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Abstract: This paper presents a new approach to wind turbine power generation. A vertical axis wind turbine (VAWT) 

is capable of achieving a constant power output regardless of wind speed, using variable swept area (VSA) as smart 

rotors which are adjustable for height and width adjusted with actuators. The VSA housing is connected to a permanent 

magnet synchronous generator (PMSG) and a DC-DC boost converter. The VSA rotors are controlled by a fuzzy logic 

controller (FLC) to maintain a constant power rating at the PMSG.  The variable inputs of FLC are based on wind 

speed and are then broken down into cluster groups, each of which represents a wind speed range which is assigned a 

position through the FLC. The cluster groups determine the VSA size which compensates for the non-linear 

characteristics of the wind speed to get a consistent power rating for the PMSG. The experimental of VSA system is 

tested with wind speed variation from 0 to 12 m/s. The VSA velocity movement is limited from 0.75 m2 to 1.87 m2. 

The VSA extension increase 33% to tap constant power at 200 Watt when wind speed decreases from 12 to 10 m/s. 

The result of proposed method is compared with fixed swept area (FSA), so that the VSA achieved four times increase 

in efficiency greater than FSA, and the VSA system can be operated at wider range of wind speeds.  

Keywords: VAWT, Swept area, Variable speed, Telescopic wind turbine, Variable blade. 

 

 

1. Introduction 

All Renewable energy has become very attractive 

in recent decades as a clean energy to replace fossil 

fuels and reduce environmental crises [1, 2]. Wind 

energy is an alternative source for electrical power 

generation and one of the fastest growing renewable 

energy resources [3, 4]. Each design has its merits but 

the advantages of the VAWT design are hard to 

overlook due to the fact they can capture wind energy 

from any direction without using a yaw system like 

horizontal axis wind turbine (HAWT) [5, 6]. That in 

itself is a great  benefit as far as manufacturing costs 

go and coupled with the fact that the generator can be 

placed perpendicular to the ground making 

maintenance much easier [7]. Power output from 

wind turbines depends on three parameters namely 

wind speed, power coefficient and the swept area [8]. 

    Current research generally uses a fixed swept area, 

with the control used is a variable pitch control to 

increase power captured [9, 10]. The fixed swept area 

with variable pitch control is conventional technique 

to improve VAWT power. Research on the fixed size 

swept area with pitch control of VAWT aiming to 

improve wind turbine power has been conducted by 

several researchers. An experiment with a swept area 

of 1.57 m2 at a wind speed rating of 9 m/s indicates 

that it is capable of producing 114 Watt power output 

[11]. The research is compared with a mathematical 

model, where the power generated is 5.9% is higher 

than the mathematical model.  

Another study with a swept area of 0.30 m2 shows 

that the maximum power produced is 73 Watt at a 

wind speed of 11 m/s with a fixed pitch angle of 9o 

[12]. With a swept area of 0.557 m2, the maximum 

power produced is 150 Watt, capable of increasing 

turbine efficiency by 16% with variable pitch control 

at an optimal angle; thus, this paper uses a collective 

variable pitch control method [13].  
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Figure. 1 VAWT control system with VSA 

 

For a swept area of 0.72 m2 with the variable 

pitch control method, it is tested at wind speed of 10 

m/s, and shows that it can increase the turbine 

performance by 25% [14]. The study uses an artificial 

intelligent of the multilayer perceptron artificial 

neural network (MLP-ANN) method and PID for 

pitch angle optimization. It shows that MLP-ANN 

generates better result than PID. Variable pitch 

control with artificial intelligent is widely applied as 

a limiting power output when above the wind speed 

rating. [15, 16]. 

However, the variable pitch control discussed 

above cannot maintain constant power when the wind 

speed is below the wind speed rating because at low 

wind speed the pitch angle remains at a fixed pitch 

angle [16, 17], and the study uses fixed swept area 

which means that under that condition the power will 

fluctuate following changes in wind speed. Then, 

during storm when the rotor is in parking mode, it is 

unable to limit loads at high wind speed. This 

problem can be resolved by reducing the rotor 

diameter (swept area) at high wind speed, and 

increasing the swept area rotor at low wind speed to 

tap constant power using variable swept area. 

Passupulaty and Mark Dowson have suggested 

the idea of a variable swept area or an adjustable rotor 

blade to increase the power of the wind turbine [18]. 

This concept has been designed with telescopic 

blades or smart rotor which are extended when the 

wind speed falls below the rated level to produce 

power [18-21]. The focus of this study is to verify that 

variable length rotors will obtain higher energy at low 

wind speed and keep the power at constant level. 

However, this turbine depends on wind direction 

because it uses horizontal rotor type.  

 Our previous research on VSA of VAWT 

discussed increased mechanical power output when 

below the wind speed rating, and described that the 

greater the swept area the greater the power produced 

by VAWT [22]. However, the study merely discussed 

mechanical power output in a three-stage swept area 

with control manual without implementing a 

comprehensive wind turbine power plant model. 

Since there is not any control applied both in the 

control side of the rotor and the control side of the 

generator, the effect of increasing mechanical power 

on the generator rating to maintain constant power is 

not yet observable.  

This paper presents a novel of VAWT with VSA 

as shown Fig. 1, in which the swept area adaptively 

changes based on wind speed variable, so that the 

efficiency of wind turbine at low wind speed can be 

improved. The objective of this proposed method is 

to achieve a constant power output regardless of wind 

speed, using VSA as smart rotors with FLC at rotor 

side and PID controller at converter side. The VSA 

mechanism is adjustable for height and width with 

actuators. The VSA housing is connected to a 

permanent magnet synchronous generator (PMSG) 

and a DC-DC boost converter. The VSA rotors are 

controlled by FLC to maintain a constant power 

rating at the PMSG. The variable input of FLC is 

based on wind speed and is then broken down into 

cluster groups, each of which represents a wind speed 

range which is assigned a position through the FLC.  

This paper is organized as follows. Section II 

presents the background concept of VAWT modeling. 

Section III presents proposed VSA system with FLC. 

Then, the experimental set-up is shown in section IV. 

Section V presents the assessment of the proposed 

method, and the conclusion is presented in section VI. 

2. VAWT Modeling 

       The concept of wind energy conversion is the 

rotor blade of the VAWT converting wind kinetic 

power into the mechanical power, then the generator 

connected on the rotor hub to convert mechanical 

power into electrical power as shown Fig. 2. 

According to the Betz limit theory by Albert Betz, 

mechanical power extracted from the wind kinetic 

power is formulated as the following: 

 

𝑃𝑚 =  
1

2
. 𝜌. 𝐴. 𝑣3. 𝐶𝑝 (𝜃, 𝜆)            (1) 

 

Where Pm is mechanical power (Watt), ρ is air 

density which has a typical density of 1.225 kg/m3, A 

is swept area (m2), v is cubic function of wind speed 

(m/s), and Cp is the function of pitch angle 𝜃 and tip 

speed ratio (TSR) λ that represents the power 

coefficient of rotor blades which has maximum Cp, 

according to Betz is 0.593 [23]. 

The TSR λ is the ratio between the blade tip speed 

and the actual wind speed [24, 25]. 
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Figure. 2 Wind turbine model 

 

𝜆 =  
𝜔𝑚.𝑟 

𝑣𝑤
               (2) 

 

Where ωm is the angular speed of turbine (rad/s), r is 

the radius of turbine rotor and vw is the wind speed 

(m/s). The mechanical angular speed of the rotor and 

torque can be expressed as follows. 

 

𝐽
𝑑𝑚

𝑑𝑡
= 𝑇𝑒 − 𝑇𝑚 − 𝐵.𝑚   (3) 

 

𝑇𝑚 =
𝑃𝑚

𝑚
=

1

2
.𝜌.𝐴.𝑣3.𝐶𝑝 (𝜃,𝜆)

𝑚
  (4) 

 

Where Tm is the mechanical torque of turbine (N.m), 

Te is the electromagnetic torque (N.m), J is the 

combined inertia of the wind turbine and rotor 

(kg.m2), and B is the viscous rotor friction of the rotor 

(N.m.s/rad). Three primary parameters, i.e. wind 

speed, swept area, and Cp determine the mechanical 

power output [26, 27]. To optimize the mechanical 

efficiency at different wind speeds, only one suitable 

rotor speed with maximum Cp value with optimum 

tip speed ratio is available [28]. 

3. Proposed VSA system  

      VSA has variable height and width rotors fitted to 

the generator; they can be retracted and extended in 

accordance with wind speed which is controlled by  

the Fuzzy logic controller. VSA will affect the power 

output at the turbine as shown in Eq. (5) and (6). The 

swept area A is the height of the blade (h) times the 

turbine diameter (D) as shown in Fig. 3 [22]. 

 

𝐴 = ℎ. 𝐷
                

(5) 

 

Where h is the height of blade and D is the turbine 

diameter [30] . Hence the VSA can be calculated as 

follows: 

𝐴 = (ℎ + 𝛥ℎ). (𝐷 + 𝛥𝑑)                      (6) 

 

Where Δh and ΔD are the difference between 

maximum and minimum position of swept area 

configuration. Fully extended means the maximum 

height and diameter of blade when moving outward, 

while fully retracted means the minimum retraction 

when retracted. It also applies to the rotor diameter; 

the position of VSA is determined by wind speed, 

variable D, and variable h as shown in Fig. 4. The 

calculation of power generated from the turbine is 

formulated as follows : 

 

𝑃𝑚 =  
1

2
. 𝜌. ((ℎ + 𝛥ℎ). (+𝛥𝐷)). 𝑣3. 𝐶𝑝 (𝜃, 𝜆) (7) 

 

Where Pm is mechanical power (Watt), ρ is air 

density, v3 is cubic function of wind speed (m/s), and 

power coefficient Cp is the function of pitch angle 𝜃 

and tip speed ratio (TSR) λ. Δh and ΔD are the 

difference between maximum and minimum position 

of swept area configuration. 

When the wind speed falls below the generator 

rating power, the VSA will be extended to obtain 

appropriate generator power output. If the wind speed 

increases above the generator rating power, the VSA 

will be retracted. It becomes the basis of fuzzy logic 

rule base. 

The synthesis of the VSA controller is divided 

into three zones according to the wind speed value 

(v): 

 

 
Figure. 3 VAWT swept area 

 

 
 

Figure. 4 The VSA rotor concept 
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a. Cut-in speed zone:  v < v cut-in where VSA 

changes with variation of variable diameter  

b. Tracking speed zone: v > v cut-in < v rating; 

VSA changes to get optimum power 

c. Rated speed zone: v ≥ v rating; VSA is retracted 

to minimum position. 

 

The velocity of VSA, when changed, is adjusted by 

wind speed clustering as membership function input 

of Fuzzy Logic controller. The system uses linguistic 

variables instead of mathematical models of a 

dynamic system [31, 32]. The block diagram of VSA 

using FLC can be seen in Fig. 5. For the fuzzification 

process, membership function is assigned to the 

linguistic variables [33]. In order to carry out the 

process, the input variable range is transformed to the 

wind speed cluster and the input values are 

transformed to the verbal values. The wind speed 

clusters are divided into five fuzzy subsets 

comprising very low (VL), low (L), rating (R), strong 

(S), and very strong (VS) as shown in Fig. 6, the 

triangle function is used as the membership function 

[34]. 

 
Table 1. VAWT Parameter 

Parameter       Value 

Rated mechanical power 1000 Watt 

Number of Blade 3 

Diameter minimum 75 cm 

Diameter maximum 125 cm 

Blade height minimum 100 cm 

Blade height maximum 150 cm 

Blade type Lenz 

 
Table 2. Fuzzy input 

Mf 
Wind 

Speed (m/s) 
Power (W) 

Fuzzy 

State 

Cluster 1 [0 – 6.25] [0 – 468.75] 
Very 

Low 

Cluster 2 [2.5 – 10] [187.5 - 750] Low 

Cluster 3 
[6.25 - 

13.75] 
[468.7 – 1031.2] Rating 

Cluster 4 [10 – 17.5] [750- 1312.5] Strong 

Cluster 5 [13.75 - 20] [1031.2 - 1500] 
Very 

Strong 

 

 

 

Figure. 5 The VSA control block diagram 

 

 

Figure. 6 Membership function of wind speed 

 

After setting up the fuzzy input, the formation of 

fuzzy rules base is carried out with 25 number of “if-

then” rules. The fuzzy logic rules are modified on the 

basis of the human experience and expressed through 

the language variables [35, 36]. In this paper, 

defuzzifier using the center of gravity method with 

the blurring rule base is processed by inference 

system using the Mamdani method. The result of 

rules VSA reference is determined by considering 

fuzzy rules as following: 

 

Rules i: if vw is Ai and eP is Bi and δeP is Ci, 

Then VSAref is Fi; i=1,…,m 

 

Where vw is wind speed, eP is error in the power 

output, δeP is the delta error power output as shown 

in Fig. 5, while Ai,Bi,Ci are the fuzzy set and Fi is 

fuzzy singleton.  The wind speed and the error power 

output eP and the delta error power output δeP are 

considered as the input of controller, with the 

following equations: 

 

𝑒𝑃(𝑘) = 𝑃(𝑘) − 𝑃𝑟𝑒𝑓(𝑘)  (8) 

 
𝛿𝑒𝑃 = 𝑒𝑃(𝑘) − 𝑒𝑃(𝑘 − 1)  (9) 

 
The difference of error power input δeP is obtained 

from recent value eP minus with the previous error as 

shown in Eq. 9. The VSA reference is obtained as a 

controller output as shown Fig. 5, where Z-1 is the 

sampling time delay.  
To tap constant voltage when the wind speed keeps 

changing, the VAWT is connected to the power 

converter on its PMSG as shown in Fig. 7.  The power 

converter is made up of an unregulated diode rectifier 

that converts the AC voltage to DC voltage [37]. The 

boost converter is connected to the resistive load. It is 

assumed that all the electronic part components are 

ideal, such as capacitor for the equivalent series 

resistance and inductance are ideal or pure 

capacitance. The DC-DC boost converter with a PID 

controller will produce duty cycles to generate pulses 

on IGBT(s) with a certain period as required by the 
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Figure. 7 Boost converter block diagram 

 

Table 3. Parameter of boost converter 

Parameter Value 

Input Voltage 35 Volt 

Output Voltage 70 Volt 

Boost Inductor 92 µH 

Filter Capacitor 378 µF 

Resistive Load 25 ohm 

Kp 0.001 

Ki 0.01 

 

desired design to control the converter circuit 

switching process [38, 39]. The duty cycle is defined 

as the ratio between the switch time on the Ts period 

[40]. Usually expressed as percentage, the ratio of 

duty cycle can be written as follows. 

 

𝐷𝑐𝑙 =
𝑇𝑜𝑛

𝑇𝑠
 100%  (10) 

 

Where Ton is time “on” when transistor switched on, 

Ts is the switching period, and Dcl is duty cycle. 

The DC-DC boost converter has an output DC 

voltage greater than the input DC voltage [41]. When 

the IGBT(s) switch is on, the diode is in a reverse bias, 

and the output is separated from the input and 

provides the inductor with energy. When the switch 

is switched off, the diode is in the forward bias and 

the energy from the inductor is released through the 

diode to the load [42]. The voltage output will be 

higher than the voltage input, because the voltage 

output is the sum of the voltage input and the inductor 

voltage [43]. The inductor voltage in a period (Ts) is 

zero, and depends on the duty cycle that can be 

written as: 

 

𝐷𝑐𝑙. 𝑉𝑑𝑐 + (1 − 𝐷𝑐𝑙)(𝑉𝑑𝑐 − 𝑉𝑜𝑢𝑡) = 0 (11) 

 

Where Vdc is the input voltage of the boost converter 

from rectifier output voltage. Vout is the output 

voltage of the boost converter. The voltage input and 

output can be written as: 

 

𝑉𝑜𝑢𝑡 =
𝑉𝑑𝑐

1−𝐷𝑐𝑙
   (12) 

 
Where Dcl is duty cycle of the converter with ratio 

times “on” and “off” which can only take on value 

between 0 and 1, alternately. The power supplied to 

the resistive load will be obtained as follows: 

 

𝑃𝑜𝑢𝑡 =
𝑉𝑜𝑢𝑡

2

𝑅𝐿
     (13) 

 

Where RL is the resistive load. 

 

𝑃𝑜𝑢𝑡 =
𝑉𝑑𝑐

2

(1−𝐷𝑐𝑙)2𝑅𝐿
  (14) 

 
The input power (Pin) is equal to output power (Pout) 

by neglegting the losses of power converter. 

 

𝑃𝑖𝑛 =
𝑉𝑑𝑐

2

𝑅𝑖𝑛
≅ 𝑃𝑜𝑢𝑡 =

𝑉𝑑𝑐
2

(1−𝐷𝑐𝑙)2𝑅𝐿
    (15) 

 
Where Rin is the input resistance of boost converter. 

To maintain constant power, the DC-DC converter 

uses PID controller and the equation is written as  

[44] :  

 

𝑢(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝜏)𝑑(𝜏)
𝑡

0
+ 𝐾𝑑

𝑑𝑒(𝑡)

𝑑𝑡
     (16) 

 

Where, 

Kp is the proportional gain 

Ki is the integral gain 

Kd is the derivative gain 

e(t) is the error of system 

τ is the integral variable (from time 0 to present t)  

The transfer function of the controller is written as: 

 

𝐶(𝑠) = 𝐾𝑝 +
𝐾𝑖

𝑆
+ 𝐾𝑑𝑠    (17) 

 

Where s is the complex frequency. 

 

4. Experimental set-up 

The embodiment of VSA, according to Fig. 8, 

explains the arrangement of main equipment on this 

research. The wind speed as variable input used a fan 

with a capacity from 0 to 20 m/s can be applied. The 

VSA rotor as the essential task of wind energy 

conversion process consists of height and diameter 

variable as shown Fig. 9. In which the blade variable 

can either extend or retract based on the wind speed, 

so can the diameter variable. The extend and retract 

mechanism uses servo motor. 
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(a)                                                               (b) 

 

 
(c) 

 

Figure. 8 (a) The feature of VSA rotor, (b) actual photograph of VSA rotor, and (c) block diagram of main equipment 

arrangement 

 

The placement of the generator (PMSG) is in 

between the VSA and the power converter, in which 

the VSA rotor hub is mounted to the shaft PMSG 

rotor, the PMSG output connected to the power 

electronic components such us three phase rectifier, 

capacitor, converter, and resistive load as shown Fig. 

7.  The output of rectifier was connected to the boost 

converter controlled by PID controller to tap constant 

voltage.  

The control system of VSA has two parts: power 

controller (converter) and rotor controller (Servo 

driver). Power controller is placed at the base of the 

turbine, while the rotor controller is placed on the 

turbine rotor as shown Fig. 9. The communication 

between power controller and rotor controller is 

through wireless communication interface.  

The rotor controller obtains the signal data from 

power controller to take appropriate action and track 

the height of blades and turbine diameter. The rotor 

controller uses microcontroller to implement the FLC 

and drive the servo motors to adjust the VSA 

movement.  The adjustment ranges from changes in 

blade height and diameter length based on wind speed 

as FLC input. The FLC output was reference of VSA 

to tap constant power.  

The data input and output are recorded by data 

logger received from the wind speed sensor, 

proximity sensor, current sensor, and voltage sensor. 

Data logger and instruments support can be seen in 

Fig.10. 

The experiment of VSA was as shown Fig. 11 

carried out on different swept area extensions, that is 

extended maximum at 1.87 m2, intermediate at 1,24 

m2, and retracted minimum at 0.82 m2, dan tested at 

varied wind speeds from 1 m/s to 19 m/s, respectively.  

 

 
Figure. 9 Variable diameter 

 

 
Figure. 10 Data logger and instruments support 
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Figure. 12 Power curve of VSA extension 

 

 
Figure. 11 Power curve of VSA in three position 

 

 
Figure. 13 Rectifier power output 

 

Fig. 11 shows the power curve for variable swept 

area with three positions. The power output of 900 

Watt (red color), 688 Watt (green color), and 276 

Watt (blue color) are obtained from the swept area of 

1.87 m2, 1.24 m2, and 0.82 m2, respectively. It means 

that the swept area variable can provide constant 

power output at different wind speed variable through 

modification of swept area to match with the wind 

speed. 

Fig. 12 shows the VSA rotor performance 

obtained for different rotations (Rpm) and wind 

speeds. Every VSA configuration has its own 

performance characteristic at different rotor speeds. 

In order to control VAWT, the aerodynamic 

characteristics for VSA model is defined to select the 

operating points on which the controller works. The 

optimum configuration of VSA is adjusted by wind 

speed clustering as membership function of FLC. 

During the test, the wind speed is changed at fully 

retracement and fully extended. The wind speed 

variation is obtained from 0 to 12 m/s. 

Based on measurement as shown in Fig. 13, the 

power output is exponential to the wind speed, the 

higher the wind speed, the higher the power output.  

It is noted that when the wind speed increases the 

rotor speed, the power output from VAWT increases 

at fully extended of VSA, however when the VSA is 

fully retracted or in minimum position, the power 

output decreases at the same range of wind speed 

variation. 

In the simulation session as shown Fig.14, VSA 

testing was conducted using two modes: VSA mode 

and Fixed Swept Area (FSA) mode. VSA mode is the 

configuration of appropriate swept area (height and 

diameter) by FLC to tap constant power when wind 

speed decreases. FSA mode is a conventional swept 

area with fixed swept area of which FSA does not 

have any configuration of the swept area dimension. 

The measurement of the VSA and FSA performance 

was tested at the same wind speed from 12 m/s to 10 

m/s, respectively. The measurement result is shown 

in Fig. 14.  

The next simulation as shown in Fig. 15 compares 

VSA to the other paper data [14], in which the paper 

used fixed swept area with variable pitch control 

(VPC) using MLP-ANN method. On the other hand, 

the proposed method uses VSA with control Fuzzy, 

for fairness comparison, the swept area maximum of 

VSA dan VPC is of the same value and type (smale 
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Figure. 14 Performance of the VSA 

 

 

scale type VAWT). Both, then, were tested at the 

same wind speed from 12 to 10 m/s, so that the 

performance of both methods could be observed as 

the wind speed was decreased. The result is shown in 

Fig. 16 

5. Result and discussion 

The performance of the VSA method was 

simulated using Matlab. An experiment of the VSA 

method was designed and tested in the laboratory 

scale, in which the experimental set-up was designed 

similar to the complete wind power plant. 

In the experiment measurement as shown in Fig. 

13, a significant power increase is indicated when the 

dimension of the swept area was tested on wind speed 

ranging from 1 m/s to 12 m/s. Based on the 

measurement, the power output is exponential to the 

wind speed velocities, the higher the swept area, the 

higher the power output.  When the wind speed 

reached 12 m/s, the maximum power of the fully 

extended VSA is bigger than the fully retracted of 

64%. It means that as the sweep area increases, the 

power output from VAWT increases at full extension 

of the VSA. 

In the simulation session as shown Fig. 14. The 

VSA was compared to the FSA.  The difference VSA 

and FSA previously described in the experimental 

set-up section. The VSA is the configuration of 

appropriate swept area to tap constant power. The 

FSA is a conventional swept area with fixed swept 

area. The VSA has been tested with step changes in 

wind speed velocity that are applied to the VAWT 

system as shown in Fig. 14. The Fig. 14 shows the 

performance of the VSA, with the profile of wind 

speed changes from 12 to 10 m/s. The VSA with FLC 

can respond to the wind velocities and generate duty 

cycle to move the correct VSA position varying the 

wind speed and tap constant power, while the wind 

speed keeps changing. 

The FSA generates power output proportional to 

the wind speed; it can be seen at times of 0.3 s, when 

the wind speed changes from 12 to 10 m/s, the FSA 

power output drops from 200 Watt to 50 Watt, while 

at the same time the VSA method can hold constant 

power output at 200 Watt. When the wind speed 

decreases, the VSA is extended to match the power 

output with the wind speed at times of 0.7 s, the wind 

speed increases from 10 to 12 m/s, thus the power 

output of FSA increases from 50 Watt to 200 Watt. 

While the VSA is retracted and keeps power output 

constant at 200 Watt. The VSA can respond to 

varying wind speeds to achieve rating power and tap 

constant power. Compared to the FSA, the power 

output of VSA is better. The FSA generates power 

output proportional to changes in wind speed; 
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Figure. 15 Comparison performance of the VSA-fuzzy and VPC-MLP-ANN 

 

therefore, power output reduces when the wind 

velocity decreases from 12 to 10 m/s. In comparison, 

the VSA method produces an average output power 

of 200 Watt, and taps constant voltage at 70 Volts 

despite the wind speed changes. The result of the 

VSA method testing shows that the power remains 

roughly constant as the wind speed changes.  

Fig. 15 shows the comparison result between 

VSA-Fuzzy and other papers using the VPC-MLP-

ANN. The approach between the aforementioned 

methods and the proposed method has previously 

been explained in the experimental setup section. 

For the simulation, the two methods were tested 

at the same wind speed using step changes wind 

speed as in Fig. 15. The result shows that VSA is 

capable of maintaining constant power when the 

wind speed is below the wind speed rating at 10 m/s. 

For the VPC- MLP-ANN, when the wind speed 

decreases to 10 m/s, the method follows the wind 

movement, hence unable to maintain constant power, 

and the power output decrease by 75%.  When the 

wind speed is below the wind speed rating, the pitch 

angle is at the fixed pitch angle of 0o. It is the optimal 

pitch angle at low wind speed [17] that the wind 

turbine follows that wind speed pattern; in other 

words, when below the wind speed rating, as long as 

using variable pitch control, the turbine remains 

following the wind movement. Different from the 

VSA method, when below the wind speed rating, 

VSA increases the swept area dimension to maintain 

its constant power. When above the wind speed rating, 

VSA decreases its dimension to maintain the constant 

power. The upper and lower limit of wind speed 

rating is determined based on the wind speed 

clustering as Fuzzy input, while Fuzzy output is the 

reference of the swept area. The zone of the wind 

turbine from cut-in speed, rating wind speed, and cut 

out speed is divided into five cluster wind speed, and 

changed into linguistic variable comprising very low, 

low, rating, strong, and very strong. Thus, VSA-

fuzzy can respond to wind speed changes to maintain 

its constant power. The result shows that VSA-fuzzy 

is far more powerful and generates better 

performance compared to the VPC-MLP-ANN. 

6. Conclusion 

The performance of VAWT with VSA method 

has been analyzed in simulation and experiment. It 

was followed by being compared to other papers 

using the VPC-MLP-ANN, and tested at the same 

wind speed from 12 m/s to 10 m/s. When the wind 

speed was 12 m/s on the steady state, both methods 

indicate constant power of 120 Watts. However, 
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when the wind speed was decreased to 10 m/s, the 

power in VPC-MLP-ANN decreased drastically from 

120 Watts to 29 Watts, decreased by 75 %, while 

VSA-fuzzy only decreased from 120 Watt to 115 

Watts, decreased by 4 %. It shows that the 

performance of VSA is far better than VPC-MLP-

ANN at low wind speed. It has been established the 

VSA system to maintain constant power while wind 

speed changed. VSA maintained mechanical power 

on the rotor side using Fuzzy controller, and the 

converter maintained electrical power output on the 

generator side with PID controller. These systems 

showed that the VSA method could hold constant 

power output at rated value, while wind speed 

changed. It proves that despite the decreased or 

increased swept area, the dimension could reach a 

constant rated power and constant voltage. This 

system has made VAWT able to operate at wider 

wind speeds. Future study on this topic is suggested 

to apply VSA with ANN and other artificial 

intelligence to increase the performance of VSA 

being more efficient. 
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