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Resumo

Os algoritmos de rastreamento do Ponto de Poténcia Mdxima (MPPT) tém grande relevancia
para o rendimento otimizado em sistemas fotovoltaicos conectados a rede. Muitos algorit-
mos foram investigados. No entanto, existe uma grande dificuldade em encontrar andlises
comparativas com resultados experimentais entre as diferentes técnicas, ja que grande parte
das pesquisas se baseiam em revisdes da literatura ou em simulacao.

Este trabalho apresenta um anélise experimental entre quatro técnicas MPPT, que estao
entre as mais discutidas na literatura: duas das mais simples (Perturb & Observe e Con-
dutancia Incremental) e duas das mais complexas (Particle Swarm Optimization e Fuzzy
Logic Controller). Sdo utilizados ainda inversores comerciais disponiveis para teste em labo-
ratério, com objetivo de entender qual algoritmo MPPT é utilizado, o seu funcionamento e
procedimento de inicializacao.

Todos os algoritmos sdo implementados e validados durante testes experimentais, sob
condicoes reais, as quais operam os sistemas PV. Os testes buscam ainda garantir as mesmas
condicOes experimentais, para que a avaliacdao de desempenho de cada algoritmo reflita o
seu real desempenho em rastrear o ponto de méxima poténcia.

Os testes experimentais sdo divididos em 3: testes em condi¢cdoes normais, testes em
condi¢cdo de sombreamento parcial e testes com inversores PV comerciais.

Para a sua implementacao, utilizou-se uma estrutura de poténcia baseada em um conver-
sor DC-DC elevador ou conversor Boost, e um inversor monofasico de ponte completa. O
controle e leitura dos sinais é implementado utilizando o Simulink® e dSPACE 1103, placa
controladora em tempo real. Além disso, as técnicas MPPT de trés inversores comerciais

também sao analisados.
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Abstract

Maximum Power Point tracking algorithms (MPPT) have great relevance for the optimized
performance in photovoltaic systems connected to the grid. Many algorithms have been
investigated. However, there is a great difficulty in finding comparative analyzes based on
experimental results between the different techniques, since most of the research is based on
literature reviews or simulation.

This work presents an experimental analysis between four MPPT techniques, which are
among the most discussed in the literature: two of the simplest (Perturb & Observe and
Incremental Conductance) and two of the most complex (Particle Swarm Optimization and
Fuzzy Logic Controller). Commercial inverters available for laboratory testing are also used in
order to understand which MPPT algorithm is used, how does it work and how is it initialized.

All algorithms are implemented and validated during experimental tests, under real condi-
tions, which operate the PV systems. The tests also seek to guarantee the same experimental
conditions, so that the performance evaluation of each algorithm reflects its real performance
in tracking the maximum power point.

The experimental tests are divided into 3: tests under normal conditions, tests under
partial shading condition and tests with commercial PV inverters.

For implementation, a power structure based on a DC-DC Boost converter and a single-
phase full-bridge inverter was used. The control and reading of the signals is implemented
using Simulink® and dSPACE 1103 real-time controller board. In addition, three MPPT

techniques of commercial inverters are also analyzed.
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Chapter 1

Introduction

Concerns about the effects of air pollution, energy security and access to energy are growing.
Moreover, volatile oil prices in recent years have intensified the search for alternative low-
carbon technologies, such as renewables.

The generation of renewable sources has expanded faster than the generation of any other
fuel. In Figure 1.1 it is possible to observe its growth over the last few years and the energy

transition through which the world has been passing.
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Figure 1.1: Renewable generation capacity and energy transition [1].

In 2019, renewable electricity generation increased by 6%, with solar photovoltaic and

wind technologies, which together accounted for 64% of this growth. Photovoltaic solar
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energy, on the other hand, had a generation increase of more than 22% from 2018 to 2019,

thanks to continued support for cost reduction policies [2].

1.1 Photovoltaic Solar Energy

Photovoltaic energy has become increasingly known and used to generate electricity. It can
be obtained from the direct conversion of sunlight, even on cloudy days, using photovoltaic
cells. Today, it is one of the fastest growing renewable energy technologies and is ready to play
an important role in the future global diversification of electricity generation [3].

Photovoltaic systems can be used to supply electricity on a large scale, for commercializa-
tion or even on small scales for individual consumption. The use of photovoltaic solar energy
for individual consumption is an excellent way to provide access to people who do not live
close to power transmission lines [3].

The installed capacity of solar photovoltaic energy in the world has grown considerably in
recent years, reaching the 580 GW mark at the end of 2019, exceeding the number in 2010 by
more than 10 times, as shown in Figure 1.2. These new additions to installed capacity were
the highest among all renewable energy technologies for the year [1].

(Mw)

600K
500K
400K
300K Solar Fotovoltaica
200K

100K

0K
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Figure 1.2: Photovoltaic energy capacity installed in recent years [4].
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The cost trends of a photovoltaic system and its demand are important factors to improve
the technology’s competitiveness. Historically, the downward trend in system costs continued
in 2019. Between December 2009 and December 2019, module prices fell and this weighted
reduction in average cost may be in the order of 90% during this period [1].

The reason for a preference for solar energy over other technologies has been, among other
reasons, its marked cost reduction curve that continues to decrease, as shown in Figure 1.3.
The more efficient the system is, the lower the cost of the energy generated.

350 —
300 —
250 —

200 —

USD/MWh

150 —

100 — ~

50 —

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Solar — Wind CCGT — Coal Nuclear
Figure 1.3: Cost of solar electricity generation compared to other sources [5].

1.2 Photovoltaic Systems

Photovoltaic systems can produce electricity without causing major environmental risks [6].
However, the wide acceptance, use and photovoltaic generation of electric energy are limited
by the cost of production. Although this cost depends on the type of photovoltaic system
used, it is also directly linked to its general efficiency and, with this, the delivery of greater

energy [6].
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A photovoltaic system, as shown in Figure 1.4, is composed of photovoltaic modules
and energy conversion devices, such as photovoltaic inverters. Consequently, the solar cell
is the basic element in the system, converting solar radiation into electricity. The system
can also count on energy storage, to be available in the absence of solar radiation. In this
case the energy produced by the PV string must be partially stored, usually using batteries.
Electronic power circuits are also necessary to adapt, manage and distribute the generated

energy. Equipment such as load controllers and inverters perform this function [7].

AC
R .. : e
~N, (= = =)
O
—

Solar Panel DC/AC Inverter Loads Grid

Figure 1.4: Photovoltaic conversion system.

1.2.1 Photovoltaic Modules

The photovoltaic cell, also called the solar cell, is an electronic device that converts sunlight
directly into electricity. This technology was invented in 1954 at Bell Telephone Laboratories
in the United States [3].

The photovoltaic modules are composed of several photovoltaic cells connected in series
and in parallel. The type of connection depends on the voltage and current for which the
energy processing system is to operate. The correct choice of the values of these electrical
variables is of fundamental importance to determine the efficiency of the converters that
condition the energy produced to feed the AC mains, loads, or recharge the battery [8].

The photovoltaic modules behave as a non-linear source and, as you can see in Figure 1.5,
depending on the incident radiation and temperature, their electrical characteristics undergo
great changes. This characteristic means that they are usually not used directly as an energy

source, as the output power depends on several variables, such as the load to which it is
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connected and climatic conditions [6]. Due to these characteristics, energy converters are

used.
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Figure 1.5: Characteristics of a PV module for different radiations: (a) I-V curve and (b) P-V curve.

1.2.2 Photovoltaic Inverter

In some cases, a photovoltaic string is connected directly, however most are equipped with
energy conditioning circuits between the generation stage and the loads [9]. The photovoltaic
inverter is the equipment that conducts this energy conditioning of the system, especially
those connected to the grid. Its main function is to convert the DC energy, generated by the
PV panels, into AC energy, synchronized with the grid [10]. These devices have a great impact
on the photovoltaic system, since the cost of the technology is linked to its efficiency. In
addition, the photovoltaic modules are not linear sources, as shown in Figure 1.5, and their
electrical characteristics suffer great variation with climatic changes. Inverters have different
conversion stages, but normally, they have DC / DC converters operated with MPPT algorithm,
to circumvent changes in the characteristics of the source and extract the maximum available

power [9].
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When the inverter does not have an MPPT algorithm to operate at the maximum power
point, the photovoltaic system can have its efficiency drastically reduced, since the mpp

changes according to the climatic conditions.

1.2.3 Maximum Power Point Tracking (MPPT)

The output of the photovoltaic cells has limited current, voltage and power. In a stable state of
solar irradiance and cell temperature, there is a single point of operation where the voltage and
current output results in the maximum output power. When a power cell voltage graph of a
photovoltaic cell is plotted, generating the P-V curve, the peak power can be easily recognized.

In most photovoltaic systems, an MPPT algorithm is employed for the maximum available
power to be used. The real-time operation is to control the power interface on the PV side
so that the operational characteristics of the load and the photovoltaic panel are always
combined in the MPP. The purpose of the control is to maximize the production of energy to

obtain the highest energy extracted at any time.
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1.3 Objectives

The mains objectives of this work are as follows:

* Perform tests with commercial PV inverters, observing their behavior when connected
to a PV string and injecting power into the power grid. In this way, to verify the behavior
of the MPPT algorithms present in commercial PV inverters available in the laboratory

for testing.

* Analysis between four MPPT algorithms, which are widely discussed in the literature:
Pertub & Observe, Incremental Condutance, Particle Swarm Optimization and Fuzzy
Logic Controller. These techniques are analyzed based on experiments that guarantee
similar test conditions for each of the MPPT algorithms, in order to verify the perfor-

mance of each technique. The tests are defined as follows:

- Tests with constant conditions of radiation and temperature on the photovoltaic
panels: This test makes it possible to compare the oscillation and precision in
reaching the maximum power point (MPP);

- Tests with partial shading conditions: This test verifies which technique is capable
of solving the problems generated by shading in part of the PV string and reaching

the point of maximum global power (GMPPT).

* Experimental validation and analysis with the control interface, in real time, integrated
with Simulink®, and with a POWEREX power kit, which includes a power module with a
DC / DC converter and a voltage inverter. The ControlDesk program was also used with

the dSPACE controller to develop the monitoring and control interface at the user level.
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1.4 Thesis structure

Chapter 1: Introduction

- Contains contextualization about the current panorama of photovoltaic energy in

energy matrix and the role of maximum power algorithms in a system photovoltaic.

Chapter 2: State of art

— Contains review of the literature on MPPT algorithms for inverters connected to
the grid, mainly the four techniques used for the analysis: Pertub & Observe, In-

cremental Condutance, Particle Swarm Optimization and Fuzzy Logic Controller.

Chapter 3: Theoretical background

- It contains a brief explanation of theoretical concepts that helped in the con-
struction of the thesis, such as Modeling a cell, Boost Converter and Proportional

Integral Derivative Control.

Chapter 4: Methodology

— It shows the power structure used, its relevant components and the implementa-

tion of MPPT algorithms.

Chapter 5: Experimental results

- Contains the results obtained from the implementation of MPPT algorithms with

dSPACE, a real-time control interface, and with the proposed power structure.

Chapter 6: Analysis and discussion

Chapter 7: Conclusion



Chapter 2

State of the Art

This chapter presents the state of the art of algorithms for tracking the maximum power point

applied to photovoltaic inverters, explaining the different techniques commonly used.

2.1 MPPT algorithms

The first MPPT system was introduced in 1968 for a space system, over the years, several MPPT
algorithms have been developed and widely adapted to determine the maximum power point,
mainly for applications in photovoltaic inverters. The most used control techniques consist
of acting automatically in the duty cycle, reaching the ideal point of the source, regardless of
variations in weather conditions or sudden changes in loads, which can occur at any time [11].

This control for tracking the maximum power point places the system operating as close
as possible to the voltage and the current at the maximum power point (MPP), respectively,
Vinpp and Iypp. The principle used in the MPPT technique is to match the conductance or
resistance between the source and the load. In systems connected to the grid, the relationship
between the load and the generator is not direct, so in this case, the load is equivalent to the
power extracted from the photovoltaic generation [11].

Most loads powered by a PV source require variable voltage or current. When they are
directly coupled to the photovoltaic generator, their impedance cannot always be adjusted for
the purposes of the MPPT. However, when a power interface is connected between the load
and photovoltaic generator, load conductance or impedance in the photovoltaic generator
can vary through energy conversion. Evolution is demonstrated in Figure 2.1, in which a
power interface is used between the photovoltaic generator and the load.

With a fixed load, as illustrated in Figure 1.5 (a), the characteristics VI are defined by the
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] Power
2> Y £ =) ey =

(a) (b) (c)

Figure 2.1: Evolution of maximum power point tracking: (a) Fixed load; b) Variable load; (c) Controllable power
interface.

source and it is not possible to track the maximum power, in Figure 1.5 (b), the operating
point can be changed by varying the load resistance, but it is necessary to find the MPP point
manually, since it is not fixed and changes according to the weather conditions to which the
PV cells are exposed.

A power converter, as shown in Figure 1.5 (b), can change the I-V characteristics of the
input to the output and provide equivalent resistance to match the MPP point on the PV
output terminal. This is the fundamental approach in the latest MPPT technologies [9].

The solar irradiance and the cell temperature significantly affect the MPP. Dynamic track-
ing is necessary to track unpredictable changes in environmental conditions, particularly
solar irradiance, as the cell temperature generally varies with a slower dynamic than irra-
diance. Furthermore, the diversity of materials used in the construction of a photovoltaic
cell means that each one has different V-I characteristics[9]. Switched power converters are
generally used as an interface for the generation of photovoltaic energy. Using these electronic
circuits, unwanted ripples can appear at the output terminals of the photovoltaic modules,
thus making dynamic tracking difficult and reducing their efficiency.

The main components of the MPPT circuit are its power stage and the controller. The
configuration of the MPPT scheme is represented in Figure 2.2. The input voltage of the power
stage Vpy and the current I,y are used by the controller for MPP tracking purposes. In this
case, the control of the power stage, based on the voltage or current, where they are changed
continuously until the photovoltaic panel reaches or is close to its MPP [11].

Many methods have been developed to determine the maximum power point, some of

which are:
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2.1. MPPT algorithms

v

MPPT Controller

Figure 2.2: System with power interface and MPPT.

MPPT control based on proportionality relationships.

Perturb & Observe.

Incremental Conductance.

MPPT control based on Optimization algorithms.

— Particle swarm optimization (PSO).

MPPT control based on artificial neural networks.

Fuzzy Logic Controller.
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Chapter 2. State of the Art

2.2 MPPT Based on Proportionality Relationships

These methods are based on the electrical characteristics of the photovoltaic modules, V¢
and I and, based on these values, define an operating point. These algorithms that work in
open loop and have low execution complexity.

For the implementation of this technique, it is considered that the temperature is con-
stant or as it varies slowly, and that the radiation changes are not large enough to alter the
characteristics of the MPP.

The Figure 2.3 shows the variation of MPP as a function of radiation and temperature.

A A

Power (W)
Power (W)

\ 4
\ 4

Vmpp Vmppl Vmppﬁ
Voltage (V) Voltage (V)
(a) Variable radiation and fixed temperature (b) Fixed radiation and variable temperature

Figure 2.3: Characteristics of the PV curve with: (a) Variable radiation and fixed temperature; (b) Fixed radiation
and variable temperature [11].

2.2.1 Constant Reference Voltage Algorithm

It is one of the simplest techniques, which consists of comparing the voltage of the panel Vj,y
with a reference voltage corresponding to an ideal voltage Vinpp. The error between these
voltage values is used to adjust the operation of the power converter. The reference voltage is

given by the following equation:

12



2.3. Perturb & Observe

Viet = K3.Voc 2.1

where Kj is a constant (0.71<K;<0.78) [11].

2.2.2 Constant Reference Current Algorithm

It is also one of the simplest techniques, similar to the method discussed in 2.2.1, which
consists of comparing the output current of the panel I,,, with a reference voltage correspond-
ing to an ideal current I,pp. The error between these current values is used to adjust the

operation of the power converter. The reference current is given by the following equation:

Lot = K. I (2.2)

where K> is a constant (0.78<K,<0.92) [11].

2.3 Perturb & Observe

The Perturb & Observe (P&0O) method is the most popular algorithm and belongs to the class
of direct MPPT techniques. This technique applies a small disturbance to the system in order
to follow the path that leads to the point of maximum power [11].

Itis awidely used algorithm due to its ease of implementation. This is a continuous process
of observation and disturbance until the point of operation converges to the MPP [12].

As it can be seen from the flowchart of Figure 2.4, the algorithm compares the power and
voltage at time k with the samples at time k-1 and, based on this information, it traces the path
for MPP. A small voltage disturbance alters the power of the photovoltaic panel. If this power
change is positive, the algorithm continues to increase the voltage, but if the power change is
negative, this indicates that the MPP is in the opposite direction, so the algorithm starts to
decrease the voltage. In this way, part of the PV curve is checked for small disturbances to

find the point of maximum power.

13



Chapter 2. State of the Art

The greater these disturbances, the faster the MPP is reached, however, the greater the
oscillation around it.
Many researches propose modifications to the P&O algorithm to overcome problems

such as oscillations around the MPP and its response time during variations in the power

curve [12].

Start
v
Measure: Vpv, Ipv
Calculate: Ppv

v

dP = P(k) - P(k-1)
dv="V) - V(k-1)

Vi) = vik-1)+av| v = vie-D-av| vk = vien+av| v = vie-av |

Figure 2.4: Flowchart of MPPT P&O.

In this case, the control is done by voltage, and for the current control case, the reasoning
analogous to that shown in the flowchart of Figure 2.4 is used. However the P-I curve is almost

constant to the left of the MPP, which makes the use of the current reference unviable.
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2.4 Incremental Conductance

The Incremental Conductance method is a technique that requires greater precision from the
sensors and focuses directly on variations in power [7]. This algorithm requires voltage and
current readings from the output of the photovoltaic modules to calculate the conductance,
equation 2.3, and the incremental conductance, equation 2.4.

By comparing the values obtained, the decision is made to increase or decrease the PV

voltage to track the MPP.

AGG = AL/ AVpy (2.4)

The decision to increase or decrease the voltage is made based on the characteristic
derivatives, P-V or P-I of the PV string. Through the curve, it is observed that, when the
operating point is to the left of the MPP, the value of the derivative of the curve, in relation to
the voltage or current, assumes a negative value, while the point is to the right of the MPP, the
derivative assumes positive value, and when working in MPP it assumes zero value, as shown

in the equation 2.5.

AGG =-GG, in MPP

Y AGG > -GG, left of the MPP (2.5)

AGG < -GG, right of the MPP

The algorithms work as shown in the flowchart of Figure 2.5, comparing the conductance
and the incremental conductance to decide when to increase or decrease the PV voltage to
track the MPP [11].

In this case, the control is done under voltage, and for the current control case, the
reasoning analogous to that shown in the flowchart of Figure 2.5 is used. However the P-1
curve is almost constant to the left of the MPP, which makes the use of the current reference

unviable.
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Start
v
Measure: Vpv, Ipv
v
dl = I(k) - I(k-1)
adv="V) - V(k-1)

V) = Vik-1)+dv | Vi) = Vik-1)-av Vi) = Vie-1)+dv | Vi) = Vie-1)-av |

Figure 2.5: Flowchart of MPPT IC.

2.5 Particle Swarm Optimization

Particle Swarm Optimization (PSO) is one of the swarm intelligence techniques that uses
stochastic variables based on population for solving optimization problems [7].

This algorithm was developed by Kennedy and Eberhart in 1995 and works by researching
the space of a function, adjusting the trajectories of individual agents, called particles, because
these trajectories form fragmented paths in an almost stochastic manner. Each particle is
attracted to the position of the maximum global, and the best location in history, and at the
same time, it has a tendency to move randomly [13].

The PSO algorithm was not designed for applications in photovoltaic systems, however it
can be adapted to work as an MPPT algorithm. This technique works by searching the space
of a function, using particles and each one has its position adjusted as better points are found.
In PV application, it correspond to adjust the duty cycle of the DC-DC converter for each
particle at a point on the PV curve, looking for the point of maximum power.

The population is called the swarm and its individuals are called the particles [13]. The

swarm is defined as a set in equation 2.6, N is the number of particles, and each one is
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associated with a duty cycle, which assume equidistant values during initialization, values

between 0 to 1, respecting the limitations of the DC converter used.

D={d dy,...di}, i=12,.N (2.6)

When imposing a duty cycle, the algorithm makes that, analogously, we have a function of

the power extracted by the duty cycle, as shown in the equation 2.7.

fO@)=p, i=12..N 2.7)

The algorithm works with iterations, and during each one, the dutty cycle of each particle
is used, so that afterwards it is compared to was the one that obtained the best result, in this
case, the best power [14]. The duty cycle that provides the best value during each iteration is
stored in the variable Gy, equation 2.8, and the best value for each particle is stored in the

vector pyj, as shown in the equation 2.9.

Gp = max(f (D) (2.8)
povi = [max(p1), max(ps), ... max(px)l, i=12,..N (2.9

It is assumed that the particles move within the P-V curve, iteratively. This is possible by
adjusting its position. This adjustment is called speed, described by the equation 2.10, where
R; and R, are random values between 0 and 1. The parameters c; and c, are the acceleration
constants or learning parameters. They typically use ¢; = ¢ = 2 [13]. During the first iteration,

the speed assigned to each particle is 0.

vi(t+1) = vi(2) + 1 Ry (ppi(8) — di(1) + c2 Ry (Gp (£) — di(2)) (2.10)

Each particle has a speed adjustment according to its duty cycle and previous position.

The adjustment is given by the equation 2.11.
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di(t+1)=di(t) + vi(t+1) (2.11)

The flowchart shown in Figure 2.6, illustrates the process of each iteration of the PSO

algorithm.

Initialization of the particles
Di ={dx1,dx2, ...dxi}, i=1, 2, ..N
vi={0,0, ...

pg =

<

| dutty-cycle = Di |

v
[ Measure: Vpv, Ipy Je——
v

Calculate: Ppv
Ppv=Vpv* Ipv

Reinitialize
the particles

Is the
reboot condition

Pg and Gb

and global fit Update

ness
9

All particles
evaluated?

Update the location
and velocity vectors

Next iteration

Figure 2.6: Fluxograma do MPPT PSO.
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2.6 Fuzzy Logic Controller

Fuzzy logic is a part of artificial intelligence associated with reasoning algorithms and its
main objective is to imitate human thought patterns and their decision-making skills [15].
Fuzzy logic algorithms are often used in situations where process data in binary form are not
applicable for finding a solution. the FLC can translate inaccurate statements into concepts
that are more accurate, and therefore, make logical sense. So, for example, when we discuss
distance, a nearby location, for a controller with fuzzy logic, has an indication of the degree
of distance between near and far. Knowing this information, the distance is more precisely
determined, and, in terms of binary logic, we would have only two answers, which are near or
far.

The Fuzzy logic controller algorithm (FLC) is divided into 3 main parts, which are: fuzzifi-

cation, rule base and defuzzification. Figure 2.7 shows the block diagram of the algorithm.

Rule Base

}

Fuzzification = Inference Engine =——Pp  Defuzification =P

Figure 2.7: Flowchart of MPPT FLC.

For applications in MPPT algorithms with FLC, two numerical inputs are generally used:

the voltage variation, AV y, and power variation, APy,y, as show by equations 2.13 and 2.12.
Ava:Avpv(t)_Ava(t_l) (2.12)

Ava:Ava(t)_Ava(t_l) (2.13)

During the first stage, fuzification, the numeric entries are converted into linguistic vari-
ables based on membership functions [15].

In this stage, triangular association functions can be used for the inputs and also for the
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outputs. The two input variables are converted into linguistic values: Large Negative (NB),
Small Negative (NS), Zero (ZE), Small Positive (PS) and Large Positive (PB) [16]. Mamdani'’s
method is commonly used for fuzzy inference. The Defuzzification, the centroid method. The

rule base is given based on the application.
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Chapter 3

Modeling a PV panel and Power Interfaces

This chapter presents concepts relevant to understanding how photovoltaic modules and

power interfaces can be modeled and controlled.

3.1 Modeling a PV module

The PV solar module can be represented as an ideal PV solar cell with a current source Iy,

parallel to a diode as shown in Figure 3.1 [17].

/
—»" 5
Iph Id +

A

Vou

O

Figure 3.1: Equivalent circuit of ideal model.

Using Kirchhoff’s first law, the output current can be described:

Ipv = Ipn — I (6.1

From semiconductor theory, the fundamental mathematical equation that describes the
[-V characteristic of the photovoltaic, known as the Shockley diode current, is shown by the

equation 3.2 [18].
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Id:.ls*

exp (ﬂ) - 1] (3.2)

Using the equation 3.1 in 3.2, equation is obtained:

Iph = Iph — Is *

qVoc
— -1 3.3
eXp(NsKATo) ] (5:3)

For any physical system, PV cells can be modeled with different levels of accuracy [19]. In
the ideal case, the solar cell provides a very good approximation current generated by photons,
which is directly proportional to lighting intensity and irradiance [17]. This model does not
take into account parameters present in the behavior of a real PV cell. For this, there are more
realistic models, such as the single diode model (SDM), with shunt and series resistances,
that is generally used to model monocrystalline silicon cells [19]. The equivalent circuit of
this model is shown in Figure 3.2, in which the addition of a series resistance R; and parallel

resistance Ry, to the ideal model, already shown in Figure 3.1.

R /pv
lon lq I +
R Vov

Figure 3.2: Equivalent circuit of single-diode model.

The series resistance R; represents the voltage drop in in semiconductors, metallic parts
and circuit connections. R, is the parallel resistance and is associated with the infiltration
current due to the cell thickness, and assumes high resistance values.

Considering Ry, and how R;, assuming high values, the model can be simplified considering

as an infinite resistance value. Current equation of the diode 3.2 is now given by the equation

3.4.
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3.1. Modeling a PV module

qVOC + IpvRS ) ]
Ii=IL;* |lexp| —————| - 3.4
d s p( N, kAT, (3.4)
With this change, the current I, is given by the equation 3.5.
qvoc + IpVRS )
Ly=Ih—I*|exp| ———————| — 3.5
pv ph S p ( N kAT, 3.5)

In modeling PV cells, there are parameters that need to be determined. These parameters
depend on the selected model of the PV module. The photocurrent, I, is linearly dependent

on solar radiation and influenced by temperature, as described by the equation 3.6.

G
Ipv = I+ k(To— Tp) * ( ) (3.6)

ref

The reverse saturation current I, and the saturation current I; are calculated using:

qVOC
Is=1 -1 )
rs sc/ eXp(NskATo) ] (3.7)
. 3 (qu 1)(1 1) 3.8
= ¥ | —| *xex - === .
sTisT T P\ ", )\T. "1y

Where A is the ideality factor of the diode and Eg the energy band gap. All of these values
refer to the chosen module model and its manufacturing characteristics.

Iph: Current generated by the incident light[A]

I4: Diode saturation current[A]

Rs: Cell parallel(shunt) resistance[ohm]

Ry, Cell series resistance[ohm]

Ns: Number of PV Cells connected in series

A: Diode quality(ideality) factor

k: Boltzmann’s constant(1.381x10e-23) [J/K]

q: Charge of the electron(1.602x10e-19) [C]

To: Kelvin Temperature at standard test condition [K]
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3.2 Boost Converter

The Boost converter is used to raise the input voltage to the desired voltage. The input for this
converter can be from any DC source like solar modules. The circuit diagram of the Boost

converter is shown in Figure 3.3.

L D
T —P—1— + Vo

, +
Vi _SI | == | Load
C
@

Figure 3.3: Circuit of Boost converter.

With switch S closed, the inductor is charged by the input source and stores energy. In this
mode, the energy stored in the inductor gradually increases, so the charge and discharge of the
inductor can be considered linear. The diode, on the other hand, blocks the flow of current,
and thus the load current supplied remains almost constant due to capacitor discharge [20].

When switch S is open, the diode becomes polarized. The energy stored in the inductor is
discharged through the diode and charges the capacitor. The capacitor now supplies voltage
when charged. The charging current remains almost constant throughout the operation [20].

Equating the output and input voltage of the Boost converter, and D being the duty cycle

of switch S, we have:

V—( Vi ) (3.9)
°l1-D ’

In general, PV string inverters have a boost converter at the input. It is responsible for
adjusting the duty cycle in order to fix the point of operation of the row, very close to the point

of maximum power. This setting of the operating point is what is called the MPPT algorithm.
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3.3 Proportional Integral Derivative Control (PID)

A PID controller can be considered an extreme way of a phase compensator with a pole at the
origin and the other in infinity. Likewise, the PI controller, and the PD can also be considered
as extreme form of delay compensator or phase advance, respectively. Figure 3.4 shows the

block diagram of a parallel PID controller [21].

—> Kpe(t)

+
r(t) e(t) [ K fe(nd + u(t) -~ y(t) >
" +T
5 KD de(t)

Figure 3.4: Parallel PID Controller.

A standard PID controller has its transfer function usually written in parallel, given by the
equation 3.10. Using the proportional, integral and derivative gains.

G(s) =Kp+ K1 +Kps (3.10)

)

The three gains are highlighted by the following:

* Proportional gain (Kp) - action proportional to the error signal through the gain factor.

e Integral gain (Kj) - reduces steady-state error through a low frequency compensation by
an integrator.

¢ Derivative gain (Kp) - improves transient response through high frequency compensation
by a differentiator.

The PI controller, which is derived from the PID, can be used to control power convert-
ers. The Figure 3.5 shows an example of application of the control, where a PI controls the

input voltage of the DC / DC converter based on the voltage reference decided by an MPPT
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algorithm.

l- __________________ =1
i DC/DC Converter :
| (Step-up) A i
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+ ' |
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I :
- ! l
L] | :
Voltage controlled
VvV |l V

V. =
MPPT f+ PI PWM

Figure 3.5: Parallel PID Controller.
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Chapter 4

Experimental tests of MPPT algorithms

This chapter describes the power converter topology used during the tests and its relevant
components, such as the DC-DC and DC-AC converters and their control algorithms, pho-
tovoltaic modules and power grid. Commercial PV inverters used in the tests and their

characteristics are also described.

4.1 Power converter topology

The converter topology used for the experimental tests of the MPPT algorithms, follows the
simplified block diagram, shown in Figure 4.1, composed of a photovoltaic string, followed by
a bidirectional DC-DC converter, configured as a converter Boost, then a full bridge DC-AC

inverter and an LC filter, before connection to the grid.

PV string Step-up Voltage Source LC Filter

converter Inverter ‘
T

AVl

AC [~

Figure 4.1: Block diagram of the power structure.

The structure with all the electrical connections and topologies of the converters is shown
in Figure 4.2. In the next topics, additional explanations about the most relevant parts of the

applied power topology and the components used in the tests are presented.
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Step-up POWEREX PM75RLA120 IPM
P Converter Voltage Source Inverter
—+ Always
OFF | 3 5
+| Ca )
- " Isolation
== Vv LC filter transformer
L u T3
r—e— I = %" Grid
I:I -
PV J_ <
string ma > Ve
C 2 4 6
N
Vil |1y
MPPT Algorithms Voltage Oriented Control vf’
P&O, IC, FLC, FLC Current control in dq frame le

)

dSPACE 1103 Real-time Controller Board & Simulink )

Figure 4.2: Power converter topology.

4.1.1 Photovoltaic Strings

For the tests, two PV strings were used, shown in Figure 4.3, which are formed by photovoltaic
modules of different number and models. The String A model is composed of 5 Fluitecnik

FTS220P modules, while String B is composed of 3 REC Solar REC275PE modules.

Model A

Figure 4.3: String A (on the left) and string B (on the right).

Model B was used only for tests, in which part of the string must be partially shaded. In
Figure 4.3 it is possible to observe the shaded part, highlighted by a red circle. As one of the 3
panels of the string model B is shaded and the PV curve has two peaks. This is because when

a cell is shaded, that is, less radiation hits its surface, and even though it operates at a voltage
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4.1. Power converter topology

lower than the open circuit voltage, V., the current reaches zero, and the cell stops driving.

The lower the radiation, the lower the voltage value for the cell to stop conducting.

Table 4.1: Characteristics of Photovotaic Models.

PV modules of | Max. Power ISC VOC IMpp VMpp
String A 220 W 8.30A | 36.76 V | 751 A | 29.38V
String B 275 W 9.25A | 3870V | 8.74A | 3150V

4.1.2 DC-DC converter

The DC-DC power converter used follows the topology of the Boost converter, responsible for
imposing a voltage on the photovoltaic string. This voltage at the converter input is controlled
by the MPPT algorithm.

In the power structure, one of the three legs of a three-phase photovoltaic inverter is used,
as shown in Figure 4.2, using the IGBT switch S; always off and controlling by PWM the IGBT
So key. The converter uses a 12m H inductor (L) and a 1000 uF output capacitor Cg., which

stores the energy and separates the DC-DC conversion stage from DC-AC.

4.1.3 DC-AC converter

The DC-AC power converter, is a single-phase full bridge voltage source inverter, is a bridge
inverter complete with IGBTs, used for the injection of the active power extracted from the
photovoltaic matrix in to the grind, with the possibility of controlling the reactive power. For
this converter two arms of the three-phase inverter are used, which correspond to the keys S,

S4, S5 and Sg, which are controlled based on Voltage Oriented Control.

4.1.4 Grid connection

The grid can be represented by an AC source, with the ability to exchange any amount of
active and reactive power. In practical terms, the micro grid installed in the IPB LSE laboratory,

for educational and research purposes.
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4.2 Testing platform

The test platform used follows the inverting topology and control strategy shown in Figure 4.2,

which is implemented as shown in Figure 4.4.

| dSPACE
\ board & panel

i'._

Figure 4.4: Testing platform.

The power converter is based on the Powerex PM75RL1A20 intelligent power module
shown in Figure 4.5, with a 3-phase IGBT voltage source inverter with the BP7B isolation
circuit shown in Figure 4.6. A leg is used for the boost converter, where one of the IGBT’s
always remains off, functioning as a diode, while the other semiconductor is activated by the
MPPT control. The remaining two arms are used as a single-phase full bridge inverter, which

is controlled by Voltage Oriented Control.

Figure 4.5: Powerex PM75RL1A20 intelligent power module.
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Figure 4.6: BP7B isolation circuit.

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

The Figure 4.5 shows the test platform, where it is possible to observe the meassurement
module, which is necessary to adapt the signals to the reading range of the dSPACE 1103
controller and the entire power circuit, which is based on the Powerex PM75RL1A20 intelligent

power module with the BP7B isolation circuit.
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4.3 Control Algorithms and implementation

The control techniques used were implemented using the dSPACE 1103 controller board,
which is programmed with the Matlab Simulink® software, using the block diagram logic,
through the available library. In the implementation, the control of the power topology is
divided in two parts, control of the Boost DC-DC converter, by the MPPT algorithm, and
control of the DC-AC converter, by the Voltage Oriented Control.

The Figure 4.7 shows the block diagram of the control strategies used.

Step-up Voltage Source Inverter
Converter

; ok ok
o ) :/fmm % éll .

“u I o=y, ot o3

JUL
PWM

P&O —{Pi}— |
IC —-—-V""’ (PI] L

MPPT Algorithms

Voltage Oriented Control

I v

Dutty-cycle
—_—

79Y

PSO

FLC —(PI}—

Figure 4.7: Power topology control.

The control of the photovoltaic DC-AC inverter connected to the grid is based on Voltage
Oriented Control (VOC). This control strategy uses the transformation of coordinates between
two stationary axes af and the synchronous rotating frame dgq of reference, where the current
is decoupled and controlled separately.

Figure 4.8 shows the Voltage Oriented Control block diagram, similar to that implemented

in Simulink®, since the programming logic is also based on the block diagram.
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ooV

Voltage Oriented Control

-

Figure 4.8: Implemented block diagram of Voltage Oriented Control.

Vel )
VDc @ . Idrel +
Vo\ler +- Iy Clz:tlrol\ar + 3
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The gain values used in PI controllers in Voltage Oriented Control are shown in the

<1 PLL
I/g Phase Locked Loop
0 VA
Table 4.2.

Table 4.2: Gains from PI controller implemented in Voltage Oriented Control.

PI controller - dq Currents

Parameter | Experimental Value
kp 20
ki 2000
PI controller - DC link voltage
Parameter | Experimental Value
kp 0,19
ki 10

The control of the DC-DC converter is performed by one of the four MPPT algorithms

used: P&O, IC, PSO and FLC. The Pertub & Observe algorithm is implemented as shown

in the block diagram of Figure 4.9, where the algorithm uses the voltage signals V}, and P,

generating a reference in voltage. It is necessary to use a PI controller to control the voltage.
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Pertub & Observe

(u[1]>0)*(u[2]>0) }{#|

(U[1]>0)*(u[2]<0) }—~=

(u[11<0)*(u[2]>0) -

(u[1]<0)*(u[2]<0) }—+

JUL
PWM

v

Figure 4.9: Implemented block diagram of P&O.

DC/DC
Converter

The gain values used in the PI controller, in the algorithm Pertub & Observe, are shown in

Table 4.3.

Table 4.3: Gains from PI controller implemented in the PO algorithm.

PI controller - P&O
Parameter | Experimental Value
kp 20
ki 2000

The Incremental Conductance algorithm is implemented as shown in Figure 4.10, and also

uses two signals, PV array voltage V}, and the power extracted P;.. This technique generates a

voltage reference, so it is necessary to use a PI controller to control the voltage.

Incremental Condutance

(u[1]==0)*(u[2]>0)

(u[1]==0)"(u[2]<0)

(u[1]'=0)*(u[3]>u[4])

(u[1]!=0)*(u[3]<u[4])

Figure 4.10: Implemented block diagram of IC algorithm.
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The gain values used in the PI controller, in the Incremental Condutance algorithm are
shown in Table 4.4.

Table 4.4: Gains from PI controller implemented in the IC algorithm.

PI controller - IC
Parameter | Experimental Value
kp 20
ki 2000 W

The Particle Swarm Optimization algorithm is implemented as shown in Figure 4.14, and
also uses the extracted power Pg;.. This technique does not require the PI controller, as it

directly generates the duty cycle reference.

Particle Swarm Optimization

4 N

0.4vi(k-1)+1.2R:1 (p(k-1)—di(le-1))+ 2R (Go(ke-1)—di(k-1))

dik-1)+ vi(k)

= /

Figure 4.11: Implemented block diagram of PSO.

For the Fuzzy Logic Controller algorithm, triangular association functions shown in Fig-
ure 4.12 were used, for inputs and outputs, with the centroid defuzzification method. The

basic rule used, empirically obtained, follows that shown in Figure 4.13.
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Input: AVpv Imput: APpv

NB NS ZE PS PB NB NS ZE PS PB

0.5~ 0.5~

1 1 1 1 1 1 1 1
-85 -6.375 -4.25 -2.125 0 2125 425 6375 8.5 -1.6 -1.2 -0.8 -04 0 0.4 0.8 1.2 1.6

Output: AlVref

NB NS ZE PS PB

0.5/~

1 1
-1.6 -1.2 -0.8 -04 0 0.4 0.8 1.2 1.6

Figure 4.12: Triangular association functions.

> NB| NS | ZE | PS | PB
NB
NS
zE|lze|zE | ZzE | ZE | ZE
PS
PB

Figure 4.13: Rule base.

The Simulink® library has a block named Fuzzy, Figure 4.14, which allows you to insert all

the settings, as shown in the window of Figure 4.15.

Fuzzy Logic
Controller
Figure 4.14: Fuzzy Matlab block.
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File Edit View

FLC277

/ (mamdani)

ﬂ dvpv*

dVpv
FIS Mame: FLC277 FIS Type: mamdani
And method min “ Current Variable
Or method e o Name dPpy
T input
Implication min v U H
Range [-8.58.5]
Aggregatian max ~
Defuzzification centroid v Help Close
System "FLC277": 2 inputs, 1 output, and 25 rules

Figure 4.15: Configuration of Fuzzy Matlab block.

This block allows the implementation of the Fuzzy Logic Controller algorithm more easily.
However, the block requires a lot of processing time, which prevents its use, with dSPACE
1103 working with a frequency of 103, which was due to the activation of the IGBT’s. To solve
this problem the functions of triangular associations shown in Figure 4.15, were implemented
as equations in a Cartesian plane, using techniques such as the integral for calculating area
and center of mass. Implementing in the form of equations, it is possible to distribute the
calculations in each processor clock, thus dividing the processing time and making it possible

to implement it in dSPACE 1103.
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Chapter 4. Experimental tests of MPPT algorithms

4.4 Commercial PV inverters

One of the objectives of this work is to observe the MPPT algorithms of commercial inverters.
This topic presents the devices available in the laboratory to perform the tests are the three

inverters: Solis mini 700, Sunny Boy SB 1.5 and PIKO MP, which are shown in Figure 4.16.

.
.V ‘4

. —— | .
(a) Solis mini 700 (b) Sunny Boy SB 1.5 (c) PIKO MP

Figure 4.16: Commercial pv inverters: (a) Solis mini 700, (b) Sunny Boy SB 1.5 e (c) PIKO MP

The main electrical characteristics of each of the inverters, for applications of MPPT

algorithms, are shown in the Table 4.5.

Table 4.5: Electrical Characteristics of Commercial PV Inverters.

Max. DC power | Max. V. | Range MPPT
Solis Mini 700 900 W 600V 50-500V
Sunny Boy SB 1.5 1.5 kW 600V 160-500V
PIKO MP 1.5 kW 450V 75-360V
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Chapter 5

Experimental tests of MPPT algorithms

This chapter describes the testing process with MPPT algorithms, as well as the experimental
results recently published in [22], which are obtained from the implemented set-up described
in Section 4.4 and the string models discussed in Subsection 4.1.1.

The experimental tests performed are listed below:

» Test under normal conditions - This test evaluates the algorithms in days of clean
weather, radiation and temperature almost constant, using the 5 modules Fluitecnik
FTS220P;

e Test under partial shading conditions - This test evaluates the algorithms with panels
partially shaded, using the 3 REC Solar REC275PE;

 Test with commercial PV inverters - This test uses 3 commercial inverters available in
the laboratory, Solis mini 700, Sunny Boy SB 1.5 and PIKO MBP, thus respecting the input

characteristics of the devices;

5.1 Tests under normal conditions

The experimental test of the MPPT algorithms under normal conditions aims to evaluate
the behavior of the MPPT techniques during clean days, in which the solar irradiation is
approximately constant and only presents small variations, if observed for long periods of
time.

The test uses the PV string Model A, specified in the subsection 4.1.1, composed of 5
Fluitecnik FTS220P modules. As the test is performed with the string directly converting solar
radiation, the available power depends on the weather conditions to which the arrangement

is exposed. To ensure reliable results, the test was carried out on a clean day and for a short
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Chapter 5. Experimental tests of MPPT algorithms

period of time, avoiding variations in irradiation and temperature. In addition, to know the
available power, a functionality similar to a curve plotter was implemented, in which it would
be possible to acquire the necessary part of the PV curve, to evaluate the performance in
reaching the MPP of the tested algorithm.

At the beginning of the test, a voltage is imposed on pv string that grows linearly, limited
from 40V to 150V, enough interval to identify the main points of the PV curve around the MPP.
After acquisition, the voltage is maintained at 40V until the MPPT algorithm is started. Fixing
the voltage always at the same value, 40V, all techniques always start with the same conditions.
The only exception is in the Particle Swarm Optimization test, in which the control is done
directly by the dutty-cycle, starting from 0.4 to 0.9, which makes the linear voltage reference

decreasing. The test script is shown in Figure 5.1.

Script for testing under normal conditions

I I Pdc
000 - Partof PV curve -
- 150V
— | Voltage limits |:> 150
2 MPPT algorithm =
: controll g
; c
I All mppt algorithms
40V 40V <: start from 40V 40
1 1 1 1 1 1 | 1 i 0
Time(s)

Figure 5.1: Script for testing under normal conditions.

The results of the tests under normal conditions for the P&O, IC, PSO and FLC algorithms,

in the respective order, are shown in Figures 5.2 - 5.5 [22].
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Figure 5.4: Test under normal conditions of the PSO algorithm [22].
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Figure 5.2: Test under normal conditions of the P&O algorithm [22].
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Figure 5.3: Test under normal conditions of the IC algorithm [22].
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Fuzzy Logic Controller
T T
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Figure 5.5: Test under normal conditions of the FLC algorithm [22].

5.2 Tests in partial shading conditions

The experimental test of MPPT algorithms in partial shading conditions aims to evaluate the
performance of MPPT techniques when the radiation on the same PV module is not uniform.
This can happen when something prevents the radiation from directly impacting, causing a
shadow and changing the characteristics of the string.

The test uses the PV string Model B, specified in the subsection 4.1.1, composed of 3 REC
Solar REC275PE PV modules. As the test is performed with the string directly converting solar
radiation, the available power depends on the weather conditions to which the arrangement is
exposed. To ensure reliable results, the test was performed on a clean day, for a short period of
time and manually shading part of a PV module according to the needs of the test. To measure
the available power, and the shape of the PV curve, as well as the 5.1 section, a feature similar
to a curve plotter was implemented, where it would be possible to acquire the necessary part
of the PV curve, to evaluate the performance in reaching the MPP of the tested algorithm.

At the beginning of the test, a voltage is imposed on the PV string that grows linearly, from
40V to 100V, enough interval to acquire the main points of the PV curve. After the acquisition,
the voltage is maintained at 40V and only then the MPPT algorithm is started, setting the
voltage always at the same value, 40V. All techniques always start with the same conditions,
the only exception is in the test with Particle Swarm Optimization algorithm, in which the

control is done directly by the dutty-cycle, going from 0.4 to 0.9, which makes the reference in
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5.2. Tests in partial shading conditions

linear tension decreasing.
The results of the tests in partial shading conditions for the P&O, IC, PSO and FLC algo-

rithms, in the respective order, are shown in Figures 5.6 - 5.9 [22].

Pertub & Observe (Partial Shadow Condition)
T T T T T
150
_
100
g
s
| 50
O 1 1 1 1 1 O
0 20 40 60 80 100
Figure 5.6: Test under shading conditions of the FLC algorithm [22].
100 <
T
g
0 | | | | | 0
110 120 130 140 150 160 170
Time (s)

Figure 5.7: Test under shading conditions of the FLC algorithm [22].
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Particle Swarm Optimization (Partial Shadow Condition)
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Figure 5.8: Test under shading conditions of the FLC algorithm [22].
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Figure 5.9: Test under shading conditions of the FLC algorithm [22].

5.3 Tests with commercial inverters

There is a difficulty in finding experimental results on the MPPT algorithms of commercial
inverters. Thus, the need arose to perform this test, which aims to identify characteristics
such as the operation and initialization of the algorithms and to verify the possibility of using
other sources of power, such as pico-hydro generators.

For the tests, inverters available in laboratories of different prices and faricantes are used.
The inverters used are shown in the section 4.4. The experiment consists of a conventional
connection of a photovoltaic system, as can be seen in Figure5.10, with a set of modules
connected to an inverter, which is connected to the electrical grid. During this process, it is

expected that the device imposes a given voltage or current on the panel so that the maximum
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5.3. Tests with commercial inverters

power is extracted, and with the values of these quantities it is possible to observe the behavior
of the algorithm. To acquire voltage or current signals, the measurement module was used

with the dSPACE board panel.

Figure 5.10: Connection between PV modules, inverter and mains to acquire voltage and current signals.

It is expected that the dynamics of the algorithm will not change with the value of the
power extracted from the PV string, thus, it is not necessary to guarantee the same irradiance
and temperature conditions for tests with different devices, as long as their input limits are
respected.

According to availability of equipment in the laboratory, the test was carried out with the
Solis mini 700, Sunny Boy SB 1.5 and Piko MP plus inverters.

During the tests with the Solis mini 700 inverter, voltage, current, and mathematically,
with the product of these two, the power signal, were acquired for 150 seconds. The result is
shown in Figure 5.11, with a difference in scale between the signs so, that the changes in the
values are more visible.

A PV module is not a linear source, so if we vary the voltage linearly, the current will not
behave similarly, and the same conclusion is valid to the contrary. By analyzing the Figure 5.11,
itis observed that the voltage curve, whenever it decreases or increases, is in small steps and
has a linear behavior, which indicates that the inverter operates with an MPPT algorithm
similar to Pertub & Observe, with voltage control.

The test starts without the connection of the photovoltaic panels to the inverter input,

which after a few seconds, is carried out, resulting in an almost instantaneous increase in
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Figure 5.11: Voltage, current and power of the photovoltaic panels connected to the input of the Solis mini 700
inverter during the test.

the voltage value, equaling the open circuit voltage of the panels, as shown in Figure 5.12,
obtained by limiting the graph of Figure 5.11 to the first few seconds. Acquiring this entire

process avoids losing information about the device’s initial behavior.

T T T T T T T T
5 =
4+
3
237
a
£
2 =
Pdc 1:75
1 Vdc 1:25 |
Idc 1:1
0 4
1 1 1 1 1 1 1 1

3.205 3.21 3.215 3.22 3.225 3.23 3.235 3.24 3.245 3.25
Time(s)

Figure 5.12: Voltage and current behavior during charging of the Solis Mini 700 input capacitor.

At the instant when DC voltage appears at the inverter input, as shown in Figure 5.12,

there is a current peak that indicates the input capacitor charging. In the initial instant, with
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5.3. Tests with commercial inverters

the capacitor discharged, the maximum value corresponds to the short-circuit current and as
this current tends to zero, the voltage tends to its maximum value, which corresponds to the
open circuit voltage of the PV panels. In this way, the voltage and current were obtained as
with an I-V curve plotter, which allows an estimate of the maximum available power and the
voltage and current value corresponding to that point of operation. However, the interval is
very short and it is difficult for the inverter to extract this information reliably in order to use
itin its operation.

Other information obtained with the test is observed during the start of the inverter
operation, after 40 seconds, as can be seen in Figure 5.13, the inverter starts from the open
circuit voltage and, with fixed voltage and constant voltage increment, the algorithm tracks

for the maximum power point.

Voc

Amplitude

Pdc 1:75
Vb 1:25

/" Ib1:1

0 oV ‘ ‘ ‘ ‘
40 50 60 70 80 90 100

Figure 5.13: Start of operation of the inverter and search for the maximum power point using the Solis Mini 700
algorithm.

In order to check the interval of execution of the algorithm and the voltage increase/de-
crease, an amplification of the signals already in steady state is shown in Figure 5.14, with
power oscillating around the maximum point. As can be seen in Figure 5.14, the voltage has
increments of approximately 1V every 2 seconds. In addition, the decision to increase voltage

(positive or negative) for the next step is made based on the power variation of the previous
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step, as indicated by the arrows in Figure 5.14.
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Figure 5.14: Magnification of the signals in steady state with power oscillating around the maximum point of
the Solis Mini 700.

The second model is the Sunny Boy SB1.5 inverter. During the tests, voltage, current and
mathematically acquired signals for 120 seconds, with the product of these two, the power
signal. The result is shown in Figure 5.15, with a difference in scale between the signs, so that

the changes in the values are more noticeable.

Pdc 1:100 |
Vb 1:20

4 b 1:1

Amplitude
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Time(s)

Figure 5.15: Voltage, current and power of the photovoltaic module connected to the input of the Sunny Boy
SB1.5 inverter during the test.

As the PV cell is not a linear source, looking at Figure 5.15, it is noted that the voltage

curve, whenever it decreases or grows, is in small steps and has a linear behavior, as in the
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model above, which indicates that the inverter operates with an MPPT algorithm similar
to disturbing and observing with voltage control. The test starts without connecting the
photovoltaic panels to the inverter input, which, after a few seconds is made, resulting in an
almost instantaneous increase in the voltage value, equaling the open circuit voltage of the
string, as shown in Figure 5.16, obtained by limiting the graphic of Figure 5.15 to the first few

seconds.

Pdc 1:100
Vb 1:20
Ib 1:1

Amplitude

(0 —— =

1.88 1.89 1.9 1.91 192 193 194 195 196 197 1.98
Time(s)

Figure 5.16: Start of the inverter operation and search for the maximum power point using the Sunny Boy SB1.5
algorithm.

At the instant when DC voltage appears at the inverter input, as can be seen in Figure 5.16,
there is a current peak that indicates the charging of the input capacitor and, as in the previous
test, the voltage and current has a behavior similar to that of an IV curve. Another relevant
information occurs during the start of the inverter operation. After 78 seconds, as can be seen
in Figure 5.17, the inverter starts from the open circuit voltage and, with fixed cadence and
increment of constant voltage o, algorithm searches for the maximum power point.

In order to check the step of execution of the algorithm and the voltage increase/decrease,
an enlargement of the signals, already in steady state, with approximately constant power is
shown in Figure 5.18. As can be seen in Figure 5.16, the voltage has increments of approxi-

mately 3.5V, which last for 2 seconds and are performed every 4 seconds. The voltage increase
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Figure 5.17: Voltage and current behavior when charging the Sunny Boy SB1.5 input capacitor.

(positive or negative) of the next step is taken based on the power variation, as indicated by

the arrows in Figure 5.18.
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Figure 5.18: Zoom of the signals in steady state with power oscillating around the maximum point of the Sunny
Boy SB1.5.

During the tests with the third model, the PIKO MP inverter, voltage, current and, mathe-
matically, the power of these two signals was acquired for 200 seconds. The result is shown in
Figure 5.19, with a difference in scale between the signs, so that the changes in the values are

more noticeable.
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Figure 5.19: Voltage, current and power of the photovoltaic modules connected to the PIKO MP inverter input
during the test.

The test starts without the connection of the PV string to the inverter input, which, after a
few seconds, is performed, resulting in an almost instantaneous increase in the voltage value,
equaling the open circuit voltage of the string, as shown in Figure 5.20, obtained by limiting

the graph in Figure 5.19 to the first few seconds.
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Figure 5.20: Voltage and current behavior when charging the PIKO MP input capacitor.
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At the moment when DC voltage appears at the inverter input, as can be seen in Figure 5.20,
there is a current peak that indicates the input capacitor charging and, as in the previous
tests, the voltage and current has a behavior similar to that of an IV curve. A PV cell is not a
linear source, and, through the analysis of Figure 5.21, it is observed that the voltage curve,
whenever it decreases or increases, is in small steps and has a linear behavior, which indicates
the inverter to operate with an MPPT algorithm similar to Pertub & Observe with voltage
control. Other information regarding the test, obtained during the start of operation of the
inverter, after 153 seconds, as shown in Figure 5.21. During the first moments of operation, it
is possible to observe a linear voltage variation to obtain a signal similar to the IV curve of a
photovoltaic module, with these data it is possible to more accurately determine the point
of maximum power, which can be used by the equipment as reference for the operation of
the MPPT algorithm. This process of obtaining a signal similar to the I-V curve at the start of

operation is a particular feature of this model of inverter.

[ LLLE G T ——

Vm

e.Impp

Amplitude

I-V Curve

Pdc 1:80

Vb 1:20

Ib 1:1

I I I I I I I I

153 154 155 156 157 158 159 160 161 162
Time(s)

Figure 5.21: Start of operation of the inverter and search for the maximum power point using the PIKO MP
algorithm.

In contrast to the MPPT algorithms of the inverters tested previously, in which the dis-
turbance step is the same used for the increment, the PIKO MP inverter has two distinct
steps. The disturbance step is made up of 3 other small steps of 3.5 V every 0.3 s, as shown
in Figure 5.22. During these steps, if there is no increase in the power signal, wait a time,
At, until the next disturbance is performed. The signals obtained during the tests show no
pattern for choosing the value At defined by the inverter. It is only noticed that this interval

increases if an increase in power is not observed during the disturbance.
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Figure 5.22: Zoom the signals in steady state with power oscillating around the maximum point of the Sunny

Boy SB1.5.

As seen in Figure 5.23, after a disturbance step that verifies a voltage value for which the

extracted power is greater than the current operating point, the step of AV increment is used,

changing the inverter operating voltage value.
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Figure 5.23: Voltage dynamics in PIKO MP.
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Chapter 6

Analysis and Discussion

With the tests performed in Chapter 5, it is possible to carry out a comparative analysis
between the implemented algorithms, since all tests guarantee minimally equal conditions

for each of the techniques.

6.1 Ability to achieve the MPP

There is a single point of operation of the PV string, which corresponds to the point of
maximum power (MPP). Tracking this point and operating as close as possible is one of the
main objectives of using MPPT algorithms. However, tracking and staying in exactly that point
is not a simple task, as the MPP undergoes changes with variations in weather conditions.
However, the closer the operating point is to the MPP, the greater the energy extracted from
the PV string.

During the tests with each of the implemented MPPT techniques, part of the PV curve
is acquired, thus providing information on the PV string, such as voltage and power in the
MPP. This process performed before the initialization of each MPPT algorithm, can be used to
measure how close to the MPP each technique can operate and, consequently, its precision in
extracting the available power from the PV string.

With the test results shown in the section 5.1, it is possible to calculate the percentage
precision of the algorithm, using the equation 6.1, where Vj;pp is the voltage in the MPP of

the PV curve and Vjppr is the point at which the algorithm operates.

(6.1)

Vi -V
Precision =100 * (1 _ ( MPP MPPT))

Vmpp

Using the test results shown in the section 5.1, and using the equation 6.1, the precision
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6.2. Oscillation around the MPP

values shown in Table 6.1, which depend on the voltage in the MPP (Vj;pp) and the point at

which the algorithm operates (Vasppr).

Table 6.1: Precision of MPPT Techniques.

MPPT Algorithm

P&O

IC

PSO

FLC

Precision of the MPPT

98,2%

99,3%

99,0%

98,6%

6.2 Oscillation around the MPP

The oscillation around the MPP influences the efficiency of the MPPT algorithm. Greater

oscillations mean a greater loss in power extraction from the PV string. Therefore, in an

analysis of MPPT techniques, it is important to measure this oscillation.

With the results of the tests shown in the section 5.1 it is possible to measure this oscillation,

approximating the voltage and power curves when the MPPT algorithm reaches the MPP. The

graphics in Figures 6.1 to 6.4, are enlarged parts of the graphics in Figures 5.2 to 5.5, which

allows you to view and calculate the oscillations of each technique during the tests. With the

test data shown in the 5.1 section, it is possible to calculate the percentage precision of the

algorithm, using the equation 6.1, where Vy;pp is the voltage in the MPP of the PV curve and

Vumppr is the point at which the algorithm operates.
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Figure 6.1: Oscillation of the P&O algorithm in MPP.
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Figure 6.4: Oscillation of the FLC algorithm in MPP.



6.3. Evaluation of commercial inverter algorithms

With the results shown in the graphs of Figures 5.2 to 5.5 and using the equations 6.2 and

6.3, we obtain the values shown in the table 6.1.

AP,, — AP
AP =100 * ( up ‘“’“’”) 6.2)
2% APgown
AV, — AV,
AV =100 ( “p d"w”) 6.3)
2x AViown

Table 6.2: Oscillation in MPP.

MPPT Algorithm | P&O IC PSO FLC
AP% 1,82% | 1,77% | 0,95% | 1,6%
AV% 4,85% | 4,793% | 1,61% | 3,70%

6.3 Evaluation of commercial inverter algorithms

The tests with the commercial inverters shown in the section 5.3, do not aim to evaluate the
accuracy and efficiency of the MPPT algorithms of the tested devices, since we cannot say
with certainty which technique is actually implemented in each inverter .

The three equipments tested have MPPT techniques similar to the P&O algorithm, which
can be easily observed by the voltage signal in stair shape and with well-defined values during
repeated times. This could be explained by ease of implementation, which requires few
calculation operations, and robustness of the technique. In addition, features such as pitch
and disturbance frequency would be defined according to the range of the input voltage.

However, the preference for simplicity and robustness using the simplest techniques,
under conditions of partial shading or quick changes in radiation, there may be a loss of

power.
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Chapter 7

Conclusion

This work presented a comparative analysis of the performance of four MPPT algorithms:
Perturb & Observe, Incremental Conductance, Fuzzy Logic Controller and Particle Swarm
Optimization.

The analysis is based on tests carried out experimentally under real conditions with an
inverter connected to the grid. The experimental results were presented and discussed in
this dissertation, and published at the 9th International Conference on Renewable Energy
Research and Applications [22].

The performance of each algorithm was evaluated by means of a PV system connected to
the single-phase electrical grid, consisting of a Boost converter and a full-bridge inverter.

The effectiveness of the algorithms was assessed using experimental results, taking into
account two test conditions: tests under normal conditions, PV string with uniform solar
irradiance and tests under partial shading, with part of the PV string covered.

In addition, tests were performed with commercial inverters available in the laboratory,
which allowed us to understand the operation and initialization of the MPPT algorithms and

to verify the possibility of using other sources of power, such as pico-hydro generators.
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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.

Il. 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
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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 tx, the power
and voltage values are compared with the respective previous
samples, at tx.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 3V step (AV). The choice of these values is
made according to the voltage range.

Measure: Vpy, Ipv
Calculate: Ppv

dP = P(k) - P(k-1)

dv=V(k) - V(k-1)

\V(k) = V(k-1)+dV Hv(k) = V(k-1)-dV Hv(k) = V(k-1)+dV HV(k) = V(k-1)-dV

Fig. 1. Flowchart of MPPT P&O algorithm.



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).

GG = |pv/va (1)

AGG = Al /AVy (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).

AGG = -GG, in MPP
AGG > —GG, on the left (3)
AGG < -GG, on the right

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
(AV). 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)+CiRa(pi()-di())+c2Ra(Go()-di()) )
di(t+1)= di(t)+vi(t+1) (5)

Where v; is the velocity of particle i, ci and c; are the
acceleration constants, w is the weight of inertia, R1 and R, are

Measure: Vpy, Ipv

dl = 1(K) - 1(k-1)
dv= V(k) - V(k-1)

No
NoH V(K) = V(k-1)

\V(k) = V(k-1)+dV Hv(k) = V(k-1)-dV Hv(k) =V(k-1)+dV Hv(k) =V(k-1)-dV \

Fig. 2. Flowchart of MPPT IC algorithm.

random values between 0 and 1, pyi is the location with the
best fitness of all the visited location of particle i, d; is the
position of particle i, and Gy, 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,
€1=1.2 and c,=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 AV,
(6) and power variation APy (7).

AVpy = Vpy(t) — Vpu(t-1) (6)
APpy = AVpy X Alpy (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
AVer 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 (Vi) is calculated based on (8).

Vet = Vpy + AVret (8)

Initialization of the particles
Di ={dx1,dx2, ...dxi}, i =1, 2, ..N
vi ={0,0, ...0}

pg =0

Calculate: Ppv
Ppv=Vpv* Ipv

ondition
of reboot it's
true?

No

Individual Yes, Pg and Gb
and'(n%]‘;}%\l,le@gw“- Update the
No
All particles No
evaluated?

Ye:
and velocity vectors
Fig. 3. Flowchart of MPPT FLC algorithm.

Reinitialize
the particles

Rule Base

|

Fuzzification — Interface Engine — Defuzzification —»

Fig. 4. Flowchart of MPPT FLC algorithm.



In the defuzzification stage, the fuzzy logic controller
output is converted to a controller variable. In this case, it is
the voltage reference (Vrer) used in a Pl controller. Fuzzy logic
controllers can work with inaccurate inputs, not needing a
precise linear mathematical model, but with a high
implementation cost.

I11. 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 Pl 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

Input: AVpv Imput: APpv

X\/XX\/X

-85 -6375 -425 -2125 0 2125 425 6375 85 -16 -12 -08 -04 O

Output: AVref

0s

1.6 12 -08 04 0 04 08 12 1

Fig. 5. Membership functions.

Step-up. POWEREX PM75RLA120 IPM
Converter Voltage Source Inverter

3]
LC filter sl
V. t
L
s g oro
w T
+| <
D ==y,
Cc 2| 4 6|
N
W[ | | |
MPPT Algorithms Voltage Oriented Control Yo
P&O, IC, FLC, FLC Current control in dq frame Iy

( dSPACE 1103 Real-time Controller Board & Simulink )

B

Fig. 6. Power topology.

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 |. 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 830A | 3676V | 751 A | 29.38V
String B 215 W 925A | 3870V | 874A | 3150V

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.

=« Power topology I dSPACE

= _',,\ \ board&pan_e_

Fig. 8. String A (at left) and string B (at right).

GMPP without partial Shading\ Max. current without shading
N

Mismatch power Iosses;
R S ST Wy
¢ Misleading Power, \

//4_ v
LMPP

Current Loss 74‘“1
- -~
N,
\

Power (W)

Current (A)

Max. Voltage at MPP

GMPP in Partial without Partial shading

Shading condition

\oltage (V) \oltage (V)

Fia. 9. Generic PV curves: P-V (on the left) and I-V (on the right).



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 Vuee, 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

Pertub & Observe MPPT
T T

1200
1000 W 200

1000 [
g 800 g
- [}
g 600 1009
g 3
& 400 S

200

0 1 1 1 1 1 1 1 1 1 0
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Fig. 10. Test under normal conditions of the P&O algorithm.

Incremental Conductance MPPT
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Fig. 11. Test under normal conditions of the IC algorithm.
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Fig. 12.Test under normal conditions of the PSO algorithm.

Fuzzy Logic Controller
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Fig. 13. Test under normal conditions of the FLC algorithm.

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.
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Time (s)

Fig. 14. Test under shading conditions of the P&O algorithm.
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Fig. 15. Test under shading conditions of the IC algorithm.
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Fig. 16. Test under shading conditions of the PSO algorithm.
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Fig. 18. Results with commercial inverter Solis Mini 700.
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Fig. 19. Results with commercial inverter Sunny Boy SB 1.5.
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Fig. 20. Results with commercial inverter Piko MP.

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 Vuep is the voltage at the
MPP of the P-V curve and Vwmpeer is the point at which the
algorithm operates.

Precision = 100*(1- ((Vmee— Vmeet)/ Vivee) (9)

Using (9), the values shown in Table Il 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
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Fig. 21. Oscillation of the P&O algorithm in MPP.

,_.
B
@

Incremental Conductance
T T

Power (W)

190 195 200 205 210 215
Time (s)

Fig. 22. Oscillation of the IC algorithm in MPP.
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Fig. 23. Oscillation of the PSO algorithm in MPP.
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Fig. 24. Oscillation of the FLC algorithm in MPP.

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 I1I.

TABLE III. POWER AND VOLTAGE OSCILATION IN THE MPP
P&O IC PSO FLC
AP 1,82% 1,77% 0,95% 1,60%
AV 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



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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