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Abstract- The blade pitch angle (BPA) in wind turbine (WT) is controlled to maximize output power generation above the rated
wind speed (WS). In this paper, four types of controllers are suggested and compared for BPA controller in WT: PID controller
(PIDC), type-1 fuzzy logic controller (T1-FLC), type-2 fuzzy logic controller (T2-FLC), and hybrid fuzzy-PID controller
(FPIDC). The Mamdani and Sugeno fuzzy inference systems (FIS) have been compared to find the best inference system used
in FLC. Genetic algorithm (GA) and Particle swarm optimization algorithm (PSO) are used to find the optimal tuning of the PID
parameter.The results of 500-kw horizontal-axis wind turbine show that PIDC based on PSO can reduced 2.81% in summation
error of power signal (EPS) than GA. T1-FLC based on Sugeno FIS performs 23.98% lower summation of EPS than T1-FLC
based on Mamdani FIS and 27.63% lower than optimal PIDC when using PSO. Sugeno FIS in T2-FLC provides 21.81% lower
summation of EPS than Mamdani FIS in T2-FLC and lower summation of EPS than T1-FLC based on Sugeno FIS. On the other
hand, the hybrid type-2 fuzzy-PID controller (T2-FPIDC) based on PSO with the Sugeno FIS provides 21.93% lower summation
of EPS than the Sugeno FIS in hybrid T2-FPIDC based on GA as well as 90% lower summation of EPS than Sugeno T2-FLC.
Finally, the proposed optimal hybrid T2-FPIDC based on PSO and Sugeno FIS provides the best results in terms of consistent
output power at fluctuating wind speeds and lowest in summation of EPS.

Keywords Wind Turbine, Type-2 fuzzy logic controller, fuzzy inference systems, hybrid fuzzy-PID controller, particle swarm
optimization, genetic algorithm.

Nomenclature:
BPA Blade Pitch Angle Romans:
Cp Power Coefficient P, Actual Power Outputs [w]
EPS Error of Power Signal kg Derivative Gain -
FIS Fuzzy Inference System k; Integral Gain -
GA Genetic Algorithm P, Electrical Power [w]
PAC Pitch Angle Control B, Mechanical Power [w]
PIDC Pid Controller k, Proportional Gain -
PSO Particle Swarm Optimization Prer Reference Power Outputs [w
T1-FLC Type-1 Fuzzy Logic Controller T Turbine Mechanical Torque  [N.m]
T1-FPIDC Type-1 Fuzzy-PID Controller Wae Actual Wind Speed [m/s]
T2-FLC Type-2 Fuzzy Logic Controller v Wind Speed [m/s]
T2-FPIDC  Type-2 Fuzzy-PID Controller Gy Power Coefficient -
TSR Tip Speed Ratio
WS Wind Speed
WT Wind Turbine
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1. Introduction

Today's need for renewable energy is due to a variety of
issues affecting the world, including environmental
degradation and global warming. Since the end of the 1970s,
WT has grown quickly as the main source of renewable energy.
WT can generate electric energy from wind energy without any
environmental hazards [1, 2]. Both horizontal and vertical axis
WT are used to generate the electricity. However, it has been
found that horizontal-axis wind turbines extract more power
than vertical-axis wind turbines [3].

The BPA in WT plays a significant role to regulate the
power generation of WT [4]. Also, it helps to minimize the
fatigue load exerted on the turbine's related components. When
the WS exceeds the rated speed, pitch angle control (PAC) is
used to keep the output power at the rated power [5]. In
medium to large-scale WT, Pitch angle control is used in order
to maintain the power generation close to the rated value by
using either PID controllers (PIDC) or artificial intelligence
controllers [6].

Pitch angle control system by using PIDC is frequently
used to maintain the captured wind energy close to the rated
value [7, 8]. When the WS exceeds the turbine's rated speed, a
PIDC is designed to manage the BPA of WT. PID controller
has been applied to improve the performance BPA controller
of WT when the PID parameters (kp, ki, and kd) are selected
based on the root locus method or neural network algorithm
[9]. On the other hand, in advanced design approaches,
modeling, simulation, and computational optimization are
necessary. Particle Swarm Optimization (PSO) and the Genetic
Algorithm (GA) are the most widely used techniques for
optimizing nonlinear and highly complicated problems [10]. A
multi-objective particle swarm optimization (PSO), and
Genetic algorithm (GA) are compared to find the optimal
tunning of PID parameters and the results shows PID controller
based PSO has better output power flow and the dynamic
response than PID controller-based GA [11, 12].

Fuzzy logic controller (FLC) is now the most often used
for controlling nonlinear systems [13]. When obtaining an
accurate mathematical representation of the system poses a
challenge, FLC is becoming more popular due to it is ability to
use expert knowledge in the control design as well as it can
improve the flexibility of nonlinear systems in the presence of
fluctuations or uncertainty [14-16].T1-FLC based on Mamdani
FIS is applied and showed a suitable controller for BPA in WT
[17-20]. Also, T1-FLC based on Sugeno FIS is controlled WT
in actual WS [21]. On the other hand, the effectiveness of the
T2-FLC has been evaluated for BPA controller and showed
that the T2-FLC gives higher enhancement in power quality
and transient stability than T1-FLC [22-26].

The hybrid fuzzy-PID controllers is a combination of fuzzy
logic controllers with PIDC. The hybrid type-1 fuzzy PID
controller performed better BPA controller of WT than PIDC
and T1-FLC in [27,28], Optimal hybrid T1-FPIDC based on
GA has been applied and achieving improvements in output
power and structure stability of Floating offshore wind turbines
[29,30].

Considering the state of the art for BPA controllers to get
stable output power, this paper compares different controllers
and proposes a novel AIC for BPA controller in WT. A 500-
kw HAWT at actual WS is presented to calculate the output

power and show the effect of BPA in WT. Four controllers
have been evaluated and compared: optimal PIDC, T1-FLC,
T2-FLC, and optimal hybrid T2-FPIDC. The first contribution
of this paper compares two FIS (Mamdani and Sugeno) in
design T1-FLC and T2-FLC. Another contribution of this
paper is to propose the optimal hybrid T2-FPIDC by using GA
and PSO algorithms to find the best BPA controller. The results
demonstrate that the optimal hybrid T2-FPIDC based on the
Sugeno FIS and PSO algorithm can provide the best results in
terms of stable output power at variable WS.

2. Characteristics of Wind Turbine

The main purpose of WT is to produce electrical power
from the WS. The characteristic of power performance in WT
is called power curve and it represents the relation between the
output power and WS. Therefore, the turbine speed needs to
be controlled while WT is in operation. In both high and low
WS scenarios, this control technique aims to safeguard turbine
systems and enhance the output power. The output power of
the WT has four operation zones depending on varying WS
and BPA, as shown in Figure 1. When the cut-in speed in the
zone (1) is greater than the WS, the output power is zero. The
zone (II.), which is halfway between the cut-in speed and the
rated speed, has the highest power point tracking. Between the
cut-out speed and the rated speed is the zone (III). Finally, WT
is stopped in the zone (IV.) because WS has exceeded the cut-
out speed [21].
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Fig. 1. Characteristic curve of the wind turbine.
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One of the key variables in determining the power
generation of WT is the power coefficient (Cp). Cp is changed
by the tip speed ratio (A) and pitch angle (). As shown in
Figure 2, Cp describes how effectively WT produces power.
The turbine speed is calculated using Cp and tip speed ratio
(TSR). Furthermore, based on various values of pitch angle,
TSR and Cp are changed. Figure 2 demonstrates that Cp is in
maximum when the f is zero. When WS is changed, the TSR
is changed too. Therefore, WT can operate at the most
effective level at a specific WS [21].

3. Wind Turbine Mathematical Model

The mathematical model of WT is explained in this part
after considering the effect of BPA in operation of WT. The
power generation of WT can be calculated by using the
formula below.

P,=0.5pAV €))

Where ( P,, ) is the wind power (Watt), ( p ) is the air density
(kg /m?), (A ) is the blades swept area (m?), and (v ) is WS (
m/s ). The mechanical power generation of WT can be
calculated as below.

P,=P,C, (B, 1) )

The mechanical power ( P,, ) of WT is calculated by using
equations (1) and (2).

Pm=0.5pAv3CP(/3,/1) 3)

Since Cp is extremely nonlinear, it changes depending on
B and TSR, as illustrated below.

21
C,=0.5 ( %‘5 0.48-5)e" %+ 0.0068 ()

The Cp value is produced by swapping the ( Ai ) value in
(5) with the one in (4). Here, using the value of the
intermediate variable ( Ai ), which is represented by the
following equation:

10i =1/(% + 0.08 B) - 0.035/ (3 B + 1) )

Tip speed ratio (1) is the mechanical angular speed of the
blades that related with WS, and it is expressed as follows:

A= (wu*R)/(v) (©6)

where ( wy ) is the rotor's angular speed and ( R ) is the WT
blade radius. Any change in rotor speed or WS has an impact
on the Cp, which is affected by the TSR. As aresult, the output
power is changed. The mechanical torque and electrical power
are given below.

P,~0.5p AV C, (f.1) 1, )
Tm:Pel>x< Wit (8)

Where (P,;) is the electrical power of WT, (ngen) is the
generator efficiency, and (7,,) is mechanical torque of WT.

4. Blade Pitch Angle Controllers Design

This section illustrates four different control methods for
the BPA controller: PIDC, T1-FLC, T2-FLC, and hybrid T2-

FPIDC. These controller techniques are used to keep the
power generation of WT at a stable region.

4.1. PIDC Design

PIDC produces the output signals based on the controlled
objective [11]. PIDC has three controller gains (k,, , k;, and k)
that selected to find the lowest error signals to WT as shown

in Figure. 3.
’—.| Proportional (P)

o

Integral (I)

Derivative (D)

Fig. 3. PID controller structure for wind turbine.

Where u(t) is output of control, ¢(t) is the output of WT
controlling system, r(t) is the reference input, and e(t) is error.

4.2. FLC Design

This section presents the operating principles for two
types of FLC applied in WT: T1-FLC and T2-FLC with two
FIS (Mamdani and Sugeno). In general, FLC involves
fuzzification, defuzzification, fuzzy inference systems, and
the rule base. Each object in FLC is assigned a membership
function (MF) degree between [0, 1] [31].

T1-FLC is stated with a degree of truth that is represented
as a number in the interval [0, 1]. Figure. 4 shows the main
parts of T1-FLC. The quantized input data are converted into
suitable linguistic variables by using the fuzzifier. The
inference is the main part of the FLC, it is specified the process
that transforms fuzzy inputs into a fuzzy output after
considering the fuzzy rules. In this paper, the Mamdani and
Sugeno FIS are used and compared. Finally, defuzzification is
producing the nonfuzzy (crisp) control actions based on the
best represents of fuzzy control actions [31].

Rule Base

Mamdani FIS
Sugeno FIS

Fig. 4. Main parts of the T1-FLC structure.

As an extension of T1- FLC, T2- FLC is used to represent
and address issues with a higher level of ambiguity and
uncertain in MF [32]. Each MF is represented by an additional
MF known as the secondary MF and it has been proposed to
address the T1- FLC limitations when uncertainty is too high.
Higher levels of uncertainty cannot be managed by T1- FLC
because it can only assign a single-valued membership degree
at each point in the universe of discourse. Consequently, T2-
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FLC is applied another membership degree to the primary
membership values. Therefore, it has the footprint of
uncertainty and the type of reduction which makes it different
from T1-FLC as shown in Figure. 5.

Rule Base

Defuzzification

Fuzzification

Type reduction

Mamdani FIS
Sugeno FIS

Fig. 5. Main parts of the T2-FLC structure.
4.3. Hybrid FPIDC Design

The hybrid fuzzy-PID controllers (H-FPIDCs) are a
combination of fuzzy logic controllers with PIDC. In this
paper, a design process for the fuzzy-PID controller is used to
improve the BPA control system of WT. The hybrid system of
control using a fuzzy-PID controller is illustrated in Figure 6
[33].

Fuzzy controllcr
Rules

evaluation

Iie/dj Dkp | Dki | Dka
y

Rated
Power (+
Value -

Fig. 6. Hybrid T2-FPIDC structure for WT.
5. Optimization Techniques for Optimal Controller

To obtain the optimal tuning of PID parameter values (kp,
ki, and kd), in this paper PSO and GA are applied and
compared to determine the optimal PID parameter for BPA
controller. The five essential components in optimal PID
parameter tuning are defined below.

5.1. Design Variables:

The main parameters of PIDC (kp, ki, kd) are defined as
the design variables of the BPA controller in WT.

5.2. Objective Function:

minimized (min) the error signal in the power generation
and WS is the main objective function. The total error (E) is
calculated based on the summation of the absolute errors
obtained from power (P) and speed (W).

minE=Y | (Pac'Prgf) +( Wac'Wref) | ©)

Where (P, ) and ( P, ) are actual and reference power
outputs, while ( W, ) and ( W, ) are actual and reference WS.

5.3. Constraints:

The Constraints of the PIDC are defined based on the
minimum and maximum levels of each parameter as given
below.

/ pmmSKp S1<Pmmc\

Knin<K; <K;

zmm max I

Kdmin SKd < Kdmax

(10)

where K, , Kj, and K, are the PID parameters; Kpyi,
Kimin » and Ky, are the minimum levels of PID parameters;

Kpmax > Kimax@d Kgnax are the maximum levels of PID
parameters.

5.4. Optimization Algorithms:

Genetic Algorithm and Particle swarm optimization are
used to determine the best and optimal PID parameters as
follow:

A. Genetic Algorithm (GA)

The evolutionary algorithm based on a biological process
used to optimize complex objective functions is called GA.
GA uses seven steps to determine the best design variables:
parameter selection, decoding, and encoding, population size,
natural selection, combining, mating, and mutations. GA
repeats the steps until the GA is converged [34].

B. Particle Swarm Optimization (PSO)

A population of interacting elements that can find the
optimal design variables through the space of search is defined
as PSO. Experience is defined as interacting elements
(particles) traveling (flying) in quest of space to locate the
optimum position. In the search space, each interacting piece
saves the optimal location and neighbourhood. PSO has seven
steps to calculate the optimal design variables: defining the
selection, finding the location, specifying the velocity vectors
in each interacting element, finding the fitness values,
calculating the locations, calculating the speed, and adjusting
the location until the specified requirements are met [34,35].

5.5. Optimization Procedure:

This section shows the procedure to calculate the optimal
PID parameter of BPA controller in WT. First step is defining
the main component of the optimization algorithm: design
variables, objective function, and constraints, and applying
optimization algorithm (GA or PSO) as explained in previous
section. Second step is computing output power, pitch angle,
and wind speed based on initial PID parameters for actual WS.
third step is calculating the objective function (min (E)) based
on equation 9. Final step is finding the optimal value of (kp,
ki, kd) after several iterations. Figure. 7 shows the flowchart
of the optimization procedure to find the optimal PIDC
parameter for the BPA controller of WT.
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Fig. 7. Flowchart for the PIDC optimization process.
6. Simulation Results and Discussion

The simulation model and results of 500-kW HAWT are
presented in this section. WT system has been tested for four
different controllers based on actual WS data as shown in
Figure. 8.

Wind speed (m/s)

0 10 20 30 40 50 60 70 80 9 100
Time (sec)

Fig. 8. WS of the 500-kw HAWT for 100s.

Table 1. provides a list of the specifications used to create
the 500-kW HAWT model. The number of rotor blades on WT
determines the ideal TSR. In this paper, TSR is considered
(4.19). If the airfoil is carefully built, the optimal TSR could
be approximately 25% to 30% higher than this ideal value.
The ideal TSR may exceed the stated limits depending on the
type of profile utilized [36]. Two MATLAB functions are
utilized in the Simulink model for relevant operations in
MATLAB simulation. The first function indicates the cut-in,
while the second function indicates the cut-out. One is used to
start the controller when it is operating at the nominal WS,
while the other is used to stop the controller when it is
operating above the nominal WS. Finally, Figure. 9 shows the

entire WT system model, including different controllers. The
generator efficiency is 0.95 according to the rated power
conditions [37].

500 kw wind system

reference power
level

;E

Fuzzy type-1
/P senvo motor

P input T2FLC

Fuzzy type-2

Fig. 9. Simulink model for WT with different controllers.

Table 1. Simulated WT system parameters [11]

rated output power 500 kilo Watt
cut in WS 3 m/s
rated WS 12 m/s
cut out WS 25 m/s
diameter of the rotor 48 m
turbine blade number 3

range of rotor speeds 10-30 rpm
generator type and number PMSG -2

6.1. Optimal PIDC

Figures. 10, 11, and 12 show the output power, pitch
angle, and power error when the PIDC is used. The summation
error of power signal (EPS) for the optimal PIDC based GA is
1.4212x10° and based on PSO is 1.3812x10°. PSO for tunning
PIDC can reduced 2.81% in summation of EPS than the GA.
Therefore, these results demonstrate that the PSO-based
optimal PID provides better response than GA in terms of
output power and errors between the reference and actual
power generation in WT.

x10°

T T T T T T T T T

10 —GA - Optimization |7
=—PS0 - Optimization

Qutput power (w)

0 10 20 30 40 50 60 70 80 90 100
Time (sec)

Fig. 10. Output power in PID-GA and PID-PSO.
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Fig. 11. Optimal BPA in PID-GA and PID-PSO.

x10°

——GA - Optimization
——PSO - Optimization

Absolute error
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Time (sec)

Fig. 12. Absolute error in PID-GA and PID-PSO.
6.2. TI-FLC

T1-FLC is tested based on two FIS: Mamdani and
Sugeno. Figure. 13 displays FLC system inputs (error and
derivative of error) as MF. Figure 14 shows the amount of
change in pitch angle for only the Mamdani system. Table 2
contains a list of properties for Mamdani and Sugeno FIS that
used in the design of T1-FLC. The Mamdani and Sugeno FIS
are similar, however, Sugeno FIS does not involve clipping in
output MF because it is either linear or constant. In this paper,
Sugeno FIS is applied as a constant.

1.2 T T T T T T T T T
P
| A
=
Z
2 0.8 .
E 0.6 J
g0
kS
o 04 k
@
=
8002 .
a
0
1 1 1 L L L 1 1 1
1 0.8 0.6 04  -02 0 0.2 0.4 0.6 0.8 1
Error
=)
=
4
b}
=
E
)
E
-
=
o
2
o
1
a

-1 -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1
Derivative of error

Fig. 13. The input variables fuzzy sets.

Degree of membership

-1 -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1
Change in pitch angle

Fig. 14. The change in output variable fuzzy sets.

Table 2. properties for Mamdani and Sugeno FIS

Properties Mamdani Sugeno
And Method Min Min
Or Method Max Max
Implication Method Min Prod
Aggregation Method Max Sum
Defuzzification Method Centroid Weaver

As shown in Figure. 15, the fuzzy controller surface for
Mamdani and Sugeno FIS illustrates the relationship between
input and output variables as three-dimensional graphics.
Also, two FIS rules are shown in Table 3.

Mamdani FIS

Change in pitch angle

Sugeno FIS
15
=
2 s
g 5
=
=
= 04
8
&
§ 0.5 4
=
o
-1 5
1

0

Derivative of error -1 Error

Fig. 15. FIS surface of T1-FLC for Mamdani and Sugeno.

Table 3. FIS Rules For Mamdani and Sugeno

. Derivative of error
Pitch angle chnage Negative Positive
Negative PB PS
Error Zero Z Z
Positive NS NB
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Two input values in T1-FLC have three linguistic levels,
one for error and two for the derivative of error as the
following names: negative (N), zero (Z), and positive (P).
While five linguistic levels in the output value as the following
names: positive big (PB), positive small (PS), zero (2),
negative small (NS), and negative big (NB). The comparison
in output power for two FIS (Mamdani and Sugeno) is shown
in Figure. 16. As shown in this Figure, Sugeno FIS has better
stability than Mamdani FIS. Figure. 17 show the comparison
error signal between the Mamdani and Sugeno FIS. The
summation EPS for T1-FLC based on Mamdani FIS is
1.3149x10%and based on Sugeno is 9.9953x10°. T1-FLC
based on Sugeno FIS can reduced 23.98% in summation of
EPS than T1-FLC based on Mamdani FIS. Furthermore, T1-
FLC based on Sugeno FIS can reduced 27.63% in summation
of EPS than the optimal tunning of PIDC by using PSO.
Finally, two reasons make Sugeno better than Mamdani: first
is Sugeno FIS using the weighted average of the rules to get
crisp output and second is Sugeno possesses more flexibility
in the system design and well suited to mathematical analysis.

x10°

T T T T T T

QOutput power (w)
L o
T T
— HE

] 10 20 30 40 50 60 70 80 90 100
Time (sec)

Fig. 16. Output power of T1-FLC for Mamdani and Sugeno.

x10°

T T
— Mamdani FIS|
= Sugeno FIS

251

2k

Absolute error

0.5

L L L L L L L L L
0 10 20 30 40 50 60 70 80 92 100
Time (sec)

Fig. 17. Absolute error of T1-FLC for Mamdani and Sugeno.
6.3. T2-FLC

T2-FLC has been presented to address the limitations of
TI-FLC when the level of uncertainty is overly high. As
explain in previous section, the main differences between T1-
FLC and T2-FLC are the footprint of uncertainty and type
reduction used in T2-FLC. Figure. 18 shows the input of FLC
(error and the derivative of error) as MF. These two inputs
have three linguistic levels of error and two linguistic levels
of the change in error under the following names: negative
(N), zero (Z), and positive (P). The output has five linguistic
levels under the following names: positive big (PB), positive
small (PS), zero (Z), negative small (NS), and negative big
(NB). Figure. 19 displays the output variable of T2-FLC for
BPA controllers based on the Mamdani FIS.

Degree of membership

Degree of membership

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Derivative of Error

Fig. 18. The input variables fuzzy sets for T2-FLC.

12 T T T T T T T T T
PS PB

Degree of membership

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Change in pitch angle

Fig. 19. The output variables fuzzy sets for T2-FLC.

The relationship between input and output variables is
presented as three-dimensional graphics for the Mamdani and
Sugeno FIS, as shown in Figures. 20 and 21. while the rules
of the T2-FLC for the Mamdani and Sugeno FIS are the same
as T1-FLC and as shown in Table 3.

Mamdani FIS

0.5 4

Change in pitch angle
=1
L

-0.5

Derivative of error
Error

Fig. 20. FIS surface of T2-FLC for Mamdani.
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Sugene FIS

Change in pitch angle
=]
L

0

0

Derivative of error 1 1 Error

Fig. 21. FIS surface of T2-FLC for Sugeno.

The comparison in output power between two FIS
(Mamdani and Sugeno) in T2-FLC is shown in Figure. 22,
while the pitch angle is shown in Figure. 23.As shown in these
Figures, Sugeno FIS has higher stable in output power than
the Mamdani FIS.

x10
T T T T T T
st
B
L 6r
e
z
2
2 -
] 4
&
=
S Lt
U L L 1 1 1 L i 1- -| i |- ]
0 10 20 30 40 50 60 70 80 90 100

Time (sec)

Fig. 22. Output power of T2-FLC for Mamdani and Sugeno.

T T T T T T T T T
k1 o ——Mamdani FIS|+
25 1

20

Pitch angle (degree)
=

0 10 20 30 40 50 60 70 80 920 100
Time (sec)

Fig. 23. BPA of T2-FLC for Mamdani and Sugeno.

x10°
T T T T T T T

T T
251 —— Mamdani FIS
—— Sugeno FIS

Absolute erorr

0 10 20 30 40 50 60 70 80 90 100
Time (sec)

Fig. 24. Absolute error of T2-FLC for Mamdani and Sugeno.

Figure. 24 show the comparison in absolute power error
signal between the Mamdani and Sugeno FIS. The summation
EPS for T2-FLC based on Mamdani FIS is 1.2723x10° and
based on Sugeno is 9.9472x10%. Therfore, T2-FLC based on
Sugeno FIS can reduced 21.81% in summation of EPS than
the Mamdani FIS. Also, T2-FLC based on Sugeno FIS has
lower summation of EPS than Sugeno T1-FLC.

x10°
st —— Type-1 Sugeno FIS| |
——Type-2 Sugeno FIS
s ]

Sl 1

: °r t

S oar A

zZ )

g 5t oo AlE ]
2k . /\/\’_ |
1f \ ]
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Fig. 25. Output power of T1-FLC and T2-FLC for Sugeno.
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Fig. 26. Absolute error of T1-FLC and T2-FLC for Sugeno.

Figure. 25 shows a comparison in output power
generation for only Sugeno FIS between T1-FLC and T2-
FLC. Figure. 26 shows the difference in absolute error for the
two controllers. As shown in both of Figs, the T2-FLC in
Sugeno FIS has a better influence on power generation and
lower error than the T1-FLC in Sugeno FIS. Since the Sugeno
FIS for T2-FLC has greater flexibility and stability than
Mamdani T2-FLC as well as Mamdani and Sugeno in T1-
FLC, it has been applied to hybrid T2-FPIDC as explained in
the next section.

6.4. Optimal Hybrid T2-FPIDC

Figure. 27 shows the fuzzification of input variables for
the Sugeno FIS. The input membership values have five
linguistic levels with the following names: negative high
(NH), negative low (NL), zero (Z), positive low (PL), and
positive high (PH). Furthermore, the five output linguistic
levels with the following names: negative small (NS),
negative medium (NM), negative medium-big (NMB),
negative big (NB), and negative very-big (NVB). As shown in
Table 4, The complete 75 control rules of the hybrid T2-
FPIDC. Output power, BPA and absolute error when using
GA and PSO optimization for the optimal tuning of PID
controller applied in hybrid T2-FPIDC with Sugeno FIS are
shown in Figure. 28, Figure. 29, and Figure 30 respectively.
The summation EPS for optimal Sugeno HT2-FLC based on

GA is 6.8481x10° while based on PSO is 5.3460x10°.
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Fig. 27. The input variables fuzzy sets for hybrid T2-FPIDC.

Table 4. Rules of Dkp, Dki, Dkd for Sugeno FIS

Derivative of error
NH NL V4 PL PH
NH NS NS NS NMB | NMB

NL NS NM NM NB NMB
Error Z NS NM NMB NB NB
PL NM NM NB NB NB

Dkp

PH | NMB | NMB NB NVB NVB
Dki Derivative of error
NH NL Z PL PH
NH | NVB NVB NB NB NMB
NL NVB NB NB NMB NM
Error Z NVB NMB | NMB NB NS
PL NM NMB NS NB NS
PH NS NMB NS NVB NS
Derivative of error
Dkd NH NL Z PL PH
NH NS NS NM NM NMB
NL NS NM NM NMB | NMB
Error Z NS NM NMB NB NVB
PL NM NMB NB NB NVB
PH | NMB | NVB NB NVB NVB
x10°
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Fig. 28. Output power of hybrid T2-FPIDC for Sugeno FIS.
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Fig. 29. Optimal BPA of hybrid T2-FPIDC for Sugeno FIS.
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Fig. 30. Absolute error for hybrid T2-FPIDC with Sugeno.

As shown in Figure 28, Figure. 29 and Figure 30, Sugeno
FIS in hybrid T2-FPIDC based on PSO has accurate results
than the GA. Also, the comparison of summation error and
maximum error for hybrid T2-FPIDC in different optimization
algorithms. The hybrid T2-FPIDC based on the Sugeno FIS
and PSO optimization for PID parameters tunning has 21.93%
lower in Summation of EPS than the GA tunning of PID
parameters. Furthermore, the optimal hybrid T2-FPIDC based
on the Sugeno FIS and PSO can reduced 99.46% in the
Summation of EPS than T2-FPIDC based on the Sugeno FIS.
Therefore, the proposed optimal hybrid T2-FPIDC based on
the Sugeno FIS and PSO can provide the best results in terms
of stable output power generation with less error than the other
controllers.

7. Conclusion

This paper proposes an accurate controller to find optimal
BPA in HAWT. A 500-kw HAWT mathematical model was
used to represent the output power generation under actual
WS. Four different controllers: PIDC, T1-FLC, T2-FLC, and
a hybrid T2-FPIDC were considered and compared to find the
best controller for BPA controller in WT. Furthermore,
Mamdani and Sugeno FIS were used to find the best FIS, as
well as GA and PSO were compared in order to find the
optimal tuning of PID based on reducing the summation of
EPS. The simulation results showed that the PIDC based on
PSO could reduce 2.81% in summation of EPS than the GA.
Also, T1-FLC based on Sugeno FIS had 23.98% lower in
summation of EPS than T1-FLC based on Mamdani FIS and
27.63% lower in summation of EPS than the optimal tunning
of PIDC by using PSO. Sugeno FIS in T2-FLC provides
21.81% lower summation of EPS than Mamdani FIS in T2-
FLC and lower summation of EPS than T1-FLC based on
Sugeno FIS. On the other hand, hybrid T2-FPIDC based on
Sugeno FIS and optimal PSO tunning of PID parameters had
21.93% lower in Summation of EPS than the GA tunning of
PID parameters. Furthermore, the hybrid T2-FPIDC based on
the Sugeno FIS and PSO provided more than 90% lower
summation of EPS than Sugeno FIS in T2-FLC. Therefore,
optimal hybrid T2-FPIDC based on PSO tuning with Sugeno
FIS was the optimal and best controller in terms of stable
power generation and reducing overall summation and
maximum error signal.
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