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Abstract

Purpose — The aim of this paper is to advance autonomous flight performance of a piston-prop tactical unmanned aerial vehicle (TUAV) by
simultaneously and stochastically redesigning its vertical tail and autonomous flight control system (AFCS).

Design/methodology/approach — A TUAV is produced in the Erciyes University Unmanned Aerial Vehicle Laboratory. Its vertical tail can be
changed before flight. AFCS parameters and vertical tail parameters are simultaneously and stochastically redesigned for maximizing
autonomous flight performance index using a stochastic optimization strategy. Obtained results are benefitted during simulation of
autonomous flight.

Findings — Applying simultaneous and stochastic design procedure for a piston-prop TUAV owing varying vertical tail and AFCS, autonomous flight
performance is maximized.

Research limitations/implications — Permission of Directorate General of Civil Aviation in Republic of Turkey is crucial for flight tests of unmanned air
vehicles.

Originality/value — Creating a novel solution for recovering autonomous flight performance of a piston-prop TUAV and also creating a novel

algorithm for application of simultaneous and stochastic TUAV's vertical tail and its AFCS design.

Keywords PID controller, TUAVs, Flight control system, Vertical tail, Simultaneous and stochastic design, Performance optimization
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1. Introduction

Especially for the past 25 years, unmanned air vehicles (UAVs)
have been largely applied in both military and commercial
responsibilities because of the reality that they have much
superiority with respect to the traditional manned air vehicles.
Some of chief superiorities are cheap manufacturing and low
operation costs, easily varying configuration according to
demands and not endangering the pilot during dangerous
missions. UAVs have been applied in civilian tasks such as for
aerial photography, agriculture, coast guarding, conservation
and customs. They have been also applied in military tasks such
as for navy for shadowing enemy fleets, for army for
surveillance of enemy activity and for air force for radar system
jamming and destruction (please visit, Austin, 2010 for more
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UAV applications). In this article, the specific UAV considered
is tactical unmanned aerial vehicles (TUAVs). They are heavy
UAVs (from 50 to 1,500 kg) and they fly at high altitudes (from
3,000 to 12,000 m). Our TUAV is in the class of close range
(CR-TUAV).

For the traditional aerial vehicle design strategy,
information for a dynamic model of the any vehicle to be
controlled is given to the control engineer who has not any
effect on design of this structure. On the other hand, there
exists a well-known certainty that the dynamic model design
and control model design challenges are not irrelevant (see
Grigoriadis et al.,, 1996 and Oktay and Sultan, 2013 for
details on this certainty). Negligible variations in some of the
dynamic model variables may improve autonomous flight
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performance considerably and remarkably. However, the
traditional design strategy does not devote the premium
global design. In exclusive strategy, the dynamic vehicle to
be controlled and the control model is essential to be
simultaneously designed while minimizing a cost function.
In this research article, this knowledge is pursued and a
piston-prop TUAV constructed in Erciyes University
(ERU) and an autonomous flight control system (AFCS) are
stochastically and simultaneously designed by considering
certain vertical tail variable and AFCS variables while
minimizing a cost function capturing some specific
autonomous flight trajectory tracking parameters related
both longitudinal and lateral flights.

Numerous scientific studies in the relevant literature have
been conducted for vertical tail design/redesign to improve
different aeronautical performance criteria. For instance, in
Nicolosi et al. (2013), a thorough analysis of vertical tail on
aerodynamics was performed to evaluate contribution of it to
directional stability and control while applying preliminary
design stage. A superior approach with respect to the well-
known USAF DATCOM and ESDU methods was developed.
In Jing er al. (2016), wind tunnel experiments were applied by
using an aircraft model having moderate swept wing and a
conventional vertical tail. In this work flow, mechanisms
responsible for static directional stability were examined. It was
obtained from experiments that the vertical tail is the main
supplier for static directional stability, whereas the fuselage is
the main supplier for static directional instability. In Larkin and
Coates (2017), a design analysis of vertical stabilizers on a
blended wing body (BWB) aircraft to maintain their
appropriateness and effects on stability was researched. It was
obtained from this research that a twin-stabilizer design is
appropriate for BWB aircraft. In Bacci and Vagias (2023),
numerical aerodynamic and radar analyses were applied on
three low-radar cross-section airframes, derived from the AVT-
183 diamond wing. The geometries were obtained by including
dissimilar configurations of vertical stabilizers, to improve
lateral and directional characteristics at high angles of attack
while minimizing the deterioration of radar signature
characteristics. It was found from this study that it is possible to

get adequate lateral/directional characteristics without a
substantial deterioration of the radar signature. In Graboswki
(2023), the analysis of flying qualities of frequently benefitted
unconventional configurations such as canard, flying wing,
three surface tandem wing and box wing were applied. The
stability analysis was shown in terms of basic static stability and
full six DoF dynamic analyses [please visit Ciliberti er al
(2017); Nicolosi et al. (2017); Carmona and Rejado(2019);
Zhou er al. (2022); and Arrieta er al. (2023) for vertical tail
other design/redesign studies and Xiong et al. (2023) and
Xiong and Li (2024) for state of the art UAV AFCS
applications].

Here, first of all, effect of vertical tail redesign variable on
dynamic models are tried to be explained. After composing
dynamic models, brief information for applied TUAV system is
given. Then applied autopilot system is briefly mentioned. In
addition, applied stochastic optimization approach benefitted
for simultaneous and stochastic redesign is also given. Finally,
simultaneous and stochastic redesign methodology and also
application results are given thoroughly. This paper is the firsz
research article that simultaneously and stochastically redesign
vertical tail of a piston prop TUAV and its AFCS. Application
of a stochastic optimization method that is simultaneous
perturbation stochastic approximation (SPSA) for previously
mentioned purpose is also one another important contribution
of this paper to the literature. This fulfills obtaining the optimal
outcomes safe and fast.

2. Effect of vertical tail redesign variable on
dynamic models

Here, effect of piston-prop TUAV vertical tail redesign on
dynamic models of TUAV is mentioned in short.

Figure 1 shows our piston-prop TUAV manufactured in our
drone laboratory and its vertical tail is tried to be redesigned in
this article. For any generic fixed-wing TUAV, the longitudinal
and lateral state space models are given in equations 1(a) and
(b), respectively [please visit also Nelson, 2007: Chapters IV
and V; Etkin and Reyd (1996): Chapter IV for more details]:

X7 A X1
At X, X, 0 -g 0 Au
A Z, Zy uo 0 0 Aw
Aq | = | My +MwZ, My + MwZ, M, + Miug 0 0 Ag
AB 0 0 1 0 0 A6
Ah —sin(6y) cos(6p) 0 —upcos(fp) 0 Ah

B
Xr X, w
Zr Z, TASAT
+ | My + MavZs, Ms, + M Zs, { A(ST} (1a)
0 0 ¢

0



Simultaneous and stochastic design

Aircraft Engineering and Aerospace Technology

Erdal Yesilbas, Barlas Ozgiir, Enes Ozen and Tugrul Oktay

Figure 1 Photos of our piston-prop TUAV

Source(s): Authors’ own work
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Above, many of the stability derivatives change with respect to
the vertical tail redesign parameter. For instance, one of the
stability derivative Ng changes as following:

0Sb
NB = Izz C"ﬁ
where:
Cy, = C,,Bwf + 1, VuCL,,
Su:/S
0.724 +3.06 —————
1+ cosA/4q @)

*

Z
+ 0.47” +0.00094R,,

Above, ¢;, changes with respect to the vertical tail effective

1.5

2
. *C. . . .
aspect ratio, where AR, = —5" AR. Determination of ¢;, with
vt

respect to the AR, is followed by using the graph in Perkins and
Hage (1949: Chapter VIII, p. 324). In this article, S,, and also
rudder shape are fixed and only tip and root chord lengths of
the vertical tail are varied vice versa. For application of AFCS,

in this article, state space model in equation (1) is required to be
controllable or at least stabilizable. It is satisfied in application
of this article.

This vertical tail design parameter is symbolized with A and
illustrated in Figure 2.

In Table 1, definitions of most of symbols benefitted in
equations above are introduced.

3. Applied tactical unmanned aerial vehicle system

In this section, some of the physical properties of our piston-
prop TUAYV are summarized.

In Table 2, in the first column, any physical property and in
the second column, its magnitude is shared.

4. Applied autopilot system

Here, a PID controller oriented hierarchical autopilot system
(HAS) structure is preferred to guide our piston-prop TUAV.
Its principal specialties are outlined next: any HAS used for
piston-prop TUAV guidance has three layers that are outer,
middle and inner ones.
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Figure 2 lllustration of vertical tail and design parameter

vertical tail
Vtip

fuselage reference line

horizontal tail
Source(s): Authors’ own work

Table 1 Definition of the symbols for state space modeling

Property Explanation

Xu X, The contributions of the changes in the velocities u and w with
respect to the change of X force

z,2, The contributions of the changes in the velocities v and w with
respect to the change of Z force

M, M,, The contributions of the changes in the velocities v and wwith
respect to the change of M moment

M, The contribution of the change in the angular velocity g with
respect to the change of M moment

Xs1 Xse  The contributions of the changes in the throttle and elevator
with respect to the change of X force

Zsr,Zse  The contributions of the changes in the throttle and elevator
with respect to the change of Z force

M1, Mse The contributions of the changes in the throttle and elevator
with respect to the change of M moment

Y, The contribution of the change in the velocity v with respect to
the change of Y moment

Yo, Yr The contributions of the changes in the angular velocities with
respect p and r to the change of Y force

Ly, L, Starred contributions of the changes in the velocities v and w
with respect to the change of L moment
L;, L Starred contributions of the changes in the angular velocities p

and r with respect to the change of L moment
N, Starred contribution of the change in the velocity v with respect
to the change of N moment

NN, Starred contributions of the changes in the angular velocities p
and r with respect to the change of N moment

Ys, Starred contribution of the change in the rudder with respect to
the change of Y force

Lga , N‘;a Starred contributions of the change in the aileron with respect

to the changes of L and N moment

L;,N;  Starred contributions of the change in the rudder with respect
to the changes of L and N moment

I 1, iy, Inertial terms of the TUAV

Source(s): Authors’ own work

Table 2 Physical properties of our piston-prop TUAV

Property Magnitude

Total mass 50kg

Maximum payload 15kg

Wing span 40m

Wing chord length 40 cm

Wing area 1.6 m?

Aspect ratio of wing 10

Passively morphing property Yes

Actively morphing property Yes

Wing taper ratio Untapered

Powerplant Liquid fuel powered
piston-propeller engine

Engine power 18 HP

Source(s): Authors’ own work

Behaviors of pitch and roll angles are stabilized inside of the
inner layer via applying control signals (elevator deflection
angle and aileron deflection angle, respectively). Then, heading
and altitude are stabilized inside of the middle layer. At the end,
tracking x- and y positions of TUAV is succeeded inside of the
outer layer. Any HAS has six PID controllers inside (please see
Figure 3 for block diagram of any HAS). By using PID blocks,
three reference inputs that are altitude, speed and heading angle
can be tracked overall (see also Oktay ez al., 2016 for details).
This commercial autopilot system is chosen in this article as it is
the safe and efficient tool for real-time applications and flight tests
for such a big and heavy TUAYV system.

5. Applied optimization approach for
simultaneous and stochastic redesign

Simultaneous and stochastic design of piston-prop TUAV
vertical tail and its autonomous system problem to
maximize autonomous flight performance is shared next:

min ¥ where ¥ = %, + a Fu (including

Ry R KDy Ry Rl KDy N

parameters relevant with not only for longitudinal
trajectory tracking but also lateral trajectory tracking) and
there exists lower and upper bounds on redesign parameters
(kp,,, k1,,: kD, s kPRI RD,, A) Where these parameters are
longitudinal and lateral PID controller gains and vertical
tail redesign parameter, respectively. In equation (3), this
optimization problem is summarized. Calculation of cost
index derivatives according to these design parameters is
not analytically achievable. Therefore, definite stochastic

Figure 3 Block diagram of any HAS structure
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optimization approaches are crucial. For the solution of this
particular redesign problem, a stochastic optimization
approach called as SPSA is selected here. It captures much
superiority according to the current approaches in the relevant
literature. Foremost, it is cheap due to fact that it just benefits
two evaluations of the objective for estimating the gradient.
Hence, it is much faster than other popular stochastic
optimization approaches like genetic algorithms and simulated
annealing. In addition, it is practical during solution of
constrained optimization problems (see Oktay and Sultan,
2013 for essential points). Here, SPSA is chosen for
simultaneous and stochastic piston-prop TUAV vertical tail
and AFCS redesign problem. A short definition of SPSA is
shared next: ¥ denotes the vector of optimization parameters
(ikp,,, k1, kD, kP> BRI, RD,,, A) here and those are six PID
controller gains for longitudinal and lateral flights and also one
vertical tail redesign parameter. During the application of the
classical SPSA, if V') is the estimate of ‘¥’ at k-th iteration, then
Y. +1="Yw — WYrsyy- Here, a,, and d,, are gain sequences, g
is the guess of the objective’s gradient at ‘P, where

5 < kp,, <95,
0.5<kj;, <9.5,
5<kp,, <95,

Fwhere5<kp, <95, ¥ = Fion + a* Fuu,a=

kp, kp kp  kp kp kp A
Pion " Tion ™ Dion Pl "“liar *Dlar

0.5<k;, <9.5,
5<kp,, <95,
0.9 < A<1.1

6. Application of simultaneous and stochastic
redesign idea

Here, simultaneous and stochastic design of piston-prop TUAV
vertical tail and its autonomous system problem is studied.
Longitudinal AFCS is required to track 5 degrees of pitch angle
and lateral AFCS is required to track 5 degrees of roll angle
simultaneously. The cost index captures parameters relevant
with not only longitudinal flight but also lateral flight. After
application of simultaneous and stochastic redesign approach
rather than conventional sequential approach, considerably
larger cost index is saved.

In Figure 4, total cost index save (4a), relative cost index save
(4b), longitudinal PID gain parameters’ changes (4c), lateral
PID gain parameters’ changes (4d) and root chord length
change (4e) are given, respectively. The relative total cost index
save according to the default original case (k, =50, k; =5, kp =
50 for both longitudinal and lateral PID controllers, A = 1
corresponding to original 0.052m of vertical tail root chord
length) is around %49 after application of simultaneous and
stochastic redesign idea. In Figure 4, for the initial step of
iteration (where design parameters have default values), the
number “0” is selected. Furthermore, the final values of design
parameters are k, = 11.97, k; = 5.03, kp = 32.21 for
longitudinal PID controller; 2, = 40.26, k; = 1.31, kp = 49.92
for lateral PID controller; A = 0.9583 corresponding to final
0.04983 m of vertical tail root chord length.

_ [ra-r r.-r
8K = | Zdihy, 24,

T
} > Ay € R is a vector of p mutually

independent mean-zero random variables {Ap;; ...
Appy filling definite conditions (please visit Sadegh and
Spall, 1998; He er al., 2003), ', and I'_ are estimates of
the objective calculated at Wy+ dpAp; and Wy —
drAn), respectively. The adaptation is satisfied by using
gain sequences a; and dj, which must vary with respect

t0 0, = min{ /(5 + 10", 95minmin(u, ) min(u, )} | and

d, = min{d/k@,0.95mjn{min{nli},min{nul,}}}, respectively,
where 7; and 7, are vectors whose elements are (¥, — Wmin, )/
— W) /Ay for each

negative A, respectively. Similarly, u; and u,, are vectors whose
elements are (W; — Wmiy)/gp); for each positive gy and

Ay; for each positive Apg; and (Womax,

(‘P[k]i - \Pmax,) /8; for each negative gy, respectively, and d, a,
A, O, S are extra SPSA parameters (please see Sadegh and
Spall, 1998 for details):

7.710n = Tr;,m + T + Tstm + MPIat (3)

Stion

+ Mpzo,n]lat = Tr

lat

Achievement of our AFCS during existence minor turbulence
(Von-Karman turbulence modeling) on the dynamical TUAV
system is evaluated as well via benefitting Matlab and Simulink
software in simulation environment.

In Figure 5, the closed loop system (CLS) longitudinal
responses are given. In Figures 5 and 6, the x-axis denotes time
in seconds and y-axis denotes output of interest in degrees. For
the symbols inside of these figures, nomenclature at the
Appendix can be seen. It can be obviously detected from this
figure that our AFCS can successfully track the reference
longitudinal trajectory. The components of the cost index
(settling time, rise time and overshoot) values are considerably
insignificant due to simultaneous and stochastic redesign
approach previously mentioned in this article. In addition,
other states like longitudinal and vertical velocity states (z and
w) that are in secondary interest for longitudinal trajectory
tracking do not face to face fast and large oscillations during
tracking of longitudinal trajectory. Finally, during existence of
bound on control surface (£30 degrees for elevator here),
desired longitudinal trajectory is tracked pleasantly.

Achievement of our AFCS during existence of minor
turbulence exists on the lateral dynamical TUAV system is also
considered here.

In Figure 6, the CLS lateral responses are presented. It can
be evidently seen from this figure that our AFCS can effectively
track the reference lateral trajectory. The settling time, rise time
and overshoot values for lateral trajectory tracking are also
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Figure 4 Optimization results after redesign
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inconsiderable because of the simultaneous and stochastic
redesign approach previously mentioned in this article. Besides,
the other states (e.g. v and ¢) that are in secondary interest for
lateral trajectory tracking do not face to face fast and large
oscillations during tracking of lateral trajectory. At last, during
existence of bound on control surface (25 degrees for aileron
here), desired lateral trajectory is tracked proficiently.

7. Conclusions

Simultaneous and stochastic redesign of a piston-prop TUAV
(tactical unmanned aerial vehicle) vertical tail and its AFCS is
investigated for maximizing autonomous flight performance.
Data of a TUAV which is produced in our ERU UAV
laboratory is benefitted for this research article. Its vertical tail
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Figure 5 Longitudinal responses of our piston-prop TUAV
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can be varied before flight according to the simultaneous and
stochastic design stage results. AFCS design parameters those
gains of longitudinal and lateral PID controllers and vertical tail
redesign parameter are simultaneously and stochastically
redesigned for maximizing autonomous flight performance via
benefitting a stochastic optimization strategy named as SPSA.
Results obtained are applied for both longitudinal flight and

30 40 50 60
Time(s)
lateral flight simulations. Important improvement on

autonomous flight performance that is almost %49 is reached
according to the TUAV which is not redesigned simultaneously
and stochastically. That caused less overshoot, settling time and
rise time throughout longitudinal and lateral trajectory tracking.
Closed-loop responses during existence of pure turbulence in
flight period is also investigated and reasonable results that
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Figure 6 Lateral responses of our piston-prop TUAV
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mean unimportant rise time, settling time and overshoot are
obtained. This study contributes piston-prop TUAV operators
much more confident, high autonomous performance and
peaceful flight opportunity.
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Appendix
Nomenclature

Pyqs T = Piston-prop TUAYV angular velocities (i.e.
longitudinal lateral, vertical, respectively)
[deg/s];

Uy, Vy W = Piston-prop TUAYV linear velocities (i.e.
longitudinal lateral, vertical, respectively)
[m/s];

byq, 04,y = Piston-prop TUAV Euler angles (i.e.
longitudinal lateral, vertical, respectively)
[deg];

675 Ops 64 0, = Throttle control, longitudinal control-
elevator, lateral control-aileron and lateral
control-rudder [deg];

h = Piston-prop TUAV altitude [m];

] = Controller cost or cost index [ ];

A\ = Sensor noise intensity;

w = Process noise intensity; and

T, Ty M, = Rise time, settling time, overshoot.
Abbreviations

AR = Aspect ratio of wing;

AFCS = Autonomous flight control system;

HAS = Hierarchical autopilot system;

SPSA = Simultaneous perturbation stochastic

approximation;
UAV = Unmanned aerial vehicle; and
TUAV = Tactical unmanned aerial vehicle.
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