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ABSTRACT

108 pages, 60 figures, 17 tables, __ sources, 1 appendices.

The thesis is devoted to the research and synthesis of the control system of an unmanned aerial
vehicle, which is used for aerial photography of terrain in conditions of increased danger and in remote
places. The work presents a general description of the problem of reconnaissance and monitoring of
emergency zones, an analysis and synthesis of the control system is performed. With the help of the
calculated system, the control of the unmanned aerial vehicle was performed according to the technical
task.

In the design part of the work, the choice of the equipment of the unmanned aerial vehicle - the
flight controller, direct current motors, attachment equipment for the unmanned aerial vehicle, and other
parts of the general system of the unmanned aerial vehicle - is substantiated.

In the research part, a synthesis of modal control was carried out and research results were obtained,
a controller algorithm was developed for a computer model made in the Matlab/Simulink environment.

The experimental part displays the developed UAV control system in the Matlab/Simulink software
environment, as well as an analysis of the system's efficiency using the eCalc environment.

In the economic part, the cost and price of the equipment were calculated, the break-even point

graph was drawn, and the profitability of the development was investigated.

UNMANNED AIRCRAFT, RECONNAISSANCE, AUTOMATIC CONTROL SYSTEM, MODAL
REGULATION.

LIST OF TERMS AND ABBREVIATIONS

UAYV - unmanned aerial vehicle;

LA - aircraft;

SU - management system;

DPS DC motor;

PID - proportional integral - differential (regulator);

PD - flagging and differential (regulator);



OU - object of management;

FPV (English First Person View) - view from the first person;

OSD - (English On Screen Display) - a module for superimposing information on the image;
ECS - (eng.Electronic Controller Speed) — engine speed controller;

IMU - (English Inertial Measurement Unit) - inertial measuring unit;

LC — flight controller;

AKB - rechargeable battery;

OZP - total salary;

DZP - additional salary.
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INTRODUCTION

Man's desire to soar into the sky, resembling a bird, forced him to learn and expand a whole
complex of aviation sciences. Starting from simple gliders that allowed a person to hang in the air for some
time, ending with complex systems of huge space aircraft or, conversely, small drones, we see how far
engineering thought and creative impulse can go.

Unmanned aerial vehicles (UAVSs), which are controlled without the participation of a pilot on
board, deserve special attention. There are two types of such devices: remotely piloted UAVs and automatic
UAVs that are programmed for a specific flight route.

One of the most important advantages of drones is the preservation of the lives of the flight crew.
In addition, they have such positive qualities as compactness, efficiency, low cost, low operating costs, and
in some cases have a long flight range and the possibility of multi-purpose use.

According to the textbook [3], the development of modern technologies in the field of
aerodynamics, electronics, computer technologies, achievements in the field of satellite navigation systems,
allowed to reach a qualitatively new level in the creation of unmanned aerial systems (UAS). Unmanned
aerial vehicles as part of UAS have already found their place in modern activity. Among the priority
directions are defense and rescue operations, law enforcement and environmental protection activities,
scientific research and environmental monitoring. The development of the Arctic, work on environmental
protection is becoming more and more relevant.

Unmanned flying robots enter emergency nuclear reactors, climb into the upper atmosphere,
descend into volcano vents, effectively patrol land and sea borders. In other words, the development of
technologies, new opportunities in the field of security allow people to increasingly actively send unmanned

work devices instead of themselves to hard-to-reach places.
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The aim of the thesis is research and development of the UAV control system when entering a
given route. As a simulated situation, a UAV is considered to be dropped from a carrier aircraft and fly
along a given trajectory to solve the problems of emergency zone monitoring and terrain reconnaissance.

The paper argues for the choice of a rotor-wing four-rotor type UAV - a quadrocopter to solve the
given problem. The synthesis of the control system and selected attachment equipment for the aircraft was

carried out. The design efficiency and economic efficiency of the developed system were also investigated.
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1.  ANALYSIS OF THE SPHERE OF USE OF UNMANNED
AIRCRAFT

1.1. Use of unmanned aerial vehicles for civil purposes.

The use of UAVs in the civil sector is currently awaiting the resolution of some technical and
organizational issues. These are primarily administrative problems of the integration of unmanned aerial
vehicles into the national and international airspace, the allocation of a frequency range for the control of
UAVs and the transmission of information from the board to the ground and vice versa. In addition, it is
necessary to obtain the status of an aircraft (aircraft) by unmanned aerial vehicles, because they are not
subject to registration in the aircraft register and do not have a certificate of registration and suitability for
use, according to the classification, they are a radio-controlled model [10].

In public use, UAVs primarily have control functions. With the help of unmanned systems, it is
possible to control both the technical condition of objects, as well as their safety and functioning, while the
controlled objects can be at a great distance and have a long length. For example, monitoring of gas and oil
pipelines, traffic control, investigation of damage in power transmission lines. The field of potential
application of UAVs is quite large, which makes it possible to use them also during environmental research
(pollution monitoring, weather observation and solving scientific problems), forest fire monitoring,
ensuring national security, border patrols, preventing the importation of drugs, aerial reconnaissance and
mapping , precision farming, disaster relief,

Commercial use of unmanned aerial vehicles (UAVS) is not yet well developed, although it is
rapidly gaining momentum. The development of the civil service market is in its infancy. Among such
services are
delivery of goods, photo-video recording for mass media, advertising and even Internet broadcasting.

In order to ensure the necessary level of solving many of the above-mentioned tasks, it is
necessary to increase the reliability of unmanned aircraft systems (UAVS), further develop the potential of
UAVs, increase the ease of operation and reduce the cost of such systems.

Below are some types of UAVs used in the public sphere.
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3araJbpHa JOBKHHA - 2750/3630 MM (3 poTopoMm);
Bucora - 1080 mMm;

3ara/IpbHa MHPHHA - 720 MM;

KopHcHe HABAHTAKE€HHA - 28 KI.

Po3max kpuaa - 1,493(Mm);

) / Bara - 5,3 Kr

KopHcHe HABAHTAKEHHA - 1KT

Fig. 1. 2 - Lancaster UAV — for scientific research work.

1.2. Use of unmanned aerial vehicles during military operations.

UAVs used for military purposes deserve special attention. It was military clashes that prompted
the creation of an unmanned aerial vehicle that would save the pilot's life.

Around the world, unmanned aerial vehicles (UAVSs) are playing an increasingly important role
in defense programs and defense strategy. As recent military conflicts have shown, there are many military
applications for unmanned aerial vehicles, including terrain reconnaissance, surveillance, battle damage
assessment, communications relaying, urban operations and other special operations support, as well as
convoy support and unit protection .

The methods of using UAVs and their effectiveness in carrying out military operations largely

depend on the conditions associated with the technical potential implementation of the considered solutions
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and the emergence of new, more accessible technologies. In addition, the ratio of the cost of the device to
its efficiency and the problem of training time for operators controlling UAVs remain relevant.

Drawing. 1.3 - UAV Orbiter - for conducting military intelligence. It is equipped with a silent
electric motor, electro-optical and infrared cameras, means of communication and data exchange.

In the case of using this monitoring method during military reconnaissance, it is necessary to
assess the expediency of the operation. Below is a table for evaluation.

Table 1.1. Factors affecting the expediency of using UAVs for the logistical support of troops.
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Thus, the further implementation of unmanned aerial vehicles will significantly contribute to the
filling of information gaps regarding the dynamics of emergency situations and data for engineering-
geological and military reconnaissance. This method of using unmanned aerial vehicles can be quite
effective and timely for the introduction of the necessary forces and means. At the same time, in

combination with data obtained from other space-based, land-based or surface-based technical means, the

Factors

Use is appropriate

Use is inappropriate

The cost of LA

Miniature UAVs of the Scan Eagle type and
smaller

Large UAVs of the
Predator type, capable of
carrying missiles

Location, character
performed operation

Difficult, mountainous terrain, line-of-sight
operations, large-scale operations where the use
of fixed surveillance cameras is not possible

Open, lightly cut area,
small scale of the
operation

Technical and
tactical arsenal of
the enemy

Mass accumulations of manpower, holding
positions

Short sorties, small
accumulations of
manpower, refusal to hold
positions

The amount of damage
that can be avoided in the
case of the use of UAVS

Significant damage due to enemy actions

Accidental damage due to
enemy actions

Weather conditions

Conditions conducive to the flight of UAVs and
the normal operation of sensors

Conditions that prevent
the flight of the UAV and
/ or the normal operation
of the sensors

Bandwidth of
communication channels

Low bandwidth makes better
point-to-point connection of UAV operators

excess bandwidth is
sufficient to support
robust communication
networks

real picture of future events, as well as the nature and pace of their development, can be presented in detail.
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2. UAV SYSTEM DEVELOPMENT

2.1. Selection and justification of the type of UAV to solve the given task
Based on the importance of the use of drones in various spheres of life, the thesis proposes the

consideration of monitoring large areas with the help of UAVs. These can be large-scale emergencies, such
as forest fires, massive floods, snow avalanches, etc.; search operations conducted in large and remote areas,
or engineering-geological and military reconnaissance. For such tasks, several aircraft units are often used,
which has high economic costs and is a threat to the health and life of several crew members at once.
Therefore, it is advisable to use robotic systems that are able to transmit information about their condition
to the relevant management bodies in real time for taking prompt and adequate measures.

One of the innovative methods of launching a UAV is to launch a drone from a carrier patch. For
fairly remote areas, it is suggested to use one carrier plane or helicopter, which would be able to transport
several UAVs to drop them in the necessary places, for the purpose of monitoring.

The use of this technique has the following advantages:

- Cost-effectiveness of large-scale operations;

- Possibility of simultaneous inspection of a large area;

- Monitoring of remote areas;

- Development of an alternative method of launching a UAV and its use in

various areas of science and military technology.

To solve the monitoring tasks, it is necessary to choose the appropriate type
of UAV. The selection will be based on four main features: aircraft type, engine
type, compactness for transportation and the possibility of installing special

equipment.

There are three main types of drones:
1. aircraft type (fixed wing);
2. rotor type;

3. convertibles
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They are classified according to the type of design, depending on the
elements and their number, which determine the method of flight of the device. The
last type of UAV is more difficult to operate, control and has a higher cost, so we
exclude it from the selection.

An aircraft-type UAV creates lift thanks to the wing surface itself. This type
of device has the characteristics of a glider and is more resistant to piloting errors or
technical malfunctions.

It has the following advantages compared to a rotorcraft UAV:

- more payload;

- range and flight time.
Disadvantages:

- little maneuverability;
- lack of vertical take-off and landing;

- impossibility of long-term monitoring in one stream.
Rotor-type UAV - flight is carried out due to the lifting force created by the propellers. This type

of drone can have several main rotors and is called a multicopter, which makes it more stable and more

controllable. Multicopters have the following most popular configurations:

- 3screws - tricopter;

- 4 screws - quadcopter;

- 6 screws - hexacopter;

- 8screws - octocopter.

Compared to aircraft-type UAVS, it has the following advantages:
- wide maneuvering range;

- presence of vertical take-off and landing;

- great stability during photo-video fixation.

Disadvantages:

- relatively short range and flight time.

According to the type of engine, UAVs are: electric or internal combustion piston engines (ICE).
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Electric engines have the following advantages in contrast to internal combustion engines:

- low noise level;
- ease of maintenance and ease of management;

- relatively low weight.
Disadvantages:
- low battery capacity, as a result - short flight range.

Equally important when choosing a UAV for monitoring tasks is the ability to install photo-video
equipment, thermal imagers, and a GPS receiver. Therefore, the selected aircraft must have a payload for
transporting equipment.

The tasks of monitoring emergency zones and reconnaissance require the possibility of long-term
hovering from the UAV for spot observation of the necessary areas. If necessary, the drone must quickly
change its flight path and have great maneuverability. Since it is necessary to transport this type of UAV
by helicopter or airplane, the drone must be compact and light. Mini UAV engines are more often used
electric type. In addition, the electric motor does not have a thermal trace, which makes the aircraft invisible
to the means of thermal guidance, in case of its use during military reconnaissance.

Having evaluated all the advantages and disadvantages, the cost and compactness of the existing
types of UAVs, a four-rotor rotor type - a quadrocopter - was chosen.

A quadrocopter is an unmanned flying machine designed according to the rotorcraft scheme. The
lift of this device is created with the help of four motors with propellers located at the ends of the cross-
shaped frame. The frame can be made of both metal and polymer materials, which simplifies and lowers
their production. Motors are rigidly fixed.A microcontroller control system is used. The controller (on-
board computer), power supplies, navigation devices, sensors and other peripheral devices are located, if
possible, in the center of the frame. The quadcopter has 6 degrees of freedom. Control is carried out using
a remote control, where the operator sets the orientation of the quadcopter and its height, or by indicating
the route using a GPS receiver. Options for independent operation are also possible, for example, based on

video data from the on-board camera. Payload usually reaches 5 kilograms.
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Drawing. 2.1. The appearance of some quadcopter.

2.2. Analytical modeling of the flight trajectory.

Analyzing the review of patents and literature in the first chapter of the thesis, it can be seen that
the problem of launching unmanned aerial vehicles from a carrier aircraft is quite relevant and has been
considered for a long time. Inventions can be used for military intelligence, various combat tasks, aerial
photography and terrain mapping, targeted delivery of small cargo to hard-to-reach areas, search and other
military and civilian tasks. An acute issue is the return of expensive aircraft to a neutral landing place,
which is not always possible, for example, due to the topography of the area or due to the tactical situation.

The system for returning the UAV to the aircraft or to neutral territory requires extensive
consideration, but is not the main task. The aim of the thesis is research and development of a UAV
stabilization system when entering a given route after diving from a carrier aircraft or helicopter. However,
the general concepts of this issue are proposed to be solved in the following way: dropping one or more
UAVs in the necessary monitoring zone, barrage it for the maximum possible time in the reconnaissance
territory, and return the drone to a neutral territory, where the gathering group or the the helicopter itself -
the carrier will be able to pick it up.

The analysis of the flight path according to the monitoring task can be imagined as follows:
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Figure 2.2. - The flight path of the drone after being dropped from the aircraft - the carrier

Of course, such an approach to solving a flight mission must meet the following criteria:

- the possibility of technological application
- expediency of use and scale of the operation.
- the possibility of returning the UAV "home"
- damage analysis in case of drone loss
2.3. System of automatic control of UAV flight height.

The consideration of vertical movement is based on a patent for a useful model []. When the
carrier aircraft reaches the required territory, all systems of the quadcopter are reset.

The moment of separation of the quadcopter from the carrier aircraft is characterized by point 1,
which corresponds to the height H1. Before separating the quadcopter on its board, the time relay is

activated. This is necessary so that according to the formula

gt’
H,=="—, 2.1
2 2 ( )

determine the quadcopter's achievement of point 2 of the diving trajectory, where t is the specified
time to reach the height.
Point 2 (H2) is the height at which the stabilization system is activated.
In the mode of diving from a heightH1 to height H2 UAV movement is described as

follows:

ma=F+G- X, (2.2)

wherea— vertical acceleration,

F is the thrust of the engine,
G =m( - the force of gravity,
X, - frontal drag force.

To use the formula (2.1) with high accuracy, it is necessary that the condition is fulfilled
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Mma = mg (2.3)
lea =g (2.4)

As can be seen from the expression (2.2), this condition can be fulfilled if
F=Xon (2.5)

which corresponds to the need to compensate for resistance forces that act in the form of air impact on the
drone body, due to the production of thrust F by the engines.
Since the accelerometer of linear accelerations does not measure the acceleration of free

fall - g. Thus, the violation of condition (2.4) means the presence of uncompensated resistance forces Xon

and the presence of the output signal of the first linear acceleration accelerometer Al. At the same time, a
signal is taken from the first linear acceleration accelerometer Al and fed to the input of the thrust control
system of the UAV engines.

The roll channel control signal is formed on the basis of the output signals of the roll angle

sensor and the roll angular speed sensor:
F)/z K]/(]/ - Yass) + K)/ : A)’/ (26)

where Ky, Ky— conversion coefficients;
Fy— the total thrust of the engines for roll control.
V1Y 50— respectively, the signal from the roll angle sensor and the signal of the set value of the
roll angle;
y— the output signal of the roll angular velocity sensor.
The pitch channel control signal is formed similarly, since the design of the quadcopter is
symmetrical.
The control signal of the yaw channel is formed on the basis of the output signals of the
yaw angle sensor and the yaw angular velocity sensor:

Fy= Ky (P — Yass)+ Ky'(s, (2.7)

where Ky, Ky' are conversion coefficients;
Fy— angle of deviation of the rudder direction;

v,y o~ respectively, the signal from the yaw angle sensor and the signal of the specified value

of the yaw angle;

- the output signal of the yaw angular velocity sensor.
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Since the chosen UAV is a quadcopter, it has advantages in comparison with the shape of a glider,
such that the flight between points 3 and 4 is characterized by the curvature of the turn with a radius of r,

the angular velocity of the turn by the pitch angle wp for a glider. This causes such UAVs to be overloaded

along the normal (OY) and longitudinal (OX) axes.

In order to avoid unacceptable overloads, it is necessary that the condition is fulfilled

Wp < W7 yop,

where @ ,,,1s the permissible value of the angular speed of reversal relative to the OZ axis.

Therefore, multirotors have another advantage.

Thanks to the functioning of all channels (yaw, pitch and roll) when performing a dive mode from
the height of leaving the carrier aircraft to the height of the start of stabilization, the accuracy of determining
the location of the quadcopter in space increases, since its position can be affected by wind disturbances
and changes in air density. In addition, the presence of sensors of permissible overloads relative to the
longitudinal and transverse axes protects the UAV body when performing a dive mode and entering a given
route at a given height.

Jlitak-HOCIiH
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Figure 2.3. — A comparative flight diagram of a quadcopter and a glider from a carrier aircraft.

2.4. Functional diagram of the quadcopter.
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Automatic control systems (ACS) are designed to automatically change one or more parameters
of the control object in order to establish the necessary mode of its operation. Automatic control systems
ensure the stability of set values of regulated parameters or their change according to a set law, and also
optimize certain criteria of control quality. Such a system includes a quadcopter flight stabilization system.
Regarding the theory of automatic control (ATC), a functional diagram of the quadcopter was created,

which is given below:

Figure 2.4. -Functional diagram of the quadrocopter UAV under development.

The control unit is a coordinate setter. Modern quadcopters can fly in several modes. Usually, a
radio-controlled drone has 3 flight modes, but there may be more. Including:

1.  Manual flight mode (Manual mode). Control of the quadcopter depends

on the operator. Control is set from the control panel.
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2. Stable flight mode or orientation mode in space (Attitude mode). This
mode uses an accelerometer to help stabilize the UAV. Semi-automatic mode.
3.  Stabilization using the GPS system. Automatic mode according to the

given flight coordinates.

The control effect is given by changing the speed of rotation of the motors. The scheme of

movements is presented below:

PR

O
(A
)

Mig, om

Cnyck

0:a0

Figure 2.5 - Diagram of quadcopter movements.
The ACS system includes a flight controller based on an STM32 microprocessor (see the design

part), and sensors in the feedback channel to ensure flight stabilization. The need to stabilize the flight of
the quadcopter follows from the principle of its unstable operation. If the flight stability of a glider or

airplane is due to the ability to restore the kinematic parameters of undisturbed motion without the
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intervention of the pilot and return to the original flight mode after the disturbance has stopped, then the
guadcopter does not have such capabilities and at the slightest external influence, an unauthorized descent
begins.

In order to effectively stabilize the quadcopter in flight, it is necessary:

1. Be able to determine the current state of the system.
2. Have the ability to provide controlling influence on the system.

3. Know in what state the system will be maintained.

2.3. Mathematical model of UAV.

The mathematical model is used from the source [2]. For this reason, it is necessary to create a
theoretical basis that describes the researched object of management and in the future will reduce both the
risk of injuries when working with it and the probability of its destruction. One of the most generalized
approaches to the theoretical description of a dynamic system is the compilation of a mathematical
description of the system. Below is a sequential derivation of a simplified mathematical model of the object
for practical work with it.

Let the position of the center of mass of the quadcopter coincide with the beginning of the moving
coordinate system CX1Y1Z1, and in the stationary Cartesian coordinate system it is described by the
coordinates X, Y, Z (OXYZ system) (Figure 2.6.).
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Drawing. 2.6. Calculation diagram of a quadcopter.

Orientation in space is determined by the Euler-Krylov angles, which are usually used in aviation
engineering to describe the movement of the aircraft and make up the so-called angles: roll, pitch and yaw.
They correspond to the following sequence of turns:

1.  Turn the corneryrelative to the vertical axis OZ (R z,y) - yawning.

2.  Turn the cornergrelative to the main transverse axis of inertia OY (R
y, 8) is pitch.

3. Turn the cornergaround the longitudinal axis OX (R X, ¢) is a roll.

When the quadcopter flies, it is affected by the aerodynamic forces of the main rotorsF1,F2,Fa,Fa,
applied to their centers of mass of the rotors Al, A2, A3, A4, respectively, and the gravity forces of the
body mCg and screws mig (Fig. 2.6.), and the forcesF;, parallel to the CZ1 axis. The position of the center
of mass of the quadcopter is determined by the coordinates of the vector rOS = [X, Y, Z]T. In the future,
we will agree to understand the OXYZ and CX1Y1Z1 coordinate systems under the symbols (0) and (1),

respectively. Then the force vectors:
ﬁand (o)ZTlo' ﬁi(l)(2.8)

T10= (¥, 6, )= R(z.¥) x R(y, ) * R(x, )=
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CosSYCcosO cosysm@smoO—cosesmy  sinysme + cosycosesinod
=| smycosf cosycose+smysnesmO cosesmysind —cosysin@

—smo cosOsm @ cospcoso

Let's write down the obvious equality:

0) _ (0) O]
04i~'oc CAl(2 9)

where

(0) e
Tea = 110" 704

! CA3 ! CA4- )

where | is the distance from the center of mass of the quadcopter C to the center of mass of the

Vectors 7,, )for points Ai have the form:

117 —
@_lal... (D
rCAl_[OI’TCAZ

0

rotors Ali.

We determine the velocities of points Ai by differentiating equality (2.9) in time:

(0) RORNO)
T T
'UAl' — OAl— OCI.+ CAL

dt dt dt

Taking equality into account, we get:

UVA; = vc+ T rC(Az

wheredic = IX +jY + kZ - speed of the center of mass of the quadcopter.
The amount of movement and mass is determined by the formula:

gi= mivA;= mi (vc + T1or c(jx)1 (2.10)

We determine the change in the amount of movement from the expression:

@:m (

+T T,
dt 10"

rD)=T10F (2.11)

The vector of the amount of movement of the considered system, which consists of a body and 4

screws, is determined by the formula:



The theorem on the change in the amount
form has the following form:

dQ dvc
—=m,.—+)m
dat € dt l(

) =(m, + Zml)

+T10 rCAl

+T102 m;r,
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Q = mUc+Y i my;y; (2.12)

of movement of a mechanical system in differential

7D =T10F (2.13)

In the projections onto the coordinate axes, equation (2.13) will take the form:

X

.
(me +2.m, )& = ZF,&O)
(me+ Y m, ) =2k, (U)
Here (m,. =Y F9°
Zlﬂ?] (smysmqp+cosycospsmB)- > F;
SE? =5, TFY =|R||Z £y |=| (cospsinysin®—cosysin) -3 F;
Ly : q. :
S F, cospcosf- 2 F; (2.14)
where
o 07 [0
Fl(O):[_O ], F2(0)—[ ] F3(0)—[ 0 ], F4(o)=[_0 ], (2.15)
F1 F3 F4
0 0
F1+F2+F3+F4 * Fi

Then equation (2.14) taking into account

(2.15) will have the form:
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(fﬁg . . .
(me +3 mJT =(smysm@+cosycos@smB)-3 F,
dt
doL
(me + 2 m;) EC = (cos@smysmO—cosysm)- > F;
dt
52
(m +ZH.=,-)(TC = cos@cosh-Y F;
dt

mX = (smysm@+cosycosesnB) - F.
mY = (cos@sinysm®—cosysn)- S F,
mZ =cos@cosO - F,
: P 25 (2.16)
The presented system of differential equations describes the change in the generalized X, Y, Z
coordinates of the quadcopter.
This system must be supplemented with the force of aerodynamic resistance.

2
v
Ax=CxpT .

where Cx is the coefficient of aerodynamic force, p is air density, kg/m3; v - velocity of the

oncoming air flow, m/s; S is the surface area of the apparatus on which the oncoming flow acts, m2.

2.4. Angular speeds of rotation of the rotors.

The next task will be to calculate the rotation of the rotors of the quadcopter in the local coordinate
system CX1Y1Z1 (Figure 2.7, 2.8). To do this, we introduce the Aixyizi coordinate system, which coincides
with the center of mass mi of the rotors.

i=w,+a,i=1..4
@, = iy + Jiwgy + kwz;
W = Lwexy + Jiweyr + kwczy; (2.17)
where il, j1, k1 and ii, ji, ki are unit vectors of the CX1Y1Z1 coordinate system and Aixyiyi is
the absolute angular speed of rotation of the ith rotor in the CX1Y1Z1 coordinate system;aw,,®,- the vectors
of angular velocities of the housing and i-th rotor in the CX1Y1Z1 and Aixyizi coordinate system are

defined as:
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Wyt 071 Wy1
w_c=[wy1], w.=| 0 [0; = Wy1  |(2.18)
Wz1 wj Wi + Wz

Or
0 = 00y + 10, + k10,(2.19)

Drawing. 2.7 - Scheme of determining the angular velocity of the rotor of complex motion.

Let's determine the moment of the amount of movement of the rotor in the Aixyizi coordinate

system
Ligi = [,,;(7y X D) dmorLiy; = L0

where
) J 4 0 0
.
I id; = 0 Jy 0O rotor inertia tensor.
0 0 J
Then the kinetic moment is equal to:
X
J: i 0 0 ® g "‘r.-.l i X
Liy=10 J u 0 o (=] J j{rmii_

0 0 J;{I- ; +{D-Zl J;u.(mr. +(,]E.1_
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Drawing. 2.8. - Calculation scheme for determining the kinetic moment of the quadcopter.

Let's determine the moment of the amount of movement in the system:

L=L,+YL; (220)
where

L. = I.@.-kinetic moment relative to the center of mass of the quadcopter.

L =10, =, +mi) - the kinetic moment of the ith
rotor relative to the center of mass of the quadcopter in the CX1Y1Z1 coordinate
system (according to Huygens' theorem).

The tensors of inertia of the case IC and the i-th rotor li, taking into account
that the main axes of inertia of the mechanical system are the main central axes of

inertia (all centrifugal moments of inertia are equal to zero) are equal to:

ng 0 0 “T:l; +m!-.!iz 0 0
B3] :
Ic=l0 J& 0| I,= 0 T +?Hr-.!'2 0
o o JA 0 0 T +ml?

Then
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x 2 x 2+
J oyl 0 0 Oy (g +m:07)O xy
_ . . )
L= o0 T+ ml? 0 o |=| TL+mloy
X X
Tt 0 0ley | elox
Ic=| 0 72 o ||og|=| /0oy
7 z
0 0 Jg|®z| |Jleg

(2.21)(2.22)

Taking into account (2.21), (2.22), expression (2.20) will have the form:

X 2
el +2 T4, +Zml oy “’erm-‘ﬁ
by ; 2 .
L= (J& + 2T +Zml ) oy _ lem}rl
A z 2 z 2
LJCI_ZJAr"i'ZmHi )mzl+(ZJda-+mef ) z -
J oz, +¥Jio;
(2.23)
where/*! = JAt + B+ Em; BJ7 =)+ B0+ Em B
JP =g+ T+ Em P
Y JZ =J4 + Y m; [?-the axial moments of inertia are given.
Theorem on the change of the kinetic moment of a mechanical system:
dL dL — —
— =—+l@ xL )= M¢
g = ar e L)=2MC
X . B R z
. J lm}_—l +m}-1mzl(Jr. 1_og 1._}+mIiZJF o Mg
5. X Sz z
E = J 1@11 +D)_1—10)21 (q.lir 1 —JE_ 1}(_ C:}_ﬁZJr- (J]r- = -Mfi
A . I ] X M2
J oz +J0; oy op W —J ) |
oo A ' (2.24)

As a result, on the basis of (2.16) and (2.24), a system of differential equations describing the

movement of the quadcopter was obtained:
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mX = (simysing+cosycosgsinf)- ¥ F;
mY = (cospsin wsin 6 —cosysin) - T F
mZ = cospcosh- 3 F;
| 750 oz 77— oy 307 e
oy +ofoz ;" —-J 7 o YJio; =_-‘l.,1’_,_:,1
X

Moy +ox 07 M1 17 Loy 570 - ML

JAa Bz, + Jio;+o Y, 9F RSN o J= _-‘Lf;
: : .

This system (2.25) must be solved with kinematic relationships that will express the projections
of the angular velocity of the body on the axis of the bound coordinate system through the angular velocities
of the pitch and roll angles:

Oy, =@+ysmd
o)1 =WcosBcosp+ BsmQ
0z =éccsm—ipcosﬁsﬁ1cp
(2.26)
Or

b= o iy~ (u: 7, €08 — ©} Sin tb)c'.fg b
'8 =0y, sing + my, cosd

| .
— [ - COs iy 510
cosh { =1 -« Fy ¢) (2.27)

i =

2.5. Linearization of the UAV mathematical model

When studying an automatic control system (ACS), it is more convenient to use the theory of
conventional linear systems as the simplest. Linearization involves the creation of a linear approximation
of a nonlinear system that operates in a small neighborhood of the operating point. Linearization is
necessary for the development of control systems using classical design methods, using Bode diagrams
(LAFCH) and root hodograph methods. Linearization also allows analyzing the behavior of the control

system, determining its stability and other qualities.

To do this, we linearize the differential equations describingdescribes the change in the
generalized coordinates of the quadcopter X, Y, Z. — longitudinal, lateral and vertical movement, and we

will get transfer functions on three control channels.
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Differential equations for longitudinal motion taking into account aerodynamic resistance
(¢=9=0).
mi = (siny sing+cosypcosesin®)y. Fi- Ah

Ax=Cx1"Tv2 S.

where Cx is the coefficient of aerodynamic force, p is air density, kg/m3; v - velocity of the
oncoming air flow, m/s; S is the surface area of the apparatus on which the oncoming flow acts, m2.

X = (siny simp+cos¢cos<psin9)%— Ah (2.28)

{x=x0+Ax0
9:00+A90

{ X=v '
sinf = cos66

V2 = 2VxAx

. . 2
V= cos6 O 5(2.29)

2
We will write the points of view of the theory of automatic controlcoseandCx% Sas K1 and

K2, respectively. % let's write U as the controlling influence. Then the formula will look like:

¥+K2Ax=K16U(2.30)
Next, it is necessary to perform the Laplace transformation.
V()= V(s);
X(t) =X (3);
U(t) = U(s);
Equation (2.30) will have the form:
S2x(s)+K2x(s)=K10U(s)(2.31)

We obtain the transfer function of the longitudinal movement channel:

x(s) K6 K6 K10 K6
U(s)  (S24K,S)  S(S+Ky)  KpS(1/K,S+K,)  K,S(TS+K,)'

(2.32)
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Next, according to the transfer function, we will build a structural diagram of the longitudinal

movement of the quadcopter.

Drawing. 2.9 - Structural diagram of the longitudinal control channel of the quadcopter.

where DKSH is an angular velocity sensor (accelerometer);

DK- angle sensor (gyroscope);

Ass. - pitch angle encoder 6 (microprocessor calculator);

K1, K2 - calculated coefficients;

Dv. - engine or total thrust of four rotors;

OU is a management object.

Differential equation for bullish motion taking into account aerodynamic resistance (6==0).

x(t

Ax

my = (cose siny sinB-cosiising)Y. Fi- Ah (2.33)

3an.

K1

K2

oy

WhereAy=CypTv2 S.

The equation will look like this:

AKLW

OK

Yy =Yyo+ A4y,
@ =@y + Apg

y=v
—sing = —cos@

V2 =2VyAy

. 2
V= —cosg %—Cxwzﬂ S5(2.34)

S2y(s)+K2y(s)=-K1¢U(s)(2.35)

We obtain the transfer function of the longitudinal movement channel:
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x(s) _ Kig Kigp Ki¢ _ Ki¢ (2.36)

UGs)  (S2+K,S)  S(S+Ky) KZS(KLZSJ,KZ)_ K,S(TS+K)'

It should be noted that the contours of the position along the angles ¢ and 8 are identical in
terms of parameters and structure, since the parameters of the moment of inertia, taking into account the

symmetry of the quadcopter, have equal values.

Ar U _
324, Q- As. oy |—
AKL
AK

Drawing. 2.10. Structural diagram of the side control channel of the quadcopter.

When calculating the longitudinal and lateral movement of the quadcopter, the forces of gravity

g were not taken into account, since they are quite insignificant. When studying vertical motion, the

differential will have additional resistance to gravitational forces. We linearize the equation of vertical
motion. (6 =@=1=0).

mZ = (cose cosO — g)Y, Fi- Ah (2.37)

Z=YFi—g/m-Ah
The equation will look like this:

§227(s)+K2z(s)=U(5)(2.38)
Transfer function of vertical movement:

Z2) v 1 1 _ 1
u(s) (S2+K,S)  S(S+K2) Kzs(éﬂg) KoS(TSTKy)’ (2.39)
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Drawing. 2.11. Structural diagram of the vertical control channel of the quadcopter.

where VPSh is an air speed meter
Ur (t) - regulator signal, V; IN; wi (t) - angular velocity of the BDPTIi, rad/sec; h (t) - flight height,
m; Ua (t) - the output signal of the height corrector, V; Us (t) - the output signal of the altimeter, V; hz (t)

- control signal of the system, m; Uz (t) - control voltage, V; € (t) is an error signal.

2.6. PD Regulator

In the automatic control system, the main element is the regulator, which is a device that monitors
the state of the control object and ensures the necessary control law. The control process includes:
calculation of the control error or mismatch signal e(t) as the difference between the desired setting (g) and

the current value of the process (y), after which the regulator produces a control signal (U) .

[=]
'ty +

i 4]
i
=
—
&

[~
2
&

l‘\f

Figure 2.12 - Classical scheme of the ACS regulator.

One of the types of regulators is the use of classic PID regulators.However, to control the
movement of the quadcopter, we will use PD-regulators, since the P-regulator will make the angle control
system oscillating, when using the Pl-regulator, there will also be two complex roots in the angle control
system, and with the PID-regulator, the order of the system increases to the third.

(PD) regulator that forms a control signal that is the sum of two components: proportional and
differential.

The transmission PD of the regulator has the form:
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V(S) = Kp+KdS (2.40)

36ypeHHA
kep
na S(Tes+1)
perynatop
ke anc KK
Uzag ke kes Ue(S)
8 " *| Tes+1 2 | [T
- ka0
dt
LAaTUMKM |«
ANy, Ay, AD

Figure 2.13 — PD scheme of the regulator in the ACS of the quadcopter.

Adjustment of the movement of the quadcopter occurs by using PD-regulators. Since during the
flight we need to ensure stabilization along all axes of the aircraft's movement. In this way, we get that we
need to implement four PD regulators. The first will stabilize roll, the second will stabilize pitch, the third
will stabilize yaw, and the fourth is responsible for stabilizing the quadcopter in height. In this study, the
main task was to consider the stabilization of the UAV at a given height. The main problem of accidents is
a sharp decrease in altitude and the occurrence of disturbing effects in the form of wind gusts, different air
density, and errors in measuring the battery charge during flight. Therefore, when adjusting the PD of the

regulators, the main focus was on the regulators responsible for maintaining the height.

2.7. MEMS data filtering

Determining real readings requires accurate precision meters, the use of which is impossible for
implementation in "micro" and "mini" UAVSs, therefore, obtaining measurements is limited to obtaining
information from microelectromechanical (MEMS) sensors, which have a larger spread of output
parameters and measurement noise. The solution to this problem is the use of a discrete Kalman filter.
Compared to other low-pass filters, Kalman filtering takes the leading place. This methodis used in many
radio engineering areas, including filtering noisy signals, generating unobserved states, and predicting
future system states.

This filter is designed for recursive re-estimation of the state vector of an a priori known dynamic
system, in other words, to calculate the current state of the system, it is necessary to know the current

measurement, as well as the previous state of the filter itself. The Kalman filter, similar to other recursive
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filters, is implemented in a time rather than a frequency representation, but unlike other similar filters, it
operates not only with state estimates, but also with uncertainty estimates (distribution density) of the state
vector, based on the Bayes formula conditional probability.

There are two stages of the filtering algorithm. At the stage of forecasting, the Kalman filter
extrapolates the values of the state variables, as well as their uncertainties. At the second stage, based on
the measurement data (obtained with some error), the extrapolation result is refined. Due to the step-by-
step nature of the algorithm, it can track the state of the object in real time, as shown below:

Figure 2.14. — Kalman filter algorithm.

Figure 2.15. - Correlation stage

- Fad _ - _—
NOYOMKOS] SHOWEHHA Xp_q W —

T L .

A o~ k"

— -

rd 4
1. BupaxyeaHHA nocunexHA KanmaHao

I-"I MepedbayeHHA
K, = B"HT(HE HT + )1

| 1. MepedbauenHa cmaxy cucmemu
2, OHOBNeHHA OUIHKEL 3 yPOXVeOHHAM

\\‘ f; zka—l-'- Buk_l

2. NepedbayeHHA NOMUIKU
woeapiayii
P =FP,_ FT+0Q

&

sumipy Zk
Xy = Xy + Ky (7 — HX)

3.0HoeneHHA NomMusIku Koeapiouyii

P =(1-K.H)B

\\\.

T

H-mampuys 3miH,

WD TOKO3VE SI0HDWEHHS R - kosapiayis wymy
Kk- nocuneHHs KanmaHa sumipis i caris BUMIDMEOHE
(Kalman Gain)
* KopeaysarHS
h \.'\E‘.\HUMXFBGHHH nocunsHHa Koamasa
Kyl P HT(|H|R HT+ R Zk- smita &
| nomounud momenm
2. OHOEAEHHA OUIHKU 3 YpOaxysaHHISM aunl{{?f/g&/-" yacy

-mompuys

ideHmuUYHOCTY 4 __3. OHOSAEHHA MOMUAKU Kosapiauyii

2. Onoa,

P k= — K H)B,




43
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Figure 2.16 - Extrapolation stage
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Figure 2.17 - Using the Kalman filter in the control circuit

2.8. Quadcopter drive model.
The thesis examines the model of DC motors. The engine equations, taking

into account moments, have the following form:
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. da ]
{u’lp"i"u",}E: M(ﬁ}—{f @,
CCpe IT)=M, (1),
Ljdj(l>+R-z'(:}+cfm=Uﬂ

(2.41)
Next, a specific engine is selected in the design partT-Motor MN3510-15
with parameters to perform the required flight.
From the system of differential equations (2.41), having specific values of
all quantities included in the description of the DPS, a computer model for the DPS
will be designed in the Matlab/Simulink software package.

The DPS scheme can be represented as follows:
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Figure 2.18 - Structural diagram of a direct current motor.
whereR)- active resistance of motor windings;
T\- engine time constant;
K- coefficient of connection of the current in the windings of the motor
and the torque on the shaft;
K s- coefficient of connection of shaft speed and EMF;
Jave- the given moment of inertia of the drive taking into account the

SCrew.
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The input of the model is the voltage from the ECS speed controllers, which

Is included in the drive speed control loop, as well as the external load torque. The

outputs are the angular velocity of the motor shaft and the dynamic torque.

3.

3.1 Mechanical part

3.1.1. Frame selection

DESIGN PART

The frame is the basis on which all the elements of the quadcopter are attached - motors,

controllers, batteries, camera and other devices. Since the frame is a supporting structure consisting of a

combination of linear elements, it must withstand the load, ensure the strength and stability of the UAV.

Plastics and their combination with various materials, glass fiber, aluminum and carbon are

usually used as materials. Carbon frames are the strongest, lightest and most expensive.

The main parameter according to which the frame is selected is its size. This size is the distance

between diagonally located engines. Depending on this distance, quadcopters can be conditionally divided

into "classes", which determine the possibilities of their use.

Table 3.1. - Classes of quadcopter frames

Size Payload Appointment Flight range
(depends on the
equipment)

<200 mm --- toys <30m
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> 250 mm entry-level video camera, GPS | sports, for mastering <50m
professional
equipment

> 350 mm mid-level video camera, GPS | Commercial use, <1000 m
entertainment

> 550 mm High-quality photo/video Geological > 5000 m

camera, GPS exploration,

monitoring

For the tasks of long-term monitoring of the terrain, it is necessary to select a frame of the latest

class, which will have high strength with a relatively small mass, and will have the possibility of installing

high-quality equipment for video recording on it.
The Tarot FY650 "IRON MAN" TL65B01 carbon frame was chosen. This design can be folded
for transportation and provides high mobility. Small dimensions and high strength allow you to fly in the

wilderness, which is important for aerial photography, mapping, and terrain reconnaissance. The center of

gravity of the device can be adjusted depending on the weight of the installed photo or video camera (it is

carried out by moving the power battery or suspension).

Figure 3.1. - Quadcopter frame.

Features:

The frame diameter is 650 mm
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- Beam diameter: 16mm

- Weight of the empty frame: 476g

3.1.2. Choice of engine and propellers.

The electric motor for the UAV s selected taking into account the mass,
speed and duration of the flight, energy consumption and dimensions determined by
the design of the UAV. The quadcopter can be equipped with two types of electric
motors - collector-type or collector-less. Collector engines are used on small and
cheap models. Since the developed system must have high wear resistance, it is
necessary to choose a DC motor without a collector.

The use of BDPS in comparison with a collector engine is due to a number
of reasons:

- simpler design, smaller weight and size;

- higher efficiency and power index per kilogram of own weight;

- a wider range of screw rotation speed,;

- less wear due to the absence of a brush-collector assembly;

- BDPS practically do not create radio interference.

The only drawback of BDPS is considered to be a complex and expensive
electronic control unit (electronic regulator), due to which the number of engine
revolutions is controlled.

When choosing engines, you should be guided by the following most important
parameters:
- consumed current (measured in amperes [A]);
- Kv-rating (motor axis revolutions per minute (RPM) at a certain voltage);
- lifting force (measured in Newtons [N] or kilograms [Kg]);
- efficiency
Speed index:



Minimum lifting force of motors:

wherem,, - the mass of the quadcopter
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RPM = Kv-U (3.1)

Fni,c[ = mkk.2(3'2)

4

The T-Motor MN3510-15 engine was chosen with its parameters and

characteristics, which allows computer modeling to get closer to the actual object.

Ny, RIES.
= CATOR SE

IN3510-15 KV:63
EIN cHina FEECE

Figure 3.2. - Quadcopter engineT-Motor MN3510-15.

Table 3.2 - Engine characteristicsT-Motor MN3510-15.

Producer T-Motor
Model MN3510-15
Class Collectorless
Kind outrunner
Configuration 12N14P
Number of poles 14

KV 630

Max. traction 1250 — 1850
Nutrition 111 —148V
Nominal current 123 A
No-load current 05A

Max. continuous current 22 A

Max. lasting power 495 W
Resistance 65 mQ

shaft Smooth shaft
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Shaft diameter 4 mm

Motor mounting 25x25 mm
Dimensions 28.5x41.8x41.8 mm
Weight 97 g (without wires)

3.2.3. Choice of propellers

Since engines cannot create lift by themselves, they must be supplemented
with propellers. Propellers convert the rotational energy of the engine shaft into
lifting force.

Important characteristics of the propeller are its size and the angle of
inclination of the blades or the pitch of the blades, which indicates how much the
propeller would rise in one revolution around its axis with a given inclination of the
blade, when moving in a dense substance. The dimensions of these quantities are
usually indicated in inches. With an increase in the size of the propeller, the lifting
force increases, but the moment on the motor shaft increases and the consumer
current increases. Flight stability is important for the quadcopter being developed,
which is achieved by installing large propellers with a large pitch while reducing

their rotation speed. The following carbon propellers were selected:

Figure 3.3- Propellers1540 Carbon Fiber Propeller CW&CCW

3.2.Electrical part
3.2.1. Battery selection.
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The battery is the power source for all UAV systems and DC motors.
When choosing a battery, the following criteria must be taken into account:

- Battery capacity;
- Current output;
- Battery structure;

- Weight and dimensions;

The most optimal characteristics are lithium-polymer batteries (LiPo batteries), which have a low
self-discharge, no memory effect, a wide range of operating temperatures and a small voltage drop during
discharge. Disadvantages include not the highest charge density, a relatively small number of operating
cycles (800-900) and an increased fire hazard.

LiPo - batteries consist of one or more compartments (“cans™) connected in series. Each structural
element provides a nominal voltage of 3.7 V, and corresponds to the 1S marking. Accordingly, the more
compartments, the greater the voltage. Therefore, the designation of the voltage level 1S=3.7V,25=7.4
V,35=11.1V,4S =148V, etc. The output voltage level directly affects the angular speed of the installed
electric motors.

Since the duration of the quadcopter's stay in the air increases not only due to the increase in
battery capacity, but also due to a decrease in the level of output current, when performing a similar amount
of work. The current output (marked with the index "C") indicates the permissible discharge rate of the

battery. Too low current output can damage the battery, and too large "C" index can reduce flight time.

The Dinogy Li-Pol 11000mAh 4S 25C 40x61x179mm T-Plug battery with
the following characteristics was chosen as the battery:

Table 3.3 - Characteristics of the selected battery

Type Li-Po

Capacity 11000 mAh
High-voltage 14.8V
Configuration 4S

Dimensions 190x59x38 mm
Current output 25C

Charge current 5S

Connector T-Plug
Balancing connector JST-XH
Weight 879 ¢
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Figure 3.4- Battery Dinogy Li-Pol 11000mAh 4S 25C.

Connectors.

All LiPo flight batteries (except 1S batteries, which have a special design) come with a set of
wires and connectors. The battery is connected to the quadcopter or the output of the charger through the
power cable. The choice of the connector for the power wire depends on the maximum output current of
the battery. The most popular types of power connectors are XT30, XT60, XT90, which can withstand a
current of 30, 60, 90 A, respectively. JST-XH connectors are usually used as connectors for the balancing

wire.
Figure 3.5 - Types of battery connectors
A power module was selected for switching the battery with ECS APM BEC 3A XT60 plug
A
v\;.l,v
:|
-

4

Deans/Tplug Deans/Tplug Deans/Tplug  peans/Tplug
XT60 Male XT60 Female Female Male Male Female
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Figure 3.6 - Power module APM BEC 3A XT60 plug

3.2.2 Speed controller selection (ESC)
When choosing a speed controller, it is necessary to take into account: the maximum

current consumed by the engine, as well as battery voltage. You should choose a battery with a maximum
passing current 10-20% higher than the current consumed by the engines. The nominal voltage must be
equal to or greater than the battery voltage.

Since the maximum consumer current of the engine is 22 A, and the battery voltage is 14.8V (4S), ESC
HOBBYWING SKYWALKER Quattro 25A was chosen.

Figure 3. 7- Cruise control (ECS)
Table 3.4 - Characteristics of the chosen onespeed controller

High-voltage 74—148V
Nominal current 25A
Peak current 30A
PWM frequency 50-432 Hz
Cooling passive
Size 70x62x11 mm
Weight 112 g
Output voltage 5B
Output current 3A

3.3 Flight controller
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3.3.1 PixHawk flight controller description.

A flight controller (FC) is an electronic device consisting of a board with a processor and built-in
sensors that control the flight of a UAV.

The following sensors are used for multicopters carrying a payload:

3-axis accelerometer
3-axis gyroscope
Magnetometer

Barometer

The purpose of the work is to build a UAV capable of performing the main flight modes indicated

in the table:

Table 3.5- Quadcopter flight modes

No Function Description

1. | Stabilize Takeoff and landing. A gyroscope and accelerometer are used to maintain the horizon.
The compass is used additionally for control and correction.

2. | AltHold Altitude hold mode. In this mode, the use of a barometer is added, which helps to
maintain altitude according to air pressure.

3. | Land Automatic landing mode in the current position. A barometer is used to control altitude.

4. | Simple A mode that allows you to "forget" about the orientation of the UAV in relation to the
pilot. In this mode, the most important thing is the compass.

5. | Loiter Point holding mode (by coordinate and height). Uses GPS. The mode is well suited for
photo and video shooting.

6. | Auto Flight to the planned points. A path can be created manually through ground station
software before flight.

7. | Failsafe Rescue mode, which sends the UAV home (to the point where the engines are started
- Arming or another planned point). For example, in case of loss of communication
with the ground station.

A new generation PixHawk flight controller based on a 32-bit STM32 processor developed by

the ArduPilot open source PX4 project was chosen. Due to a more productive processor core, PixHawk has

greater efficiency compared to ArduPilot 2.5. -2.8. and a number of new functions: "black box" (recording

of flight information on an SD card), adaptive filters and self-learning flight.

Characteristics:

- Size: 81x44x15mm
- Weight: 33.1g

Microprocessor:




32-bit STM32F427 Cortex M4 core with FPU
168 MHz / 256 KB RAM / 2 MB Flash
32 bit STM32F103 failsafe co-processor

Sensors:

ST Micro L3GD20 3-axis, 16-bit gyroscope

ST Micro LSM303D 3-axis, 14-bit accelerometer / magnetometer
Invensense MPU 6000 accelerometer / gyroscope with 3 axes
Barometer MEAS MS5611

Interfaces:

5x UART (serial ports)

2x CAN

Spektrum DSM / DSM2 / Satellite DSM-X® compatible input to DX8
Futaba S.BUS® compatible input and output

PPM signal

RSSI (PWM or voltage) input

12C

SPI

3.3 and 6.6-volt ADC inputs

External mUSB port

54
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1 - Spektrum DSM receiver — mopT npinivaya pagio YIPaBTHHA
crangapty "Cnexrpym".

2 - Telemetry - moTp pagioMOFeMIE A1 3B'A3KY 3 KOMITIOTEPOM.

3 - Telemetry - mopt OSD (crcTeMa HaKTaTaHHA MOMbOTHIX
f TIOKa3HMKIE Ha Eifle OKApPTHHKY ITPH MO OTax 10 Kamepi).

Q 4-USB - migKmodeHHA 10 KOMITIOTepa.
5- SPI - ii¢poBa NNMHA 3aranbHOT0 MPHSHAYSHHA.

6 Power module — mopT MOYIIA AMENEHHA 3 CEHCOPAMI
HAMpyTH i CTPYMY.

7- Safety switch button - kHornka "Gesmesar”.
1) 8- Buzzer—symep.
9- Serial - MOCTiIOEHINT [TOPT 3arABHOTO MPH3HAYEHHA.
10- GPS module mopT HaBiTaITHOTO MPIFTMAYA.

12 11- CAN (controller area network) bus - imdposa nnma
npucTpois craHmapTy CAN.

12-12C splitter or compass module - MopT MEKTOUEHHA
3OBHILIHBOr0 KOMIIACa.

13- Analog to digital converter 6.6 V-mopt ALIIL
14- Analog to digital converter 3.3 V-mopt ALIIL

15 - LED indicator — CEITIOEINT {HIMKATOP

Figure 3.8- Fllght controllerPixHawk
Below are the functional diagrams according to the technical documentation
[ ] of the ST Micro L3GD20 gyroscope, the ST Micro LSM303D accelerometer and
magnetometer, the MEAS MS5611 barometer, which are equipped with the
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PixHawk flight controller.



Figure 3.9- ST Micro LSM303D accelerometer and magnetometer
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Figure 3.11- Barometer MEAS MS5611

3.3.2 Flight controller architecture.
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The PX4 project develops a series of hardware modules used to control vehicles. This is manual
and automatic control of unmanned aerial vehicles, motor boats, rovers and some other automatic control
systems. All PX4-based aircraft share the same code base.

The PX4 architecture consists of two main levels:

- The upper middleware is a common level of robotics that can support

any type of autonomous robot.
- The bottom part, the flight stack, is a flight evaluation and control

system.
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Figure 3.12 - High-level software architecture diagram.
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The flight stack is a set of guidance, navigation and control algorithms for autonomous unmanned
aerial vehicles. It includes controllers for fixed-wing or multi-rotor drones, as well as a position estimator.

The following diagram shows a general view of the flight stack blocks. It contains communication
from sensors, RC input and autonomous flight control (navigator), all the way to the actuator.

OUiHIOBaY BUCOTH
Ta nosuuii

Hagiratop KoHTponep noauuji KoHTponep sucotu Mikwep ABUryH
Ta ckopocTi

Figure 3.13 - Flight stack diagram.

OaTumku

The estimator takes one or more sensor inputs, combines them, and calculates the state of the
vehicle (for example, the position of the quadcopter from the IMU sensors).

A controller is a component that accepts a given value and measurement or estimated state
(process variable) as input data. Its purpose is to adjust the value of a process variable so that it
corresponds to a given point. The output signal is the correction to ultimately achieve this setpoint. For
example, a position controller takes set position values as inputs, the process variable is the current
estimated position, and the output is a set position and thrust value that moves the drone to the desired
position.

The mixer takes power commands (eg turn right) and translates them into individual motor
commands, within some limitations. This transition is specific to the type of UAV and depends on
various factors, such as the location of the engine relative to the center of gravity or the rotational inertia

of the engines.

3.4 Selection of attachments.

3.4.1 Selecting a GPS receiver.
The satellite navigation receiver in the quadcopter equipment is needed in order to:

- perform an automatic flight along a given route;
- determine the current distance to the take-off point, the speed and
altitude of the flight when flying on FPV;



60

- to ensure automatic return to the take-off point in case of loss of the

control signal.
Ublox Neo m8n 8N GPS was chosen.

Figure 3.14. - GPS Ublox Neo m8n 8N.

3.4.2 Selection of video equipment.
Video equipment of a quadcopter generally consists of the following components:

- video cameras, course and main;

- video switcher;

- stabilized camera suspension;

- the module for overlaying information on the image (OSD);
- video transmitters;

- omnidirectional antenna;

- video equipment power supply.
The terrestrial part of the video channel also consists of several components:

video receivers;

- antennas, omnidirectional and directional;
- antenna position control system (tracker);
- video glasses or monitor;

- video recorder;

- power supply.
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Usually, two cameras are used in professional filming for FPV flights: course and main. FPV -
(English "First Person View" - a view from the first person) a way of controlling an unmanned aircraft
using a video camera on board. The real-time video is transmitted to the pilot of the drone and allows him
to control it outside the field of view. The course camera is light, uncomplicated and gives an image of
average quality. It is mounted on the frame of the copter in a fixed position convenient for the operator and
is directed slightly at an angle to the ground. Such a camera simulates the view from the cockpit and gives
a clear idea of where and at what angle the copter is flying, and whether there are obstacles on the way. As
a rule, telemetry information (OSD) is superimposed on the image from this camera [4]. However, for the
developed system, a decision was made to choose one camera mounted on a controlled, stabilized
suspension. This approach is more economical, also eliminates the need for a video switcher and frees up
one of the radio channels. Thus, the Xiaomi Yi Sport Black camera was chosen. The Tarot T4-3D three-

axis gimbal was chosen as the camera stabilization system.

Figure 3.15- Camera Xiaomi Yi Spor

Tabl 5.
Ce . ]
Me , Sony
| Viewing angle 155° °
Video shooting 1080p 60 fps
mode 1080p 30 fps
720p 120 fps
480p 240 fps
Photo shooting 16 MP (4608x3456) Working temperature -20°C ~ 50°C
mode
Nutrition Replacement, Li-Po, 1010 | Supply voltage 2S ~ 6S LiPo
mAh
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PZP microSD (up to 64 GB) Size 99mm x 88.5mm x
105.6mm
Weight 729 Weight 178 g.

The FPV system uses video data receivers and transmitters. For antennas, the following

frequencies used in this system should be operated:

- 900 MHz;

- 1.2 GHz;

- 1.3 GHz;

- 2.4 GHz;

- 5.8GHz.

The lower the frequency, the greater the penetrating ability, but the greater
the geometric dimensions of the antenna. The most optimal option will be antennas

operating at a frequency of 2.4 GHz.

Power is one of the important indicators. More power means more range. To double the range,
the power must be quadrupled. But you should take into account the legality of using the selected FPV

frequency and power in the country or region.

The telemetry system (OSD) is designed to transmit important technical
information from the board in real time, as well as, if necessary, record this
information in memory for further study. The composition of this information
depends on the purpose of the system and the needs of the operator. This is usually
the following information:

- battery voltage;

- consumed current;

- battery temperature;

- operation mode of the flight controller;
- flight time;

- height;

- linear velocity;
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vertical acceleration;

readings of accelerometers (roll);
compass readings;

engine revolutions;

current GPS coordinates;
number of available satellites;

distance to the starting point.

The telemetry implementation scheme using OSD is shown below:

30BHILHI AKepena AaHnx:
GPS, patuuku cTpymy Ta Hanpyru
| T
i
l ' Y
)
\ 4
J1b0THUIA Bi
KOHTpOnep B OSD »1 DBigeonepegasay
[ Kamepa

Figure 3.16 - Block diagram of telemetry application with OSD.

External data to the OSD module (Figure 3.17.) can come from the flight

controller through a serial interface, directly from external sensors, or
simultaneously from different sources.
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The module's own microcontroller (MCU) processes data and loads it into a
special chip - a video mixer (V-MIX), which superimposes alphanumeric and

graphic information on the image.

3oBHiWHI gaHi

Wi

Buxia Bigeo
MCU :> V-MIX :> (oo nepenatuuka)

i

Bxig Bigeo
(3 kamepu abo komyTaTopa)

Figure 3.17 - Structural diagram of the OSD module

Based on the selection of design elements of the quadcopter mentioned
above, a connection diagram was built.



T — A ———
ancy Aﬂnﬁ ancs Anca
pan
pa—

Min

1 (red)
2 (blk)
3 (blk)
4 (blk)
5 (blk)
6 (blk)

Curvan  Bonbr
VCC 45V

TX(OUT) +3.3V
RX(IN)  +3.3v
CTS(IN)  +3.3V
RTS (OUT) +3.3V
GND GND

Curhan  BonbT
vce +5V

vee +5V

CURRENT +3.3V/
VOLTAGE +3.3V
GND GND
GND GND

IHAnKaTOp
3apaay

Mpuiimay
2.4 1Ty

65

CurHan  BonbT
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Figure 3.18 - Connection diagram of quadcopter elements.
3.5 Conclusion to the chapter

Thus, in this part of the thesis, a synthesis of the design parts of the UAV was carried out. The

elements of the quadcopter are offered to be purchased as separate modules from the many options available

on the market. Reasoned selection of the mechanical part of the quadcopter - frame and engines, a flight

controller with a high-performance microprocessor was selected as the control device, the power supply

system and attached monitoring equipment were selected.
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4. RESEARCH PART

4.1. The purpose of the research part
The task of the research part of the control system of the quadcopter is the synthesis of the

regulator, that is, the determination of its structure and parameters.

The regulator is designed in such a way that by its action it:

- compensated for the effect of the link of the object falling into this
circuit;

- ensured astatism of the system in terms of controlling influence

- ensured the optimization of regulation processes according to the

selected criterion.

There are a large number of methods of synthesizing regulators for various types of objects. The
main methods are the synthesis of PID controllers, the method of modal regulation, the frequency method,

the synthesis of controllers according to the desired transfer function, and the interpolation method. With
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such a variety of methods, the developer often faces the question of which of the above methods to use
when synthesizing a particular control object.

The real interpolation method for unstable objects is poorly formalized. To solve the problem, it
IS necessary to attract additional information, so this is a type of compensatory methods.

The frequency method when working with unstable objects is quite time-consuming, therefore it
is not used in practice.

The method of synthesizing regulators according to the type of desired transfer function of the
system is well formalized, it allows quite simply to ensure the desired quality of the closed system in
combination with its roughness.

In part 2.6. diploma thesis, PD regulator was used. Such a system has either zero roots or is on
the limit of stability. Therefore, the modal method was chosen for the synthesis of the regulator, which
seems to be the most optimal, since it is possible to build a regulator of the minimum order using it,
providing good indicators of the quality of the synthesized system. The synthesis of the minimum order

observer can present some difficulty.
4.2. The theory of the synthesis of the modal regulator

Modal control allows you to obtain the desired transient process by ensuring the necessary
position of the roots of the characteristic polynomial on the complex plane. At the same time, the task is to
find the feedback coefficients based on the state of the object, and not due to the use of corrective links in
the direct chain of the ACS.

According to [11], the synthesis of the regulator is carried out on the basis of state space equations.

In vector-matrix form, these equations are written as follows:

ac (4.1)

Y(t) = CX(t),

where A, B, C are matrices of dimensionality coefficients (nxn), (nxm), (rxn), (rxm)

{dx—(t) = AX(t) + BU(t)

respectively; (matrix A characterizes the dynamic properties of the system, B is the control matrix, it
determines the nature of the influence of the input variables U (t) on the state variables X (t), C is the matrix
of the connection between the output changes Y (t) and the state variables X (t) ).

m - number of inputs; r - the number of outputs; U (t) - control vector function, dimensions m; X
(t) is a vector-function of state variables of dimension n; Y (1) is a vector function of the initial coordinates
of dimension n.

For the synthesis of the modal controller, the object described by equations (4.1) must be fully

controlled and monitored.
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Full controllability is the ability to transfer the object from the initial state Xq to any
predetermined state X with limited control action. Observability - the ability to determine the state vector
X (t) from the output vector Y (t).

The Kalman criterion allows us to investigate observability and controllability. For this, it is
necessary to check the ranks of controllability matrices U and observation V:

U=[B AB A2B A3B...An-1B];
V=[C CA CA2 CA3...CAn-1], (4.2)

The system is fully controlled when the rank of the matrix U is equal to the order of the system

(n). The system is fully converged when the rank of the matrix V is equal to the order of the system (n).

y
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Figure 4.1 - The control system is closed by the supervisor and the regulator.

Figure (4.1) shows a control system with a supervisor and a regulator.

The state regulator is a negativeandthe reverse link for all components of the state vector. It should
be noted that the order of the regulator is equal to the order of the system:

(4.3)

A closed system includes an object and a state controller:

u(t)Z—KX(t)’:—(kl, k2, A kn)X(t):—(klxl, kz)Cz, soiy Kok

n-n
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dX (¢ , g
@ _ AX )+ B(-KX(t))=(A- BK)X(t)= A, X (1),
(4.4)
where Az = A-VK is the state matrix of the closed system.
The matrix Aj must have the desired eigenvalues
}\,l', lzl, ceey * 45)

The coefficients of the matrix A3 are from the characteristic polynomial constructed according to
the desired eigenvalues of A:
i : n * n-1 * *-
Wm(P)ZH(P"Kr)=P Tay1P t...+a ptag,

l

[0 1 B 0 |
0 0 | 0
A, =
0 0 0 1
* * * . *
—ay —a1 —@ —ap_1 |

(4.6)
The coefficients of the feedback matrix by state K are from equation (**).
The selection of the desired roots is carried out according to the Butterward distribution table.
Table 4.1 - Distribution of roots according to Butterworth

No Roots

2 |-0.7071+0.7071i | - 0.7071-0.7071i

3 |-1,000 -0.5000+0.8660i | -0.5000-0.8660i

4 |-0.3827+0.9239i |-0.3827-0.9239i | -0.9239+0.3827i | -0.9239-0.3827i

5 ]-0.3090+0.9511i |-0.3090-0.9511i | -1,000 -0.8090+0.5878i | -0.8090-0.5878i

If the object is fully observable, then the current state of the object X (t) can be calculated from

the measured values of the output variable y (t). In this case, the controlling influence will have the form:
u(t)=—-KX(1).
(t) ®- 47

A state monitor is a model of the object covered by feedback on the deviation of the outputs of

the model and the object. The estimate X (t) with an appropriate choice of the observer's feedback matrix
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L should asymptotically tend to the state of the object. The definition of the L matrix is dual to the K matrix.
Instead of A, B, let's substitute AT, CT.

In the case of a system specified in the canonical observable basis, first the desired values of the
closed supervisor: An and (u=1...,n), then the polynomial Wn(p) is written by the desired roots, then the

matrix of the closed supervisor is constructed:

ay ;U0 ' n—-1)

C 0 1 8 v 0. ]
0 0 1 0
(AH.3)T:
0 0 0 1
=90 —Gg1 —Ay2 . ~Agp-] ]

(4.8)
where a is not (i =0, ..., n-1)
{ RN T
(4g ) =A"-C'L. , o

The eigenvalues specified during the synthesis of the state observer must provide greater speed
than the eigenvalues specified during the synthesis of the regulator.

BBeieHHR MaTPHLi onucy
oy

DopMyBaHHA
eTanoHHoi Mogeni

1
|

Hi

| KOMN'loTepHE MOfIeMNIOBaHHsA I
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Figure 4. 2 — Block diagram of the algorithm for finding the feedback coefficients of the modal
ACS by the classical method.

4.3. Synthesis of the modal controller in Matlab.

It is possible to find the transfer function of the observer of the system by the method of the root
solution of polynomial equations. It is necessary to use the Euclid algorithm. At the same time, the modal
controller provides a given distribution of poles and part of the zeros of the closed circuit transfer function
of the quadcopter model.

The general Euclid algorithm can have the following form:

A(S) =B(S)Po(S) +Z1(S);
B(S) =Z1(S)P1(p) +Z(S);
Z1(S) =Z2(S)P(S) +Z3(S);
Zb(S) = B. (4.10)

The quadcopter has four flight modes: roll, pitch, yaw, and vertical movement or takeoff.

The roll contour is the contour of the position of the quadcopter along the OzXz axis. This contour
is responsible for rotational and translational movement along the roll axis. The contour consists of two
cascades: external - translational movement X and internal - angle of rotation ¢. The values of the X

positions allow tracking of the input, and the angle ¢ must be zero to prevent overshoot with respect to the

X position.
Adjustment of the roll angle contour ¢. Its transfer function has the form:
_BS) _ 1
A(S)  s%
Order B(S) = 0, order A(S) = 2.
Thena=2, b=0.
The transfer functions of the regulator and the closed circuit are realized if
degB(S) <degA(S),
i.eb<a.
w year(pz%

Then the transfer function of the closed circuit of the contour of the angle ¢ takes the following

form:

QS ____B®SE)
WZ(P_D(S) - B(s)s(s)+A(s)R(s)\4'11)

Let's get the valuePy(S),Zo(S) andZ1(S):
Po(S) =1 andZo(S) =Z1(S) = 1. (4.12)
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Thus, it can be concluded thatA(S) andB(S) are mutually prime. So, it can be assumed
thatN1+1(S),N1(S)No(S) are the parameters of the possibility to be implemented by the SAR based on modal
control. These parameters can be obtained using the formula:

N1+1(S)=Ni(S)Pi(S)+Ni—I(S)=0,1, —1;
N-1(S)=0, NO(S)=1.
N1(S)= NO(S)=1, since degB(S)=b=0. (4.13)
From the realizability conditions, we obtain the degree restriction of the desired characteristic

polynomial D (S) of the closed circuit. The degree of D (S) can be calculated using the following expression:
n>2a+a—1 when a>b;
n>2a+a for a=b,
where n is the degree of D(S) and « is the number of free coefficients.
When a=0 n=2+2+0-1=3. (4.14)
The equation will look like this:

D(S)=(5+n)(Stn—1)(Stn—2)(Stn—(n-);
n—i#0; (4.15)

D(S)=(S+1)(S+2)(S+3).

Let's calculateS(S) according to equation (4.14):
S(Sy=ENLS)D(S)-A(S) ¥(S); (4.16)

1
sN1(S)D(S)

Then we get:
S(S)=11p+6. (4.17)
The denominator of the transfer function of the roll angle regulator:

D(S)—-B(S)S(S) __ S3+6S?,

4.18)

Thus, the complete form of the transfer function of the roll angle regulator ¢ has the form:

_S(S) _ 1183+652
P R(S)  S3+6S2

(4.19)

Consider the external contour, that is, the contour of the position of the quadcopter along the OX
axis. Using the algorithm for finding the transfer function of the roll angle regulator, it is possible to find
the transfer function of the X-paosition regulator. For this, you should determine the values of the parameters
a, b, B, n,N1(S),D(S),S(S) andR(S) for the transfer function:

Ixx
WX(S) =2£22(4.20)

Values of the parameters based on the geometric parameters of the quadcopter:
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a=1;
b=0;
n=2a—a—1=4—a—1=1-a=3, when a=0; f=b=1,;
N1(S)=1; D(S)=(S+1)(S+2)(S+3);
S(S)=ENL(S)D(S)-A(S).¥(S)=12p6;

D(S)=B(S)S(S).

R(S)= s

(4.21)

_(8+1)(S+2)(S+3)—g/lyy(-12p-6),
R(S)= > :

_S(S) _ -125%-6S
Wpx(S) TR(S) ~ $3+652+599.6p+294.3

where Wpx(S)— is the transfer function of the position along the OX axis.

2 & (i} 8 10

Figure 4.3 - Modeling the X position contour

Since, taking into account the symmetry of the quadcopter, the position contours along the X
and Y axes are identical in terms of parameters and structure, since the parameters 1YY and IXX have

equal values.
S(S 1153+652
pe:—( ) =
R(S) S$3+6S2

(4.22)

S(S) _ -125%-6S p

W yeary(S) :R(S) - 53+652+599.6p+294-3\

4.23)

whereWpb (p) is the transfer function of the pitch angle regulator 6;

WpY(p) is the transfer function of the position regulator along the Y axis.
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The task of controlling the yaw angle is to ensure a zero value during flight, otherwise the
quadcopter rotates around the vertical axis. The adjustment of the angle y and other angles 6 and ¢ is
based on the same parameters. The only difference is in the moment of inertia parameter 1ZZ.

1Z2Z =12-m (4.24)
where | is the distance from the center of mass to the engine (taking into account the selected
frame 0.650/2 = 0.325 m);

m - weight of the quadcopter (3,200 grams)
1ZZ = 3.2- (0.325)2=0.338 kg-m2.
Then, the angle regulator y has the same transfer function as the regulators 6 and ¢ with the

multiplication of its numerator byIZTZ. The transfer function of the angle regulator wWpy (S) has the

following form:
0.338(1153+652
Wpy(S) = %

(4.25)

02— |

| |
0 2 4 &

Figure 4.4 - Modeling the corner contoury. Stabilization of the zero position when disturbed

relative to the vertical axis.

The transfer function of the height contour Z of the open circuit Z is represented by two
successive integrating links. Therefore, the transfer function of the regulator is also the transfer function
of the angle regulators 6 or ¢ multiplied by the output%.

_ -125%-6S g_ —125%-6Sx(3,06) _ —36,725°-1836S
W yearZ(S) =5— * S=—— = (
S3+652+599.6p+294.3 m S3+652+599.6p+294.3 S3+652+599.6p+294.3

4.26)
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Figure 4.5 - Modeling the contour of the Z position.

In this way, the synthesis of modal regulation was carried out. It can be seen from the graphs that
the obtained regulators on three channels of quadrocopter control bring the system to a stable mode.

Appendix No. 1 lists the program for setting up the modal regulator in the Matlab software environment.
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5. EXPERIMENTAL - PRACTICAL PART

5.1. Computer simulation environment Matlab/Simulink

Computer modeling is one of the main methods of analysis of aircraft control systems. Modeling
allows you to establish the interaction of all aircraft systems and catch a large part of development errors
even before the testing stage. An interactive environment for programming, numerical calculations and
visualization of results - MATLAB - is quite popular and simple for the development of control systems.
With the help of this program, you can analyze data, develop algorithms, create models and applications.
A separate sub-environment is a graphical simulation simulation environment - Simulink, which allows you
to build dynamic models, including discrete, continuous and hybrid, nonlinear and discontinuous systems,
using block diagrams in the form of directed graphs.

With the help of these simulation programs, the ACS of the quadcopter was reproduced and

analyzed.

5.2.  Computer model of DPS

According to point 2.8 of the diploma thesis, a diagram of a direct current
motor was formed, and a specific motor was selected T-Motor MN3510-15 in point
3.1.2. design part.

Computer model of DPS in the environmentMatlab/Simulink will look like

Mas
0.0000008006

1
R T
0.0000254s + 0.064 @P ©) 10.0000209 1
‘ 0BMENEHHA Ce [—

no CTpymy ///_L 1i{dv+Jp)
0.0064

e D)

=
@

- —

this:
Figure 5.1 -Computer model of DPS.

where the calculated coefficients were used:



Table 5.1 - DPS coefficients:
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Up | Supply voltage 5V

Se Motor constant for anti-emf 0.064

b Aerodynamic coefficient of thrust of one propeller 0.0000405 N-c2

d Aerodynamic coefficient of air resistance to propeller rotation 0.0000008006
N-m-c2

mp | UAV mass 3.2kg

In this way, the main characteristics of the designed engine were obtained:

700 -

| I e

1] 0.05 01 015 0.2

Figure 5.2 - Transient characteristics of engine speed (rad/s)
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Figure 5.3 - Torque on the motor shaft




/8

T T T T T T T
70 —
i
ol \ ]
| \
4
\
50 - .
40 |- .
30 | .
™~
20 [ T 1 .
T
—_—
10 1 1 .
oF .
I I I I I I I
0 0.0 0.02 0.03 0.04 0.05 0.06 0.07
T
200 T
150
100
50 |
0 f——-— .
I I I I I I I I I
[} 1 2 3 4 5 6 7 8 a 10

Figure 5.5 - Characteristics of movement or change of the X coordinate.

The transfer function of the selected DPS was found separately

We believe that the electromagnetic time constant of the engine is much smaller than the
electromechanical constant, i.e..T, K Tm =T,

Based on the linearized mechanical characteristics of the electric motor, the idealized transfer
function (without taking into account the time delay and winding inductance) from the excitation voltage

Uc to the angular speed of rotation of the electric motor rotor o has the form:

Kas

W(S)= Uﬁ =

¢ TAS+1(5'1)

1 .. . .
whereKas = P transmission ratio of the electric motor
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T - time constant of the electric motor.

Let's find the coefficientk®.

k="=(5,2)

Since the quadcopter control system includes a real engine with its own
parameters (paragraph 3.2.1), we will get the

followingcoefficientk® (npu ocwosiii Harpysui 85% i 15'nponesepamu ):

H_IHRH—UH_IHRS{
Wy 2mn/60

kp=2

Un =5V, since a current of 5V comes out of the ECS.

kcI):5—12,3'0,065: 000642
660

paz

Then the proportionality coefficient for EMF resistance is equal to:
Kns = —— =156.25

Let's calculate the time constant using the formula:

T = Rﬂ-]_o,065-0,000325_0.52 (5.3)

AT ko2 0,000041

whereJ = %mRZ- the moment of inertia of the rotor, which describes the

trajectory of the cylinder:
m — the average mass of the propeller [kg]

R - propeller radius [m]

ThenW(S)= 2 = & = 222°(5 4)

¢ TS+1 052S5+1 %

5.3.  Computer model of a quadcopter with PD controller

The computer model of the quadcopter with the resulting DPS transfer function will look like this:
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Figure 5.6 -A computer model of a quadcopter with the resulting DPS
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Figure 5. 7 - Transient characteristics of the system

According to the graph of the transition process, we can see that the system is unstable, so it is
necessary to use a regulator that is able to debug the system.

Enter the one chosen according to point 2.6. PD regulator and disturbing influence.
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Figure 5.8. Computer model of a quadcopter with PD controller.

Software environmentMatlab/Simulink has a PID Tuner subroutine in its library, which allows
you to automatically select the coefficients of the PID controller, depending on the transfer function of the
object.

The PID Tuner uses a patented method of adjusting the coefficients of the PID - regulator, based
on feedback from the operating characteristics that the user wants to obtain. The initial values of the
regulator coefficients are based on an approximate analysis of the system dynamics. The PD regulator was
selected in the settings and the "desired" transition process was set in the semi-automatic mode. The table
shows stability criteria: settling time, rise time,

Overshoot, peak deviation, gain margin, maximum phase margin, closed-loop stability.
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Figure 5.9 - Window for adjusting the PD of the regulator

Controller Parameters

Tuned Block
P 3.8920%e-06 3.9586e-05
| n/a n/a
D 0.000:85921 0.0030294
M 59.1704 170.64594 '
Perfarmance and Robustness

Tuned Block
Rise time 2.96 seconds 0.852 seconds
Settling tirme 4.8 seconds 3.96 seconds
Owershoot 0.846 % 17.3 %
Peak 1.01 117
Gain margin 41.1 dB @ 10.7 rad/s 39.1dB @ 18.1 rad/s
Phase margin 73.9deg @ 0.518 rad/s |51.2 deg @ 1.4% rad/s
Closed-loop stability  |Stable Stable

Figure 5.10 - Obtained PD characteristics of the regulator
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Figure 5.11 - Transient characteristics of the system

The online service www.ecalc.ch was used to evaluate the operational parameters of the
guadcopter design, which allows for their calculation and optimization.

This service has in its database all the necessary parts for the developed design. The necessary
elements are entered in the interactive window: battery, speed controller, engine, propellers with additional
settings.

In this way, the effectiveness of the developed structure was evaluated. The flight was simulated

. o .
at an altitude of 500 m above sea level, at 25°C, up to 85% battery discharge.
Figure 5.12 - eCalc input parameters window.
Obtained battery characteristics, optimal flight mode, hover mode, parameters of the rotorcraft
group (VMG), and payload:
Figure 5.13 - eCalc output parameters window.
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Figure 5.15 - Minimum flight time at maximum load

Graphs of engine efficiency are plotted, and flight time is calculated. It should be noted that the

flight time schedules are quite low, which indicates the minimum flight time at maximum load. The payload

is 3810 grams, with the total weight of the quadcopter with the selected equipment 3200 grams.
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6. ECONOMIC PART. CALCULATION OF THE COST AND PRICE OF THE
QUADROCOPTER SYSTEM

6.1. Purpose of the economic section and description of the product.

In the thesis, a system of automatic flight stabilization of UAVs when entering a given route with
modal regulation is developed. This system is intended for multi-rotor UAVs, in particular quadcopters.
This adjustment approach can be used in other drones of this type when changing system components. The
elements of the quadcopter were selected as individual modules from the many options available on the
market.

The automatic stabilization system consists of the following functional units:

- setter of control signals (operator remote control, GPS coordinates);

- flight controller, which includes sensors (gyroscope, accelerometer, barometer, magnetometer);

- electric motors;



86

As well as accessories and attachments that count as a complete quadcopter system.

The main functions of the stabilization system are the stabilization of the drone in the air relative
to the given route, which is achieved by adjusting the number of revolutions of the quadcopter engines,
which depend on the parameters of the specified influences (given flight parameters) and disturbances.

The device meets modern requirements for devices of a similar class in terms of design reliability,
performance, overall dimensions, and weight.

The purpose of this section is to study the economic feasibility of using the development and its
implementation in production, as well as comparing the created quadcopter system with existing analogues.

For this, it is necessary to solve the following tasks:

1. segment the device market;

2. determine the competitiveness of this development;

3. calculate the labor intensity of work;

4.  prepare estimates of development costs;

5. calculate wages, determine the cost of the object, and calculate
the expected profit from the implementation of the system.

6. calculate the break-even point and plot the break-even point.

6.2. Market segmentation

In this point, the market segments of the designed system are identified. A segment is a group of
consumers who have similar needs, capabilities and desires regarding a product. The segment must be large
enough in terms of the number of consumers, as well as in terms of purchasing power, in order to ensure
profitable sales.

Market segmentation is the process of dividing consumers into separate segments, taking into
account various segmentation principles and factors.

The target consumers of the developed system are aviation factories, enterprises, private
individuals who are engaged in the development, assembly and adjustment of multi-rotor devices, as well
as manufacturers of various devices, where methods of modal regulation can be used. Since these systems
are manufactured to order, it is advisable to segment the market according to end customers.

The main characteristic of the segment is capacity - the number of products that can be sold per
year.

Calculations of the market capacity are carried out after determining the composition of the

segments and begin with the determination of the total need for the product of this type:



87

L
SHOBH = Z];SIHOBHi (6.1)
i=

where Spovn is the total need for the product for all segments, pcs. / year;

Slcomplete - complete need of one segment, pc. / year;

i - segment number;

L - number of segments, pcs.

The full demand of the segment is calculated taking into account the specific features of the
product and segments. For many types of goods for individual and industrial purposes, S1 can be calculated
according to the following formula:

Sll'IOBHi = Ni ) Qi ) mi ,(6.2)

where Ni is the number of enterprises-consumers of the product in the i-th segment;

Qi - the average annual program of products in the i-th segment for which the product will be
supplied,;

mi - number of components.

Segmentation and calculation of market capacity are given in the table. 6.1:

Table 6.1 - Segmentation and calculation of market capacity

Organization Segment code | N, pcs. Q, pcs. S1full,
units/hour
State enterprises AND 20 10 200
Private individuals of Ukraine B 2 8 16
Enterprises of near abroad IN 15 4 60
Enterprises from far abroad G 6 6 36
In total 312

From the table. 6.1. it can be seen that the full capacity of the market reaches 312 copies per year..

6.3. Analysis of competitiveness.

Product competitiveness is the level of its economic indicators and consumer
properties, which allows it to withstand competition with other similar products on
the market. Product competitiveness is a complex property formed by its quality
(consumer value), consumption price, effectiveness of marketing and commercial

activity and is determined by the consumer's reaction to these external
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manifestations.
Next, an assessment of the competitiveness of the developed quadcopter
system is provided.
The developed system is not unique, but it has a number of advantages
compared to competitors. These advantages are due to price and multifunctionality.
On the basis of the available data on the characteristics of competitors'
developments and the developed system, an analysis of competitiveness is carried
out.
Ready-made quadcopter systems should be considered the strongest
competitors on the market:
1. DJIPHANTOM 4 Pro-XI; 42K
2. DJIMAVIC PRO-X2; 34 K
3.  GoPro Karma- Khz. 37K

The index - X0 is assigned to the developed system. To assess the positions of competitors, it is
necessary to build table 6.2. At the same time, the key factors of success will be the indicators that determine
the final characteristics: the quality of the assembly, the accuracy of the stabilization system, and the flight
range.

The developed drone system must be compared with similar competing systems. When
comparing, it is advisable to apply the method of comprehensive analysis of quality indicators with
calculations of generalized indicators and the level of complexity.

Table 6.2 - Analysis of competitor firms

Key success factors The results of the ranking of competitors' firms according to the
strength/weakness of their positions in the market
Power weakness
Development technology X1 X2 X0 X3
Sales review X1 X2 X0 X3
Net profit X0 X1 X3 X2
Cost X0 X2 X3 X1
Sales area X1 X0 X2 X3

Let's determine the absolute values of the i-th indicators of the j variants of Pij in points. We

assign the weighting factor bi as a quality indicator:

Siabi=1nb <0,i=1; (6.3)



89

where n is the number of quality indicators.

Quality indicators are divided into minimized and maximized and form a hypothetical
(reference option).

For each j-th variant, the relative values of the i-th indicators (kij) by comparing Pij with
Pul'UII (taking into account the condition kij <1).

1. for minimizable indicators;

2. for maximized performance.

We enter the obtained results in table 6.3.

Table 6.3 - Analysis of competitiveness

Absolute values of : N
quality indicators Relative values of quality indicators
The indicator is . :
the weighting Variants of the complex Variants of the complex
factor Hyp Hy
X0 | X1 X2 | X3 X0 X1 X2 X3 0
Stabilizatio 0.4 | 4 4/ 4 3|5 /08|03 0803 0803206 024|104
n accuracy
The ability | 0.2 | 5 2/ 2| 4|5 | 1|02 04 00804 008 08| 016 0.2
to adapt to 1
changing
parameters
Speed 02 5 5/ 4| 4|51 /02 10208 016 08| 016 |1 [0.2
action
Ease of 0.1 3 5/ 5| 4|5 06006 1|01 1 01|08 008]|1]01
implement
ation 0.1
Working 0.1 4 4/ 3 2|5 /08008 08008 06| 00604 004 /|1 |01
on
rejection
In total - - - 10.86 078 - 072 - 068 -1

The generalized indicator of the quality of the developed system is the largest - 0.86, which can

be seen from table 6.3. This shows that the system is competitive.
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Having received the generalized, it is necessary to consider the levels Indicatorsk for all options

considered, the competitiveness of the new application compared to competing applications.

wherek?- generalized indicator of the competitor application.

Quality levels of the new application compared to competing applications:
0,86

Yxo-x1 = 5,5 = L1
0,86_ i

YXO—XZ = _0 72—1.19,
0,86_

YXO—X3 = ﬁ-lZG

As a result of the analysis, it can be concluded that the developed quadcopter system has high
competitiveness.

6.4. Calculation of cost and price of the system

The cost of the product consists of a number of costs. This includes costs for basic materials, large
components, direct and additional wages, costs for maintenance and operation of equipment, as well as a
number of statewide taxes and deductions.

The following workers are required to design the computer:design engineer, installer-
technologist, manager. The length of a working month is considered to be 22 days on average. The list of

performers is given in the table. 6.4.

We will calculate the duration of development by types of work. The result of the calculations is
contained in the table. 6.4.

Table 6.4 — Composition of work performers

o Salaries, hryvnias
Position
Month Day
Design engineer 9400 427.27
Installer-technologist 7190 326.81
Head 12500 568.18

Table 6.5 — Calculation of labor intensity of works

| Type of works | Duration, Performer
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days Labor intensity, Design Installer- :
) technologi | Head
person / hour engineer ot
Preparatory works
Formulation of
the problem 1 2 * i *
Ana}lysis of the 1 2 N ] N
subject area
Terms of Reference (TOR)
Development of
system 1 3 + + +
requirements
Development of
TK 2 4 + + -
Approval of
technical 1 3 + + +
specifications
Designing a control system with a modal regulator
Synthesis of the 4 4 N ) )
control system
Assembly works 3 3 - + -
Acc_:eptance and 1 5 ] N N
delivery works
Implementation

System. 2 4 + + -
debugging
Testin_g a_nd _ 5 5 N N N
commissioning

Together 18 33 14 12 7

The calculation of the labor intensity of the work is given in table 6.5.

Thus, the total duration of the work will be 18 days, the total labor force will be 33 people. / days

The labor intensity of the engineer-designer will be 14 days, the installer-technologist - 12 days, the

manager - 7 days.
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Let's calculate the basic salary of employees involved in the production of the regulator, taking
into account labor costs, the number of performers and the average daily salary. To do this, the number of
days worked by individual performers is multiplied by their daily wages:

03I = ¥;_,(N; - 311),(6.5)
where N_i is the number of days worked by i-th performers;
ZP - daily salaries of i-th performers, hryvnias.

Thus, the basic salary:

03Il =427.27-14 + 326.81-12 4+ 568.18 -7 = 13 880.76rpH.

We will calculate the additional salary (DZP), which is 20% of the OZP.

DZP =0.2- OZP.

As you can see, the additional salary is equal to:

DZP =0.2 -13 880.76= UAH 2,776.15

Let's calculate the cost of purchased products necessary for the manufacture of a calculator.

Table 6.6 — List of purchased products

The number of Price per product
Name of purchased products products in the . Amount, UAH
unit, UAH
system
Frame 1 3500 3500
Engine 4 2200 8800
Propellers 4 248 995
ECS 1 1278 1278
battery 2 4350 8700
Flight controller 1 2270 2270
GPS receiver 1 460 460
Cell 1 1600 1600
FPV equipment 1 1565 1565
Wires 1 385 385
Suspension 1 3550 3550
Timer 1 185 185
In total 33,288
Table 6.7 — Cost of fixed assets
: Price,
Equipment Number UAH
Table 3 800
Chair 3 300
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Lamp 3 400

Collection tools 1 1,000

Computer 1 9,000
In total 12,250

Deductions to the unified social fund amount to 22% of the basic salary and additional salary:

EUV = 22% - (OZP + DZP) = 0.22 (13 880.76 + 2 776.15) = UAH 3,664.52.

The annual rate of depreciation deductions (Am) is calculated as 25% of the cost of fixed assets,
for the production of 1 product:

_ 25% - BapricTb 3aco6iB- [lp  0.25-12250-18

= 208,38
Tore 2212 rpH

AMm

where/lp- duration of working days

Hpiu — KIIBKICTb POGOYHX IHIB y porii

Non-production costs are calculated according to the formula:

Vpv=40% - OZP =0.4- 13 880.76= UAH 5,552.3

Equipment maintenance costs are 10% of the cost of fixed assets:

Internal region = 0.1-12,250 = 1,225 UAH.

The production cost of software product development is equal to the sum of all costs and is

calculated according to the formula:

C=0ZP + DZP + ESV + Am + Sel + Vtr.obl + Vpv =13 880.76+ 2,776.15 + 3,664.52 +208,8 +
33,288+1,225 + 5,552.3 = 60,595.53 hryvnias.

The development price is calculated according to the formula:

Tsrazr = C + P =59,370.53+ 11,874.1 = 71,244.64 hryvnias.

where P is the planned profit (20% of the development price).

P =59,370.53* 0.2 = 11,874.1 UAH.

Full development cost including VAT:

Ts = Tsrazr + VAT.

Value-added tax is 20% of the development price:

VAT =71,244.64 * 0.2 = 14,248.93 UAH.

Following the previous statements, the total development cost, including VAT, is equal to:

Ts=71,244.64 + 14,248.93 = 85,493.6 UAH.

Table 6.8 - Calculation of the cost price and price of the product by articles
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No Articles Amount, UAH Formula
1 | Basic salary (OZU) >
13 880.76 030 = Z(Ni -3,
i=1
— 5
2 | Additional ZP (DZP) 5 776,15 20% of OzZP
- —— v
3 | Her social contribution 3,664.52 22% -(OZP+DZP)
4 | Materials and purchased products from table 6.2
33,288
5 | Amortization Am = 25% - BapricTb ocH.- 18
208.8 M 2212
6 | Equipment maintenance costs 1225 10% of the cost of fixed assets
0,
7 | General plant costs 55523 40% of RAM,
8 | Production cost ml+-.+n7
60,595.53
9 | Administrative expenses 45% of RAM
6 246.3
10 | Selling expenses 1514.9 2.5% of item 8
11 | Cost of own works ml+--.4n.10
128,952.3
12 | Profit (P) 25,790.46 20% Bigm. 11
thirt | Price without VAT N+mn11
een 154742.76
14 | VAT 30,948.5 20% Big ninu 6e3 [1/1B
15 | Price with VAT 185 691.3 n.13 + .14

128,952.3, and the project price (including VAT) is UAH 185,691.3.

Thus, the cost of the project's own work on the development of a laboratory workshop is UAH

The number of ordered copies must not be less than 312 pieces.

The production cost of one copy of the software product (SP) is determined

by the formula:

where VS - production costs;

KPP - the number of copies ordered.

BCO = 60,595.53/312=194.22

VS0 = VS/kpp (6.6)

The full cost of one copy of the JV software product consists of the sum of
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the production cost of the VSP, the administrative costs of the AB and the sales costs

of the VZ, which are incurred for one copy of the software product:

SPd=BCO + ABO+B30  (6.7)

Administrative costs ABO incurred per one copy of the software product are

determined by the formula:

ABO = AB/CPP (6.8)

ABO =22263%_50 02
312

B30 sales costs incurred per one copy of the software product are determined by the formula:
B30 = VZ/CPP (6.9)

1514.9_

B30= =
312

UAH 4.86

Thus, SPO= 194.22+20.02+4.86=219.1 UAH
Product profitability (product rate) is the ratio of the total amount of profit to the costs of

production and sale of products (the relative amount of profit per UAH 1 of current costs):

P, =2~ 100%(6.10)

where C is the price of a product unit;

C is the unit cost of production.

_ 185691.3 —128952.3

P -100% = 449
n 128952.3 00% &

Therefore, the profitability is 44%.

Let's calculate the wholesale price of one product PRICES (excluding

CPP = SP+(1 + Rp/100) (6.11)
whereP,- profitability ratio.

CPP = 219.1-(1+44/100) = 315.5
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Let's calculate the break-even point. Income from the sale of software products is found by

multiplying the price of one PP by the number of ordered copies of the PP:
DR=CPP-checkpoint (6.12)

DR=315.5-219.1=69 126.93 hryvnias
The analytical size of the critical program (RCP) is calculated by dividing the fixed costs of the
RllostV by the difference between the price of one software product of the CPP and the variable costs

incurred for one copy of the software product (3MV0), i.e.:
RKP=RPOSTV/(CPP-3MVO0) (6.13)

The annual fixed costs of RPOSTV consist of the sum of the following costs:
PPostB= VOU+Am+DV+AB+VZ (6.14)

where VUO - equipment maintenance losses; Am - depreciation;
DV - additional costs;
AB - administrative costs;

VZ - sales costs.

RPostV = 1225+208.8+5552.3+6246.34+1514.9=14646.62 UAH

The annual variable costs of the RZMV consist of the sum of the following costs:

RZMV = VM + FOP + ESVFOP(6.15)

where VM - materials and purchased products;

FOP - wage fund,;
EUSFOP is a single social contribution.
RZMYV = 33,288+16656.91+3664.52=53,609.43 UAH.
The variable costs incurred per one copy of the software product are determined by dividing the

annual variable costs by the annual software product release program:
3MV0 = RZMV/CPP(6.16)

3MVO0 =53 609.43/312=171.83

464662 _ 101 95 ~ 102 .

RKP=
315.2-171.83

Annual income at the break-even point:
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DRBZ =315.5-102 = 32,181 hryvnias

6.5. Conclusions to the section

In this section, the price and cost of the quadcopter system was calculated. Thus, the price without
VAT was UAH 154,742.76, the price with VAT was UAH 185,691.3. The cost is UAH 128,952.3. The
calculation was made taking into account all necessary labor costs, VAT amounted to UAH 14,248.93. The
calculation is made taking into account all necessary labor costs. The cost of one copy is UAH 219.1. This
device can compete in the market.

The break-even point reaches 102 copies of the product, which is 1/3 of the average annual order

of products. It was found that the profitability is 44%, which is a high indicator. The annual income at the

A
Incomes/expenses
, hryvnias
profit
Breakeven point
o \
z |
" Variab
< le
Fixed costs
Damag -
L >
102 Number of copies,

PP pieces

break-even point is UAH 32,181. So the product is profitable.
Figure 6.1 - Definition of a critical product release program.
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CONCLUSION

This thesis is dedicated toUAV control system. The goal was the synthesis
of a drone control system when entering a given route.

As a simulated situation, it was proposed to launch a UAV from a carrier aircraft
and fly it along a given trajectory with a targetmonitoring emergency zones and
terrain reconnaissance.

Taking into account the advantages and disadvantages of existing types of
UAVs, a specific type of multi-rotor UAV was chosen - a quadrocopter. This drone
has great stability during the monitoring task, and the possibility of long-term
barrage over the selected area. Small dimensions and the possibility of installing
additional equipment make it easy to transport such a UAV Dby a carrier aircraft.
Among the shortcomings, a relatively short flight time was identified, which is
determined by the charge of the battery and, as a result, a small radius of action.

During the research and development of the UAV control system, a
mathematical model of the quadcopter was calculated, and the transfer functions for
the roll, pitch, and yaw control channels were obtained. These models are non-linear,
so the system was linearized using a standard Taylor series expansion. PD was used
- regulators that stabilize the control system.

Computer models of the drone were created in the Matlab/Simulink software
environment. With the help of a special PIDtuner tool, it was possible to adjust the
PD-regulators, and obtain the desired transient characteristics according to the
technical task. A separate subdivision of the graduation work was the calculation of
the engine parameters, during which its transmission function and transient
characteristics that meet the requirements of the technical specifications were

obtained.
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A patented Kalman filter is used as a filtering device capable of

compensating the noise of the microelectromechanical system.

The assembly of UAV parts was carried out in the design part of the graduation work. All elements
of the quadcopter are offered as separate modules from the many options available on the market. In this
way, the mechanical part of the quadcopter is selected, where the main elements are the frame and motors,
the flight controller with a high-performance microprocessor is selected as the control device, the power

supply system and the attached monitoring equipment are selected.

The experimental — practical part consisted of computer modeling of the
quadrocopter control system. The efficiency of the selected drone assembly was
calculated separately using the eCalc online service. The research results showed
that the developed UAV has a sufficient payload and is able to fly for more than 30
minutes, which is enough for a flight mission.

A separate section of the thesis was the synthesis of the modal controller of
the quadcopter control system. The study of the modal controller was carried out in
Matlab/Simulink. As a result, transient characteristics and transmission functions of
the control system on three control channels, which have satisfactory indicators,
were obtained. As an appendix, the code of the modal controller program in Matlab
was developed, where the quadcopter as a rigid body was investigated, and the
transmission characteristic and stability reserves of the system in the frequency
domain were obtained.

The final part of the graduation work was an analysis of the economic
efficiency of the assembled components of the quadcopter, which was carried out in
the design part. Market segmentation was carried out and the break-even point of the
development was found.

In this way, the UAV control system when entering a given route was
developed.The development has practical significance for further study and

modernization.
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Appendices

Appendix No. 1
Listing of the modal regulator synthesis program in Matlab

%Setting the transfer function of the OU

A=[1];

B =[1,0,0];

WR = tf(A,B)

WR =

1

sh2

%Derivation of the poles of the transfer function; withdistribution of PF in the space of states
field(WR)

[ABCD]=ssdata(WR)

% Eigenvalues of matrix A

eig(A)

% Checking the system's controllability and controllability
V=obsv(A,C)

U=ctrb(A,B)

rank(U)

rank(V)

% Distribution of roots according to Butterworth

[Z, P, K] = buttap(2)

p =[-0.7071 + 0.7071i; -0.7071 - 0.7071i]

% Matrix of feedback coefficients

K=place(A,B,p)

%Checking the eigenvalues of the matrix of a closed system
eig(AB*K)

% We note the desired roots so that the processes in the system run faster
pn =[-0.7071 + 0.7071i; -0.7071 - 0.7071i]*50
%Supervisor feedback matrix

L= place (A',C',pn)’

L=

1.0e+03 *

2.5000
0.0707

% Dynamic controller matrix

[Ar Br Cr Dr]=reg(A,B,C,D,K,L);

% Transfer function of the dynamic regulator
[num denr]=ss2tf(Ar,Br,Cr,Dr);
Wreg=tf(num,denr)

Wreg =



3606 s + 2500

SN2 +72.12 s + 2601
% Analysis of a closed system using SISODesignTool.
sisotool (WregQ)

% Analysis of a closed system
Wz=feedback(WR, Wreg)
step(Wz)

Wz =
SN2 +72.12 s+ 2601

M+ 72.12 "3 + 2601 s”2 + 3606 s + 2500
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