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Abstract: A maximum power point tracking (MPPT) scheme is necessary to improve the efficiency of a solar photovoltaic (PV) panel. 
This paper proposes an improved incremental conductance algorithm (InC) for tracking the maximum power point (MPP) of a solar PV 
panel. Solar PV cells have a non-linear V-I characteristic with a distinct MPP which depends on environmental factors such as 
temperature and irradiation. In order to continuously harvest maximum power from the solar PV panel, it always has to be operated at 
its MPP. The proposed InC algorithm can reduce the main drawbacks commonly related to the InC algorithm. The obtained simulation 
results are compared with MPPs achieved using the conventional InC algorithm under various atmospheric conditions. The results 
show that the improved InC algorithm is better than the conventional InC algorithms for tracking MPPs of solar PV panels. 
Additionally, it is simple and can be easily implemented in digital signal processor (DSP). 
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1. Introduction 
 
Energy is absolutely essential for our life. Recently, energy 
demand has greatly increased all over the world. This has 
resulted in an energy crisis and climate change. The research 
moving towards renewable energy can solve these problems. 
Compared to conventional fossil fuel energy sources, 
renewable energy sources have the following major 
advantages: they are sustainable, never going to run out and 
are non-polluting. Renewable energy is energy generated 
from renewable natural resources such as solar radiation, 
wind, tides, wave, etc. Amongst these sources, solar energy 
is one of the most important renewable sources and is widely 
used. The sun radiates an amount of energy onto the earth’s 
surface everyday which is enough to provide the energy 
demand of humans. Additionally, most of the renewable 
energy sources such as wind energy, tidal energy, wave 
energy, etc. originate from solar energy. Solar energy is 
popularly used to provide heat, light and electricity. One of 
the important technologies is photovoltaic (PV) which 
converts radiation directly to electricity by the photovoltaic 
effect [1]. However, the solar PV generation panels have two 
main problems. Firstly, the conversion efficiency of solar PV 
cells is very low (9% to 17%), especially under low 
irradiation conditions. Secondly, the amount of electric 
power which is generated by solar PV panels changes 
continuously with various weather conditions. In addition, 
the V-I characteristic of the solar cell is non-linear and varies 
with irradiation and temperature [2]. Generally, there is a 
unique point on the V-I or V-P curve which is called the 
Maximum Power Point (MPP). This means that the solar PV 
system will operate with maximum efficiency and produce a 
maximum output power. The MPP is not known on the V-I 
or V-P curve, but it can be located by search algorithms such 
as the P&O algorithms [3]-[7], the Incremental Conductance 
(InC) algorithm [8]-[9], the Constant Voltage (CV) 
algorithm [10]-[11], the Artificial Neural Network (ANN) 
algorithm [12]-[13], the Fuzzy Logic (FL) algorithm [14]-
[15], the Particle Swarm Optimization (PSO) algorithm [16]-

[17]. 
 
These existing algorithms have several advantages and 
disadvantages concerned with simplicity, convergence 
speed, extra hardware and cost. 
 
This paper proposes an improved InC algorithm for tracking 
a MPP on the V-I characteristic of the solar PV panel. The 
simulation results of using the improved InC algorithm are 
compared with that of using the conventional InC algorithm 
to confirm the effectiveness and benefit of the proposed 
algorithm. 
 
The remainder of this paper is organized as follows. The 
mathematical model of solar PV panels is described in 
Section 2. A novel proposal using the improved InC 
algorithm is presented in Section 3. The simulation results 
then follow to confirm the validity of the proposed algorithm 
in Section 4. Finally, the advantages of the new proposal are 
summarized through comparison with the conventional InC 
algorithm. 
 
2. Solar Photovoltaic Panels 
 
A solar PV panel, Fig. 1 is used for generating electricity. 
Then, a simple equivalent circuit model for a solar PV cell 
consists of a real diode in parallel with an ideal current 
source as in Fig. 2 [1]. The mathematical model of a solar 
PV cell is described by the following set of equations: 
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where 
I is the current of the solar PV cell (A) 
V is the voltage of the solar PV cell (V) 
P is the power of the solar PV cell (W)  
Isc is the short-circuit current of the solar PV cell (A) 
Voc is the open-circuit voltage of the solar PV cell (V) 
I0 is the reverse saturation current (A) 
q is the electron charge (C), q = 1.602  10-19 (C)  
k is Boltzmann’s constant, k = 1.381  10-23 (J/K) 
T is the absolute temperature (K) 

 

 
Figure 1: Solar PV panel 

 

 
Figure 2: Simple equivalent circuit model of a solar PV 

cell  
  
It is realized that the solar PV panels are very sensitive to 
shading. Therefore, a more accurate equivalent circuit for a 
solar PV cell is presented to consider the impact of shading 
as well as account for the losses due to the module’s internal 
series resistance, contacts and interconnections between cells 
and modules, Fig. 3 [1]. 

 

 
Figure 3: More complex equivalent circuit model of a 

solar PV cell 
 

Then, the V-I characteristic of a solar PV cell is written as 
follows: 
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where Rs and Rp are the resistances used to consider the 
impact of shading and losses. Although, the manufactures try 
to minimize the effect of both resistances to improve their 
products, the ideal scenario is not possible.  
 
Two important points of the V-I characteristic that must be 
pointed out are the open-circuit voltage, Voc and the short-
circuit current, Isc. The power generated is zero at both 
points. The Voc is determined when the output current, I of 
the cell is zero (I = 0) whereas the Isc is determined when the 
output voltage, V of the cell is zero (V = 0). The maximum 
power is generated by the solar PV cell at a point of the 
current-voltage characteristic where the product (V×I) is 
maximum. This point is known as the maximum power point 
(MPP) and is unique. It is obvious that two important factors 
which have to be taken into account in the electricity 
generation of a solar PV panel are the irradiation and 
temperature. These factors strongly affect the characteristics 
of solar PV panels. As a result, the MPP varies during the 
day. If the operating point is not close to the MPP, 
significant power losses occur. Thus, it is essential to track 
the MPP in all conditions to ensure that the maximum 
available power is obtained from the solar PV panel.  
 
This problem is entrusted to MPPT algorithms through 
searching and determining MPPs in various conditions. This 
paper proposes the improved InC algorithm for tracking 
MPPs which is presented in more details in the next part.  
 

 
Figure 4: Important points in the V-I and V-P curves of a 

solar PV panel 
 

3. Improved Incremental Conductance 
Maximum Power Point Tracking Algorithm 

 
The conventional InC algorithm is reviewed in the part 3.1 
of this section followed by a description of the improved InC 
algorithm. 
 
3.1 Conventional incremental conductance algorithm 
 
The principle of InC algorithm is that the derivative of the 
power with respect to the voltage or current becomes zero at 
the MPP, the power increases with the voltage in the left side 
of the MPP and the power decreases with the voltage in the 
right side of the MPP [8]-[9].  
 
This description can be re-written in the following simple 
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equations: 
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Therefore, the voltage of the PV panels can be adjusted 
relative to the MPP voltage by measuring the incremental 
conductance, di/dv and the instantaneous conductance, I/V.  
 
The operation of the InC algorithm is shown in the flow 
chart, Fig. 5. 
 
It can be realized that the InC algorithm overcomes the 
oscillation around the MPP when it is reached. When di/dv = 
-I/V is satisfied, which means that the MPP is reached, the 
operating point is remained. Otherwise, the operating point 
must be changed, which can be determined using the 
relationship between di/dv and -I/V. Furthermore, the 
equation (9) shows that: 
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of the MPP. 
 
Additionally, the InC algorithm can track the MPP in the 
case of rapidly changing atmospheric conditions easily, 
because this algorithm uses the differential of the operating 
point, dp/dv. Basically, the algorithm can move the operating 
point towards the MPP under varying atmospheric 
conditions.  
 
Nevertheless, the InC algorithm has the disadvantage which 
requires the control circuit with a higher system cost. It is 
also required a fast computation for the incremental 
conductance. If the speed of computation is not satisfied 
under varying atmospheric conditions, the operating point 
towards the MPP cannot be guaranteed.  
 
3.2 Improved incremental conductance algorithm 
 
In order to overcome the disadvantages of the conventional 
InC algorithm, an improved InC algorithm is proposed. The 
proposed InC algorithm can reduce the main drawbacks 
commonly related to the InC algorithm.  
 
Firstly, the computation for the differential of the operating 
point, dp/dv is simplified by the following approximation: 
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Secondly, the InC algorithm is combined with the Constant 
Voltage (CV) algorithm [10]-[11] for the estimation of the 
MPP voltage which can limit the search space for the InC 
algorithm. 
 
Basically, the CV algorithm applies the operating voltage at 
the MPP which is linearly proportional to the open circuit 
voltage of PV panels with varying atmospheric conditions. 
The ratio of VMPP/Voc is commonly used around 76% [18].  
 
Thus, the improved InC algorithm is implemented to divide 
the P-V characteristic into three areas such as area 1, area 2 
and area 3, where the area 1 is from 0 to 70%Voc, the area 2 
is from 70%Voc to 80%Voc and the area 3 is from 80%Voc to 
Voc. The area 2 is the area including the MPP, Fig. 6. 
 
It can be realized that the improved InC algorithm only 
needs to search the MPP within the area 2, from 70%Voc to 
80%Voc. This means that: 
 

   21%80%70 VVVV ocref                    (11)  

 
In the improved InC algorithm, the MPPT system 
momentarily sets the PV panels current to zero and allow 
measuring the panels' open circuit voltage. The operation of 
the improved InC algorithm is shown in the flow chart, Fig. 
7. 
 

 
 

Figure 5: Flow chart of the InC algorithm 
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Figure 6: Area partition of the P-V characteristic 
 

  
Figure 7: Flow chart of the improved InC algorithm 

 
4. Simulation Results 
 
Simulations are performed using MATLAB/SIMULINK 
software for tracking MPPs of the solar PV panel whose 
specifications and parameters are listed in Table 1. The solar 
PV panel provides a maximum output power at a MPP with 
VMPP and IMPP. The MPP is defined at standard test condition 

(STC) of the irradiation, 1 kW/m2 and module temperature, 
25 0C but this condition does not exist most of the time. The 
following simulations are implemented to confirm the 
effectiveness of the proposed algorithm which is compared 
that of the other algorithms such as the P&O and InC 
algorithms with two combined panels.  
 
Case 1: It is assumed that the module temperature is 
constant, T0C = 25 0C in the simulation. Fig. 8 describes the 
variation of the solar irradiation where 0 s  t < 1 s: G = 0.25 
kW/m2; 1 s  t < 2 s: G = 0.5 kW/m2; 2 s  t < 3 s: G = 0.75 
kW/m2; 3 s  t < 4 s: G = 1 kW/m2 and 4 s  t  5 s: G = 
0.25 kW/m2. Then, the obtained output powers are shown as 
in Fig. 9 with the P&O algorithm, in Fig. 10 with the InC 
algorithm and in Fig. 11 with the improved InC algorithm 
under the variation of the solar irradiation. 
 
Case 2: It is assumed that the module temperature is changed 
in the simulation where 0 s  t < 1 s: T0C = 25 0C; 1 s  t < 2 
s: T0C = 30 0C; 2 s  t < 3 s: T0C = 35 0C; 3 s  t < 4 s: T0C = 
40 0C; 4 s  t  5 s: T0C = 25 0C, Fig. 12. The variation of 
the solar irradiation is described in the Fig. 8. Then, the 
obtained output powers are shown as in Fig. 13 with the 
P&O algorithm, in Fig. 14 with the InC algorithm and in Fig. 
15 with the improved InC algorithm under the variation of 
the solar irradiation. 
 
It can be realized that the simulation results of the cases with 
the improved InC algorithm are always better than the cases 
with the P&O and InC algorithms, Figs. 9-11 and Figs. 13-
15 which are shown through the algorithm convergence and 
the MPPs’ tracking ability, especially with the rapid 
variation of the temperature solar irradiation, case 2, Fig. 8 
and Fig. 12. This means that the drawbacks of the 
conventional InC algorithm have been overcome using the 
proposed InC algorithm. 
 
5. Conclusions 
 
In this paper, an improvement of the conventional InC 
algorithm has been proposed for tracking MPPs of a solar 
PV panel, known as an improved InC algorithm. This 
algorithm improves the conventional InC algorithm with the 
approximation which reduces the computation burden as 
well as the application of the CV algorithm which increases 
the convergence speed. This improvement overcame the 
existing drawbacks of the conventional InC algorithm. The 
simulation results confirm the validity of the proposed 
algorithm. The tracking ability of the MPP and obtained 
output power by the improved InC algorithm are always 
better than those using the P&O and conventional InC 
algorithms, especially under the rapid variation condition of 
the temperature and solar irradiation. 
 
6. Future works 
 
In this parameter identification application, it is assumed that 
no measurement noise is available and the solar PV panels 
are always operated under ideal conditions such as no 
shading conditions, same panels with the same characteristic. 
Thus, it would be useful to examine the effects in future 
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research.  
 
Experimental results for the MPPT strategy of the solar PV 
panels would give a valuable confirmation of the simulation 
results obtained.  
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Table 1: Specifications and parameters of the solar PV panel 
Maximum power, Pmax 80 W 
Voltage at Pmax, VMPP 17.96 V 
Current at Pmax, IMPP 4.60 A 
Short-circuit current, Isc 4.92 A 
Open-circuit voltage, Voc 21.74 V 
Panel series resistance, Rs 0.36  
Panel parallel (shunt) resistance, Rp 1217  

 

 
Figure 8: Description of the variation of the solar 

irradiation 
 

 
Figure 9: Obtained maximum output power with the P&O 

algorithm under the variation of the solar irradiation 
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Figure 10: Obtained maximum output power with the InC 

algorithm under the variation of the solar irradiation 

 
 

Figure 11: Obtained maximum output power with the 
improved InC algorithm under the variation of the solar 

irradiation 
 

 
Figure 12: Description of the temperature variation 

 

 
Figure 13: Obtained maximum output power with the 

P&O algorithm under the variation of the temperature and 
solar irradiation 

 

 
Figure 14: Obtained maximum output power with the InC 

algorithm under the variation of the temperature and solar 
irradiation 

 

 
Figure 15: Obtained maximum output power with the 
improved InC algorithm under the variation of the 

temperature and solar irradiation 
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