
Chapter 8
Maximum Power Point Tracking (MPPT)
Algorithms for Photovoltaic Systems

Ersan Kabalci

Abstract The solar energy have become a challenging area among other renewable
energy sources (RESs) since the photovoltaic (PV) systems have the advantages of
not causing pollution, having low maintenance, and long-lasting operation life.
Besides these advantages, a PV system has several drawbacks such as considerably
higher installation cost comparing some other RESs, and limited efficiency ranges
between 9–18%. The feasibility analyses have a great role in order to determine the
most appropriate plant site before installation. On the other hand, the operating
analyses and improvements based on maximum power point tracking (MPPT) are
quite important to increase the harvested total energy. The intermittent characteristic
and perturbing power curve of a PV module is one of the most important defects that
should be tackled to increase the generation efficiency. The power-voltage (P-V) and
current-voltage (I-V) curves are main efficiency indicators of a PV system that
exhibit nonlinear characteristics in its natural structure. Furthermore, the generated
maximum power with a PV panel depends on two main quantities of temperature
and irradiation. However, it is possible to increase the generated power up to
maximum rates by MPPT algorithms. This chapter introduces most widely used
algorithms respecting to their implementation and utilization properties. The indi-
rect, direct, and computational methods are presented considering their advantages
and disadvantages. The conventional and novel algorithms are explained with
flowcharts and analytical details in order to provide clear comparison. The artificial
methods are expressed in the last section where fuzzy logic, artificial intelligence,
and optimization-based approaches are discussed.
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Abbreviation and Acronyms

ABC Artificial Bee Colony
AF Activation Function
ANN Artificial Neural Network
COA Centroid of Area
CV Constant Voltage
EMI Electromagnetic Interference
ESS Energy Storage System
FLC Fuzzy Logic Controller
GA Genetic Algorithm
HC Hill Climbing
IncCond Incremental Conductance
I-V Current-Voltage
MLI Multilevel Inverter
MLP Multilayer Perceptron
MPPT Maximum Power Point Tracking
OV Open Voltage
P&O Perturb and Observe
PSO Particle Swarm Optimization
PV Photovoltaic
P-V Power-Voltage
RES Renewable Energy Source
SCPB Short-Current Pulse-Based
THD Total Harmonic Distortion

8.1 Chapter Overview

The maximum power point tracking (MPPT) is an algorithm that is associated with
dc-dc power converters and inverters to track maximum power point during energy
conversion process. Thus, the generated energy is maximized in this way. Although
there are several methods proposed to implement an MPPT system, there are two
algorithms known as “perturb and observe” (P&O) and the “incremental conduc-
tance” (IncCond methods are widely used since they are commercially preferred.
However, simpler algorithms lack to provide the anticipated performance on the
output power. The recent researches on MPPT algorithms exhibited that more
sophisticated algorithms yield better outputs comparing to widely known basic
methods. Therefore, a wide variety of numerical methods including fuzzy logic,
neural networks and other computational methods are proposed. Although these
recent algorithms require increased complexity, they easily compete with malfunc-
tions of previous methods in terms of partial shading, misdirection during tracking,
power fluctuations around MPP, and inadequate performance at low irradiance.
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In this chapter, the MPPT algorithms have been analyzed in there groups where the
first group includes indirect algorithms while others are described as direct algo-
rithms, and numerical algorithms. The groups have been allocated considering the
progress on methods and approaches where the indirect and direct algorithms are
known as conventional MPPT techniques. The most recent computational algorithms
including genetic algorithms, particle swarm optimization (PSO) algorithms, and
artificial bee colony algorithms (ABC) are the hottest topics in MPPT algorithms.
The trade-off between conventional MPPTmethods and recent algorithms are related
to complexity in algorithm and to cost in application.

This chapter is dedicated to these widely used MPPT algorithms of PV systems.
Therefore, the initial sections introduce analytical background of a PVpanel at a glance,
and power curves of any PV panel in brief. Afterwards, the power conversion system of
a PV plant with power converters is described to emphasize the application of a generic
MPPTblock in power conversion issues in the following section. TheMPPTalgorithms
have been presented in three sections including indirect algorithms, direct algorithms,
and numerical algorithms with their application examples.

8.2 Basic Principles of Photovoltaic Energy Conversion

Edmund Becquerel, a French physicist, firstly discovered the photovoltaic (PV)
energy by generating electricity when he illuminated an electrode in electrolyte
solution in 1839. However, Adams and Day made the first practical application of
PV by applying the PV energy to solid materials about 40 years later. The primary
PV cells made of selenium were performing almost 1 or 2% efficiency. Probably
Einstein was the most important contributor of PV by explaining theoretical PV
effect in 1904 that brought a Nobel Prize to him in 1923. The first generation silicon
PV cells were produced by 1940s and 1950s by Czochralski, a Polish scientist. The
solar panels constituted with numerous PV cells were commercially available in
1963 when Sharp Corporation succeeded in producing practical silicon photovoltaic
modules. Although there were several applications of solar cells seen in Vanguard I
space satellite in 1958, Explorer III, Vanguard II, and Sputnik-3 in 1959. World’s
first largest PV array was built in Japan with 242 Wp rated power in 1963 [1–4].

A PV energy conversion system is composed of a PV module, a dc-dc converter,
an inverter, and preferably an energy storage system (ESS). The PV module is
constituted by PV cells that are series and parallel connected to generate the desired
rated power. The cells are produced in monocrystalline or polycrystalline structure
depending to the purity of semiconductor [5–7]. The polycrystalline cells that
provide limited efficiency around 13–14% are less efficient comparing to the
monocrystalline that the efficiency increases up to 20%.

The analytical model of a PV cell is designed referring to one-diode electrical
equivalent as shown in Fig. 8.1. This circuit includes a photocurrent source, a
diode, and serial and shunt resistors that are known as one-diode or five-parameter
model [8]. The calculations of the one-diode model seen in Fig. 8.1 are depended to
the output current;
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Io ¼ IPV � IDðVÞ � IshðVÞ ð8:1Þ

where (V) depicts the dependency of diode and resistor currents to terminal voltage
while they are independent from irradiation value.

The Shockley equation is called to express the semiconductor diode behavior to
define ID as given in Eq. (8.2);

ID ¼ IRðe
VD
gVT � 1Þ ð8:2Þ

where ID is current and VD is voltage of the diode, IR is reverse blocking current, VD

is thermal voltage, and η is the ideality factor of the diode [9, 10]. The current of
shunt resistor Ish is rearranged regarding to its dependence to terminal voltage as
seen in (8.3);

Ish ¼ VO þ IORS

Rsh
ð8:3Þ

where the equivalence shown in Eq. (8.1) is achieved as seen in Eq. (8.4) referring
to irradiation current IPV, thermal voltage VT, and other parameters denoted above
[8–10];

IO ¼ IPV � IR e
VO þ IORs

gI VT � 1
� �

� VO þ IORS

Rsh
ð8:4Þ

There are several other equivalent circuit models presented in the literature to
increase the reliability of the PV cell design. The implementation structure of the
cell is expressed by additional electrical elements in the improved models. One of
these models that is being extensively studied one, amorphous silicon PV cell is
illustrated in Fig. 8.2. The polymer and amorphous silicon based PV cell is con-
stituted with an additional dependent current source controlled by photocurrent and
terminal voltage.

Fig. 8.1 Single-diode
electrical equivalent of a
mono or polycrystalline PV
cell
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This equivalent circuit is obtained by modifying the well-known five-parameter
model, and the calculations are rearranged considering the dependent current
source. The output current equation is rearranged by taking into account the
additional dependent current source as seen in Eq. (8.5);

IO ¼ IPV � IDðVÞ � IshðVÞ � IrðIPV ;VLÞ ð8:5Þ

The photocurrent IPV is proportional to the irradiation w where the dependent
source current can be converted to IrðIPV ;VLÞ ¼ Irðw;VLÞ. Since the output current
of amorphous silicon PV cell is calculated regarding to the Eq. (8.6) that depicts the
dependency of diode and shunt current to the irradiation and terminal voltage;

IO ¼ IPV � IDðw;VÞ � Ishðw;VÞ ð8:6Þ

A PV module is composed of a number of series cells NS as 36, 60, or 72 while
the cells are connected in series and parallel NP in PV arrays as shown in Fig. 8.3
where the arrangement defines the maximum output voltage VM and maximum
output current IM. The maximum output currents of a module IM and an array IA are
calculated regarding to Eq. (8.4) as follows [10–12];

IM ¼ IPV � IO e
VM þ IMNSRs

gI NSVT � 1
� �

� VM þ IMNSRS

NSRsh
ð8:7Þ

IA ¼ NPIPV � NPIO e
q VA þ IA

NS
NP

Rsð Þ
gI NsVT � 1

 !
� VA þ IA

NS
NP
RS

NS
NP
Rsh

ð8:8Þ

The basic open-circuit and short-circuit currents of a PV cell can be derived
referring to Eq. (8.4) as given by respectively;

0 ¼ IPV � IO e
VOC

gI NSVT � 1
� �

� VOC

Rsh
ð8:9Þ

Fig. 8.2 Single-diode
electrical equivalent of an
amorphous silicon PV cell

8 Maximum Power Point Tracking (MPPT) Algorithms … 209



ISC ¼ IPV � IO e
ISCRs
gI NSVT � 1

� �
� ISCRS

Rsh
ð8:10Þ

The verification of a PV model is performed by measuring the current-voltage I-
V and power-voltage P-V curves against various irradiation values. It is clear that
the basic maximum power current–voltage pair belongs to the I–V characteristic
that Eq. (8.4) is recalled to define the following maximum power relation;

IM ¼ IPV � IO e
VM þ IMRs
gI NSVT � 1

� �
� VM þ IMRS

Rsh
ð8:11Þ

A PV module is modeled referring to the relations given above that define the
effect of Rs, Rsh, Io, IPV, and η. The curves shown in Fig. 8.4 are produced by
changing the irradiation value from 200 W/m2 to 1000 W/m2. The axis on the
left-hand side of figure represents the current variation I-V curve, while the
right-hand side illustrates the output power of PV panel in terms of P-V curve. The
effect of irradiation on current, power, and voltage can be easily seen from the
graphic. The curves generated by the modelled PV panel are verified by comparing
to datasheet of commercial PV modules at 240 Wp power [13].

The parameters of the modeled PV module are given in Table 8.1 where each
parameter is verified in the simulation studies. The values are provided for 25 °C
cell temperature and 1000 W/m2 irradiation level.

Fig. 8.3 Electrical
connection diagram of a PV
array
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8.3 Power Conversion and MPPT

The solar power generation systems have attracted extensive attention in several
application areas such as agricultural, residential, and even industrial sites.
Furthermore, the sensations related to greenhouse emissions and carbon footprints
are key factors to promote the utilization of solar power systems. Nowadays, the
installation costs are decreased and overall efficiency of a PV system is increased

Fig. 8.4 I-V and P-V characteristics of a 240 Wp PV module at various irradiation conditions

Table 8.1 Electrical
parameters of the modeled PV
module [13]

Quantity Value

Rated power (Pmax) 240 W

Open circuit voltage (VOC) 52.4 V

Maximum power voltage (VMPP) 43.7 V

Short circuit current (ISC) 5.85 A

Maximum power current (IMPP) 5.51 A

Temperature coefficient (PMax) –0.30%/°C

Temperature coefficient (VOC) –0.126 V/°C

Temperature coefficient (VSC) 1.76 mA/°C

Module efficiency 19%

Nominal operating cell temperature 48.3 °C
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comparing to a few decades ago. The decreased costs allow redeeming earlier by
ranging five years to seven years that accelerate the usage of solar energy in
distribution systems. The solar power generation systems are constructed in two
types; either standalone or grid-tied [14–17].

The standalone systems are attractive for remote sites where the distribution lines
are unavailable. The standalone plants are composed of solar arrays, dc-dc converter,
ESS, and inverter. On the other hand, the grid-tied systems eliminates ESS
requirement and requires a grid-tie inverter instead of classical inverters. The
complete block diagram of a solar power generation system with grid-connection is
depicted in Fig. 8.5. The solar array is a combination of PV modules in series and
parallel to generate the required power in various voltage and current ratings. The
power conversion stage consists of dc power interface and its ac conversion pairs.
The dc-dc converters are used to stabilize the intermittent characteristic of solar array
that is considerably depended to solar irradiation and ambient temperature. The
power conversion structure can be in single-stage or double-stage interface where
the single-stage includes just a dc-ac inverter while the double-stage is composed of
dc-dc converter and dc-ac inverter as seen in Fig. 8.5. The single-stage interface
lacks in the stabilizing the dc bus voltage against rapidly varying dc output of solar
array. However, the inverter requires operating an algorithm to track the maximum
power point in order to match dc bus voltage of solar array.

However, it is not possible to sustain optimum matching at all radiation levels
since the maximum power point rapidly fluctuates depending to the radiation and
temperature. This operation can be performed in large-scale solar plants where the
generated dc bus voltage excesses the required supply voltage of inverter. Therefore,
the most proper way is to use double-stage power interface in any case [4, 16, 18–20].

A dc-dc converter is connected between solar array and inverter to match the
required dc bus voltage in the double-stage power conversion system. The dc-dc
converter handles the MPPT operation and the dc bus voltage is matched at this first
stage. The MPPT algorithm of converter increases or decreases the dc bus voltage

Fig. 8.5 The detailed block diagram of a solar power generation system
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according to varied climatic conditions and maintains the match between dc supply
limits of inverter. The MPPT algorithm controls the duty cycle of dc-dc converter
where it changes the converted dc voltage level by adjusting the operation period of
semiconductor switch in the topology. Thus, the maximum power is extracted from
solar array by appropriately matching I-V balance of solar modules. The widely
used dc-dc converter topologies are Buck-Boost and Cuk besides classical buck or
boost topologies in solar power generation systems. It is not placed in this section
since the converter topologies can be found in several textbooks [4, 20, 21].

The second interface used in double-stage is inverter that converts the dc bus
voltage to ac power where the converted ac power is either supplied to the stan-
dalone loads or is injected to the utility grid. The inverter topology to be used in this
interface depends to the power level where two-level or multilevel topologies can
be selected. The multilevel topologies that were firstly introduced by Nabae gen-
erate the third voltage level with the neutral point of dc bus. The most widely used
multilevel inverter (MLI) topologies are diode clamped, flying capacitor, and cas-
caded H-bridge in renewable energy. The diode clamped and cascaded H-bridge
topologies provide the most proper involvement in high power applications where
megavolt-ampere MVA power handling is desired. The flying capacitor arrange-
ment eliminates filtering requirement comparing to diode clamped topology.
However, this circuit is not accepted as robust as cascaded H-bridge to obviate the
harmonic contents and the cost issues. Furthermore, several other MLI topologies
such as grid-tied or string structures are implemented depending to the power
ratings in solar energy application [4, 20].

The efficiency of a power conversion system is related to several factors such as
conduction losses, switching losses, electromagnetic interference (EMI), and total
harmonic distortion (THD) rates. The power efficiency is primarily decreased by
power loss that are caused by active devices while the EMI and THD losses induce
to defects on power quality and efficiency. The power losses increase proportionally
to the switched voltage and current rates. The MLI topologies decrease the switched
voltage and current rates at each cycle owing to its staircase output waveforms.
Consequently, the power losses are also decreased comparing to regular two-level
inverter topologies. The harmonic contents, THD ratios, and EMI rates are reduced
by this way. The MLI output waveforms, either voltage or current depending to the
topology, are increased to several levels, are particularly presented in odd numbers
such as 3-level, 5-level, 7-level etc. In addition to these, the asymmetrical MLI
topologies allow generating more increased output voltage levels by using same
power stages as cascaded topologies [4, 19–21].

The rated power of a solar power generation system is increased by several string
connections of power modules where the series-connected PV modules comprise
the strings. Furthermore, several strings can be connected in parallel to achieve
higher power ranges. The grid connection of PV plants that are constructed by using
such strings is performed with various converter infrastructures. The most widely
used power conversion schemes are illustrated in Fig. 8.6 where the connection
diagrams of central converter, multi-string converter, string converter, and
micro-converter are exhibited from Fig. 8.6a–d, respectively. Central converters are
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constituted of inverters that convert the dc voltage achieved from PV strings ac
voltage. They are widely used in residential, commercial, and utility scale systems
with a power level of 1 kW or higher. The MPPT operation of the PV panels is
performed centrally at the dc-ac inverter stage as shown in Fig. 8.6a. The main
advantages of this scheme are decreased cost of inverter and decreased switching
losses owing to unique converter structure. However, the central converter usage
causes to a main drawback in acquired energy level since it is controlled by a single
MPPT where the individual MPPT support is not available for each PV strings.
Thus, the acquired maximum power level is limited under shading, thermal vari-
ations, aging or disorientation of PV strings. The multi-string converter seen in
Fig. 8.6b is comprised of several individual dc-dc converters usually managing two

Fig. 8.6 Power conversion schemes in grid-tied PV systems, a central converter, b multi-string
converter, c string converter, d micro-converter
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PV strings or three PV strings at most. In this case, the double-stage interface is
compulsory. The most important contribution of the double-stage interface is
additional dc-dc converters that allow increasing the dc input voltage in a wide
range. The PV plant can be freely constructed by arranging several dc-dc converter
connections of strings. The dc-ac conversion is configured by using a central
inverter that eliminates the drawbacks of the previous converter structure since the
MPPT operations are handled by dc-dc converters.

The string converter that is shown in Fig. 8.6c is configured with individual
MPPT controllers that do not allow parallel connection of strings. This option
provides to locate each PV string in any direction or orientation. Furthermore, it is
freely possible to care shading conditions and to determine PV module number in a
string. The prominent feature of string converter is relevant to its power level that is
widely designed at low power levels to be used in single-phase applications. In
addition to this, its common topology includes full-bridge inverter with lien fre-
quency transformer at the output stage. Thus, this configuration causes to a drawback
of higher cost per kW. The micro-inverter is constituted with a dc-ac converter for
each PV module where individual MPPT and power conversion features are
acquired by this way. The configuration seen in Fig. 8.6d enables each PV module to
connect to the ac grid without any dc wiring. Although this configuration provides
simpler usage and installation, the cost per kW is higher than string converters.

Also, the operation cycle of the converter is lower than of a PV module [20, 21].
Although the utilization of PV systems are increased day by day, two main draw-
backs are being extensively studied to overcome which are high installation costs,
and low conversion efficiency. The acquired output power of a PV system is
increased by using several mathematical algorithms. The MPPT is a fundamental
method that eliminates the mismatch along the load characteristic and maximum
power output of a PV module. MPPT algorithms ensure the optimal usage of PV
modules against several defective conditions such as disorientation, shading or
partial shading. Furthermore, the intermittent characteristic of solar power is sus-
tained in a reliable way by using MPPT methods. Many MPPT methods have been
proposed for single-stage and double-stage systems to cope with performance lim-
itations. The most prominent classifications of MPPT methods are indirect and direct
methods. The indirect methods include several algorithms such as open-circuit,
constant voltage, short-circuit, and pulse method where some of them requires
former knowledge on the PV array characteristics while some requires mathematical
calculations. These requirements limit the efficiency of the algorithm at any case of
irradiance and temperature variations.

The alternative MPPTmethods are classified under direct methods where the most
widely known ones are perturb and observe (P&O), hill climbing (HC), and incre-
mental conductance (IncCon). These methods are competitor to indirect methods in
terms of simplicity, easy implementation with limited prior information, and effi-
ciency The commercial applications of MPPT methods are performed with P&O
algorithm where the algorithm instantly measures voltage value at the maximum
power point and tracks the variation. The MPPT algorithm is used to determine the
switching angle of power converters depicted in Fig. 8.6. The algorithm detects and
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tracks the reference voltage to change the duty cycle, and consequently the output
voltage of converter [4, 22–25]. The most recent improvement of MPPT algorithms
are performed by using intelligence based methods such as fuzzy logic controllers
(FLCs), artificial neural networks (ANNs), particle swarm optimization (PSO)
algorithms, and several genetic algorithm (GA)methods [23, 26]. The soft computing
methods provide better efficiency and faster response comparing to indirect and
direct methods. However, they lack on simplicity. The MPPT methods and out-
standing properties are presented in the following sections.

8.4 Indirect MPPT Algorithms

The indirect MPPT algorithms differ from direct MPPT methods by calculations to
determine the PV cell voltage and current at MPP. However, the direct MPPT
methods are based on measurements instead of calculations. The indirect algorithms
are based on several calculation methods including system voltage adjustment,
temperature measurement, open-circuit voltage VOC calculation, and azimuth and
angle calculation sometimes. The system voltage or operating voltage adjustment is
performed to detect the MPP voltage according to seasonal variations where it
should be higher in winters. The operating voltage depends on the PV module
temperature. The MPP voltage is calculated regarding to VOC that is instantly
measured. The main advantage of indirect MPPT methods including constant
voltage, open-circuit voltage, and short-current pulse-based is their simplicity.
However, they lack against aging and pollution of PV cells [26–29].

8.4.1 Constant Voltage MPPT Method

The constant voltage (CV) method is the plainest MPPT algorithm that is based on
regulating the array voltage to track the MPP voltage VMPP as seen in Table 8.1.
The PV array voltage is adjusted around VMPP regarding to the reference voltage
VRef that is the regulated array voltage. It is intended to match the VRef to VMPP in
the most proper adjustment. If this is not the case, then the algorithm tries to acquire
the most adequate adjustment around the VMPP. The CV algorithm assumes that the
irradiance and temperature variations on the cells do not cause to meaningful
changes on VMPP and therefore, the VRef can be kept constant during the operation
of algorithm. The flowchart of the CV MPPT operation is illustrated in Fig. 8.7
where the PV array voltage is required to be measured at the beginning of the
algorithm. The algorithm does not involve any other input data. The measured array
voltage VPV is used to set up the duty-cycle of dc-dc converter. Then the duty cycle
is updated at each turn by comparing the array voltage to reference voltage [26, 28].
When the array voltage is greater than reference, the duty cycle is decreased in the
next step or vice versa.
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It should be noted that CV method is more efficient comparing to regular P&O
technique during the lower irradiance conditions. Therefore, it may be integrated
other MPPT methods.

8.4.2 Open Voltage MPPT Method

The open voltage (OV) method is based on the assumption of that VMPP is ever
around a fixed percentage of the open-circuit voltage VOV. It is also assumed that
the production variations of cells, temperature, and solar irradiance rates change the
MPP around 2% of its regular value. Therefore, this method defines a reference
voltage VRef at the 76% of VOV, which is quite near to VMPP.

The flowchart of OV method is depicted in Fig. 8.8 where open-circuit voltage
VOV measurement is required to determine the reference voltage. This measurement
is performed by opening the circuit, and a series static switch is used to carry out
this action. This operation causes to zero PV current that prevents the power
generation at this stage. In the next step, the measured PV voltage VPV is compared
to the reference voltage VRef to determine the exact duty-cycle of dc-dc converter.
The pre-defined duty-cycle Dn is increased in the next step, if VRef is greater than
VPV [26, 28, 30, 31].

Fig. 8.7 Flowchart of the
constant voltage MPPT
method
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If the VPV is greater than VRef then the Dn is decreased by varied value for the
next duty-cycle calculation Dn+1. The regulated dc output voltage is controlled by
PI block at each cycle to track the VMPP.

8.4.3 Short-Current Pulse-Based MPPT Method

The short-current pulse-based (SCPB) MPPT method determines VRef that is
required to generate the optimum operating current IOP. In the ideal conditions, IOP
is proportional to the short-circuit current ISC by a coefficient k and irradiance level
of S as seen in Eq. (8.12);

IOPðSÞ ¼ k � ISCðSÞ ð8:12Þ

The equation exhibits that the operating current is defined by irradiance level and
ISC where it is also temperature dependent that varies between 0 and 60 °C. On the
other hand, the coefficient is assumed to be around 92%. It is obvious that this

Fig. 8.8 Flowchart of the open-voltage MPPT method
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algorithm is based on short-circuit current measurement and that is performed by a
parallel static switch similar to previous method. The parallel switch provides the
short circuit conditions where the array voltage is zero and power generation is
prevented. The flowchart of this control method is shown in Fig. 8.9 that the
preliminary measurements and comparisons are depicted similar to OV MPPT
algorithm with a difference where the measured and compared parameters are
current in this method [27, 28, 30, 31].

The PI regulator requires the array voltage as in the OV method to generate the
operating current where the reference voltage is also acquired at this stage.

8.5 Direct MPPT Algorithms

The direct MPPT algorithms are based on measurement of PV module voltage,
current, or instant power where the performance variations are rapidly detected and
more accurate tracking is performed. The basic principles of direct MPPT

Fig. 8.9 Flowchart of the short-current pulse-based MPPT method
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algorithms are related to periodic tuning of I-V and P-V curves, and adjusting the
operating voltage in small steps to increase the accuracy. The first principle is used
to determine the maximum output power of PV module that is tracked at each turn
of duty-cycle calculation of the dc-dc converter. The second principle is performed
by a method known as hill climbing that is based on detecting the power or current
direction either increasing or decreasing. In case the measured value increased
depending on the operating voltage, the tracking direction is set to forward,
otherwise it is set to backward. The MPP is detected by this principle and the
operating point track the real MPP with little oscillations regarding to step size [24,
25, 29, 32]. The characteristics of a typical PV cell under regular irradiance and
partial shading conditions are illustrated in Fig. 8.10 where the MPP dot depicts the
current source and voltage source operation of PV module. If the operating point of
the load is on the left-hand side of MPP, it means the module operates as a current
source and the error signal M required by Hill-Climbing HC MPPT is calculated as
given in (8.14);

If the operating point of the load is on the right-hand side of MPP, then PV
module acts as a voltage source, and M is calculated as follows;

@PPV

@VPV
[ 0 ) M ¼ MþDM ð8:13Þ

@PPV

@VPV
\0 ) M ¼ M � DM ð8:14Þ

Apparently, the error signal will be zero at the MPP that yield DM = 0. This
approach is applied at several direct MPPT methods where the most outstanding
algorithms are P&O and Incremental Conductance (IncCon) [29, 31, 32].

Fig. 8.10 Characteristics of a
typical PV cell under regular
irradiance and partial shading
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8.5.1 Perturb and Observe MPPT Algorithm

The P&O algorithm is one of the most widely used and studied method owing to its
simplicity and practical implementation. It perturbs the terminal voltage, as its name
implies, and compares the actual PV power to previous value. The algorithm
decides to track the MPP in one direction or in the opposite direction by comparing
the terminal voltage change and output power increment. In case the output power
is increased against the voltage change, the algorithm keeps on tracking the MPP in
the same direction. Otherwise, it shifts the tracking direction [4, 26, 32, 33].

There are several textbooks and papers can be found on regular P&O algorithm
in the literature. However, the main attention should be directed to improve instead
of applying the regular P&O. The flowchart of an improved algorithm proposed by
Dolara et al. [26] is shown in Fig. 8.11 where the power and voltage perturbations
are detected in the progress, and then the voltage difference is detected to operate
the algorithm. In the proposed method, the array power is sampled to generate an

Fig. 8.11 Flowchart of optimized P&O MPPT method [26]
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average value, and is used for arranging the magnitude of perturbation Dd at the
MPP operating point.

The arrangement is performed by calculating the a(n) regarding to voltage error
signal M and power to voltage ratios as shown on the right-hand side of flowchart.
The duty cycle is varied around 0.5% for each regular P&O methods. However, the
proposed algorithm in [26] tries to adjust the duty cycle variation between 0.5% and
2.7% in the next turn regarding to k coefficient, a (n), and Dd where it is equated as
follows;

dðnþ 1Þ¼ dðnÞ + k � aðnÞ � Dd ð8:15Þ

An improved P&O MPPT method with PI control is proposed by Kabalci et al.
[34, 35] where the schematic diagram of combined controller is illustrated in
Fig. 8.12. The MPPT control of converters are improved with additional PI to
regular P&O algorithm where measurements of solar array, dc converter, and
control diagram of PI controller are shown on the left-hand side of Fig. 8.12. The
flowchart of the improved PI controlled MPPT algorithm is depicted in Fig. 8.13
where additional PI calculation is managed by the error calculation segment on the
flowchart.

The flowchart of MPPT algorithm is depended on voltage and power calcula-
tions that are based on current and voltage values acquired from sensors [34].

Once the actual power is calculated, then the next cycle of the measurement is
compared to previous value to track the reference voltage Vref. The implemented
control section that the upper and lower parts of detailed PI controller block exhibit
P&O detection part while the middle part on the left hand side of figure illustrates
the PI control added to MPPT algorithm considering Kp and Ki parameters of the

Fig. 8.12 Schematic diagram of the PI assisted MPPT [34]
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system. The actual inputs and reference outputs are switched as seen in the center of
PI controller block and modulating signal is conditioned by the zero-order sample
and hold block. The logical comparator compares the triangular carrier signal and
modulating signals to generate the PWM at each interval where the actual power
measurement is repeated [34].

In order to determine duty ratio the latest observation of the obtained power is
compared to the previous observation. Afterwards, ensured difference is used to
specify the next PWM duty cycle. The implemented P&O algorithm looks for the
increment of power perturbation and attempts to keep the duty cycle in the same
way in order to achieve the MPP of PV array, also PI control is activated to reduce
oscillation on the output voltage. The algorithm can reverse the perturbation when
there is a decrement occurs in the power observation. The algorithm repeats this
process for reach to MPP of PV array, if the system reaches to the MPP; the
algorithm produces steady duty cycle value. The oscillation at the MPP of PV array
is demanded to be reduced in order to increase the stability [35, 36]. The PI
function, which is used to reduce oscillation on the output voltage is calculated as
given in short code of Eq. (8.16) [35];

Fig. 8.13 Flowchart of optimized PI assisted P&O MPPT method [34]
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Void PIðÞ
f
Error ¼ Vref � Vo;

Error in ¼ Error inþError � dt;
duty ¼ Error � KpþError in � Ki;
g

9>>>>>>>>>=
>>>>>>>>>;

ð8:16Þ

8.5.2 Incremental Conductance MPPT Algorithm

The incremental conductance InCon algorithm depends on the detection of the
slope occurred in the PV curve. The slope is zero when the MPP of the curve is
reached as shown in Fig. 8.10. The movement direction of operating point is
detected by tracking the change occurred in the I/V ratio comparing to the MPP
point. The operating point increases the slope when it is moving towards to the
MPP, while it turns negative on the right side of MPP. This situation can be
expressed as follows [25, 37–39];

dI
dV

¼ � I
V
;

dP
dV

¼ 0
� �

; atMPP

dI
dV

[ � I
V
;

dP
dV

[ 0
� �

; at left of MPP

dI
dV

\� I
V
;

dP
dV

\0
� �

; at right of MPP

ð8:17Þ

The Eq. (8.17) and flowchart given in Fig. 8.14 are based on the instant con-
ductance (I/V) and the incremental conductance (dI/dV) of PV array where the
reference voltage is calculated regarding to incremental value in an iteration that is
repeated until MPP is reached. Once the VRef acquired at the MPP, the algorithm
maintains to track this value in order to ensure maximum output power. In case a
change occurs in PV current dI, algorithm starts a new iteration at the beginning of
the flowchart to track VRef by increasing or decreasing the previous value.

When the irradiance increases on the PV array, the array voltage is increased and
the MPP moves to the right-hand side as can be seen on Fig. 8.10. The algorithm
increases the operating voltage of PV array for compensating this increment. On the
other hand, the decrement on irradiance triggers the algorithm to decrease the
operating voltage of array in order to compensate the change. That is the way that
InCon algorithm track the slope value to detect the change on irradiance and react
against the cases. The easier way to determine the change is comparing previous
and actual values of voltage and current that are depicted as dV and dI in the
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algorithm. The dV and dI are zero when the irradiance and temperature are stable,
and algorithm maintains to operate at MPP.

If the irradiance increases, it causes an increment on dI (dI > 0) while dV = 0 that
also means the MPP is being increased by irradiance. The algorithm decides to
increase the operating voltage at this stage. On the other hand, the decrement on
irradiance causes to dI < 0 that requires to decrease the operating voltage. The
rapidly changing cases are easily detected by InCon algorithm since it depends on
tracking the operating point towards MPP. This approach prevents misleading in
tracking as seen in P&O algorithm, and that makes InConmore reliable by decreasing
the perturbation aroundMPP. However, there are several drawbacks of this algorithm
related to MPP as others. Tey andMekhilef [40] proposed an optimized alternative to
regular incremental conductance method by increasing the step size that is named as
variable step size InCon. The algorithm is based on defining a step size to compensate
the variations on MPP change and increasing or decreasing the duty cycle consid-
ering this step size additional to previous duty cycle. Thus, an error rate is permitted
by algorithm and the step size is adjusted to maintain the error control in the limit.
There are several methods are proposed to optimize regular MPPT methods.
However, the numerical methods including FLCs, Neural network controlled

Fig. 8.14 Flowchart of incremental conductance MPPT method
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algorithms, and some other soft computing methods are applied to improve existing
methods. The rapidly adapting structures, complexity, and sophisticated approaches
of these algorithms increase the reliability of regular MPPT methods.

8.6 Artificial MPPT Algorithms

The most widely used MPPT methods are introduced in 4th and 5th sections. There
are several other methods are also proposed in the literature including non-linear
and sliding mode control methods in order to improve the stability and efficiency of
regular MPPT algorithms such as perturb and observer or incremental conductance.
However, the main drawbacks seen in the proposed methods are caused by irra-
diation and cell temperature that are not robustly handled by existing algorithms.
The widely known methods are based on discontinuous control strategy where the
intersection tracking is performed around the MPP. The tracking approach of the
previously introduced algorithms lack in efficiency since they are not supported by
intelligent controls and are less efficient against the rapidly changing conditions
[41–44]. Furthermore, the existing methods do not pay attention to measurement
noises of voltage and current that has significant effect on the algorithm decisions.

These drawbacks require fast time response and increased stability comparing to
widely known methods. The oscillations occurred in the acquired power output
should be decreased in order to decrease power losses. The latest improvements in
MPPT methods are performed by using several numerical and artificial methods
including FLC, neural network, neuro-fuzzy, genetic algorithm, and some opti-
mization algorithms such as particle swarm optimization, artificial bee colony etc.
The FLC is one of the simplest algorithms among other artificial methods. Recently,
an increasing attention paid to FLC based MPPT algorithms owing to its robust
response against unpredictable air conditions and its simple structure not requiring
complex mathematical arrangements. The neural networks are also being exten-
sively studied owing to their high level control structure and sophisticated man-
agement features [42, 43]. The following subsections are dedicated to artificial
methods used in MPPT algorithms with analyses.

8.6.1 Fuzzy Logic Control MPPT

The combining artificial intelligence with regular MPPT algorithms is a new trend
of research and application in renewable energy sources. FLC is the most widely
researched artificial method in MPPT applications since it provides better perfor-
mance comparing the conventional methods, and involves simpler requirements
comparing to sophisticate neural or estimation algorithms. These advantages of
FLC are integrated to overall system by combining it to existing MPPT controller
that provides to acquire maximum power transfer to the loads.
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The block diagram of a FLC based MPPT controller is depicted in Fig. 8.15
where the contents of a regular FLC are also shown in a significant block. The
reference input of FLC is used to determine the error signal E and change rate of the
error CE where it is shown on the left-hand side of figure. The output of FLC is the
duty cycle that is applied to converter where it is generated by the four sections of
FLC. These sections are fuzzification where the numerical inputs are converted to
lexical variables that are defined by rule base and depended to membership func-
tions. The levels of membership functions can be increased to present better res-
olution in the calculations. The analyzed inputs are weighted according to several
methods, namely modus ponens, Takagi-Sugeno or Mamdani, in the inference
section, and then the lexical outputs of FLC are converted to numbers in the
defuzzification section in order to generate the duty cycle. The most widely used
defuzzification method is the is the centroid of area (COA) owing to its successful
averaging properties and more accurate results [41, 42, 44]. The integration of FLC
to the regular P&O algorithm is illustrated in Fig. 8.16 where the decision making
against output power is performed regarding to the power and voltage perturbation
by FLC controller that generates the adaptive duty cycle.

8.6.2 Neural Network MPPT

The most recent researches on computational MPPT methods include ANN studies
that are significantly effective on wide disruptive conditions such as partial shading
[45, 46]. The ANN based MPPT provides rapid and reliable estimations against
quickly varying irradiance and temperature parameters. An ANN is composed of
several layers in multilayer perceptron (MLP) structure as shown in Fig. 8.17. In a
model as shown in figure, the neural-like organization is comprised of neurons seen
in the lower part of figure where the inputs are linearly weighted and summed in a
function. The sum of weighted input are transferred to a nonlinear function called

Fig. 8.15 Block diagram of a FLC MPPT controller
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activation function (AF), and lastly are sent to the following neurons. The definition
of input function in AF is depicted as given in Eq. (8.18);

x ¼
XM
m¼1

wmxm þ a ð8:18Þ

where x1; x2; . . .; xm are input signals, and w1;w2; . . .;wm are the weights of each
input signal [45].

The weights define the significance of each input data and the learning operation
of the network is performed regarding to continuously varying weights. The
training set of the ANN is composed with several different input and output data
where they are voltage and current in inputs and MPP voltage at the output as seen
in Fig. 8.17. There are several ANN based MPPT operation approaches are pro-
posed. In one hand, some ANN algorithms integrated to regular MPPT methods use
irradiance and temperature measurement acquired from separate sensors and

Fig. 8.16 Flowchart of a
FLC P&O MPPT algorithm
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directly generates variable duty cycle. On the other hand, the measured irradiation
and temperature data are used to detect the voltage and current of PV module in
other ANN MPPT group. The second group is widely used rather than first one and
it is constructed with MLP structure [46–48].

8.6.3 Particle Swarm Optimization MPPT Algorithm

Particle swarm optimization PSO is a novel swarm optimization algorithm that is
firstly proposed by Kennedy as an evolutionary algorithm based on behavior of
birds [49, 50]. PSO uses a set of particles that each one suggests a solution to the
optimization problem. It is based on the success of all particles that emulates a
population where the position of each particle depends to the agent position to

Fig. 8.17 Block diagram of an ANN controlled MPPT algorithm
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detect the best solution Pbest by using current particles in the population G. The
position of any particle xi is adjusted by

xkþ 1
i ¼ xki þ vi ð8:19Þ

where the velocity component vi represents the step size and is calculated by using
the Eq. (8.20);

vkþ 1
i ¼ xvki þ c1r1ðPbest i � xki Þþ c2r2ðG� xki Þ ð8:20Þ

where x is the inertial weight, c1 and c2 are the acceleration coefficients, r1 and r2
are random values that belong to the interval of [0, 1], Pbest_i is the best position of
particle i, and G is the best position in the entire population [50].

A typical MPPT method should be used to integrate PSO algorithm to controller.
Most widely used integration is based on hill-climbing or P&O algorithm to PSO.
The flowchart of a PSO MPPT algorithm is depicted in Fig. 8.18. The operation
given in flowchart can be analyzed in five steps that are initialization, fitness
evaluation, updating the individual and global best value, updating the velocity and
position of each particle, and convergence determination [51]. In the first step,
particles are randomly initialized in the distribution space, or are initialized on

Fig. 8.18 Flowchart of PSO MPPT algorithm
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described grid nodes covering the search space. Similarly, the initial velocity values
are defined randomly. The fitness value of each particle is evaluated in the second
step where the fitness evaluation is leaded to provide candidate solution to the
objective function.

The individual and global best fitness values are determined in the third step
where pbest_i and gbest are respectively determined. Then the positions are updated
and replaced with better fitness values if they are found. The velocity and position
of each particle are updated in the fourth step respecting to Eqs. (8.19) and (8.20).
The last step of the flowchart checks the convergence criterion. If the criterion is
met, the process is finished. Otherwise, the iteration number is increased and
procedure returns to step 2 [51–53].

The application of PSO MPPT in a PV system is depended to the matching
definitions of both systems. The particle positions are used to define the duty cycle
of dc converter, and the fitness value evaluation function stands for the output
power of PV array. The success of algorithm is performed by increasing the number
of particles that provides more accurate MPP tracking operation, even for shading
problems. On the other hand, increased number of particles causes to longer
computation times. The particle number is usually selected as the number of series
connected cells in a PV array in order to obtain the most exact operation time.

The particles are placed either on fixed positions or on random places in the PSO
initialization step. It depends on the information about global MPP since the par-
ticles can be placed around the point, if there is any information about it. The PV
voltage and current are measured and digitally filtered by using finite impulse
response filters in order to calculate the fitness value, PPV of particle i. The cal-
culated fitness value is compare to the best fitness value in order to keep pbest_i or to
update it with the new pbest_i in case of better fitness value. The velocity and
positions of all particles are updated and convergence criteria are controlled to
generate the best control signal [51–53].

The dependency to pbest_i and gbest is the main problem of conventional PSO
algorithm under nonlinear shading conditions. Since there are several PSO methods
proposed in the literature. The outstanding alternative to classical PSO are deter-
ministic and dormant PSOs [52, 53].

8.7 Conclusions

This chapter deals with most widely used and recent trends in MPPT algorithms.
The literature reviews show that several methods are proposed to track the MPP in a
PV power system. The main concerns of all the proposed algorithms are fast
response, reliable tracking, and easy implementation. The power conversion devi-
ces and configurations are improved to increase acquired energy level of a solar
plant. Although there are various structures proposed in literature, double-stage
power conversion holds the great share of usage in residential and industrial plants.
The first stage is comprised of dc-dc converters while the second stage performs
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dc-ac conversion by using inverters. The dc interface requires robust control
methods to increase converted energy under heavily or partially shaded conditions.
The MPPT algorithms are focused on coping with irradiance and temperature
variations to balance the acquired total output power.

The preliminary algorithms classified as indirect algorithms are based on several
calculation methods including system voltage adjustment, temperature measure-
ment, open-circuit voltage VOC calculation, and azimuth and angle calculation
sometimes. These methods lack on responding against rapidly changing weather
conditions. The direct methods that includes hill-climbing, P&O, and indirect
conductance are proposed to tackle this situation. The basic operation principles of
direct MPPT algorithms are based on periodic tuning of I-V and P-V curves, and
adjusting the operating voltage in small steps to increase the accuracy. The
decreased step size and effective measurement methods increased the reliability of
direct MPPT methods. However, the researches exhibited the perturbation issue
seen around the MPP can be overcome with computational methods. Their simple
analytical background led the main drawback of direct methods. Therefore, more
sophisticated and complex algorithms were researched to prevent the perturbations
occurred in power curve of PV arrays.

A wide variety of numerical methods including fuzzy logic, neural networks and
other computational methods are proposed. The most recent computational algo-
rithms including GAs, PSO algorithms, and ABC are prominent topics in MPPT
algorithms. The trade-off between conventional MPPT methods and recent algo-
rithms are related to complexity in algorithm and increased cost in application.
However, improved efficiency and fast response leads to extensive researches.
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