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Abstract - The depleting nature of fossil fuels and the
environmental threats have resulted in the emergence of
renewable energy sources (RESs) as alternative and
accessible energy resources. Amongst various RESs, wind
energy is one of the fastest growing distributed energy
resources because of its zero-carbon emission and cost
efficient generation. Although wind energy is plentiful it’s of
intermittent nature, ie., the wind speed isn’t constant
throughout. For this, the wind energy conversion system
(WECS) has to track or operate at the maximum power
point (MPP). A decent variety of publication report on
various maximum power point tracking (MPPT) algorithms
for a WECS. However, making a choice on an exact MPPT
algorithms for a particular case require sufficient
proficiency because each algorithm has its own merits and
demerits. In this paper, various MPPT algorithms are
described for extracting maximum power which are
classified according to the power measurement i.e. direct or
indirect power controller. Comprehensive comparison along
with merits and demits of the different MPPT algorithms
also highlighted in the terms of wind speed requirement,
prior training, speed responses, complexity etc. and also the
ability to gain the maximum energy output.

Key Words: DPC, IPC, MPPT, WECS.

1. INTRODUCTION

The present and future energy crisis and depleting nature
of conventional sources have led to an increased interest
in power generation through nonconventional sources of
energy. Renewables are the fastest-growing source of
energy for electricity generation, with an average increase
of 2.9% per year from 2012 to 2040 [1]. Now, renewable
resources have become vital elements for electrification,
and some of the primary sources among renewables are
the wind, solar, tidal, biomass, etc. Among all renewable
sources, wind energy is gaining more support due to its
zero-carbon emission and its cost effectiveness, and it is
the most rapidly growing means of distributed power
generation. According to Global Wind Energy Council
report, 54 GW of wind power was added in 2016, bringing
total global installed capacity to nearly 487 GW. China, the
US, Germany, India and France are the leading users of
wind energy [2].

Since wind speed is highly unpredictable in nature and the
output of wind energy conversion system (WECS) varies
continuously with time. Thus, to achieve high efficiency,
variable-speed wind energy conversion systems
(VSWECS) like doubly-fed induction generator (DFIG) and
permanent magnet synchronous generator (PMSG) based
systems are preferred over fixed-speed WECS like squirrel
cage induction generator based systems and maximum
power point tracking (MPPT) algorithms are incorporated
for maximizing energy harvest. However, choosing an
appropriate MPPT algorithm for a particular case requires
sufficient proficiency with each because each algorithm
has its own merits and demerits. For this reason, a review
of those algorithms is essential. The article is divided into
four sections including the introductory section. These
sections are as follows: the basic idea of maximum power
tracking is given in Section 2. The classification of various
MPPT algorithms is made in Section 3, and Section 4
provides the conclusion.

1.1 Wind Energy Concept

The mechanical power produced by a wind turbine is
given as bellow:

(1)

Where p is the air density (kg/m3), R is the radius of the
turbine blade (m), Vw is the wind velocity (m/s), Cp is the
turbine power coefficient which is a measure of turbine
power conversion efficiency and is a function of tip speed
ratio (A) and blade pitch angle (3).

P = pnR*Cp(A )5,

Tip speed ratio is defined as the ratio of the blade tip
speed to the wind velocity striking the blades and can be
expressed as [3]

A=

WR

Ow

(2)

Where, w is the mechanical angular speed of the turbine
(rad/s).

To obtain the maximum power, Cp should achieve its
maximum value for a given wind turbine. It is apparent
from the Cp-A curve shown in Fig. 1 that the maximum
Cp(Cp max) occur at an optimum value of tip speed ratio

(Aopt).
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The Cp-9,, characteristics of an Enercon E40 2.3 kW
gearless, variable speed, variable pitch control turbine
data [4] is plotted in Fig. 2 as power coefficient Cp versus
Y, and P versusd,. The maximum value of power
coefficient for E40 is 0.5. At this point, the wind turbine is
getting its rated power at the wind speed of 16 m/sec
(shown as a green line in Fig. 2(b)) with power coefficient
Cp =0.23 (shown in Fig. 2(a)).
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Fig -2: The characteristics of an Enercon E40 2.3 kW
gearless, variable speed, variable pitch control turbine.
Curve (a) Cp—vw Curve (b) P-vw Curve.
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The MPPT algorithm is applied to maximise the extracted
wind energy by maximisation of the power coefficients
below the rated speed. The MPPT curve is shown by red
line which depicts that the wind turbine is now abstracting
the maximum power at 13 m/sec wind speed.

2. MPPT ALGORITHM
2.1 IPC based MPPT algorithm
2.1.1. Tip Speed Ratio (TSR) MPPT algorithm

In this algorithm, TSR (defined in Equation (2)) is kept at
an optimum value to extract maximum power from the
wind by regulating generator rotational speed on the
fluctuation in wind velocity. The optimum TSR as shown in
Fig.3 is set as a reference value which can be determined
experimentally or theoretically [5, 6]. This method is
straightforward and fast because it measures wind speed
directly. It extracts more power from rapidly varying wind
as it depicts non-minimum phase characteristics with
higher gain at higher frequencies [7]. On the other hand, it
requires anemometer for wind measurement, so
continuous and precise measurement of wind speed is not
possible since wind speed is not constant throughout the
blade swept area.
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Fig -3: Tip Speed Ratio control.

Installation of an array of anemometers can be a solution
for accurate wind measurement, but it increases the cost
of the system. Also, the TSR MPPT algorithm generates
fluctuations in generator output power.

2.1.2 Optimal
algorithm

Relationship Based (ORB)

This algorithm relies on drawing optimum relationships
between different parameters of wind energy conversion
system like wind velocity, output mechanical power,
rectified dc voltage, rectified current, output electrical
power, etc. Such techniques utilize lookup table or
predefined curves to track the MPP. It is also termed as
power signal feedback (PSF) control. Most of the ORB
techniques are based on the field test to obtain the data for
fast and accurate MPPT tracking. Further, ORB methods are
classified as sensor based and sensor-less approaches.

2.1.2.1 Sensor based approach

These techniques require some mechanical sensors to
obtain the data. In [8-11], the relationship between
electromagnetic torque and rotor speed (optimum torque
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method) is used. The operating principle of this method is
to adjust the generator torque (Figure 4) according to the
maximum value of a reference torque curve. The optimal
value of torque is obtained at A = Aopt and Cp = Cp max is
given by:

Cpmax 2

_1 5
Tmopt - E,DHR 3 Wm (3)
opt
T, = ko 0?2
mopt optWm
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Fig -4: Optimum torque approach.

The predefined power versus rotor speed curve or look up
table of the wind turbine is used to track the MPP in power
signal feedback (PSF) (Figure 5) method to determine the
maximum power at optimum rotor speed [11, 12]. It works
on the same principle as that of optimal torque algorithm.

Here instead of torque-speed characteristic, power speed
characteristic is used. The maximum power can be
obtained either using the expression of turbine output
power or using a pre-obtained turbine power-speed curve
through simulation or experimental result. The following
expression gives the maximum power corresponding to
optimum generator speed:
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Fig -5: Power signal feedback approach.
2.1.2.2 Sensor-less approach

In WECS configuration with an uncontrolled rectifier, the
relationship between power versus rectified voltage [13]
or rectified dc voltage and rectified current [14] are used to
track the MPP. Both these methods require only electrical
sensors and remove the need for mechanical sensors.

The ORB algorithm is a straightforward approach with an
excellent dynamic response. One of its limitations is that it
requires prior knowledge of system parameters which are

© 2019,IRJET | ImpactFactor value: 7.211

highly dependent upon the ageing effect and can vary in
physical applications from one system to another. In [15],
an intermediate variable § is created as a function of power
and shaft speed and MPPT is tracked by keeping this
variable constant irrespective of mechanical specifications.

2.2. DPC based MPPT algorithm
2.2.1. Hill climb search (HCS) MPPT algorithm

The HCS is also called perturbation and observation (P&O)
since it observes the perturbation in power and according
to that it provides the corrections in the particular
parameter like duty cycle of the DC-DC converter to
control the dc voltage or to regulate current [16-18] in
order to adjust the rotor speed and track the MPP. This
method is based on perturbing control variable in
arbitrary small steps, and the next perturbation is decided
on observing the changes in power curve due to preceding
perturbation. P&0 approach is a widely used MPPT
algorithm because of its simplicity and absence of
mechanical speed sensor or anemometer for
implementation. This method suffers from following two
drawbacks: sluggish response especially for low step size
and inefficient operation under rapid wind variations [19].
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Plk)=1,.(k)*V,.(k)
AD = D(k) - D(k ~1)
AP = P(k)— P(k ~1)
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Fig -6: Flow chart of Perturbation and Observation (P&0O)
algorithm.
A large oscillation will appear around the MPP if the
selected step size is large. However, this problem can be
eradicated using adaptive step size depending upon scaled
measure of power slope with perturbing variable as
proposed in [20] to make a balance between tracking
speed and control efficiency. Still, the problem of
misleading direction in rapidly varying wind remains.
Authors in [21] proposed to modify P&O approach to
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suppress the above problem by two modes of operation:
1) The conventional P&O approach for slower wind speed
and 2) a prediction mode based capacitor voltage slope for
rapidly varying wind. The rectified current is selected as
the perturbing variable. A flow chart of the P&O algorithm
is shown in Figure 6.

2.2.2 Hybrid MPPT Algorithm

A hybrid method (flow chart is shown in Figure 7) is the
combination of two approaches that overcome the
drawbacks of one method by utilizing the advantages of
the second one. An example of these methods was
proposed by authors [25], where the ORB method was
merged with P&O to solve the two problems associated
with conventional P&O that are speed efficiency trade-off
and wrong directionality under rapid wind change [24].
Further, authors in [26] proposed hybrid algorithm by
combining the attributes of ORB and P&0O methods to
mitigate the limitations of both algorithms. The author in
[27] proposed the so-called one power point (OPP)
method in which a relationship between the rectified
voltage and inductor current is developed by the
knowledge of maximum power status for one local wind

speed
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Fig -7: Flow chart of hybrid MPPT algorithm.

Further, there is one coefficient in the developed equation.
The wind turbine design and power coefficient drop are

not considered in this paper. Another example was the
combining of PSF control and HCS in [28] to develop a
sensor-less and flexible method that applies to all wind
turbine levels. The main drawback with these algorithms
is that most of these algorithms need P&O or any other
algorithms to develop the relationship. The performance
of such algorithm deteriorates with the age of the system.

2.3. Other Intelligent Control Methods

Neural network and fuzzy logic based control are used for
complex nonlinear systems. Therefore, these intelligent
control approaches are frequently used to represent
complex plants and construct advanced controllers [29].
The fuzzy logic controller (FLC) does not require any
mathematical modelling and instead its operation is based
on a set of rules derived from the system behaviour. The
rules are designed such that the controller always traces
maximum power point without any knowledge of systems
parameters, wind turbine characteristics or wind speed
changes. Thus, FLC is a suitable tool for small WECS. Some
other notable advantages of the fuzzy logic controller are
its simplicity, robustness and computational speed [30].

V Galdi et al. [31, 32] present a data driven design
methodology able to generate a Takagi-Sugeno-Kang
(TSK) fuzzy based model for the MPPT operation.

Artificial Neural Network (ANN) based controller is a fast
and reliable option over classical controllers for maximum
power extraction from the available kinetic energy of
wind. Pitch angle control of wind turbine to gain better
performance in maximum power extraction and
prediction of accurate wind speed and direction are major
working areas for ANN controller. Ro et al. [33] have
designed a neural network (NN) pitch controller of a grid
connected wind turbine system for harvesting maximum
power from available wind and proved that its
performance is superior to conventional controllers. Li et
al. [34] used a small WECS and applied neural network
principles for wind speed estimation and robust control of
maximum wind power extraction.

Can et al. [32] proposed an intelligent MPPT control
scheme which utilizes wind turbine dynamics response
and short term wind speed prediction for two time
intervals to compute the optimal control command. This
method harvest more power for higher wind speed as well
as increase overall wind power. Zhang et al. [33] proposed
an improved adaptive torque gain (IATG) approach to
determine the optimal gain coefficient to extract maximum
power. This method overcome the drawback of ageing
effect in decreased torque gain (DTG) and direction
misleading problem with the adaptive torque gain (ATG)
in rapidly changing wind speed.

Chun et al. [34] proposed reinforcement learning (RL)
MPPT which is basically established on ANN. In this
algorithm, ANNs and Q-learning method together first
memorizes the optimal relationship between the rotor
speed and electrical power output of the PMSG for MPPT
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operation. Once the MPP is acquired the algorithm is
shifted from the online RL to the ORB based online MPPT.
This procedure of online RL can be reactivated when there
is any digression from the already learned optimal relation

Table -1: Comparison of different MPPT algorithms

and thus improves the system efficiency. The comparisons
of all above methods discussed are tabulated in Table 1.

Algorithm Complexity Convergence speed Memory Wind speed Performance under varying wind Prior training/
requirement measurement conditions lnowledge
TSR Simple Fast No Yes Moderate Not required
o1 Simple Fast No No Moderate Required
PSF Simple Fast Yes Yes Moderate Required
HCS Simple Low No No Moderate Not required
HCS with FS & AS High Medium No No Good Not required
Modified HCS ~ High Fast No No Very good Not required
INC Simple Low No No Moderate Not required
Modified INC Medium  Medium No No Good Not required
ORB Simple Medium No No Moderate Not required
Hybrid Medium  Fast No No Good Not required
Fuzzy-based High Medium Yes Depends Very good Required
NN-based High Medium Yes Depends Very good Required
Adaptive High Medium Yes Depends Very good Required
MVPO High Low No No Good Not required
Other Moderate  Medium Depends Depends, typicallyno ~ Good Depends on the
method
[21 GWEC (2016). Global Wind 2016 Report. Washington,
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