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1. Introduction

Clean energy harvesting has  gained
considerable attention in the last few decades.
The fossil energy resources are gradually
diminishing, and there are  several
environmental hazards encountered in the
usage of fossil fuels. These facts have
persuaded the engineers to concentrate on the
clean and renewable sources of energy as the
major part of the so-called ‘sustainable
engineering.” One of the widely used
alternative energy sources is wind energy.
Wind energy harvesting is developing rapidly
around the world, especially in Europe and
North America [1-7].
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Among the conventional wind turbine types,
which are commercially developed and used
in harvesting wind energy, are the horizontal
axis wind turbines. This is even though other
types of wind turbines such as vertical axis
wind turbines are also used and have become
commercial, albeit not as common as the
horizontal axis designs.

Despite the common use, the horizontal
wind turbines have certain defects and
functional limitations. One of the most life-
limiting defects of this type of turbines is the
wearing that happens in the rotating parts
(bearings and gears) due to the stochastic
load of the wind [8-10]. Although, there has
been a vast effort to overcome or to reduce
these defects by modifying the design of
horizontal wind turbines, or by prognosis
these defects [8, 10], these limiting defects
have become the source of motivation for
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engineers to search for and examine
alternative designs [9]. One of the alternative
designs can be ‘non-rotary’ wind turbine. In
this design, the turbine can oscillate to
harvest wind energy, and omits the problems
and drawbacks caused by the rotating
method.

In the present paper, a novel oscillatory
wind turbine is proposed. First, the
conceptual design of the new turbine
together with its configuration, is explained.
Then, the turbine equations of motion are
presented. A set of turbine geometric and
kinetic parameters is selected as benchmark
parameters and the numerical simulation of
the dynamical system using a developed
computer code is performed. The results for
the generated power, as well as the power
coefficient of the benchmarked turbine, show
the possibility of utilizing this novel design
as a wind turbine in harvesting wind energy.

1.1. Physical Configuration of the
Turbine and its Operation

The proposed schematic of the oscillatory
turbine is shown in Fig. 1. The turbine is
composed of several parts. (1) Sail: A light
rectangular plate which is held against the
wind and pushed ahead using the drag
generated by the wind. (2) Mast: A long
beam that carries the sail and is hinged to the
ground (at axis O; in Fig. 1). A rotational
spring attached to the mast causes the mast
to oscillate around axis O,. (3) Flywheel: a
heavy wheel mounted on the axis O; and

Gearbox
Flywheel
Rotational
Spring

rotated around it. The mast and the flywheel
are attached by a ratchet mechanism.

Assuming the wind blows horizontally and
from left to right, once the wind pushes the
sail ahead and, consequently, the when mast
oscillates to the right (according to Fig. 1),
the flywheel rotates clockwise. This motion
is the empowering stroke of turbine
operation, I.e., the stroke in which the power
of wind is transferred to the flywheel. As the
sail lies horizontal, the drag force drops
down, and the mast rocks back to the left due
to the rotational spring. In this stroke, the
flywheel retains its clockwise rotation and
does not return with the mast. This one- way
rectified motion is performed by the ratchet.

In the preliminary study of the present
turbine, the gearbox and the generator are
omitted from the configuration of the
turbine, in order to simplify the analysis. For
power and efficiency investigations, a
constant dynamometric torque is assumed to
apply on the flywheel.

The angle of the sail relative to the wind
must be controlled and changed as a proper
function of time in order to harvest the wind
energy. To make the turbine oscillate, the
angle of the sail must change periodically, so
the drag force changes periodically and
causes the mast to oscillate. The angle of the
sail is controlled by a mechanism or a servo
motor. The control system must be placed
on the mast. The effect of servomotor or
mechanism is represented by torque M. in
Fig. 1.

- Myl
T

(b)
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(c)
Fig.1: (a) Configuration of the proposed turbine (b) free body diagram of the sail
(c) free body diagram of the mast

The angle of the sail can be controlled
actively or passively. Here, it is assumed that
the control method is passive and
feedforward, 7e., we predefine a periodic
function for the angle of sail. For the
preliminary model, a sinusoidal function is
utilized. The sail angle must oscillate
between 0°and 90° sinusoidal as given by
Tl . 2nt 0w

g(t) = Z[Sll’l (T+E) + 1] . (1)

Hence, the angular speed and angular
acceleration of the sail to be predefined
functions of time either.

2. Mathematical Model of the Wind Turbine
2.1. The Governing Equations of Motion

In deriving the equation of motion of the
sail, the following simplifications are
assumed: (1) The axis of sail passes from the
center of gravity of the sail; (2) The
thickness of the sail is negligible.

According to the configuration of the
mechanism shown in figure 1, 6 is the angle
of the sail with the vertical direction, ¢ is the
angle of the mast with the vertical direction,
and S is the angle of rotation of the flywheel.
The most appropriate dynamical variables of
the system are 0, ¢, and 8

Newton’s second law of motion for the
positive direction of ¢, and the Euler

equation around the CG of the sail are given
as

myly = F, + Fycosa + Fsina )
+ mygsing

and

I_zé = an+M2, (3)

where a =60 — ¢, F, is the force exerted

from the mast on the sail in ¢ direction, F,

is the normal component of the aerodynamic
force exerted on the sail, F; is its tangential
component, e is the aerodynamic force
center, M. is the control moment acting on
the sail to control its angle, m, is the mass of
the sail, and I, is its mass moment of inertia
around its CG (point O>).

Assuming the distance from the CG of the
mast to axis O, is r, the Euler’s equation of
rotation for the mast around point O, is given
by

(1_1 + 77117'2)((j = —Tmechanical — 4)
Ko +mygrsing — F,l — M, ,

where m, is the mass of the mast, I; is its
rotational inertia around its CG, my is the
mass of servomotor package and Ty echanical
is the coupling torque between the mast and
the flywheel. Substituting for F, from the
Eq.(3) gives
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(I + mlrz)(p = —Tmechanicat — K¢ (5)
- M; + g(myr
+ m,)sing
—myl2§ + I(E,cosa
+ Fisina),
where, as before, a = 0 — ¢.
The equations of motion for the flywheel are
given as
(I + mgl2 + my13)¢ + Ko (6)
— (myr + myl
+ myl)gsing
= [(F,cosa
+ Fisina) — M,

- Tmechanical

and
]ﬁ + dviscouSB = Tmechanical — @

Tresisitive )

where | is the rotational inertia of the
flywheel, dyiscous 18 the total equivalent
viscous damping coefficient of the turbine,
and Tyesisitive 18 the resistive torque exerted
on the flywheel by the dynamometer.

During the forward stroke, the mast carries
the flywheel, which is possible only if the
rotational speed of the mast is at the point of
exceeding the rotational speed of the
flywheel. At that moment, the mast and the
flywheel collide and become coupled.
Assuming the collision to be fully plastic,
they will have equal angular speeds and
angular accelerations after the collision. If
the angular speed of the flywheel becomes
higher than the angular speed of the mast
algebraically, the mast cannot push the
flywheel anymore and the separation and
decoupling of the dynamical systems
occurred. At the decoupling mode
Tmechanical Vanishes.

It is possible to represent the
coupling/decoupling dynamical phases just
by comparing the angular speed of the mast
and flywheel, considering their algebraic
signs. Consequently, we can summarize the
dynamics of the wind turbine in the
following conditional equations:

If @ < pf, the turbine is at its decoupling
phase, whereby

(I + myr? + myl?2 + myl?)é + (®)
Ko — (mqr + myl + myl gsing =

l(E,cosa + F sina) — M,,

and

],8 + dviscousﬁ = —Tresistive (9)

There is no power transmission from
wind to the generator in this phase. The
flywheel rotates solely due to its inertia.
Otherwise, the turbine is at its coupling
phase, whereby
(I + myr? + myl> + mol* + )¢ + (10)
dviscous(p + K(p - (mlr + mzl +
mol)gsing = L(F,cosa + F;sina) —

2 Tresistive-
The coupling phase is the empowering phase
of the turbine motion, where the power is
transmitted from wind to the dynamometer.

2.2. The Aerodynamics of the Sail

The aerodynamic forces as the main turbine
driving factor should be accurately modeled
and implemented in the numerical
simulation. For this purpose, the wind tunnel
experimental investigation of Ortiz et al.
(2015) [11] is utilized in the present study.
They measured the steady and instantaneous
components of aerodynamic forces and
moments of a flat plate in a wind tunnel.
They consider a wide range of plate aspect
ratios (up to 9) and angle of attacks, as well
as the clearance distance between the plate
and the ground.

The drag and lift coefficients of sail plate
are extracted from the experimental results
of [11] and fitted to form appropriate
expressions given as
Cd = (b0+b1a + bza’z (1 1)

+ bya®)(ag+a, AR
+ a,AR? + a3 AR3®),

C, = (by+bia + bya? (12)
+ bya®)(ag+a, AR
+ a,AR? + a3 AR?®)

In the above equations a, AR, C4 and C;, are
the plate angle of attack, aspect ratio, drag
and lift coefficients, respectively. The
constant parameters of Eqs. 11 and 12 are
calculated and illustrated in Table 1.

Table 1. Constant parameters for C,; and C;

evaluation
b, b, b, b,
C; | -0.8698 -0.1443 -0.00201 2.04E-5
C, | -0.1896 0.1758 -0.00329 1.53E-5
ag a, a, as
C; | -0.0765 0.0034 -0.00081 4.78E-5
C, | 0.2930 0.0286 -0.01064  0.00079
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It should be pointed out that the estimation
of lift and drag forces exerted on the sail
plate during its transient motion is based on
the experimental data for a sequence of
steady configurations. Therefore, utilization
of Egs. (11) and (12) assumes that the
sequence of steady measurements is
equivalent to the transient drag and lift
acting on the sail. While this is a reasonable
assumption, for slow to moderate range of
sail velocity, the influence of transient flow
pattern around the plate, as well as the
possible formation of detaching vortices
behind the plate, may cause some deviations
from the steady experimental data at higher
speeds.

The angle of attack of the sail, « = 6 — ¢,
changes periodically as a function of time,
due to the oscillations of @, according to
Eq.(1). This causes C; and C; to change
periodically as functions of time according to
Egs. (11) and (12).

2.3. The Power and C;, Calculations

The supplied power to the turbine from the
wind is considered to be the total wind
power exerted perpendicularly to the total
area of the sail. That is,

1
Pyina = EpairAU3v (13)

where U is the wind speed, p,j is the air
density, and A is the sail area. Another
source of power is the power consumed by
the servomotor in order to rotate the sail. The
servomotor power is calculated as

Pservomotor = M2 (9 - (P); (14)

where M, is the servomotor torque which is
represented by Eq.(3), and 6 — ¢ is the
relative velocity between the sail and the
mast. Positive values of the servomotor
power are contributed to the input power, as
negative values imply the work done by the
turbine on the servomotor. Consequently,

PIm  or =My(0— @) if My(6—¢)  (15)

servomotor
>0

The generated power by the turbine is
measured by the dynamometer resistive
torque applied on the flywheel multiplied by
the flywheel rotational speed. Hence,

Poutput = TresisitiveB (16)

The generated power never becomes
negative, as the mast can only rotate the

flywheel in the positive direction, 7Ie,
clockwise, due to the convention in Fig. 1.
The C», or efficiency, defined as the ratio of
output power to the input power, is
calculated as

Cp _ Tresisitive[? (1 7)
=7 P .
SPairAUS+[M,(6 “P)]pasitzve

2.4. The Generated Computer Code

A MATLAB code is developed to solve the
system of nonlinear differential equations of
the new turbine. The code solves the system
of equations by utilizing a conventional
Runge—Kutta order-4 algorithm [12]. Due to
the dual-phase behavior of the turbine, i.e.,
the coupled and decoupled phases of motion,
the code includes an ‘if condition’. At each
time step, the code assumes the decoupled
dynamics as default and solves the
decoupled equations of motion. If the

condition ‘¢p < 8’ is satisfied for the end of
the step, the decoupled assumption is
correct; else, the step must be resolved for
the coupled dynamics. It is noted that
because the coupling phase may be satisfied
at the first time step, it is difficult, if not
impossible, to use the ‘even function’ of the
MATLAB ODE.

Moreover, if ¢ < 8 holds at the beginning

of the time step and ¢ = f holds for the end
of the time step, then collision of the mast
and the flywheel happens during the step.
The reverse condition implies that the
separation happens in the step.

3. Results and Discussion
3.1. Validity Investigation of the Code

Some pre-identified conditions with known
results were run, and the results were
examined to verify the reliability of the code.
The static equilibrium happens if the torque
generated by the aerodynamic force cannot
overcome the resistive dynamometer torque.
The static condition is fed to and tested by
the code. The result agreed with the expected
behavior.

Some further cases such as ‘zero wind
speed’ along with ‘nonzero initial angle of
mast,” and ‘zero weight condition’, were also
checked. The results agreed well with the
expected behaviors.
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3.2. Choice of a Benchmark Set of
Parameters for the Turbine

To study the behavior of the turbine and to
identify if the efficiency of the turbine is
acceptable, a benchmark set of parameters is
selected. These parameters are geometric and
kinetic, as listed in Table 2. Because this
parametric study is a pre-design study for
building a prototype at Fasa University, the
selected size for the benchmark turbine is in
the range of ‘micro-size’ wind turbines, as
these wind turbine types are suitable for low

wind speeds. According to

meteorological wind data, the most abundant
wind speed in Fasa is in the ‘calm’ or
stagnant range, which has 44 to 68 percent of
abundancy in different months. The most
abundant wind speed after the calm regime is
in the range of 2.1 to 3.6 m/s, which has 22
to 28 percent of abundancy in different

months [13].

Table 2: Benchmark Parameters for the turbine
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10
10

Kg.m?
N.m/rad

Flywheel Inertia
Rotational Spring
Constant

In the preliminary benchmark turbine, the
weight of the sail rotation mechanism, i.e.,
servomotor package, together with the
effective  viscous friction of turbine
mechanical chain, are neglected.

3.3. Study the Time-Response of the
Benchmarked Turbine

the Fasa

The results of the numerical simulation of
the time response of the benchmark turbine
are illustrated in Figs. 2-11. According to
Fig. 2, the sail rotates harmonically, causes
the mast to oscillate due to the wind force.
The mast drifts to the right and oscillates
around the angle @y = +0 - 175 rad relative
to the vertical direction. The angular bias
from the vertical direction is because the
wind blows from left to right.

The angular velocities of sail, mast, and

Quantity Value Units flywheel are shown in Fig. 3. In the
Sail Height 1 m empowering phase, when the wind pushes
Sail Width 1 m the sail, the mast and flywheel are coupled
Sail Total Area 2 m2 and move together (the coupled phase is
) ] recognizable in Fig. 3, and is illustrated in
Sail Aspect Ratio 1 - detail in Fig. 7). When the aerodynamic
Sail Area Density 0.1 Kg/m? force generated by wind on the sail becomes
Sail Oscillation 7 weak, the mast slows down and turns back,
Period Sec due to the act of rotational spring. This
Mast Length 2 m movement causes the mast and the flywheel
to separate.
Mast Lgngth 0.2 Kg/m p
Density
1.8
13
~ —0
'g 08
e ¢
=
“ 03 VLAV L LA L LA
0.2
0 20 40

Time (s)

Fig.2. Time variation of angles of sail (8) and mast (¢) for the benchmark turbine.
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In the decoupled phase, the flywheel
continues to rotate clockwise; however the
mast oscillates counterclockwise. In time,
the aerodynamic force on the sail increases
again, the speed of the mast reaches the
speed of the flywheel and they become
coupled again. The coupling and decoupling
events are recognizable more obviously and
are discussed in detail in Fig. 7.

Figure 4  illustrates the angular
accelerations of the sail, mast and flywheel.
The piecewise behavior of flywheel
acceleration is due to the sudden change and
different behavior of the flywheel
acceleration in coupling and decoupling
phases of turbine motion.

Angular velocity (rad.s™)

0 20

Time (s)

—do/dt
—dep/dt
—dp/dt

40

Fig. 3. Time variations of angular velocities of sail (6), mast (¢), and
flywheel () for the benchmark turbine.

0.7

02

Angular acceleration (rad.s?)

-0.3

20
Time (s)
Fig.4. Time variations of angular accelerations of sail (8) mast (), and flywheel (§) for the benchmark

—d20/dt2
- d2¢/dt2
—d2p/dt2

40



a result of the resistive

a small duration, as the flywheel continues

to rotate after it separates from the mast, due

to its inertia. The flywheel decelerates and
power generation, since the angular velocity

torque. As the flywheel stops, there is no
of the flywheel becomes zero.

decoupled phase, the coupling torque and
the generating power vanish. However, the
power generation continues in this phase for

stops eventually as
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the tangential

than
in magnitude and has the

primary role in empowering the turbine.

of the aerodynamic force

exerted by the wind on the sail are shown.

In Fig. 5, the tangential and normal
higher

The normal component is one order of

The coupling torque between mast and
flywheel, together with the power generated
by the turbine, is shown in Fig. 6. In the

components
magnitude
component
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Figure 7 shows a close up of the small
duration of turbine motion. Two consecutive
separation and collision moments are shown.
At the collision moment, an impulse in the
acceleration of flywheel is seen. The abrupt
change is due to the numerical error caused
by the assumption in the MATLAB code that
the angular velocities of flywheel and mast
to be equal at the beginning of the time step

385

in which collision happens. As it is evident,
the acceleration decreases rapidly to its value
before the impulse. Although this numerical
error does not significantly affect the power
and efficiency study of the turbine, this can
be corrected by adding an iterative process to
find the collision moment by interpolation,
in the MATLAB code.
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Fig.7. Close up of a small-time duration of the oscillations for the benchmark turbine
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3.4. Study the Effect of Resistive Torque
on the Behavior of the Benchmark
Turbine

Figure 8 illustrates the power coefficient of
the benchmark turbine for four different
values of the resistive torque applied to the
flywheel at different wind speeds. The
selected range of the wind speed is the most
recorded range at the Fasa meteorological
node. As it is evident, for each selected value
of the resistive torque, Cr is maximum in a
certain wind speed, which means that the
mentioned amount of resistive torque is the
most appropriate for the benchmark turbine

to work in that certain wind speed. By
increasing the amount of resistive torque, the
wind speed at which CP is maximum
increases.

Figure 9 shows the power generated by the
benchmark turbine for the four different
values of the resistive torque. It is seen that
at low wind speeds, the output power
vanishes. At low wind speeds, the
aerodynamic torque generated by the wind is
not enough to overcome the resistive torque.
Therefore, the turbine stands stationary and
cannot oscillate, and consequently, there is
no power generation.

7 u
o
PN L
6 e
5 /
—_ /
S /
~ r
B /
o3 / —+ - Static friction torque=1 N.m
) ;f ;'_ —e—Static friction torque=2 N.m
/‘ ,-'- -=-Static friction torque=3 N.m
1 !,f i —a- Static friction torque=4 N.m
X :
0 l—‘{—l—— ‘a— u=""n
0.3 0.7 0.9 1.1 1.3 1.5 1.7 1.9 2.1 23

Wind speed (m/s)

Fig.8. The power coefficient (Cp) of the benchmark turbine vs. wind speed at four different resistive torques.

0.8
0.7 »
R ] i
= ~+ Static friction torque=1 N.m .
o Jx
g 0.5 —s—Static friction torque=2 N.m ;_;/'
& 04 -#-Static friction torque=3 N.m i
5 ; R P
& —a- Static friction torque=4 N.n v
5 03
=
S
i
= 0.2
0.1
0
1.9 2.1

Fig.9. The power generated by the benchmark turbine vs. wind speed at four different resistive torques

Wind speed (m/s)
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4. Conclusion

The present research aimed to study the
possibility of utilizing a novel design of
oscillatory wind turbines to harvest wind
energy. For this purpose, dynamical
equations of the new turbine were derived
and numerical analyzes using a developed
computer code. The generated code was
validated and then used to simulate the
performance of a micro-sized benchmark
wind turbine. The output power and the
power coefficient of the benchmark turbine
were examined for different resistive
torques.

The behavior of the designed turbine
agrees well with the expected behavior of
these wind turbines, and the estimated values
of the power coefficient are in the acceptable
range for a micro-sized wind turbine.

As the continuation of this study, we plan
to fabricate an experimental prototype for the
benchmarked turbine and perform field
testing. The presented simulations results can
then be verified with the experimental data.

By the development of variant alternative
wind turbines, it is hoped to surmount the
drawbacks and defects of the conventional
rotary wind turbines and to attain higher
performance for specific ranges of wind
speeds.
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