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ABSTRACT: 

 The 3 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, with many variations on implementation. Those methods have been introduced with 

the help of Multi Level Inverters to obtain the maximum power from the solar based systems. 

This paper should serve as a convenient reference for future work in PV power generation. 
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 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. 

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

and practitioners in PV systems. 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. It is not our intention to establish a literal chronology of when various techniques 

were proposed. Papers referencing MPPT methods from previous papers with some modification 

or improvement have also been 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.  

In addition, liberalization of the grids leads to new management structures, in which 

trading of energy and power is becoming increasingly important. During the last few years, 

power electronics has undergone a fast evolution, which is mainly due to two factors. The first 

one is the development of fast semiconductor switches that are capable of switching quickly and 
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handling high powers. The second factor is the introduction of real-time computer controllers 

that can implement advanced and complex control algorithms. These factors together have led to 

the development of cost-effective and grid-friendly converters.  

Multilevel converters have been mainly used in medium- or high-power system 

applications, such as static reactive power compensation and adjustable-speed drives. In these 

applications, due to the limitations of the currently available power semiconductor technology, a 

multilevel concept is usually a unique alternative because it is based on low-frequency switching 

and provides voltage and/or current sharing between the power semiconductors [1]–[4]. On the 

other hand, for low-power systems (< 10 kW), multilevel converters have been competing with 

high-frequency pulse width-modulation converters in applications where high efficiency is of 

major importance. Moreover, lower prices of power switches and new semiconductor 

technologies, as well as the current demand on high-performance inverters required by 

renewable energy systems (RES), hsave extended the applications of multilevel converters [5]–

[10]. 

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. 

PROBLEM OVERVIEW 

Fig. 1 shows the characteristic power curve for a PV array. The problem considered by 

MPPT techniques is to automatically find the voltage VMPP or current IMPP at which a PV 

array should operate to obtain the maximum power output PMPP under a given temperature and 

irradiance. It is noted that under partial shading conditions, in some cases it is possible to have 

multiple local maxima, but overall there is still only one true MPP. Most techniques respond to 

changes in both irradiance and temperature, but some are specifically more useful if temperature 

is approximately constant. Most techniques would automatically respond to changes in the array 

due to aging, though some are open-loop and would require periodic fine-tuning. In our context, 

the array will typically be connected to a power converter that can vary the current coming from 

the PV array. 

 

 
Fig. 1 Characteristic PV array power curve. 

Importance of MPPT in Multi Level Inverter based PV system: 

A) Multi Level Inverter: 

A renewable energy application such as photovoltaic (PV) system has been widely used for a 

few decades since PV energy is free, abundant and distributed throughout the earth. The focus 

of the Engineers is to make use of abundantly available PV energy and so to design and control 

an inverter suitable for photo voltaic applications. Power electronic circuits with pulse width 

modulation (PWM) are mostly used in energy conversion systems to achieve closed loop 

control. But even updated pulsewidth modulation (PWM) techniques; do not produce perfect 

waveforms [18], which strongly depend on the semiconductors switching frequency. Also, it is 
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well known that distorted voltages and currents waveforms produce harmonic contamination, 

additional power losses, and high frequency noise that can affect not only the load power but 

also the associated controller. When this output is fed to the induction drives it causes heating 

which in turn causes increased losses and low efficiency. The presence of harmonics not only 

increase losses, but also produces opposite torques (fifth order harmonic) in the motor and may 

overload motor if their amplitude is very high [17]. So, sinusoidal supply is mandatory for 

enhancing the motor performance which results in minimizing the power line transmission and 

distribution losses 

The recent advancement in power electronics has initiated to improve the level of inverter 

to cater to the need of medium voltage high power applications without transformer. These 

converter topologies can generate high-quality voltage waveforms with power semiconductor 

switches operating at a frequency near the fundamental. It significantly reduces the harmonics 

problem with reduced voltage stress across the switch. On the other hand, multilevel converters 

feature several dc links, making possible the independent voltage control and the tracking of the 

MPP in each string. This characteristic can increase the efficiency of the PV system in case of 

mismatch in the strings, due to unequal solar radiation, aging of the PV panels, and different type 

of the cells or accumulation of dust in the surface of the panels. References [11], [12], [13] and 

[15] deal MLIs with solar cell inputs. 

Cascaded H bridge multilevel inverter is simpler than diode clamped and flying capacitor 

MLI topologies because of some advantages such as automatic voltage sharing,[14],[16] smaller 

dv/dt stress, switching redundancy and requirement of least number of components, no high 

rated capacitors and diodes. This paper focuses to analyze the performance of single phase CHB 

multi level inverter with photovoltaic cell as its input source from 5 to 15 levels. The 

performance parameters are harmonics contents, number of switches and voltage stress across 

the switch. The effect of symmetrical/asymmetrical topology and change in PV input 

parameters-irradiation/temperature on the performance parameters is also analyzed. 

 
Fig.2 Single-phase structure of a two-cell cascaded inverter. 

The multilevel inverter using cascaded-inverter with separate dc sources (SDCSs) 

synthesizes a desired voltage from several independent sources of dc voltages, which may be 

obtained from batteries, fuel cells, or solar cells. This configuration recently becomes very 

popular in ac power supply and adjustable speed drive applications. This new inverter can avoid 

extra clamping diodes or voltage balancing capacitors. A single-phase two-cell series 

configuration of such an inverter is shown in Fig 2. 

Each SDCS is associated with a single-phase full-bridge inverter. The ac terminal 

voltages of different level inverters are connected in series. By different combinations of the 
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four switches, S1-S4, each inverter level can generate three different voltage outputs, +Vdc, -Vdc, 

and zero. The ac output of each of the different level of full-bridge inverters are connected in 

series such that the synthesized voltage waveform is the sum of the inverter outputs. Note that 

the number of output phase voltage levels is defined in different way from those of two previous 

inverters. In this topology, the number of output phase voltage levels is defined by m=2s+1, 

where s is the number of dc sources. 

Table I shows the switch combination of the voltage levels and their corresponding switch 

states. 

Table I 

Two-cell cascaded-inverter voltage levels and their switch states. 

Output 

VAo 

 

S1 

 

S2 

 

S3 

 

S4 

 

S5 

 

S6 

 

S7 

 

S8 

V5=2Vdc 1 0 0 1 1 0 0 1 

V4=Vdc 1 0 0 1 1 0 1 0 

V3=0 0 0 0 0 0 0 0 0 

V2=-Vdc 0 1 1 0 0 1 0 1 

V1=-

2Vdc 

0 1 1 0 0 1 1 0 

This multilevel converter structure has some very significant advantages, if its limitations are 

acceptable. Its advantages are: 

1) It has perhaps the simplest architecture and the lowest component count. No transformer 

is needed, so capital costs are low.  

2) Again, the converter is very modular and easy to understand. This applies not only to its 

structure, but also to its control.  

 
Fig 3 Five Level Output of The cascaded H-Bridge Inverter 

B) Hybrid H-Bridge Multilevel Inverter: 

S1

S2

S3

S4

Sa

D1

D4 D2

D3

Vdc/2

Vdc/2

Vout

 
Fig 4 Hybrid H-Bridge 
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Fig 4 shows the basic Hybrid H-Bridge configuration. By using single Hybrid    H-

Bridge we can get 5 voltage levels. The number output voltage levels of cascaded Hybrid H-

Bridge are given by 4n+1 and voltage step of each level is given by Vdc/4n. Where n is 

number of H-bridges connected in cascaded.  The switching table of Hybrid H-Bridge is given 

in Table II    

Table II 

Switching table for hybrid h-bridge 

Switches 

Turn On 

Voltage 

Level 

Sa, S1 Vdc/2 

S1,S2 Vdc 

S4,D2 0 

Sa,S3 -Vdc/2 

S3,S4 -Vdc 

 
Fig.5 Simulink representation of hybrid h-bridge inverter 

 

 

C) Different types of MPPT`s with Hybrid H-bridge Inverter: 

I. Hill Climbing/P&O 

Among all the papers we gathered, much focus has been on hill climbing [19], and 

perturb and observe (P&O) [20] methods. Hill climbing involves a perturbation in the duty ratio 
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of the power converter, and P&O a perturbation in the operating voltage of the PV array. In the 

case of a PV array connected to a power converter, perturbing the duty ratio of power converter 

perturbs the PV array current and consequently perturbs the PV array voltage. Hill climbing and 

P&O methods are different ways to envision the same fundamental method. From Fig. 1, it can 

be seen that incrementing (decrementing) the voltage increases (decreases) the power when 

operating on the left of the MPP and decreases (increases) the power when on the right of the 

MPP. Therefore, if there is an increase in power, the subsequent perturbation should be kept the 

same to reach the MPP and if there is a decrease in power, the perturbation should be reversed. 

This algorithm is summarized in Table III. In [21], it is shown that the algorithm also works 

when instantaneous (instead of average) PV array voltage and current are used, as long as 

sampling occurs only once in each switching cycle. 

Table III 

Summary of hill climbing and p&o algorithm 

Perturbation Change in 

power 

Next 

perturbation 

Positive Positive Positive 

Positive Negative Negative 

Negative Positive Negative 

Negative Negative Positive 

The process is repeated periodically until the MPP is reached. The system then oscillates 

about the MPP. The oscillation can be minimized by reducing the perturbation step size. 

However, a smaller perturbation size slows down the MPPT. A solution to this conflicting 

situation is to have a variable perturbation size that gets smaller towards the MPP. In [21], fuzzy 

logic control is used to optimize the magnitude of the next perturbation. In [22], a two-stage 

algorithm is proposed that offers faster tracking in the first stage and finer tracking in the second 

stage. On the other hand, [23] bypasses the first stage by using a nonlinear equation to estimate 

an initial operating point close to the MPP. Hill climbing and P&O methods can fail under 

rapidly changing atmospheric conditions as illustrated in Fig.6. Starting from an operating point 

A, if atmospheric conditions stay approximately constant, a perturbation ΔV in the PV voltage V 

will bring the operating point to B and the perturbation will be reversed due to a decrease in 

power. However, if the irradiance increases and shifts the power curve from P1 to P2 within one 

sampling period, the operating point will move from A to C.  

 

 

 
    Fig.6 divergence of hill climbing/P&O from MPP
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Fig. 7 simulation representation of hybrid h-bridge inverter with Hill Climbing/P&O technique. 

 

 
Fig.8 block diagram representation of control scheme of Hill Climbing/P&O techniques 

 

This represents an increase in power and the perturbation is kept the same. Consequently, the 

operating point diverges from the MPP and will keep diverging if the irradiance steadily 

increases. To ensure that the MPP is tracked even under sudden changes in irradiance, [24] uses 

a three-point weight comparison P&O method that compares the actual  

power point to two preceding ones before a decision is made about the perturbation sign. The 

sampling rate is optimized, simply a high sampling rate is used. In [25], toggling has been done 

between the traditional hill climbing algorithm and a modified adaptive hill climbing mechanism 

to prevent deviation from the MPP. Two sensors are usually required to measure the PV array 

voltage and current from which power is computed, but depending on the power converter 

topology, only a voltage sensor might be needed as in[26]. In [27], the PV array current from the 

PV array voltage is estimated, eliminating the need for a current sensor. DSP or microcomputer 
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control is more suitable for hill climbing and P&O even though discrete analog and digital 

circuitry. 

II. DC-Link Capacitor Droop Control: 

DC-link capacitor droop control [28], [29] is an MPPT technique that is specifically designed to 

work with a PV system that is connected in parallel with an ac system line as shown in Fig. 7. 

The duty ratio of an ideal boost converter is given by 

d = 1 – (V/Vlink)                          (1) 

 

where V is the voltage across the PV array and Vlink is the voltage across the dc link. If Vlink is 

kept constant,  

 

increasing the current going in the inverter increases the power coming out of the boost converter 

and consequently increases the power coming out of the PV array. While the current is 

increasing, the voltage Vlink can be kept constant as long as the power required by the inverter 

does not exceed the maximum power available from the PV array. If that is not the case, Vlink 

starts drooping. Right before that point, the current control command Ipeak of the inverter is at 

its maximum and the PV array operates at the MPP. The ac system line current is fed back to 

prevent Vlink from drooping and d is optimized to bring Ipeak to its maximum, thus achieving 

MPPT. DC-link capacitor droop control does not require the computation of the PV array power, 

but according to [29], its response deteriorates when compared to a method that detects the 

power directly; this is because its response directly depends on the response 

of the dc-voltage control loop of the inverter. This control scheme can be easily implemented 

with analog operational amplifiers and decision-making logic units. 

 
Fig. 7. Topology for dc-link capacitor droop control 

 

Fig. 8 Simulink model for DC-link capacitor drop control 
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Fuzzy Logic Control: 

Microcontrollers have made using fuzzy logic control 

[30] popular forMPPT over the last decade. As mentioned in [31], fuzzy logic controllers have 

the advantages of working with imprecise inputs, not needing an accurate mathematical model, 

and handling nonlinearity. Fuzzy logic control generally consists of three stages: fuzzification, 

rule base table lookup, and defuzzification. During fuzzification, numerical input variables are 

converted into linguistic variables based on a membership function similar to Fig. 9. In this case, 

five fuzzy levels are used: NB (negative big), NS (negative small), ZE (zero), PS (positive 

small), and PB (positive big). In [32], seven fuzzy levels are used, probably for more accuracy. 

In Fig. 5, a and b are based on the range of values of the numerical variable. 

 

 
Fig. 9. Membership function for inputs and output of fuzzy logic controller. 

 

The inputs to a MPPT fuzzy logic controller are usually an error E and a change in errorΔE. The 

user has the flexibility of choosing how to compute E and ΔE. Since dP/dV vanishes at the MPP, 

[33] uses the approximation 

𝐸(𝑛) =
𝑃 𝑛 −𝑃 𝑛−1 

𝑉 𝑛 −𝑉 𝑛−1 
                           (2) 

And, 

∆E(n) = E(n) − E(n − 1).                  (3) 

 

Equivalently, (4) is very often used. Once E and ∆E are calculated and converted to the linguistic   

variables, the fuzzy logic controller output, which is typically a change in duty ratio ∆D of the 

power converter, can be looked up in a rule base table such as  

Table IV 

Fuzzy rule base system 

E NB NS ZE PS PB 

NB ZE ZE NB NB NB 

NS ZE ZE NS NS NS 

ZE NS ZE ZE ZE PS 

PS PS PS PS ZE ZE 

PB PB PB PB ZE ZE 

The linguistic variables assigned to ΔD for the different combinations of E and ΔE are based on 

the power converter being used and also on the knowledge of the user. Table IV is based on a 

boost converter. If, for example, the operating point is far to the left of the MPP, that is E is PB, 

and ΔE is ZE, then we want to largely increase the duty ratio, that is ΔD should be PB to reach 

the MPP. In the defuzzification stage, the fuzzy logic controller output is converted from a 

linguistic variable to a numerical variable still using a membership function as in Fig. 9. This 
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provides an analog signal that will control the power converter to the MPP. MPPT fuzzy logic 

controllers have been shown to perform well under varying atmospheric conditions. However, 

their effectiveness depends a lot on the knowledge of the user or control engineer in choosing the 

right error computation and coming up with the rule base table. In [55], an adaptive fuzzy logic 

control is proposed that constantly tunes the membership functions and the rule base table so that 

optimum performance is achieved. Experimental results from [51] show fast convergence to the 

MPP and minimal fluctuation about it. In [57], two different membership functions are 

empirically used to show that the tracking performance depends on the type membership 

functions considered.  

 

 
 

Fig.10 simulation representation of the fuzzy logic rule based system 

Design of Fuzzy Control System: 

The task of modeling complex real-world processes for the control system design is a 

challenging engineering problem. Even if a relatively accurate model to control the process is 

developed, it is often too complex to use it in controller development, as much simpler process 

model is required by most of the conventional control design techniques. Fuzzy logic control was 

first introduced by Mamdani and is based on Zade’s theory of fuzzy  

sets. A systematic design procedure is to be followed while designing a complex control system. 

With an intuitive understanding of the process and establishing control design objectives, the 

process can be controlled by the following steps: 

Step I: Developing a model of the process dynamics. 

StepII: Designing a controller using its mathematical model 

Step III: Simulation based analysis to study the  

Step III: Simulation based analysis to study the Performance of the control system. 

Step IV: Implementing the controller and evaluating its performance on the plant.  

Conventional controllers viz.S proportional integral derivatives (PID) employ a process 

modeled, by differential equations. On the other hand, fuzzy control focuses on gaining intuitive 

understanding for better control of the process, and this information is then loaded directly into 

fuzzy controller. The performance objectives and the design constraints usually involve the 

stability, rise time, overshoot, settling time and steady state error of process controllers. which 

compelled the modern control system fig.10, to use soft computing techniques for improving the 

efficiency and efficacy of the process to be controlled. 
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Table V 

Major characteristics of discussed mppt techniques 

 

MPPT 

TECHNIQ

UE 

PV 

Array 

depende

nt 

True 

MPPT

? 

Analo

g (or) 

Digital

? 

Periodi

c 

Tuning

? 

Convergen

ce Speed 

Implementati

on 

Complexity 

Sensed 

Paramete

rs 

Hill-

Climbing/ 

P&O 

No Yes Both No Varies Low Voltage, 

Current 

DC Link 

Capacitor 

Droop 

Control 

No No Both No Medium Low Voltage 

Fuzzy Logic 

Control 

Yes Yes Digital Yes Fast High Varies 
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DISCUSSION: 

With so many MPPT techniques available to PV system users, it might not be obvious for the 

latter to choose which one better suits their application needs. The main aspects of the MPPT 

techniques to be taken into consideration are highlighted[30] in the following subsections. 

A. Implementation: 

The ease of implementation is an important factor in deciding which MPPT technique to use. 

However, this greatly depends on the end-users’ knowledge. Some might be more familiar with 

analog circuitry, in which case, fractional ISC or VOC, RCC, and load current or voltage 

maximization are good options. Others might be willing to work with digital circuitry, even if 

that may require the use of software and programming. Then, their selection should include hill 

climbing/P&O, IncCond, fuzzy logic control, neural network, and dP/dV or dP/dI feedback 

control.  

 

Furthermore, a few of the MPPT techniques only apply to specific topologies. For example, the 

dc-link capacitor droop control works with the system shown in Fig. 7 and the OCC MPPT 

works with a single-stage inverter. 

B. Sensors: 

The number of sensors required to implement MPPT also affects the decision process. 

Most of the time, it is easier and more reliable to measure voltage than current. Moreover, 

current sensors are usually expensive and bulky. This might be inconvenient in systems that 

consist of several PV arrays with separate MPP trackers. In such cases, it might be wise to use 

MPPT methods that require only one sensor or that can estimate the current from the voltage as 

in [25]. It is also uncommon to find sensors that measure irradiance levels, as needed in the 

linear current control and the IMPP and VMPP computation methods. 

 

C. Multiple Local Maxima: 

The occurrence of multiple local maxima due to partial shading of the PV array(s) can be 

a real hindrance to the proper functioning of an MPP tracker. Considerable power loss can be 

incurred if a local maximum is tracked instead of the real MPP. As mentioned previously, the 

current sweep and the state based methods should track the true MPP even in the presence of 

multiple local maxima. However, the other methods require an additional initial stage to bypass 

the unwanted local maxima and bring operation to close the real MPP. 

D. Costs: 

It is hard to mention the monetary costs of every single MPPT technique unless it is built  

and implemented. This is unfortunately out of the scope of this paper. However, a good costs 

comparison can be made by knowing whether the technique is analog or digital, whether it 

requires software and programming, and the number of sensors. Analog implementation is 

generally cheaper than digital, which normally involves a microcontroller that needs to be 

programmed. Eliminating current sensors considerably drops the costs. 

E. Applications: 

Different MPPT techniques discussed earlier will suit different applications. For example, 

in space satellites and orbital stations that involve large amount of money, the costs and 

complexity of the MPP tracker are not as important as its performance and reliability. The 

tracker should be able to continuously track the true MPP in minimum amount of time and 
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should not require periodic tuning. In this case, hill climbing/P&O, IncCond, and RCC are 

appropriate. Solar vehicles would mostly require fast 

convergence to the MPP. Fuzzy logic control, neural network, and RCC are good options in this 

case. Since the load in solar vehicles consists mainly of batteries, load current or voltage 

maximization should also be considered. The goal when using PV arrays in residential areas is to 

minimize the payback time and to do so, it is essential to constantly and quickly track the MPP. 

Since partial shading (from trees and other buildings) can be an issue, the MPPT should be 

capable of bypassing multiple local maxima. Therefore, the two-stage IncCond [31], [35] and the 

current sweep methods are suitable. Since a residential system might also include an inverter, the 

OCC MPPT can also be used. PV systems used for street lighting only consist in charging up 

batteries during the day. They do not necessarily need tight constraints; easy and cheap 

implementation might be more important, making fractional VOC or ISC viable. For all other 

applications not mentioned here, we put together Table V, containing the major characteristics of 

all the MPPT techniques. Table V should help in choosing an appropriate MPPT method. 

 

CONCLUSION 

Some MPPT techniques taken from the literature are discussed and analyzed herein, with their 

pros and cons. It is shown that there are several other MPPT techniques than those commonly 

included in literature reviews. The concluding discussion, simulation results using 

MATLAB/SIMULINK and table should serve as a useful guide in choosing the right MPPT 

method for specific PV systems. 
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