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Abstract—Maximum Power Point Tracking (MPPT) 

algorithms are of major importance for optimized yield in grid-

connected PV systems. Many algorithms have been investigated. 

However, most of the works compare these algorithms based on 

a literature review or on simulation. This paper presents an 

experimental analysis of MPPT techniques: two of the simplest 

(Perturb & Observe and Incremental Conductance) and two of 

the most complex (Fuzzy Logic Controller and Particle Swarm 

Optimization). The results are carried out in real test conditions, 

with and without shadow. The power converter is based on a 

boost converter and a voltage source inverter. The control is 

implemented using Simulink® and dSPACE 1103 real-time 

controller board. Moreover, the MPPT techniques of three 

commercial string inverters are also analysed. 

Keywords— MPPT, Perturb & Observe, Incremental 

Conductance, Fuzzy Logic Controller, Particle Swarm 

Optimization. 

I. INTRODUCTION

The two biggest difficulties in the generation of 
photovoltaic (PV) systems are the low conversion efficiency 
of the electric potential and the high cost of PV cells [1]. 
However, meteorological conditions must be considered, 
since PV cells have non-linear I-V characteristics, which 
change with variation in radiation, temperature and load [2]. 
Due to these characteristics, the maximum power point (MPP) 
changes constantly and is not known. However, it can be 
found through search algorithms.  

A maximum power point tracking algorithm (MPPT) aims 
to keep the PV modules operating in the MPP, regardless of 
the load and weather variations [3]. A MPPT algorithm 
improves the annual yield of every PV string or module. 
Extensive research has been done during last decade. Dozens 
of algorithms have been investigated [4, 5], from the simplest 
ones [6] to the most complex [7, 8]. Many studies are 
dedicated to comparative analysis. With a few exceptions [9], 
most are based on a review of previous works [4, 7] or, at 
most, on simulation [6, 10]. Some previous works are not 
conclusive about the benefits of intelligent algorithms 
compared to the simplest ones, considering their drawbacks 
[7]. This work compares two well-known MPPT algorithms, 
Perturb & Observe (P&O) and Incremental Conductance (IC), 
with two intelligent algorithms, Fuzzy Logic Controller (FLC) 
and Particle Swarm Optimization (PSO). This comparison is 
based on experimental analysis. Furthermore, three 
commercial PV inverters, from different manufacturers, are 
also analyzed regarding their MMPT algorithms. 

II. OVERVIEW OF MPPT TECHNIQUES

In general, MPPT algorithms work by combining load 
impedance with source impedance, thus finding MPP and 
transferring maximum power. This technique consists 
of 

controlling a DC-DC converter to perform the impedance 
matching [11]. 

Among the MPPT algorithms proposed in the literature, 
this work evaluates the performance of four techniques that 
are among the most discussed, such as Perturb & Observe, 
Incremental Conductance, Fuzzy Logic Controller and 
Particle Swarm Optimization. The choice of these algorithms 
allows the analysis of techniques with different types of 
approaches and levels of complexity under the same test 
conditions. 

A. Perturb & Observe

The MPPT Perturb and Observe (P&O) algorithm is one
of the simplest and most discussed techniques in the literature 
[1]. This technique applies a small disturbance to the system 
in order to follow the path that leads to the MPP.  

In the flowchart of Fig. 1 it is possible to observe the steps 
of the MPPT P&O algorithm. The first steps are to read the 
voltage and current and to calculate the power of the PV 
string. After the acquisition of the signals, at time tk, the power 
and voltage values  are compared with the respective previous 
samples, at tk-1, and based on this information the path to the 
MPP is chosen [12].  

When there is an increase or decrease in voltage, thus 
imposing a small disturbance, the operating point of the PV 
string changes and, consequently, the extracted power [12]. If 
this power change is positive, the algorithm continues to 
increase the voltage, but if the power change is negative, it 
indicates that the MPP is in the opposite direction, so the 
algorithm starts to reduce the voltage to reach the MPP. In this 
way, part of the P-V curve is covered by small constant steps, 
that is, by small disturbances to find the MPP. 

In this case, as shown in the flow chart of Fig. 1, the 

disturbance is made every second, being controlled by the 

voltage with a 3 V step (∆V). The choice of these values is 

made according to the voltage range.   

Fig. 1. Flowchart of MPPT P&O algorithm.  
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B. Incremental Condutance

The MPPT Incremental Conductance (IC) algorithm, like
P&O, applies a small disturbance to the system to follow the 
path that leads to the MPP [1]. What differentiates the two 
techniques are the parameters used for decision, which in the 
IC algorithm are conductance (1) and incremental 
conductance (2). 

(1) GG = Ipv /Vpv (1) 

ΔGG = ΔIpv /ΔVpv (2) 

The decision to increase or decrease the voltage is made 
based on (1) and (2). Let us take as an example a P-V or P-I 
characteristic curve of a PV string. When the operating point 
is on the left of the MPP, the value of the derivative of the 
curve assumes a negative value. On the contrary, if it is on the 
right of the MPP, the derivative takes on a positive value. 
When working on the MPP, it takes on a zero value, as shown 
in (3). 

(1) 

(3) 

The algorithm compares the conductance and the 
incremental conductance to decide when to increase or 
decrease the PV voltage to track the MPP, as shown in the 
flow chart of Fig. 2. In this case, the disturbance is done at 
every second, being controlled by the voltage, with a 3 V step 
(∆V). These values are chosen according to the voltage range. 

C. Particle Swarm Optimization

Particle Swarm Optimization (PSO) is a technique that
uses stochastic variables based on a population for solving 
optimization problems [13]. 

The PSO algorithm was not designed for applications in 
PV systems. However, it can be adapted for this new purpose. 
This technique works by researching the space of a function, 
adjusting the position of each particle [14]. In a PV 
application, it boils down to adjust the duty cycle of the DC-
DC converter for each particle at a point on the P-V curve. At 
the end of each cycle, the position of each particle is adjusted 
by a speed factor given by (4) and the result is given by (5). 

vi(t+1)= wvi(t)+c1R1(pbi(t)–di(t)))+c2R2(Gb(t)–di(t)) (4) 

di(t+1)= di(t)+vi(t+1) (5) 

Where vi is the velocity of particle i, c1 and c2 are the 
acceleration constants, w is the weight of inertia, R1 and R2 are 

random values between 0 and 1, pbi is the location with the 
best fitness of all the visited location of particle i, di is the 
position of particle i, and Gb is the best position found. 

With the flowchart shown in Fig. 3, it is possible to 
observe the steps of the PSO algorithm in each iteration of the 
process. This was the PSO algorithm implemented in this 
work. Four particles and a delay of 100 ms are used for each 
iteration. The values of the constants used in (4) were w=0.4, 
c1=1.2 and c2=2. 

D. Fuzzy Logic controll

The Fuzzy Logic Control (FLC) algorithm, as shown in
Fig. 4, generally consists of three stages: fuzzification, rule 
base and defuzzification [11]. During fuzzification, the 
numeric input variables are converted to linguistic variables 
based on a membership function [11]. Generally, the inputs 
for a diffuse logic MPPT controller are voltage variation ΔVpv 
(6) and power variation ΔPpv (7).

ΔVpv = Vpv(t) – Vpv(t–1) (6) 

ΔPpv = ΔVpv×ΔIpv (7) 

In this work, in the fuzzification stage, five triangular 
association functions were used for the inputs and output. The 
two input variables were converted to linguistic values: 
Negative Big (NB), Negative Small (NS), Zero (ZE), Positive 
Small (PS), and Positive Big (PB). The membership functions 
of inputs and the output are shown in Fig. 5.  

Mamdani's method is used for fuzzy inference. For 
defuzzification, the centroid method was used to calculate the 
ΔVref output. The rule base used to find the output is shown in 
the table of Fig. 5, where the reference voltage for the PI 
controller (Vref) is calculated based on (8). 

Vref = Vpv + ΔVref (8) 

ΔGG =  –GG,   in MPP
,   on the leftΔGG >  –GG
,   on the rightΔGG <  –GG

Fig. 2. Flowchart of MPPT IC algorithm.  
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Fig. 3. Flowchart of MPPT FLC algorithm.  

Fig. 4. Flowchart of MPPT FLC algorithm. 
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In the defuzzification stage, the fuzzy logic controller 
output is converted to a controller variable. In this case, it is 
the voltage reference (Vref) used in a PI controller. Fuzzy logic 
controllers can work with inaccurate inputs, not needing a 
precise linear mathematical model, but with a high 
implementation cost. 

III. EXPERIMENTAL PLATAFORM 

For testing the MPPT algorithms, the PV inverter topology 

shown in Fig. 6 was used. The power topology has a 

bidirectional DC-DC converter, configured as a boost 

converter, followed by a voltage source inverter. 

For the control of the boost converter, the MPPT algorithm 
gives the input voltage reference to PI controller or directly 
the duty cycle. This imposes the dc output voltage of the PV 
string. The voltage source inverter controls the power by 
controlling the dc-link voltage, maintaining the voltage on the 
DC bus at 400V, higher than the peak voltage of the grid. The 
control of the current injected into the grid is based on voltage-
oriented control [15, 16].  

A. Experimental set-up

The power structure, shown in Fig.7, is based on the
Powerex PM75RLA120 intelligent power module, with a 3-
phase IGBT voltage source inverter. A leg is used for the boost 
converter, where one of the IGBTs always remains off, 
functioning as a diode, while the other semiconductor is 
controlled by the MPPT algorithm. The remaining two legs 
are used as a single-phase voltage source inverter, which is 
controlled by voltage-oriented control. 

The MPPT algorithms and the voltage oriented control 
were implemented in Simulink®. Then, dSPACE 1103 real-
time controller board and ControlDesk® application were 
used for the real-time control. 

B. PV Strings

For the tests, two PV strings were used, shown in Fig. 8,
which are formed by PV modules of different number and 

model. For tests under normal conditions, two strings A and B 
were used. The first is composed by 5 Fluitecnik FTS220P 
modules. The second, is composed by 3 REC Solar 
REC275PE modules and was used in tests with partial 
shading. 

The individual characteristics of the two PV modules used 
are shown in Table I. Both models have 60 PV cells and a 
bypass diode every 20 cells. 

TABLE I.  CHARACTERISTICS OF PHOTOVOLTAIC MODELS 

PV modules of Max. Power ISC VOC IMPP VMPP 

String A 220 W 8.30 A 36.76 V 7.51 A 29.38 V 

String B 275 W 9.25 A 38.70 V 8.74 A 31.50 V 

The MPPT algorithms are evaluated in different situations: 
tests under normal conditions and tests with partial shading. 

The tests under normal conditions were carried on clean 
days. During these tests the irradiation does not suffer sudden 
changes, and the same happens with the P-V curve of the PV 
string, which has only a MPP, as shown by the blue curves of 
Fig. 9. These are the normal conditions for the operation of a 
PV system. 

The tests in partial shading conditions evaluate MPPT 
algorithms when there is shadow on part of the PV string 
surface. Therefore, the irradiation is not the same in all cells, 
and the module is under partial shading. Thus, the curve may 
have more than one maximum, which makes the work of the 
algorithms more difficult, since only one of these maximums 
is the MPP. An example of partial shading, in a generic way, 
is illustrated by the red curves of Fig. 9. 

Fig. 5. Membership functions.  

Fig. 6. Power topology. 
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IV. EXPERIMENTAL RESULTS 

The experimental results are divided into three groups, 
according to tests under normal conditions, tests with partial 
shading and tests with commercial inverters. During each test, 
the performance of each algorithm is verified individually. 

A. Tests Under Normal Conditions 

During clean days, irradiation does not suffer sudden 
changes. The same happens with the PV curve of the PV 
arrangement, remaining almost constant and with only a 
maximum, as shown in the blue curves of Fig. 9. These are the 
normal operating conditions expected for a PV system. 

Tests under normal conditions (with string A) evaluate the 

algorithms in a clean day, with radiation and temperature 

almost constant during the test. The results are shown in 

Fig. 10 to Fig. 13. At the beginning, a P-V curve is traced. 

Thus, 65% of the P-V curve is acquired, around VMPP, in order 

to identify the MPP. During this process, and with the PSO, 

the string output voltage is imposed by increasing the duty 

cycle linearly from 0.4 to 0.9. Therefore, the string output 

voltage decreases from a value above the MPP to a value 

below the MPP, as can be seen in Fig. 12. With the other 

algorithms, the string output voltage is linearly increased from 

40V to 150V. After the acquisition of the P-V curve around 

MPP, the algorithms are enabled, always starting at 40V, as 

shown in Fig. 10, Fig. 11 and Fig. 13. 

B. Test in partial shading conditions 

This second test uses string B, because it is easier to shade 

part of the modules since it is on the ground in front of the 

laboratory. One of the three PV modules was partially shaded 

(as shown in Fig. 8). At the beginning, a P-V curve is traced 

as for tests A. After the acquisition of the P-V curve around 

MPP, the algorithms are enabled, always starting at 40V, as 

shown in Fig. 14 to Fig. 17. 

C. Tests with commercial inverters 

The purpose of these tests is to evaluate the MPPT 
algorithms of three commercial inverters available in the 
laboratory: Solis mini 700 with string A, and Sunny Boy 
SB1.5 and PIKO MP with string B. The strings were chosen 
according to the rated characteristics of the inverters. During 
this test, the photovoltaic string is connected to inverter and 
the dc voltage and current are acquired using the same set-up. 
The results, from the initialization until the steady-state 
operation around MPP, are shown in Fig. 18 to Fig. 20. 

Fig. 10. Test under normal conditions of the P&O algorithm. 

 
Fig. 11. Test under normal conditions of the IC algorithm. 

 
Fig. 12.Test under normal conditions of the PSO algorithm. 

 
Fig. 13. Test under normal conditions of the FLC algorithm. 

 

 

 
Fig. 14. Test under shading conditions of the P&O algorithm. 

 
Fig. 15. Test under shading conditions of the IC algorithm. 

 
Fig. 16. Test under shading conditions of the PSO algorithm. 

 
Fig. 17. Test under shading conditions of the FLC algorithm. 
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V. DISCUSSION

With the tests carried out, it is possible to compare some 
characteristics of the algorithms, such as precision in reaching 
the MPP, oscillation in the MPP and the ability to deal with 
partial shading problems. 

A. Ability to achieve the MPP

There is a single point of operation of the PV string that
corresponds to the MPP. For an algorithm to reach exactly that 
point it is not so simple. The closer to the MPP the algorithm 
operates, the more power is extracted from the PV string. The 
P-V curve drawn in the tests under normal conditions, before
the initialization of each MPPT algorithm, can be used to
measure how close to the MPP each technique can operating.
With the test data, using (9), where VMPP is the voltage at the
MPP of the P-V curve and VMPPT is the point at which the
algorithm operates.

Precision = 100*(1– ((VMPP – VMPPT)/ VMPP) (9) 

Using (9), the values shown in Table II were found. 

TABLE II.  PRECISION OF MPPT TECHNIQUES  

P&O IC PSO FLC 

98,2% 99,3% 99,0% 98,6% 

B. Oscillation around the MPP

One of the factors that imply the efficiency of the
algorithm is the oscillation around the MPP, as it results in loss 
of power. Using the test results under normal conditions it is 
possible to measure this oscillation. The graphs in Fig. 21 to 

Fig. 24 are a zoom of the graphs in Fig. 10 to Fig. 13 when the 
algorithm has already reached the MPP, which allows to know 
how much is the oscillation. 
The values of the power and voltage oscillations of all 
implemented algorithms are shown in Table III. 

TABLE III. POWER AND VOLTAGE OSCILATION IN THE MPP  

P&O IC PSO FLC 

ΔP 1,82% 1,77% 0,95% 1,60% 
ΔV 4,85% 4,79% 1,61% 3,70% 

C. Under parcial shadow

With the results of the tests under partial shading
conditions, as can be seen in Table IV, only the PSO algorithm 
was able to find the GMPP, while the other algorithms reached 
only a local maximum. 

TABLE IV.  ABILITY OF THE ALGORITHMS TO DEAL WITH PARTIAL 

SHADING  

P&O IC PSO FLC 

No No Yes No 

Therefore, under partial shading conditions, P&O, IC and 
FLC are not able to achieve the GMPP. The PSO algorithm is 

Fig. 18. Results with commercial inverter Solis Mini 700. 

Fig. 19. Results with commercial inverter Sunny Boy SB 1.5. 

Fig. 20. Results with commercial inverter Piko MP. 

Fig. 21. Oscillation of the P&O algorithm in MPP. 

Fig. 22. Oscillation of the IC algorithm in MPP. 

Fig. 23. Oscillation of the PSO algorithm in MPP. 

Fig. 24. Oscillation of the FLC algorithm in MPP. 
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the only one of the four evaluated algorithms capable of 
dealing with partial shading conditions. 

D. Evaluation of commercial inverter algorithms

As can be seen in the tests of commercial inverters, Fig. 18
to Fig. 20, the three tested equipment have MPPT techniques 
similar to the P&O algorithm. This can be explained by the 
ease of implementation and the robustness of the technique. 
Moreover, characteristics such as step and perturb frequency 
are defined according to the range of the input voltage. 

VI. CONCLUSION

This work presents an experimental comparative analysis 
of four MPPT algorithms of different complexity: Perturb & 
Observe, Incremental Conductance, Fuzzy Logic Controller 
and Particle Swarm Optimization. The first two are simple and 
widely used and the latest two are more complex. The simplest 
can be implemented with less processing, but on the other 
hand, they lose in accuracy. The results obtained under 
shadow effect, with more than one point of maximum power 
point, show that only the PSO algorithm is able to find the true 
maximum power point. Tests carried out with three 
commercial PV inverters seem to use of simple algorithms, 
similar to Perturb & Observe. 
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