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Birds and conventional airplanes control their flight in a different manner. Conventional airplanes maneuver themselves by means of
moving surfaces, while birds can bend, twist and deform their wings and adapt to unforeseen conditions such as wind gusts. However, if
planes can do exactly as the birds do they can gain agility, more lift, less drag while consuming less fuel. This work aims to address this
issue. Therefore, approaches of wingbeat generation for a 15 DOF flexible-wing aerial vehicle are developed in this paper. A computa-
tionally cost-effective cosine wave function-based algorithm that computes a set of wingbeats enabling the aerial vehicle to follow a
desired trajectory in a realistic manner is discussed. The flexible-wing aerial vehicle is modeled similar to a seagull with an articulated
skeleton. Motion of the aerial vehicle is simulated by applying joint torques and aerodynamic forces over a period of time in forward
dynamics simulation. Wing and tail feather motions generate lift in the aerial vehicle, which makes it possible for the aerial vehicle to trace
predefined paths. The solidworks mechanical design is used as input into Matlab SimMechanics for visualization. The results are promising
for the construction of bird-like aerial vehicles.
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us
1. Introduction The skeletal structure of the bird and the elastic properties of
its feathers dictate its gait patterns and flight motions [13].
A number of models are available in the literature depicting Wings help birds to fly. A bird’s wing is curved on top

the natural motion of living creatures such as the motion of  and flat or slightly curved at the bottom [14]. Birds launch
snakes [1], aquatic animals [2], dogs [3], insects [4-6], birds  themselves into the air by using their leg muscles to push
[7, 8] and even extinct and imaginary animals [9]. There are against a perch or to jump from the ground, flapping their
principles of locomotion common in birds, insects, fishes  wings in the process. Birds wings not only flap up and down
and swimmers [10, 11], but it is the lift motion (take offand  but also twist forward while flying. This twisting motion
landing) of birds that delineates them from insects, fishes  propels the bird to fly forward. The rest of the wing remains
and swimmers. Modeling the aerial motion of a flexible-  flat in relation to airflow and so provides the lift. Some birds
wing aerial vehicle presents a significant challenge for real-  such as cranes continue to fly mainly by flapping their
time simulation as well as the design of efficient control  wings while others such as eagle, seagull, etc. combine
systems [12]. The aerodynamic forces that are generated due  flapping flights with gliding or soaring.

to the interactions between birds wings and wind are com- Aircraft designs, modeled from a bird obtain roll control
plex to analyze, and slight changes in wing positions can lead by wrapping or changing the portion of the wing. The three
to aerodynamic turbulence, thus making it difficult to study. types of most common aircraft designs are (1) Fixed-wing
aircraft, (2) Flapping-wing aerial vehicles and (3) Flexible-
wing aerial vehicles. In fixed-wing aircraft, the lift generated
Published 14 June 2017. This paper was recommended for publication in is a function of the_ forward alrspeed, the wing .span and
its revised form by editorial board member, Biao Wang. surface area of the wing. At low Reynolds number flights (low

Email Addresses: *willson@nus.edu.sg, Tprahlad@nus.edu.sg, *elealm@nus. flight air speeds less than 10 m/s), conventional fixed-wing
edu.sg aircraft are less efficient [15]. In flapping-wing aerial vehicles,
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the lift generation originates from the flapping motion of the
wing. In flapping-wing aerial vehicles and flexible-wing aerial
vehicles, wingbeats control the lift generated, making it effi-
cient for low Reynolds numbers flight [15, 16]. For flapping-
wing aerial vehicles, the entire wing is considered as one joint
whereas in flexible-wing aerial vehicles, one wing is made up
of many individual joints. Morphing the attributes of bird
wings is a priority research topic among aircraft designers
nowadays [17, 18]. The research on flexible-wing aerial
vehicle has been active for a long time and it gained increased
attention when the Defence Advanced Research Projects
Agency (DARPA) launched a program to create an aerial
vehicle that could operate with a high degree of autonomy in
a squad-level combat environment.

Reynolds [19] is the first one to simulate the flight of a
flock of birds in a realistic manner by adopting a rule-based
simulation, where the simulation of wingbeat motion is not
physical. The flapping of the wings generates the required
aerodynamic forces. Ramakrishnananda and Wong [20]
proposed a large flapping model capable of forward motion
with natural wingbeat motions. The calculation is compu-
tationally intensive and the model is capable of only for-
ward motion. Wu and Popovic [21] then reported a realistic
animation of a bird’s flight, where modeling of individual
feathers are also considered. The wingbeat parameters
are optimized off-line using evolutionary algorithms. This
optimization process require a computation time of 3-5h
per simulation in order to produce solutions for flight
trajectories lasting around 10s. Cao et al. [22] proposed a
flapping-driven model that could trace even arbitrary paths
using its tail feathers. However, a demonstration of taking
off and level flight by flexible-wing systems with large
number of degrees of freedom has not been reported.

To address these gaps in the research field, a flexible-
wing aerial vehicle with 15 DOF skeletal structure that is
biologically inspired from a fully grown seagull is consid-
ered in this work. The wingbeat and tail feather motions are
simulated and results from SimMechanics show that the
model is capable of performing aerial maneuvres similar to
that of a bird in a realistic manner. This paper is organized
as follows: Biological inspiration of the structure adopted is
discussed in Sec. 2 and in subsequent sections, distinct
aspects of the control algorithms are elaborated.

2. Biological Inspiration and Modeling of the Aerial
Vehicle

A seven segment joint system is used to model a bird. Each
wing has three segments and the trunk forms the remaining
segment. Almost all the species of birds have such a wing
geometry [25]. Figure 1 is a representation of the different
segments and joints.
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Fig. 1. Anatomical structure of a bird [23, 24].

The aerial vehicle is modeled as a formation of 9 artic-
ulated links, 4 on each of its wings and one in its tail, similar
to that of a bird. The wing structure is modeled similar to
the skeletal structure of a bird. The model has a quaternion
joint in its shoulder and a revolute joint at the elbow,
forearm and wrist, respectively, thus making up 6 DOF in
each of the wings and 3 revolute joints in the tail (Table 1).
The entire structure includes 15 DOFs. The location of the
joints are explained in Figs. 1 and 2.
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Fig. 2. Joint positions in right wing of a bird indicated in co-ordinate
frames.
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Table 1. Joints modeled in the structure and the
number of degrees of freedom contributed by them.

DOF No. of joints DOF contributed

Shoulder 3
Elbow 1
Forearm 1
Wrist 1
Tail Bend 1
Tail Twist 1
Tail Spread 1

o= NDN NN
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Ul
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In general, birds follow two gait patterns namely the
Vortex-Ring gait and Continuous Vortex gait [13]. In order
to realize these gait patterns, certain parameters namely the
wingbeat parameters are assigned for the wing; as the
control parameters need to differentiate the up stroke and
down stroke motions. There are 15 such parameters, of
which six parameters represent the right wing, while an-
other six parameters represent the left wing and the
remaining three parameters represent the tail. For sim-
plicity, the joints are numbered. 1-6 represent the right
wing while 7-12 represent the left wing, respectively, and
13-15 represent the tail (Table 2).

In Table 3, u,T/ ! represent the wingbeat parameters
where u; is for up-stroke and u} is for down-stroke. The
maximum and minimum joint limits for each joint are
represented by u; and u; wingbeat parameters. These limits
are different for different joints. Motion of the wings varies
as a function of wingbeat angle ©, which is nothing but the
arm dihedral angle. Down-stroke starts when the arm di-
hedral angle varies from 0° towards —90° and it ends when
it varies from —90° to 0°, while up-stroke starts when the
arm dihedral angle varies from 0° towards 90° and ends
when it varies from 90° to 0°. One down-stroke combined
with one up-stroke forms a wingbeat. For simplicity these
parameters are not listed separately. Arm dihedral angle
and arm sweep angle are shown in Figs. 3 and 4.

Table 2. Joint numbering.

Joint number Definition

Arm Dihedral
Arm Sweep
Arm Twist
Elbow Bend

Fore Arm Twist
Wrist Bend
13 Tail Bend
14 Tail Twist
15 Tail Spread

== =0 00
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Table 3. Wingbeat parameters.

Wingbeat parameter Definition
U%»Ul Arm Dihedral angle
uﬁ,u; Arm Sweep angle
ué,u; Arm twist
“zlu“j; Elbow bend
ué,u; Fore Arm twist
ué,u; Wrist bend

Ui Ul Tail bend
utul, Tail twist

Ujs Ui Tail spread

DIHEDRAL ANGLE

Fig. 3. Representation of arm dihedral angle.

SWEEP ANGLE

Fig. 4. Representation of arm sweep angle.

2.1. Frequency of wingbeat

The frequency of flapping in a bird is dependent on its
anatomical structure [26]. The bird cannot follow a wing-
beat frequency greater than its natural frequency as it
would require more force from its muscles to overcome the
drag force generated during each up-stroke. It also cannot
follow a frequency lower than its natural frequency as that
would make it less efficient. Pennycuick [26] devised an
empirical formula that suggests the natural frequency for a
particular anatomical structure of a bird.

1 /m\ 13 (g* A
f= 1.08E(;> <?> , (1)

where f is the frequency of wingbeat, b is the wingspan, m
is the mass of the bird, p is the air density, g is the accel-
eration due to gravity and S is the wing area. The maximum
frequency of flapping for the aerial vehicle designed
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after substitution of required parameters is found to be
1.7 flapping/s. The simulation is performed at 1.5 flappings/s.

2.2. Cosine wave function-based wingbeat parameter
generation

Reports by [27] and [28] indicate that wing tip displace-
ment over a period in an aerial vehicle can be fit using a
cosine wave curve represented by arp cos(w + ¢), where
arpp is the amplitude of displacement and ¢ is the negative
value of the tip displacement angle. For an aerial vehicle
modeled as an articulated skeleton, motion of each part of
the wing can be represented using simpler cosine wave
functions (Fig. 5) with varied frequency and varied ampli-
tude. These simpler cosine wave functions are used to
generate the desired wingbeat parameters for the joints.
The amplitude and frequency of the cosine waves are de-
termined based on the path to follow at the next instance as
well as the co-ordinates of the mass center of the aerial-
vehicle at the present instance.

The plots in Fig. 5 correspond to the wave functions
pertaining to the joints in right and left wings. The X axis
denotes the wingbeat angle O, which varies from 0° to 360°
for each wingbeat and the Y axis denotes the amplitude
with which each cosine wave varies. The same functions are
replicated to both the wings so as to maintain symmetric
wing motion. Following are the mathematical expressions of
the wave functions adopted.

ul = GA. (2)
uy = uy;A. (3)
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Fig. 5. Cosine wave reference functions for right and left wings.

For joints 1, 4 and 6,

_— i 4
——+u, (4)

For joints 2, 3 and 5,
qai = (u} —u})cos® +u/, (5)

where, u,.T is the wingbeat parameter during up-stroke and
u ,L is the wingbeat parameter during down-stroke, respec-
tively. A is the relative changes in amplitude expressed in
percentage (for both the right and left wings). g4 is the
desired angle for joint ‘i’, u; is the maximum value of joint
limitation for Joint ‘’’, u; is the minimum value of joint
limitation for joint ‘’ and © is the wingbeat angle. Substi-
tuting the desired values of joint angle for all the joints at
each instant in Eq. (26) as discussed in Sec. 4.2 yields the
final positions of each joint, after the application of the re-
quired torque. Generation of proper desired joint angles is
crucial since it has a major impact on the lift and drag forces
generated during the motion of the aerial vehicle.

3. Aerodynamic Forces and the Influence of Tail
Feather Motions on Aerodynamics

In this section, calculation of aerodynamic forces, their
effects on aerial vehicles and the influence of tail feathers on
the aerodynamics of the aerial vehicle are discussed.

3.1. Aerodynamic forces

Aerodynamic forces that are created during each wingbeat
are determined by modeling a bird in a quasi-steady flight
or unsteady flight [29]. Larger birds like the eagle, seagull,
etc., usually have quasi-steady flight since their flapping
frequency of the wing is low at cruising stage. Smaller birds
usually have unsteady flight, since their flapping frequency,
i.e., wing tip speed is greater than its flight speed [30]. Since
the aerial vehicle that is under consideration in this paper
has a wingspan that is comparable to that of larger birds, it
is modeled with a quasi-steady flight. The aerodynamic
forces like Lift force and Drag force and gravity are modeled
in the system. The Angle of attack of the wing of the bird is
one of the important parameter that defines the aerody-
namic forces. The directions of Lift force and Drag force can
be calculated as follows:

- v

vl (&)

= Ixn g (7)
X
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Fig. 6. Lift and Drag Forces acting on a wing surface of the wing.

where V is the direction of velocity of wind relative to the
wing, d is the direction of drag force, [ is the direction of lift
force and n is the direction of normal to the surface at
which lift and drag are calculated (Fig. 6).

Drag force acts along the direction of velocity of the wind
relative to the surface and lift force acts perpendicular to
the drag force. The entire wing is decomposed into four
individual surfaces for simplicity. The position of all sur-
faces at each instant during a wingbeat is monitored and the
aerodynamic forces corresponding to the angle of attack,
acting on each surface are calculated. These component
forces can be expressed by Egs. (8) and (9):

1 o

Fy = 5 cie)pS| 7)1, (®)
1 .

Fy = S ca(@)os| 7%, )

where F; is the lift force, F}, is the drag force, « is the angle
of attack, ¢;(«) is the lift coefficient, c;(«) is the drag coef-
ficient, p is the air density, S is the surface area and v is the
direction of velocity of wind relative to a surface.

Lift and drag forces depend on the density of air, surface
area of the segment of the wing, lift as well as drag
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Fig. 7. Lift and Drag Coefficients plot that shows the variation lift
and drag coefficients with angle of attack used in our model [21].

coefficients and velocity of wind relative to the wing. The
total lift and drag forces that are acting on the entire wing
surface are calculated using the blade element theory [31].
Figure 7 shows the variation of lift and drag coefficients
with angle of attack used in the current model. Lift and
Drag forces acting on the tail are calculated in the same
manner as the forces acting on the wings (8-10). Total
aerodynamic force acting on the structure is obtained by

9
Faero:ZF;,‘FF{)- (10>
i=1

3.2. Influence of tail on aerodynamic forces

Tail feathers play an important role in stabilizing the flight
motion of a bird. Changing the direction of flight while fly-
ing, providing compensation for lift force and increasing the
drag force while landing are some of the important roles of
the tail feathers. The tail contributes 3 DOF to the kinematic
structure of the aerial vehicle. When the bird is turning, the
tail feathers move correspondingly to the right or left in
order to stabilize it. When the bird is taking off, the tail
feathers close and open in sequence so as to increase lift
during the upstroke and reduce drag during downstroke.
The surface area of the tail feathers is changed by varying
the angle of opening of tail feathers thus altering the lift and
drag produced. It is important that the influence of the tail
is modeled into the aerial vehicle. Figure 8 shows the var-
ious motions of tail feathers. The area of tail feathers that
changes at different instances of flight motions is calculated
[22] by

112
= — 11
t 360 ) ( )
¢ = 1.78 x max(qi3, q14) + U1, (12)
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(@ (b) ()

Fig. 8. Motion of tail feathers: (a) the twisting action, (b) the
bending action and (c) the opening and closing of tail feathers.

where S, is the area of tail feathers and ¢ is the opening/
closing angle.

4. Equations of Motion and the Control Architecture

In this section, the equations of motions for the aerial ve-
hicle and the control architecture used are discussed. The
entire system is assumed as a rigid body system and rigid
body dynamics are utilized.

4.1. Equations of motion

For flight dynamics and control, the reference frame is lo-
cated at the center of gravity(CG), which is aligned with the
aircraft and moves with it as shown in Fig. 9.

The translation along the X, Y, Z directions is denoted
using the velocity vector in body axes, V = {u, v, w} and the
rotation about X,Y,Z axes is denoted using the angular
velocity vector in body axes, w = {p, q,r}. Forces acting on
the aerial vehicle are denoted by F = {X, Y, Z}. These forces

Fig. 9. Position of body frame on the aerial vehicle.

act at the origin of the reference frame. Similarly the
moments acting on the aerial vehicle are denoted using
M., = {I,m,n}. These are the roll, pitch and yaw moments
taken with respect to the CG. We can now decompose,

F=Furo+ T+ W, (13)

where F,.., denotes the resultant of the aerodynamic forces
Xaeros Yaeros Zaero» 1 denotes the thrust Ty, Ty,T, and W
denotes the force due to the weight of the aerial
vehicle, decomposed along the three axes as W =
Mg{—sinf cos@sin¢ cosfcos¢}. Here the thrust forces
acting on the aerial vehicle can be considered to be negli-
gible compared to the other forces acting on it. The
simplified linear equations of motion are given by

X
U+qw—rv=="22_gsind, (14)
. _ Yaero .
V+ru—pw=—=—gcosfsin ¢, (15)
. Zaero
W+ pv —qu = - —gcosfcos . (16)

The angular momentum of the aerial vehicle is given by
Hey = wicg, (17)

where w is the angular velocity of the aerial vehicle and I,
is the moment of inertia of the aerlal vehicle with respect to
CG. Applying Coriolis theorem to dfg = Mg, the rotational
equations of motion are,

O(wleg)
ot

+w X wly = M. (18)

Since the XY plane is symmetrical, the simplified rota-
tional equations of motion are

I= Ixxp + (Izz - ) Ixz(r + pCI) (19)
m =1L, q + (Lo — L,)pr — L, (r* = p?), (20)
n =1, + ( yy T )qr - Ixz(p + qr) (21)
¢ =p+ (gsin ¢ + rcos $) tan 6, (22)
: a  +
Cgsme W.aves ‘ PD Controller System
eneration
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Co-ordinates of the desired trajectory

Fig. 10. Control flow diagram.
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o
Fig. 11. Model of aerial vehicle. The inner figure shows the ap-
proximated shoulder joint.

Y = (gsin¢ + rcos ¢) sec, (23)

1 = (qsin ¢ + rcos ¢) secd. (24)

4.2. Architecture of the control system

The Control system used is represented by a second order
differential equation i.e,,

T= (1 + nzlm)q + (b + nzbm)Q7 (25)

where (I +n?l,) is the effective inertia, (b + 72b,,) is the
effective damping, 7 is chosen as 1 (For Direct Drive) and 7
is the torque. The basic idea is to use a first order cascading
type PD controller of the structure,

al(6) = kye(t) + ko Spelt) (26)

ei(t) = qai(t = 1) — q;(t = 1), (27)

- B S

ok

B
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where i is the joint number, g;(¢) is the actual output, q4;(t)
is the desired output, k, is the proportional gain and k; is
the derivative gain.

The control problem is formulated as a path tracking
problem. The model is required to follow a desired trajec-
tory. The desired trajectory is given as Cartesian co-
ordinates and the mass center of the bird in Cartesian
co-ordinates is monitored. It is important to note that the
desired input to the PD controller is the angles which each
joint has to trace and not the Cartesian co-ordinates. The
conversion mechanisms which were discussed in Sec. 2.2
are employed in order to convert data from Cartesian co-
ordinates into 15 angles which form the desired input g, for
the PD controller. The output of the PD controller forms the
control inputs to the system. The data represented by 15
angles are converted into Cartesian co-ordinates in order
to represent the mass center of the aerial vehicle at each
instance.

5. Simulation Results and Discussion

In this section, two flights of aerial vehicle used in the ex-
periment are visualized and discussed. One without a pre-
defined trajectory and the other following a predefined
trajectory.

5.1. Visualization using SimMechanics

The model of the aerial vehicle with dimensions approxi-
mating a seagull is developed in Solidworks and it is
imported into the SimMechanics environment (Fig. 11). The
quaternion joint present at the shoulders of the bird is
replaced by three consecutive revolute joints of smaller
dimension (Fig. 11 inset), since a quaternion joint cannot be
actuated using a motor.

S —» B z

Fig. 12. Sequence of down-beat motions from side view.
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Fig. 13. Sequence of up-beat motions from side view.
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Fig. 14. Sequence of flight at various wingbeat angles — Isometric
view.
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In Figs. 12-14, the sequence of wingbeat motions of the
aerial vehicle is shown in the side view and isometric view.
These simulations are done to visualize the bird like motion
of the aerial vehicle. No predefined path is considered
for the aerial vehicle to follow. The aerial vehicle flaps its
wings and moves forward from rest following a continuous
vortex gait.

5.2. Results on three dimensional trajectory following

To validate the capability of the algorithm, the aerial vehicle
using continuous vortex gait is made to follow three
different trajectories (travel straight, turn right and turn
left) individually. Wind velocity is maintained constant
throughout the simulation and the disturbance to the sys-
tem is considered negligible. Figures 15(a), 16(a) and 17(a)
are the desired trajectories that are used in the simulation.
The results that are obtained using cosine wave functions
are shown in Figs. 15-17.
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Fig. 15. (a) Indicates the desired trajectory for the aerial vehicle to travel with a constant increase in altitude. A, B and C are via points in
the desired trajectory. (b)-(d) are 3D plots of the path traced by the aerial vehicle for 10, 40 and 70 path points indicated by A, B and C in

(a), respectively.
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() Indicates the desired trajectory for the aerial vehicle to turn right. A, B and C are via points in the desired trajectory. (b)-(d)

are 3D plots of the path traced by the aerial vehicle for 20, 70 and 170 path points indicated by A, B and C in (a), respectively.

The aerial vehicle is to reach an altitude of 2-3 meters in
all the simulations. It can be seen from Tables 4-6 that the
errors in X,Y and Z positions at various path points are
small and the TOF of the aerial vehicle at different path
points are in the order of a few seconds. From Figs. 15-17,
it is verified that for trajectories with less variations (ex-
ample, to fly with a constant increase in altitude or when
the magnitude of turn is less) the aerial vehicle is able to
follow the trajectories closely after a few seconds of flight.
But for trajectories requiring drastic changes in flight (ex-
ample, to turn acutely left/right) the aerial vehicle deviates
initially then follows the desired trajectory. In all the cases,
the desired altitude is reached. Figure 18 shows the ca-
pacity of the aerial vehicle to turn left, turn right and fly in a
stable manner with a constant increase in altitude. The
aerial vehicle takes around 10-15ss to stabilize after taking
off and then performs a stable flight. It is capable of turning
left/right or left and right immediately without losing its

stability and is able to regain the previous flight mode (i.e.,
constant increase in altitude).

5.3. Evolutionary algorithm-based wingbeat parameter
generation

Evolutionary algorithms (EAs) are nature-inspired techni-
ques for solving optimization problems. EAs are generally
utilized when the search space for a problem is large and
when there are many number of parameters that need to
simultaneously optimized. EAs follow the biological model
of evolution and natural selection for solving the problem.
There are 18 wingbeat parameters that are to be generated
for each degree of bird’s wing beat. For a single wingbeat,
18 x 360 = 6480 parameters are to be calculated. This
current problem can be considered as the optimization
problem. The objective of the problem is to find wingbeat
parameters for each wingbeat such that the error in desired
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Fig. 17. (a) Indicates the desired trajectory for the aerial vehicle where A, B and C are via points in the trajectory. (b)-(d) are 3D plots of
the path traced by the aerial vehicle for 10, 120 and 150 path points indicated by A, B and C in (a), respectively.

position to be reached and the position reached by the
robot is minimized. Since a large number of parameters are
to be identified to achieve an optimal solution, EAs are
suitable for solving this problem. Genetic algorithm (GA), a
type of EA, is utilized for obtaining wingbeat parameters for
each wingbeat.

Table 4. Error at different path points and the time of flight (TOF)
for each path point travelling on a straight trajectory.

Path points Error-X (m) Error-Y (m) Error-Z (m) TOF (s)
10 0.101 0.063 0.001 24
20 —0.0008 0.0294 —0.005 34
30 0.0042 0.0418 —0.0017 40
40 0.008 0.0545 —0.0013 45
50 0.0269 0.0646 —0.0017 52
60 0.0412 0.0746 —0.001 61
70 0.056 0.08 0 64

Table 5. Error at different path points and the time of flight (TOF)
for each path point while turning right trajectory.

Path points Error-X (m) Error-Y (m) Error-Z (m) TOF (s)
3 —0.00027 —0.00409 —0.03131 13
20 —0.0025 —0.0159 0.0025 28
40 —0.002 —0.0216 —0.0053 40
60 —0.006 —0.0328 0.007 46
90 —0.016 —0.0523 0.006 54
120 —0.012 —0.07 0.009 63
140 —0.003 —0.087 0.012 66
170 —0.026 —0.113 —0.032 71

5.3.1. Problem formulation

There are 18 wingbeat parameters that need to be identi-
fied for each 1° of the wingbeat. Hence a vector with 18
elements is utilized as an individual. Each element of the
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Table 6. Error at different path points and the time of flight (TOF)
for each path point while turning left.

Path points Error-X (m) Error-Y (m) Error-Z (m) TOF (s)
10 0.01 0.0172 —0.0004 17
30 —0.0383 0.0511 —0.0023 28
50 —0.1444 0.0859 —0.0024 36
70 0.0296 0.1246 —0.0051 46
90 0.1901 0.1513 —0.0025 53
120 0.2632 0.1777 —0.0029 56
150 0.1331 0.2134 —0.0027 62

individual corresponds to a wingbeat parameter. These
individuals are randomly initialized based on the maximum
u; and minimum u; joint limits. Single point cross over is
utilized as cross-over operator. The cross over and mutation
operation are performed without violating the constrains of
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wingbeat parameters. The optimization problem is formu-
lated as a minimization problem where the objective is to
minimize the error between the desired position and the
position reached by the robot. In-order to compare the
performance of GA-based method and cosine wave-based
method, the positions reached by the robot shown in Fig. 18
are utilized as desired positions. It is to be noted that the
variables involved in estimating the position of the robot for
each degree of movement of the wings (wingbeat angle O)
are also dependent on their previous values. Algorithm 5.1
shows the algorithm for estimating wingbeat parameters
using GA.

The GA successfully traced the trajectory obtained using
cosine wave-based wingbeat generation. The difference in
both the techniques lies in the computational cost. GA-
based method requires 3.6 x 107 function evaluations for
1000 generations with a population size of 100. The cosine
wave-based method requires only 360 function evaluations.
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(b)-(d) are 3D plots of the path traced by the aerial vehicle. (a) Indicates the trajectory of the aerial vehicle while it is stabilizing

after take off. After stabilizing, the aerial vehicle increases its altitude in a linear manner. (b) Shows the aerial vehicle turning left and
(c) Shows the aerial vehicle turning right immediately after turning left. (d) Shows the aerial vehicle moving with a linear increase in

altitude in a stabilized manner.
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Algorithm 5.1.

Require: Population pop, number of individuals in the
population p,,, cross-over rate c,, mutation rate m,.,
maximum number of generations for evolution G, de-
sired positions Dy (d,, dy, d>)

1: Randomly initialize pop.
for i =1 to p, do
3:  Estimate P*(p;,py,p.) based on the lift and drag

forces generated for the current wingbeat parameters
of the individual 1.
4:  calculate mean squared error (MSE) between D,, and

D

Pi
5: end for
6: for wingbeat angle © = 0° to 360° do
7:  while population number <= G do
8: Rank the individuals based on the error of each
individual.
9: Do cross over where pop., is the new population
after cross over.
10: Do mutation where pop,, is the new population
after mutation.
11: Update population after cross over and mutation
12: for i =1 to p, do
13: Estimate P(p;,, py, p.) based on the lift and drag
forces generated for the current wingbeat pa-
rameters of the individual 4. ‘
14: calculate MSE between D), and P*
15: end for
16:  end while
17: end for

This shows that cosine wave-based method is 100,000
times computationally less expensive than the GA-based
method. This demonstrates the real-time usability of the
proposed cosine wave method.

6. Conclusion and Future Works

The main contribution of this paper is a general algorithm
to generate the wingbeat parameters for a 15 DOF flexible-
wing aerial vehicle and to ensure bird-like dynamic flight
motions. The cosine wave-based functions employed pro-
duces results at a rate suitable for real-time implementa-
tion. The model of the aerial vehicle is based on a bird with
appropriate physical, bio-mechanic and aerodynamic prop-
erties and it naturally performs a variety of aerial man-
euvres. Proper parametrization of wingbeat parameters is
essential to ensure flight motions similar to that of a real
bird. At present, only continuous vortex gait is modeled into
the system. In future, the vortex ring gait pattern can also be
modeled. Other possibilities include changing the flapping
frequency of the aerial vehicle dynamically depending upon
the path to be followed and modeling the motions for
landing sequences.
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