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Abstract: A proposed two-stage Luenberger observer controller-based
structure is used by the pollinators in the flower pollination algorithm (FPA) to
search for global and local pollination. The FPA moves in only one direction in
search of the best solution and has a slow speed which is unable to properly
find the best solution at longer distances. The modified FPA with the
Luenberger method observes the best and optimal proliferation of specific
flower species based on the combination of global and local pollination, which
is used in the search for the best solution by the pollinators in both forward and
backward movement, and with fast speed in the search for the local and global
best solutions at both shorter and longer distances, which measure the input and
output power generated by the wind turbine. The output MATLAB/Simulink
simulation results show the effectiveness and high performance of the proposed
method.
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1 Introduction

Due to the high increase in power demand, the use of renewable energy to generate
power has been adopted over the years. There are several renewable energies, but solar
and wind energy are used mostly. These two renewable energies are used mostly because
they are environmentally friendly and cost-effective since it’s easy to be implemented
(Faccio et al., 2018; Ma et al., 2014). Wind energy plays a vital role in power generation
due to its availability both during the day and at night. Wind energy conversion involves
the change from kinetic energy to electrical energy. The wind turbines installation has
multiplied and the penetration level of wind generation on the grid has increased rapidly.
A wind turbine generates stabilised output power during normal operations. Power
fluctuations occur mainly as a result caused by the effects such as wind shear, wind
turbine tower shadow, turbulence, and the power system control.

For the wind-generated being disturbed by the distribution network to be reduced,
different induction generators such as permanent magnet synchronous generator (PMSG),
doubly-fed induction generator, squirrel-cage induction generator, and wound-rotor
induction generator (Eduard et al., 2016; Mittal et al., 2009; Syahputra et al., 2017) has
been implemented. These generators can be connected directly to the grid. A PMSG is
the most commonly used induction generator since its cost-effective, has low
maintenance, has higher efficiency, and also can be used without the need for a gearbox
(Alejandro et al., 2009). Different authors have proposed the use of wind turbines
connected with different induction generators. For the wind turbine’s speed to be
controlled, a wind turbine-driven PMSG connected to the grid power system is proposed
(Mohd et al., 2015). Basic circuit equations were used to model and analyse a standalone
wind power system. The wind turbine’s speed is controlled using PMSG based on the
variable speed. AC/DC and DC/DC converters were used where the output AC voltage
was increased using the AC/DC converter and the maximum power output of the wind
system was controlled using the DC/DC converter (Mohammed and Abu, (2014). The
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proposed work by the researchers’ output results was achieved but had some
shortcomings which include low tracking speed, low power generation, power instability
and fluctuations, and inconsistent tracking due to changes in the weather conditions.

The output of the wind turbine is nonlinear which decreases the output power
generated and is also affected by reducing the rotation speed of the wind turbine due to
the effects of power fluctuations. Perturb and observe (P&O) algorithm, incremental
conductance (INC) algorithm, genetic algorithm (GA), particle swarm optimisation
(PSO) algorithm, artificial neural network (ANN) algorithm, artificial bee colony (ABC)
algorithm (Amoh and Xie, 2022; Amoh et al., 2022; Chen et al., 2012; Chiranjit et al.,
2020; Dinesh et al., 2007a, 2007b; Duku et al., 2022; Ellaia et al., 2012; Gaurav et al.,
2023; Hadjer et al., 2019, Hazem et al., 2022; Jing and Shi, 2022; Jingiang et al., 2020; Ju
and Li, 2019; Naidu et al., 2017; Raj and Kumar, 2018; Song et al., 2018; Yu and
Lingjuan, 2022) has been proposed to increase the rotating speed of the wind turbine to
extract more power and also decreases power fluctuation by stabilising the output power
of the wind turbine. The flower pollination algorithm (FPA) performs better than other
optimisation algorithms (Yang, 2012; Zaid et al., 2018; Mohammed et al., 2019; Nayak et
al., 2018). Ahmed et al. (2018) carried out a research using three optimisation algorithms
which are the flower pollination algorithm (FPA), GA, and PSO on the advantages of the
gain and time optimisation of controller-based double-feed induction generators based on
the wind power system. The results of the research carried out show that the FPA
performed better than the other two optimisation algorithms but there was a delay in the
global search time of the global best. Qu et al. (2017) proposed a method where optimal
weight coefficients were searched using two-hybrid optimisation algorithms which are
the flower pollination algorithm and a bat algorithm to investigate the potential
application of a multi-objective optimisation algorithm for wind speed forecasting
optimisation. The results show that the flower pollination algorithm’s time for searching
was faster than the bat algorithm but the tracking speed in such for the global best was
slow. The parameters used were few which were only suitable in search for the local
pollination.

The FPA is a swarm-based evolutionary algorithm inspired by the biological
evolution of the pollination of flowers (Mohamed and Ibrahim, 2015a; Yang, 2012). The
pollination is based on global and local pollination to search for the best solution for each
generation. The FPA has been modified in this paper.

The flower pollination algorithm proposed by Yang (2012) only enlightens on the
next and current position in search of the local and global best solution. However, the
speed at which the pollinators moved was not enlightened. The FPA proposed by Yang
(2012) moves in only one direction in search of the best solution and has a slow speed
which is unable to properly find the best solution at longer distances. The speed is added
in this paper and also the movement of pollinators in search for the local and global best
is improved by forward and backward based by using the Luenberger observer
controller-based method. When the pollinators search for the local and global best
solution, they later go back to the previous position to search for the next local and global
best position by transfer of pollen which increases the rate at which more local and global
best solutions can be found. The time interval for the next position is detected and
increased. For the global best solution to be searched faster, two-step sizes were added
with the number of iterations, and levy flight is used to imitate the random movement of
pollinators. These two-step sizes find the directions of the global best from the current
position and the global best solution is attained at a longer distance. For the local best



56 A.M. Akwasi et al.

solution to be searched faster, two randomly selected variables are used and the iteration
numbers are increased for the local best solution to be attained at a shorter distance.

The Luenberger observer controller-based method (Luenberger, 1971) is added
whereby the forward and backward movement of the pollinators search for the local and
global best solution. The Luenberger observer controller is a two-stage designed structure
that attains the forward movement of the pollinators’ search for the local and global best
solution and also attains the backward movement of the pollinators’ search for the local
and global best solution. The interval estimation error for the position of the vectors in
the forward and backward movement for both global and local pollination is achieved.

This modified FPA movement enhances and improves the wind turbine’s rotation
speed and also stabilises the output of the wind turbine, thereby causing more energy to
be received by the wind turbine and more power to be extracted from the wind turbine to
be supplied to the grid for use. The modified FPA also reduces power fluctuations. A
control system was designed and implemented with the modified FPA. This control
design is integrated from the energy-receiving stage to the power-generation stage. The
wind turbine is modelled to receive energy from the wind. An induction generator is
connected to the wind turbine. AC-DC and DC-AC converters are used to enhance the
output voltage and current generated. The AC-DC converter controls the torque of the
generator to set the generator’s operation point strategy and the DC-AC converter
maximises the output voltage generated. The induction generator enhances the rotational
speed of the wind turbine. The design was drawn and also implemented in
MATLAB/Simulink software. The PSMG was used as the induction generator during the
simulation process. The control system was designed with and without the modified FPA
which serves as the maximum power point tracker (MPPT). The block diagram for the
wind turbine system, control diagram for the generator, and mechanical torque was
drawn. The output results of the control system were compared with the INC algorithm,
GA, PSO algorithm, ABC algorithm, FPA, and the modified FPA. The wind power
generation system tests for these algorithms was carried out with wind speed of 2 m/s,
4 m/s, 8 m/s, 10 m/s and 12 m/s with tracking time of 10 s, and generator speed of 1 pu at
0 deg pitch angle respectively.

The modified FPA dataset used for the evaluation was set. The minimum and
maximum iteration number used was 50 and 100, respectively of which 1 was added for
the next position to be achieved. The fitness was attained with the randomly selected
values of 0.5 and 0.9. Two randomly selected solutions from the current pollinators were
set with the values of 5 and 10 as the minimum and maximum values, respectively. The
initial position is set as 0.4 for the local pollinators and 0.8 for the global pollinators. The
zeros of the local pollinators are 0 and 1 and the zeros for the global pollinators are 1
and 5.

The sections of this paper are as follows: Section 2 discusses the modelling of a wind
turbine. Section 3 describes wind power conversion. Section 4 introduces the flower
pollination algorithm and its modification. Section 5 presents the observer
controller-based flower pollination algorithm. The simulation results and discussion is
presented in Section 6 and Section 7 is the conclusion.
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2 Wind turbine model

A wind turbine converts the kinetic energy of the wind received to mechanical energy
connected to the low shaft speed to rotate the rotor blades. The mechanical energy
changes the low shaft speed to a high shaft speed by the use of the gearbox to generate
electrical energy in the induction generator (Saberi et al., 2020). The wind turbine
consists of the power generated from the wind P,, and the mechanical torque 7,, to obtain
a modelled wind turbine equation. The power generated by the wind P,, can be expressed
mathematically as:

P, =% prR>Cp (2, BV (1)

where p is the density of air, R is the radius of the wind turbine, 1 is the ratio of the tip
speed of the wind turbine, fis the pitch angle of the blade of the wind turbine, C, is the
coefficient power, V, is the speed of the wind.

The angular speed of the wind turbine is given as:

VA
w,, = — 2
R (@)
The ratio of the tip speed of the wind turbine is given as:
R
A= 3
v 3

where w,, is the angular speed of the wind turbine. The mechanical torque 7,, can be
expressed mathematically as:

P,

W,y

T, = “

Put equations (1) and (2) into equation (4). The mechanical torque can be expressed as:

T, = % prR3Cp (A, BIV;2 (%)

3 Observer control-based wind energy conversion system

3.1 Optimisation objective

The output of the wind turbine is nonlinear which decreases the output power generated
and is also affected by reducing the rotation speed of the wind turbine due to the effects
of power fluctuations. The wind turbine in this paper is connected to the modified FPA
which serves as the MPPT. This optimisation method tracks maximum power under
different weather conditions. This modified FPA movement enhances and improves the
wind turbine’s rotation speed and also stabilises the output of the wind turbine, thereby
causing more energy to be received by the wind turbine and more power to be extracted
from the wind turbine to be supplied to the grid for use. The modified FPA also reduces
power fluctuations.
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3.2 Wind energy conversion system with the observer controller

An induction generator, an AC-DC converter, and a DC-AC converter circuit were added
to the control system. The AC-DC converter controls the torque of the generator to set the
generator’s operation point strategy and the DC-AC converter maximises the output
voltage generated. The induction generator enhances the rotational speed of the wind
turbine. MPPT based on the observer controller flower pollination algorithm is proposed
to extract more power by increasing the rotation speed of the wind turbine. These
components form the wind power generation system. Figures 1 and 2 show the wind
power generation system without and with the modified FPA-MPPT. Figures 3(a) and
3(b) show the control diagram for the generator torque and mechanical torque
respectively. Figure 4 shows the block diagram of the proposed wind turbine system

which was drawn based on the observer controller method.

Figure 1 Wind power generation system diagram without modified FPA-MPPT
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Figure 2 Wind power generation system diagram with modified FPA-MPPT
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The dynamic of the speed of the wind turbine is obtained as:

Jwo, =T, =T,

Power Grid

Power Grid

(6)

where J,, is the moment of inertia of the wind turbine, w,, is the angular shaft speed of the

wind turbine, 7, is the mechanical torque, and 7, is the wind torque.
The dynamic of the speed of the generator is obtained as:

Jowy =T, —T,

)
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where J, is the moment of inertia of the generation, w, is the angular shaft speed of the
generator, 7, is the mechanical torque, and 7y is the generator torque.
The wind torque can be deduced as:

T, =G; (wwl — Wg1 )+ K, (wwz —Wg2 ) (8)

where G and K are the fixed and friction coefficient of the torque respectively. w1 and
. are the angular shaft speed of the fixed and friction coefficient of the torque of the
wind turbine and wg and wg are the angular shaft speed of the fixed and friction
coefficient of the torque of the generator.

The generator torque can be deduced as:

Ty =To0g —Tpow,, )

where T and T, are the fixed and friction coefficient of the torque.
Wind speed error is calculated as:

e=w; —my (10)
where w; is the angular wind speed and wy is the angular generator speed

Figure 3 (a) Control diagram for generator torque (b) Control diagram for mechanical torque
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The equation given in (6)—(8) can be deduced using the Luenberger observer controller
method:

Gg=Ag+Bg+Cy (11)

where ¢ is the Luenberger observer, ¢ and y are the input and output vectors, 4, B and C

are the stability matrix.
Equations (12), (13), and (14) deduce the stability matrix of 4, B and C.

0 0 L
Ju
T,
A=]0 e 1 (12)
Jg Jg
6. KT ) k(L1
L Jg w Jg -

T, KT,
BT:{O —— —gz} (13)
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T, KT,
CT=|-% 0 £ (14)
JW JW

Figure 4 Block diagram of a wind turbine system based on the observer controller method
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4 Flower pollination algorithm

The flower pollination algorithm was proposed by Yang (2012). Since most plants are
blooming species, their proliferation is transpired through pollination. Pollination is the
transfer of pollen from one flower to a similar or different flower (Mohammed et al.,
2019; Zaid et al., 2018). Pollinators such as insects, birds, humans, rodents, and all types
of animals transfer the pollen (Mohamed and Ibrahim, 2015b). The transfer of pollen
takes place from the anther of a flower to the stigma of a flower. Self-pollination and
cross-pollination are the two types of pollination. Self-pollination is the transfer of pollen
from the anther to the stigma of the same flower. Self-pollinating flowers can fertilise
themselves. Cross-pollination is the process by which pollen is transferred from the
anther to the stigma of another flower. Cross-pollinating flowers use vectors such as
pollinators or wind to transfer pollen from one flower to another of the same species.
Flower pollination is observed with the fitness and optimal proliferation of a specific
plant species. Most insects like bees consist of Levy flight characteristics with flight
distance steps that act by the Levy distribution. The flower pollination process mostly
involves insects and birds whereby they fly or move to particular species of flowers only,
which is also called flower constancy.

These insects and birds receive food from the flowers. Flower constancy maximises
proliferation by increasing the number of particular kinds of flowers in the pollination
process. The pollination process involves the flower constancy and pollinator behaviour
of the flower pollination algorithm. These pollination processes were based on the
following:

1  Biotic pollination and cross-pollination are observed with global pollination
processes which are used in search of the global best solutions by which pollinators
carry pollen through levy flights.

2 Abiotic pollination and self-pollination are considered as the local pollination which
is used in search of current best solutions.
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3 Flower constancy is described as the proliferation relationship that is proportional to
the rate at which two flowers are similar.

4 Local pollination and global pollination are controlled-switch probability P between
the interval value of 0 and 1 because of the physical proximity and other factors like
wind. Local pollination has a significant fraction of P in the overall pollination
processes.

The pollinators in global pollination transport the pollen of a flower. The pollinators can
move over long distances to search for the global best solution. Global pollination can be
expressed mathematically as:

Xt = x4+ L(xf —x}) (15)

where x!*!

is the next position, x! is the current position of the /" iteration, x} is the
global best solution, and L is the levy flight step size which shows the firmness of the
pollinators.

The Levy flight is used to imitate the random movement of pollinators. Levy flight

can be expressed mathematically as:

. (7
AT(A) sm(zj |
T St+ 2

L~ (§>8,>0) (16)
where I'(1) is the standard gamma function when the levy flight has valid long steps and
big step S > 0 is the right value to obtain this distribution.

Local pollination can be expressed mathematically as:

xH =x,«’+e(x,’€—xj~) 17

where ¢ is the uniform distribution interval value between 0 and 1 of a variable including
a randomly generated value. x; and x/ are two randomly selected solutions from the

current pollinators or vectors.

4.1 Modified flower pollination algorithm

Flower pollination has been modified in this section based on global pollination and local
pollination.

4.1.1 Global pollination modification

Global pollination is designed in such a way that pollinators can transfer the pollen of a
flower over long distances. The speed of the pollinator’s position and movement is
increased for pollinators to be able to transfer pollen over longer distances. The
pollinators move in the direction of one flower and transport the pollen to another flower.
The proposed flower pollination algorithm by Yang (2012) only enlightens on the next
and current position in search of the global best solution. However, the speed at which
the pollinators moved was not enlightened. The speed is added in this paper and also the
movement of pollinators in search for the global best is improved by forward and
backward-based. When the pollinators search for the global best solution, they later go
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back to the previous position to search for the next global best position by transfer of
pollen which increases the rate at which the more global best solution can be found. The
time interval at which the next position is detected and increased.

The global pollination for the next position is obtained as:

X (t+D) =V () +x;(t)+ L(x: (1) — x4 (1)) (18)

The next speed is obtained as:
Vi(t+1) =V () +x:(2) 19)

where Vit + 1) and V(f) are the next speed and the pollinators’ current speed,
respectively. x{¢ + 1) is the next position, x(¢) is the current position of the i iteration,
x; is the global best solution, and L is the levy flight step size which shows the firmness

of the pollinators.
The Levy flight step size which shows the firmness of the pollinators L can be
deduced as:

- [L_Ljd (20)

Tmax Tinin

where fmax and fmin are the maximum and the minimum number of iterations respectively
and d is the distance between the current and global best position detected.

The global best solution can be searched faster with two-step sizes 1 and 7> These
two-step sizes will find the directions of the global best from the current position.

X (t+1) = V() +x:(O)+ L (27 (x1() = x,2(£)) — x4 (1)) (21)

where x,1(¢) and x,2(¢) are the random step sizes at iteration # and r is any number between
the interval of 0 and 1.
The global pollination for the forward solution can be given as:

Xt +1) = Vi(t) + x:(6) +(%—Lj (2 (6) = x, (1) 22)
Equation (22) can be simplified as:
t t t t
x(t+)= I/[(t)+x[(t)+2rx[(t)([ - p j—xg(t)(t——t—j (23)

For forward global pollination, the pollinators move forward to the next position. So the
next position is given as x{(t + 1).
The global pollination for the backward solution can be given as

xi(t—l)zV,-(t)+x,-(t)+( N j-(eri(t)-i-xg(t)) (4)

max min

Equation (24) can be simplified as:

xi(t—l)=V,-(t)+x,-(t)+2rx,(l)( ! —Lj-kxg(t)(%— ! j 25)

max min max Tinin
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For backward global pollination, the pollinators move backward to the previous position.
So the previous position is given as x(t — 1).

4.1.2 Local pollination modification

Local pollination transfer pollen from the same flowers. The speed is fast because the
distance is shorter since it’s the same flower whereby the transfer is taking place. The
current position is where the pollinator takes the pollen from and the next position is
where the pollinator takes the pollen since the transfer is between the same flowers. Local
pollination performs well when two or more random pollinators are selected with
maximum iteration.

The local pollination for the next position is obtained as:

Xi(t+1) = Vi(t) +xi(2) = Xpe (1) (26)

Equation (26) is deduced by substituting the minimum and maximum iteration numbers.
The next speed is obtained as:

X (4 1) = V() 3y (6) = Ty (1) @7)

max ~ ‘min max ~ fmin

Adding two randomly selected solutions to equation (27):

(1 +1) = Vi) X, (0) =X (D (5 (1)~ (1) (28)

max ~ ¢min max ~ ¢‘min

When another two randomly selected solutions are added to equation (27), the equation
can be derived for forward local pollination can be obtained as:

Xt +1) = V(1) 3y (0) =y ()£ (5 (0) =, (1))

max — ‘min max — ‘min (29)

+e1 (X, (1) = x, (1))

When another two randomly selected solutions are added to equation (27), the equation
can be derived for backward local pollination can be obtained as:

3t +1) = Vi (0) + —— (1) - —— 2y (O) £ (34 (1) 3, (1))

max ~ ‘min max ~ ‘min (30)

+&; (xn (t)_xm (t))

where x.s: 1s the current best position, x, and x,, are two randomly selected solutions.

Algorithm 1 Modified flower pollination algorithm pseudocode
Define the objective function min, max f(x), x = (x(1), x(2), x(3), ..., x(d))

Initialise a population of the n flower pollination with a random solution

Add the speed Vi to the initial population
Find the best global solution x; in the initial population

Find the best local solution xses in the initial population

AN O Sl

Define a switch probability p € [0, 1]
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10:
11:
12:
13:
14:
15:

16:

17:
18:

19:

20:
21:
22:
23:

24:
25:

26:

27:
28:
29:
30:
31:
32:
33:
34:
35:

A.M. Akwasi et al.

While ¢ < fmax and ¢ > fmin do
fori=1,...,Ndo

if rand < p then
Draw a (d-dimensional) step vector L which obeys a Levy distribution
Evaluate global pollination via xi(¢ + 1) = Vi(£) + xdt) + L(xi(t) — x¢(?))
Increase the population speed via Vi(t + 1) = Vi(¢) + xi(t)

else
Select two random step sizes 71 and r2

Double the step vector L to increase the population speed

Find the fimx and fnin via L = (L - L]d

tmax tmin
Update global pollination via xdt + 1) = Vi(¢) + xi(t) + L2r(xr1() — xr2(f)) — x4(2))
Find forward global pollination via

x(t+1)= V,-(r>+x,~(r)+(i—i]-(2rx,-(r)—xg(z))

max min

Find backward global pollination via

x(=1)= I/i(x)+xi(z)+(i—ij-(2rx,-(t)+xg(z))

max min
else
Draw € from a uniform distribution in [0, 1]
Select two random solutions & and j

Evaluate local pollination via
t t
x(t+1) =Vi()+ [7 - 7]()@'(1‘) = Xpest (1)) + (0 (1) = (1))

max min

Increase the local pollination by selecting two random solutions » and m

Evaluate forward local pollination via

X+ =Vi(0)+ (L - i](x,-(r) — X (1)) + 20 () = %, (8)) + 21 (5, (£) — X, (0))

max min

Evaluate backward local pollination via

X+ =V(0)+ (} - i](x,-(r) — X (1) + 20 () = x,(8)) + 1 (5, (£) = X, (0))

end if

Global and local new solution is better

Forward global and local pollination f{xi(¢ + 1)) > f{xi(t))

Speed of the forward global and local pollination AVt + 1)) > AVi(t))
else

Backward global and local pollination fxi(z — 1)) < f{xi(¢))

Speed of the backward global and local pollination A{Vi(t — 1)) < AVi(t))

New solution is better and updated in the population

end for
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36: Global best pollination f{xg(?) > fxi(?))
37: Local best pollination flxzes(t)) > fxi(t))
38: end while

5 Observed controller-based flower pollination algorithm

5.1 Observer controller based on the forward global and local pollination

From the Luenberger observer control method, considering the observer controller of the
forward flower pollination with global and local pollination.

The forward global pollination of the Luenberger observer control method is obtained
as:

{x,- (t+1)= Ax; (t) + Lx; () — Lx, (?) 31

yi(t) = Bxi (1) + V(1)
The forward local pollination of the Luenberger observer control method is obtained as:

{x,- (t+1) = Ax; (1) +xp () + exz (1) —&x; (1)

(32)
Vi) =Cxi(t)+Vi(1)

where x(t + 1) is the next position vector, x(f) € R", y(t) € R", Lx{(t): Z+ — R",
Lxg(t): Z+ — R, xi(t): Z+ — R represent the current position vector, position vector,
current position vector of levy flight, global best position vector, and current best position
vector respectively. exi(?): Z+ — R" and ex(f): Z: — R" represent two randomly selected
vectors. Vdt): Z. — R™ represent the speed of the vector, 4: Z, — R, B: Z. — R™",
C: Z. — R™" are the matrix functions of the appropriate positions vector.

The parameter’s value of the position vector can be represented by

Ala, t) = At)+ o A () + oA () + o34 () +...+ 0, 4, () (33)

where a1, oo, a3, ..., o, and A(f), Ai(t), Ax(t), As(f), ..., Au(f) are parameters and the
appropriate positions of the vector respectively.
The parameter’s value of the position vector is simplified as:

Al )= A0+ Y A0 G4)

i=1

Substituting equation (34) into equations (31) and (32).
The forward global pollination vector position is obtained as:

x,(t+l) = Ax,(t)+ ia,-A,-x,-(t)+Lx,-(t)—Lxg(t)

i=1

(335)
Yi(t) = Bx;(t) + Vi (1)

The forward local pollination vector position is obtained as:
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x;(14+1) = Ax; () + Zn:a,-Aix,- (&) + x5 (1) + exi (2) —&x; (2)
i=1

yi(t) = Cxi () +Vi(0)

(36)

Substituting equations (35) and (36) into the Luenberger observer theorem,
The forward global pollination Luenberger observer theorem is obtained as:

xi(t+l) = Dxi(t)+12ﬁixi(t)+in(t)_Lxg )+ Lr (yi()-Vi(®)

i=1

yi(t) = Bxi (1) + V(1)

(37

The forward local pollination Luenberger observer theorem is obtained as:

x(t+D) = Dx[(t)+2ﬂix,(t)+xb(t)+8xk (t)—ng(t)+LT(y,-(t)— V,(t))

i=1

Vi (Z) =Cx; (z‘) +V; (t)

where Dx{(t) = Ax(t) — LBxd(t), Dx(t) = Ax{t) — L1Cx{(t) and fxi(t) = c4Ax(t) and Lr
represents the Luenberger theorem.

The forward position vector for the global pollination can be given using the
Luenberger theorem:

(38)

% (t+1) = Dxy () + Y Bixi () + L (6) = Lcg () + Ly i () = L Vi (0)

i=1

Yi(t)=Bx; (1) + V(1)

The forward position vector for the local pollination can be given using the Luenberger
theorem:

(39

x; (t+1)=Dx; () + Zﬂix,- @) +xp (1) +exp () —ex; () + Lry; (t) — LV (2)

i=1

Yi(t) =Cx; () +Vi(2)

(40)

Assuming there is an interval estimation error for the position of the vectors in the
forward global pollination, the error is calculated as:

e. (1) =x;(t) — x (¢) (41)

Assuming there is an interval estimation error for the position of the vectors in the
forward local pollination, the error is calculated as:

er (1) =x (1) = x (1) (42)

From Dxi(f) = Ax(f) — LtBxd(t) and Dxd(t) = Ax(f) — LrCx,(t) in equations (39) and (40),
the error for the next position vector for global e, and local e;, pollination is obtained as:
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{eg (t+1) = Dx; (t)eg (1) + (1) + (1) 3

er (t+1)=Dx;(t)er (t)+D(t)+0(t)

where the parameters in equation (43) are deduced as:

) = Z‘ﬁ,-xl- () + Lxi (1)
= (44)

w(t)= Y Bxi(t)+x, (1)

i=1
The parameters in equation (43) are deduced as:

{Q(r) = Lxg (1) + Ly i (1) + Ly Vi (1)

(45)
0(t) = exi (t) —ex; (1) + Ly y; (t) + Ly Vi (2)

Figure 5 Global pollination forward and backward observer controller diagram
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5.2 Observer controller based on the backward global and local pollination

From the Luenberger observer control method, considering the observer controller of the
backward flower pollination with global and local pollination.

The backward global pollination of the Luenberger observer control method is
obtained as:

{x,- (t=1)=Fx;(£)+ Lx, (t) — Lx; (?)

(46)
Yi(t) = Mx; (1) +V;(¢)

The backward local pollination of the Luenberger observer control method is obtained as:

{x,-(t—l) = Foxi (1) +exp () = ex; () = x (1)

(47)
yi(t) = Nx; (1) +V;(2)
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where x;(t — 1) is the previous position vector, xi(f) € R", y{t) € R™, Lx,(t): Z+ — R",
Lx(t): Z+ — R", xi(t): Z+ — R" represent the current position vector, position vector,
global best position vector, current position vector of levy flight, global best position
vector, and current best position vector respectively. exi(f): Z+ — R" and exi(¢): Z+ — R"
represent two randomly selected vectors. Vi(f): Z. — R™ represent the speed of the vector,
F:Z. — R, M: Z, — R™", N: Z, — R™"are the matrix functions of the appropriate
positions vector.
The parameter’s value of the position vector can be represented by

F(0,0))=F@)+01F(£)+0,F (1) +03F5(1) +...+ 9 Fy (¢) (48)

where 01, 02, 03, ..., Ok and F(¢), Fi(t), Fa(?), Fi(?), ..., Fi(t) are parameters, and the
appropriate positions of the vector respectively.

k
F@,0=F(@0)+ Y 9iFi() (49)
i=1

Substituting equation (49) into equations (46) and (47).
The backward global pollination vector position is obtained as:

k
xi(t=1)=Fx,()+ ;E)iF,-x,» (£)+ Lxg (£) — Lx; (£) 50)

yi(t) = Mx; () + V(1)

The backward local pollination vector position is obtained as:

k
x(t—=1) = Fx()+ ;B[F,-x,- (t) + ex, (£) — £ (1) — x5 (1) 1)

i) = Nxi (1) +V; (1)

Substituting equations (35) and (36) into the Luenberger observer theorem.
The backward global pollination Luenberger observer theorem is obtained as:

xi(1=1) = Kx; (1) + lzyixi(t)+Lxg ()= Lxi(t) + Ly (y:() - Vi (1))

i=1

yi(t) = Mx; (1) +V; (1)

(52)

The backward local pollination Luenberger observer theorem is obtained as:

x;(t=1) = Kx; () + Zyl-x,-(l)ﬂxk(l)—exj(t) — x5 () + Ly (yi ()= Vi (1))
i=1

i) = Nxi (1) +V; (1)

(53)

where KX,‘(I) = Fxl-(t) — LTMX[(t), KX[(f) . FX[(Z‘) - LTNX[(t) and yl-xl-(t) . a[EX[(t) and Lt
represents the Luenberger theorem.
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Figure 6 Local pollination forward and backward observer controller diagram
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The backward position vector for the global pollination can be given using the
Luenberger theorem:

x,(l‘—l) = Kx,(t)+ Zy,x,(t)+Lxg (t)_Lx,(t)"l'LTy,(t)_LTV,(t)

i=1

i) = Mxi (1) + V(1)

(54)

The backward position vector for the local pollination can be given using the Luenberger
theorem:

xi(t—=1)=Kx; (1) + ;yl-x,- @) +exi(t)—ex;(t)—xp (t) + Lry; () — L Vi (2) (5%)
Yi(t) = Nx;(t) +Vi(t)

Assuming there is an interval estimation error for the position of the vectors in the
backward global pollination, the error is calculated as:

eg (1) = xg (1) = x; (2) (56)

Assuming there is an interval estimation error for the position of the vectors in the
backward local pollination, the error is calculated as:

e (t) = xy (1) = x: (2) (57)
From Kxi(t) = Fx(t) — LtMx,(f) and Kxi(t) = Fx(t) — LtNx(f) in equations (54) and (55),
the error for the next position vector for global e, and local e; pollination is obtained as:

{eg (t=1) = Kx;(t)ey (1) +6(t) + o (2)

(58)
e (1 =1) = Kx;(t)e, (1) + R(2) + (1)

where the parameters in equation (58) are deduced as:
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(0)= Dy (0)+ L (1)
i=1

a(t) =Yy (1) + exi (1) - ex; (1)
i=1

where the parameters in equation (58) are deduced as:

{

R(t)=Lx;(t)+ Lry: (t) — Ly Vi(¢)
o(t)=xp(t)+ Ly y; (t) — Ly Vi (t)

(59)

(60)

Algorithm 2 Luenberger observer control-based flower pollination algorithm pseudocode

1:  Define the objective function /= (x, y)

2: Initialise a population of the constant matrix vectors 4, B, C, D, E and F with a random

solution
3:  Regulate the speed with the input y; and output x; vectors
4: Find the best solution for global and local pollination via Luenberger method
5:  Represent the parameter values of the position vector with constant vectors
6:  While
7: xi(t + 1) =yi(f)
&: fori=1do
9: if rand < t then
10: Draw an input and output Luenberger observer global pollination
11: Add the input yi(?) = x«f) + Vi(?)
12: Increase the forward global pollination via
x(t+1) = Ax, () + zl 0 A, () + Lx,(£) — Lx, (¢)
13: Increase the backward global pollination via
Xt —1) = Fx,(1) + Z; 3,Fx,(t) + Lx, (1) — Lxi(0)
14: Evaluate the global pollination with Luenberger theorem
15: Update the forward global pollination via
541 = D)+ D Bxi(0)+ La(t) = Lag(0)+ Lyyi(0) = LV (1)
16: Update the backward global pollination via
5= = K60+ Y () + Lxy (0= L (0) + Ly ()= L (1)
17: else
18: Draw Luenberger observer local pollination for the input and output
19: Add the input yi(?) = xi(f) + Vi(?)
20: Evaluate forward local pollination via
X(t+1) = Ax,(t) + Zl 0 4 (1) + x5 (£) + ex, () — &x; (1)
21: Evaluate backward local pollination via
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k
x(E=1)= Fxi(0)+ Y () +exe () = x,(0) = x (1)

22: Evaluate local pollination with Luenberger theorem

23: Update the forward local pollination via
x;(t+1)=Dx;(t)+ Zilﬂ,xi(t) + x5 (t) +exi (t) —ex;(£) + Lryi(t) — Ly Vi(2)

24: Update the backward local pollination via
x(t—1)=Kx;(t)+ Z::1 7iX;: () + exi (t) — ex,; (1) — %, (1) + Ly y: (t) — Ly Vi(2)

25: end if

26 Evaluate the errors of global and local

27: eg>(t+1)and eL > xi(¢ + 1) then

28: eg<xit—1)and er <xdt—1)

29: Evaluate global and local new solution

30: St + 1)) > AL1yi(1))

31: else

32: Sxi(t = 1)) < AL1yi(1))

33: New solution is better and updated in the population

34:  end for

35: Global best pollination f{x,(¢)) > fix(t))
36: Local best pollination flxpes(?)) > fxi(t))
37: end while

6 Simulation results and discussion

Figures 7 and 8 show the wind power generation diagram designed and modelled in
MATLAB Simulink software without and with the modified FPA-MPPT algorithm. The
PSMG was used as the induction generator during the simulation process. The parameters
used for the simulation have been given in Tables 1, 2, and 3.

A wind speed of 2.5 m/s with a time of 1 s was tested in Figure 9 and compared with
and without the modified FPA-MPPT method to check for the effectiveness of the
method. From the simulation results of Figure 9, the wind speed increased initially at
0.04 s where a speed of 1.9 m/s was achieved but it later increased and remained at 2.2
m/s at 0.1 s without MPPT causing a decrease in the initial wind speed with low tracking
speed since the initial speed used was 2.5 m/s. When tested with the modified
FPA-MPPT, the wind speed increased initially at 0.03 s where a speed of 3 m/s was
obtained and increases faster to 3.6 m/s at 0.1 s which indicates that the wind speed
increased and was higher than the initial speed. The wind speed error measured is shown
in Figure 10. The wind speed error occurs as a result of the wind direction and also the
inconsistent tracking speed due to changes in weather conditions. The measurement of
the wind speed error helps to know the changes that occur in the weather conditions
during tracking. From the simulation result of Figure 10, the error occurred mostly at the
time interval of 0.13 s to 0.27 s.
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Figure 7 Wind power generation system without modified FPA-MPPT in MATLAB Simulink
(see online version for colours)
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Figure 8 Wind power generation system with modified FPA-MPPT in MATLAB Simulink
(see online version for colours)
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Table 1 Parameters of wind turbine used
Parameters Quantities and units
Nominal mechanical output power 5,000 W
Base power of the electrical generator 5,000/0.9 VA
Base wind speed 2 m/s
Maximum power at a base wind speed of nominal mechanical power Ipu
Base rotational speed of base generator speed I pu
Pitch angle beta to display wind turbine power characteristics 0

Table 2 Parameters of PMSG

Parameters Quantities and units
Back electromotive force (EMF) waveform Sinusoidal
Rotor type Salient pole
Mechanical input Torque (Tm)
Stator phase resistance 0.00867 W
Inductances (Ld) 0.00286 H
Inductances (Lq) 0.00344 H
Flux linkage 0.175 V.s.
Voltage constant 126.966 W
Torque constant 1.05 Nm

Table 3 Dataset of modified FPA

Parameters Values
Minimum number of iterations 50
Maximum number of iterations 100
Global initial position 0.8
Local initial position 0.4
Minimum random solution 5
Maximum random solution 10
First fitness 0.5
Second fitness 0.9
Zeros of the local pollinators 0and 1
Zeros of the global pollinators land 5

Figure 11 shows the simulation results of the global pollination. The pollinator’s speed
used to test for the methods was 45 m/s with a tracking time of 2 s. The tests were carried
out with constant, initial, forward, and backward pollination, and the output results were
achieved. At constant pollination, the speed attained was 0 m/s since the pollinators were
at a fixed location and there was no movement. At the initial pollination stage before the
pollinators moved, the initial speed remained constant from the beginning of the
initialisation until the time of 0.12 s then it decreased gradually from 45 m/s to 30 m/s
between 0.12 s to 0.2 s. The speed continued to decrease at 0.2 s from 30 m/s to 15 m/s at
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0.4 s. At the forward pollination stage, the speed increased to 50 m/s at the initial time
and was stable throughout. At the backward pollination stage, the speed moved in a
reverse direction. The speed from the initial time 0 s to 0.13 s was —20 m/s but decreased
to —45 m/s at 0.2 s. At 0.4 s, the speed attained was —50 m/s, which shows the direct
reverse speed of the forward pollination to the backward pollination. The forward and
backward pollination moved at the same speed as shown in the simulation results. The
proposed algorithm worked perfectly as shown in the simulation result. As the initial
pollination decreases, the global and local pollination are searched quickly with the
forward pollination maintaining the power stability and the backward pollination
maintaining the power when reversed.

Figure 9 Wind speed with and without modified FPA (see online version for colours)

T T T T T T ]
I~ Without FPA

n
T

g
T
|

)

Wind Speed (m/s)
— w

T = T T T T T T T T ™
“E‘q I~ With FPA
=]

B3

o

w

2

=g

=

01 02 03 04 05 06 o7 08 09
Time (seconds)

Figure 10  Wind speed measured error with time (see online version for colours)
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Figure 12 shows the simulation results of the local pollination. The pollinator’s speed
used to test for the methods was 10 m/s with a tracking time of 2 s. The tests were carried
out with constant, initial, forward, and backward pollination, and the output results were
achieved. At constant pollination, the speed attained was 0 m/s since the pollinators were
at a fixed location and there was no movement. At the initial pollination stage before the
pollinators moved, the initial dropped to 0 m/s due to the sudden tracking change. The
speed then increased to 4 m/s at 0.1 s. The speed dropped gradually from 4 m/s at 0.1 s to
0 m/s at 0.2 s. At 2 s, the speed dropped to —5 m/s. At the forward pollination stage, the
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speed increased from 10 m/s to 17 m/s at 0.1 s and was stable but dropped a bit to 14 m/s
at 1.4 s. At the backward pollination stage, the speed moved in a reverse direction. The
speed from the initial time 0 s to 0.1 s was —17 m/s and remained stable but at 1 s, the
speed increased, and at 2 s a speed of —12 m/s was achieved. The proposed algorithm
produced a great result. For forward and backward pollination from the results obtained,
the tracking speed increases more at the beginning however it slightly decreased at the
end which shows that the tracking wasn’t stable but the performance was good as more
power is tracked. For the initial pollination, the algorithm didn’t perform well in the
beginning as it increases which delays the pollinator’s movement but after a few seconds,
it decreases which increases the speed.

Figure 11  Global pollination speed with time (see online version for colours)
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In Figures 13 and 14, the wind power generation system test was carried out with input
power of 2,500 W and 5,000 W with a wind speed of 2 m/s and tracking time of 1 s, and
generator speed of 1 pu at 0 deg pitch angle respectively. In Figures 13 and 14, when the
system is connected without the modified FPA, the output power generated was 2,100 W
and 2,400 W at 1 s respectively since there are fluctuations in the wind speed, the output
power of the wind turbine is decreased due to variations in the wind speed. When the
system is connected with the modified FPA, the output generated power was 3,600 W
and 9,900 W at 1 s respectively which shows that the output power generated was
increased since the modified FPA enhances the output power by increasing the rotation
speed of the wind turbine and extracting more power from the wind turbine.



76

A.M. Akwasi et al.

Figure 12 Local pollination speed with time (see online version for colours)
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Figure 14  Output power generated at 5,000 W with and without modified FPA (see online
version for colours)
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Figures 15 and 16 show the output generated active and reactive power without and with
the modified FPA. The test was carried out with input power of 1,000 W with a wind
speed of 2 m/s and tracking time of 1 s, and generator speed of 1 pu at 0 deg pitch angle
respectively.

There is power instability when the active power is without the modified FPA which
decreases the output active power in Figure 15. At the initial stage, the power decreases
at 0.02 s to —950 W and increases to 100 W at 0.05 s. It became stable between 0.07 s to
0.6 s with an active power of —300 W. At 0.61 s, the generated power decreased to —1,200
W and increased at 0.64 s to 1,200 W. At 0.65 s, it decreased again to —1,100 W and at
0.66 s it increases to 100 W. There was high power instability between 0.61 s to 0.66 s as
it decreases and increases simultaneously. It became stable again between 0.66 s to 1 s. at
the initial stage and at 0.64 s, it increased to 100 W. For active power with the modified
FPA in Figure 16, the output power was stable with the active power of 100 W generated.

The reactive power generated without the modified FPA dropped to —1,400 W at 0.04
s and was stable from 0.04 s to 0.62 s then it gradually increased to 2,000 W at 0.63 s. At
0.64 s, it decreases to 1,800 W and was stable at 1 s as shown in Figure 15. For reactive
power generated with the modified FPA, at the initial stage, the power generated was -
1,200 W at 0.03 s. Between 0.03 s to 0.6 s, there was power stability and at 0.61 s, the
power gradually increases obtaining an output power of 2,100 W. At 0.63 s, it slightly
decreases to 1,900 W and was stable at 1 s as shown in Figure 16.
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Figure 15  Output active and reactive power generated without FPA (see online version
for colours)
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Figure 16  Output active and reactive power generated with modified FPA (see online version
for colours)
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Figure 17 shows the rotor speed of the wind system with and without the modified FPA.
The initial rotor speed used to carry out the test is 1 pu. When the system is connected
without the modified FPA, the rotor speed remains at 1 pu at 0.01 s and remains constant
with a slight increase at 0.62 s with 1.1 pu obtained. The rotor speed is low without the
modified FPA which affects the output generated power since less wind is extracted by
the wind turbine. When the system is connected to the modified FPA, the rotor speed
increases from 3.5 pu to 0.07 s which enhances the output generated power by increasing
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the rotor speed which extracts more energy and produces more power. Between 0.07 s to
1 s, there are slight changes due to the change in the tracking speed.

Figure 17  Rotor speed with and without modified FPA (see online version for colours)
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The proposed algorithm was compared with different algorithms. The wind power
generation system test was carried out with wind speeds of 2 m/s, 4 m/s, 8 m/s, 10 m/s,
and 12 m/s with tracking time of 10 s, and generator speed of 1 pu at 0 deg pitch angle
respectively. Table 4 shows the output generated power compared with different methods
proposed in the literature with different wind speeds when connected to the wind power
system designed. For the simulation of the different methods, the minimum and
maximum iteration number used was 50 and 100 respectively of which 1 was added for
the next position to be achieved. The fitness was attained with the randomly selected
values of 0.5 and 0.9. Two randomly selected solutions from the current pollinators were
set with the values of 5 and 10 as the minimum and maximum values respectively. The
initial position is set as 0.4 for the local pollinators and 0.8 for the global pollinators. The
zeros of the local pollinators are 0 and 1 and the zeros for the global pollinators are 1 and
5. The output power is generated by multiplying the output voltage and current generated.
The power is achieved when the best solution is equal to the current solution. The speed
is added to the current position. Figure 18 shows the graph of the proposed algorithm
compared with different algorithms with different wind speeds. From the results, the
proposed modified FPA performs better than INC, PSO, ABC, GA, and the FPA
algorithms. The modified FPA generates more power than all these MPPT algorithms
which shows the effectiveness of the proposed method as shown and highlighted in
Table 4.
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Table 4 Results of the output generated power of the wind generation system
Wind Power (W)
speed i
P INC PSO ABC GA FPA Modified
2 2,175.63 2,387.59 2,693.53 2,997.11 3,028.34 3,208.89
4 3,569.47 3,877.41 4,081.38 4,287.09 4,346.85 4,611.21
6 6,338.14 6,647.69 6,853.47 6,968.15 7,009.56 7,184.62
8 8,059.15 8,275.51 8,595.16 8,907.43 8,985.78 9,122.38
10 11,256.59 11,971.51 12,188.42 12,501.75 12,675.65 12,826.74
12 14,432.72 15,166.22 17,041.09 18,348.64 19,063.04 20,364.58

Figure 18  Output generated power compared with different algorithms (see online version
for colours)
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7 Conclusions

In this paper, a wind power generation system was designed based on the Luenberger
observer controller which was used to modify the FPA which served as a MPPT was
proposed. The Luenberger observer controller-based method used is designed as a
two-stage structure added whereby the forward and backward movement of the
pollinators search for the local and global best solution. The interval estimation error for
the position of the vectors in the forward and backward movement for both global and
local pollination is achieved. The movement of pollinators moves along with the speed in
two directions in search of the global and local best since the FPA proposed in the
literature only moves in one direction with no speed added. The speed added increases
the fast movement of the pollinators in search of the best solution in both shorter and
longer distances whereby the time interval for the next position is detected. Two-step
sizes were added with the number of iterations and Levy flight is used to imitate the
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random movement of pollinators which is used to search for the global best solution at
longer distances and two randomly selected variables with an increase in the iteration
numbers are used to search for the local best solution at shorter distances.

This modified FPA movement enhances and improves the wind turbine’s rotation
speed and also stabilises the output of the wind turbine when the best solution is found
since the output of the wind turbine is nonlinear, thereby causing more energy to be
received by the wind turbine and more power to be extracted from the wind turbine to be
supplied to the grid for use. The modified FPA also reduces power fluctuations. A wind
power generation system was designed and implemented with the modified FPA. This
control design is integrated from the energy-receiving stage by the wind turbine to the
power generation stage. The PSMG was used as the induction generator. The induction
generator enhances the rotational speed of the wind turbine. AC-DC and DC-AC
converters are used to enhance the output voltage and current generated. The AC-DC
converter controls the torque of the generator to set the generator’s operation point
strategy and the DC-AC converter maximises the output voltage generated. The wind
power generation system was modelled and tests were carried out in MATLAB/Simulink
by the proposed FPA.

A wind speed of 2.5 m/s with a time of 1 s was tested and compared with and without
the modified FPA-MPPT method to check for the effectiveness of the method. From the
simulation results, with the modified FPA, the wind speed increased faster from 2.5 m/s
to 3.6 m/s at 0.1 s and without the modified FPA, the wind speed decreased from 2.5 m/s
to 2.2 m/s at 0.1 s which shows the proposed modified FPA has a great performance.

Tests were carried out and simulation results for global pollination at the initial,
constant, forward, and backward stages with a wind speed of 45 m/s. At constant
pollination, the speed attained was 0 m/s. At the initial pollination stage, the speed
decreased from 45 m/s to 30 m/s between 0.12 s to 0.2 s and decreased again from 30 m/s
to 15 m/s at 0.4 s. At the forward pollination stage, the speed increased from 45 m/s to
50 m/s. At the backward pollination stage, the speed moves in the reverse direction from
—45 m/s to —50 m/s. The proposed algorithm worked perfectly as shown in the simulation
result. As the initial pollination decreases, the global and local pollination are searched
quickly with the forward pollination maintaining the power stability and the backward
pollination maintaining the power when reversed.

Tests were carried out and simulation results for local pollination at the initial,
constant, forward, and backward stages with a wind speed of 10 m/s. At constant
pollination, the speed attained was 0 m/s. At the initial pollination stage, the speed
increased to 4 m/s at 0.1 s and decreased again to —5 m/s at 2 s. At the forward pollination
stage, the speed increased from 10 m/s to 17 m/s at 0.1 s and was stable but dropped a bit
to 14 m/s at 1.4 s. At the backward pollination stage, the speed moves in the reverse
direction from —17 m/s to —12 m/s. The constant, forward, and backward for both the
local and global pollination performed well as the speed increases as it moves. The initial
for both the local and global pollination performance wasn’t good as it decreases which
affects the pollinators” movement in the beginning. The proposed algorithm produced a
great result. For forward and backward pollination from the results obtained, the tracking
speed increases more at the beginning however it slightly decreased at the end which
shows that the tracking was not stable but the performance was good as more power is
tracked. For the initial pollination, the algorithm did not perform well in the beginning as
it increases which delays the pollinator’s movement but after a few seconds, it decreases
which increases the speed.
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The test was carried out with input power of 2,500 W and 5,000 W with a wind speed
of 2 m/s and tracking time of 1 s, and generator speed of 1 pu at 0 deg pitch angle
respectively with and without the modified FPA. Without the modified FPA, the power
generated decreases from the initial input power of 2,500 W to 2,100 W and also
decreases from the initial input power of 5,000 W to 2,400 W. The decrease in power is
caused due to variations in wind speed. With the modified FPA, the power generated
increases from the initial input power of 2,500 W to 3,600 W and also increases from the
initial input power of 5,000 W to 9,900 W. The increase in power is because the modified
FPA enhances the output power by increasing the rotation speed of the wind turbine and
extracting more power from the wind turbine.

The test was carried out with input power of 1,000 W with a wind speed of 2 m/s and
tracking time of 1 s, and generator speed of 1 pu at 0 deg pitch angle respectively for
output generated active and reactive power without and with the modified FPA. There is
power instability when the active power is without the modified FPA which decreases
and increases the output active power simultaneously from 0.05 s to 0.66 s. At 0.65 s the
active power decreases again to —1,100 W and at 0.66 s it increases to 100 W. It became
stable again between 0.66 s to 1 s. For active power with the modified FPA, the output
power was stable with the active power of 100 W generated. There was stability for the
active power with the modified FPA but the output generated power was reduced. The
reactive power generated without the modified FPA dropped to —1,400 W at 0.04 s and
increased to 2,000 W at 0.63 s and then decreased to 1,800 W at 0.64 s which shows the
power instability. For reactive power generated with the modified FPA, the output
reactive power increases by 2,100 W at 0.61 s and it slightly decreases to 1,900 W at
0.63 s and was stable at 1 s which shows that although there was an increase in the
reactive power, there is still power instability.

The initial rotor speed used to carry out the test is 1 pu. When the system is connected
without the modified FPA, the rotor speed remains at 1 pu. The rotor speed is low
without the modified FPA which affects the output generated power since less wind is
extracted by the wind turbine. When the system is connected with the modified FPA, the
rotor speed increases to 3.5 pu 0.07 s which enhances the output generated power by
increasing the rotor speed which extracts more energy and produces more power.

The proposed algorithm was compared with four other different algorithms which
were INC, PSO, ABC, GA, and FPA. The wind power generation system test was carried
out with wind speeds of 2 m/s, 4 m/s, 8 m/s, 10 m/s, and 12 m/s with tracking time of
10 s, and generator speed of 1 pu at 0 deg pitch angle respectively. The minimum and
maximum iteration number used was 50 and 100, respectively. The fitness was attained
with the randomly selected values of 0 and 1. From the results, the proposed modified
FPA performs better than INC, PSO, ABC, GA, and FPA algorithms. The modified FPA
generates more power than all these MPPT algorithms which shows the effectiveness of
the proposed method

The proposed method performed better by generating more output power for the
system with high tracking speed. It has a high convergence rate and high efficiency. The
global and local best solutions were searched quickly. However, there was still power
instability and fluctuation most especially for the active and reactive power. The initial
pollination wasn’t stable in the beginning which affects the initial tracking speed. The
algorithm needs to be further improved in the future and then test with more parameters
and also the iteration number should be increased to maintain power stability. The
proposed method is complicated but effective and can be used to solve complex
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computational problems. The modified FPA can be improved and implemented with
other optimisation methods such as evolutionary algorithm (EA), simulated annealing
(SA), cuckoo search (CS), ant colony optimisation (ACO), firefly algorithm (FA), grey
wolf optimisation (GWO), glowworm swarm optimisation (GSO), bacteria foraging (BF),
whale optimisation algorithm (WOA), shuffled frog leaping algorithm (SFLA) to solve
complex computational optimisation problems in the future.
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Appendix

Table A1  Abbreviations

Abbreviation Meaning
MPPT Maximum power point tracking

FPA Flower pollination algorithm

PMSG Permanent magnet synchronous generator
AC Alternating current

DC Direct current

INC Incremental conductance

PSO Particle swarm optimisation

ABC Artificial bee colony

GA Genetic algorithm
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Table A2  Symbols
Symbols Quantity Units
Cr The coefficient of electric power of the wind turbine system -
Vi The wind speed m/s
Tu The mechanical torque of the wind turbine Nm
Py Power generated by wind turbine w
Ww The angular speed of the wind turbine rad/s
Tw Wind torque Nm
Ty Generator torque Nm
A The ratio of the tip speed of the wind turbine -
p Air density kg/m3
R The radius of the wind turbine m
B The pitch angle of the blade of the wind turbine deg




