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ABSTRACT This paper proposes an improved one-power-point (OPP) maximum power point tracking
(MPPT) algorithm for wind energy conversion system (WECS) to overcome the problems of the conventional
OPP MPPT algorithm, namely, the difficulty in getting a precise value of the optimum coefficient, requiring
pre-knowledge of system parameters, and non-uniqueness of the optimum curve. The solution is based on
combining the particle swarm optimization (PSO) and optimum-relation-based (ORB) MPPT algorithms.
The PSO MPPT algorithm is used to search for the optimum coefficient. Once the optimum coefficient is
obtained, the proposed algorithm switches to the ORB MPPT mode of operation. The proposed algorithm
neither requires knowledge of system parameters nor mechanical sensors. In addition, it improves the
efficiency of the WECS. The proposed algorithm is studied for two different wind speed profiles, and
its tracking performance is compared with conventional optimum torque control (OTC) and conventional
ORB MPPT algorithms under identical conditions. The improved performance of the algorithm in terms of
tracking efficiency is validated through simulation using MATLAB/Simulink. The simulation results confirm
that the proposed algorithm has a better performance in terms of tracking efficiency and energy extracted.
The tracking efficiency of the PSO-ORB MPPT algorithm could reach up to 99.4% with 1.9% more harvested
electrical energy than the conventional OTC and ORB MPPT algorithms. Experiments have been carried out
to demonstrate the validity of the proposed MPPT algorithm. The experimental results compare well with

system simulation results, and the proposed algorithm performs well, as expected.

INDEX TERMS Wind energy conversion system (WECS), maximum power point tracking (MPPT), particle
swarm optimization (PSO), optimum-relation-based (ORB), one-power-point (OPP) MPPT.

I. INTRODUCTION
The world is experiencing a growing population, and
in 2050 the population is expected to reach 9 billion [1].
According to some studies [2], [3], about 60% of the popula-
tion prefer to live in cities. Countries today have an increas-
ing tendency towards smartening of cities [4]-[6]. In a very
simple way, a smart city is a sustainable and efficient urban
center that provides a high quality of life to its inhabitants
through optimal management of its resources [1]. Energy
plays a leading role in smart cities, as most of our everyday
activities and most of our environment is related to some sort
of energy source.

Therefore, in view of the increasing world energy demand,
the potential depletion of conventional energy sources, and

increasing air pollution due to burning fossil fuels in con-
ventional power plants, renewable energy generators seem
as a promising technology for mitigating these challenges.
Wind energy is one of the renewable energy sources growing
in popularity because of its many advantages such as lower
cost of production, sustainability, and being environmentally
friendly [7], [8]. It is an endless renewable energy resource
and it is expected to be developed as a significant energy
source in future [9].

However, based on the Betz limit [10], there is no wind
turbine that could convert more than 59.3% of the kinetic
energy of the wind into mechanical energy for turning a rotor.
The amount of mechanical energy that can be extracted from
the wind is governed by the ratio of blade’s tip speed (w;;,) to
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the actual wind speed (V,,). There is a specific ratio for each
wind turbine, which is called the optimal tip speed ratio (TSR)
or Agps, at which the extracted power is maximum. Hence,
in order to work at this optimal operating point, the wind

> energy conversion system (WECS) is essential to include

an optimization algorithm that can track the maximum peak
regardless of wind speed [11]. This optimization algorithm
is known as a maximum power point tracking (MPPT)
algorithm [8], [12].

In this context, the major contribution of this article is
to propose a new and simple MPPT algorithm based on
hybridization of the Optimum Relation Based (ORB) and
Particle Swarm Optimization (PSO) methods. The presented
MPPT algorithm is advantageous in being sensorless, con-
verging quickly and requiring no prior knowledge of sys-
tem parameters. The improved performance of the algorithm
in terms of tracking efficiency has been validated through
simulation using MATLAB/Simulink. The simulation results
confirm that the proposed algorithm has a better performance
in terms of tracking efficiency and energy extracted. The
tracking efficiency of the proposed MPPT algorithm could
reach up to 99.4% with 1.9% more harvested electrical energy
than the conventional MPPT algorithms. In addition, experi-
ments have been carried out to demonstrate the validity of the
proposed MPPT algorithm. The experimental results com-
pare well with system simulation results, and the proposed
algorithm performs well, as expected.

The rest of the paper starts with a review on the
related work on MPPT algorithms for WECSs in section II.
Subsequently, an overview of the studied system is presented
in section III, followed by descriptions of the OPP, PSO,
and the proposed hybrid PSO-ORB MPPT algorithms in
section I'V. Section V then discusses the simulation results and
a compares the proposed hybrid algorithm with conventional
MPPT algorithms. The experimental setup and the validation
results are presented and discussed in section VI. Finally,
section VII summarizes and conclude the paper.

Il. RELATED WORK

The MPPT algorithm should have the advantages of being
sensorless, independent, simple, and fast in tracking. One
existing MPPT algorithm is the ORB MPPT algorithm. The
ORB MPPT algorithm aims to maximize power harvesting
without wind speed measurements [13]. In this type of MPPT
algorithm, the tracking of the maximum power is guided
by a control reference. The control reference is acquired
from a lookup table or from a pre-determined relationship.
To build the lookup table, it is possible to use either the
maximum output power and the corresponding wind turbine
speed [14], [15] or maximum output power and the dc-link
voltage [16]. To track the maximum power with a direct pre-
determined relationship, one option is to use the mechan-
ical torque as a function of the rotational speed equation.
This method is called Optimum Torque Control (OTC) [17].
Another option is to use the equation of the optimal reference
dc current as a function of the dc voltage Iy opr = f(Vac).

2

Based on this relationship, a new MPPT algorithm has been
proposed in [18], called a One-Power-Point (OPP) MPPT
algorithm.

To track the maximum power points (MPPs) using the
OPP MPPT algorithm, one maximum power status point for
any specific wind speed in the working range should first
be obtained [13], [19]. If this maximum point is obtained,
the pairs of dc voltage and current (Vy,, I,4.) at that point are
measured. The optimum coefficient is then calculated, based
on the measured voltage and current. Once the optimum
coefficient is known, the MPP tracking is achieved simply
by calculation.

The optimum coefficient at a particular wind speed can
be obtained either by offline or online MPPT algorithms.
An example of the offline MPPT algorithm is the OTC used
in [18]. However, offline algorithms usually have the disad-
vantage of optimizing the mechanical energy harvested by
the wind turbine, which is not equivalent to optimizing the
electrical energy delivered to the load. It has been estab-
lished in studies [20]—[23] that the locations of the maximum
points of mechanical and electrical power do not coincide.
In addition, offline methods require knowledge of the sys-
tem parameters, which are either unknown or inaccurate.
Moreover, determining the optimum coefficient based on
the offline algorithms implies that this coefficient remains
constant throughout the wind generation system’s operational
lifetime. This is a wrong assumption in the real environment,
where this coefficient changes with time due to a possible
drift in the system parameters and due to the non-constant
efficiencies of generator—converter subsystems [19], [20].

The optimum coefficient can be also obtained using the
online MPPT algorithms. For example, the conventional
Perturb and Observe (P&O) method has been successfully
used in [24]. The conventional P&O method, which is also
known as the Hill-Climbing Searching (HCS) method, is a
mathematical optimization technique used to search for the
local peak points of a given function. It is widely used in
WECS to obtain the optimal operating point that maximizes
the extracted electrical energy. This method is based on
perturbing a control variable in small steps and observing
the resulting changes in the target function [8]. When the
target function’s values do not change, the perturbations are
stopped. Because the P&O MPPT algorithm is system inde-
pendent and its tracking is not affected by the turbine or gen-
erator parameter shifts, it is an effective alternative for the
offline MPPT algorithms [13]. However, the main drawback
of the conventional P&O MPPT algorithm is the difficulty
in choosing an appropriate perturbation (step size). Larger
perturbation means a faster response but more oscillations
around the peak point, and hence, less efficiency; smaller step
size improves the efficiency but slows down the convergence
speed [20], [25], [26].

The response speed as well as the tracking efficiency can
be improved significantly using the PSO MPPT algorithm,
due to its automated step size adaptability [11]. According
to [27], [28], PSO has a simple structure, is computationally
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less expensive, and is easy to incorporate for online applica-
tions. As an MPPT algorithm, the PSO technique has recently
been employed by a few researchers for photovoltaic (PV)
systems [27], [29]-[35]. These studies employed conven-
tional PSO and/or improved versions of PSO for enhanced
tracking efficiency. Most of the studies confirmed the superi-
ority of the PSO-based method over the conventional P&O
method. For WECSs, the PSO-based MPPT algorithm has
been compared with the conventional P&O MPPT algorithm
in [36], and the performance of the PSO-based MPPT algo-
rithm has been proven to be better than that of the conven-
tional P&O MPPT algorithm.

In this paper, a solution for obtaining an accurate opti-
mum coefficient without the need for system parame-
ters or mechanical sensors is proposed. The solution is based
on combining the PSO and ORB MPPT algorithms. The PSO
MPPT algorithm is used to search for the optimum coeffi-
cient. Once the optimum coefficient is obtained, the proposed
algorithm switches to the ORB MPPT mode of operation.

IIl. SYSTEM OVERVIEW

Figure 1 is the schematic diagram of the WECS incorporating
an MPPT algorithm and a controller. The system consists of
a permanent magnet synchronous generator (PMSG) driven

> by a wind turbine which is interfaced to the dc-bus through a

rectification stage and a boost converter. In this paper, for the
purpose of reducing time significantly, the average models
of the rectifier-PMSG and the boost dc-dc converter were
used for simulation. The average models and the turbine
characteristics are presented and discussed in [24].

Referring to Figure 1, it can be seen that the optimal dc
current generated by the proposed MPPT algorithm is used as
a reference current (/gc—op;) and it is compared to the actual
input current (I;.) of the boost converter. The output differ-
ence is passed to a controller to generate the corresponding
duty-cycle, d.

Wind turbine

y

Gate drive
circuit
1, N
i mPpT 4t d
. Controller:
——>| Algorithm § ;
l{,{ de-opt

FIGURE 1. WECS configuration.

IV. THE MPPT ALGORITHMS

A. THE OPP MPPT ALGORITHM

To implement the OPP MPPT algorithm, only one initial
maximum power point condition for a local wind speed needs
to be obtained. At this point, the dc voltage and current are
measured, then the optimum coefficient (K, ) is derived. The
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optimum relationship is given in (1) and (2) [18], [24].

Idc—opl = Kapt Vagc (1)
Lac—peak

Kopr = ~ 5 @)
Vdc—peak

where Lyc—pear and Vge—pear are the de current and dc voltage
corresponding to the MPP at a specific wind speed.

B. THE PSO-BASED MPPT ALGORITHM

PSO is a computational method that optimizes a prob-
lem by iteratively improving a candidate solution with
regard to a given measure of quality [33], [34], [37], [38].
This starts with a group of random potential solutions, which
are called particles. These particles are moved around in a
multi-dimensional search space in a search for the optimum
solution. The next position depends on each particle’s best
known position, as well as the best known position of the
other particles taken as a whole (the swarm). The particle
position and velocity are updated iteratively based on the
following two equations [30], [39], [40].

T =k 3)

k+1 k k k
Vi =wy; +eir [Pbesti —X; } + [Gbesti —X; ] 4)

where w is the inertia weight, ¢1 and ¢, are the acceleration
coefficients, r; and rp are two random values between (0, 1),
Ppessi 1s the personal best position of particle i, and Gy is
the best position of the particle swarm.

In order to implement the PSO method for MPPT in this
study, the position (x) variables in (3) and (4) are taken as the
current references (I4c o), whilst the velocity (v) variables
are the correction terms for the current references (®). The
aim of the PSO-based MPPT algorithm is to maximize the
converter input power. As depicted in Figure 2, the particle
position and the velocity are updated iteratively based on the
following two equations:

ot = waf + [Illgbesz - Iffc,i}
o car2 { My = 1) 5)
It =t 1k (6)
where [ c]i(c,i is the input current reference, / (]1‘;1 is the modified

input current reference, and / llgbesl is the personal best input

current; / ko s global best input current, be.‘ is the current

gbest
k+1
(bi

perturbation, and is the modified perturbation.

ghest,i

de,i Pbest,i

FIGURE 2. Concept of modification of a searching point by PSO.
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Calculate the power (Pbest) for the paﬂiclel
by multiplying Vdc and Ide

Update Pbest

Next iteration.
(k=k+1)

A

All particles
—=eyaluated]

Yes
(7) satisfied?
Yes

The MPP is obtained

Set Iref to gbest
Send to controller

Update Iref by (5) and (6)

FIGURE 3. The flow chart for the PSO-based MPPT.

The flow chart for the PSO-based MPPT algorithm applied
for the WECS system is shown in Figure 3 as was described
in [36]. Based on the flow chart, to start the optimization pro-
cess, the PSO-based MPPT algorithm sends initial values of
the dc current reference to the converter controller and senses
the produced power. Then, based on (5) and (6), the algorithm
updates the dc current reference and sends the new currents
to the converter controller. The process of generating new
references and calculating the corresponding power continues
until the convergence criterion defined in (7) is satisfied. This
is to ensure that all the particles converge to the MPP.

|Pgbest_Pnew,i|<Pth; i=1...n @)

where Pgpey is the global best fitness and Py, is a threshold
value.

C. THE PROPOSED HYBRID PSO-ORB MPPT ALGORITHM
One simple and effective solution to overcome the drawbacks
in obtaining the optimum coefficient in the conventional ORB
MPPT algorithm is to incorporate a self-tuning capability
using the conventional PSO method.

The hybrid PSO-ORB MPPT algorithm can accurately
obtain the optimum electrical power versus dc current curve
and track the maximum power peaks at different wind speeds,
without the turbine characteristics and the rotor and wind
speed measurements. Figure 4 illustrates the flow chart of the

4

Initialization

Calculate the power Pe by
multiplying Vde and lde

ORB Mode

PSO mode

Calculate Kopr
based on (2

Send to controller

FIGURE 4. The flow chart for the proposed PSO-ORB MPPT.

proposed hybrid algorithm. As shown in the figure, the flow
of the operation consists of two modes, namely the PSO
mode and the ORB mode. In the first mode, the PSO-based
algorithm is employed to search for the optimum relationship
between the dc power and dc current. Once the convergence
criterion in (7) is satisfied, the optimum coefficient (K,,) is
calculated using (2) based on the measured dc voltage and
dc current. The second mode only will be activated once the
value of K, is determined.

One of the differences between the conventional ORB
MPPT algorithm and the proposed MPPT algorithm is that
Kop: is updated continuously once any maximum power point
is detected. This, in turn, improves the tracking efficiency by
solving the non-uniqueness problem of the optimum curve.

Using the PSO MPPT algorithm to extract the value of
Kop: avoids the need to know the system parameters. It also
improves the MPPT efficiency, because of its reliance on
optimizing electrical power rather than mechanical power.

V. SIMULATION RESULTS AND DISCUSSION

In this section, MATLAB/Simulink software is used to
verify the performance of the proposed MPPT algorithm.
The parameters of the wind turbine, PMSG, and the boost
converter are listed in Table 1.

A. THE OPP MPPT ALGORITHM

To implement the OPP MPPT algorithm, the calculation of
the unknown coefficient (Kop) in (1) should be obtained
first. Obtaining Kop is based on simulating the conventional
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TABLE 1. Parameters of the simulated system.

Wind Turbine PMSG Boost Converter
p: 108  kgm’ | Ry: 3.6 Q L 1 mH
R: 23 m Ky: 2.25 V.s/rad Cn 470 uF
I 0.4 kg.m’ C, 470 uF

OTC MPPT algorithm and then using the measured dc volt-
age and current at a one MPP for the calculation.

The simulation results of the simulated OTC MPPT algo-
rithm for the range of wind speeds between 6 m/s and 9 m/s
are tabulated in Table 2. According to reference [18], it is
recommended that K,,; should be calculated using the mean
wind speed of the simulated wind profile in order to reduce
the non-linearity relation effect in (1). The mean wind speed
is 7.5 m/s and the corresponding optimum voltage and current
are 48 V and 3.07 A, respectively. The calculated K, at
7.5 m/s wind speed is 1.33247 x 10~3. From this table, it can
be seen that K, is not a constant value, but varies with
respect to wind speeds. In other words, the calculated K,
is non-unique- it is specific for each wind speed.

TABLE 2. The calculated K;pt based on the optimum voltage and current
in OTC MPPT algorithm.

Wind speed Optimum dc Optimum dc Optimal
(m/s) voltage current parameter
V) (A) K o
6.0 40.23 1.96 1.21103x10-3
6.5 43.00 2.30 1.24392x10-3
7.0 45.56 2.67 1.2863%10-3
7.5 48.00 3.07 1.33247%10-3
8.0 50.50 3.50 1.37241x10-3
9.0 55.00 4.42 1.46116x10-3

Based on the selected K, at 7.5 m/s wind speed, the I ¢
versus Vjc curves are plotted in Figure 5. The optimal /. line
in the figure is the optimal relationship between ;. and Vjc
for the given design (parameters in Table 1). The five points

6 VW=1 Om/s i

Optimal Idc line

V_=9m/s
w

100 “1000 1500 2000 2500 3000 3500 4000 4500
Vi (V)

FIGURE 5. The characteristic curves of /4. as a function of V;c at different
wind speeds.

VOLUME 6, 2018

shown in the figure are the optimum voltage and current
at the corresponding wind speeds. If the WECS operates
continually based on this optimal /4. line, it would ensure that
the extracted power from the wind is close to the optimum.

Figure 6 shows the mechanical power as a function of dc
current. The figure shows that the MPPs can be tracked by
operating the WECS system constantly on the optimal current
curve (as represented by (1)). Another significant observation
that should be noted in the figure is the permitted operat-
ing range of the current. Each wind speed has a maximum
current limit point: operating beyond this point would make
the system decelerate drastically, and thus lead to system
shutdown [41]. In Figure 6, the area above the maximum
limit current curve (represented by region A) is the permitted
operating region, while the area under the curve (region B)
is the area where the WECS will stop generation. Therefore,
the current command for a specific wind speed should not
exceed the maximum limit current curve, in order to prevent
system shutdown.

450
400 - Optimal current curve

350
Maximum limit current curve

DY, 2

V_=10mis

w

300+

250

200

150

Mechanical Power (W)

Iy ()

FIGURE 6. Characteristics of turbine power as a function of the dc-side
current (I4.) for a series of wind speeds.

It has been mentioned in the introduction that calculation
of K, based on the offline algorithms, such as an OTC algo-
rithm, reduces the extracted energy. This is because an OTC
algorithm actually optimizes the mechanical power (Py,),
which has maximum peak points at different locations from
those for the electrical power (P,). To illustrate this, the loci
of maximum mechanical power(P,; max)and maximum elec-
trical power (P, max) are represented graphically, below. The
mechanical and electrical power at 8 m/s wind speed are
plotted as a function of the dc current, in Figure 7. It can be
seen that, although the peak point of mechanical power is at
3.5 A dc current, the maximum electrical power is at 3.2 A dc
current.

Generally, equation (1) together with Figure 6 implies that
if the K, at any specific wind speed within the simulated
profile is known, it is possible to obtain the optimum curve
to implement the ORB MPPT algorithm. Although this algo-
rithm is preferable because of its ease of implementation and
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FIGURE 7. The mechanical power (Pp) and the electrical power (Pe)
curves at a wind speed of 8 m/s.

fast tracking ability, in order to calculate K,,; one peak point
of the mechanical power versus dc current curves and its
corresponding voltage and current are required. One of the
drawbacks in an ORB MPPT algorithm is the difficulty of
obtaining this value. Another drawback is the non-uniqueness
of the obtained curve. In addition, the ORB MPPT algorithm
is customized for a particular wind turbine, as it strongly
depends on the wind turbine parameters. Furthermore, this
algorithm assumes a certain value of air density in all calcu-
lations; however, air density in a real environment is subject
to atmospheric changes.

B. THE PSO-BASED MPPT ALGORITHM

In order to evaluate the performance of the PSO-based MPPT
algorithm for WECS, two different simulation studies were
carried out. In the first case the wind speed is steeply changed
from 6 m/s to 8 m/s, whereas in the second case the wind
speed is changed from 8 m/s to 7.5 m/s.

For the first case it is assumed that the wind speed is
stable at 6 m/s and the dc current is regulated at 1.84 A.
A swarm of three particles with an initial vector position of
[2.04 A,2.24 A and 2.44 A] has been arbitrarily chosen for the
first iteration. Because the converter can only respond to one
command at a time, the particles are initialized and evaluated
in a successive manner. It is important for the system to
reach the steady state before taking the next sample. The PSO
parameters employed in this work are tabulated in Table 3.

TABLE 3. The values of the PSO parameters used in the simulation.

w ¢ &) n r B,

0.15 0.5 1.6 1 1 0.05

The tracking process of the PSO-based MPPT algorithm
is displayed in Figure 8 and Figure 9. Figure 8 shows the
particles’ movement during the tracking process for the first
case of simulation, where the PSO-based MPPT algorithm

6

[
o1
(=]

- —--P, (¥ =6 mis)

—_— PE (VW=B mis) [
= - | I

——-Pm(\w'W 8 mis) - : 1

. -

2001

& PSO MPPT

1001,

Electrical and Mechanical Power (V\)
o
o

15 2 25 3 35
ReferenceCurrent (A)

(4]
o

FIGURE 8. The operating points of the PSO-based MPPT algorithm
tracking process under the first case (6 m/s to 8 m/s wind speed).
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Referen.ce Current (A)

FIGURE 9. The operating points of the PSO-based MPPT algorithm
tracking process under the second case (8 m/s to 7.5 m/s wind speed).

works by moving a sequence of improved particles towards
the optimum solution. It can be seen from the figure that
the PSO-based MPPT algorithm has converged to the correct
MPP. Unlike the conventional ORB algorithm simulated in
the previous section, the PSO-based MPPT algorithm opti-
mizes the electrical power but not the mechanical power. The
stopping criterion in (7) is satisfied at 3.16 A dc current,
which corresponds to 180.3 W.

The second set of the simulation is displayed in Figure 9.
It can be seen from the figure that the algorithm has suc-
cessfully tracked the correct maximum point of the electrical
power. The maximum peak power that is computed by the
algorithm in this case is 150.5 W at a dc current of 2.88 A.

The detailed simulation results for the two cases will be
described in the next section. However, it can be concluded
from the explanations above that the PSO-based MPPT algo-
rithm is capable of tracking the true MPP. As with all other
P&O algorithms, the problem with this algorithm is that
the computational time required for convergence may be
long, if the range of the search space is large. In addition,
the interval of time required between the successive samples
affects the tracking speed, which may lead to the loss of
tracking when the wind speed changes rapidly. Furthermore,
in order for the WECS to avoid working beyond the con-
ditions defined by the maximum limit current curve, the
PSO-based MPPT algorithms must include that curve.
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C. THE PROPOSED HYBRID PSO-ORB MPPT ALGORITHM
Assessment of the proposed MPPT algorithm is carried out by
simulating two different wind speed profiles. The simulated
wind profiles are based on references [18] and [41]. The
wind profiles take into account the step change as well as the
linear change of wind speed with different slopes. The initial
interval in both cases (t < 50 s) is similar to that simulated
in the previous section. In the first wind profile simulation
(Case 1), the WECS is considered stable at the maximum
peak on the wind speed curve at 6 m/s. After twenty seconds
(t = 20 s), the wind speed is suddenly increased to 8 m/s.
Similarly, in the second wind profile simulation (Case 2),
the WECS is considered initially stable at a wind speed equal
to 8 m/s, which then steeply drops to 7.5 m/s after twenty
seconds. The simulated wind profiles have been initialized
with the above-mentioned two cases in order to test the
tracking capability of the PSO-based MPPT algorithm under
either positive or negative wind speed changes. The rest of
the intervals in both wind profiles simulate different slopes
and wind speed values.

The wind profiles are depicted in Figure 10 (a) and
Figure 11 (a), respectively. As shown in Figure 10 (b) and
Figure 11(b), the MPPT algorithm starts in the conventional
PSO mode (at t = 20 s) and the dc current is used as a
perturbation (control) variable.

In Case 1, the algorithm transmits three dc current refer-
ences to the controller, with a step-size difference of 0.2 A.
Based on the three measured powers at those reference
currents and according to equations (5) and (6), the PSO
algorithm modifies the step sizes and then sends the new
modified reference currents to the controller. Again, the elec-
trical power corresponding to each reference current sent is

> measured, and a new modification for the current reference

is carried out. Exploration of the search space continues until
the convergence criterion (7) is satisfied. It can be observed
that it takes 5 iterations (total time of 12 s) for the PSO mode
to detect the MPP at 8 m/s and to calculate the parameter K,
based on the corresponding measured voltage and current.
The measured dc voltage and current are 57.5 V and 3.16 A,
respectively. At t = 31.2 s the value of K, is obtained
and the algorithm switches to the second mode of operation
(ORB mode). The optimal reference current is then calculated
directly, based on (1).

In Case 2, a similar scenario to the search in Case 1 is
found. It can be seen from Figure 11(b) that three current
reference values [3.18 A, 2.78 A, 2.68 A] are sent to the
controller in the first iteration of the PSO mode. It is worth
mentioning that a step size of 0.4 A (the difference between
3.18 A and 2.78 A) was decided upon to avoid working
beyond the maximum current curve corresponding to a wind
speed of 7.5 m/s. This takes the algorithm approximately 19 s
to track the new maximum peak at 7.5 m/s and to calculate
the K,p; successfully.

The step size of the PSO-based MPPT algorithm is adap-
tive. From the figures, it can be seen that the maximum step
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FIGURE 10. The proposed hybrid PSO-ORB MPPT simulation: Case 1

(a) variation in the wind speed (b) the calculated reference current from
the MPPT (Uref —opt) () the corresponding coefficient of power (Cp)

(d) the corresponding Ko p¢-

size reaches 0.56 A and 0.4 A during the tracking process
intervals in Case 1 and Case 2, respectively. Nonetheless,
it approaches zero when it converges to the optimal power
points.

Referring to Figure 10 (c) and Figure 11 (c), it can be
clearly seen that in contrast to the conventional simulated
MPPT algorithms, the power coefficient for the proposed
hybrid algorithm is not constant. Although operating the
WECS at the maximum power coefficient means the har-
vested mechanical power is maximized, nevertheless, as pre-
viously discussed, the peaks of the electrical power curves do
not coincide with the peaks of the mechanical power curves.
Consequently, for efficient tracking of the maximum electri-
cal power, the WECS should not operate at the maximum
power coefficient. In addition, it can be observed from the
figures that despite a very short time and large variations
in the power coefficient during the transient process, it is
regulated to return to its optimal values quite fast— even for
large step changes in wind speed.
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FIGURE 11. The proposed hybrid PSO-ORB MPPT simulation: Case 2

(a) variation in the wind speed (b) the calculated reference current from
the MPPT (Iref—opt) (©) the corresponding coefficient of power (Cp)

(d) the corresponding K-

It was mentioned in the introduction that one advantage

s of the proposed algorithm is the adaptability of the optimum

curves. This claim is confirmed, as depicted by the K,
curves in Figure 10 (d) and Figure 11 (d).

The loci of the tracking operating points for Case 1 and
Case 2 are shown in Figure 12 (a) and (b). It can be seen from
the figures that the peak power points at different wind speeds
have been tracked correctly and efficiently.

D. SIMULATION COMPARISON OF OTC, ORB AND
PSO-ORB MPPT ALGORITHMS

For performance comparison, the existing algorithms, namely
the conventional OTC algorithm and the conventional ORB
algorithm were also simulated for MPP tracking under iden-
tical conditions.

The electrical and mechanical power obtained for the
two simulated wind profiles employing the OTC, ORB, and
PSO-ORB MPPT algorithms are plotted in Figure 13 and
Figure 14. The simulation results of the electrical power
are also summarized in Table 4. In the table, the tracking
efficiency is calculated by taking the ratio between the max-
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FIGURE 12. Tracking curves of the (a) Case 1 (b) Case 2.

imum effective power obtained from the theoretical curve
and the corresponding MPP detected at a given wind speed.
Figure 15 shows the tracking efficiency for the tested wind
speeds. From the figure and table, it can be observed that
when the wind velocity increases, the efficiency of the OTC
algorithm decreases, while the efficiencies of the ORB and
PSO-ORB improve. At all wind speeds, the proposed hybrid
PSO-ORB MPPT algorithm has the highest tracking effi-
ciency, where the generated electrical power almost fits the
maximum effective output curve. It is noted that the efficiency
of the PSO-ORB MPPT algorithm varies between 99.1% and
99.7%, with an average efficiency of 99.4%.

In order to evaluate the effectiveness of the PSO-ORB
algorithm, the electrical energy captured by the WECS for
the simulated wind profiles has been computed and compared
with that obtained when the latter is controlled by the OTC,
as well as when it is controlled by the ORB MPPT algorithm.
As can be seen from Table 5, the proposed MPPT algorithm
has a higher energy output. The overall power efficiency
using the hybrid PSO-ORB MPPT algorithm is approxi-
mately 1.9% higher than when using the conventional OTC
and ORB MPPT algorithms. The overall power efficiency is
calculated by taking the ratio of the electrical energy obtained
from the theoretical curve to that produced by the correspond-
ing MPPT algorithm for the simulated wind profiles.
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FIGURE 13. Performance comparison: Case 1 (a) electrical power
(b) mechanical power.

In the proposed hybrid MPPT algorithm no off-line experi-
ments are required and the accurate optimum relationship can
be obtained in variable wind conditions. In addition, online
optimization of the electrical power improves the energy
output from the WECS. Another advantage of using the pro-
posed hybrid algorithm is that the search space for the PSO
is reduced, and hence, the time that is required for conver-
gence can be greatly decreased. Moreover, the possibility of
entering the region beyond the maximum current limit curve
is reduced, due to the very fast detection and response of
the ORB MPPT algorithm. This ensures continuous power
generation from the WECS.

VI. EXPERIMENTAL RESULTS AND DISCUSSION

The hardware design of the overall system is represented
by the block diagram shown in Figure 16. In order to
test the proposed MPPT algorithm, a flexible WECS is
required. For that reason, a simplified wind generator emu-
lator was developed. The main objective of the emulator is
to obtain the same voltage variation as from a real wind
generator.

The wind generator emulator is a controllable dc voltage
source, which is controlled to provide the same voltage
characteristic as the wind energy generation system. The
wind generator emulator is implemented with a boost dc-dc
converter and a constant dc voltage source (as shown in
Figure 16). By controlling the output voltage of the boost
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converter (Vy.), the wind generator voltage characteristics
can be emulated. The control action is achieved using the
duty ratio of the switch (Q1) as a control variable.

For comparison, the same test conditions and environment
have been set for both the MATLAB/Simulink simulation
and the experiments. The objective of the experiments is to
prove that the performance is in agreement with the sim-
ulation results. Because of the limitations in the ratings of
some equipment, the exact test conditions previously simu-
lated in section 4 are not replicated. Rather, new test con-
ditions are simulated and compared with the experimental
results.

To test the functionality of the proposed hybrid
PSO-ORB MPPT algorithm, simulated changes in wind
speed (V,,) are applied to the WECS, as shown Figure 18 (a).
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TABLE 4. Summary of performance comparison of OTC, ORB and
PSO-ORB MPPT algorithms in terms of tracking efficiency.

Maximum power .
W' d Simulated from pOWCr—Current ;“Iﬁaglziig
s :; d Tracking P curve (%) Y
(]r)n/ algorithm ¢ W)
9 W) p
e 7.
OTC 7911 982
60 35(1)3 7820 5050 97.0
o 79.86 99.1
0TC 99.11 98.1
6.5 I?SROB 9833 101.00 974
oo 100.40 99.4
0TC 121.95 98.0
7.0 I?sRoB 121.40 124.40 976
o 123.90 99.6
0TC 14772 978
75 }?;)B 147.70 151.00 738
oo 150.50 99.7
0TC 176,53 976
8.0 I?S%B 177.20 180.80 980
o 180.30 99.7
0TC 243,52 971
9.0 SSR'(;_ 246.40 250.80 232
ORD 250.10 99.7

TABLE 5. Electrical Energy harvested by OTC, ORB and PSO-ORB MPPT
algorithms.

. Overall
Simulated Tracking LSS LEnEe power
profile algorithm energy P efficiency
(W:s) e %)
Theoretical 25922.70 172.8 --
Case 1 OTC 25275.70 168.5 97.5
ORB 25396.50 169.3 97.8
PSO-ORB 25831.80 172.2 99.6
Theoretical 22257.00 148.4 -
Case 2 OTC 21769.95 145.1 97.8
ORB 21770.10 145.1 97.8
PSO-ORB 22180.00 147.9 99.7

The WECS operates at 5 m/s until a sudden rise in wind
speed to 5.5 m/s occurs at t = 30 s. After that, variations
between 5.5 m/s and 5 m/s, with different rates of change,
occur for the rest of the interval time. The values of 5 m/s and
5.5 m/s have been selected so that the change in the produced
voltages and currents are within the rating of the experimental
prototype.

The dc voltage (V4.) and inductor current (iz) obtained
from the simulation are shown in Figure 18 (b), while the dc
voltage and inductor current obtained from the experiment
are depicted in Figure 18 (c). As can be seen from the
figure, although a sudden rise in the wind speed occurs at
t = 30 s, the proposed hybrid PSO-ORB MPPT algorithm
takes approximately 4 s to find the optimal inductor current
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FIGURE 16. The system implementation block diagram.

FIGURE 17. A photograph of the laboratory experimental set-up.

corresponding to the maximum power of 5.5 m/s. During
these four seconds, the proposed algorithm works in the
PSO mode. After t = 34 s, each change in wind speed is
immediately followed by a change in the inductor current.
This is because the optimum coefficient of the ORB MPPT
algorithm was already calculated, and hence, the proposed
MPPT algorithm is working under ORB mode during this
interval of time. This demonstrates that the proposed control
algorithm tracks the MPPs rapidly.

It can be noticed from the figures that the change in
wind speed is also reflected in a change in the dc volt-
age. The dc voltage is actually the emulation of the wind
generator voltage that is generated from the wind generator
model represented in MATLAB/Simulink. This is a proof that
wind generator emulator is capable of achieving the desired
objective.

A slight difference between the simulation and the exper-
imental results is observed as a result of parasitic effects of
the converter elements, which are not taken into account in
the simulated average models in MATLAB/Simulink.
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FIGURE 18. The proposed MPPT algorithm test (a) simulated wind speed
profile (b) simulation results (c) experimental results.

VIl. CONCLUSION

In this paper a new MPPT algorithm for WECS based on
a combination of the conventional PSO and ORB MPPT
algorithms has been presented. The proposed hybrid method
has two operational modes, namely PSO mode and ORB
mode. During the PSO mode, the PSO MPPT algorithm is
used for searching for one peak point, at any wind speed,
and then the measured voltage and current at that point are
used to calculate the unknown coefficient of the ORB MPPT
algorithm. Once the unknown coefficient is calculated, it can
be used for calculating the optimal reference current for
MPP tracking.

The performance of the proposed MPPT algorithm has
been investigated by simulating the proposed algorithm using
MATLAB/Simulink and comparing the simulation results
with those obtained with conventional OTC and ORB MPPT
algorithms. The proposed MPPT algorithm offers several
advantages: (1) no mechanical sensors are needed, (2) no
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prior knowledge of system parameters is needed, (3) the opti-
mization is performed for the electrical power rather than the
mechanical power, which improves the WECS’ efficiency.
The simulation results obtained have confirmed that the track-
ing performance is improved and the energy harvested from
the wind is increased. Based on the simulated wind profiles,
the tracking efficiency of the proposed algorithm could reach
up to 99.7%. In addition to that, the harvested electrical
energy is 1.9% higher than that using the conventional OTC
and ORB MPPT algorithms. The proposed MPPT algorithm
was successfully implemented and obtained promising results
which compare well with the simulation results.
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