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In this paper, the comparative analysis of two maximum power point tracking (MPPT) 
algorithms namely Perturb and Observe (P&O) and Incremental conductance (InC) is 
presented for the Photo-Voltaic (PV) power generation system. The mathematical model of the 
PV array is developed and transformed into MATLAB/Simulink environment. This model is 
used throughout the paper to simulate the PV source characteristics identical to that of a 20 
Wp PV panel. The MPPT algorithms generate proper duty ratio for interfacing dc-dc boost 
converter driving resistive load. The performances of these algorithms are evaluated at gradual 
and rapidly changing weather conditions where it is observed that InC method tracks the rapidly 
changing insolation level at a faster rate as compared to P&O. Depending upon the prevailing 
environmental conditions the MPPT algorithms finds a unique operating point to track the 
maximum available power. The algorithms find a fixed duty ratio by comparing the previous 
power, voltage and current thereby optimizing the power output of the panel. The main objective 
is to compare the tracking capability and stability of the algorithms under different 
environmental situations on par with other real world tests. 

Keywords: Maximum Power Point Tracking (MPPT); Photovoltaic (PV); DC-DC Boost Converter; 

Perturb & Observe (P&O); Incremental Conduction (InC).  

 

1. Introduction 

 

 

The growing energy demand coupled with the possibility of reduced supply of conventional 

fuels, along with growing concerns about environmental conservation, has driven research 

and development in the area of alternative energy sources that are cleaner, renewable, and 

produce little environmental impact. Among the alternative sources, the electrical energy 

from photovoltaic (PV) cells is currently regarded as a natural energy source that is more 

useful, since it is free, abundant, clean, and distributed over the earth and participates as a 

primary factor of all other processes of energy production on Earth [1]-[2]. 

Generally PV panels are used in solar power generation system and PV cell is the key 

component which converts the solar energy into electrical energy by photovoltaic effect. 

But these PV cells have low power conversion efficiency and strongly depending on the 

weather conditions i.e. irradiations and temperature. Also the installation cost of the system 

is significantly high. PV Panel has nonlinear output characteristics. The power changes 

according to the change in illuminations so the unique maximum power point (MPP) also 

changes. For efficient use of a PV panel, it is necessary to extract the maximum power 

point at all instant of time. To find the MPP, the maximum power point tracking (MPPT) 

algorithms are used. The PV panel is interfaced with a dc-dc converter, which works as an 

intermediate circuit and locates between PV array and load. Dc-Dc converter continuously 

matches the load impedance with the panel’s internal impedance by changing its impedance 

level such that the converter’s operating point coincides with the MPP. When the load 
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impedance and panel’s internal impedance are in equilibrium at the given solar irradiations 

then the PV panel delivers maximum generated power to the load according to maximum 

power theory [1-4]. 

There are different techniques used to track the maximum power point. Few techniques 

are: Perturb & Observe (P&O), Incremental Conductance (InC), Constant Voltage (CV) 

method, Constant Current (CC) method, Artificial Neural Networks (ANN) method and 

Fuzzy Logic Control method etc [5]. The constant voltage (CV) method is a simplest 

control MPPT method which uses the fact that the operating voltage at MPP of PV panels 

(Vmpp) is linearly proportional to the open circuit voltage of PV panel (Voc) with varying 

insolation level. The advantage of this method is its simplicity and low cost and no costly 

multipliers or digital controller are needed [6]-[7]. The constant current (CC) method is 

similar to the CV method and utilizes the fact that the current under various solar irradiation 

levels. In general, the constant voltage and current methods cannot track the MPP in time 

when the atmospheric conditions changes until the next sampling time is reached and it 

obtains the new reference value corresponding to the new MPP. However these methods 

are very simple to implement, fast and are cost effective. They are suitable for small power 

(a few hundred of watts) PV conversion systems where total cost is very low [8]. 

Development of microcontrollers has made the implementation of Fuzzy logic controller a 

reality. The Fuzzy logic MPPT controllers have the advantages of working with imprecise 

inputs, not needing an accurate mathematical model, and handling nonlinearity [9]. Another 

technique of implementing MPPT which are also well adapted for microcontrollers is 

Artificial Neural Networks (ANN). Neural networks commonly have three layers: input, 

hidden, and output layers. The number nodes in each layer vary and are user-dependent. 

The input variables can be PV array parameters like Voc and Isc, atmospheric data like 

irradiance and temperature, or any combination of these. The output is usually one or 

several reference signals like a duty cycle signal used to drive the power converter to 

operate at or close to the MPP [10]. Amongst above specified methods the P&O and InC is 

the most preferred MPPT algorithms because these methods requires less information to 

accurately track the MPP. However, the P&O has very less time complexity but on 

reaching very close to MPP it doesn’t stop at the MPP and keeps on perturbations on both 

the directions and also does not take account of the rapid change irradiation level (due to 

which MPPT changes) and may calculate the MPP in the wrong direction. To avoid this 

problem the Incremental conductance method is proposed. The InC algorithm can track the 

MPP more accurately and shows better performance under rapidly changing irradiation 

level. It does not produce significant oscillations when it reaches at the MPP [11]-[15]. 

This paper studies about the comparative performances of two most preferably used 

MPPT algorithms namely Perturb & observe and Incremental Conductance are analyzed. 

These techniques are implemented through the boost Dc-Dc converter to extract and 

maintain the maximum power from the solar panel at the given solar irradiations. The 

comparison has observed under the gradually and rapidly changing climatic conditions and 

the setup has examined on different irradiation levels. The tests have done under slowly 

changing and rapidly changing climatic conditions. The performances of P&O and InC 

MPPT algorithms under these conditions have been discussed in the results and validate 

through experimental setup. 
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2. Mathematical Modeling of PV Panel 

   
Fig. 1. The equivalent circuit of Solar cell 

The PV panel is the combination of many PV cells connected in series and parallel fashion 

to provide the desired output voltage and current. This PV generator exhibits nonlinear 

insolation dependent v-i characteristics. The solar cell has extremely low output voltage 

(about 0.5-0.7V), so solar cells have to be connected in series and parallel combination 

according to the requirements of voltage and power ratings and in practical applications. 

The single diode model (Fig. 1), is the simplest equivalent circuit of PV cell, a current 

source in parallel with a diode [16]-[19]. 

On applying Kirchhoff’s current law in the Fig. 1, the basic solar cell equation is given 

by 

p v p h d s h
I I I I= − −                          (1) 

The term Iph is the photocurrent, depends on the operating temperature and the solar 

irradiation (S) given by Eq.2. 

( )
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                                    (2) 

Id  is the diode internal diffusion current which is defined by equation (3) 

( . )
exp 1

. .

pv p v s

d o

q V I R
I I

A K T

 +  
= −  

   

                   (3) 

 q is the charge of electron (=1.61*10
-19

C), A is the diode ideality factor (or completion 

factor), K (=1.38*10
-23

J/K) is Boltzmann’s constant and T is the PV cell’s operating 

temperature (or absolute temperature)in Kelvin (K). 

 The I0 in the equation represents the dark saturation current or diode saturation current 

(or the holding current in opposite direction), which is always be present and produces 

when there is no light. I0 is thermally generated, and changing the temperature affected on 

the generated current because of its temperature dependency as follows by equation (4) 
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 Irs is the cell reverse saturation current in ampere (A) at Tref and solar irradiation (S). Eg is 

the band-gap energy of semiconductor. 
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 Finally the equivalent of an ideal relationship between the output current and voltage can 

be written as in Eq.5. 

exp 1
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V I R
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q V I Rpv pv s
o A K T

+
= − − −

+ 
 
 

 
  

              (5) 

The above equation is valid for the single diode model. Where Rs is the equivalent series 

resistance and Rsh is the equivalent shunt resistor of PV cell. Usually, the value of RS is 

small & the value of RSh is very large, so under ideal conditions, these quantities are 

negligible. 

 Equation (5) was used in Matlab/Simulink to set up the PV electrical characteristics of 

solar module. The output I-V and P-V characteristics have been simulated at different solar 

irradiation levels at fixed temperature of 25
o
C. The 20W PV module has been used in this 

work. The V-I and V-P characteristics of the used panel at various insolation levels are 

shown in Fig. 2. 

     

(a)                   (b) 

Fig. 2. The output characteristics of solar panel at different insolations (a) V-I 

characteristics (b) V-P characteristics 

3. MPPT Control Algorithms 

A. Perturb and Observe (P&O) 

The flow chart of the P&O MPPT algorithm is given in Fig. 3(a) and the movement of 

operating point in the process of identifying MPP on PV is shown in Fig. 3(b). If the 

present operating point is to the left of MPP, the power varies against voltage as dP/dV>0 

and if it is to the right side as dP/dV<0. If dP/dV>0 along with a small perturbation in 

operating voltage then that perturbation moved the panel’s operating point toward the MPP 

and the algorithm continue to perturb the PV panel voltage in the same direction. If 

dP/dV<0 then perturbation in voltage changes in operating point moved away from the 

MPP. In this situation the algorithm reverses the direction of the perturbation. When the 

steady state is reached the algorithm oscillates around the peak point. In order to keep the 

power variation small the perturbation size is kept very small. It is observed that there some 

power loss due to this perturbation also the fails to track the power under fast varying 

atmospheric conditions. But still this algorithm is very popular and simple [20]-[22]. 

In this algorithm a slight perturbation is introduce in the system. This perturbation causes 

the power of the solar module changes. If the power increases due to the perturbation then 
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the perturbation is continued in that direction. After the peak power is reached. If the power 

at the next instant decreases and hence after that the perturbation reverses Fig. 3. 

 

(a) 

 

(b) 

Fig. 3. Perturb & Observe Method (a) Flow Chart, (b) Principle of P&O on PV 

Characteristics 

B. Incremental Conductance (InC) 

This MPPT algorithm is based on the fact that the power–voltage curve of a PV generator 

at constant solar irradiance and cell temperature levels has normally only one MPP. At this 

MPP point, the derivative of the power with respect to the voltage equals to zero which 

means that the sum of the Instantaneous conductance (I/V) and the incremental conductance 

(dI/dV) equals zero (Fig. 4). On the right-hand side of the MPP, the sum of the 

instantaneous and incremental conductance is negative, while on the left-hand side of the 
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MPP, the sum is positive. The INC algorithm compares the instantaneous conductance of a 

PV generator with its incremental conductance and decides whether to increase or decrease 

a control parameter accordingly. The condition in the flowchart (Fig. 4(a)) to keep the 

control parameter constant when dI/dV = -I/V (i.e. ∆P/∆V = 0). However, the assumption 

that the system operates at the MPP when ∆P/∆V = 0 and can only be achieved when the 

weather conditions are stationary and the change in array voltage tends to zero [23]-[24]. 

According to the principle of algorithm (in Fig. 4(b)), its increases the reference voltage 

(or decreases the duty ratio) if the operating point is to the LHS of the MPP and decreases 

the reference voltage (or decreases the duty ratio) otherwise. 

 

(a) 

 

(b) 

Fig. 4. Incremental Conduction Method (a) Flow Chart, (b) Principle of InC on PV 

Characteristics 
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4. Results and Discussion 

The MPP varies with insolations & temperature, so to maximum utilization and achieve 

maximum power it is necessary to match the provided load impedance to the internal 

impedance characteristics of PV panel such that the equilibrium operating point coincides 

with maximum power point. This condition is necessary for delivering the peak power from 

the PV panel (source) to the load according to maximum power theory. A Dc-Dc converter 

fulfills this work successfully without significantly affecting the efficiency of the system. 

An intermediate Dc-Dc converter converts the fixed load into a variable load in order to 

match the source and load impedances according to the requirements. In this paper the 

Boost Dc-Dc converter is used as an intermediate dc-dc converter. Boost Converter consists 

of the power switch, boost inductor L, filter capacitor C, output diode D, and load resistance 

R, Where the DC input source voltage is supplies by PV module. In Fig.5 the schematic of 

a PV panel interfaced to the boost converter with a resistive load is given [25]-[26]. 

 

Fig. 5. PV Panel Interfaced with Boost Converter for MPP Tracking 

The Boost converter adjusts its impedance value in order to match the load side 

impedance according to fix load by the given of duty ratio. The performance of the system 

also depends on the load provided to the converter. The study reveals that the boost 

converter can operate as a MPPT in a specific load range. When any value of the load 

within that range provides to the converter, than it is able to track the MPP and extract 

maximum power from the solar panel at given irradiations level [27]. 

The simulation studies are carried out using MATLAB/SIMULINK software. In-order to 

verify the theoretical concepts and simulation studies experimental prototype of the system 

is developed in lab which is shown in Fig. 6 and the various waveforms obtained by the 

experiments can be observed by the Fig.8. The details of the solar panel used are 

summarized in Table 1 while that of boost converter are summarized in Table 2. 

Experimentally obtained P-V characteristic of PV panel is shown in Fig. 7. 

To compare the performance of the P&O and InC MPPT algorithms presented above, we 

have developed a simulink model by the help of the MATLAB/Simulink software. The 

simulink model consist a solar panel interfaced with a Boost converter with the MPPT 

controller, Fig. 9. 
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Fig. 6. Experimental Setup of Complete System 

 

Fig. 7. Experimental Measured PV Characteristics 

 

Fig. 8. Experimental Results showing Source Voltage, Load Voltage and Duty Ratio 

Table 1: Parameters of PV Modules 

Serial no. Parameters Value 

1 Maximum Power (Pmax) 20 W 

2 Voltage at Pmax (Vmp) 17.77 V 

3 Current at Pmax (Imp) 1.13 A 

4 Open circuit Voltage (Voc) 22.04 V 

5 Short circuit Current (Isc) 1.26 A 

6 Tolerance ±5% 
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Table 2: Boost Converter Parameters 

Serial no. Parameters Value 

1 Vin 15 V 

2 L 150 µH 

3 C 250 µF 

4 fsw 20 kHz 

5 Rload 10 Ω 

   

 

 

Fig. 9. Simulink Block Model of PV System 

To provide the changing climatic conditions in simulation the step input and the ramp 

input are given as input on solar irradiation terminal. The simulation total time is 0.1 s. the 

ramp input provides to the system as gradually changing insolations from 1000 W/m
2
 to 

500W/m
2
 (Fig. 10(a)), while the step input provides as rapidly changing climatic conditions 

from 1000 W/m
2
 to 500 W/m

2
 (Fig. 11(a)). 

The temperature remains constant at 25
o
C in this whole process. To analyze and 

compare the performances of the P&O and InC MPPT algorithms, we carried out a 

simulation test in which the photovoltaic generator is exposed at the same standard 

environmental conditions based on the appearance of a step of illumination. In Fig.10 to 

Fig.11, we report the dynamic response of the PV system driven by the two algorithms. 

Fig. 10 compares the performances of the P&O and InC when the environmental 

conditions are changing gradually. Fig.10(b) shows of variation in duty cycles of P&O and 

InC. it is clearly seen that The initial settling time of P&O is about 0.01 s while the InC 

takes much less time 0.003 s for achieving the fix duty ratio, so the InC is achieving the 

MPP Three times faster than P&O. By this observation we can conclude that the InC starts 

to track the MPP more quickly than P&O. By observing the zoomed in window (Fig. 10(g)) 

the P&O oscillates around the line of the MPP which results in some power loss while in 

the InC there is no such oscillations. When the illumination level changes the InC finds the 

new MPP without taking any time whereas the P&O takes some time to find the new MPP. 

The voltage and power characteristics curves according to change in the conditions and 

MPPT tracking algorithms are reported from Fig.10 (e) and Fig.10 (f). 

Fig. 11 compares the performances of the P&O and InC when the climate changes 

rapidly. Fig.11(b) shows of variation in duty cycles of P&O and InC. when the insolations 

varies rapidly the P&O confused to track the new MPP and takes some time to reach at the 

new MPP. Some-times P&O has failed to track the MPP and move in wrong direction. It is 

major draw-back of the P&O. In our case when the climate changes rapidly (Fig. 11 

(b)&(c)) the P&O forgets its direction and takes some time to reach at the new MPP 

Whereas the InC shows better performance. The InC takes no time to track the new MPP. 
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After all the InC can work more accurately even the climate changes suddenly. The voltage 

and power responses with their respective algorithms are reported from Fig.11(d) to 

Fig.11(f). 

  
 (a)                                                                      (b) 

  
(c)                (d) 

            

(e)                  (f) 

 
(g) 

Fig. 10. Performances of P&O and InC under slowly changing climatic conditions (a) 

Irradiations Levels (b), (c) & (d) Duty ratio (e) Panel Voltage (f) Panel Power (g) 

Oscillations in Duty by the algorithms 
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(a)                                                                  (b) 

      
                                   (c)                      (d)                            

  
        (e)                    (f) 

Fig. 11. Performances of P&O and InC under rapidly changing climatic conditions (a) 

Insolations (b)& (c) Duty ratio (d)&(e) Panel Voltage (f) Panel Power 

If we conclude the comparison by the reported results, the InC MPPT algorithm 

performs better tends directly towards this MPP. we have highlight the fact that the 

advantages of the InC to the P&O algorithm by a faster achievement of the MPP which is 

carried out immediately in the good direction without additional oscillations when the MPP 

is reached in case of sudden change in temperature. In a first approach and at the contrary 

to the P&O algorithm, we can predict that the InC algorithm doesn’t track in the wrong 

direction after a rapid change of the functioning conditions and doesn’t present a strong 

oscillations about the MPP when it reaches it. 

Finally, even if the overall better intrinsic performances of the InC algorithm can be 

shown by this study, we have to consider the simplicity of the P&O MPPT one, which 

makes it largely used according to the facility to implement in practical applications. 
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6. Conclusion 

The presented studies in this paper were the comparative analysis of two MPPT algorithms, 

Perturb & Observe and Incremental Conductance and conducted through boost converter. 

The simulation results prove positively that the P&O and the Incremental Conductance 

MPPTs reach the intended maximum power point. In the slowly changing whether both 

algorithms perform without significantly changes. It has observed that the Incremental 

Conductance reaches at the MPP three times faster than P&O in all cases and shows better 

performance for rapid changes and a better stability when the MPP is achieved. It has 

observed that P&O shows oscillations around the MPP when it reaches in steady state 

position which results in some power loss. But in case of InC there are no additional 

oscillations at steady state condition. However the P&O MPPT are mostly used in practice 

due to their simplicity. The originality and the specificity of the presented results obtain 

during this research reside in the fact that external parameters as irradiation and fixed 

temperature were introduced, at first as linear functions (ramp input) and, at second as 

random (step input) ones describing more closely the actual applicative conditions. The 

effect of the changing weather on the voltage and power of the PV panel according to 

change in MPP has shown in the results section. 
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