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Abstract: In recent years, the interest in unmanned aerial vehicles (UAV) has increased. They have penetrated into all areas of life.
However, studies on UAV control have been a frequently discussed topic by researchers. In this study, a hexarotor in which yaw flight is
tried to be controlled by changing the arm lengths during flight (morphing) is discussed. The hexarotor mathematical model is linearly
derived using Newton's equations of motion. The equations of motion are modeled using the state space model approach. Hexarotor has
been drawn in Solidworks program in accordance with the reality of all morphing states. Morphing estimation and accordingly proportional-
integral-derivative (PID) coefficients were estimated using Simultaneous Perturbation Stochastic Approximation (SPSA). SPSA was
preferred because it converged to the optimum result faster than similar algorithms. Hexarotor simulations were performed in
Matlab/Simulink environment. Hexarotor yaw flight stability was achieved by minimizing the SPSA generated cost function based on
design performance criteria. The cost function converged in 3-4 iterations and approached the optimum result. Accordingly, the design

performance criteria have also improved and successfully followed the given trajectory.
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1. Introduction

UAVs are aircraft that can be controlled remotely by the pilot or
are automated systems that allow them to fly autonomously or that
can fly on a pre-planned route. As UAV technology develops,
especially rotary-wing UAVSs, which are the main subject of this
study, the demands for these devices increase in every field. Today,
UAVs are used in every field from entertainment to war, from
transportation to the film industry[1-2]. With the presence of
UAVs in our lives so much, researchers have focused on research
on UAV control. However, in addition to the control, the changing
UAV sizes also attracted the attention of researchers. UAVs can
vary in size according to the task they do, rather than their standard
size. E.g; It is not desirable for a UAV to be used in payload and
reconnaissance to have the same dimensions for both missions.
Because while exploring, its dimensions need to change while it
must enter through a cave or window. This results in changes in
the wingspan or arm length of rotary wing UAVs during flight.

In recent years, a lot of work has been done on changing UAV
dimensions or arm lengths. Kose and Oktay [3-5] studied the
modelling and control of quadrotor, especially quadrotor UAV, as
well as the effect of varying arm lengths, namely the morphing
state, on flight. In their study, they examined the effect of
morphing state on quadrotor longitudinal, lateral and hover flights.
They obtained the mass and moment of inertia information by
drawing the full model of the quadrotor in Solidworks program in
accordance with the reality. The quadrotor model was created
linearly using the state space model approach in Matlab/Simulink
environment by utilizing Newton's laws of motion. In their studies,
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the effect of the morphing state was analyzed separately for each
flight and shared with graphic and numerical expressions. The rise
time, settling time and overshoot values of the simulations in which
the arm lengths are assumed to be the same in all three flight
conditions are considered as the determining factors. Accordingly,
morphing state had no effect on quadrotor longitudinal and hover
flight, but had an effect on lateral flight. Rise time, settling time
and overshoot values increased in lateral flight. Studies on
hexarotor control also find wide coverage in the literature.
Leishman et al [6] discussed the navigation and control of a
hexarotor equipped with vision based in non-GPS areas. In a
platform created, they compared navigation and yaw movement
control without hexarotor GPS and by considering cases with EKF
and without EKF. They also made navigation with computer
vision. Newton's equations of motion and PID algorithms were
used for hexarotor modelling and control. Rosales et al. [7]
consider a new P1D algorithm approach for the hexarotor trajectory
tracking task. They considered the non-linear motion of the
hexarotor in their work. The stability of the PID controller was
developed with an adaptive neural technique and its accuracy was
confirmed by Lyapunov discrete theory. A neural description of
the dynamical model of the hexarotor is also done for back
propagation of output errors to adjust the PID gains to reduce
control errors. They showed that the proposed algorithm can be
considered as a general solution for the control of nonlinear
systems and especially when the dynamics of UAV systems are
variable. Arellano-Muro et al [8] discussed the hexarotor dynamic
nonlinear model and its control. The control algorithm is based on
the backstepping technique and is applied to the trajectory tracking
problem. The aerodynamic forces acting on the hexarotor, the wind
and other external factor parameters are estimated by the sliding
mode. The proposed control technique gave sufficient results due
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to the strength of the backstepping technique, as external winds
and external parameters can be controlled. It also confirmed the
robustness of the proposed technique in simulations. Studies on
UAYV morphing have been carried out using different algorithms.
In Konar[9], morphing UAV was handled simultaneously with
maximum acceleration and endurance ABC algorithm. With the
proposed system, various features related to propeller diameter,
propeller pitch and battery were accepted as input parameters to
the model. Maximum acceleration and endurance are accepted as
output parameters. They have shown that the ABC algorithm is an
effective method of maximum acceleration and endurance and
reduces the cost. Konar et al. [10] used the ABC algorithm to
develop the thrust-torque ratio of an unmanned helicopter. The
maximum thrust-torque ratio corresponding to the optimum input
values was tried to be obtained by using the ABC algorithm. For
this, a four-input and single-output model was created. With the
proposed model and algorithm, 31% improvement was achieved.
In this study, the yaw flight of the hexarotor, which has six rotors
belonging to the rotary wing category, is discussed. Today, it is
important for usability that UAVs vary in size for various missions.
The proposed method in this study is to ensure that a hexarotor,
which starts flying, is prepared for a desired mission during air
flight by changing the arm lengths during flight. For the hexarotor
modeling, a linear model was created by using Newton's laws of
motion. The linear model was simulated in the Simulink
environment using the state space model approach[11]. As the
control algorithm, the PID control algorithm, which is frequently
used in the industry and is easy to use, is used. The change of
hexarotor arm length can be termed as morphing. In addition, when
the arm lengths change, the moment of inertia values also change
because the distance from the axis of rotation changes. Drawings
of 20 different arm lengths of hexarotor were drawn in Solidworks
program and moment of inertia values were obtained from the
drawings. The length of the arm was determined by SPSA. Proper
determination or estimation of the parameters that play an active
role in the control of the UAV is important for the stable flight of
the UAV. Various parameters are estimated using many
optimization algorithms in the literature. However, the important
thing here is to be able to converge to the optimum result quickly
and within satisfactory limits, depending on the cost function.
Since SPSA makes only two predictions in each iteration, it is
preferred because it converges faster than similar algorithms. The
arm length varies between 0.37 m and 0.65 m. The moments of
inertia of the nearest arm length are taken according to the arm
length estimated by SPSA. The moments of inertia obtained from
the drawings are sufficient since the gap value is low. In addition,
PID gain values, which are the control algorithms, vary depending
on the morphing rate. PID gains are also estimated by SPSA
according to the morphing rate. With the proposed method,
hexarotor yaw flight was tried to be controlled according to
different arm lengths.

2. Hexarotor Model, Morphing and Control
Algorithm

2.1. Hexarotor Model

The Hexarotor is a six-rotor aircraft, as shown in Figure 1. The
Hexarotor has six degrees of freedom and is an under-actuated
system. The six degrees of freedom consist of translational and
rotational motion in the three-dimensional axis.

Hexarotor uses earth and body frame to define position and
orientation on the three-dimensional axis(x, y, and z). Earth frame
is a fixed frame that does not move. Body frame is used to control

angel orientation.
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Fig. 1. Hexarotor model [12]

The hexarotor needs to vary the rotor speeds in order to perform its
basic movements. The yaw(y) motion considered in this study is
the motion that takes place on the z axis. Here, the yaw motion
occurs with clockwise or counterclockwise rotation. While 3 of the
rotors rotate clockwise, the other 3 rotate counterclockwise. The
speed of the rotors rotating in the direction in which the yaw
motion is desired is increased and the speed of the reverse rotating
rotors is decreased.

To describe the hexarotor dynamic model, the structure is assumed
to be symmetrical and rigid. Accordingly, the hexarotor
mathematical model can be put forward with the Newton Euler
approach[13]. In this study, linear motion equations for hexarotor
deflection motion are discussed. Accordingly, the complete
mathematical model of the hexarotor can be written as follows.

¥=g0 1
y=-g¢ )
Z=-g+ Uz 3)
¢ =% )
d =l1]—f ©)
W =% (6)

g Qravitational acceleration, m hexarotor mass, I, I, and
I, respectively hexarotor moment of inertia, U;, U,, Us,
U, represent the hexarotor control inputs[14]. Since yaw flight is
considered in this study, only the U, input will be used.

U, = d(—0? + 0% — 0? + 0} — i + w?) ©)

2.2. Hexarotor Morphing

Morphing is called as changes made in the shape of aircraft during
or before flight[15]. Morphing may vary depending on the design
of the aircraft[16 - 17]. E.g; while changing the arm angles or
changing the arm lengths in quadrotor type aircraft[18], it can be
done by changing the wing lengths in fixed-wing aircraft[19]. In
the hexarotor, on the other hand, morphing is performed by
changing the arm lengths simultaneously. Hexarotor arm length
was determined to be 0.5 m in flight starting condition. With
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Morphing, the arm length was changed between 0.37 m and 0.65
m. Since morphing takes place during flight, it is considered as
active morphing. Examples of hexarotor morphing states are
shown in Fig 2.
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Fig. 2. (a) Initial condition, (b) Morphing 1, (c) Morphing 2, (d)
Morphing 3
Table 1. Moment of inertia
Arm Length(m) I,(kg=m?®) I,(kg*m?) I,(kg * m?)
0,37 2,93 2,95 0,22
0,38 1,89 1,88 0,22
04 1,89 1,89 0,22
0,41 1,9 1,94 0,28
0,43 2,96 2,96 0,26
0,44 1,92 1,92 0,28
0,46 2,98 2,98 0,3
0,47 2,99 3,02 0,35
0,49 1,95 1,97 0,36
05 3,01 3,02 0,37
0,52 1,97 1,97 0,39
0,53 3,03 3,04 0,41
0,55 3,05 3,05 0,43
0,56 2,02 2,01 0,47
0,58 2,02 2,02 0,49
0,59 2,04 2,03 0,51
0,61 2,05 2,05 0,55
0,62 2,07 2,08 0,59
0,64 3,13 3,14 0,61
0,65 3,15 3,15 0,63

In the case of morphing, while the arm lengths change, the

hexarotor mass remains constant, changes occur on the moments
of inertia where the arm lengths change their distance from the axis
of rotation. Moments of inertia were obtained from the models of
morphing states drawn in Solidworks program. The moments of
inertia obtained from the models drawn in the Solidworks program
are given in Table 1.

2.3. Control Algorithm

PID control algorithm is a widely used algorithm in control
applications and industrial systems. It can be easily applied to
linear control mechanisms. PID control algorithm coefficients (k,,
k; and k) are preferred because of their easy adjustment, design
simplicity and robustness. When applied to highly complex
systems such as the Hexarotor, the model can produce poor results
if not simplified properly[20].

PID control includes proportional-integral-derivative terms. These
three terms represent PID basic elements. These three elements
each do a different job and have different effects on the system.
Proportional control deals with current control error, integral
control deals with estimation of future errors, while derivative
effect deals with past errors. With the sum of these three effects,
PID control emerges. PID control can be shown as in Fig 3.

Differ- 3
“| entiator 4
Integ-
et) | rator u(t)
>k I
L |

Fig. 3. PID controller[21]

The system error e(t) is tried to be minimized for u(t) by passing
through three effects. The mathematical expression for the PID

controller for yaw flight can be shown as follows.
t

u(t) = K, e(t) + K; f e(t)d(t) + K, de(t)/d(t) ®)
0

Here, the coefficients k,, k; and k, are important parameters for
PID to be effective. If these parameters are not selected properly,
PID control may not give the desired results. Since the PID
coefficients change according to the arm lengths in this study, the
coefficients were determined by SPSA.

3. SPSA Based Solution

SPSA is an optimization algorithm that uses only the measures of
the objective function to search for solutions[22]. SPSA is used in
many areas such as modelless predictive control[23], air traffic
control[24] signaling timing for vehicles[25]. In this study, the
estimation of arm length and PID coefficients in case of hexarotor
morphing was performed with SPSA.

When SPSA seeks a solution, it starts with guess first and updates
iteratively to improve performance. The problem solved with
SPSA can be expressed as follows.

min (f (6)) ©)
where f(8) is the objective function. 6 is the parameter vector of
length D. 6 consists of real numbers and is a vector with upper
and lower limits for each element. The SPSA general recursive
form is as follows.

k1 = bk — arGi(Ok) (10)

where, gi(8y) is the estimation of the gradient vector g(6) at k
iterations based on the measurements of the objective function. gj
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is the estimate of the gradient and a; is a positive number. The
gradient estimation in each iteration of SPSA is as follows.
o YO+ ady) =y (0 = )

Gki(Ok) =

2c Ay

(11

where, ¢, is a positive number and A is the perturbation vector.
Morphing rate and PID coefficients are obtained simultaneously
with SPSA for yaw flight. Optimum results are important for
stability and performance of yaw flight. SPSA determines the
optimum results based on the design performance criteria of rise
time, settling time and overshoot. This depends on minimizing the
cost index. Then, depending on the design performance criteria, the
cost function can be written as follows.

I = TTt + TSt + (0N (12)

The cost index for the yaw flight would be as follows. In this study,
since the smallest cost index belongs to T, it is tried to minimize
the cost index by approximating all the values that make up the
cost index.

]yaw =a/b* Trtyuw + Tstyaw +c/d* Osyaw (13)

The aim of optimization algorithms is to minimize the cost index.
The total cost index is subtracted from the first cost index and
divided by the first cost index. Since the output value is very small,
it is multiplied by 100 to obtain the total cost index[26]. The total
cost calculated for the yaw flight can be calculated as follows.

Cost(1) — Cost(i)) . 100

0, =
$Jtot < Cost(1) (14)
The a, b, ¢, and d weights are derived from the design performance
criteria and are used to minimize the function. a, b, ¢, and d weight
values were obtained by taking the rise time, settling time,

overshoot and peak values in the first iteration, respectively.
Table 2. Weight of values in SPSA

Weight Values
a 0.0128
b 0.0702
c 0.0128
d 23.7

The improvement in the cost index and the cost of yaw flight are
shown in Fig 4.

6
—o—k*]J
yaw
54
yaw
4+
— 3
2
1 ]
- — A A A .\_/"‘k
0 - .
0 2 4 6 8 10

Iteration Index
Fig. 4. Improvement in cost index, yaw flight cost index
The main purpose of SPSA is to improve the cost in each iteration.

This is possible by calculating %], in each iteration. The %],
calculated at each iteration is given in Fig. 5.
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Fig. 5. Total cost improvement in each iteration

Morphing ratio was determined as 0.5 m at the beginning of SPSA.
The best morphing rate was obtained by estimating different
morphing values in each iteration. Morphing rate can be minimum
0.37 m and maximum 0.65 m. Accordingly, the estimated
morphing rates in each iteration are given in Figure 6.

0.65

0 2 4 6 8 10
Iteration Index

Fig. 6. Morphing ratio(arm length) in each iteration

For yaw flight, the PID coefficients also vary according to the
morphing ratio estimated at each iteration. Since there is a change
in the hexarotor solid body model in each estimated morphing
ratio, the PID coefficients should be updated as well. At the
beginning of SPSA, the PID coefficients were given as 50, 5 and
50, respectively. The estimated PID coefficients according to the
morphing ratio in each iteration are given in Figure 7.

100

Yaw PID Coefficients

Iteration Index

Fig. 7. PID coefficients in each iteration

The stability of yaw flight depends on the design performance
criteria of rise time, settling time and overshoot obtained from the
PID structure. The better the PID coefficients are selected, the
better the design performance criteria will yield. The design
performance criteria according to the estimated PID coefficients in
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each iteration are given in Fig 8.
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yaw
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Fig. 8. The design performance criteria in each iteration

Closed-loop responses for yaw flight were obtained by performing
simulations based on the morphing ratio and P1D coefficients using
SPSA. Moments of inertia according to the morphing ratio
obtained in each iteration were extracted from the data set and
simulated with PID coefficients. Simulations were carried out for
the pi/2° angle. The flight initial state, fifth iteration and final
iteration simulation results are shown below.
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Fig. 9. Simulations results (a) Initial iteration, (b) Fifth iteration, (c) Final
iteration

As can be seen from the simulation results, the hexarotor
successfully followed the given trajectory. Design performance
criteria remained within satisfactory limits.

4. Conclusion

Proper selection of morphing rate and PID coefficients is important
for hexarotor yaw flight stability. The hexarotor solid body model
will change as the arm length becomes longer or shorter according
to the estimated morphing rate. Since this change changes the
distance from the rotation axis, it will also have an effect on the
moments of inertia.

In this study, active morphing condition is considered for yaw
flight. Active morphing was carried out during hexarotor flight.
SPSA optimization method was used to determine the PID
coefficients depending on both the morphing ratio and the ratio
during active morphing. Moment of inertia values changing with
morphing ratio were obtained from full models drawn in
Solidworks program.

In yaw flight performed using SPSA, 92% improvement was
obtained when the initial state and final state were compared. This
improvement is obtained from the cost function formed by the yaw
flight design performance criteria. The PID coefficients k,,, k; and
kq are given as 50, 5 and 50 in the initial state, respectively. In the
final state, the values were 89, 2 and 12, respectively, and remained
within satisfactory limits. The arm length was determined as 0.5 m
in the initial state and 0.38 m in the final state, and managed to stay
within the limits given for optimization.

When the simulation results were examined, the pi/2° trajectory
given for the yaw flight was successfully followed by the values
predicted by the hexarotor SPSA. When the graphs given in Fig 9
are examined, in the last iteration, the hexarotor successfully
followed the trajectory with the final value determined by SPSA.
When the design performance criteria were examined, the rise time
decreased from 1.7 s to 0.44 s. Settling time value decreased from
18 s t0 0.76 s. Overshoot value has been reduced from 0.0875% to
0.0132%. When these values are examined, SPSA's ability to make
effective and fast optimization emerges. Here, genetic algorithms
could be preferred instead of SPSA, but while genetic algorithms
perform 2" calculations in each iteration, SPSA also minimizes the
optimization time since it only performs 2 calculations in each
iteration. In addition, when the graphs are examined, it is seen that
SPSA approaches the optimum result in 3 or 4 iterations. In
addition, SPSA showed faster convergence and stability when
compared to other hexarotor control studies in the literature, for
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example [27], [28], especially when the morphing state is included.
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