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Abstract. Vertical axis wind turbine (VAWT) can be operated in any
direction of wind speed, but it has low rotation. To improve the
performance of VAWT in which low rotation, this paper presents a simple
control strategy of VAWT using a DC-DC boost converter to tap constant
voltage in a standalone application. The main objective of this research is
to maintain a constant output voltage of converter despite variation input
voltage affected by variable wind speed. A simple proportional-integral
(PI) controller has been used for a DC-DC boost converter and tested in
MATLAB-Simulink environment, with the closed-loop system of the
converter maintain constant output voltage although the wind speed is kept
changing. The PI controller obtains the feedback from the output voltage
of the boost converter to produce the correct pulse width modulation
(PWM) duty cycle and trigger the metal oxide semiconductor field effect
transistor (MOSFET) following the reference voltage of the turbine. This
system has suppressed the value of overshoot and increased the efficiency
of wind turbines as 34 %.

Keywords: Control modelling, energy conversion, pulse width
modulation, transient, voltage control.

1 Introduction

Wind energy conversion is the transformation of energy from wind Kinetic energy into
mechanical energy using turbine rotor blades. Turbine rotor shafts are connected to
generators that produce electrical energy. The main source of energy for the wind turbine is
the wind speed which is key to producing the maximum power output. There are many
advantages of wind turbines compared to conventional plants such as diesel generators and
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other fossil fuel plants. The advantages of wind turbines are that they are environmentally
friendly, inexpensive and the capability to reduce CO emissions [1].

Wind speed is an important parameter in a wind energy conversion system, especially in
converting mechanical power output into electrical energy. For producing optimal power,
the control method needs to be carefully designed. Besides, a control method is needed so
that the turbine can still operate safely in a wide range of wind speeds. So that the turbines
work remains protected even when wind speed is excessive [2].

There are two types of wind turbines based on turbine rotation orientation, namely the
horizontal axis wind turbine (HAWT) and vertical axis wind turbine (VAWT) [2].
Currently, both of these turbine technologies continue to be developed to achieve better
efficiency in terms of blade design and electronic control to overcome dynamic wind
speeds. Based on the Betz limit theory, HAWT has better efficiency than VAWT. But
VAWT also has many advantages including being able to operate in all wind directions and
generators can be placed closer to the ground. VAWT is very suitable for stand-alone
applications in the remote area [1].

There are two types of wind turbine control systems, namely fixed speed wind turbines
and variable speed wind turbines. Fixed speed wind turbines rotate at constant wind speed
so fluctuating winds will cause efficiency to decrease. Variable speed wind turbines can
extract maximum power over a wide range of wind speeds [2]. To control the wind turbine,
the generator is connected to the power converter. One generator that is widely used for
VAWT is a permanent magnet generator (PMSG) for the conversion of mechanical power
into electrical power. Next, PMSG is connected to a power converter. There are several
topology converters used in wind turbines, including the DC-DC boost converter, buck
converter, buck-boost converter and many other variants of converters that have been
developed by researchers. DC-DC converters are widely used to maintain output voltage
when input voltage changes [3, 4].

Several control techniques have been proposed to improve stability with fast transient
responses such as fuzzy control, PID control, Particle Swarm Optimization, Genetic
Algorithm and many others that have been developed by researchers. In advanced
controllers, they use maximum power point tracking to extract maximum power in wider
wind speeds, like perturb and observe (PnO). This algorithm has a fast response to find the
peak power point of the wind turbine [1, 5, 6].

This paper presents a dynamic model of stand-alone type vertical axis wind turbines
with a small scale. VAWT rotors designed to determine the type and capacity of the
generator so that the right power converter parameters can be determined based on
optimum mechanical and electrical power. The power converter using a Pl controller to set
the duty cycle on the boost converter to enhance the constant voltage output. The PI
controller is tuned using trial and error to find the appropriate values of Pl gains. The
results are compared with the conventional boost converter which is operated without the
P1 controller to see the differences in transient voltage output.

2 VAWT modelling

The vertical axis wind turbine or VAWT rotates based on the rotary axis which is
perpendicular to the ground. Based on Figure 1, the generator is connected to a hub or rotor
blade to convert mechanical power into electrical power. The power generated depends on
the wind speed that rotates the turbine to produce kinetic energy with the following
Equation (1):

L
KE = Emv 1)
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Fig. 1. Dynamic model of wind turbine [7].

The following is the Equation (2) where the power P indicates the amount of density of
wind energy generated from the movement of the wind that will pass through the swept
area or the width of the sweep of blade A:

_ Energy l Energy\ ,
p= Time 2( Time )v @
Below (Equation (3) is the speed of the density of air that crosses a swept area A is the

product of the density of air p and velocity (V) :
m=p-A-v 3)
Then the power of wind speed through a swept area can be represented as Equation (4):

1
Pavailable = E P A-v? (4)

Pavailable IS the power available in the wind (W) with the period of air type p (kg m3),
v3is the wind speed (m s). A is a swept area formed by sweeping the bladethat crosses the
air. For VAWT with the type of straight blade, the swept area is the result of multiplying
the diameter of the turbine and the height of the blade in the meter precision. That is
Equation (5):

A=h-D )

D is the diameter of the turbine and h is the height of the turbine blade (m).

Figure 2 shows that the VAWT with straight blade type and the wind will pass through
the swept area in any direction and transform wind energy into mechanical energy. Where
the swept area is the result of multiplying the diameter of the turbine and the height of the
blade. The transformation of kinetic energy into mechanical energy converted using
VAWT can be expressed in Equation (6) and Equation (7) as follows:

1
Pm=i-p-A'v3'Cp(9,l) (6)
P l-p-A-v3-C(9/1)
T = 2 = 2 - )
(-‘)m wm
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Fig. 2. Swept area of VAWT.

Where Cp, (6, L) is the blade coefficient parameter and the function of the pitch angle 6
is also the ratio of the tip speed of the blade A, Equation 6 is used to calculate turbine power
[7]. the tip speed ratio of the bladeis the ratio between the tip speed of the blade and the
wind speed [8]. Tm is the mechanical torque of the turbine in N.m and om is the speed of the
turbine mechanical angle in rad s [9]. Tip speed ratio can be expressed in Equation (8) as

follows:
Tw

A= ®)

Vw

Where r is the radius of the turbine, vy is the wind speed and o is the turbine rotational
speed [10]. Mechanical angular velocity can be represented in Equation (9) as follows:

dwp,
d,

Ji =T,—T,—B-w, 9)

Where J is the combination of inertia of the wind turbine and rotor (kg m3), Te is
electromagnetic torque (N m), and B is rotor friction (N m s rad) [10].

Based on several equations above, it can be concluded that there are four main
parameters that affect turbine mechanical power output, namely wind speed, swept area, air
density and C, [11]. For swept efficiency the area depends on the fabrication or design
while the density of air is a constant value. Mechanical power output is also affected by
turbine rotor speed. The maximum turbine mechanical power output at maximum wind
speed is only at the optimum rotor speed [12], which is the maximum C, value with an
optimum tip speed ratio. The parameters used for vertical axis wind turbines are as follows:

Table 1. Parameter geometry of VAWT.

No Wind Turbine Vertl_cal
AXis

1 Blade Height (m) 1

2 Swept Area (m?) 1

3 Number of Blade 3

4 Radius (m) 0.5

5 Chord Length (mm) 200

6 Airfoil NACA 4412
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3 PWM of DC-DC converter

This DC-DC converter control circuit is better known as pulse width modulation (PWM).
Where this circuit forms a large pulse of the duty cycle system used. It isproduced by
generating pulses with a certain period according to the desired design in controlling the
converter circuit switching process. The duty cycle (D) is defined as the ratio between the
switch time on the Ts period. This comparison is usually expressed as a percentage.
Mathematically the definition can bewritten as follows in Equation (10):

D = T 100 % (10)
T

S

D = Duty Cycle
Ton = Priode of time on
Ts = Priode of time PWM signal

DC-DC boost converter is a power supply component that is not isolated, where the
output voltage is greater than the input. The DC-DC converter consists of at least a FET
power switch (MOSFET Q) and a diode with inductor (L) as energy storage. Use of
capacitor filters in order to eliminate ripples from the output voltage. The DC-DC boost
amplifier is operated continuously or the intermittent mode depends on the inductor current.
PWM control power has a "on" and "off" state. This situation is shown in Figure 3 and
Figure 4 respectively. Total duration of status ON at T and the Q switch is active, and the
T OFF status when switching Q is inactive in continuous conduction mode given by
Equation (11) and Equation (12). Where, duty cycle (d) is a cycle governed by a control
circuit, where d T is a transition period for one cycle.

ton = t,d (11)
toff =t5 (d _1) (12)
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Fig. 3. Bosst converter 0 <t < Ton.
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Fig. 4. Boost converter Ton<t<T.
Steady state input for voltage output conversion ratio is given by Equation (13):

V.
Vour = 1_|nd (13)

The size of the inductor'speak-to-peak current ripple Al is given by Equation (14):

V.. d
Al, =—n = 14
FUf L (14)

And also the capacitor voltage output ripple AV.is given by Equation (15):

I,d
AV, = AV, = 1‘07C (15)
S

The state spase of the average state is used to model the DC-DC converter by
considering the parameters of the system component. transfer function of the system is used
to analyze the dynamic conditions of the system. In general, the average representation of a
converter is expressed as in Equation (16) and Equation (17)

X(t) = Ax(t) + Bu(t) (16)
y(t)=Cx(t) 17)

Based on the boost converter (Figure 3) when the Q switch is active, and when the stady
state is activated, and Kirchof Law applies the KVVL and KCL converters, the cycle matrix
with d as the weighting factor is obtained as the following matrix Equation (18), Equation
(19) and Equation (20):

R (L-d)

- (Ron+ 1 )d +(r, + R M1 Y1 —d) L(ELHC) a8)
R (1-d) 1
_C(RL + rc) C(RL + rc)
(1
B=|L (19)
0
C =R /rel—d)] - (20)

R +r1c
To analyze dynamic conditions and design of controllers for DC-DC converters,
MATLAB state space is used in the form of space-state using the command transfer
function to control the converter and get the Gvd converter output (s), while the converter
is designed based on parameters steady state which is presented as needed.
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Figure 5 shows that the DC-DC boost converter is connected to PMSG and three phases
diode rectifier. The circuit consist of inductor, capacitor, diode, and mosfet as the switching
component to generating pulses with PID controller. In the discussion of the controller
designed for the converter DC-DC converter, analysis of the input controller forms a unit
with the feedback that was first analyzed. The transient response presented in Figure 8
shows that the system has an overshoot with several oscillations, up time and completion
time with a time response. To eliminate the overshoot system and improve the temporary
response and also eliminate steady-state errors [13], it is necessary to design a PID
controller using three different tuning methods.

.
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Fig. 5. VAWT With DC-DC Boostconverter

The integral and proportional derivative controller (PID) is considered to be the most
studied and used controller because of its simplicity and robustness (Equation (21)).
ult)= ee®) + K felt) + K, 240 21)
0
The above relationship equation in the domain-stransfer function of the PID controller
is given by Equation (22) as follows :

c(s)zkp+%+ K4S (22)

Where, (Kji) and (Kq) are the integration gain and derivative gain of each constant.

4 Results and discussion

There are several parameters for determining a closed loop system, namely, rise time,
overshoot, settling time, and the steady state error. Rise time is the time needed by the
converter's output starting from the first time the system is run until it reaches the desired
level. Overshoot is the value of the peak level measured from the steady state. Settling time
is the time needed by the system to converge the steady state. Steady state error is the
difference between the steady state output and the desired output. Each PID control action
has certain advantages. Proportional control action has the advantage of rapid rise time,
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integral control action has the advantage of minimizing errors, and derivative control
actions have the advantage of minimizing errors or reducing overshoot/undershoot. Thus, in
order to produce an output with a fast rise time and a small error, these three control actions
can be combined into a PID control action. Figure 6 shows that the feedback obtain from
output voltage of converter and compared with reference voltage to minimize error with
PID controller.

V wind

RUSBI =+ M— [ &% ¥
Vel 5,

<)

Fig. 6. PID controller concept for VAWT.

Table 2. Parameter of boost converter.

No Parameter Value
1 | Input Voltage 12V
2 | Output Voltage 24V
3 | BoostInductor 92 yH
4 | FilterCapacitor 378 yF
5 | ResistivelLoad 25Q
6 | Duty Cycle 0.5
7 | Kp 0.001
8 | Ki 0.01

The modeling results from VAWT are shown in the Figure 7. Where the optimum
power that can be achieved is 480 W at a constant wind speed of 12 m s with a turbine
rotational speed at 280 rpm (1 rpm = 1/60 Hz).
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Fig. 7. The power curve of VAWT.

At a constant wind speed of 12 m s by ignoring the mechanical losses the PMSG
output voltage is 12 Vac and becomes an input rectifier with an output voltage of 12 Vdc
and becomes used as a boost converter input. The simulation done under closed loop
conditions with a PI controller that reduced steady state error close to zero and improves
the dynamic response of the converter as shown in Figure 9, the output voltage is close to
the target voltage and reduce over shoot from 54.16 % to 12.5 % with settling time 0.086 s.
The loadis a constant resistance of 25 Q.

Witsage Cutps

\

Fig. 8. Simulation result of conventional boost converter.
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Fig. 9. Simulation result of boost converter with pi controller.
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Figure 9 shown that the refference voltage is 24 V with peak overshoot of output
voltage is 12.5 % with peak time is 0.04 s and rise time is 0.034 s. The ripple output voltage
is 0.78 V with switching frequency is 1.6 kHz. The system results show that the boost
converter with a Pl controller provides better output voltage regulation and over shoot
reduction with settling time is 0.086 s.

5 Conclusion

Based on simulation result, the proposed methode is better than the conventional boost
converter. In which DC-DC Boost converter with the PI controller provides better voltage
regulation and has a higher efficiency of 34 %, it can be observed that the voltage output
remains constant in 24 V and over shoot reduction as well. The ripple voltage is 0.78 V
with settling time is 0.086 s
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November and the Ministry of Research, Technology and Higher Education Republic of Indonesia for
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