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ABSTRACT

A cycloidal blade system resembles cylindrical wheel, with several blades. Its pitch angle is
varied collectively with mechanical linkage. This system is able to change the direction and
the magnitude of thrust by locating control point eccentrically. As a conventional rotor
system used in aircraft and wind turbine, the cycloidal blade system is able to use in VTOL
(Vertical Take-Off and Landing) aircraft and vertical axis wind turbine.
In this work, a cycloidal blade system is investigated in its theoretical aerodynamic model.
An aim of cycloidal blade system for aircraft is to maximize the lift force and thrust. But
that of wind turbine is to maximize tangential force. Hence, there are significant differences
of theoretical and numerical manner and this work describes how the cycloidal blade system
is applied to aircraft or wind turbine effectively.

To verify the performance, a twin rotor cyclocopter and cycloidal vertical axis wind turbine
are designed and developed.
In research of a 110kg class twin rotor cyclocopter is propelled by two cycloidal rotors and
one conventional propeller. To obtain numerical data needed in this procedure,
computational fluid dynamics was applied. Power transmission using 4-stroke rotary petrol
engine was designed, and the whole vehicle by composite blade, etc. was manufactured. The
novel cam pitch-control mechanism is installed and the end plate is attached on the tips of
the blades for reduction of drag.

i

The twin rotor cyclocopter (weight is 110kg) conducts ground test and the test results
compare with theoretical and CFD analysis results. Finally, the twin rotor cyclocopter
demonstrates the hovering flight at tethered condition.
The cycloidal vertical axis wind turbine actively controls pitch angles of rotor blades to
improve turbine efficiency according to wind conditions. It is capable of self-starting through
changing the pitch angle pattern and is able to achieve the best operating efficiency.
An optimization scheme with Response Surface Method (RSM) was used to find the most
efficient design variables while performing CFD analysis with variables of number of blades,
chord length, tip speed ratio and maximum pitch angle.
For the experiments, a 400W (at 10m/s of wind speed) class cycloidal VAWT was designed
and developed. The two kinds of experiments are carried out and compared with the CFD
analysis result. The result of the constant wind speed test verified the CFD analysis and the
field test in Jeju Island demonstrated its reliability.
Furthermore, another cycloidal vertical axis wind turbine which a flap control device is
added in the tip of blades is also studied and designed for the highest efficiency.
Transforming the blade airfoil into positive or negative cambered, the flap control device
operated with simple mechanical linkages.

Keywords : Cycloidal blade system, Vertical take-off and landing, Cyclocopter, Vertical
Axis Wind turbine
Student number : 2005-23454
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1. INTRODUCTION
A propeller is used for helicopters, aircraft, and in marine and wind turbines. A cycloidal
blade system (CBS) also functions as a propeller. However, there are many advantages
distinct from those of a propeller. In this study, an unmanned aerial vehicle (UAV)
cyclocopter and a cycloidal vertical axis wind turbine (VAWT) are developed and tested in
experiments for the application of a CBS.
Among all types of UAVs, rotary-wing UAVs such as helicopters are classified as a
conventional type, whereas nonconventional types are UAVs which include tilt rotors,
ornithopters, or canard rotor/wings. The cyclocopter is another example of an
unconventional rotary-wing UAV.
On the other hand, the CBS can be used in a wind turbine system. For a propeller, the wind
turbine axis is horizontal but the cycloidal wind turbine axis with a CBS is vertical. Owing
to this difference in the axis type, there are many advantages of wind turbine systems.

1.1 Characteristics of Cycloidal Blade System
The cycloidal blade system (CBS) is a type of variable blade pitch control system. The rotor
consists of several blades rotating about a horizontal axis, as shown in Figure 1.1. These
rotor blades of the CBS experience periodic pitch angle variation as the rotor rotates. The
blade at the top and the bottom positions produces upward force due to a positive angle of
attack. On the other hand, the blade on the left and the right positions produces a small
１

amount of force, as the blade angle of attack is small. Through this periodic pitch angle
variation, the cycloidal rotor generates powerful thrust with the ability to change the force
direction almost instantly. These characteristics enable VTOL maneuvers and forward flight.
Unlike a conventional propeller rotor, cycloidal rotor blades operate at a constant speed
along the entire blade span, allowing all of the blade elements to operate at peak efficiency
and causing the inflow in the spanwise direction to be uniform.
Kirsten investigated cycloidal propulsion at the University of Washington in the 1920s[14]. He constructed a large cycloidal propeller with pi pitch cycloidal motion in a wind tunnel
and began investigating its use for air vehicles. However, funding dried up for the project,
and when he received a grant from the Navy, he began looking into means of applying
cycloidal propulsion to marine systems. Today, Kirsten’s cycloidal propellers are used
extensively by tugboats, providing them with the maneuverability necessary to operate in
confined harbors. His research was continued by Eastman for high pitch rotors in forward
flight conditions.
Kirsten used the word “cyclo-copter” in the sense of competition with a helicopter. He
replaced the prefix heli, which means the helix of the screw, with cyclo, which comes from
the cycloidal rotor system.
At a similar time, Wheatley at the NACA Langley Research Center developed a simplified
aerodynamic theory of a cyclogiro rotating wing and conducted wind tunnel tests on a large
four-blade prototype rotor with a diameter and span of eight feet [5, 6]. The blades used a
NACA 0012 airfoil profile and had a chord of 0.312 ft. He also measured significant thrust
levels but achieved poor agreement between his theory and the experimental results.
Foshag and Boehler investigated a horizontal-axis rotating-wing system [7]. When the CBS
is rotating, centrifugal force applies as bending stress of the blades. To reduce the bending
stress, the blades should be light and strong. In the past, due to technical limitations, research
２

on the CBS was dormant for a long time. Recently, advanced composite materials were
developed, such as fiberglass and carbon composites. These very lightweight materials have
high rigidity and strength levels. Blades made from them can withstand centrifugal force.
Today, research on the CBS is conducted all over the world.

Figure 1.1 Cycloidal blade system (CBS)
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The cycloidal curve represents the trace of a rolling wheel. Figure 1.2 shows three types of
curves according to the ratio between the rolling speed and the advance speed [7]. With the
curtate trochoid, the rolling speed is faster than the advance speed (b/e < 1). The true cycloid
is such that the advance speed is equal to the rolling speed (b/e = 1). For the prolate cycloid,
the advance speed is faster than the rolling speed (b/e > 1).
When these curves are applied to the cycloidal blade system, the prolate cycloid is
appropriate for high-speed forward flight and the curtate trochoid is appropriate for lowspeed forward flight or for a hovering state. Figure 1.3 shows the three types of cycloid
mechanisms used for propulsion systems.
The low-pitch system follows the curtate cycloid. The blade leading edge follows the rotor
rotating direction; therefore, small pitch angle variation is required for this motion. The
eccentricity point, expressed as ‘s’ in Figure 1.3, is located inside the circle.
On the other hand, the high-pitch system follows the prolate cycloid. The blade leading
edge is always heading in the advance direction; therefore, large pitch angle variation is
required for this motion. In an extremely high pitch condition, it is almost equal to a fixedwing aircraft.

４

Figure 1.2 Cycloid and trochoid motions
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(a) Curtate Cycloid (Low-Pitch System)

(b) Basic Cycloid (Pi-Pitch System)

(c) Prolate Cycloid (High-Pitch System)

Figure 1.3 Cycloid Propulsion System

６

1.2 History of Cyclocopter
The cyclocopter is a kind of VTOL aircraft with the cycloidal blade system. The main rotor
of the cyclocopter operates with low rotational speed compare with conventional helicopter.
Thus, relatively its aerodynamic noise is low. Another advantage is high maneuverability.
The cycloidal blade system can change the magnitude and direction of thrust easily by
changing pitch angle pattern.
Our laboratory (Aerospace Structures Laboratory, Seoul National University) has studied
and leads the cyclocopter project from 2000. Recently, several teams are followed by
studying the cycloidal blade system in USA, Europe and Japan.

1.2.1 Research status at SNU

In the initial research steps, the physical concept of cycloidal blade system was studied and
the basic control mechanism was realized. A sinusoidal low-pitch system was realized and a
parametric study involving thrust measurements under various operating conditions was
carried out with the development of the one-rotor model shown in Figure 1.4. In this model,
the rotor radius, the number of blades, the rotating speed and the pitch angle variation were
the variables used in the parametric experiment. A rosette was attached onto the main axis
to measure the torque. The thrust and its direction were measured by loadcells installed on
the base frame. This system was powered by a 2kW servo motor. A CFD analysis supported
the experiment, as it has long been the most useful tool for design optimization[8-13].

７

Based on the one-rotor model, large-scale cyclocopters were developed, as shown in Figure
1.5. In addition, various types of small-scale cyclocopters were developed, as shown in
Figure 1.6 [14-17].
Large-scale cyclocopters heavier than a human are too expensive and difficult to
manufacture. Thus, small-scale cyclocopters were developed and commercial radio control
model parts were used to reduce the development time and cost. Finally, the fifth small
cyclocopter developed demonstrated outdoor flight successfully [18].

Figure 1.4 One-rotor ground test model
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(a) Two-rotor UAV cyclocopter

(b) Four-rotor UAV cyclocopter
Figure 1.5 Two-rotor and four-rotor cyclocopters
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(a) The first small cyclocopter

(b) The second small cyclocopter

(c) The third small cyclocopter

(d) The fifth small cyclocopter

Figure 1.6 Various type of small-scale cyclocopters

１０

Our laboratory also studied a renewable energy system which used the cycloidal blade
system [19-21]. The cycloidal vertical axis wind turbine and water turbine shown in Figures
1.7 and 1.8, respectively, were developed.

Figure 1.7 Cycloidal vertical axis wind turbine

Figure 1.8 Cycloidal vertical axis water turbine
１１

1.2.2 International research status

In the 1920s, Kirsten investigated a cycloidal propulsion system at the University of
Washington [3, 4]. At around the same time, a simplified aerodynamic theory of a cyclogiro
was developed by Wheatley at the NACA center [5]. The rotor performance prediction based
on this theory was also compared with wind tunnel test results [6]. However, research in this
field was subsequently stagnant for decades, until the late 1990s.
In the late 1990s, Bosch Aerospace and Mississippi State University studied a cycloidal
propeller [22-25]. At Mississippi State University, McNabb developed a computer analysis
model for a cycloidal propeller and compared predictions by this model with experimental
results measured with a rotor constructed by Bosch Aerospace (Figure 1.9). The model
consisted of six blades with a diameter and span of four feet. The chord length of the blades
was one foot, and NACA0012 airfoil sections were used. The maximum blade pitch angle
was 25 degrees, and rotational speeds up to 650 RPM were used. The model generated 138
lb of lift and required 28 hp at 600 RPM. McNabb’s predictions were within five percent of
the experimental results. Bosch Aerospace, working in conjunction with Mississippi State
University, has been developing cycloidal propulsion technology; however, the testing
remains incomplete.

１２

Figure 1.9 Six-bladed cycloidal rotor (Bosch Aerospace, 1998)

Since the year 2000, several configurations of CBSs, their control mechanisms, and many
types of cyclocopters have been studied and developed by the authors at Seoul National
University, as described in chapter 1.2.1. Experimental and numerical studies of the CBSs
were also conducted in the USA, Israel, Singapore, and Japan following the work done at
Seoul National University [26-28]. Boirum and Post summarized historic and modern
cyclogyro designs and presented an overview of the research and design of cyclogyros [29].
Benedict et al. analyzed the viability of a cycloidal rotor for developing hover-capable
micro-air vehicles (MAVs) through performance and flow field measurements by means of
digital particle image velocimetry (DPIV) at the University of Maryland (Figure 1.11). The
twin-rotor cyclocopter MAV depicted in Figure 1.12, in which the attitude is controlled by
adjusting rotational speed and thrust direction simultaneously, demonstrated stable hovering
flight [30-34].

１３

Figure 1.10 Cycloidal MAC rotor for DPIV (Univ. of Maryland, 2008)

Figure 1.11 Time averaged velocity measurements of the cycloidal rotor
(Univ. of Maryland, 2008)

１４

Figure 1.12 Twin-rotor cyclocopter MAV (Univ. of Maryland, 2011)

Isosilevskii and Levy of the Technion-Israel Institute of Technology conducted a combined
experimental and numerical study of a cyclogiro rotor operating at chord Reynolds numbers
of approximately 40,000 [26]. A CFD study revealed a complex flow field experienced by
the cycloidal rotor with complex interactions between the blades. Experimental tests were
conducted on a model with a span and diameter of 4.3 inches. The blades used NACA 0015
airfoils and had a chord length of 0.9 inches. The model could be tested either in a two-blade
or a four-blade configuration. Numerical predictions showed good agreement with the
experimentally measured time-averaged force.

Figure 1.13 shows D-DALUS, a type of cyclocopter, which was developed by IAT21 in
Austria. It had four cycloidal rotors and a streamlined body. Although it demonstrated
unstable flight, D-DALUS was studied for commercialization.

１５

Several other researchers in Asia are also developing cycloidal rotor systems. At the National
University of Singapore, Hu et al. built an electrically powered cyclogiro of which the rotor
radius is less than 100 mm [28]. To improve the design, a mixed four-bar and five-bar control
mechanism was developed and hovering experiments were performed. Designs with
different airfoils, taper ratios and control link lengths were investigated in their experiments.
At the University of Electro-Communications, Japanese researchers developed a four-rotor
cyclogiro-based flying robot in 2006 [27]. They applied a double-crank mechanism
consisting of two different rotational points as the control mechanism. The wing span,
number of wings and eccentric distance were set as variables in the preliminary parametric
study. The developed flying robot could hover along a vertical guide mechanism without
batteries.

Figure 1.13 D-DALUS (developed by IAT21, Austria)
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1.3 Vertical Axis Wind Turbine
Wind turbines are classified as the horizontal axis wind turbine (HAWT) and the vertical
axis wind turbine (VAWT) depending on the location of the main axis. HAWTs capture
wind energy with a propeller-type rotor, and their main axis is parallel to the wind direction.
Although the ideal efficiency levels of HAWTs and VAWTs are nearly identical, HAWTs
are more commonly used in large wind turbine system due to their simple structure. However,
they can be disadvantageous to the noise and in the event of wind direction changes.
VAWTs use rotors with twisted, curved or straight blades with the main axes perpendicular
to the direction of the wind stream. The VAWT easily adapts to changes in the wind direction,
and it has less aerodynamic noise. VAWTs have been studied by many researchers all around
the world. Common examples of VAWTs are the Savonius and Darrieus turbines.
.

1.3.1 Savonius turbine

The Finnish engineer S. J. Savonius developed the Savonius turbine in 1922. The Savonius
turbine operates by drag force and consists of two or three scoops, as shown in Figure 1.14.
A two-scoop turbine has an “S” shape from a top view (Figure 1.15). Due to the curvature,
the scoops experience differential drag and the turbine can thus spin. Savonius turbines are
much less efficient than other lift-type turbines, but they are capable of self-starting, are
highly reliable, and have low manufacturing costs. For these reasons, Savonius turbines are
used for most anemometers, for which efficiency is immaterial. In order to make lift-type
turbines self-starting, Savonius turbines are used as additional applications. Figure 1.16
shows a Darrieus turbine combined with a Savonius turbine.
１７

Figure 1.14 Savonius turbine

Figure 1.15 Operation of a Savonius turbine
１８

Figure 1.16 Combined Darrieus-Savonius turbine

1.3.2 Darrieus turbine

The Darrieus turbine was granted a patent by the U.S. Patent Office in the name of G.J.M.
Darrieus, a French aeronautical engineer, in 1931 [35]. The turbine consists of a number of
curved blades mounted on a vertical main axis. The curvature of the blades minimizes the
bending stress. The blades have what is known as a Troposkien shape. The Darrieus turbine
is relatively more efficient due to its use of lift force induced by its rotating blades. Figure
1.18 shows the operation of a Darrieus turbine.
Sandia National Laboratories and the National Research Council of Canada developed and
commercialized Darrieus turbines. Figure 1.17 shows the Darrieus turbine by Sandia. The
4MW class of Darrieus turbine included the Lavalin Eole (64 m) Research turbine [36]. Eole
was built in 1986 in Cap Chat, Quebec, Canada, and it uses a two-blade NACA0018 rotor.
１９

Its maximum power is 3.6 MW at a wind speed of 17 m/s with a rotational speed of 16.3
rpm.

Figure 1.17 Darrieus vertical axis wind turbine

２０

Figure 1.18 Operation of a Darrieus turbine

1.3.3 Cycloidal turbine

The Darrieus type is difficult to self-start, and the Savonius type demonstrates low
efficiency in terms of its rated rotation speed. To overcome these two challenges, a cycloidal
vertical axis wind turbine (CWT) was developed. CWTs start as a drag-type VAWT and
become a lift type through a change of the pattern of the pitch angle variation of their blades
based on the operational rotation speed (Figure 1.19). There are different control schemes
which can be used to change the pattern of the pitch angle. The most efficient is the active

２１

control of each individual blade, as achieved by employing sensors and actuators on each
blade. Maintenance on this type of system is overly complex [21].
Thus, the CWT uses mechanical linkages connected to the blades. The pitch angles of the
blades become variable through the mechanical linkage, and the linkage system is connected
to a single control point, P, as shown in Figure 1.20. To control the eccentricity point, P,
properly, a wind-direction sensor is required.

Figure 1.19 Concept of the cycloidal blade system

２２

Figure 1.20 Basic concept of the control mechanism

1.4 Other Applications of Cycloidal Blade System
Another application of the cycloidal propulsion principle is the Voith Schneider propeller,
which is used for the propulsion and steering of ships. Figure 1.21 and 1.22 respectively
show the Voith Schneider propeller and its twin system with a thrust plate on a tug’s hull. In
this application, the blades operate in water and usually revolve around a vertical axis. Its
Austrian inventor, Ernst Schneider, had a chance meeting on a train with an employee of
Voith's subsidiary, St. Pölten works; this led to the turbine being investigated by Voith's
engineers, who discovered that although it was no more efficient than other water turbines,
Schneider's design worked well as a pump by reversing the flow through the device. By
changing the orientation of the vertical blades, it could be made to function as a combined
propeller and rudder.
２３

For a water energy system, a cycloidal water turbine can generate electricity from water
streams, similar to a wind turbine. Our laboratory also researched cycloidal vertical axis
water turbines, as shown in Figure 1.23. This water turbine can generate 580W of electricity
at a water speed of 2m/s.

Figure 1.21 Voith Schneider propeller

Figure 1.22 Twin Voith Schneider propeller with a thrust plate

２４

Figure 1.23 Cycloidal vertical axis water turbine
The cycloidal propeller was also used in an airship control system for near-instant changes
in the thrust vector, to manage the downward vector during the cargo off-loading process,
for trim control, for self-docking, and for a range of maneuver capabilities never before
accomplished. The propeller can be installed in a variety of configurations, giving operators
numerous options for the placement of signs, solar arrays, and other payloads. Kirsten at the
University of Washington attempted to install the cycloidal blade system onto the airship
Shenandoah sponsored by the U.S. Navy [3, 4]. The airship was scheduled to be the first
flight vehicle to be equipped with this new cycloidal blade system. However, in 1925, the
Shenandoah broke up in flight and crashed.

２５

Figure 1.24 Airship with cycloidal propellers

Figure 1.25 Vertical airship powered by a cycloidal propeller
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1.5 Scope of This Work
In this work, a cycloidal blade system (CBS) is investigated in a theoretical, numerical and
experimental manner to apply it to aircraft and wind turbines. An improved analytical
aerodynamic model and CFD analysis models are proposed and their applications are
developed to assess the characteristics and verify the performance of the CBS.

In Chapter 2, the physics of the cycloidal blade system is investigated. The aerodynamic
model of the system is improved and newly named streamtube contraction model is
developed. The performance prediction is based on momentum theory and blade element
theory. The streamtube contraction model is an improvement of previously developed
streamtube models. At the end of chapter 2, a flap control device is added to the tips of the
blades. The design of this device is also studied to attain the highest level of performance.
The flap control device, operated with simple mechanical linkages, can transform the camber
of the blade airfoil from positive to negative and back.

1.5.1 Development of and experimentation on a 110kg class twin rotor
cyclocopter

Chapter 3.1 describes the design and testing of a 110-kilogram cyclocopter with two
cycloidal blade system rotors and one tail propeller rotor and powered by a 300-cubiccentimeter-class rotary engine. The tail rotor generates pitching motion and compensates
for the torque generated by the front two rotors. The upward thrust direction of the tail
rotor provides 10% of the lifting force. The design thrust of the cycloidal blade system
rotor was estimated in analytical and numerical analyses. An accurate analytical
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aerodynamic model was developed. The analytically estimated results show a trend similar
to that of the computational fluid dynamics analysis. Both analysis results compare well
with the results of a ground test. The onboard flight control computer system has two
embedded processors, and a proportional-integral-derivative algorithm was used as the
flight control scheme. The gains of the proportional-integral-derivative algorithm were
adjusted during tethered flight tests.

1.5.2 Development and verification tests of a cycloidal vertical axis wind turbine

In Chapter 3.2, research describing a high-efficiency vertical axis wind turbine (VAWT)
system is presented. The proposed cycloidal vertical axis wind turbine (CWT) is straightbladed, adopting the cycloidal blade system used as the propulsion system in a cyclocopter.
The CWT actively controls the pitch angle of its rotor blades to improve the turbine
efficiency according to the wind conditions. It can self-start by changing its pitch angle
pattern and is able to achieve maximum operating efficiency. An optimization scheme
based on the response surface method was used to find the most efficient design variables
while performing a computational fluid dynamics (CFD) analysis with variables of the
number of blades, the chord length, the tip speed ratio, and the maximum pitch angle. For
the experiments, a 600 W (at a wind speed of 10 m/s) class cycloidal VAWT was designed
and developed. Two types of experiments were carried out, with the results compared to
the CFD results. The first test was a constant wind speed test. The constant wind speed was
achieved by driving a truck at constant speed along a straight road with the CWT mounted
on the truck. The second test was a field test that was conducted at a certification test site
for small wind turbine systems at the Korea Institute of Energy Research on Jeju Island.
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The result of the constant wind speed test verified the findings of the CFD analysis, and the
field test demonstrated its reliability.
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2. PHYSICS OF CYCLOIDAL BLADE SYSTEM
The cycloidal blade system is a thrust propulsion system that consists of several blades
rotating about a horizontal axis that is perpendicular to the direction of normal flight. Figure
1 presents the concept of the cycloidal blade system. The pitch angle θ is the angle between
the tangent line and the camber line of the blade. It varies periodically and reaches a
maximum at azimuth angles Ψ of 90° and 270° independent of the phase angle, Φ. In other
words, the blades at the top and the bottom positions produce a large upward force with a
positive angle of attack. However, the blades at the left and the right positions generate a
weak force because of their small angle of attack. Φ is the phase angle and defined as the
position of the maximum pitch angle. It is increases in the counter-clockwise direction. The
pitch angles of the blades change during rotational motion and are controlled by mechanical
linkages.

2.1 Aerodynamics of Cycloidal Blade System
In previous study, the derivation of an aerodynamic theory for cycloidal blade system was
designed by momentum theory and the blade element theory. Single-streamtube, multiplestreamtube, double-streamtube, and double-multiple-streamtube models have been
previously developed as shown in Figure 2.1 [8]. It is assumed that the flow through the
rotor is quasi-steady, incompressible, and inviscid.
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(a) Single streamtube

(b) Multiple streamtube

(c) Double streamtube

(d) Double-multiple streamtube

Figure 2.1 Streamtube models
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2.1.1 Streamtube Contraction Model

The streamtube models have also been used for the analysis of vertical-axis wind turbines.
Paraschivoiu, meanwhile, studied a streamtube expansion model for vertical-axis wind
turbines. In case of the wind turbine, the flow diverges toward downstream half because of
a decrease in velocity and the streamtube expands [37]. However, in case of cyclocopter, the
flow converges toward the downstream half and the velocity increases. Thus, a streamtube
contraction model describes the contraction of the streamtube. This model assumes that the
inlet range of the flow is the upstream half (azimuth angles of 0° to 180°) and the outlet
range of the flow is less than that of the upstream half. The outlet range was obtained using
a continuity equation. Figure 2.2 shows the streamtube contraction model, which conserves
mass by allowing for contraction of the streamtube.
In the general approach to the aerodynamic theory, it is assumed that the flow through the
rotor is quasi-steady, incompressible, and inviscid. For the upstream half of the rotor, vertical
force generated by the flow is

F  m(V2 V1)  mw

(2.1)

Tu is generated in the normal direction of actuator cylinder, and Eq. 2.1 is expressed as
follows:

F  Tu sinu  mw

(2.2)

From the principle of conservation of energy, ignoring the potential energy due to gravity
and viscous effects,

1
W  Tu  vu  Tu sinu   vu  mw2
2
Also the thrust can be written as
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(2.3)

Tu  2vu  m / sin2  u

(m  vu Au  vu Rd u )

(2.4)

And the element thrust is

dTu  2R(vu / sinu )2 du

Figure 2.2 Streamtube contraction model

Similarly, the force of downstream flow is
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(2.5)

dTd  2R w2  2wvd sin(d )  vd2 dd

(2.6)

In the blade element theory, the resultant incremental lift dL and drag dD in upstream side
are

1
 Nc 2
 Ndu 
dL  UR2 
cCL 
U C ( )du

2
4 R L
 2 
dD 

 Nc 2
U C d
4 R D u

(2.7)

(2.8)

The lift and drag act perpendicular and parallel to the resultant flow stream, respectively. c
and N are the blade chord length and the number of blades, respectively. Therefore, the thrust
in the upstream side is

dTu  dL cos  dDsin  

 Nc 2
U C ( )cos  CD sin du
4 R L

The right-hand side of Eq. 2.9 is same as Eq. 2.5. An empirical factor,
then the inflow ratio on the upstream side,

4empu2 

(2.9)

emp , is applied and

u , is



Nbc
C

Cl (1 u2 ) ( )cos  d sin sin2  u
Au
Cl




(2.10)

The empirical factor is used to address, for example, non-uniform flow or an assumption of
two dimensions.
For the downstream side, the tangential and perpendicular component of the local flow
stream can be expressed as

UT  R wcos(d )  (1 )R
Up  wsin(d )  vd  d R
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(2.11)
(2.12)

And the relative inflow angle at the blade element is

U  
  tan1  p   d
 UT  1 

(2.13)

For the downstream side, from blade element theory and the momentum equation for each
streamtube, it follows that

dTd  dL cos  dDsin  

 Nc 2
U C ( )cos  CD sin d d
4 R L

(2.14)

and

4(d  tand ) d2  2 

Nbc
(1  )2  d2Cl ( )cos  Cd sin 

Ad
(2.15)

The actuator disk size on the downstream side is decided by the inflow ratio and continuity
(Figure 2.3). From the continuity equation, the areas of the upstream and downstream
actuator disks can be written as

Au  2 R, Ad 

u
A.
d u

(2.16)

In this research, the streamtube contraction model was calculated every one degree using
Matlab 2010. For the cyclocopter developed in this study, the range of

d

was calculated

as approximately 89 degrees. The results of CFD analysis and particle image velocimetry
experiments verified that this range of

d was reliable [34].
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Figure 2.3 Simplified model of the flow field
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2.1.2 Virtual Camber Effect

Figure 2.4 Schematic diagram of Virtual camber line

Compared to the rotor radius, the chord length of blade is too long to ignore. The radius of
the rotation varies along the chord. This cause the various rotation velocity. As if a cambered
blade, the angle of attack at each point along the chord is different.
The angle of attack by camber effect is

αcamber 

2
CLα

  θ  θ  cosθ
π

x

0

0

1 dθ0

(2.17)
.
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2.1.3 Initial Pitch Angle

Initial pitch angle is another rotor design parameter for aerodynamic characteristic. Figure
2.5 shows pitch angle curve pattern according to a 360-degree revolution of the blades. The
adjusted curve means shift of all pitch angles in vertical direction and the initial pitch angle
is the magnitude of the shift. The typical aerodynamic characteristic of the initial pitch angle
can compensate for the virtual camber effect. Through the virtual camber effect, maximizing
thrust per required power can achieve with a proper initial pitch angle. However, the thrust
maximizes at about zero initial pitch angles shown by CFD analysis. Figure 2.5 and 2.6 show
the thrust and thrust per unit power according to the initial pitch angle, respectively.
Thus, to apply to a cyclocopter, the initial pitch angle improves efficiency but decreases the
thrust. In case of a wind turbine, the initial pitch angle should be applied because its aim is
maximizing efficiency.

Figure 2.5 Adjustment of the pitch angle curve pattern by the initial pitch angle
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Figure 2.6 Thrust variation according to the initial pitch angle

Figure 2.7 Thrust per unit power variation according to the initial pitch angle
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2.1.4 Flow Tilting

The flow of the cycloidal blade system is tilted to the rotating direction. Hence, its lift
direction is also tilted and then the control algorithm should compensate for it. There are
three causes of the flow tilting phenomenon. First, there is different induced velocity
between advancing and retreating side. When the blades are rotated, the induced velocity of
the advancing side is lower than the retreating side one because of the blade drag force. And
then there is different lift force between right and left side in the downstream region. The
second reason is a virtual camber effect. The virtual cambers of the right and left positioned
blades are curved as opposite direction. Thus, the lift forces are different from each other.
Finally, a Magnus effect is one of the reasons why the flow is tilted. If a rotating cylinder is
placed in cross-flow, a force nearly perpendicular to its flow direction (Figure 2.8). This
Magnus effect is named after Gustav Magnus, the German physicist. The cycloidal blade
system also has the Magnus effect because the rotating cylinder shape. According to wind
tunnel tests, Wheatley says, “it would be at least a third of the observed lateral force.” [6].
In other words, Iosilevskii analyzed CFD simulation for the Magnus effect and concluded
that it has roughly to 5 degree effective angle of attack modulation [26].
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Figure 2.8 Magnus effect

2.2 Gyroscopic Forces on Cycloidal Blade System
A cyclocopter rotor rotates at high speed to produce enough thrust for flight. There are two
gyroscopic effects: precession and nutation. These effects affect the lateral motion of the
cyclocopter. The torque-induced precession is explained using the principle of conservation
of angular momentum.

L
M
t
L / t : time rate of change in the angular momentum L
M : torque of the external forces applied to the body
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(2.18)

A gyroscopic force due to the conservation of angular momentum is observed. The rotating
rotor tends to resist changes to its orientation, which is also known as gyroscopic inertia.
The main rotors of the cyclocopter are somewhat bigger than those of other rotorcraft. Thus,
large gyroscopic inertia helps provide stability. Meanwhile, the gyroscopic effects mean that
a yawing moment induces rolling. For the rotor rotating in the direction of positive pitch, a
positive yawing moment generates the negative roll rate

r 

M

Ixxx .

(2.19)

The induced roll rate (r) is proportional to the magnitude of the pitching moment (M) but
inversely proportional to the angular momentum (

Ixx ).x

Nutation is a slightly irregular motion of the rotation axis. It can be observed if a gyroscope
shows precession and, in addition, is disturbed by an external force. The effect of nutation
might be observed as tumbling, as yaw and roll angles are expected to oscillate at the same
time. For stable hovering flight of the cyclocopter, the PID gains were tuned and the
compensation of these phenomena were applied to the control algorithm.

2.3 Performance Improvement with Flap Control Device
Flaps are usually used to increase the lift of an aircraft wing and are mounted on the trailing
edges of the main wings. Deflected flaps produce the effect of increased camber and alter
the lift characteristics. Figure 2.9 and 2.10 show the flap motions of cycloidal blade system
with cyclocopter and wind turbine, respectively. The flap control device presented here uses
only mechanical linkages and does not require an additional, power-consuming, electric
servo-motor. The operation of the flap control device for cyclocopter and wind turbine are
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illustrated in Figure 2.11 and 2.12, respectively. The linear ball bush is fixed on the hub-arm
and can slide in and out the flap control bar smoothly as the blade’s pitch angle changes; the
flap control bar drives the flap up and down. Point A, B, and C in Figure 2.13 are the blade
pivot axis, location of the ball bush, and flap axis, respectively. The length of “a” varies as
the sliding ball bush moves in accordance with changing blade pitch angles. The relationship
between the flap angle,  , and the pitch angle,  , is described by Eq. 2.20.

c
sin   sin(  )
b

Figure 2.9 cycloidal blade system of cyclocopter with flap
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(2.20)

Figure 2.10 cycloidal blade system of wind turbine with flap

Figure 2.11 Flap control device for cyclocopter

Figure 2.12 Flap control device for wind turbine
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Figure 2.13 Mechanism of the flap control device

In case of a cyclocopter, the aims of cycloidal blade system are maximizing thrust and
optimizing efficiency. The flap control device makes the cyclocopter get a large thrust in low
rotational speed. Thus, in some cases, it may be better to increase the rotational speed than
using the flap control device. However, in case of a wind turbine, the flap control device is
a good choice to maximize efficiency. The wind turbine captures the natural wind energy by
utilizing the tangential force of the blades. The tangential force of the positive and negative
cambered airfoil, according to CFD analyses, are shown in Figure 2.14. In the case of the
upwind half, when the azimuth angle is between 0° and 180°, the negative cambered airfoil
is more efficient than the positive cambered airfoil. For the downwind region, the positive
cambered airfoil is more efficient than the negative cambered airfoil. Applying the flap
control device to the wind turbine, it can generate more power by altering the camber of the
airfoil.
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Figure 2.14 Tangential force of cambered blades

The CFD mesh was modified, as shown in Figure 2.15, and additional analyses were
performed.
Figure 2.16 shows the power coefficient of the various flap angles obtained by the CFD
analyses. As the flap angle increases, the peak point of Cp versus pitch angle curve is shifted
to the right in an upward direction. This allows the pitch angle to increase without forcing
the system into a stall condition. With the flap control device installed, the highest Cp value
is 0.484 at a pitch angle of 18° and a flap angle of 13°. Figure 2.17 shows the power
generation of the CWT with flap, the CWT without flap, and the fixed pitch angle VAWT
described by Hwang [19]. The efficiency of the CWT is 70% higher than that of the fixed
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pitch angle VAWT. Finally, the improvement rate of the CWT with flap is 18% when
comparison with the results obtained by the CWT without a flap, at the same conditions.
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Figure 2.15 CFD mesh of blade domain with flap

Figure 2.16 Power coefficient result for various flap angle.
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Figure 2.17 Power generation according to wind speed
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3. APPLICATIONS
A vertical take-off and landing aircraft and a wind turbine were developed for application of
cycloidal blade system. This chapter describes design, development and verification tests of
the twin-rotor cyclocopter and the cycloidal vertical axis wind turbine.

3.1 Twin-rotor Cyclocopter
A cyclocopter is a kind of VTOL vehicle which consists of several cycloidal blade system
rotors. In this research, a 110kg class twin-rotor UAV cyclocopter was designed and tested.
Most cyclocopters have two or four rotors (Figure 3.1). The quad-rotor cyclocopter is similar
to currently popular quadcopter drones with four conventional propellers, in terms of the
control algorithm. Although the quad-rotor cyclocopter has been developed and flown
successfully, it is structurally complex. In the case of the twin-rotor cyclocopter, two main
cycloidal rotors on the front side act as the main wings of an airplane and the propeller-type
tail rotor is responsible for generating pitching motion and compensating the torque
generated by the front two rotors. In addition, the power transmission arrangement of the
twin-rotor cyclocopter is more compact than that of the quad-rotor cyclocopter because the
engine is located near the front rotor axis. However, the control algorithm of the twin-rotor
cyclocopter is more complex than that of the quad-rotor system owing to the gyro effect in
yawing and rolling motions. Meanwhile, the quad-rotor type has two main rotation axes that
rotate in opposite directions and therefore have gyro effects that cancel out. To compensate
for the gyro effect, the twin-rotor cyclocopter needs an additional control algorithm for stable
flight.
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Figure 3.1 Quad-rotor type and twin-rotor type of the cyclocopters

For attitude control of twin-rotor cyclocopter, three axis motions should be considered.
Figure 3.2 shows this method conceptually. Each rotor of the designed cyclocopter is
equipped with its own control devices, thrust magnitude and direction can be thus changed
independently according to the requirement. The pitching motion is controlled by pitch
angles of the propeller-type tail rotor. The other two motions are controlled by adjusting
thrust magnitude and direction of the cycloidal blade systems.
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Figure 3.2 Three axis motions of twin-rotor cyclocopter

3.1.1 Numerical Analysis

The commercial CFD software FLUENT (ANSYS-Fluent Inc., Lebanon, NH) was used for
aerodynamic analysis. In this analysis, a moving mesh was needed owing to sinusoidal pitch
angle variations of the cycloidal rotor blades and the rotational motion of the rotor. The
sliding mesh technique of FLUENT was thus applied. Figure 3.3 shows the generated mesh
used in this study. This two-dimensional mesh consists of 79,676 cells including four rotating
blade domains and one rotating rotor domain. The total computing time required for 20,000
time steps was nearly 12 hours using a 2.3GHz CPU system (KISTI SUPERCOMPUTING
SERVEICE CENTER, Daejeon, Republic of Korea) for unsteady and transient simulation.
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Through the analyses, the flow field and the thrust force of the cycloidal rotor were
calculated. Table 3.1 lists CFD analysis conditions.

Table 3.1 Analysis condition
Specifications
Analysis type
Mesh type

2D Transient
Quadrilateral (Iso &
Paver)

Total number of cells

79,676

Rotating angle / time step

1.8 °

Number of domains

6

Moving mesh type

Sliding Mesh

Turbulence model

K-epsilon

Variables

Pitch angle

Number of time steps

20,000

Analysis time

12hrs (@2.3Ghz)
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Figure 3.3 CFD meshes of the cycloidal blade system
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3.1.2 Structural Design

Figure 3.4 Designed cyclocopter

The twin-rotor 110kg class UAV cyclocopter is designed as shown in Figure 3.4. It has two
cycloidal main rotors and one propeller-type tail rotor. The tail rotor compensates anti-torque
force and controls the pitching motion. The main rotors and the tail rotor rotate constant
velocity and then its thrust force is controlled by changing the pitch angles. The rotational
speeds of the main rotors and tail rotor are 420rpm and 5,320rpm, respectively. Some other
small-scale cyclocopters are controlled by rotational speed of its main rotors but it is
impossible for large-scale one because of the large inertia of its main rotors which are not
able to control the thrust rapidly for maintaining stable hovering flight. The main rotors
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rotate counterclockwise direction in Figure 3.4 and the tail rotor compensates for anti-torque
and contributes to the lift force. Each main rotors consist of four blades and NACA0018
airfoils are used. The design specifications are listed in Table 3.2.

Table 3.2 Design parameters of UAV cyclcopter
Specifications
Main rotor diameter

2,000mm

Tail rotor diameter

574mm

Number of main rotors

2

Number of blades per a main rotor

4

Blade Span length

1,500mm

Blade chord length

247mm

Airfoil

NACA0018

Rotational speed of main rotors

420RPM

Rotational speed of a tail rotor

5,320RPM

Max. Pitch angle

0~35º

Length with rotors

3,152mm

Height

2,310mm

Width

4,200mm

Total weight

110kg

Chamber volume of engine

294cc
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3.1.3 Power Transmission

Cyclocopter rotors are actuated by a four-stroke single rotary engine. The rotary engine is
based on the Wankel principle and has particular advantages for the cyclocopter. The engine
is an Aixro XR50 model and made in Germany. The specifications of the XR50 are given in
Table 3.3. The engine runs on regular gasoline and continuously outputs power of 29 hp. A
rotary-type engine vibrates less than a reciprocating engine. The lack of vibration and
compact size are merits for a prototype. Indeed, it is important to measure the vibrational
characteristics of the cyclocopter aerodynamically and structurally.

Table 3.3. Specifications of the engine
Specifications
Type

4-stroke single rotor rotary engine

Power

33kW at 8,750RPM

Chamber Vol.

294cc

Weight

17kg

Another advantage is a good starting ability. A conventional reciprocating engine has low
torque at low speed and the torque rises as the rotational speed increases, whereas the torque
curve of the XR50 is flat. The main rotors of the cyclocopter have larger structural inertia in
comparison with the main rotor of a helicopter. Therefore, large torque of the XR50 at low
speed is advantageous to the rotors starting up. Figure 3.5 provided by the engine
manufacturer shows a flat torque curve from 4,000 to 8,000 rpm. When the engine runs at
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6000 rpm, a reduction ratio of 14.3:1 is required for main-rotor rotation of 420 rpm. For this
reduction mechanism, a timing belt-pulley and regular gears are applied.
The engine is cooled with water to ensure sufficient cooling efficiency. Figure 3.6 shows the
power train of the cyclocopter. The 12-V alternator charges a lead-acid battery and the
battery then supplies electricity to the engine starting motor, actuators, gyro sensors and
other electronic equipment.

Figure 3.5 Engine performance data
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Figure 3.6 Power train of cyclocopter
The rotating shaft connected with a belt–pulley device is an AL6063 metal pipe with
diameter of 77 mm and thickness of 3.5 mm. Each cantilever-type power transmission shaft
should support thrust of 50 kgf, which is a relatively low force. Therefore, static deflection
is not a problem; however, the whirling of the shaft could be an issue because the weight is
applied at the tip of the shaft. The whirling speed of the shaft is calculated according to [38]

 4Ap l 2 
2  02 1 2 0 
  EI  ,

0 

3.67 EI
l2  A
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(3.1)

(3.2)
.

The whirling speed of the shaft is thus calculated as 3633 rpm, which is higher than the
designed rotating speed.

3.1.4 Blade Design

The blades of the main rotor rotate in parallel to the rotating axis; thus, the bending moment
is the main loading. Moreover, the centrifugal force is much stronger than the aerodynamic
or gravity force. For instance, when the cyclocopter rotates the main rotors at 420 rpm, the
blades experience forces of 197 G. Therefore, the structure of the blades should be strong
enough to sustain the strong centrifugal force but lightweight to reduce the centrifugal force.
The main structure of the blades consists of two C-shaped spars made from carbon composite
material (Figure 3.7). Figure 3.8 shows the blade cross-section. Rectangular aluminum
brackets were inserted in the blades and connected to the hub arms. In addition, an adhesive
carbon composite patch was bonded to the skin of the surrounding bracket and reinforced to
withstand centrifugal forces.
The cyclocopter blades designed in a previous study were similarly 1 meter in length and
had both ends connected with hub arms [17]. However, this configuration introduced very
strong bending moments in the middle of the blade owing to the centrifugal forces generated
in the high-speed rotation of rotors. To reduce bending moments acting on the blades, the
supports of the blades are moved inward from the tip. Even though the total length of blades
is extended to 1.5 m, the maximum bending stress is 68% less than that of the end-support
type (Figure 3.9).
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Figure 3.7 Internal structure of the blade

Figure 3.8 Cross-sectional drawing of the main blade
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Figure 3.9 Bending moment of the blades

3.1.5 Efficiency Improvement

The blade-tip vortex appears as the rotating speed increases and it attenuates the blade
efficiency. End plates similar to winglets are attached to both ends of the blades to reduce
drag. The end plate effect has been reported in NACA Technical Report 267 for a class of
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conventional airplanes [39]. Although the flow pattern is a little different from that of the
cycloidal blade system, applying the CD equation, the power saved was calculated in the
report as

2h
1.66 
C S
 b   2C  2h 
CD  L 2
F

 b 11.66 2h 
b
b
 
.
2

(3.3)

The endplate has height h of 125 mm and the blade span length, b, is 1500 mm.

CD  0.251462 is obtained assuming CL is 2 . Applying cycloidal blade systems
with sinusoidal pitch angle variations and calculating for the two main rotors, the saving
power is obtained as 1150 W (1.54 hp).

3.1.6 Design of the Tail-rotor

The torque of the main rotor should be known prior to the design of the tail rotor. First, the
consumed power is estimated from previous experimental data and CFD results. Table 3.4
gives data related to the design of the tail rotor system. Figure 3.10 shows the contributions
to the pitching moment by the related forces and the torque generated by the main rotors is
equilibrated according to

Mr  Tr  xr Tt  xt .
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(3.4)

Table 3.4. Necessary data for design of the tail rotor
Specifications
Main rotor consume power (HP)

15

Main rotor rotation speed (RPM)

400

Main rotor position, xr (m)

0.05

Tail rotor position, xt (m)

2.25

Figure 3.10 Pitching moment equilibrium of the cyclocopter
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The tail rotor needs to produce 9.86 kgf of thrust for the cyclocopter to remain in a stable
equilibrium position according to Eq. 3.4. To control the pitching motion, additional thrust
of the tail rotor should be considered.

3.1.7 Experiments

Experiments were performed in two steps. Ground tests verified the CFD analysis results
and theoretical model. Tethered flight tests were then conducted to verify the attitude control
of the cyclocopter and the possibility of its stable hovering flight.

Ground Tests
The ground test bed is shown in Figure 3.11. Five load cells were installed to measure forces.
Three load cells were positioned in a triangular arrangement for the measurement of the lift
force, rolling moment, and pitching moment. The two remaining cells were used to measure
the yawing moment and forward–backward force. Therefore, the test bed system was able
to measure all force components generated by the cyclocopter.
All load cells were of compression and tension type and rated at 100 kgf capacity. The force
data were recorded using LABVIEW software. A compact DAQ with NI9237 modules was
used. The rotational speed of the main rotor, engine temperature, and attitude data (roll, pitch,
and yaw inputs and outputs) were recorded by the flight control computer installed on the
cyclocopter. All measurements were made at intervals of 0.1 s.
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Figure 3.11 Ground test
Figure 3.12 compares the experimental and numerical analysis results of the main-rotor
performance. It is found that the main rotors generate 130 kgf with maximum pitch angles
of 23.5 degrees. The result coincides well with but is a little higher than the estimation made
by CFD analysis and analytic simulation. This may be due to the ground effect in the tests.

Figure 3.12 Ground test results
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The lift direction of the cycloidal blade system is tilted by the rotating system. In achieving
appropriate lift control, the exact propulsion direction is important because the flow direction
is tilted as shown in the CFD results. Therefore, the flow tilt effect was investigated in the
ground tests. Figure 3.13 shows the average tilt angles versus the maximum pitch angles
from the fluctuating load cell data due to the dynamic effects. It is found that the tilt angles
at the four maximum pitch angles are almost constant at 20°.

Figure 3.13 Flow tilt angles versus maximum pitch angle

To compensate the flow tilt angles, the phase angle was tilted to 20° to produce vertical
propulsion. The ground test was then repeated. The lift direction was almost vertical and the
variation was less than 5°, as shown in Figure 3.14.
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Figure 3.14 Flow tilt angle with a phase angle of 20 degrees

Tethered flight-tests
A tower crane was used to hang the cyclocopter. Figure 3.15 shows the cyclocopter tethered
to the tower crane. For a safe tethered flight test, the hanging rope was properly tightened
by a small counter weight on the other side of the crane so as not to accidently interfere with
the rotors. The counter weight had an appropriate weight so as to tighten the rope while
hardly assisting the lift of the cyclocopter.
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Figure 3.15 Tethered flight test

Figure 3.16 Block diagram of the flight control system

A pilot transmits four set-point signals for the throttle, pitch, roll, and yaw. Thrust is changed
by controlling the pitch angles of the blades, as for a conventional helicopter, whereas the
rotational speed is kept constant. There are two ways of controlling the engine power and
aerodynamic load to maintain constant rotational speed. In this model, the rotational speed
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is controlled by the aerodynamic load because it allows a quick response. Figure 3.16 is a
block diagram of the flight control system.
A speed governor uses the collective pitch angle and controls the aerodynamic load to
regulate the rotational speed of the rotor. According to the throttle signal, the engine
carburetor opens and the rotor rotates more quickly until the desired rotational speed is
reached and the collective pitch angle is then increased. The roll and yaw signals are in a
closed-loop system embedded in a simple proportional-integral-derivative (PID) control
algorithm. Furthermore, roll and yaw servos are operated in mixed mode to compensate for
gyro effects of the rotor.

A cyclocopter rotor rotates at high speed to produce enough thrust for flight. There are two
gyroscopic effects: precession and nutation. These effects affect the lateral motion of the
cyclocopter. A gyroscopic force due to the conservation of angular momentum is observed.
The rotating rotor tends to resist changes to its orientation, which is also known as
gyroscopic inertia. The main rotors of the cyclocopter are somewhat bigger than those of
other rotorcraft. Thus, large gyroscopic inertia helps provide stability. Meanwhile, the
gyroscopic effects mean that a yawing moment induces rolling. For the rotor rotating in the
direction of positive pitch, a positive yawing moment generates the negative roll rate

r 

M

Ixxx .

(3.5)

The induced roll rate (r) is proportional to the magnitude of the pitching moment (M) but
inversely proportional to the angular momentum (

Ixx x ). In other words, the faster the

rotor rotates, the slower the precession occurs. Moreover, the roll and yaw motions oscillated
with a similar period as shown in Figure 3.17. This phenomenon might be due to nutation.
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For stable hovering flight, the PID gains were tuned and the compensation of these
phenomena were applied to the control algorithm. Finally, the determined P, I, and D gains
were, respectively, 0.245, 0.35, and 0.19 for both roll and yaw control. Figure 3.18 shows
the hovering flight data with adjusted control gains. The cyclocopter was rotated about the
yawing axis only when the test pilot manipulated a yawing input. It is seen that the roll and
the yaw axes became completely decoupled. Therefore, the stability and maneuverability of
the cyclocopter were ensured.
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Figure 3.17 Rolling and yawing motion (initial)
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Figure 3.18 Rolling and yawing motion (stable)

3. 2 Cycloidal Vertical Axis Wind Turbine
Typical VAWT designs include the drag type, Savonius type, lift type, and the Darrieus type
[37]. The Darrieus type has higher efficiency caused by its use of the lift force induced by
its rotating blades. However, the Darrieus type is difficult to self-start, and the Savonius type
demonstrates low efficiency in rated rotation speed. To overcome these two challenges, a
cycloidal vertical axis wind turbine (CWT) is proposed. CWTs start as the drag-type VAWT
and become the lift type by changing the pattern of the pitch angles variation of their blades
based on the operational rotation speed.
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The aims of this chapter are follows. First, the optimal design of the rotor system in terms of
airfoil shape, the number of blades, chord length, span length, rotor radius, rotation speed,
solidity, and tip speed ratio will be investigated. To perform this optimization process, a CFD
analysis and a response surface method are used. Second, two experiments are conducted to
verify the performance and reliability of the designed CWT. Finally, the CWT with a flap
device on the trailing edge of the blades to increase the efficiency is designed and analyzed
by CFD; this system is the most efficient, as expected.

3.2.1 Design and Optimization

CFD model for the CWT
CFD analysis was performed to investigate the performance and characteristics of a
cycloidal wind turbine. A commercially available program, STAR-CD (CD-adapco), was
used for the CFD analysis [40]. To simulate the rotating and pitching motion of the blades,
the moving mesh method is used in the boundary region, as shown in Figure 3.19d; an
arbitrary sliding interface technique was used for the simulations. Figure 3.19 shows the
mesh used in the analysis. The total number of cells was 47,104. Table 1 lists the parameters
of the CFD analysis. The k – ε/Low Reynolds turbulence model is applied on the CFD model
as the turbulence model. To converge on a solution in each of the cases, 1,600 time steps
were computed; this corresponds to 8 revolutions. The cycloidal wind turbine consists of
straight blades; therefore, a 2D analysis is suitable. The CFD analysis model presented here
is similar to the authors’ previous research for a cycloidal water turbine [21].
For initial boundary conditions, the wind speed is 10 m/s and the rotor height is 2 m.
Although many VAWTs function at their rated capacity at 12 or 14 m/s, the target wind speed
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of the proposed VAWT is 10 m/s. This reduced target is a result the characteristics of urban
wind (i.e., low speed and turbulent) described previously.

Figure 3.19 CFD mesh (a) Blade Domain, (b) Rotor Domain, (c) Outer Domain and

(d) Boundary domain.

In addition, the tip speed ratio (TSR) is considered at low values (i.e., TSR < 3). A largescale, vertical axis wind turbine is generally most efficient with TSRs of between 5 and 7
[37]. The small-scale VAWT should have a lower TSR than the large-scale type because the
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centrifugal force of the blade is inversely proportional to the rotor radius. For example, if a
small-scale wind turbine has a 0.6-m radius with a TSR of 7 (at a wind speed of 12m/s), its
blades should withstand 1,199 G of centrifugal acceleration, calculated by Eq. 3.6; these
forces would be nearly impossible to withstand. Therefore, reduced TSRs are necessary to
ensure the structural safety of small-scale VAWTs.

Vtip2 (Vw TSR)2
Centrifugal acceleration  R 

R
R
2

(3.6)

Optimization method
Response surface method (RSM) refers to a mathematical and statistical technique which
explores the relationships between experimental results and calculated variables [41, 42].
The objective is to maximize a power coefficient by changing several independent variables.
With the RSM, a few calculations and experiments can derive an optimal result, especially
when there are many and a wide range of variables for which the calculation process or the
experiment requires a considerable amount of time. In this study, a second-order response
surface, as described below, is assumed as Eq. 3.7.
k

k

k

k

j 1

j 1

j 1 i 1

y  0   j x j   jj x2j  i, j xi xj  

(3.7)

The response surface is constructed with regression coefficients obtained from a data
acquisition process, where

0 ,  j ,  jj , i, j , and



are partial regression coefficients of the

intercept, linear, quadratic, interaction terms, and statistical error, respectively. The variables
xi and x j are design variables. It is assumed that the design variables are continuous and

controllable by the CFD analysis results with negligible error. The goal is to maximize the
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wind turbine power coefficient, denoted by y , the response variable in Eq. 3.7. Using a
least-square method to find optimized values, the reliability of the response surface can be
2
2
verified by calculating an adjusted coefficient of multiple determination ( Radj ). If the Radj
2
value ranges from 0.9 to 1, the optimization model is reliable. Radj is derived as Eq. 3.8:

2
Radj
 1

SSE / (n  k 1)
Syy / (n 1) ,

(3.8)

where SSE and Syy are defined as follows:
2

 n 
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,
T

(3.9)

where n is the number of analyses.

Results of the CFD analysis
The power coefficient Cp and the tip speed ratio TSR are defined by the following equations
to represent the performance of the rotor. Cp refers to the ratio between the power output of
the rotor and wind energy. TSR is the ratio between the rotor blade tip speed and the wind
speed.

Cp 
TSR 

Poweroutput
P
1 3
Wind energy 2 Vw A

Rotor BladeTipSpeed R 

WindVelocity
Vw
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(3.10)

(3.11)

Solidity is defined in Eq. 3.12; it is related to the number of blades, the chord length and the
rotor radius. This variable represents the ratio between blade area and the rotor cylinder area.



Nc
D

(3.12)

Even when the chord length and the number of blades changes, the efficiency levels of wind
turbine rotors are similar if the solidity remains fixed. Several cases, with four to six blades,
with a fixed solidity of 0.21, were assessed in a CFD analysis. Figure 3.20 shows the results;
the three graphs show nearly identical trends. In this study, a four-blade model is used
because it is more structurally advantageous than other types. As the number of blades
decrease, the blades should have longer chord lengths (Eq. 3.12) and a thicker structure.
Two-blade or three-blade designs have longer chord lengths and larger blade-inertia than
four to six blades designs but their flow distribution is relatively poor and many control loads
are applied to the mechanical linkages.

Figure 3.20 Comparison at different number of blades under the fixed solidity
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When choosing the airfoil’s design, it is important to consider the structural strength in
addition to the efficiency. A thicker airfoil typically offers greater strength owing to its larger
cross-sectional moment of inertia. The results of the airfoil design analysis conducted here
are included in Table 2. The blade chord length, pitch angles, and TSR of the analysis
conditions are 0.15 m, 10°, and 2, respectively. NACA 6-series airfoils generally have greater
Cp values than the NACA 4-series airfoils; this is caused by NACA 6-series airfoils lower
drag characteristics that result from the laminar air-flow that occurs over a substantial region
of the airfoil. An additional advantage is that the efficiency of NACA 6-series airfoils is less
sensitive to the rotor’s rotation speed. The comparison of NACA 6-series and 4-digit airfoils
was described by Migliore [43].

Results of the optimization
The RSM was used for the optimization, and the design variables are blade chord length,
blade pitch angle, and TSR. Based on the analysis conditions described previously, ranges
for the blade chord length, pitch angles, and TSR are included in Table 3.5.
Table 3.5. Range input for optimization
Parameter

Values

Blade chord length

0.125 ~ 0.18m

Pitch angle

6 ~ 14°

TSR

1~3

The construction of the response surface is important to secure reliability in some granular
data. In this study, response surfaces are created with 60 of the CFD results and the central
composite method (CCM) is used. The CCM is commonly used for second-order response
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surfaces when they are applied in the design of an experiment. The dependent variable is
determined with Cp.
Figure 3.21 is a graph of power coefficient and its relationship with pitch angle and the TSR.
The constructed surface is a smooth quadratic form. Optimized by the least-square method,
the results are shown in Table 3.6. The results of the RSM are verified by the adjusted
2

coefficient of multiple determination ( Radj ), calculated as 0.94.

Table 3.6. Optimization results of RSM
Parameter

Values

Pitch angle

9.95056°

TSR(Tip Speed Ratio)

2.2378

Chord length

0.15784m

Power Coefficient(Cp)

0.400445

The optimized pattern of the cycloidal pitch variation was a sinusoidal pattern and its neutral
position was fixed at zero degrees. Considering the flow distribution, there is a different flow
pattern between the upper and lower regions. Figure 3.22 shows the wind characteristics as
a vector plot according to the CFD analysis. The operating conditions are 10 m/s wind speed,
10° of a pitch angle, and a TSR of 2.2. The energy of the wind at the upper rotor region is
transformed to mechanical energy; the wind speed at the lower region decreases below the
original inlet wind speed. Therefore, a meaningful CFD analysis needs to vary the neutral
position. The angle of this position is known as the initial pitch angle. Figure 3.23 illustrates
a graph that plots Cp against initial pitch angle. Other conditions are fixed at optimum values
(i.e., 10° of a pitch angle, 2.2 of TSR, and 0.15 m chord length). In conclusion, according to
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the observed results, the maximum efficiency is 41%, at an initial pitch angle of −3° (−7° to
13° of cyclic pitch variation).

Figure 3.21 Response surface of power coefficient
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Figure 3.22 Vector plot of the flow around rotor blades

Figure 3.23 Power coefficient versus initial pitch angles
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3.2.2 Experiments

For experimental purposes, a 600 W class cycloidal wind turbine was developed. The
design variables are shown in Table 3.6 and the experimental model is shown in Figure 3.24.
The rotor radius is 0.6 m and the control linkages are connected to the leading edge of the
blades. The control rods are operated and located inside the hub arms to reduce drag.
Furthermore, the roots of these control arms are connected to one point that is located in an
off-center location. The magnitude of this eccentricity is the maximum blade pitch angle of
the cyclic variation. When the wind direction changes, the phase angle (i.e., the position of
the maximum pitch angle) will adjust to the wind’s direction by means of an active control
technique. The wind direction is measured with an anemoscope; its signal drives a step motor
(shown in Figure 3.24c) to adjust the phase angle. Control power is consumed only when
the wind direction changes and is expected to be very small. This reduced consumption can
be attributed to fact that the vertical-axis wind turbine simply changes the phase angle, rather
than turning the whole device. The alternator connected under the hub arms is an SYG-245B-600-300 model (Seoyoung Tech Co., Ltd., Gumi-City, Kyungbuk, Korea) that uses an
axial-flux permanent magnet as shown in Figure 3.24a. Its rated output is 600 W at 300 RPM
and it requires a three-phase electrical connection.
The blade and hub arm section are NACA663-018 type. The blades of the vertical-axis wind
turbine undergo substantial bending stresses and are therefore a weak structural point. To
reduce the bending stress, a light weight and a large bending moment of inertia are required.
In this study, the blade material is an aluminum alloy (AL6061). Although composite
materials are lighter and stronger, these materials are difficult to manufacture and
demonstrate non-uniform properties depending on the direction of applied forces. Therefore,
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the blades were manufactured by a hot extrusion process to reduce costs and to achieve
uniformity. It is feasible to reduce the hub arm drag because the NACA 6-series airfoil is a
low-drag airfoil.

Figure 3.24 Cycloidal wind turbine (a) Whole view (b) Top view and (c) Detail view of the
control part

Initial experiments were attempted in a wind tunnel; however, no satisfactory results were
obtained. The wind tunnel facility is located at Chonbuk National University in Korea. It is
5 m wide, 2.5 m high, and 20 m long. The swept area of the experimental model presented
here is 2.4 m2. The increased blockage effect, caused by operating a relatively large model
in the wind tunnel, made test data less reliable by interference with wind tunnel wall.
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Although the blockage rate is 19% in the study, the blockage effect was serious. As wind
speeds increase, vibrations occurred in the wind turbine rotor. These vibrations did not occur
in the other tests. For this reason, the authors concluded that the model’s interaction with the
wind tunnel was the cause of the vibrations.
Experiments were performed in two steps. The wind turbine was calibrated in a constant
wind speed test and then a field test was performed. The constant wind speed test, with the
relative wind speed controlled by the carrier truck’s speed, is dynamically equivalent to the
wind tunnel test. Using this approach, there is no need to consider blockage corrections. In
the wind tunnel experiments, the results obtained are greater than the actual data owing to
the previously described blockage effect. If the blockage ratio, defined as the rotor swept
area divided by the wind tunnel cross-sectional area, exceeds 10%, blockage correction must
be performed to reduce errors [44].

Constant wind speed test
A constant wind speed test using a truck to carry the experimental rig is conducted on an
open and straight road. Tests were only performed on days with low wind speeds. To control
the wind speed, an anemometer was installed in front of the wind turbine and its display was
positioned on the truck’s dashboard, where the driver can see it. The wind turbine test system
measured the wind’s speed and direction, and then adjusted the pitch angle pattern of the
CWT to the design point, in real time. The test strut was mounted on the cargo bed of a 1.5ton pick-up truck. The test jig is elevated above the roof height to avoid air flow disturbances
caused by the truck cabin. Figure 3.25 and 3.26 show the constant wind speed test procedure
and the control mechanism of the cycloidal wind turbine, respectively. All of the measuring
data are recorded using National Instruments, LabVIEW devices.
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Figure 3.25 Procedure of the constant wind speed test

Figure 3.26 Control system of the cycloidal wind turbine
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Figure 3.27 Power measuring method of the constant wind speed test

Figure 3.27 illustrates the measurement method for both the mechanical and electrical output.
For mechanical power measurement, a torque sensor and a hall sensor have been installed.
The NI9237 terminal block is used to collect the torque data. Additionally, the NI9239
terminal block is used to measure the RPM, wind speed, and wind direction. A laptop
computer recorded all data and displayed the data and graphs in real time. Because the
generated electric energy was not stored, an electric load device was required. The rotational
speed of the wind turbine rotor can be controlled by this electric load. An electronic load
device can control the load electronically and display the electrical resistance value (ohms),
voltage (volts), and current (amps). The equipment used in this experiment is the
Programmable DC electronic load 63201 device manufactured by Chroma Co., Ltd; it can
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consume a maximum of 2.6kW of electric energy. The mechanical power output could be
measured by torque, and RPM; electrical power was measured by the DC electronic load
device.

Figure 3.28 the Cp result according to TSR with various pitch angles

Figure 3.28 shows the result of the comparisons. The difference between the observed results
was attributed to the drag of the hub-arms and mechanical losses. The experimental results
align with the CFD analysis. The Cp increases with TSR, attains the highest value at the
design point (TSR = 2.2–2.4), and then decreases with further increase in TSR. Furthermore,
the optimal value of TSR decreased as the maximum pitch angles increased. The highest Cp
value (0.378) was obtained at a 10° pitch angle.

８８

Figure 3.29

Cp 

results of the constant wind speed test

To determine the optimal electric resistance value, a Cp versus ohms characterization was
completed, as shown in Figure 3.29; the optimal value is approximately 1.5–2 ohms. If the
resistance is too high, the number of revolutions will be reduced and the output power will
decrease. Contrarily, if the resistance is too low, the electric current will be reduced and the
output power will decrease. Therefore, the optimal electric resistance value obtained from
the experimental results was applied to a universal wind turbine controller in a field test; this
is described in the next Section.
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Figure 3.30 The experimental results compared with CFD result

Figure 3.30 shows the experimental results compared to the CFD results. The experimental
data are the average values taken over a 10-s period after full stabilization has occurred. The
mechanical power graph was obtained by taking the product of the torque sensor value and
the RPM. Similarly, the electrical power graph was obtained by taking the product of the
voltage and the current, as measured by the electronic load device. The CFD values are
higher than the experimental values; this result can be explained by the fact that the CFD
approach was two-dimensional and neglected the drag of the hub arms and other factors.
Considering these errors, the mechanical power was approximately 10% lower than the CFD
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results. The electrical power graph results were lower than the measured mechanical values;
this difference is mostly caused by the electrical losses of the alternator and rectifier.

Field tests
Field tests were performed at the experimental site of the Korea Institute of Energy Research
in Jeju Island. This site is commonly used for the certification of small wind turbines. The
equipped measurement devices are calibrated regularly and are highly reliable. Figure 3.31
and 3.32 show the installation of the field test and the power measurement setup, respectively.
The objective of the field test is to verify the overall system, including the battery charger
device. The controller is a WWS06A-24-R-L model (Hefei Win Power Co., Ltd.). The
controller’s internal resister value is set to 1.75 ohms; this value was obtained from the
constant wind speed tests. The three-phase voltage and current, two-phase voltage and
current, and wind speed are recorded.

Figure 3.31 Field test of the wind turbine
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Figure 3.32 Power measuring method of the field test

Figure 3.33 Experimental result of the field test
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The total field test duration is 2 months; the results are shown in Figure 3.33. All of the data
are measured every second, averaged every minute, and then recorded to one point. The
wind conditions experienced during a field test are not as predictable as those experienced
in a wind tunnel or during a constant wind speed test. The object of the field test is to quantify
how much electric power is generated by the proposed system during typical operations, and
to investigate the system’s reliability. The CWT can rapidly cope with changing wind
directions through the electronic control algorithm. Because the rotor’s inertia is relatively
large compared with an HAWT, the rotational speed of the rotor gradually changes with
variations in wind speed. According to the wind speed record on a windy day, wind speeds
oscillate between 6 and 10 m/s (Figure 3.34).

Figure 3.34 Wind speed records of the field test

The rotor inertia is 27.6 kg  m and the acceleration time is 33 s to achieve optimal rotational
2

speed after the wind speed increases from 6 to 10 m/s. When a strong gust of wind occurs,
the wind speed increases considerably but the additional electricity generated is low. For this
reason, the data points obtained during the field test are widely spread and lower than the
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results obtained by the CFD analysis. Furthermore, the electric resistance value of the
controller is fixed as 1.75 ohms according to functional limitations, although the optimum
electric resistance value is changed by TSR. Considering these field test conditions, the test
results were reasonably accurate and verified the system’s performance. During the 2 months
of the field test period, the proposed CWT demonstrated strong reliability and durability.
As a result of these test outcomes, a cycloidal vertical-axis wind turbine system with a street
light and solar panels was installed in the aeronautical center of the Korean Aerospace
Research Institute, Goheung, Korea. Figure 3.35a shows the cycloidal vertical-axis wind
turbine system powering the attached street light. Figure 3.35b shows the batteries, controller,
and the electric circuit switch that are located inside the control box.

Figure 3.35 The cycloidal vertical axis wind turbine system with street light (a) whole view
and (b) control box
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In future works, if numerous light-emitting devices are mounted on the blades, the cycloidal
wind turbine can be used as a display device. Our team was granted a patent for a displayable
wind turbine [45].
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4. CONCLUSIONS
This study described the design and development of a 110-kg twin-rotor UAV cyclocopter
and a high-efficiency, cycloidal, vertical axis wind turbine system. To estimate its
performance, a novel theoretical aerodynamic model was proposed as the analytical model
and two-dimensional CFD analysis was conducted.
Cyclocopters are generally classified as twin-rotor and quad-rotor types. Although the
control algorithm of the twin-rotor cyclocopter is more complex, the twin-rotor cyclocopter
has the advantages of a compact structure, flow stream interference, and forward flight.
Therefore, a twin-rotor cyclocopter was developed for the experimental model.
The analytical and numerical (CFD analysis) results were verified by ground tests. When
applying an empirical factor of 1.15, the theoretical result is almost same as the CFD analysis
result. Although the experimental results are a little higher because of the ground effect,
these results are reliable.

Figure 4.1 Stable hover flight of the cyclocopter
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The twin-rotor cyclocopter demonstrated stable hovering flight under a tethered condition
successfully (Figure 4.1). The control algorithm of the twin-rotor type could decouple the
roll and yaw motions and compensated for gyro precession and nutation. Moreover, the PID
gains of the flight control computer were tuned to optimal values during tethered flight tests.
Stable hovering flight could be demonstrated without strings; however, it was not performed
owing to safety reasons, especially those relating to take-off and landing. The payload of the
cyclocopter was 2 kg, which is lower than that expected for a practical vehicle owing to a
lack of engine power. In future work, the cyclocopter will be equipped with a more powerful
engine so that it can maneuver in free flight outdoors.

The proposed CWT was designed to be highly efficient, allow control of blade pitch angles,
and allow self-starting. With these objectives in mind, the CWT has four straight blades that
turn in a sinusoidal pattern based on the pitch angle. To conduct a CFD analysis, a twodimensional moving mesh model was developed and deployed based on the arbitrary sliding
interface technique. The CFD airfoil analyses allowed the optimal airfoil to be identified.
Compared with the NACA 4-series airfoils, the NACA 6-series airfoils are more efficient
and less influenced by rotational speed. The NACA 633-018 was selected for the proposed
CWT. The optimal pitch angle, TSR, and chord length were determined using a response
surface method. To reduce the centrifugal force, the lowest TSR value was chosen. To
improve the safety of the CWT system, the blades were tightly secured to the body of the
CWT. By adjusting the initial pitch angle (a neutral position of the sinusoidal variation), the
optimized CWT system showed a higher power coefficient.
To verify the experimental results, the proposed CWT was manufactured and tested. A large
number of blades and hub-arms were required because many CWTs were needed for the
extensive testing campaign. The blades were manufactured via a hot extrusion process. Two
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types of experiment were performed. The results of the constant wind speed test were shown
to align with the results obtained with the CFD analyses. Field tests were conducted to
compare the proposed CWT system’s performance in natural wind conditions with the
results predicted during the design phase.
The efficiency of the CWT system was further improved by attaching the flap devices to the
trailing edge of the blades. The CFD analysis showed notable improvements (approximately
18%) in the power coefficient for the flap devices. Additionally, the flap devices were
operated by mechanical linkages and consumed very little operating power.
We found that the proposed CWT is not only efficient in urban environments but also
economical owing to the possibility of mass producing low-cost straight blades and hub arms.
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APPENDIX A. MANUFACTURING AND DRAWING OF
THE CYCLOCOPTER

For the main frame and power transmission of the 110kg class twin-rotor cyclocopter, a
pesticide spray helicopter was used; its model name is REMO-H2 (SUNGWOO Eng. Co.,
Ltd., Cheongju-City, Chungbuk, Korea). Only the main rotors of the cyclocopter and control
system were made and installed. This way saved a lot of time and effort.

Figure A. 1 REMO-H 2 (helicopter)

Blade manufacturing
The blades of the cyclocopter consisted of carbon composite spars, glass-balsa wood
composite skin and balsa ribs. Figure A. 2 shows blade molds. The airfoil type of blades was
NACA0018 and its chord length is 247mm. At first, a master model blade was made by
using Styrofoam and then applied Gelcoat. Blade molds were manufactured when Gelcoat
sufficiently cured and removed from the master model blade.

１０３

Figure A. 4 shows the manufacturing process of blade spar used in the blades. Two U-shaped
spars were placed in each of the blades and support most of loading, especially the
centrifugal force by the rotor rotation.

Figure A. 2 Blade molds

Figure A. 3 Spar molds
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Figure A. 4 Manufacturing process of the blade spar
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Balsa ribs and carbon spars were bonded to the skin by epoxy resin as shown in Figure A.
5. The carbon spars were located by using jig, which is the yellow part in Figure A. 5, because
of accuracy and unity of the each blades.

Figure A. 5 Assembly of rib, spar and skin
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Figure A. 6 main blades of the cyclocopter
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Hub-arm manufacturing
Eight hub-arms were used for one rotor assembly. Figure A. 7 shows manufacturing process
of the hub-arms. A carbon-glass-epoxy resin hand-layup method were used for
manufacturing.

Figure A. 7 Manufacturing process of the hub-arms
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In the root and tip parts of the hub-arms, additional carbon fibers were applied for
reinforcement as shown in Figure A. 8 and A. 9.

Figure A. 8 Root of the hub-arms (inside)

Figure A. 9 Tip of the hub-arms (inside)
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Drawing of the cyclocopter

Figure A. 10 Isometric drawing of the cyclocopter
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Figure A. 11 Top view of the cyclocopter
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Figure A. 12 Side view of the cyclocopter
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Figure A. 13 Front view of the cyclocopter
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APPENDIX B. MANUFACTURING OF THE
CYCLOIDAL WIND TURBINE
The blades and hub-arms were manufactured via an aluminum hot extrusion process. A hot
extrusion process is a process used to create the products of a fixed cross-sectional profile.
The two main advantages of this process over other manufacturing processes are its ability
to create very complex cross-sections and low-priced manufacturing costs. It also forms
parts with an excellent surface finish. Figure B. 1 shows the cross-sectional drawing of the
blade and hub-arm.

Figure B. 1 Cross-sectional drawing of the blade and hub-arm
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The hub-arms and blades were additionally machined for accuracy cutting and boring bolt
holes by CNC milling machine as shown in Figure B. 2.

Figure B. 2 Manufacturing root part of the hub-arm using CNC machine

Figure B. 3 The blade in connection part of the control linkage
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Figure B. 4 The picture and drawing of the hub-arm

Figure B. 5 Surface machining of the alternator
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The hub-arms were assembled on the surface of the alternator directly. Thus, the surface of
the alternator was machined by a lathe machine (Figure B. 5). Figure B. 6 shows control
system of the cycloidal wind turbine. For control pitch angle pattern, a step motor and
absolute rotary encoder were used. The control rods were located inside the hub-arms to
reduce the aerodynamic drag force.

Figure B. 6 Control system of the cycloidal wind turbine
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Figure B. 7 Cycloidal wind turbine
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초 록

사이클로이달 블레이드 시스템은 회전축과 여러개의 블레이드로 구성되어
실린더 형태로 작동하는 시스템이다. 이 시스템을 비행체에 활용하면 컨트롤
포인트를 조절하여 추력의 크기와 방향을 간단히 조절할 수 있다. 따라서 수직
이착륙비행체에 활용이 가능하며 소음이 적은 장점도 있다. 또한, 여파기술로서
수직축풍력발전장치에도 활용이 가능한데 이 풍력발전장치는 기존 수평축
발전장치에 비해 바람의 방향에 빠르게 대응이 가능하고 소음이 적으며 휘어진
채로 불어오는 바람에도 유리한 장점이 있다.
이 논문에서는 사이클로이달 블레이드 시스템의 이론적인 연구와 특성을
다루었으며, 비행체인 사이클로콥터와 풍력발전장치에 적용하여 개발 및 실험도
수행하였다.

110kg

급

2

로터

사이클로콥터는

가솔린

엔진을

장착하여

기술시현기를 개발하였다. 진동이 적고 초기토크 특성이 좋은 로터리 방식의
엔진을 사용하였고, 복합재료 블레이드 및 허브암 구성을 통하여 경량화 및
고강도를 확보하였다. 이렇게 제작한 사이클로콥터 무인기는 지상시험장치를
통한 수많은 실험을 통해 이론적 모델과 CFD 해석 결과와의 비교 분석을
수행하였다. 2 로터 시스템은 4 로터 시스템보다 구조는 간단하지만 자이로 효과
등으로

인한

제어가

어려운

점이

있다.

이를

자동제어기술을

통하여

극복하였으며, 결국 줄에 매단 상태에서 성공적으로 호버링을 시연하였다.
수직축풍력발전장치는 400W 급(풍속 10m/s)으로 실험모델을 구성하였으며 최적
설계값은 CFD 해석 및 반응면 기법을 통하여 구하였다. 차량을 이용한 정풍속
실험을
수행하고

통해

성능을

있는

확인하였으며

마지막으로

한국에너지기술연구원의

제주

풍력발전관련
실험부지에서

인증업무를
필드테스트를

2 달여간 진행함으로써 고효율 풍력발전시스템의 상품화 가능성을 보였다.
게다가, 항공우주기술의 플랩컨트롤장치를 활용하여 효율을 더욱 극대화하는
방안을 제시하였고 이 장치는 단순한 기구학적으로만 작동하도록 개발하여
실용성을 높였다.
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