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Abstract- This paper presents a maximum power extraction and control system using modified firefly algorithm (MFA) to
achieve high efficiency maximum power extraction from a grid-tied wind turbine using permanent magnet synchronous
generator (PMSG). To get maximum power extraction from the PMSG, the MFA adjusts duty cycle of boost converter based
on rectifier’s output voltage and current. Simulation results show that MFA successfully achieves tracking capability under
varying wind speed to acquire the maximum power during constant power coefficient operation of the wind turbine. The MFA
also yields higher efficiency, faster response and lower integral of time and absolute error (ITAE) compared to the particle
swarm optimization (PSO) and the perturb and observe (P&O) counterparts. The proposed MFA was further tested empirically
against P&O method to extract maximum power on a 500W lab-scale prototype of wind energy conversion system (WECS).
The hardware test results demonstrate that MFA outperforms P&O method when used as an MPPT controller algorithm and
yields greater efficiency. The efficiency of PMSG wind turbine with MFA is 93.63 %, while P&O produce 81.54 %.
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1. Introduction The reason for such growth is mainly because wind energy
has been considered a green source of energy that is free of
Increased electricity demand and reduction in fossil-  CO2 emission, inexhaustible, and suitable for some

based energy generation have caused the rapid growth in the  applications with relatively low initial cost. However,
global use of renewable energy. Among existing renewable  utilization of wind energy is heavily dependent on
energy sources, wind energy has experienced fast intermittent wind speed which consequently has resulted in
development as indicated by its largest market share [1-3].  the prevalent use of variable speed wind turbines (VSWT) to
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convert wind energy to electricity [1,4-7]. Compared with the
fixed speed wind turbine, VSWT is more effective because
of its optimized wind energy conversion offering increased
captured wind energy and less mechanical stress [8-10]. The
type of generator employed by VSWT has mostly been
PMSG due to its high reliability, higher efficiency and
simple structure [5, 10,11].

As the wind fluctuates which in turn produces changing
power, there is a critical need to optimize the capturing of the
wind power. This is typically achieved by using the
maximum power point that follows any wind speed. At the
point of maximum power, PMSG must rotate at optimum
speeds set via the generator speed setting using a power
converter controller. Several methods to extract the
maximum power has been studied which can be classified
into two categories: direct power controller and indirect
power controller. MPPT algorithms that employs the indirect
power controller are the tip speed ratio (TSR), the power
feedback signal (PSF), and the optimal torque (OT) [3]. TSR
method is a simple algorithm, but requires an anemometer
for wind speed measurement that is not always accurate on
its implementation. The other two indirect power controller
algorithms do not require measurement of wind speed;
however, they require the use of mechanical sensor which
will increase the cost of the overall wind generation system.

For the direct power controller method, a couple of
algorithms that have been used are the perturb & observe
(P&O) and the optimum relations based (ORB). ORB
requires system parameters and different optimum curves for
each application that makes it difficult to use [3]. P&O is
simple and easy to implement because it does not require
information of wind speed and wind turbine parameters.
However, the determination of step size is critical to get the
tracking speed and fast response. Large step size will
accelerate the tracking speed but at the risk of oscillation in
steady state conditions. Conversely small step size will
increase the system's accuracy but at the cost of a slow
response. Hence, improving the P&O will usually require
adjustment of the step size, speed tracking, and tracking
ability for the wind speed variation [3].

To overcome the disadvantages of the conventional P&O
method, intelligent control techniques have been
investigated. Previous studies have used genetic algorithm,
fuzzy logic and particle swarm optimization (PSO) primarily
on the P&O method to adjust step size [12-18]. Neural
network, PSO and fuzzy logic have been explored to control
wind turbine system to achieve maximum power [18-22]. In
wind turbine control, the use of PSO produces accuracy and
efficiency that are better than those resulted from the
conventional P&O method [21].

Like PSO, firefly algorithm (FA) is also considered as a
swarm intelligent method. For photovoltaic system, FA has
resulted in faster response and higher accuracy than PSO
[23]. The use of modified firefly algorithm (MFA) for MPPT
on grid connected WTS with PMSG is presented in this
paper. MFA controls generator speed through the adjustment
of duty cycle on power converter to obtain the maximum
power from wind turbine. The proposed maximum power
extraction does not use mechanical sensor since the MFA

algorithm provides the necessary voltage and current
information. The proposed MFA adjusts duty cycle for boost
converter based on output voltage and current of rectifier to
get maximum power extraction so that optimal coefficient
power can be maintained. Brightness of each firefly is given
by the output power of the rectifier circuit as an objective
function. The efficiency of MFA is compared with PSO and
P&O methods. Simulation results demonstrate that the
proposed MFA functions well even without any mechanical
sensor and wind speed measurement. The proposed MFA
was tested experimentally on a 500W WECS prototype
whose results are being compared with those of P&O
method.

2. Wind Turbine System

Figure 1 illustrates the proposed wind energy conversion
system (WECS) with grid connection and maximum power
extraction. An 8.5 kW PMSG is directly coupled to a three-
blade horizontal-axis wind turbine. PMSG feeds a three-
phase diode rectifier and a boost converter that increases
conversion efficiency through maximum power extraction.
The MPPT controller adjusts the duty cycle of the boost
converter to reach the optimum generator speed using the
proposed modified firefly algorithm that is based on
rectifier’s output voltage and current. The maximum output
power will be achieved through duty cycle adjustment to
control generator speed at any given wind speed. An
inverter produces ac voltage to supply power to grid
utilizing the grid side controller which consists of current
controller and voltage controller
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Fig 1. Block diagram system

A wind turbine generates the mechanical power as
expressed by

By =-xmxpxCy(LB)x Ax v? (1)

where P_m is the wind turbine output power, p is air density
(1.225 Kg/m3), v is wind speed (m/s), A is the area swept
(m2), and Cp(A,B) is power conversion coefficient that
follows a nonlinear function between tip speed ratio (1) and
pitch angle of rotor blade (B). The tip speed ratio (TSR)
represents the comparison between turbine angular speed and
wind speed. Cp plays the most important role to the power
extraction efficiency [6, 24]. In fixed-pitch angle, where B is
equal to 0, Cp follows:
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where R is the blade radius and o is the angular speed, and
Ul — U5 are coefficients. At a specific wind speed, Cp is
optimal value at an optimal A as shown in Fig 2. At optimal
Cp, wind turbine will produce maximum power to yield an
increased efficiency of the power extraction.
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Fig 2. Power conversion coefficient curve

At another wind speed, wind turbine produces a
different MPP. Therefore, MPPT is needed to maintain the
optimal Cp through control of power converter. For varying
wind speeds, the maximum output power is achieved when
the rotor speed is optimal. From equations (1) to (4), the
maximum output power is given by

Fngx =k % ':‘:'E;:lr Q)

where k is a constant and o iS the optimal rotor speed. The
maximum output power of wind turbine is reached by
controlling generator speed to obtain the optimal rotor speed.

3. Modified Firefly Algorithm (MFA) For Maximum
Power Extraction

Firefly algorithm (FA) is inspired by the behavior of
firefly swarms. There are three rules to develop FA: all
fireflies have the same sex so that a firefly is attracted to
other freely, attractiveness is proportional to their brightness
and a firefly moved to follow the brighter firefly, and light
intensity of a firefly is influenced by objective function to be
optimized [24-25].

The brightness and light intensity variation are two
important factors in FA. For maximization, the brightness
may be simplified to be in proportion with the objective
function. Two fireflies with position xi and xj have their
distance (r) expressed by the Euclidean distance

B = ..\ll'EFT:L{X'.'R _Xi_i'}: (6)

The degree of attractiveness P is expressed by
f= f,xexp(yxrh) @)

where Bo is initial attractiveness at r = 0 and is chosen as
1, and vy is the fixed light absorption coefficient that is an
important parameter related to attractiveness variation. The
larger the value of P, the faster fireflies move toward the
lighter firefly.

The proposed MFA is developed based on the basic FA,
where the parameters o and y are important coefficients to

update firefly position. In this paper, MFA is used for the
MPPT of a wind turbine system (WTS). MPPT controller
determines duty cycle of boost converter to get maximum
power through the control of generator speed based on the
voltage and current from the bridge rectifier. In this
algorithm, firefly position is given as the duty cycle of the
boost converter, and brightness of each firefly is given by the
output power of the rectifier circuit. The number of fireflies
used in the algorithm determines computing time. High
firefly amount results in slower computing time while a few
fireflies result in local maximum. Hence, to give reasonable
computing time 10 fireflies are used.

Firefly speed to get the best position is affected by o and
B. MFA will evaluate brightness based on the maximum
output power. The other fireflies will follow those who have
higher brightness. The major difference between the
proposed MFA and the basic FA is the parameter a in MFA
is updated continuously on every iteration as expressed by:

@ = ap_y % 0.97% (8)

Where a_(t-1) is a parameter randomization previous,
and k is the iteration number. The larger the a, the wider the
random motions of fireflies, making convergence of the
algorithm slow. Also, the larger the iteration number will
result in smaller o because the search almost reached an
optimal solution. If fo equals 1 then firefly position is
updated

X =X+ exp (¥ xr?) x(x; - .rj-} + @ ¥ (randn — 0.4)
)

Where randn is a random generated number normally
distributed between 0 and 1. The position of fireflies will be
between the upper limit (Ub), dmax, and the lower limit
(Lb), dmin which establishes the duty cycle range for the
boost converter. In this paper, dmax and dmin are set at 95 %
and 5 % consecutively

A firefly will update its position based on Equation (9)
while a firefly that has maximum brightness will maintain its
position. If a firefly position has reached an optimum value,
the program will be terminated and the corresponding duty
cycle is conveyed to the boost converter. The flowchart of
MFA is shown in Figure 3 with parameters listed in Table 1.

Table 1. Parameters of modified firefly algorithm

Population Size 10

Bo 1

Y 1.15
0o 0.009
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Fig 3. Flowchart of the modified firefly MPPT algorithm

Performance of MFA to extract maximum power will
be compared to particle swarm optimization (PSO) method
and perturb and observe (P&O) method. PSO will determine
the duty cycle of boost converter to obtain maximum power
point. PSO performance is determined by three variables;
The particle position shows the duty cycle (d), the particle
velocity is the step size of the duty cycle and the objective
function is a function to maximize the converter power. The
velocity (V) and particle position can be determined by

V;‘"’l =w Vik+ Clrl(dﬁbasﬂ- *d:{) + Czrz(débssri 7dik) (10)

ditl= gy vk (12)

In which w is a momentum factor, r; and r, are random
values between 0 and 1, C; and C; are acceleration constants.
The PSO parameters used are swarm size = 10, maximum
iteration = 20, inertia weight factor (w) = 0.1, ¢; = 0.5 and ¢,
=0.7.

Like the MFA and PSO, the P&O method will also set
the duty cycle of the boost converter to extract maximum
power. Step size of duty cycle on the P&O method is 0.005

4. Grid Side Controller

Grid side controller controls a three phase voltage
source inverter (VSI) that interfaces DC-link voltage and the
grid. A simple passive L filter is connected between VSI and
the grid to eliminate unwanted high frequency noise. The
dynamic model of converter that is connected to grid in a

rotating synchronous reference frame can be expressed by
[26]

Vig = Ve — Ly

dig . i
el (faxB)+(wxlexig) (12)

dig . )
Vig = Vi —Lp X —(ig XR) — (w X Lf X ig) (13)
where w is the grid frequency, Vg, Vg, Vai, Vi, ia, Iq are
voltages and currents of the VSI and the grid in dq axes. R
and Ly are resistance and inductance of the filter. The active
and reactive powers are given by

P=15xV %I, (14)
Q=15xVxI, (15)

The grid side controller retains a constant DC-link
voltage at 300V and reaches unity power factor through
PWM control of the inverter. The grid side controller
consists of two cascaded controllers as shown in Figure 4.
The outer loop with a lower dynamic response adjusts the
DC link voltage and generates a reference signal for the
faster inner loop which controls the injected current into the
grid. Voltage control for the outer loop utilizes DC link
voltage as its reference input. Output control signal is a d-
axis current reference (iq_rer) to provide a reference to control
the d-axis current. The current controller consists of two Pl
controllers for the d-axis and g-axis current, as well as a PI
controller for the voltage control. A phase locked loop
(PLL) will estimate the electrical angle 6 of the grid
currents.

Invesrter
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Fig 4. Grid side controller

Output of controller of d-axis current (Upig) and g-axis
current (Upig) can be expressed by

Vd = Upid - ZmLiq + Vg (16)

Based on equation (16) and (17), the laplace transfer
function for the PI controller output can be determined by
I5(s) _ L)

1/R
= _ _ 18
(S) U_E.gj":f-':' ﬂp:j.l:f.':l [%}5‘+1 ( )
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PI controller in Laplace transformation can be expressed by
Un(9) =K, (141G —1(9)] (19)

In which Kp is a proportional constant, Ti is an integrator
gain, and I* is the reference current in the Laplace
transform.  Substituting equation (19) at (18) and
simplifying, the closed-loop transfer function of the d and q
axis current control systems can be expressed by

1% . 1
i) ALICE

H) =72 = (20)

i af[Elaet)+ (2 Kpra et
EL gl._[w”i,l"'[w Bp(s+7)

By using the pole placement method, the proportional
constants and integrator gain can be determined by
Kp = (21)

id

Ti = (22)

L
R
5. Simulation Results

Application of the MFA for maximum power extraction
on the PMSG wind turbine system was simulated with
MATLAB Simulink on the WECS shown in Fig 1. Wind
Turbine System (WTS) and PMSG parameters used in the
simulation are listed in Table 2. The system was simulated
with two wind speed profiles applied to the proposed MPPT
controller: a rectangular and random wind speeds. The
simulation results of WTS with MFA were then compared
with those obtained from PSO and conventional P&O
methods.

Table 2. PMSG and wind turbine simulation parameters

Items Specification
Power rating 8.5 KW
Stator resistance 0.425Q
Stator inductance | 0.0082 H
Pole pairs 10

PMSG flux 0.433 Wh
Turbine inertia 0.01197 kgm?
Maximum Cp 0.48

Figure 5 compares the performance for maximum
power extraction of the proposed MFA with PSO and
conventional P&O. The rectangular wind speed was
simulated for 4 seconds with 7 m/s up to 9 m/s variation as
shown in Fig 5(a). To get the maximum power under
varying wind speeds, the WTS must work at maximum Cp.
For time interval 0 <t < 1.4 s when wind speed is 9 m/s,
MFA is able to operate the wind turbine to achieve an
optimum Cp of 0.47 with faster response than that of P&O,
while PSO produces Cp that exceeds 0.48. For time interval
1.4 s <t < 25 s when the wind speed changes to 7 m/s,
MFA was able to maintain the wind turbine to operate at
optimum Cp that is consistently better than those of PSO
and P&O as depicted in Fig 5 (b). WTS can operate at
maximum power while the generator speed follows the wind
changes. Simulation results further indicate that MFA, PSO

and P&O are able to adjust the generator speed to work at
optimum speed and follow the changes in wind speed as
pictured in Fig 5(c). However, based on generator speed
response, MFA vyields faster response than the other
methods with P&O producing the worst response in
following wind speed variation.

W tpeed B8 )

............

r

(d) DC link voltage
Fig 5. Simulation results of the proposed MFA with pulse
wind speed

Simulation results as shown in Fig 5(d) prove that the
grid side controller can maintain the DC link voltage under
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varying wind speed condition. The grid side controller uses
a PI controller whose optimum parameters in the outer and
inner loops are determined by the pole placement method.
For the current control of grid side controller, the optimal
parameters of the PI controllers are Ti of 0.001 and Kp of 1
while the control voltage has Kp = 100 and Ti = 10. The
wind turbine with MFA for maximum power extraction can
retain the DC link voltage at the set point of 300 V which is
better than those obtained from PSO and conventional P&O.

For the random wind speed profile test, wind speed
variation from 6.5 m/s to 9 m/s was applied to the WECS
system with the proposed MFA. Results from this test are
presented in Fig 6 for the wind speed, power coefficient,
generator speed, and DC link voltage. The proposed MPPT
controller using MFA results in better performance than
those of PSO and P&O. MFA is also able to maintain power
coefficient that is better than the other two methods as
shown in Fig 6(b). Figure 6 (c) shows the generator speed to
change in wind speed, the greater the wind speed the greater
the generator speed. At wind speed 9m/s yields generator
speeds of 1.5rad/s. The DC link voltage can be maintained
according to set point at 300 V under various wind speeds as
illustrated in Fig 6(d). Figure 6 (e) shows the generator
output power in which the output power is generated equals
to the wind speed. The use of the P&O method results
greater oscillation than the MFA and PSO methods.
Compared to the other two methods, MFA produces better
performance for the control of the DC link voltage which
generates an Integral of Time and Absolute Error (ITAE)
that is lower than those from the other two methods. For the
random wind speed scenario, the ITAE value of the DC link
voltage response is 15.15, compared with PSO and P&O
which yield 39.22 and 276.2 respectively.

W e A )

............................................................................

R P Ny SRR R RSl SRS PRSI — D pp——

.....................................................................

(b) Power coefficient

Creqe e e O (I8

(e) Generator Output Power
Fig 6. Simulation result of the proposed MFA with random
wind speed

6. Experimental Results

The controller to extract maximum power using the
proposed MFA algorithm was tested experimentally on a
500W WECS prototype as depicted in Fig 7 and Fig 8. The
hardware model consists of a wind turbine emulator, a three
phase diode rectifier, a boost converter, an MPPT controller
and a resistive load. The wind turbine emulator consists of
A-Y3-905 induction motors, a Schneider ATV61HU40N4
three phase variable speed drive and a 500W PMSG. The
induction motors are controlled by the variable speed drive
to drive the PMSG at a certain speed which is proportional
to the wind speed. At a wind speed of 8 m/s, the generator
will rotate at a speed of 600 rpm. The PMSG connects to the
three phase diode rectifier and the boost converter. The
MPPT controller with MFA algorithm sets the duty cycle of
the boost converter to extract the maximum power. The
performance of the proposed MFA algorithm was then
compared with the conventional P&O method. Parameters
and Specifications of the components used in the experiment
are shown on Table 3.
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Fig 8. Experimental Setup

Table 3. Parameters and Specifications of the components

used in the experiment

subsequently increased and the generator speed was
measured by a tachometer, and the rectifier output power
which is equal to the boost converter input power was
measured by a wattmeter. The results are the characteristic
curves as shown in Fig 9.

180
—
= 160
g f—-18m/s
3 140 -
£.120 -
= . 7mis \
£ 100 // . \
5 go - .
o . 5m/s ‘\
£ &0 <
= -
Z a0 ; ,l%‘ \ \
: \ \
2 20 %/

o

o 100 200 300 400 500 600 700

Generator Speed (Rpm)

Fig 9. Real experimental characteristic curve of implemented
WECS

The proposed MFA algorithm was tested by providing
wind speed changes introduced by the wind turbine emulator
as shown in Fig 10. The generated output power from the
rectifier was measured and recorded on a personal computer
as shown in Fig 11. The results show that the MPPT
controller with the proposed MFA algorithm as well as the
P&O method can track maximum power well. However, the
MFA algorithm can extract maximum power greater than
that of the P&O method. At a wind speed of 6 m/s and 7 m/s,
the MPPT controller with MFA resulted in an average power
110.12W and 138.44W respectively. The conventional P&O
method, on the other hand, generates an average power of
80.09W and 130.47W. Table 4 summarizes the characteristic
curves resulted from the hardware test to compare the
performance of MPPT power that can be extracted by the

To validate the performance of MFA, measurements
were taken on the rectifier voltage and current without using
the MPPT controller at several wind speeds and the speed of
PMSG with load changes. For each wind speed, the load was

Permanent Magnet Synchronous Generator proposed MFA with the conventional P&O.
Rated power (w) 500

Rated rotation (rpm) 1000 -9

Rated phase voltage (V) | 160 E g

Number of pole pairs 18 =

Stator phase resistance () | 5.02 27

Induction Motor )

Output Power (KW) 15 E

Frequency (Hz) 50 z 5

D1-D6 SQL50A-100A Time [2s/div]
Optocoupler FOD3182

Switch IKW50N60T . . .
Diode V/S-30EPHOGPBE Fig 10. Wind Speed profile
Current Sensor ACS754

Variable speed drive Schneider ATV61HU40N4

D1-D6 SQL50A-100A

Optocoupler FOD3182
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Fig 11. Experimental waveform of the converter input
power extracted by the proposed controller

At a wind speed of 8m /s, the use of MFA as an MPPT
algorithm produce an average power of 110.12W and
maximum power of WECS based on the characteristic curve
real measurement of 106.40W so that the efficiency of MPPT
controller can be determined by the equation [27]

MPPT efficiency (%) =

MPPT extracted by MPPT Controller

x 100 (23)

Real MPP Based on Characteristic
_ 100.12
~ 10640

x 100 =94.10%

MFA algorithm has an average efficiency of 93.63% while
the conventional P & O method only amounted to 81.54%.

Table 4. Parameter MPP based on real characteristic curve
and MPP extracted by MPPT Controller

Wind Real MPP | MPP extracted | MPPT

Based on | by (W) efficiency (%)
speed characteri
(m/s) stic (W) MFA | P&O | MFA | P&O
7 106.40 100.1 | 80.1 94.10 | 75.28
8 148.60 138.4 | 130.5 | 93.16 | 87.80
Average 93.63 | 81.54

7. Conclusion

A maximum power extraction for PMSG wind turbine
system using the modified firefly algorithm has been
presented. The proposed method offers the main benefit of
not requiring wind speed measurement and wind turbine
parameters. The proposed MFA described in this paper
updates o while setting [ at a constant value to obtain
convergence quickly.  Voltage and current from the
generator side converter are taken by the MFA to get the
maximum power through control the boost converter.
Compared to PSO and P&O methods, the simulation results
show successful tracking capability of the MFA to extract the
maximum power from the PMSG wind turbine and to further
maintain the DC link voltage at a constant set point value
under wind speed change condition. The efficiency of PMSG
wind turbine with MFA is 97.94 %, while with PSO and
P&O produce 97.3 % and 93.75 % consecutively. MFA has
been implemented in hardware as maximum power
extraction on embedded system for control of a 500W lab-

scale prototype of wind energy conversion system (WECS).
Testing experiment demonstrates the use of MFA as MPPT
controller algorithm generates greater efficiency compared
with P&O method. In the future, MFA will be compared
with PSO using one of statistical comparison methods and
performance will be analyzed based on mean and variance
results from multiple runs for each simulation. Additional,
stability of the overall wind turbine system connected to grid
will be discussed deeper to solve and to analyze in the near
future.
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