Abstract. This paper deals with a study of a maximum power
point tracking (MPPT) technique based on the Particle Swarm
Optimization (PSO) method, which is applied to a single-phase
grid-tied photovoltaic system. Since photovoltaic panels have
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nonlinear voltage-current characteristic curves, when they are power point tracking (MPPT) [6].
submitted to partial shading conditions, it is possible appear

distinct local and global maximum power points. On the other
hand, most traditional MPPT methods are not able to find the
maximum global point for extraction the maximum power
provided by the PV array. Therefore, in order to overcome this
problem, MPPT-PSO based method is used for obtaining the
maximum global point, maximizing the power extraction in the
photovoltaic arrangements. Numerical simulations are presented
to demonstrate the effectiveness of the proposed MPPT

disadvantage of this method is the loss of energy caused
by the oscillations around the point of maximum power.

technique, when it is compared with the well-known Perturb and maximum global power point [7].
Observe (P&0O) MPPT technique.
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Due to the world growing demand for electricity
consumption, as well as environmental issues, researches
and applications have been developed in relation to
renewable energy sources use, such as hydropower,
biomass, wind, sea and photovoltaic.

Taking into account this scenario, photovoltaic energy
have been considered one of the most important available
renewable energy sources, mainly because of the
conversion of solar energy into electricity can be
considered clean and does not degrades the environment.
In addition, it has high reliability. Because of these
aspects, many countries have used grid-connected PV
systems for supplying of extra electrical energy [1]-[4]. On
the other hand, PV arrangements suffer with their
nonlinear voltage-current (IxV) characteristic curves.
Besides, they are strongly influenced by solar radiation

Another important aspect to be considered is related to
the PV array efficiency, which usually is considered low,
such as around 13% to 18%. Thus, several techniques
have been developed, in order to obtain the maximum

One of these MPPT techniques is known as Perturb and
Observe (P&0O). This method, besides having a good
power tracking, is also easy to be implemented. The main

In situations where the PV arrangements are submitted to
partial shading, this method does not ever converge to the

Thereby, this work presents an alternative MPPT

technique by using the Particle Swarm Optimization

(PSO) method [8]. The proposed technique find the

maximum global power point, when the PV arrangement
is submitted, for example, to partial shading condition.

Some MPPT PSO-based methods have been presented in
Introduction the literature [9]-[12]. However, the methodology used in
this present study covers different approach with regard

particles used to find the maximum global power point.

behavior of PV arrangements before and after partial

local and global maximum power points are presented in
section 3. In section 4 is presented the control system

Finally, the conclusions are presented in section 7.

and temperature conditions changes [5].
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to its form of implementation, as well as in the number of

The sections presented in this work are described as
follows: section 2 presents the mathematical model that
describes the nonlinear behavior of the PV system, as
well as its characteristic curves (IxV) and (PxV). The

shading condition, as well as the way for identifying the

adopted in this work, where the PV arrangement is
connected to a dc-dc Boost converter. In section 5, P&O
and PSO-based MPPT methods are described, while in
section 6, the PSO-based MPPT method is compared to
the P&O method by means of numerical simulations.
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2. PV Cell Model

The characteristics of PV cells can be represented by
distinct electrical circuit models [13]-[14]. The simplest
PV cell model can be represented by a current source
placed with an anti-parallel diode. On the other hand, in
most cases it is required the use of a model that describes
the non-linear behavior of a PV cell. It is done by
introducing both series and shunt resistances [5], as shown
in Figure 1.
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Fig. 1. Solar cell equivalent electrical circuit.

The output current of the PV cell is given by (1).
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Where:

V, I — Output voltage and current of the PV cell;
L, — Photocurrent;

I, — Reverse saturation current of the PV cell;
Rs, Ry — Series and shunt resistances;

q — Electron charge, 1.6x10™° C;

n — ldeality factor of the p-n junction;

k — Boltzmann constant, 1.38x10% J/K;

T — Environment temperature, K.

The current I,,,, represented by (2), is directly related with
the solar radiation and temperature on the PV array
surface. The reverse saturation current (I,) and reverse
current (l,,) are described by (3) and (4), respectively.
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where I is the short circuit current at STC (T, = 25 °C,
and Gg,, = 1000 W/m2); V.. is the open circuit voltage; a is
the temperature coefficient; T, is the temperature
reference, 298 K; G,,, represents the power density of the
solar radiation (W/m)2and E; is the Band gap energy, 1.1
eVv.

The solution of the equations that represents the
mathematical PV model results in the non-linear
characteristic curve 1xV of the photovoltaic cell, as shown
in Figure 2. The maximum power point (Pypp) represents
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the operation point in which the PV system operates at
maximum power.
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Fig. 2. Characteristic curve (IxXV) of PV arrangement, without
partial shading.

The parameters, such as solar radiation and temperature,
presented in the mathematic model, are considered as
inputs of the PV system, and are responsible for shaping
the characteristic curve IxV [5]. Figure 3 shows the
relationship between the PV voltage and current for
different values of solar radiation. Figure 4 also shows
the behavior of the characteristic curve IxXV considering
different values of temperature.
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Fig. 3. Characteristic curve (IxV) of PV array for different
values of solar radiation without partial shading.
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Fig. 4. Characteristic curve (IxV) of PV array for different
values of temperature without partial shading.

As can clearly be observed in the Figure 3 the PV voltage
at MPP is slightly modified for solar radiation changes,
while the PV current varies significantly. On the other
hand, from Figure 4, it can be noted that variations in the
temperature affect the PV voltage at MPP significantly,
while the PV current remains almost constant. Therefore,
when these variations are uniform, the characteristic
curve I1xV will have only one point of maximum power,
which can change according to both solar radiation and
temperature conditions. Thus, it is necessary the use of
specific techniques for tracking the PV array at maximum
power point. However, when partial shading occurs, the
energy available in the PV array is reduced. In addition,
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the characteristic curve IxV of the PV arrangement can
also be changed, appearing global and local points of
MPP. Hence, this condition can lead to improper operation
of the algorithm used to track the MPP.

3. Partial Shading of PV array

In many applications, the PV array can be associated in
series, in order to increase the output voltage of the
system. Parallel combinations of PV panels are used to
increase the output current of the system. Besides, the PV
array can combine series and parallel connections to
provide the desired voltage and current.. In this work it
was adopted three PV panels connected in series submitted
to partial shading. It was considered different levels of
solar radiation for each PV panel, such as 1000 W/mz2, 300
W/m2 and 700 W/m2. Figure 5 shows the PV array
considered in this work, and Table | summarizes its main
parameters at standard test conditions (STC) .

PV
Array

Fig. 5. Configuration of the PV arrangement.

Table . - Standard test conditions (STC) of the SolarWorld
Sunmodule Plus SW 245 PV module.

Maximum PV power Prax = 245W
Maximum power point voltage Vinpp = 30.8 V
Maximum power point current Inpp = 7.96 A

Open circuit voltage Vo =375V

Short-circuit current I, =849 A

Figure 6 shows the PxV curve of the PV system
considering the PV arrangement shown in Figure 5. As can
be observed, due to the partial shading, the PxV curve
presents multiple peaks of power, which are called as
global and local maximum power points. Therefore, an
efficient MPPT method must track the global maximum
point instead tracking in any local maximum point.
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Fig. 6. Curve P x V of the PV array with partial shading.

The PV curve presented in Figure 6 shows three points of
maximum power, such as the point of global maximum
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power (360 W), and other two points of local maximum
power (232 W and 245.3 W). Thus, the main objective of
this work is to find and to operate ever at the global
maximum power point, in order to extract the overall
available PV array energy.

4. Control configuration of the PV grid-
connected system

The complete PV grid-connected system is shown in
Figure 7. The PV array is composed of three series PV
panels connected to the step-up dc-dc Boost converter,
which is used to perform the MPPT. The electrical
energy disposable at the output terminals of the PV array
is injected into the grid as active energy. The PV system
is grid-connected by means of a full-bridge inverter with
L type filter.
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Fig. 7. PV grid-connected system.

The main goal of the Boost converter is to extract the
maximum power from the PV array. Since the dc-bus
voltage is not controlled by means of the dc-dc converter,
its amplitude could change. Thereby, the full-bridge
inverter by using the dc-bus loop control keeps the dc-
bus voltage at constant value. For this purpose the dc-bus
control operates by increasing or decreasing the reference
value of the current used to inject the active energy into
the utility grid. Thus, in conjunction with Phase-Locked
Loop (PLL) system the dc-bus loop control generates the
current reference used in the inverter current control loop
[15]. The PLL algorithm generates a sinusoidal reference,
which is synchronized with the utility voltage. Both dc-
bus and current control loops use the Proportional-
Integral (P1) controllers in their structures. The PI
controllers are designed by means of Bode diagram,
where the crossover frequency and phase margin are used
as design parameters to find the values of proportional
and integral gains [16]. Table Il summarizes the main PV
grid-connected system parameters used in the simulation
tests, including the Boost and inverter parameters, as well
as the gains of the PI controllers used in both dc-bus and
current control loops.
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Table II. - PV grid-connected system parameters.

Nominal utility voltage (rms) V=127V
Nominal utility frequency f=60Hz
Grid inductance Ls =10 uH
Inverter Inductive filter Ly =1.5mH
Resistance of inductive filter Ri=0.220Q
MPP dc-bus voltage Ve =230V
dc-bus capacitor Cyc = 2300 pF
Inverter Switching frequency fs = 20 kHz

Desired crossover frequency
(Current PI controller)

w.;= 7850 rad/s

Desired phase-margin
(Current PI controller)

PMi: 670

dc-bus PI controller gains

Kpy = 0.271; kyp = 142

Desired crossover frequency
(dc-bus controller)

W= 150.79 rad/s

Desired phase-margin

—_ o]

(dc-bus controller) PM,=88
PV filter capacitor C, =100 pF
Boost Inductance Ly =24 mH
Boost Switching frequency fsp = 30 kHz

5. MPPT Techniques -
Methods

P& O and PSO

In this section, the MPPT algorithms based on P&O
technique and PSO method are discussed.

A. MPPT-P&O Technique

P&0O method is based on periodical increment or
decrement of the output terminal voltage of the PV cell
and comparing the power obtained in the present cycle
with the power of the previous one. If the voltage varies
and the power increases, the control system changes the
operating point in that direction. Otherwise, it changes the
operating point in the opposite direction. Since the
direction of the voltage change is known, the voltage is
varied at a constant rate. The constant rate parameter
should be adjusted to ensure the balance between faster
response and less fluctuation in steady state. A scheme of
the MPPT-P&O algorithm is shown in Figure 8. It can be
observed that the changing of power and voltage varies the
duty cycle (D) of the Boost converter. The increment or
decrement of D should be adjusted to reduce the
oscillations of the system and optimize the MPPT
operation.

B. PSO optimization method

PSO is a population-based stochastic optimization
algorithm for global optimization [8]. It is based on the
behavior of social groups like fish schools or bird flocks.
The fact which is recursively exploited is that an improved
performance can be gained by interactions between
individuals, or more specifically by imitation of successful
individuals. The particles movement are based on (4) and

() [8].
vi*t = w.v¥ + @,.R,.Pbest; + ®,.R,.Gbest;  (4)

k+1

Xt = xk 4 pktl ©)
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Input:
I(t)
V()

(D) = V(D) * 1(t)
AV = V(1) - V(t-1)
AP = P(t) - P(t-1)
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Fig. 8. Scheme of the MPPT-P&O algorithm.

where: v is the adjusted speed of the particle; @, and @,
are the acceleration coefficients regarding the best
particles and the best global positions influences in the
velocity updating, respectively. R, and R, are random
variables with uniform distribution; R; and R, € [0, 1];
Pbest and Gbest are the best global position and the best
local position found until the ith iteration by fitness
function, respectively; w is the inertia weight of the
previous velocity in the present speed calculation. In
order to elaborate further about the inertia weight it can
be noted that a relatively larger value of w is helpful for
global optimum, and lesser influenced by the best global
and local positions, while a relatively smaller value for w
is helpful for convergence, i.e., smaller inertial weight
encourages the local exploration as the particles are more
attracted towards Pbest and Gbest. Hence, in order to
achieve a balance between global and local search
abilities, a linear inertia weight decreasing with the
algorithm convergence evolving was adopted, which has
demonstrated good global search capability at beginning
and good local search capability latter iterations.

In the MPPT PSO-based the initial particles values of
voltage magnitudes are obtained within the PV system
range of operation. Besides, the outputs reference (V.¢f),
given by (6) are the voltages when occurs the
convergence of the method.

x* = [Vrkefl VrkefZ Vrkefn] ©)

where n is the number of particles of the PSO method.
The PSO convergence is based on the objective function
or fitness function. In this work the objective function

compares the power delivered the PV system with the
power delivered from the PV in previous iteration, as

shown by (7)

Ppkv > Ppkv_l (7)
Finally, the stopping criterion is defined in (8),

1 _pk ®)

P
P> AP
23
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where Pp,,"‘1 is the power obtained in the previous
iteration; Pp’ﬁ, is the power obtained in the actual iteration
and AP is a minimum error. It was considered AP = 0.1.
The suitable values for the PSO input parameters, such as
acceleration coefficients, @, and @, weight inertia, w, and
population size, regarding to the MPPT optimization
problem are illustrated in the Table I1l. These parameters

are obtained in the literature [8].

Table Ill. - Parameters of the PSO Method

Parameters Value
0, 2
0, 1.8
w 0.8
Number of particles 3

The algorithm of Figure 9 describes the functioning of
MPPT-PSO technique applied in this work.

After the generation of the PV reference voltage V., it is
compared with the voltage of the actual PV system. A PI
controller is used to minimize the error, by adjusting the
output voltage of the Boost converter acting on the duty-
cycle.

Initialize randomly Initialize randomly
the position the velocity
of the particles of the particles

Calculates the new
—» velocity of each
particle Eq.4

Calculates the new
position of each
particle Eq.5

Compute power of
particles

— \

Reset the
particles

Fitness check
Eq.7

No

Updates
Pbest and Gbest

Fig. 9. Flowchart of the PSO method applied to the PV system.

6. Simulation Results

Considering the PV arrangement presented in Figure 5,
three tests were carried out for different solar radiation
conditions:

e Case 1: 3 panels with 1000 W/mz;

e Case 2 : 1 Panel with 1000 W/m?, 1 with 700
W/mz2 and 1 with 300 W/m?;

e Case 3: 1 Panel with 1000 W/m2, 1 with 500
W/mz2 and 1 with 750 W/m2.

In Figure 10 are presented the PxV curves of the PV
arrangement for the three conditions of solar radiations.
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Fig. 10. PxV curves of the PV arrangement for the cases 1, 2
and 3.

Figure 11 shows the power extracted from the PV
arrangement  using the MPPT-P&O technique,
considering variations on solar radiation over the time in
according with the three presented cases. It is noted that
the MPPT-P&O extracts the maximum power from PV
array for the case 1 (735W) and for the case 3 (404W).
This happens because the behavior of the PV
arrangement during the initialization has only one point
of maximum power (global). However, at the moment of
transition from the case 1 to the case 2, there are other
points of local maximums, and the MPPT-P&O
algorithm  converges to the closest maximum power
point, extracting a maximum power of 244 W. During the
transition from case 2 to case 3, the operating point of the
actual system converges to the global maximum power
point of the case 3 (404 W), which at the moment is the
closest point to convergence. Finally, in the transition
from case 3 to case 1 the MPPT-P&O technique
converges to the global point of maximum (735W),
because there is no local maximum power point. During
the simulation, it can be noticed that the MPPT-P&O
technique generates greater oscillation on the PV power
when compared with the MPPT- PSO technique. The
oscillations occur due to the increment and decrement of
the duty cycle used to control the Boost converter. Figure
12 shows the PV operation points, in which the system
converges after the transitions between the three
presented cases considering partial shading conditions.
Figure 13 shows the maximum power point tracking of
PV considering the MPPT-PSO technique. As can be
noted the method has converged to all maximum global
points. Fig. 14 shows the convergence operation point, in
which the PV system has converged after the transitions
between the presented cases, considering partial shading
conditions.

Figure 15 shows the injection of power into the grid
obtained from the energy extracted the PV system by
using the MPPT-PSO technique. As can be noted the
injected current into the grid is in opposite phase to the
utility voltage.
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Fig. 11. PV power extraction using P&0O MPPT technique.
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Fig. 14. Convergence operation points during the transitions
between the three cases using the MPPT-PSO method.
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7. Conclusion

The proposed MPPT-PSO technique achieved better use of
the available energy provided by the presented PV system.
It was possible the extracting of the global maximum
power from the PV array considering partial shading
conditions. In addition, it was observed a smaller power
oscillation around the power drained from the PV array at
the MPP in steady state. In real conditions, it is not
feasible to disregard the effect of partial shading in PV
arrangements, which can cause significant impacts on the
PV array power extraction. Thus, the MPPT-PSO
technique proposed in this work proved to be robust and
efficient in relation to the extracting of the maximum

power in PV arrays submitted to partial shading
conditions.
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