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Abstract: - It is well known that the process of controlling a rotorcraft with a drive referred to as a rotor aircraft,
in the event of adverse weather conditions, e.g. under the influence of strong wind, is the most difficult phase of
the flight, requiring a lot of commitment and skill from the pilot/operator. This situation is confirmed by a
relatively large number of aviation accidents that occur during the implementation of the process of controlling
a multi-rotor in difficult weather conditions. In view of the above, it should be noted that the degree of
difficulty of piloting an unmanned aircraft increases significantly when this operation is performed remotely by
means of radio signals. As a consequence, the process of safely bringing an unmanned aircraft to the ground is
extremely difficult even for an experienced operator who receives limited information about the flight condition
of a multi-rotor. In view of the above, it is necessary to implement on-board control systems that enable
automatic implementation of the flight stabilization process, e.g. during a storm. The key goal of this work is to
design a multi-rotor control system based on the proposed algorithms for controlling unmanned aerial vehicles
during high-wind flight, supported by a mathematical apparatus and selected simulation tests in the
Matlab/Simulink environment. Based on the above, in the final part of this work, practical conclusions were
formulated, reflecting the desirability of the tests carried out and confirmation of the results obtained.
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1 Introduction Currently, automatic control systems have found

1.1 Unmanned aerial vehicles control system wide application in both civil and military aviation.
The processes of piloting a multi-rotor in difficult They constitute the basic components of the on-

environmental conditions are a small part of the F’O"’}rdd_ eqmpmen': of many mfanned alrcrafti
entire flight that occurs just before its completion. including General purpose aircraft GE (Genera

During this short time, the pilot changes the airplane Aviation), i.e. dispo:sab!e, sanitary, efc., and so-
configuration and the power unit operating called local communication (Commuter) or are also

conditions to maintain certain flight parameters at a an indispensable element of unmanned systems.
safe level. These activities also require the Their Ie\_/el of sophistication, quantity, quality and
continuous tracking of a significant number of on- complexity largely depend on the type and category
board instruments in correlation with information of aircraft, in particular the required level of safety,
obtained from ground-based navigational aids and the amount of space available on board and the cost

received visual channels. The approach and landing of production [3], [4]. _
process requires a lot of commitment and high In addition, it should be noted that automatic control

qualifications from the pilot [1], [2]. systems were introduced to aviation primarily to
In addition, control in harsh atmospheric conditions, relieve the pilot from monotonous performance of

as the middle phase of the flight, is often performed onerous activities related to manual piloting of
after hours of flight in high-traffic airspace, this aircraft, also enabling a significant increase in
requires a lot of concentration from the operator, control precision and reducing the impact of human
and can cause excessive fatigue and affect safety. fact_or. In addition, In the case of unmanne_d aerial
In order to relieve the operator, modern unmanned vehicles, they made it possible to fly long distances
aircraft are equipped with automatic assistance beyond the operator's range of vision when manual
systems, which also include automatic flight control control is difficult or impossible [5], [6].

systems with the possibility of automatic landing Their implementation on the aircraft causes that the
and maintaining flight stability. actions performed by the pilot are limited to the
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selection of the appropriate mode of operation of the
system and the introduction of the desired
parameters of its operation. The pilot's activity is
limited to the function of the operator, managing the
automatic operation of a technically complex
machine, implementing the flight control process.
Growing with the development of technology, the
trend in the field of advanced materials, electronics,
sensors and batteries has caused that the dimensions
and key technical parameters of micro unmanned
aircraft have changed, among others, their size is in
the range of 0.1 - 0.5 [m] in length and 0.1 - 5 [kg]
in weight. Therefore, the class of unmanned
vehicles with four rotors (Quadrotor) is becoming
more and more popular, for which a lot of effort was
put into developing new methods of their control
and control system [7], [8].

An example of this type of object is HMX-4, which
is a kind of 4-arm rotor weighing about 0.7 [kg] and
length 76 [cm] between the ends of the rotor, whose
flight time is about 3 minutes. It should be noted
that due to the weight reduction of this type of
unmanned aerial wvehicle, both GPS (Global
Positioning System) and other accelerometers
cannot be added. Therefore, data on the location and
speed of the object can be obtained through thermal
imaging cameras [9], [10].

In order to obtain a feedback, it has an early MEMS
(Micro-Electro-Mechanical Systems) system for
pilot-assistant, designed to create small integrated
devices or systems that combine mechanical and
electrical components. In addition, the feedback
linearization controller controls the height and angle
of deviation. Due to the drift of the quadrotor in the
x-y plane under the control of this controller, the
reverse controller is needed to control the position.
Another commonly studied research field uses a
proportional-integral-differentiating  built-in  PID
controller (Proportional — Integral — Derivative),
used to jointly control location and position, where
AscTec Hummingbird is a typical model of this type
of quadrotor [11], [12], [13].

This model is equipped with a frame made of wood
or carbon fiber, making it durable and lightweight
weighing about 0.5 [kg], it has its own sensors for
obtaining states, and the controller used regulates
the pressure in the installation based on the
difference between the set and measured values. The
next used PID control system is the STARMAC test
table. The quadrotor object has a mass of about 1.1-
1.6 [kg] and can carry an additional payload of
about 2.5 [kg]. One of the path tracking models
available outside is called the X4-flyer [14], [15].
The controller was developed in order to limit the
vehicle orientation and keep it at a very low level,
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while the created dynamic model was obtained by
the Euler-Langrage method. For the purposes of
performing simulation tests of this work, the PID
controller was used to control an unmanned aerial
vehicle in hover or track its flight path.

2 Dynamic analysis and quadrotor

control model

The rotors are designed in such a way that it is
possible to transfer the only force to the upper part
of the quadrotor. It should be noted that the
rotational speeds of the rotors also introduce
torques. In turn, the forces and moments generated
depend on the rotational speed of the rotor.

The main challenge is controlling the appropriate
speeds of four rotors to ensure stable flight along the
desired flight path of the vehicle [16], [17].

Left tilt

Left deviation
Front inclination

Rear tilt Right tilt

M, M,

Right deviation

Fig. 1 A simplified illustration of rotor movement
and quadrotor rotor control

The above figure (Fig. 1) shows a simplified way in
which the rotors control the movement of the
quadrotor rotor. It should be noted that the rotors 1
and 3 rotate counterclockwise and produce a
clockwise torque. In contrast, the rotors 2 and 4
rotate clockwise and produce anti-clockwise torque.
All 4 rotors generate upward force perpendicular to
the plane of rotation. For the left digit in the figure
above, the rotational speeds of rotors 2 and 4 are
greater than the rotational speeds of rotors 1 and 3.
Therefore, the effective torque will be generated in
the counterclockwise direction, as a result of which
the quadrotor will deflect in the counterclockwise
direction [18], [19].

According to the right digit in the figure above, four
rotors have the same rotational speed. The anti-
clockwise momentum will balance the clockwise
momentum, with the quadrotor being reversed when
the sum of the lifting forces is greater than the force
associated with gravity.

2.1 Dynamic model
To develop a dynamic quadrotor model, the body
frame was positioned so that it was on the quadrotor
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structure. As illustrated in the figure below (Fig. 2),
the beginning of the body frame is centered at the 0
point of the quadrotor. One of his arms is selected as
the X axis and the other as the Y axis. .

v g

Fig. 2 Coordinate systems and forces/moments
acting on the quadrotor frame

In the next figure (Fig. 3), the global frame is
marked with the letter W and marked with the
letters X,,, Y,,, Z,,, and the body frame is marked
with the symbol B. The red lines of the chains are
connected in a simple quadrotor scheme, and each
line means quadrotor rotors.

The body frame is fixed at point 0, this point is the
center of mass of the quadrotor rotor. The direction
indicated from point 0 to rotor No. 1 is defined as
the positive direction Xp, while the forward
direction to rotor No. 3 is the negative direction Xp.

Y

pitch

"
4
¥

eoll o x
Fig. 3 Graph showing the deflection angles, tilt and
inclination of the quadrotor

Similarly, the direction from point 0 to rotor No. 2
is defined as the positive direction Yz, and the
direction to rotor No. 4 is the negative direction Y.
The Zy direction is the direction from point 0 to the
opposite direction of gravity.

In addition, in the figure above, rotation around Z,,
by the angle of deviation y, rotation around the
intermediate point X by the angle of tilt @, the rotor
i rotates around the axis Y by the angle of
inclination 6.

The rotation of the coordinate transformation matrix
from B to W is (1) [20], [21]:
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cosycosO — sin sinsin®  cosPsiny  cosPsin® + cosOsindsiny
= |cosOsiny + cosPsin sin® cosPcosyP  sinPsin® — cosycosOsind | mi
—cos®sin® sin® cos®cos®
0
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0
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If r - means the vector of the position of the center
of mass in the world frame, then the acceleration of
the center of mass is determined by equation (2):

0 0
mi=| 0 [+R| O )
—-mg ZFi

where: p, g and r - determine the components of the
angular speed of the robot in the body frame.

The relationship between these values and the
derivatives of the deflection, tilt and inclination
angle are expressed according to the following
equation (3):

p cos@ 0 —cosPsind '
[q] =10 1 sin® 6 3
T sind 0 cosdcosh ||

Each rotor i produces a moment M; that is
perpendicular to the plane of rotation. Impellers 1
and 3 generate moments in the direction - Zg. The
torques of impellers 2 and 4 are generated in the
opposite direction: Zz. The torque generated on the
quadrotor is inverse to the direction of rotation of
the blades, so M; and M; operate in the Zp
direction, while M, and M, operate in the opposite
direction.

The distance from the axis of rotation of the rotors
to the center of the rotor is marked with the letter L.
By comparing the individual components of the
guadrotor, the moment of inertia | is related to the
center of gravity along the axis Xz —Yz —Z5.

Angular acceleration is obtained using Euler's
equations, as shown below (4):

p L(F, — F)
I'=|q|= L(F; — Fy) [
T Ml—M2+M3 M4
X1 q

r

2.2 Control model

2.1.1 Position control

This work presents the PID controller for
controlling a quadrotor type object. The controller
adjusts the process control inputs to minimize the
error, which is the value of the difference between
the measured process variable and the desired
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setpoint, where the angle of tilt and inclination are
located at the input.

By using the step back approach method, two types
of position control methods can be obtained. One of
them is the UAV (Aerial Unmanned Vehicle) hover
regulator, whose key task is to control the operation
of the rotor to maintain it in the desired position.
The second is to control four rotors to track any
trajectories in 3-D three-dimensional space.

2.1.2 Hinge adjuster

The quadrotor vehicle will hang at some point when
the nominal propeller drive is equal to the force of
gravity, so (5) [22], [23]:

_mg

Fipo = 2 (5)
And rotational speed of the engine (6):
myg
Wio =W = I (6)

where: r(t) - is the position of the trajectory, y+(t) -
are the angles of deviation, which are the path.

It should be remembered that the equation y+ (1) =0
refers to the hinge regulator.

The position error is given by the next equation (7):

(7)

e = (rr—m)
The set acceleration #9¢° can be calculated using the

right PID controller (8):

(ﬁ',T - 7'"‘ides) + kg, (7'"i,T - 7"1')
+kyi(rir — 1)

(8)
+ ki,i f(ri'T - Ti) =0
Equation (9) is correct for hovering:
tyr =tr =0 C))

The following formulas (10), (11) express the
relationship between the desired accelerations and
the tilt and inclination angles [24], [25]:

i{les = g(8% cosypr + % simpr)
fes = g(8%s sinpy + ¢ cosyr)

10
_ 8kpwh ( )

f:;des

A(UF
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des __ l des o _ sdes
¢ = 7 (1 simpr — 7% cosipr)
1
gdes = 5 (S cospr — #§°S simpr) (11)
m
A — s:des
“F 8kF(1)h 3

2.1.3 Altitude control

In the case of hovering, ¢ =~p, O =qPp~r
®dot=p, the proportional-derivative control law are
used in the manner (12), (13) [26], [27]:

Awg = kpg (% —¢) + Kp,¢ (p? —p)

A(j)g = kp,@ (Hdes - 9) + kp,@ (qdes — q) (12)
Awy = kp (W9 =) + Ky (r® — 1)
LD = LkF(w% - wé%) - qr(lzz - [yy)
[yyq = LkF(“’% - w%) - pr(lxx - [zz) (13)
Izzf' = kM(w% - w% - w% - wé%)

The result of the above equation w, is the result
according to the following equation (14):

[wf“] 1 0 —1 1 [(L)h + A(UF]

W |11 0 —1f] e |,
{wgesl 1 0 1 1 A(l)g

w[cl-les 1 -1 0 -1 A(x)w

3 Dynamic model simulation

This chapter presents the numerical simulation
results for dynamic and control model validation
discussed earlier. The parameters used for the
simulation are illustrated in the following table
(Table 1).

Table 1. Parameters of the dynamic model

Kpx=1 Kpy=1 Kpz=1
Kdx=1 Kdy=1 Kdz=1
kF=6.11*10" KM=1.5*10" Krm=20
N/(r/min?) N/(r/min?) m=
M=1.08 kg G=9.8 m/s’ L=0.22 m

Based on the dynamic quadrotor model, the control
model was developed in the Matlab/Simulink
programming environment. In addition, for the
purposes of simulation, the quadrotor flies from the
initial position (0, 0, 0) to the final location (10, 10,
10) and hovers over this point (10, 10, 10), with the
given distance units expressed in meters [m].

The figure below (Fig. 4) shows the actual path that
the quadrotor follows.
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Fig. 4 The simulation result showing the trajectory
of unmanned aerial vehicles

The next figures (Figs. 5-7) show graphs x, y, z of
the quadrotor position as a function of time
depending on the movement of this UAV from the
initjial to the desired (target) position.

50 60 70 80 90
Time [s]
Fig. 5 The simulation result showing x position of

the quadrotor relative to time
12

0 10 20 30 40 100

]

0

50 60 70 80 90
Time [s]

Fig. 6 The simulation result showing y position of
the quadrotor relative to time

0 10 20 30 40 100
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0 10 20 30 40 -1-'50 | |60 70 80 90 100
me |s

Fig. 7 The simulation result showing z position of

the quadrotor as a function of time

In order to further verify the dynamic and control

model in relation to tracking the desired trajectory

(or rather, the location of the target), the quadrotor

was put into motion in a circle at the center at point

(5, 0) and radius 5 [m].

The next figure (Fig. 8) shows a simulation of the

result of the desired and real trajectory of the

quadrotor following the circular trajectory.

The next figure (Fig. 9) shows the simulation result

for the desired x and the actual x and the actual x for

the circular path.

However, another figure (rys. 10) shows the

simulation result that shows the desired y and real y

for a circular path.

0~ -

y [m]

-8-6-4-20|2|468
X|m

Fig. 8 Simulation result showing the desired (red)
and real (blue) trajectory of a quadrotor following a

circular trajectory

10 12
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Fig. 9 Simulation result showing the desired x (red)
and real x of a quadrotor on a circular trajectory
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Fig. 10 Simulation result showing the desired y
(red) and real y (blue) of a quadrotor on a circular
trajectory

The control model was then verified showing that
the quadrotor moves from rest position to the
desired location and lands again.

The next figure (Fig. 11) presents a simulation of
UAV object movement. The quadrotor started at
point (0, 0, 0) flew to point (0, 0, 10), then it was
rotated and moved to point (10, 10, 10), and then
landed at point (10, 10, 0).

z(m)

0 g

yim) x(m)

Fig. 11 Simulation of the result of quadrotor
movement on the desired locations
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The above numerical simulations showed that the
guadrotor was able to navigate to any location of
route points and follow any desired (given)
trajectories.

4 Conclusions
The mathematical model of the four-rotor
developed, after its linearization, was used to design
the spatial orientation control system[28], [29], [30].
Positive results of simulation tests suggest that this
system will also fulfill its task in real conditions.
Existing control algorithms can be expanded with
superior systems that control altitude, position and
flight trajectory, while striving for full autonomy of
the aircraft. It should be noted that multi-rotor flying
platforms are a relatively young and dynamically
developing field.
Devices of this type find more and more
applications, but they are still struggling with
unsolved problems. Building a simple flying object
of this type seems extremely simple, however, a
project of this type obliges constructors and
programmers to a serious challenge.
In addition, due to the nature of the platforms, it is
necessary to use active thrust control to keep the
robot in the air. Although simple PID controllers are
enough to stabilize the flight, achieving control
guality that allows the practical use of such
platforms is still a challenge.
The first obstacle to achieving this is the incorrect
design of the mechanical construction. Multi-rotors
as flying apparatuses must have a very low unladen
weight, while ensuring adequate rigidity and
strength. At the same time, the key issue is the
quality of orientation measurement, which is
necessary in the process of platform stabilization
[31], [32], [33].
As the rigidity of the supporting structure increases,
the quality of regulation improves due to the smaller
impact of structure deformations on enforcements
and measurements. At the same time, however, the
impact of disturbances generated by moving parts,
especially drive units, increases in the quality of
measurements.
This work mainly focuses on solving two problems,
namely:

1. On obtaining a dynamic quadrotor model.

2. Possibilities of route planning and route

planning optimization.

In the case of solving the first problem, the
dynamics of the quadrotor were analyzed, and then
a controller based on the PID method was
developed.
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In this part, the parameters were selected that were
to make this simulation model almost identical to a
real quadrotor. Then point-to-point navigation and
trajectory experiments were carried out using a
simulation model developed based on quadrotor
dynamics.

The obtained results showed that this model proved
to be useful in practical applications. Regarding the
second problem, a trajectory was developed to fully
cover a specific area.

The trajectory parameters were identified and the
Langrage’s multiplier algorithm was used to obtain
those parameters that minimized the total time
needed to pass the entire quadrotor flight trajectory.
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