating 

point is near to the MPP, the perturbation size is reduced and 

if the point is far, then it is increased. This technique improves 

the convergence speed and reduces the oscillation around the 

MPP. A similar technique is found: a variation of the 

traditional P&O algorithm in which the amplitude of the 

voltage perturbation is adapted to the actual operating 

conditions: large perturbation amplitudes are chosen far from 

the maximum whereas small ones are used near the MPP. The 

proposed algorithm requires initial panel identification and 

has to be tuned for each plant. With this technique the 

dynamic response and the steady state stability are improved. 

Unfortunately, the last two algorithms do not improve the 

tracking under changing irradiance conditions. 

Although the authors claim the performance is 

better, the algorithms have only been tested with irradiation 

step changes but not with irradiation ramps as proposed in the 

European Standard mentioned above. 

Many papers have been published about optimizing 

the parameters of these algorithms for different hardware 

configurations. The sample frequency for P&O is optimized 

and it is shown how the P&O MPPT parameters must be 

customized to the dynamic behavior of the specific converter 

adopted. 

It has been traditionally said that the performance of 

INC algorithm is better than the P&O. However, according to 

the performance is similar if the parameters of the P&O 

method are optimized. In any case, both algorithms are based 

on the same principle and have the same problem so they have 

been analyzed together. The amount of literature presenting 

slight modifications of the existing methods or adapting them 

to different hardware configurations is so extensive that it is 

not possible to present it in this paper. 

C. Fuzzy Logic Control 

The use of fuzzy logic control has become popular over the 

last decade because it can deal with imprecise inputs, does not 

need an accurate mathematical model and can handle 

nonlinearity. Microcontrollers have also helped in the 

popularization of fuzzy logic control. The fuzzy logic consists 

of three stages:  fuzzification, inference system and 

defuzzification. Fuzzification comprises the process of 

transforming numerical crisp inputs into linguistic variables 

based on the degree of membership to certain sets. 

Membership functions, like the ones in Figure 5, are 

used to associate a grade to each linguistic term. The number 

of membership functions used depends on the accuracy of the 

controller, but it usually varies. In Figure 5 seven fuzzy levels 

are used: NB (Negative Big), NM (Negative Medium), NS 

(Negative Small), ZE (Zero), PS (Positive Small), PM 

(Positive Medium) and PB (Positive Big). The values a, b and 

c are based on the range values of the numerical variable. In 

some cases the membership functions are chosen less 

symmetric or even optimized for the application for better 

accuracy. 

 
Fig. 5: Membership function for MPPT 

The inputs of the fuzzy controller are usually an 

error, E, and the change in the error, ΔE. The error can be 

chosen by the designer, but usually it is chosen as ΔP/ΔV 

because it is zero at the MPP. But here we take change in 

voltage and change in current as input variables for fuzzy 

logic controller as follows: 

Vpv(k) = [Vpv(k-1) + Vpv(k-2)]    (1) 

Ipv(k) = [Ipv(k-1) + Ipv(k-2)]        (2) 

In other cases ΔP/ΔI is used as error or other inputs 

are considered, where ΔV and ΔP are used. The output of the 

fuzzy logic converter is usually a change in the duty ratio of 

the power converter, ΔD, or a change in the reference voltage 

of the DC-link, ΔV. The rule base, also known as rule base 

lookup table or fuzzy rule algorithm, associates the fuzzy 

output to the fuzzy inputs based on the power converter used 

and on the knowledge of the user. Table I shows the rules for 

a three phase inverter, where the inputs are voltage and 

current, as defined in (1) and (2), and the output is a change 

in the DC-link voltage, ΔV. For example, if the operating 

point is far to the right of the MPP, voltage is low, and current 

is high, then to reach the MPP, duty cycle should be medium 

to move the operating point towards the MPP.As shown in 

the rule base table below: 

1) Fuzzy controller rule base for MPPT 

The last stage of the fuzzy logic control is the defuzzification. 

In this stage the output is converted from a linguistic variable 

to a numerical crisp one again using membership functions as 

those in Figure 5. There are different methods to transform 

the linguistic variables into crisp values. It can be said that the 

most popular is the centre of gravity method. However the 

analysis of these methods is beyond the scope of this paper. 

The advantages of these controllers, besides dealing 

with imprecise inputs, not needing an accurate mathematical 

model and handling nonlinearity, are fast convergence and 

minimal oscillations around the MPP. Furthermore, they have 

been shown to perform well under step changes in the 

irradiation. However, no evidence was found that they 

perform well under irradiation ramps. Therefore, their 

performance under the conditions specified in for testing the 

dynamic MPPT efficiency is unknown. Another disadvantage 

is that their effectiveness depends a lot on the skills of the 

designer; not only on choosing the right error computation, 

but also in coming up with an appropriate rule base. 

III. MAXIMUM POWER POINT TRACKING    SUMMARY 

Most of the MPPT algorithms developed over the past years 

have been reviewed in the previous sections. Some of them 

are very similar and use the same principle but expressed in 
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different ways, like the last three algorithms listed in the hill-

climbing techniques. The most popular MPPT algorithms 

according to the number of publications are P&O, InCond 

and Fuzzy Logic. It makes sense because they are the simplest 

algorithms capable of finding the real MPP. However, they 

have some disadvantages, as discussed earlier. In the 

following chapter, the performance of these three algorithms 

is analyzed. They were selected because of their simplicity 

and popularity. In the case of P&O and InCond some 

modifications are proposed, which overcome the limitations 

of the original methods in tracking the MPP under irradiation 

slopes. The FLC is designed according to the references and 

its dynamic efficiency is tested and compared with other 

MPPT methods. 

IV. CONCLUSION 

The aim of this thesis was to develop a method to optimize 

the energy extraction in a photovoltaic power system. The 

concept of PV module maximum power point tracking has 

been presented and various methods of addressing existing 

challenges are explored. A fuzzy logic based algorithm for 

tracking the maximum power is proposed in this work. In 

order to formulate and implement the algorithm, a system 

model is needed. The various components and subsystems are 

analyzed, modeled, validated, and combined together to 

produce a complete maximum power point tracker model 

.Efforts have been made to achieve the maximum power point 

in least possible time. 

Simulation results show that the proposed fuzzy 

logic algorithm has an average efficiency of 99% under 

rapidly varying conditions and in the presence of 

measurement noise. The results show that compared to other 

MPPT techniques, it provides improved performance in terms 

of Oscillations about the maximum power point, speed and 

sensitivity to parameter variation. This is possible since fuzzy 

logic controller rules can be assigned separately for the 

various regions of operation resulting in effective small-

signal and large-signal operation. 
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