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Abstract

In this article, autonomous flight performance of an unmanned aerial robot is advanced by benefiting
aerodynamic nose and tail cone shapes redesign both experimentally and computationally. For this
intention, aerodynamic performance criteria (i.e. maximum fineness) of a scaled model of autonomous
aerial robot called as Zanka-II manufactured at Erciyes University Faculty of Aeronautics and
Astronautics Model Aircraft Laboratory is first observed in subsonic Wind Tunnel. Results obtained in
such wind tunnel are subsequently validated using computational fluid dynamic (CFD) software (i.e.
Ansys). Therefore, nose and tail cone of fuselage are improved in order to improve maximum fineness
of the autonomous aerial robot. Finally, a novel scaled model using optimum data is redesigned and
placed in Wind Tunnel to validate Ansys results with experimental results. By using geometrical data of
ultimate aerodynamically optimized aerial robot, better autonomous flight performance is achieved in

both simulation environment (i.e. Matlab and Simulink) and real time flights.
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Nomenclature CFD Computational Fluid Dynamic
Emax Maximum fineness value

o Angle of attack
J Cost function

Cp Drag Coefficient
Kp Derivative gain

C. Lift Coefficient
K; Internal gain
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Kp Proportional gain

PID Proportional-Integral-Derivative
Tyt Rising time

Ts¢ Settling time

xwmp, xhmp aerial morphing parameters

WT Wind tunnel
0 Pitching angle of Aerial Robot
%0S Percent overshoot

1. INTRODUCTION

For around last five quarters, aerial robots have
been largely performed for military tasks as well
as in commercial operations because of the
reality of that they have several eligibilities with
respect to the traditional manned vehicles. Some
of these eligibilities are cost-effective
manufacturing and operation, not risking pilots
elastic

on hazardous conditions, and

configuration for customer request.

Various aerial robots have been used in aerial
agriculture; for instance, crop monitoring and
spraying, coast guarding such as sea lane and
coastline, photography, conservation such as
land monitoring and pollution during civilian

missions.

On the other hand, acrial robots have also been
utilized for military operations. For example,
they have been operated for navy such as
decoying missiles via the emission of artificial
signatures and shadowing enemy fleets; army
such as surveillance and reconnaissance of
enemy activity; and air force tasks such as radar
system destruction and jamming, and airfield

base security. Considerable diversity in the aerial
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robots is proposed in detail by [1]. Additionally,

various scientific researhes on  design,
manufacturing and autonomous control of aerial

robot have been currently investigated [2-7].

In order to obtain maximum performance for an
air vehicle, several researhes are conducted on
aerodynamic shape improvement [8-11]. In
Several tail cone shapes such as elliptical tail
cone, conical tail cone and spherical tail cone are
tested in order to reduce drag [9]. Also, optimal
wing shapes are investigated to obtain minimum
drag for an experimental unmanned aerial
vehicle by using an aerodynamic shape
improvement algorithm [10]. These studies show
that 30% of wing drag reduction can be achieved
by aerodynamic shape improvements. In another
research, improvement of free-to-rotate tail fins
are performed [11]. Both steady and unsteady
asymmetric flows among its designs in canard
fins are calculated by solving the Reynolds-
Averaged Navier-Stokes solutions with Fluent
[12-14]. The optimum tail fin reduced roll rate of
the tail fins around 6%, and increased the normal

force about 4%.

In aerodynamic shape improvement studies, this

is the first journal article considering
aerodynamic nose and tail cone shape
improvement for performance improvement of
autonomous aerial robot by simultaneous design
of a load-carrying aerial robot and autopilot
system. Moreover, a stochastic optimization
method is first time benefited for this purpose,

hence the optimum value of cost function is
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found accurately and fast. In addition, although
smaller values of overshoot, settling time and rise
time are satisfied during tracked trajectory,
aerodynamic nose and tail cone shape
improvement advanced autonomous flight

performance considerably [15].

2. MORPHING MECHANISM OF THE
AERIAL ROBOT
Aerial robot wings yield the aerial robot to satisfy
the flight conditions, but wings solely are not
sufficient to satisfy the best flight performance in
each condition. In order to achieve the optimal
performance, mechanisms such as morphing
flaps and wing tips that can change wing surface
and aerial robot geometry during flight have
studied by researchers and designers. After
seeing accomplishment of these studies,
placement of mechanical moving elements on the
wing tips and remote control of wing tips are
developed [16, 17]. In this study, both nose and
tail cone of aerial robot are redesigned. Drawing
of manufactured morphing aerial robot Zanka-II,
and its side and upper view photos are illustrated

in Figure 1.

(a)
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(©)

Figure 1. Drawing of morphing aerial robot
(morphing aspects are brown) (a), side (b) and
upper view (c) photos of Zanka-II
Each one of the wing system comprises gear
teeth, micro motor, bidirectional mini brushing
electronic speed controller (ESC), and M3 worm
gear. As seen in Figure 2 (a), micro motor is a
DC motor and operating between ranges 6-9 V,
creates a torque of 1.8 kg. The gear motor is
placed on the shaft of the related motor (see
Figure 2 (b)). This gear operates with a second
gear placed on the bearing compatibly (see
Figure 2 (d)). In released state of the gear
mounted on bearing, the gear has M3 tooth. For
turning the engine right or left by the remote
control, a bistable switch is used to send signal to
ESC (see Figure 2 (¢)). ESC is a bidirectional and
brushed circuit, and works in two sides in terms

of the incoming signal directly through the
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remote control switch (see Figure 2 (e)). The
direction of gear rotation determines moving of
motor, and hence a mechanical system that has
such a gear can lead screw in-or-outward
smoothly (see Figure 2(f)). This movement
results to moving of wing tip parts, and therefore

provides alteration of the wing area.

Sakarya University Journal of Science 23(1), 51-65, 2019

3. AERODYNAMIC

®

Figure 2. Morphing mechanism. DC (a) and gear motor
(b) placed on shaft. Servo motor placement in the wing
(c). Electronic speed controller (d). Assembly of the
expanding parts of the wing (e). 3D view of the moving

part of the wing (f)

SHAPE
IMPROVEMENT

Aerodynamic shape improvement of an air
vehicle can be achieved by maximum fineness
ratio that is a combination of the lift and drag
forces of the air vehicle. An increase in the lift
force of the air vehicle increases the
controllability, hence the distance of take-off and
landing decrease, and similarly the decrease in
the drag force reduce fuel consumption.
Maximum fineness ratio can be defined as the
ratio of the lift force to the drag force in general
expression. However, solely increasing the lift
force or decreasing the drag force for
performance improvement may not be sufficient,
since the drag force is proportional to the square
of the lift force as given in (1). Therefore,
examining (2) can be more accurate and reliable

for aerodynamic improvement.

C,=C, +KC/’ (D
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1

E = W

where C,, and C, are drag and lift coefficient.

(2)

C)p, depicts the drag force coefficient when the
lift force is 0. K =1/(7A,e) where A, is wing

aspect ratio, and e is oswald constant.
3.1. Numerical Method

Flight performance of an autonomous aerial
robot improved by optimum aerodynamic nose
and tail cone shape may be computationally
investigated by using CFD code with commercial
Ansys [20-22] software depended on finite
volume technique [23]. The aerial robot has 1.06
m length and 1.60 m wingspan. For all
simulations, velocity, density of air, and
kinematic viscosity are defined as 16.6 m/s
(about 100km/h), 1.036 kg/m3 and 1.5111x10°°
m2/s, respectively. Also, Angle of attack is
selected as -4, 0, 4, 8, 12 and 16 degrees.

Velocity Inlet

Velocity
Inlet

Aircraft

\
\
\
\
i
F
\

Velocity Inlet

(a)

I [ Pressure

The turbulent viscosity was worked out through
Standard k-e¢ Turbulence Model [24-26]. All
solution variables were solved via first order
upwind discretization scheme [27]. For these
simulations, the convergence criterion is selected

to be 10°°.
3.2. Boundary Condition

Computational domain extended to 15
wingspans (C) for upstream of the leading point
and downstream of the trailing point of the aerial
robot. Also 20 C was implemented from pressure
outlet surface. Velocity inlet boundary condition
was applied upstream and downstream with
speed of 16.6 m/s. No-slip boundary condition is
used at solid surfaces. Figure 3 illustrates all
these properties for simulations. Velocity
components are defined for each angle of attack
situation. The x component of velocity is
calculated by x=16.6cosa, and y component of

velocity is defined with y=176.6sina formula,

where a is the angle of attack in degree.

(b)

Figure 3. The dimensions (a) and boundary conditions (b) of the computational domain (nose and tail cone)
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3.3. Grid Independency Study

The grid for simulations is generated by Ansys
Mesh program, and nose options with mesh are
shown in Figure 4. Patch conforming/sweeping
method which is suitable for clean computer aided
design geometries is used for meshing. For
eliminating of mesh effects, optimum mesh
element number should be determined. Increasing
of the element number provides more accurate
results, but using more element increases solving
time. For this reason, grid independency study has
been done with 0.1k, 0.4k, 1k, 2.4k, 6k and 10k
elements where k=10°. In Figure 5, lift coefficient
(Cv) variation with different element numbers are
given at 0 degree angle of attack. For elements
number larger than 2.4k, lift coefficient values do
not change considerably. So it can be decided that
2.4k elements are enough for the accurate results.
Approximately all of these analyses completed
between 10000 and 20000 iterations. Used
computer for these analyses has 3.60 GHz CPU
and 8§ GB RAM. Maximum analysis time for a
simulation was 2 hours. Similar to nose cone, all
of these processes are reperformed for the tail

cone.

To summurize, in this section, various nose and
tail cone equations have been examined to
improve the autonomic performance of the aerial

robot.

Emax values are calculated using various equations
of nose and tail cone with both CFD and WT.

Comparation results of CFD and WT are given in

Sakarya University Journal of Science 23(1), 51-65, 2019

Table 1 and 2. Solid drawings of these various
values performed in nose and tail cone equations
are shown in Figure 4. The most appropriate
equation for both nose and tail cone are obtained
as conic equation with Emax value of 6.54 and

6.44, respectivelly.
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. s m L
(e)
Figure 4. Mesh of nose options. Conical (a), Biconical (b),

Elliptical (c), Spherically tangent ogive (d), Initial reference

manufactured (e)

Lift Coefficient
w
T

o 5E+06 TE+07

Number of Element

Figure 5. Grid independency result for lift coefficient (nose

and tail cone)
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3.4. Aerodynamical Results

In this subsection, various nose and tail cone
shapes such as elliptical, conical, biconical,
inverse-parabolic, parabolic, spherically blunted
tangent ogive, and haack series [18, 19] are
investigated to maximize the value of maximum
fineness (Emax). In Table 1 and 2, CFD drawings,
CFD and Wind Tunnel (WT) results, and Emax
values are presented for nose and tail cone shapes,
respectively. From these tables, it can be seen that
the maximum value of Emax is obtained for
spherically blunted tangent ogive nose cone shape,
and conical tail cone shape. The maximum values
of Emax are around 1.4-3% larger than the one of
initial reference aerial robot. This amount may
seem smaller, but it has very important
advantageous for performance characteristics such
as maximum range, endurance and autonomous
performance. It is important to state that initial
cone and ultimate cone which has maximum FEmax
values (i.e. optimum geometry) are only
experimented in wind tunnel. The maximum
fineness value for the remainder of cones is
expected computationally, so do not need to test
with the aforementioned cone configurations. In
Figure 6, wind tunnel experiments for initial and

optimum geometry are presented.
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Table 1. Improvement results for nose cone
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Table 2. Improvement results for tail cone
Tail cone CFD Ci- Cp Enax
Lr
0.8F
o6
s |
Produced 294l
(3
. 3 6.35
Aircraft So02f
co.
€
0 - CFD
: WT
025 005 04 015 02
Drag Coefficient (C)
l —
¢
Haack Sosk
(%)
Series "‘o; 6.2
(&)
C=0.3 g
0 L
L — CFD
0 005 00 015 02
Drag Coefficient (C,)
1 —
08}
o6
=
Inverse g
g04r 6.37
. =4 *
Parabolic Coal
0 -
CFD
0.2

20 005 04 045 02
Drag Coefficient (C,)

Sakarya University Journal of Science 23(1), 51-65, 2019

59



Celik et al.
Autonomous flight performance improvement of the morphing aerial robot by aerodynamic shape redesign

o
=]
T

L)

o
o
—

Elliptical

Lift Coefficient (C
e o
LS

T T

o
T

6.29

20005
Drag Coefficient (C,)

91 045 02

|_)

e
[=2]
T

Conical

Lift Coefficient (C
e ©o
N L
T T

o
T

e
)

6.44

o

0.05
Drag Coefficient (C,)

04 015 02

(a)

(b)

Figure 6. Wind Tunnel tests. Spherically blunted tangent ogive nose (a). Conical tail cone (b)

4. AUTOPILOT AND
EVALUATION

PERFORMANCE

4.1. Autopilot System

For both simulation environment (i.e. Matlab) and
real-time flight study, classical PID based
hierarchical autopilot system is chosen [28]. In the

system structure, three layers of hierarchical PID

Sakarya University Journal of Science 23(1), 51-65, 2019

controller to satisfy tracking trajectory are

performed as seen in

Figure 7. In this autopilot, control signals are
provided by inner loop, desired pitch and yaw rates
are achieved by middle loop, and the trajectory of
aerial robot is tracked by outer loop. The 7, 4, r, v
,0 and ¢ indicate throttle, altitude, rudder, yaw,

pitch and roll, respectively.
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E PIDr >

ML m = -

Vaals) ) 4 L .:;at;e-ISpace

Wad(s) 'Y Oy S Waa(s)

Vaa(s)
Ha(s)

0a(s)
@a(s)

Figure 7. Hierarchical autopilot system

4.2. Autonomous Performance Evaluation

Generally, PID-based hierarchical controller
system enables to control altitude, yaw angle, and
velocity for tracking a definite trajectory. The
proposed system includes 6 PID controllers with
the 3 layers that are outer, middle, and inner loops.
These PIDs have also upper and lower restrictions,
and guarantee to track desired trajectory. For
general situation, interested autopilot user needs to
set totally 18 parameters of PID (i.e., 6 parameters
for each P, I and D) to benefit from all internal
PIDs. Moreover, in this study for simultaneous
morphing aerial robot and autopilot design
strategy, two more structural parameters (i.e.
optimum extension ratios of horizontal tail and
wing) are set. For high-performance trajectory
tracking, a cost function consists of settling time
(Tst), rise time (75+), and overshoot (OS) is defined

as
J =X (T, ~Ty, P+a(T, - T, ) +¢(%0S-%08 )" (3)

where subscript u denotes upper value; then

optimization problem can be described as min {J}

Sakarya University Journal of Science 23(1), 51-65, 2019

where J is the function of 20 terms (18 controller
design parameters and 2 aerial morphing
parameters) and can be given as

xwmp,thp,KPI,Kll,KDl,KPZ,

J=f 4

TS0 p— Ky K, Kp

where xwmp and xhmp are aerial morphing

parameters, and K., K,, K, are autopilot

parameters for each PID. Terms of cost function
is calculated by using simultaneous perturbation

stochastic approximation (SPSA) [29, 30] as

If T =T T is non-defined else

sty ? st

)
T <T T isitsvalue
: w st
If T >T , T is non-defined else,
u rt
(6)
T, <Trtu, T isits value
If %0S 2 %0S , %0S is non-defined else
(7)
%0S < %OSu , %08 is its value
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SPSA results of cost function J for the best nose
(a) and tail (b) cone are given in Figure 8. After the
simultaneous optimization process, 3% and 1.4%
improvements in maximum values of Emax result to
2.6% and 1.1% improvement in entire autonomous
performance by using nose and tail cone redesign,
respectively. These improvements of Emax may

seem small. However, the improvements are

obtained with a very small modification in aerial
robot geometry, and it is very important in terms
of controller performance since reducing flight
energy consuption. After applying the design
methodology, and when Von Karman turbulence
[31] exists to model a flight condition closed to
real, satisfactory tracking trajectory of the aerial

robot for pitch angle is depicted in Figure 9.

1.305 1.305 r Femme———y
13 1.3 T
1.295 1.295 .
=
1.29 1.29 T
1.285 1.285 * —H-- - -
1.28 1 1 1 Lo s 1 | | |
0 1 2 3 4 10 128 1 2 3 4 "
Iteration Index Iteration Index
(a) (b)
Figure 8. SPSA results of cost function J for the best nose (a) and tail (b) cone.
8 T T T :
ol ! Ouct nrel‘ |
- //\ |
1]
T 4r |
[a=]
5 o
0 | I I I L
0 10 20 30 40 50 60

Time(s)

Figure 9. Trajectory tracking for resulting ultimate aerial robot

5. CONCLUSIONS

In order to improve flight performance of an
autonomous aerial robot, aerodynamic nose shape
optimization both experimentally and
computationally were examined in this article.
Aerodynamic performance criteria (i.e., maximum
fineness) of a scaled model of the autonomous

aerial robot manufactured at the Model Aircraft

Sakarya University Journal of Science 23(1), 51-65, 2019

Laboratory was first observed in subsonic Wind
Tunnel. Obtained results were validated using a
computational fluid dynamics software (i.e.
Ansys). Nose and tail cone of fuselage were
optimized in order to maximize maximum fineness
of the autonomous aerial robot by using various
shape equations in Ansys. After deciding the

optimum shape, a new scaled model using the

optimum data was then produced and placed in
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Wind Tunnel in order to validate Ansys results
with experimental results. By using geometrical
data of ultimate aerodynamically optimized aerial
robot, better autonomous flight performance was
found both in simulation environment (i.e. Matlab)

and real-time flight tests.

A small increase (around 3% and 1.4%,
respectively) for the maximum value of fineness is
obtained via aerodynamic nose and tail cone shape
optimization for morphing autonomous aerial
robot. minor, but

2.6% and

Finally, a important,

improvement  (around 1.1%,
respectively) in autonomous performance is

achieved.

For the future, nose and tail cone can be
investigated with a simultaneous design while it is
studied separately in this article. Explicitly, each
nose and tail cone shape is designed and then
examined in computational fluid dynamic
software and subsonic Wind Tunnel separately. In
the future, various configurations of nose and tail
cone can be examined at the same time. Thus,
can be achieved in

higher improvements

autonomous performance.
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