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Abstract – The control algorithm for tracking the 
maximum power point (MPPT) is a crucial factor that 
influences the system's capacity to harness the 
maximum energy from the sun using photovoltaic. 
Incremental conductance stands out as one of the most 
commonly employed MPPT techniques due to its 
simplicity and low implementation complexity. 
However, it has various shortcomings, rendering it less 
effective in adapting to changing solar radiation 
conditions. Therefore, this study proposed a 
modification to enhance the algorithm's performance. 
The proposed modified algorithm is validated through 
experiments, revealing that the fastest tracking time 
for the adjusted incremental conductance algorithm 
was 72 ms, whereas the unmodified algorithm took 84 
ms. Additionally, oscillations observed during changes 
in radiation values were 2 W and 1.66 W for the 
unmodified algorithm, occurring during decreases and 
increases in radiation values, respectively.  
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In contrast, the proposed modified incremental 
conductance algorithm resulted in a consistent 
oscillation of 1.33 W for each change in radiation 
value.Furthermore, it can be concluded that the 
modified incremental conductance algorithm can 
increase the tracking time as well as reduce oscillations 
that occur under various conditions of changes in 
radiation values. 

Keywords – Incremental conductance, MPPT, 
tracking performance, solar radiation, boost converter. 

1. Introduction

Solar energy is one of the prominent renewable 
energy sources that can address several issues, such 
as the electrical energy crisis, escalating fossil fuel 
costs and CO2 emissions, and climate change [1], 
[2], [3], [4]. Many energy experts anticipate that by 
2050, renewables will meet a portion of the world's 
electrical energy needs, with solar energy accounting 
for 10% [5], [6]. However, extracting energy to the 
maximum with ever-changing solar radiation 
conditions throughout the day is a challenge that 
must be solved. This challenge arises from factors 
such as shadows obstructing sunlight on the PV 
surface or the changing position of the sun from 
morning to evening. Apart from solar radiation, other 
factors that affect the process of absorbing solar 
energy are temperature, the tilt position of the panel, 
and most importantly the method used in tracking the 
maximum power known as MPPT. It is crucial to 
optimize the performance of PV, ensuring they 
operate at their maximum efficiency. 

The results showed various MPPT methods, as 
shown in [7]. MPPT techniques are divided into three 
main categories based on control theory and 
implementation: traditional, intelligent, and in partial 
shading conditions.  
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The traditional approaches involve utilizing 
selection control parameters, for instance, short-
circuit current tracking (SCT), open-circuit voltage 
tracking (OVT), constant voltage tracking (CVT), as 
well as direct control techniques like incremental 
conductance (InC), perturb and observer (P&O), 
ripple correlation control (RCC),  and other methods. 

The maximum power point (MPP) can be 
effectively tracked under uniform irradiation 
conditions using conventional methods, but not for 
irradiation conditions that are always changing, 
especially sudden changes. The MPPT intelligent 
method is divided into artificial intelligence (AI) and 
nonlinear methods. The MPPT method uses more 
advanced intelligent algorithms to overcome the 
weaknesses of traditional methods such as sliding 
mode control (SMC), neural network controller 
(NN), and fuzzy logic controller (FLC). However, 
this method has a high complexity of 
implementation, system performance depends on 
experience in determining rules and membership 
functions and high switching frequency in the SMC 
method causes chattering problems [8], [9], [10]. In 
contrast, the MPPT method in partial shading 
conditions (PSCs) consists of AI, modified direct 
control, array reconfiguration, and other methods.  

The MPPT InC method is the most extensively 
used due to its efficiency and rapid tracking speed, as 
well as its relative simplicity of implementation in 
comparison to other conventional methods [11], [12], 
[13]. The InC method is also widely used for PSC 
conditions by improving algorithm performance to 
work in PSC conditions. In addition to modifying the 
InC algorithm, efforts to improve its performance are 
also carried out by combining several algorithms 
known as the hybrid method [14], [15], [16], [17]. 
The InC algorithm is less complicated and easier to 
implement. It compelled us to employ the InC 
technique in this research. In this study, this 
algorithm was modified to increase the MPP speed 
under varying solar radiation conditions. In addition, 
the improvement of the InC algorithm is also 
intended to reduce oscillations around the maximum 
point in steady-state conditions so as to reduce power 
losses. Several forms of algorithm modifications are 
tested and compared using stand-alone photovoltaic 
(PV) systems to obtain better performance to meet 
the goals to be achieved 

2. System Description  
 

Figure 1 shows the system used in the study to 
perform tests of the InC algorithm. As can be seen in 
Figure 1, it combines PV modules, a boost converter, 
a load, and a processor as the control unit of the 
MPPT algorithm. The controller that we used in this 
study is an Arduino Uno. 

 

Figure 1. The diagram block of the designed PV  

2.1. Photovoltaic Modules 
 

PV modules are a combination of solar cells in 
series or in parallel, while PV arrays are a 
combination of series relationships and parallel 
relationships of PV modules [18]. The PV design and 
the equivalent circuit are presented in Figures 1 and 
2, respectively. 

 

Figure 2. Equivalent circuit of a PV module  

Determining the current of the PV module can be 
done using equation (1) [19].  
                         

𝐼=(Iph𝑥Np)-(I0𝑥Np) � exp�
V
Ns

+I x Rs
Np

nVt
� -1� -Ish          (1) 

I and V represent the output current and voltage 
of a PV system, Iph is the current of the photocell 
(A), the number of cells connected in parallel is Np 
and series is Ns, Vt is the thermal voltage of the 
diode (V), and Ish is the current at parallel resistance 
(A). The specifications of the PV in this study can be 
seen in Table 1. 
 
Table 1.  Specifications of PV Greentek MSP-100W 

No Parameters Values 
1 Pmax 100 W 
2 Vmp 18.1 V 
3 Imp 5.54 A 
4 Voc 22.2 V 
5 Isc 6.00 A 
6 Temperature coefficient 

(Voc) 
-(0.40 ± 0,05) % 
/ 0 C 

7 Temperature coefficient 
(Isc) 

(0.065 ± 0,01) % 
/ 0 C 

8 Ns 72 (4 x 18) 
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Theoretically, the impact of fluctuations in solar 
radiation on the generated energy is represented by 
the P-V  and I-V characteristics, as illustrated in 
Figure 3 and Figure 4, respectively. 

 

  
Figure 3. Characteristics of the P-V  

 

 
Figure 4. Characteristics of the I-V 

As shown in Figures 3 and 4, variations in solar 
radiation having a notable effect on the generated 
current and power. However, this condition does not 
have much effect on the voltage value and indirectly 
also causes a shift in position from MPP. Therefore, 
to track MPP on all changes in radiation causing the 
duty cycle value to also vary. 
 
2.2. Boost Converter 

In accordance with Figure 1, the circuit of the 
boost converter is shown in Figure 5. 

 

 
Figure 5. Equivalent boost converter circuit  

 
The function of changing the duty cycle value is 

to maintain PV operation at the MPP point with the 
appropriate voltage (Vmp) and current (Imp) values. 
While the parameters for designing a boost converter 
are determined by the input voltage value, output 
voltage value, and load power.  

Equations (2) to (5) can be used to calculate 
output voltage, inductor values, and input and output 
capacitors [20], [21].  

V0= Vin
1 - D

                  (2)                      

L ≥ D x (1 - D)
2
 x R

r x F
         (3)                  

C1 ≥ D
8 x F2 x L x 0.01

                             (4)                                      

C2 ≥ D
F x 0.02 x R

           (5) 
 

Vin, Vo, and D refer to the boost converter input, 
output, and duty cicle. L, C, and R are the component 
values of the inductor, capacitor, and resistor. The 
parameters value of the boost converter are presented 
in Table 2. 
 

Table 2.  Parameters value of the boost converter 
 

No Parameters Values 
1 C in   100 uF 
2 C out 47 uF 
3 L 2.2 mH 
4 R 135 Ohm 
5 F 7812.5 Hz 

 
3. Incremental Conductance MPPT Algorithm 

 
The working process of the InC algorithm is 

guided by the incremental conduction (∆I/∆V) of the 
characteristics of PV, which serve to detect the slope 
of the P-V characteristic curve (∆P/∆V) [22]. At the 
MPP point, this slope value will be zero, large from 
zero if on the left side of the MPP, and small from 
zero if on the right side. If the slope encountered is 
negative, then the operating point is shifted to the left 
by the controller by reducing the PV array voltage 
value, and vice versa. This happens until the slope 
becomes zero, and the adjustment of the voltage 
value will stop, indicating that the MPP has been 
reached [23]. Mathematically, it can be seen in 
equations (6) to equations (8) [23], [24].  

 ∆P
∆V

= 0  at the MPP                          (6) 

 ∆P
∆V

>0 at the left position of the MPP         (7) 

 ∆P
∆V

>0  at the right position of the MPP    (8) 
From equation (6) it can be redeveloped into 
equation (9) to (12) 

∆P
∆V

= ∆(V  x  I)
∆V

=I+V �∆I
∆V
�=0                           (9) 

Then   ∆I
∆V

= - I
V

  at the MPP          (10) 
∆I
∆V

> - I
V

  at the left position of the MPP      (11) 
∆I
∆V

< - I
V
 at the right position of the MPP (12) 

 
The InC algorithm, as shown in Figure 6, is a 

conventional algorithm widely used nowadays 
because of its simple characteristics and cheaper 
financing and application [25], [26].  
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Figure 6. MPPT Algorithm using the InC method 

This InC algorithm is effective for tracking MPP 
under uniform radiation conditions. However, it 
cannot work well when there is a rapid change in 
radiation and causes oscillations around MPP at 
steady state. The algorithm responds inaccurately to 
the change of the first step in the task cycle of the 
converter during increased solar irradiation and the 
time to find MPP is also longer. Based on these 
problems, it is proposed to modify the InC algorithm. 
This algorithm  aims to quickly track the location of 
the MPP or optimal operating point on changes in 
solar irradiation values, especially for irradiation 
changes that occur suddenly. It tracks MPP points 
based on voltage variations guided by equation (14). 
Figure 7 shows the modified InC algorithm. 

The proposed algorithm as in Figure 7 tracks 
MPP by checking changes in voltage and current 
values. Usually, the radiation value and temperature 
will remain if the state is stable where the 
characteristics of the current and voltage indicate that 
the change in voltage is followed by a change in the 
current value with different signs. However, if the 
voltage disturbance causes a current disturbance with 
different signs, PV is under varying environmental 
conditions [27]. The modified InC algorithm as in 
Figure 7 is able to distinguish between these two 
conditions so that differences that occur such as 
variations in environmental conditions that will 
change the direction of interference can be avoided. 

 

 
 

Figure 7. MPPT Algorithm using the modification 
 InC method  

 
A modification of the conventional algorithm is the 
colored part in Figure 7 consisting of changes in 
current and voltage with equal signs in response to 
rapid changes in solar radiation 
                                    
4. Experimental Results and Analysis 
 

Figure 8 shows the system construction to 
observe how the MPPT algorithm works. The PV 
used is 200 Wp with a stand-alone system using 
parameters according to Table 1. The lighting source 
for PV is based on halogen lamps with a capacity of 
150 watts, with as many as 12 pieces arranged in 
parallel. Meanwhile, to vary the lighting value, a 
dimmer circuit is used. Both tested algorithms were 
implemented using Arduino Uno, and for current and 
voltage sensors, using ACS712 and F031-06. 

 

 
 

Figure 8. System experiments 
 

In the initial stage of testing, experiments were 
carried out with two different radiation values. The 
irradiation values are set at 500 W/m2 and 300 W/m2 
with variations in duty cycle values from 5% to 95%.  
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This testing process is carried out to obtain 
power-voltage (P-V) characteristics and power-duty 
cycle     (P-D) characteristics. The test result for each 
characteristic is shown in Figure 9 and Figure 10. 
From the tests obtained for radiation of 500 
W/m2 and 300 W/m2, the maximum power for each 
is 16.52 W and 9.63W. Both the incremental 
conduction algorithm and the modified incremental 
conduction algorithm were tested for changes in 
radiation with fixed duty perturbation (∆D) with 
variations from 1% to 5%. 

 

 
 

Figure 9. The test result characteristics: P-V 
characteristics 

 
 

Figure 10. The test result characteristics: P-D 
characteristics 

 
Figure 11 is the test result when the radiation 

value drops from 500 to 300 (W/m2) using the InC 
algorithm. In the testing process, MPP trace time 
varies based on the value of ΔD. The greater the 
value ΔD, the faster the tracking time. Figure 12 is 
the test result, with the radiation value rising from 
300 to 500 (W/m2). In conditions of increased 
radiation, the higher the value ΔD, the longer the 
MPP tracking time. Figure 13 and Figure 14 are test 
results using a modified InC algorithm. Figure 13 
shows the radiation value dropping from 500 to 300 
(W/m2). The test results show that the MPP tracking 
time is getting faster if the ∆D value is getting 
bigger. Likewise, Figure 14 is a test condition with 
the radiation value rising from 300 to 500 (W/m2). At 
the time of testing, it was found that the greater the 
value of ∆D, the longer the tracking time to find 
MPP. 
  

 
 

Figure 11. Testing using the MPPT InC algorithm when  
there is a decrease in the radiation value with a 

perturbation (∆D) values of 1% to 5% sequentially from 
(a) to (e) 

 

 
 

Figure 12. Testing using the MPPT InC algorithm when 
there is an increase in the radiation value with a 

perturbation (∆D) values of 1% to 5% sequentially from 
(a) to (e) 
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Figure 13. Testing using the modified InC algorithm when 
there is decrease in the radiation value with a 

perturbation (∆D) values of 1% to 5% sequentially from 
(a) to (e) 

 

 
 

Figure 14. Testing using the modified InC algorithm when 
there is an increase in the radiation value with a 

perturbation (∆D) values of 1% to 5% sequentially from 
(a) to (e) 

 

5. Discussion 
 

Table 3 presents the time taken by each MPPT 
algorithm under different conditions to track MPP. 
MPP tracking is carried out with differences in 
perturbation (∆D) and changes in radiation values 
from 500 W/m2 to 300 W/m2 or vice versa. Based on 
the test results in table 3, the modified InC algorithm 
has a faster time to track MPP both under down and 
vice versa radiation conditions and with different 
perturbations. 

 

Table 3.  Tracking results from conventional and modified 
InC techiques for MPP tracking under different conditions 

 

No Perturbation  
(∆D) 

The time required by 
the InC algorithm to 

track MPP. 

 The time required 
by the modified InC 
Algorithm to track 

MPP. 
Radiation 
changes 

from 
500  to 

300 
(W/m2)  

Radiation 
changes 
from 300 

to 500 
(W/m2) 

Radiation 
changes 

from 
500  to 

300 
(W/m2) 

Radiation 
changes 
from 300 

to 500 
(W/m2) 

1 1 % 106 ms 124 ms 90 ms 76 ms 
2 2 % 104 ms 130 ms 86 ms 88 ms 
3 3 % 102 ms 132 ms 82 ms 90 ms 
4 4 % 98 ms 138 ms 74 ms 96 ms 
5 5 % 84 ms 146 ms 72 ms 98 ms 

 
According to the test findings in Table 3, the 

fastest MPP tracking time is 72 ms with 5% ΔD 
when the radiation is changed from 500 to 300 
(W/m2) using the modified InC algorithm. At the 
same radiation value settings, the fastest tracking 
time for the unmodified InC algorithm was 84 ms 
with 5% ΔD. During the test, oscillations that occur 
with each change in radiation value were also 
observed. The oscillations that occur in unmodified 
InC algorithm testing with changes in radiation 
values from 500 to 300 (W/m2) are 2 W, the same for 
each change in ΔD values. While the change in 
radiation value from 300 to 500 (W/m2) is 1.66 W 
and is also the same for every change in the value of 
ΔD. In tests using a modified InC algorithm for 
radiation changes from 500 to 300 (W/m2) or vice 
versa is 1.33 W and the value is the same for each 
change in ΔD value. Consequently, it can be 
explained that the adjustment made to the InC 
algorithm is effective in decreasing the time required 
for MPP tracking and minimizing the oscillation 
associated with alterations in radiation levels. 

 
6. Conclusion 

 
Modifying the MPPT algorithm aims to improve 

performance, especially the speed of MPP tracking 
when there is a change in solar radiation.  
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This study made modifications to the InC 
algorithm to achieve the intended goal. The test 
results found that the modified algorithm's 
performance was indeed better overall than the 
unmodified InC algorithm. The fastest time for MPP 
tracking using a modified algorithm is 72 ms, while 
the unmodified algorithm has a time of 84 ms. While 
the oscillations that occur for each change in radiation 
value are 2 W and 1.66 W, each of which is when the 
change in radiation value decreases and increases 
using the InC algorithm, while testing the modified 
InC algorithm, it caused an oscillation of 1.33 W, and 
the value was the same for each change in radiation 
value. Based on the test results, it can be concluded 
that the modified InC algorithm can increase the 
tracking time as well as reduce oscillations that occur 
under various conditions of changes in radiation 
values. 
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