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ABSTRACT

The hovering flight of a micro air vehicle was investigated. Various flight control
concepts, inspired by observation of insect and bird flight, were investigated in some
detail. The concepts make use of flap frequency or phase between the flap and pitch
attitudes of the wing to control the force magnitude. Tilt of the stroke plane or fuselage
was used to vector the force. A flight control system was designed for each concept

investigated.

The investigation has revealed that the preferred control concept is one in which force
vectoring is achieved by the fuselage tilt through a shift in the centre of gravity location
while the force magnitude is controlled by the phase between pitch and flap attitudes.
This has the advantage of reducing the vehicle weight while at the same time relaxing the
demand of extremely high frequency actuators.

The equations of motion based on a multi-body representation of a flapping wing micro
air vehicle were derived and these form the basis for the SIMULINK flight simulation

program used to carry out the above investigation.

The aerodynamic model used for the simulation was obtained from force measurements
with a flapping mechanism that allows the model wing to oscillate with two degrees of
freedom (flap and pitch). During these measurements, the phase angle between the flap
and pitch angles of the model wing was varied to determine the effects on the force
magnitude and direction.
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION

This thesis describes an investigation of the flight dynamics and controllability of a micro
air vehicle (MAV) during hovering flight in which the principal source of weight support
and thrust is its wings that flap like the birds, bats and insects. In general, this type of
vehicles is called a flapping wing MAV.,

MAVs are small autonomous vehicles identified by the National Defence Research
Institute in the United States in the endless pursuit of the advantage provided by the

Possession of high-technology systems over those who do not.

MAVs are to traverse large distances to carry out surveillance, search and locate missions
in adverse cond‘i'tions, such as the aftermath of an earthquake, when fitted with a micro-
camera. When properly equipped, it could carry out attack missions to seek out the
infantryman and deliver a non-lethal dose of incapacitating agent thus immobilising him

to be apprehended.
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The current official US Department of Defence (DoD) requirement limits the size of an
MAYV to less than 15 cm in any dimension and to a maximum weight of 110 grams, so
that it can be carried and deployed by a foot soldier. The vehicle is to have an endurance
of between 20 to 60 minutes, whilst carrying a payload of around 56 grams at speeds in

the range of 32 to 64 km/h and a maximum range of 4.8 km.

By 1999, at least 4 prototypes had flown for the first time in the USA. The Black Widow
of AeroVironment, the MicroStar of Lockheed Sanders, the Trochoid and the Bat of MLB
are all fixed wing configurations. However, the Microbat is a flapping wing design of
AeroVironment. Other concepts, some innovative like ducted fan-body and a multi-mode

(flying / crawling) vehicle employing flapping flight are also under consideration. Less

revolutionary types employing rotary wing technology are also being investigated.

AeroVirohment’s Microbat
ornithopter (Photo, AeroVironment)

Fig 1.1 The MicroStar from Sanders has flown
for 15 mins under manual control
(Courtesy of Lockheed Sanders)

The typical MAV mission requires it to fly inside a confined space, such as inside a
building, where the size and location of obstacles are often unknown at the outset. This
requires stealthiness as well as a limit on the maximum airspeed for better agility. An
MAYV based on the rotary wing design with a rotor running in excess of a thousand Hz, or

a fixed wing powered by a propeller running at 30,000 rpm (500 Hz) would generate a
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high noise signature. The Trochoid and the Black Widow are audible within 30 metres
and fly at airspeeds above 16 km/h. At lower airspeeds, small wing areas utilising
conventional airfoils are not able to generate sufficient lift to support the weight of the
vehicle. Alternative weight support, such as thrust vectoring, will increase power

consumption and weight, and thus limit range and endurance.

The disadvantages of the fixed and rotary wing designs make flapping flight an
interesting alternative. The flapping wings of birds and insects, on the other hand, are
hardly audible. Power requirement is much lower than for both fixed and rotary wing
designs. Insects employing flapping wing flight require a maximum of only 70W/kg
[Dudley and Ellington, 1990, Tennekes, 1997] compared to 150W/kg for aeroplanes
[Zbikowski, 1999]. With wings flapping, insects and birds generate additional lift through
unsteady aerodynamic effects to provide the support, thus enabling them to fly at

airspeeds below 11 km/h.

Another advantage of flapping flight is the capability to hover. Although fixed wing
designs can hover if the propeller can generate thrust higher than the weight, these often
require a large change in body attitude from close to horizontal to a vertical orientation.
This would mean that the target of surveillance might be out of the field of view of the
video camera. Hovering at a spot for a limited time is generally not a problem for most
insects and some birds, while others are capable of hovering for extended durations. They

also do so without much change in body orientation.

1.2 HISTORICAL DEVELOPMENT OF FLAPPING FLIGHT

Man has always Been awed by the ease with which birds and insects fly. From primitive
times he has watched these creatures and yearned to fly like them. It seems so natural and
casy to flap the wings and be airborne. Without any other form of power than his own
muscles, it was only instinctive to don feather-covered wings and flap his arms in the

hope to soar like the birds. History records that this approach was doomed to failure from

its outset.
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Man’s interest in flight was first registered as early as 843 B.C. when Bladud, the ninth
king of Britain, was killed when he attempted to fly in Trivanatum (London) using wings
covered with feathers. Between this time and the first record by Marco Polo in the 14"
century of man becoming airborne on kites in Cathay (China), numerous experimenters

must have been killed just like King Bladud when their attempts to fly failed.

Fig 1.3 King Bladud of Trivanatum Fig 1.4 Leonardo da Vinci’s invention

(Taylor, 1989) (Chanute, 1976)
Despite these setbacks, Man’s fascination with flight, and especially flapping flight, was
undaunted. In 1250, an English Franciscan monk made a reference, in his book entitled
‘Secrets of Art and Nature’, to a flying machine that has ‘artificiall Wings made to beat

the Aire’ known today as an ornithopter.

Although the Italian artist Leonardo da Vinci had designed various types of flying
machine such as the parachute, ornithopter, helicopter and powered aeroplane between
1483 and 1497, it was not until 1647 that the first flying machine was produced and
flown by Italian Titus Livio Burattini, who was at the Polish court of King Wladyslaw IV.
It had four sets of wings, two sets beating as those of an ornithopter. In 1772, Canon
Desfarges constructed an ornithopter but this proved unsuccessful. However, close to a
decade later in 1781, Karl Friedrich Meerwein of Austria designed and built an advanced

form of glider, for which a proper area of wing was calculated for manned flight. It was
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said to have flown on at least two occasions whereby an up-and-down movement of the

oval wing provided some form of propulsion.

Herzafen Celebi of Turkey accomplished gliding as early as the 17th century and
followed later by George Cayley’s full-size unmanned glider in 1809. Although much
effort and design talent were engaged in getting airborne solely by imitating the flapping
of wings by birds and insects, there was no success. When the early inventors resorted to
human power to flap the wings, they failed to realise that not only are human beings not
as strong as birds, weight for weight, humans were also not able to develop energy fast
and long enough to flap the wings at the necessary frequency to generate sufficient lift.
Attempts, such as the one made by Albrecht Berblinger of Germany to fly across the
Danube in 1811, were always unsuccessful (although in 1929, Alexander Lippisch [1960]
showed that extended glide but not sustained flight was possible when a human powered

ornithopter was first towed to altitude).

Fig 1.5 Lippisch’s 1929 Human powered Fig 1.6  Gustav Trouve’s model ornithopter,
ornithopter (DeLaurier, 1994) 1870 (Chanute, 1976)

On the front of power for flight, attempts to make use of the steam engine to power the
wings were futile. The earlier steam engines were unreliable in operation while others

suffered from vibration. Later engines usually weighed too much for the power that they

delivered.
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Other inventors then looked at the smaller scale and started developing models, making
use of energy stored in gunpowder and later in twisted rubber strip as alternative sources
of power. In 1870, Gustav Trouvé successfully flew a model ornithopter using revolver
parts to beat the wings up and down. Two years later in 1872, Hureau de Villeneuve, the
permanent Secretary of the French Aeronautical Society, flew his mechanical bird
powered by twisted rubber. The model was able to start direct from the ground, but owing
to the limited power of the rubber spring, it managed to rise to a height of only 4 feet. In
the same year, Jobert managed to fly his ornithopter, which had four wings beating

alternately in pairs, powered also by twisted elastic band.

Fig 1.7  Hureau de Villeneuve’s Machine, 1872 Fig 1.8 Jobert’s Méchine, 1872
(Chanute, 1976) (Chanute, 1976)

Fig1.9  Pichancourt’s 17% inch model Fig 1.10 Lippisch’s rubber powered
1889 (Chanute, 1976) ornithopter, 1938 (Chanute, 1976)

In 1889, Pichancourt’s 172-inch model flew up to a height of 25 feet and to a distance of

70 feet against a slightly adverse wind. More recent designers, as quoted by DeLaurier
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[1994] included Lippisch in 1935 and Kieser in 1985. Both ornithopters are rubber

powered.

Prior to the first manned, powered, sustained and controlled flight of December 17, 1903
at Kitty Hawk by the Wright brothers, numerous designs of various types of flying
machine from flapping wings (employing flapping flight) to screws (now known as
propellers) to aeroplanes (or fixed wing aircraft) were tried. As it turned out, none
designed before the Wright brothers proved successful to carry the weight of the airframe,
the power source and the man on board. Since the memorable twelve-second flight of
over 120 feet by Orville Wright, the entire 20" century saw rapid development in
aeronautics and astronautics. It was transformed to an era where supersonic aeroplanes
zoom hundreds of passengers across the world and where helicopters and thrust vectoring
fixed wing and swing-wing aircraft demonstrated extreme agility while performing air

combat manoeuvres. Flapping wings as a mode of flight almost faded into oblivion.

What appeared to be a natural form of flight performed by hundreds of bird species and
thousands of insect species with such ease of flapping their wings, seemed to prove
impractical and flawed by numerous engineering limitations and left best to beings
endowed with the natural gift. Looking at the aeronautical research and development of
this past century, man seemed to have abandoned the more complicated method of flight
and resorted to simpler forms of flight offered by the aeroplane (with fixed wings

generating lift and engines or propellers producing the forward thrust) or helicopters.

In the meantime, while the aeronautical interests were directed towards the development
and improvement of fixed wing and rotary wing technologies, zoologists and biologists
world-wide were, and still are, fascinated at answering questions on avian and insect
flight. They have made use of tools developed for the acronautical industry such as the
wind tunnel, computational fluid dynamics methods and the aerodynamic knowledge in
their studies. High-speed photography and videography have allowed them to study the

kinematics of the insect and avian wing as they perform their manoeuvres.
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Man has in his possession today, tools and knowledge that were unavailable even 50
years ago. The flapping mode of flight that was impractical then may seem achievable
now. The 19th century designers and inventors were not supported by modern day
technology. Today, we have high performance computers to help optimise design of
lightweight structures, which are less susceptible to mechanical destruction when under
the action of powerful engines, which generate high power per unit mass. Computer
technology allows us to develop our knowledge of aerodynamics, structural dynamics and

their interaction.

It was only towards the end of the 20th century that DeLaurier [1993a] of the University
of Toronto and his students successfully demonstrated that flapping wing flight would
still be possible on a scale larger than those tested in the 19" century. A 25% scale proof-
of-concept model of the ornithopter with a nine-foot span and weighing approximately 9
Ibs flew via radio control a total of 38 powered flights in 1991, the longest of which
lasting 2 minutes and 46 seconds. Taxi trials on the full-scale model have shown that the

ornithopter can be propelled forward through the flapping wings alone [Anon, 1999a].

Although less sophisticated, the ‘Tim Bird’, which is a rubber-powered ornithopter sold

as a toy, demonstrates that the complexity of flapping flight will some day be overcome.

Fig 1.11  ‘Tim’ bird, rubber powered Fig 1.12  DeLaurier’s full-sized engie powered
ornithopter (DeLaurier, 1994) ornithopter in taxi-trial, 1997
(DeLaurier, 1999)
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1.3 CHALLENGES AND ENABLING TECHNOLOGIES FOR
THE MICRO AIR VEHICLE

Despite the available technology and knowledge in the field of structure, aerodynamics,

structural dynamics and their interplay, the micro-air vehicle still faces a whole range of

challenges. The main challenge faced arises mainly from its small size requirement and

relatively high take-off weight.

Due to its small size and relative low flight speed, the airflow around the vehicle is in the
low Reynolds number regime where viscous forces are significant. The aerodynamic
community is fully aware that boundary layer behaviour and its separation are
significantly different from those large scale airfoils and conditions tested to date. Very
little experimental data is therefore available for design purposes and wind tunnel testing
is difficult. The forces being measured are so slight and even acoustic noise and vibration

have been found to affect the repeatability of the tests [Grundy et al, 2000].

Numerical solution of the full Navier-Stokes equations will be necessary for
computational aerodynamics to be meaningful and generation of a complete database is
time consuming. Furthermore, the flow can no longer be assumed to be two-dimensional
and many effects such as the transient sideways momentum on the stability of vortices
become important. However, some research into the area of computational fluid dynamics

is well under way as seen in some research works described later.

Propulsion in such minute scale is another challenge. With a wingspan of not more than
15 cm, it would be desirable to limit the diameter of the motor or engine to about 3 cm.
Also, it should also be light or the designer of micro air vehicles will be doomed with the
same failure faced by their predecessors in powered flight before the Wright brothers.
Standard model aeroplane engines are too big for the micro air vehicle. Various research
and development efforts have yielded miniature prototypes. Micro-electro-mechanical
Systems (MEMS) technology allowed MIT to develop a micro-turbine [Drake, 1998].
Similar efforts at DERA proposes a hydrogen-peroxide powered jet engine [Tilston and
Cheung, 2000].
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Ashley [1998] reported that a company in the United States named M-DOT, Inc used off-
the-shelf parts like dental drill bearings to develop a 4 cm diameter turbine weighing 85
grams capable of delivering some 6N thrust. Engineers at MIT’s Lincoln Labs in the
United States feel that internal combustion engines seem to hold great promises [Ashley,
1998 and Mraz, 1998] in the near term future. However, one of the main disadvantages

currently is the low thermal cycle efficiency at this scale with fuel flow being very high.

Electric motors are also available with better efficiency and reliability. However, much
higher energy density is required to allow hover flight. Current off-the shelf electric
motors using lithium batteries power some of the flying micro air vehicles such as the
Black Widow [Dornheim, 1999]. RMB, a company in Switzerland, has produced the
smallest electric micro-motor with a diameter of only 3 mm and a mass of 8 grams. Three
of these are used as the flap control actuators in the Black Widow [Ashley, 1998]. Some
other newer developments include piezoelectric ultrasonic motors [Ueha and Tomikawa,

1993] with diameters of about 8mm, which are used in the camera and watch industries.

Fig 1.13 Micro-gyro is one of the enabling
technologies for MAVs
(Courtesy : University of Wisconsin)
Research on micro sensors and actuators, necessary for the guidance, navigation and
control systems, are also well underway. Most of these apply MEMS manufacturing
technology and are used quite extensively in the automotive industry. MEMS sensors

have been employed in airbag systems, active suspension systems, automatic door lock

systems and anti-lock braking systems of vehicles [Anon, 2000a]. Micro gyroscopes
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[Anon, 2000b] are currently being developed by various research institutes and
universities engaged in MEMS research. The Black Widow is equipped with a flight
control system that features pitch, roll and yaw gyros and a GPS receiver. The University
of Wisconsin has also developed linear actuators [Anon, 1999] about 5mm long and
another version with higher force and larger throw. Integration of both sensor and

actuator into a single device is also being researched.

There is certainly sufficient research and development work being carried out currently to
make the micro air vehicle, which employs either fixed, rotary or flapping wing flight, to
be a reality. It is just a matter of time before these mechanical birds and insects become

fact rather than fiction.

1.4  CURRENT FLAPPING WING FLIGHT
RESEARCH UNDERTAKEN WORLDWIDE

Research on flapping wing flight since the 1950s, has been carried out by both the
acronautical and the zoological community, and some of these are interdisciplinary in
nature. With the invention of the video camera and high-speed photography, zoologists
could observe the wing beat kinematics of birds [Tobalske et al, 1999 and Warrick et al,
1998] and insects [Willmott and Ellington, 1997a, b and Lehmann and Dickinson, 1998]
in flight aimed at developing an understanding of how these may affect lift generation.
They have identified novelties in insects to generate lift exploiting unsteady aerodynamics

such as the “clap-and-fling”, the “near-fling” or the “clap-and-peel” mechanisms.

Wakeling and Ellington [1997a] were able to deduce how the beat amplitude of the hind
wings of the dragonfly shows good regression with the thrust generated and is probably
used in flight control while the forewings were responsible for lift generation. Flapping

frequencies and the phase differences between the fore and hind wings have also been

estimated.

11
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Zoologists have also measured the steady state contribution to forces and moments
experienced by the wings of insects in the wind tunnel [Sato and Azuma, 1997] in an
attempt to obtain performance related parameters and to estimate power requirement,
flight speeds for minimum power, maximum endurance or maximum range [Okamoto et
al, 1996, Sunada et al, 1993a, Wakeling and Ellington, 1997b]. Some attempts by others
have been made to understand mechanisms for manoeuvring flight [Robertson and

Johnson, 1993, Wortmann and Zarnack, 1993].

Concurrently, researchers have also developed theoretical models of the aerodynamics
ranging from simple lifting line theory [Phlips et al, 1981], lifting surface theory [Sunada
et al, 1993b], momentum jet theory [Hall and Pigott, 1998] and blade element method or
strip theory [DeLaurier, 1993b] to more complicated CFD models incorporating unsteady
aerodynamics using unsteady panel methods [Vest and Katz, 1996, Smith, 1996] and the
solution of the 3-dimensional, incompressible, unsteady Navier-Stokes equations [Liu et
al, 1998]. Findings by the zoologists in wing beat kinematics form the basis of wing

motion in some of these theoretical works.

Early attempts have been made to collect acrodynamic data experimentally by Katzmayr
[1922]. More recent researchers like Archer, Sappupo and Betteridge [1979] tested half
wing models that flap only in the plane normal to flight. Fejtek and Nehera [1980]
collected aerodynamic data to study the effects of changes of flapping amplitude, flapping
plane angle, wing incidence and wind speed. Jones and Platzer [1999] investigated the
thrust generated by an airfoil undergoing pitch and ‘plunge’ motion and correlated the
experimentally obtained data with a previously developed, unsteady panel method. Vest
and Katz [1999] measured the forces generated by the single degree of freedom flapping
using a mechanical replica of the pigeon in the wind tunnel and compared them with
those predicted by their CFD results. Van den Berg and Ellington [1997] performed flow
visualisation studies of a mechanical flapping moth wing. This was then compared with
the findings by Liu et al [1998]. Wilkin and Williams [1993] derived the forces
experienced by live moths in flight, which Smith [1996] made use of to validate his

theoretical model.
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Research works by Michelson and Reece [1998] in the United States and Zbikowski
[1999] in the United Kingdom focus in the area of wing aerodynamic design or overall
vehicle design. The challenge of generating sufficient lift for sustained flight and
manoeuvre requires more than mere mimicry of Nature. In a way, these vehicles must

outperform Nature just like the conventional aircraft has.

Fig 1.14  Georgia Tech Research Institute’s
multi-mode Entomopter
(Michelson and Reece, 1998)

DeLaurier and Harris [DeLaurier, 1999] have been able to demonstrate sustained flight
with the ornithopter. However, this aircraft relied on the roll-yaw coupling provided by
the wings and cruciform tail for lateral-directional control. In order to reduce the drag
penalty, removal of the vertical fin would be desirable to enable true flapping flight in a

manner practiced by the birds and insects.

Current research as shown in the available literature is focused on the design criteria of
the wing and the development of more accurate CFD models to predict the aerodynamic
flow around the wing. The flight dynamics and control of a vehicle employing flapping
wing flight has, until recently, received very little attention. Although qualitative accounts
on the stability and control [Ellington, 1999] and papers based on the observation of
insect flight [Robertson and Johnson, 1993] were available, the only document on the
mathematical modelling and simulation at the start of the research for this thesis in 1999
was the thesis by Rashid [1995] who studied the open-loop flight dynamics of the

ornithopter designed by DeLaurier and Harris. By the time this research was nearing
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completion, a number of articles on the stability and control of flapping wing MAVs
[Deng et al, 2001 and Schenato et al 2001a, b] were published.

In his September 1901 lecture entitled Some Aeronautical Experiments to the Western
Society of Engineers in Chicago, Wilbur Wright clearly understood that when the stability
and control ‘is worked out the age of flying machines will have arrived, for all other
difficulties are of minor importance’ [quoted by MacFarland, 1953]. This opening
statement applies to both the aeroplane then as well as the flapping wing flying machine
of the future. As Ellington [1999] puts it, ‘more will be understood of flapping flight from

Juture work on machines than from birds or insects’.

1.5 OBJECTIVES OF PRESENT RESEARCH PROGRAM

The overall aim of this research program is to study the flight dynamics and control of a
micro air vehicle that employs flapping wing flight during the hover. To achieve the goal,

the following sub-objectives are set out:

a. A mathematical model of the multi-body system representation of the

dynamics of a virtual flapping wing MAV will be developed

b. A simulation program based on the above mathematical modelling shall be
developed and tested.
c. A mechanical flapper for the experimental determination of the aerodynamics

of the flapping wing will be designed.

d. Aerodynamic data will be collected for the flapping wing to be used in the

simulation program.
€. The flight dynamics of the flapping wing MAV will be analysed

f. Various control strategies shall be analysed and compared for the control of

the vehicle at the hover.

14
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CHAPTER 2

MATHEMATICAL MODELLING

2.1 DESCRIPTION OF THE VIRTUAL VEHICLE

The subject used in this research shall be a virtual flapping wing micro air vehicle
(FMAYV). While the author acknowledges the limitations of current technology, it is
assumed that the technology will eventually become available for a prototype to be

manufactured.

Wing Attachment
v Fuel Flai) Rx
otor . Fue & & Forward
S::]tit:sators Storage FCS Pitch | Tx Payload
i Txm

Fig 2.1 General layout of essential equipment in fuselage of FMAY

The vehicle comprises of a cigar shaped fuselage, which houses all the essential
equipment, and Fig 2.1 shows a possible arrangement of the equipment. The payload,
presumably a micro video camera or other micro sensors and transmitter, is assumed to be
carried at the forward section in order to have unobstructed view. The locations of the

power, transmission and fuel units, which are expected to form the bulk of the mass of

15
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the vehicle, have a significant effect on the pitch inertia of the vehicle. Having low pitch
inertia, the vehicle is more responsive about this axis. It also means that oscillation about
this axis is of higher magnitude, resulting in possibly poorer picture quality. A
compromise has to be made between responsiveness in vehicle pitch and its effect on
picture quality. While the transmission units have to be placed near the wing attachment
points, the power units and fuel cells are located in the aft sections. This arrangement
increases the pitch inertia of the fuselage. The flight control computer is assumed to be

located between the fuel compartment and the transmission units.

Referring to Fig 2.2, each of the two wings of the vehicle, shown at the bottom of the
stroke, has two degrees of freedom. The main motion of the wing is the large amplitude
flapping. The wing can also rotate about its own longitudinal axis. This degree of

freedom is the wing pitch.
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Fig 2.2 Illustration of Wing Degrees of Freedom

Stroke Plane

Y

Flap Angle
)

Wing“’li’itch Angle. |
X . Fuselage Vertical (P-y,-z) Plane




Chapter 2 Mathematical Modelling

As the wing flaps, the locus of its longitudinal axis forms a plane called the stroke plane.
In addition to the flap and pitch, the stroke plane can also be rotated about an axis parallel
to the fuselage lateral axis. The stroke plane angle is the angle between the y-z plane of

the fuselage and the stroke plane.

In the present study, each degree of freedom of each wing is assumed to be driven by a
separate actuator motor. No particular design has been developed or assumed to be
capable of the task but this actuator motor can, in the future, take the form of
reciprocating chemical muscles, electric motors, ultrasonic motors or any other form

currently under research.

The vehicle is assumed to measure 108 mm from wing tip to wing tip when the wings are
level. The nominal flap