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Abstract —The article presents an analytical approach to building a mathematical model of a quadrocopter. The main
purpose of building the model was to design an appropriate facility control system and analyze its behavior in various
situations. The assumption was made to build a model, control system and all accompanying algorithms in an open
programming environment, which will allow their subsequent implementation in a real facility, without the need to use
expensive software. The quadrocopter is controlled by the operator by means of hand movements that are read by the
camera and properly interpreted using advanced image processing methods. The entire system is visualized and
embedded in a three-dimensional simulation environment. The model study was conducted using a DC motor asan input
data source. The operation of the model was checked with a controller when a disturbance was introduced into the
model. The four-rotor model with a selected regulator was tested by analyzing the angular velocity and position of the
object in a rectangular coordinate system. At the end of the article, the results of the simulations made are presented and

the resulting conclusions are presented.
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INTRODUCTION

The task of mathematical modeling of a four-
rotor (drone) has been the subject of many papers
[1-4]. Mathematical models were determined
using two rectangular coordinate systems (right-
handed system). One is related to the earth XYZ -
non-inertial system, and the rectangular coordinate
systems related to the four-rotor systems
coinciding with the symmetry axes of the elements,
on which also the moments of inertia lie - the
system called inertial [5], [6], [22], Fig. 1. O;, X;, Z..

The angular velocity vectors were assumed to lie
on the axes of a rectangular coordinate system,
which leads to the fact that angles are rotations
around the axis of a rectangular coordinate system
- often called - heel angle, - tilt angle, - yaw angle.

It was assumed that the coordinate systems are
shown in Figure 1. The equations of motion were
derived using the d'Alembert principle.

1. MATHEMATICAL MODEL OF A FOUR-ROTOR

The mathematical model was determined from
the coordinates defined in introduction Chapter.

When building the mathematical model of the
guadrocopter, the following assumptions were
made:

- the matrix of directional cosines between the
non-inertial and inertial systems was adopted as
zero-one [5],

- solids are assumed to be rigid,

- the center of gravity of the body and the origin
of the reference axis system are assumed to
coincide,
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Fig. 1. Coordinate systems adopted in determining the mathematical model

thrust and drag are proportional to the square  which are given below, were adopted. Jis the rotor

of the propeller speed, moment of inertia, Tis the thrust, H is the hub force
the propellers are to be stiff, (the sum of the horizontal forces acting on the
the structure is to be axially symmetrical. blade elements), Q is the rotor resistance moment

In order to determine the equations, the forces  (due to aerodynamic forces), Rm is the rotor rolling

and moments acting on the four-rotor [3], [10], [11], moment.
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Torques:

body gyroscopic effect 9L|J(Iyy — IZZ)

torque due to forward flight (—1)"*'Y% . Ry
gyroscopic propeller effect ]réQr

hub moment due to side flight hY'# | Hy;

operation of rotary actuators 1(—T, + T,) Tilt moments:
Moments of deviations:

body gyroscopic effect éci)(lxx — Iyy)

hub force imbalance in forward flight 1(Hx, — Hy4)
inertial counter torque J.Q,

hub force imbalance in side flight l(—Hy1 + Hy3)
unbalancing the opposite moment (—1)'Y' ; Q;

Forces along the z axis:
operation of actuators cosy cos¢ Yi, T;
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- weight mg ng the X axis:

Forces along the x axis:

~ operation of actuators (siny sing + cosy sin8 cos$p) i, T;

- hub forceinthe X axis —Y i1 Hy;
- friction %CyAcp}'I|SI|

Forces along the y axis:

~ operation of actuators (—cosys sin¢ + siny sin@ cosp) i, Ty

~ hub forces in the y axis —Y'i; Hy;
o1 ‘g
- friction ECyACPY|Y|

where | is the distance between the propeller
axis and the center of gravity, h is the vertical
distance from the propeller center to the center of
gravity, O is the overall residual angular velocity of
the propeller, and I is the rotor moment of inertia.

The equations of motion were derived based on
the d'Alembert principle on the basis of
publications [12-13]. G is the acceleration of gravity
and m is the mass of the quadrocopter.

4 4
Lh = 00 (Lyy L) + 1,00, +1(=To + T = h ) Hy o+ (D D R (1)
i=1 i=1
4 4
LyyB = Gl (Il = I8 +1(-Ty + T +h Y Hyg + (-1 Y Ry (@)
i=1 i=1

4
IZZ{[] = éci)(Ixxlyy) + ]r'Qr + l(HXZ - HX4) + 1(_Hyl + Hy3) + (_1)iz Qi (3)
i=1

4
mZ = mg — (cos s cos d) Z T (4)
i=1
4 4
mX = (sin ¢ siny + cos P sin 0 cos q))ZTi — Z Hy; (5)
i=1 i=1
4 4
my = (—sind cosP +sinPsinBcosd) ) T — Z Hy; (6)
i=1 i=1

The main aerodynamic forces and moments
acting on a four-rotor during the hover segment
correspond to thrust (T), hub force (H) and drag
torque (Q) due to vertical, horizontal and
aerodynamic forces, respectively, and the torque
(R) associated with integrating the lift force of all

rotors operating at a given radius [11]. The
extended formulation of these forces and
moments can be found in [12-13]. The nonlinear
dynamics of the system is described by the
following equations [4]:
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(7)

(8)

9)

The effects of external disturbances were
realized by introducing a vector of additional

b
BLiJ lyy = Iz l_aU2
. IXX IXX
) 0 0
('I') el|J IZZ Ixx + l_a U3 W1
4 lyy lyy 0
: i W,
Y oIy 1
k= 0] = [P0 e
; ’ Uy Wa
« g—(coscl)cose)m— 0
X % ) Ws
y w2 W
y *mg 6
y
Uy
lly m—s
Uyl | b +QF+ 05 +0D)
= V2| - b(—Q3% + Q)
Us b(QF — Q3)
Usl [q—0? + 02 - 02 + 02)
Uy |cosq) sin@cosy + sindsiny
Uy cos g sinOsin P — sind cos P
where:
I, lyy, 1z — four-rotor moment of inertia about the
axis Ex, Ey, E;, disturbances.

la —the length of the four-rotor arm,

b, d - thrust, drag coefficient,

Jr - moment of inertia of the rotor about the axis of
rotation,

m; - total weight of the four-rotor,

g - acceleration due to gravity.

U is the input vector consisting of Ui (total
sequence), and Uz, Us, Us, which are related to the
rotation of the quadrocopter, X is the state vector
consisting of the following elements:

- translation components € = [x, y, z]"and their

derivatives, L

~ rotating components i 1) = [, 8, ]Tand

their derivatives.
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A nonlinear model is a set of equations (7), (8)
and (9). These equations are represented as a
simulation model in Matlab Simulink. The moment
of resistance is neglected because the influence of
these forces in the room is small compared to the
thrust of a four-rotor.

The total angular velocity is Q- = 475 rad / s [14].
This angular velocity is the speed produced by the
rotor used in the Parrot drone as specified in the
Specifications. For the linearized model, an input
impulse is given and the analysis is performed
between the nonlinear and the linearized model.
The design parameters of the model are given
below:



transEngin

2020, Volume 2 Issue 3

- model weight, m=2.5 kg,
- length of each arm, 1=0.122 m,
- vertical distance from the propeller center to

the center of gravity, h=0.005 m,

- radius of the propeller blade, r =0.0635 m,
- inertia along the x and y axes, Ix and lyy =5 * 10

-3kg/m2,

- inertia along the z axis, | z=10*10-3kg/m 2,
— thrust factor, C=1.5Ns 2,

- drag coefficient, Ca= 1.3 Nms 2,

- angles at the linearization point=0rad / s.

Design parameters are substituted in matrices
and a suitable nonlinear model for a given system
is obtained.

The aim of the work is to build a usable
mathematical model of a quadrocopter (QC)
including actuators (UW) and to identify its
parameters. The result of the work is the QC model
taking into account the impact of changes in the
design parameters of the four-rotor on the flight
dynamics.

2. MATHEMATICAL DESCRIPTION OF
PROPELLERS MOVEMENT

ILLUSTRATIONS

The dynamics of each engine to which the
propellers of the quadrocopter are attached are
described by the expressions [2]:

Q = Kl

V=R, [+ K.w

where:
Q - engine torque,
V - voltage on the engine,
I - current flowing through the engine,
w - angular speed at which the engine rotates,
Kq - relationship of current to torque,
Ra - total resistance of the motor armature,
Ke - the dependence of the motor speed on the
reverse value of the electromotive force.

The formula for power [15]:

(10)
(11)

P=1V (12)
_Q
P= KqV (13)

Equation (13) can be related to thrust by
equating the power produced by the engine with
the ideal power required to produce thrust by

4
F = —Dye, + mgep + Z 1(_TiRRi,IbZR,i)
i=

increasing air momentum. Ideally, the power is the
thrust multiplied by the speed at which it is applied.
In hover, this power P is [16]:

Ph = th (14)

where Vi is the hover induced velocity, i.e. the
change in air velocity induced by the rotor blades
with respect to the free jet velocity V. [11]. We
accept for analysis Vs = 0 hovering without wind.
Using the results of the work [16]:

T

S 15
o (15)

Vh =

T - thrust produced by the rotor to stay hovering,
A - 7ir rotor reach area,
p - air density,
R - rotor radius,

For a four-rotor vessel, it is equal to - Tnom
Tnom - mass of the vehicle.

The torque is proportional to the thrust, with a
constant K: ratio, which depends on the rotor
geometry [16].

Q=KT (16)

The relationship between the applied voltage
(V) and the thrust (T) can be found by equating the
generated power (P) with the ideal energy

consumed at hover (Pn) from equations (13) and
(14) [16].

Q
—V =TV
Kq h (17)
3
T T2
Q V=T |— =— (18)
Kq 2pA [2pA
3
KT, T o
Kq J2pA
2pAK?
p—thZ (20)
Kb

The thrust produced by the rotor is proportional
to the square of the voltage applied to the motor.
The total force F is given as [16]:

(21)
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where:

Dp- object resistance,

ev - current speed unit vector,

m - object mass,

g - acceleration due to gravity,

ep - unit vector along the vertical direction,

Ti- thrust generated by the i-th rotor,

Rri b - rotation matrix from the plane of the i-th
rotor to the inertial coordinates,

Zr,; - axis of the rotor plane along which the
thrust of the i-th rotor acts.

Similarly, the total moment M is [17]:

4
M=) (Mi+n(-TiRe,s7x) (22
i=1

where Rris - rotation matrix from the plane of
the rotor and to the coordinates of the body.

Note that Dy is ignored in the torque calculation.
Since it was found that this force causes negligible
disturbances in the moment, the full nonlinear
dynamics can be described as [17]:

F = mi (23)
M= Ib(bB + (DBXI(A)B (24)
where wg - the angular velocity of the quadrocopter
rotor along the fuselage frame.
The total moment is considered to be zero
because the moments in the opposite pairs cancel
each other when the position is fixed.

3. AERODYNAMIC EFFECTS

Equations of motion of a flying object, the
steering of which takes place as a result of changes
in three parameters: velocity and angles of tilt and
deviation of the object velocity vector. The
mathematical model of the quadrocopter was

Vi

derived using the d'Albert dynamics equations for
the rigid body. Some simplifications have been
adopted in the modeling, e.g. aerodynamic drag
forces are neglected. This simplification should not,
however, significantly affect the quality of the
model designed for the synthesis of the spatial
orientation control system, as these forces near the
steady hover state are relatively small. Moreover, it
is practically difficult to determine or verify their
value.

While vehicle dynamics are accurately linearly
modeled for position and altitude control, this is
only acceptable at low speed. Even at low speed,
the influence of aerodynamic effects resulting from
changes in air speed is significant [10].

There are four main effects, three of which are
guantifiable and incorporated into the non-linear
vehicle model for estimation and control purposes.
The second, which causes irregular air flow and
therefore can be alleviated by redesigning the
structure [10]. The types of aerodynamic effects
are irregular airflow, total thrust, inflow velocity,
flutter and irregular thrust [18].

The total thrust varies not only with the power
input, but also with the free stream velocity and
angle of attack relative to the free stream. This is
complicated by a flight state, called the vortex ring
state, where there is no analytical solution for
thrust, and experimental data show that thrust is
random. Induced power is the required input
power to produce the induced speed. When the
rotorcraft is in transition or changes its angle of
attack, the induced power requirement changes
[11].

In order to obtain the effect of the free flux
velocity on the induced power, the induced speed
Viis obtained by solving the following equation [19]:

(25)

T =
V (Vo cos )2 + (Vo sin a + V;)2

where:

V. - total free jet speed, including translational
speed and ambient wind speed,

o - angle of attack; positive - forward tilt.

This equation is less accurate for a high rake
angle and is not correct during a vortex ring
condition. Nevertheless, it provides an accurate
result for most useful flight conditions.

Using V;, it is possible to calculate the ideal string
for the input power [19]:

P

= 26
Vo sina +V; (26)
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The denominator corresponds to the air velocity
across the rotor. At low speed, a has little effect on
T/Th.

As in airplanes, increasing the angle of attack
increases the lift [10]. In level flight, the power
required to maintain altitude increases with the
forward speed. In the extreme area a, where the
flight is close to vertical, the rotor has three
operating modes for the climb speed V¢ [19]:

. . o \4
- nominal working condition 0 < V—C,
h

V,
- the state of autorotation V—C < =2,
h
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%
- swirl ring condition —2 < V—c <0.
h

In normal operating condition, air flows through
the impeller. In the autorotating state, air flows
through the rotor due to the rapid sinking. For
these two states, the conservation of momentum
can be used to obtain induced velocity.

For a normal state [19]:

\Y V.\2
V; = __C_|_ (i) + th (27)

Ve Ve

Vi, Vi,

where:
Ki=-1,125; K2=-1,372; K3 =-1,718; Ks=- 0,655
To model the dynamics during a climb, power is
the thrust multiplied by the velocity with which it is
applied [20]:
P

T=——
Ve + V;

(30)

where:

T*V. - power absorbed by the climbing movement,
T * Vi - power transferred to the air.

In further mathematical considerations with
regard to the simulation tests, the forces generated
on each of the four wing profiles in the four-rotor
were ignored, which would allow to avoid eddy air
streams, while maintaining a significant forward
speed during descent to landing.

4. RESULTS FROM SIMULATION TESTS

The quadrocopter should respond to the
operator's commands, which will indicate at what
height it is to be, in which direction it should move
and whether it should turn. By converting these
data together with information from measuring
devices, the control system generates rotational
speed values for motors. This signal goes to the
engine regulators. The control was performed by
a PID controller. The proportional part P has a direct
influence on the gain, so it is responsible for the
oscillations of the quadrocopter and its overshoots.
The integral part eliminates imperfections in the
vehicle (e.g. inaccurate balancing, engine and
propeller losses). By selecting appropriate values of
the derivative term D, it is possible to counteract
rapid changes in the object deflection angle. A test
platform was prepared that did not allow the

For the autorotation state [19]:

Ve A
Vi=——=— [[==) -V
i 2 <2h) h

In the annular vortex state, air circulates
through the blades periodically and somewhat
randomly. As a result, the induced speed varies
significantly, especially in the — 1,4 < V¢/Vi < 04
range, reducing the aerodynamic damping. The
empirical model of the velocity induced in the ring
vortex state is [19-21]:

Vo2 AN AN
(w) +K3Q¢)*4Q<w)
quadrocopter to fly, but at the same time allowed
it to rotate in one axis. This made it possible to
conduct safe experimental tests of the regulator
settings selection. Finally, Kp = 1 was obtained.

In computer tests aimed at assessing the
dynamics of the quadruple rotor during flight, the
values characterizing the selected regulator should
be appropriately selected. In the case under
consideration, the PID controller was selected from
the value of Ki = 0.3 so that the tested object would
show adequate performance in terms of the
aerodynamic force value. In particular, the Ki
parameter should be properly selected so that
there is no imbalance during the unmanned aerial
vehicle flight. The occurring mild permanent
oscillations of the aircraft and the large effect of the
flight balance disturbance resulted in larger
oscillations, which led to the destabilization of the
system. The frame on which the engines are
mounted are defined rectangularly to the Earth, i.e.
with the gravity in the negative Z direction. The
vectors of the unmanned aerial vehicle fuselage
frame describing the linear and angular positions of
the quadrocopter are usually represented as:
translational speeds [u,7,w]" and rotational speeds
[p,gr]". Inturn, the inertial system is defined by the
orientation of the quadrcopter with the rotor axes
directed in the positive direction z and the arms
directed in the X and Y directions. Within this
system, the position is determined [x,y,z] (roll,
pitch and yaw) and greatness [¢,0,1)] describe its
linear and angular position. The combination of
these four vectors defined on the fuselage and the
inertial frame represents 24 dynamic states during
the four-rotor motion. According to the work [1],
four-rotor ships are described by non-linear
equations and are modeled with the following
assumptions. It is a helicopter with 24 dynamic

(28)

(29)
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states (six altitude states and six positions and
linear velocities on each of the four rotors), and the
object is characterized by 6 degrees of freedom
(3 speeds for three different linear and rotational
motion variables). It is started by four independent
rotors. The conclusion from this description by
various researchers is that the dynamics of the
quadripotron is highly mismatched and highly
nonlinear, burdened with irregular aerodynamic
uncertainties (because four rotors are used to
control the helicopter). The further part of the
article presents the results of tests carried out in
Matlab software. Figures 2 and 3 show, respectively,
the course of rotary motion and the position of the
tested UAV object in a rectangular coordinate
system. It can be noticed that the greatest
fluctuations in the rotational movement responsible
for the height, which after reaching about 90
meters above sea level, were maintained without
major disturbances. The rotary motion for the x and y
directions was characterized by slight disturbances
resulting from the maneuver of raising and turning
the unmanned aerial vehicle. The values for both
directions oscillated around 4 meters.
Subsequently, roll and pitch simulations were
carried out. While quadrcopter are capable of many
forms of motion, most literature and publications

aircraft: rotation Z [null]
[null]
100

focus mainly on the following motions: yaw motion
corresponds to the rotation of the quadrcopter
about the Z axis. It is produced by the difference in
torque produced by each pair of rotors; one pair
produces torque in a clockwise direction and the
other in a counterclockwise direction. By changing
the angular velocity of one pair to the other, the net
torque applied to the helicopter generates the
yawning motion. Positive bias is achieved by setting
(w1 = ws)>w and (w2 = wa) < w. Negative deviation
is obtained by setting (w1= w3)< Whover and (w2 = wa)
> whover. This situation is presented in Fig. 4.

Pitch-motion corresponds to the rotation of the
qguadrcopter on the Y axis is obtained when
w1=wsz=w Will hang and w2 and wa will be changed.
For a positive jump, w2 >w goes up and i w4 < w
goes up, while a negative jump is obtained when w2
< w goes up and w4 > w goes up. The results of the
motion are presented in Fig. 5. Roll-motion is
responsible for the rotation of the quadrcopter
along the X axis. It is obtained when wx=ws=w will
hang and w1 and ws will be changed. For a positive
roll w1 > w go up and w3 < w go up. Negative
rotation occurs when we put w1 < w at the hinge
and w3 > w at the hinge. The parameter w1234 is
the rotational speed on motors 1 to 4. This
situation is shown in Fig. 6.

—— aircraft: rotation Z [null]
—— aircraft: rotation Y [null]

80

60 —

40 —

20 -

aircraft: rotation X [null]

-20 T T T
0 20 40 60

T T T 1
80 100 120 140

X: Time [s]

Fig. 2. Waveforms of the rotational motion of a quadrocopter object during flight

156



transEngin 2020, Volume 2 Issue 3

aircraft: position X [null]

[null]
20 4
— aircraft: position X [null] |
. — aircraft: position Y [null]
aircraft: position Z [null
o) P [null]
0 -
-10 H
-20 +
-30 —
-40 -
-50 T T v T T T v T T T T T T |
0 20 40 60 80 100 120 140

X: Time [s]

Fig. 3. Location of the UAV object in the xyz coordinate system

yaw angle at port 4 [null]
[null]
100 5

—— yaw angle atport 4 [null] [~

80

60 —|

40 —

20

-20 T T T T T T T T T T T T T ]
] 20 40 60 80 100 120 140
X: Time [s]

Fig. 4. Yaw tilt of the UAV facility during flight

The change in the yaw angle is visible while the quadrocopter is climbing to a certain height and it stops
at a constant value of about 90 meters.
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pitch angle at port 4 [null]
[null]
5 —

= pitch angle at part 4 [null]

5 T 1 " T T T T T T T T T T 1
] 20 40 60 80 100 120 140
X: Time [s]

Fig. 5. The pitch deviation of the UAV object during flight

The pitch angle fluctuations during the change of the flight direction were within about 8 meters, which
will translate into disturbances during the course control (right or left).

roll angle at port 4 [null]
[rnull]

5 —

— roll angle at port 4 [null]

X: Time [s]

Fig. 6. The roll slope of the UAV object during the flight
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The same is the case for the roll angle, the range of which is within 8 meters.

M velocity on Xi at port 5 [null]

[null]
3
—— M velocity on Xi at port 5 [null] | —__
— M velocity on Yi at port 5 [null]
M velocity on Zi at port 5 [null]
2
1
0 N B W AN
14
-2 -
-3 T T T T T T I T T T | T 1
0 20 40 60 80 100 120 140

X: Time [s]

Fig. 7. Change of the torque speed of the UAV object during flight

M position on Xi at port 6 [null]

[null]
20 o
—— M position on Xi at port 6 [null] .
—— M position on Yi at port & [null]
10 M position on Zi at port 6 [null]
0 -

N

-20

-30

-40 |

-50 T T T T T T T T T T T T T 1
0 20 40 60 80 100 120 140
X: Time [s]

Fig. 8. Changing the position of the UAV torque
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[null]

w
wn
|

30

25

20

e v by b b L by b L a g

angular rate relative to RO on Xi at port 3 [null]

—— angular rate relative to RO on Xi at port 3 [null]
—— angular rate relative to RO on Yi at port 3 [null]

angular rate relative to RO on Zi at port 3 [null]

=]

I T T T T T T T
40 60 80 100 120

X: Time [s]

Fig. 9. Change of the UAV's rotation angle during the flight

Figures 7-9 show the changes in speed, torque position and rotational angle.

aerodynamic force expressed at G wrt Rb at port 3 (1) [N]

1
140

[N]
0.12 4
| —— aerodynamic force expressed at G wrt Rb at port 3 (1) [N]
—— aerodynamic force expressed at G wrt Rb at port 3 (2) [N]
0.10 aerodynamic force expressed at G wrt Rb at port 3 (3) [N]
0.08 |
0.06
0.04
0.02
0.00 — - — — —_—— — _ R_\-/ e —
-0.02 —
-0.04
-0.06 T T T T T T T . T : T T |
0 20 40 60 80 100 120 140
X: Time [s]

Fig. 10. Aerodynamic forces occurring during the UAV flight
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total force applied at the center of gravity wrt Rb (1) [N]

[N]
6 —
— total force applied at the center of gravity wrt Rb (1) [N] | —_
| — total force applied at the center of gravity wrt Rb (2) [N]
4 — total force applied at the center of gravity wrt Rb (3) [N]
2 -
e
L Ses b l_\_/ AN &Dr : A
2 -
-4 -
-6 -
-8 - T . ; - T - T - - : : - 0
o 20 40 60 80 100 120 140
X: Time [s]

Fig. 11. Forces occurring in the center of gravity of the UAV during the flight

total moment applied at the center of gravity wrt Rb (1) [Nm]

[Nm]
0.10 —
| — total moment applied at the center of gravity wrt Rb (1) [Nm] [ —_
] —— total moment applied at the center of gravity wrt Rb (2) [Nm]
| total moment applied at the center of gravity wrt Rb (3) [Nm]
0.05 —
0.00 — A_LA_ - -’\__ k‘_ .
v 402 V V
-0.05 —
-0.10 T T r T T T " T T T . T T |
[} 20 40 60 80 100 120 140

X: Time [s]

Fig. 12. Moments in the center of gravity of the UAV during the flight

Figures 10 to 12 show the forces and moments occurring during the flight. The presented diagrams
show that the forces on the rotors and the moments varying from the rotational speed of the motion and
the direction of flight in the three axes x, y and z have been compared.
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CONCLUSIONS

Nowadays, drones are gaining more and more
popularity due to their trouble-free movement in
places inaccessible to people and their increasing
use by amateurs. The article describes the design
and steps leading to the DIY quadrocopter, which is
perfect for research and industrial applications.
All the above-mentioned design assumptions have
been met, the quadrocopter flight is smooth and
can stabilize its position by itself. The article
presents the design and construction of
a quadrocopter flying platform. Its flexibility,
resulting from the modular structure, allows for
simple modification and expansion. In the near
future, it is planned to develop and implement
more effective, more advanced control algorithms
in the vehicle. The developed mathematical model
of the four-rotor, after it was linearized, was used
to design the spatial orientation control system.
Positive results of simulation tests suggest that this
system will fulfill its task also in real conditions.
Existing control algorithms can be expanded with
superior systems that control altitude, position and
flight trajectory, while aiming at full autonomy of
the aircraft. The obtained waveforms of the
controlled values have the desired dynamic
properties and are mutually independent, despite
the existing cross-couplings in the system.

IMODELOWANIE MATEMATYCZNE RUCHU
BEZZAtOGOWEGO STATKU POWIETRZNEGO
- CZTEROWIRNIKOWIECA

W artykule przedstawiono analityczne podejscie do budowy
modelu matematycznego czterowirnikowca. Gtéwnym celem
budowy modelu bylo zaprojektowanie odpowiedniego
systemu sterowania obiektem oraz analiza jego zachowania
w réznych sytuacjach. Przyjeto zatozenie, aby model, system
sterowania oraz wszystkie towarzyszace im algorytmy
zbudowaé w otwartym Srodowisku programistycznym, co
pozwoli na ich pdZniejszg implementacje w rzeczywistym
obiekcie, bez  koniecznosci  stosowania  drogiego
oprogramowania. Sterowanie czterowimikowcem przez
operatora odbywa sie za pomocg ruchéw reki, ktére sg
odczytywane przez kamere i odpowiednio interpretowane
przy uzyciu zaawansowanych metod przetwarzania obrazu.
Caly system jest wizualizowany i osadzony w tréjwymiarowym
Srodowisku symulacyjnym. Badania modelowe
przeprowadzono z wykorzystaniem silnika pradu statego jako
zrodta danych wejsciowych. Dziafanie modelu zostato
sprawdzone za pomocg kontrolera po wprowadzeniu do
modelu zaktécenia. Model czterowirnikowca z wybranym
regulatorem testowano analizujgc predkos¢  katowa
i pofozenie obiektu w prostokgtnym uktadzie wspdtrzednych.
Na koricu artykutu zaprezentowano wyniki przeprowadzonych
symulacji oraz przedstawiono wynikajgce z nich wnioski.
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