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Resume

In the paper authors investigate dynamics of a controlled quadcopter in terms
of the possibility of its use for detection, observation, tracking and laser
illuminating of both stationary and moving ground targets in the conditions
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of impact of random and kinematic excitations. The drone is equipped with

a scanning and tracking Gyroscopic Head (GH) coupled with a laser target
indicator. The drone is affected by random disturbances in the form of wind
gusts or explosions of missiles. Kinematic excitations, such as drone maneuvers
and vibrations from engines, act on the GH. This paper focuses mainly on control
and stabilization of the gyroscopic head placed on the drone during the search,

tracking and simultaneous laser illuminating of the target.
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1 Introduction

In recent years, four-rotor unmanned aerial vehicles
(quadcopters) have become a very popular unmanned
platform that is still in the stage of intensive research and
finds a variety of applications. Currently, they are used,
among others, for shooting collective events, monitoring
communication infrastructure, supporting rescue
operations, monitoring the state of air pollution. The paper
proposes the use of this type of QuadCopter Unmanned
Aerial Vehicle (QCUAV) for the laser pointing of ground
targets, both stationary and mobile, using the scanning and
tracking gyroscopic head [1-2]. In addition, a mathematical
model was developed for controlling the movement of
the gyroscopic scanning and tracking head as well as the
mathematical model of the drone’s dynamics [3-5].

It should be emphasized that the advantage of the
considered QCUAV is its ability to stay in hover for a certain
period of time. The system of laser pointing of a target
(SLPT) can thus act independent from drone’s movement
and therefore stably determines the target observation line
(T-LOS) regardless of disturbances acting on the drone
itself. While searching for a target, the GH is put into a
programmed motion that allows scanning the ground
surface [6]. The infrared sensor and the laser target pointer
are attached to the GH axis. At the moment of receiving a
thermal signal from the target, the drone goes to hover and
GH begins to illuminate it with laser pulses, so that target

can become the object of attack [7-8].

To ensure the high precision in maintaining the T-LOS
in a given position, an optimal controller was designed for
the GH. For this reason, despite many control methods used
for the unmanned aerial vehicle, known in the literature
[9-11] a simple PID controller was used to control the flight
of the QCUAYV, since the drone movement in space does
not have to be precisely determined [12-16]. Simplified
operation diagram of the system of detection, tracking and
laser pointing of a target from the QCUAV deck is shown
in Figure 1.

2 Mathematical model of dynamics of the QCUAV
and controlled gyroscopic head

The executive unit in the scanning and tracking head,
mentioned above, is a controlled gyroscope system. The
general view of the gyroscope system with forces and
moments of forces is shown in Figure 2.

Mathematical model of the controlled gyroscope
system dynamics is presented in the following form [17]:

AW g
J.w dt

=+ (./yz + T )%( @ gy, COSGg) — Je2 X
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Figure 1 Simplified operation diagram of the system of detection, tracking and laser pointing
of a target from the QCUAV deck

Figure 2 General view of the gyroscope system
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where:
Wgr1 = Do COS(/)!] - rvSin</)g§w.qy1 = ng + qu

Wzr = posingy + ry,cosy;
Wyrr = Wgnr + O3

Wgyy = Wy SINO, + @4y cOSO;
Wgzy = Wz COSO, + @y, 8N Og;
W2y = Wgze + Ny;

Vi = 0008y — wySing; Vizy = 043

Vi1 = upsiny, — w,coshy;

Vor = Vg + lg(a)gyl + Wy );

Ve = Vizrsin@y + Vi cos6, — l.rl(w.axl €080y + Wy );

Viyzs = Vgz1c080y — Vi sinOy + L@ gx sin Oy

and

}y,0,,D, - angles determining the rotor position in space;
Dvsquy v - components of the quadcopter angular speed;
Uy Vo, Wy - components of the quadcopter linear speed;
JeisJv1, 21 - moments of inertia of the external frame;

Jxos Jvos Jz2 - moments of inertia of the internal frame;

Jsss JvsrJzs - moments of inertia of the rotor;

ngy - rotation speed of the rotor;

my - mass of the internal frame and rotor;

l, - distance from the gyroscope mass centre to the
gyroscope centre of rotation;

e, N - friction coefficients in the suspension bearings;
U, U. - gyroscope control moments;

Uy, Uy - moments of friction forces in the bearings of the
internal and external frame respectively, determined by
relationships:
for viscous Uy = 14043 Uy = 77C(,Z>g and

for dry friction Uy = %dbf To; Uer = %do T

with: Ty = 15 Nysign(0,); Ty = peNesign(¢,)

Moy Ney Uiy e - friction coefficients in the suspension
bearings;

N, Ne - normal reactions in the frame bearings;

ds,d. - diameters of bearing pivots.

Occurrence of friction in the suspension bearings
causes formation of moments acting on gyroscope,
depending on the angular velocity of the vehicle on which
the gyroscope is located. Assuming that the moments of
friction forces are of the viscous type, one has:

Uy = No@s;Uss = 1:0. (6))

Out of numerous gyro control methods [17], the

optimum LQR method has been adopted in this paper [18-
20]. The control law u, for GH was determined using the
linear-quadratic optimization method with the function in
the form of:

1= fom(ngng + ulRu,)dt. @)
This law is presented by equation:
Uy = — Kg(xg - ng), ®)

where X, is a vector of actual state variables determining
the position of gyroscope system axis in space and X, isa
set (desired) state variables.

The K, matrix of gains is determined using the Matlab
function [21-22]:

K, =lqr(J,B,Q,R), ©)

where J, matrix constituting the argument of lgr function,
is a Jacobian of the gyroscope system.

To determine components of Jacobian J, the motion
Equations (1)-(2) were simplified to the following form,
respectively:

Joty + Jouhy0,5in 20, + Jyom,0,c080, =

7
= UL‘ - Ucf, ( )

J0y — 0.5] (¢, ) sin26, — Jyon,pycos6, =
= Uy — Uy,

where:
Jp=dy =J andd =J

®

Then, components of the J matrix are determined as follow:
Ju=0,Ji2=1,J15=0,Juu=0;
Jn = ( _]gk(/)SCOS 20, + Jgunyd’gSin eg)/Jgk§

_ Mo _q — Jarhysin 26, — )
Je2 jgk"]“ 0, Jaa ( — Jycos6, /T ot
Js1 =0, Js2 =0, Ja3 = 0, Jsa = 1;
) — ey + JOohysin 20, + ) s
= 2sin0 . 30
Ju s g( + Jpony¥yc080, /Jokcos"0,

+ < 2jgkea(l’y 0820, — Jyon,0,sin ﬁy)/jgk cos’6,;
Ji = (Jopysin20, + JoongcosV,)/ Jucos’ Oy
Jis = 0, Ju = (— e + Ju0ysin 20,) /Jr.cos*6,.

If the state observer is used, instead of the x, state, the
regulator is entered by an estimate X, from the observer,
i.e. the control will take the form of

ue(t) = —Kg(£)R(t). C)

The QCUAV configuration with rotational speeds,
forces and moments generated by the four motors is
presented in Figure 3.

Using the Euler-Lagrange formalism, the following
mathematical model of the quadcopter dynamics was
derived:
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Figure 3 Angles of the quadcopter position
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with
.Qr:.Q1+.Qs—.Qz—.Q4;
021,0Q,,0,,0Q, -rotational speeds of the individual motors,
l, - arm’s length,
m, - drone’s mass,
I, Iyy I - moments of inertia of the QCUAV,
JT - moment of inertia of the rotor and
U, U, U, U, - controls.
The control vector U is determined by the following
formula:

Uy —b(QF+ Q5+ Q5+ QF)

Us| (1 — Q%)

Us| b(Q3 — Q%) ' (D
U, d(Q5 + Qi — Q1 — Q3)

where b is the thrust coefficient and d is the drag coefficient.

3 Results and conlusions

In order to verify the correct operation of the gyro head
during the laser illuminating the ground target from the
deck of drone, appropriate simulation tests were carried
out. The drone movement from a given starting point in
space to a point on a fixed height Ha = 20 m - exactly

above and at a fixed distance from the target, moving on the
surface of the earth, was considered. The drone’s GH tracks
the moving target and at the same time illuminates it with a
laser. This is shown in the Figures 4-12.

The tests were conducted in the Matlab/Simulink
environment using the ode45 integration procedure for the
following parameters:
®  gyro system parameters
Ju = 2510 kgm?% Jyy = Jos Ly = Ju
Jo=15" 1077 kgmz;.]w = Juoy Ly = Jo
Jo =25 107" kgmz;]y.‘f = Juw Ly =5 107" kgmz;

ny = 600rad/s; 77, = 0.01Nms;77. = 0.01 Nms;
my = 0.24kg; [, = 0.001 m;

optimal LQR gain matrix for the gyro system

K, — 9.5114  0.3709 41.9258 0.1695]

! —2.0134 0.0004 0.4585 0.00317F

e quadcopter parameters

m, = 0.65kg; [, = 0.23m;b = 3.13-10 °> Nms?%
d=175-10""Nms% J, = 6.0-10 °kgm?

Quax = 500Tad/s; I, = 7.5-10 *kgm?

L, =7.5-10 *kgm?% L, = 1.3-10 *kgm?

the values of the PID regulator coefficients for the drone
kp = 11.8;kar = 10.8; kin = 0.9;

kp = 0.65;kaz = 0.46;

ks = 0.45; kg3 = 0.36;

kp = 0125k = 0.12;

kpe = 8.8;kax = 8.9;

kpy = 8.8;kay = 8.9.

The graphs show the movement of the gyroscope
axis, having the task at keeping the line of sight from
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Figure 4 Drone’s flight path and target trajectory

real
- set

0 2 4 6 8 10 12
t(s)
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Figure 5 Changes of the state variables y, and y, - real and
set - as a function of time

the deck of the drone from the moment of gaining the
height to the passage and maintaining the hover. At the
starting moment of the drone, the initial conditions of the
gyroscope axis motion are unknown. For this reason, a
series compensator was used (the state observer with the
LQR controller). In the initial phase of tracking, i.e. for a
period of about 1 second, the large dynamic effects are

t(s)

Figure 6 Changes of the state variables z and 2z _ - real and
set - as a function of time

real

D /\ — sot |

0 2 4 6 8 10 12
t(s)
Figure 5 Changes of the state variables y and y, - real and
set - as a function of time
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Figure 6 Changes of the state variables z, and 2, - real and
set - as a function of time

visible, after which the compensator follows the target with
sufficient accuracy. However, it should be noted, that the
transitional period also appears when the drone is moved
to hover and lasts only about 0.5 s. It was also assumed
that during the reaching heights and hover, the wind is
blowing on the drone. These gusts significantly disturb the
drone flight trajectory, however, they do not have much
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Figure 9 Changes of angular velocities of the drone’s rotors
as a function of time

impact on accuracy of the target illumination by the gyro
axis. In figures, the position of the gyro axis determines the
angles tetag and psig (blue), while the set position is tetagz
and psigz angles (yellow) and angles determined by the
observer are tetagobs and psigobs.

Initial simulations demonstrated that the system laser
illuminating ground target from the deck of a drone,

50 |
o i
g /
3 i
% / —— thetag
w 0 —— thetagobs |
= thetagz
173
o
[s)
> |/
- 4
£ 50 U"
s |V
«
-a_j V
=
-100
2 4 6 8 10 12

t(s)

Figure 10 Changes of the state variables tetag, tetagobs and
tetagz - real, observer and set - as a function of time

100
N I N S
/
!
o
g / —psig
N 50 f = psigobs [
g J psigz
g /
o
A
z M
i=]
0
o
-50
2 4 6 8 10 12

t(s)

Figure 11 Changes of the stale variables psig, psigobs and
psigz - real, observer and set - as a function of time
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Figure 12 Changes of the gyro controls U, and U, as a
Sfunction of time

using the gyro scanning and tracking head, is robust to
large external interference from QCUAV and even its
complete descent from both the pre-set trajectory and the
hovering.

In addition, the gyro head and drone control algorithm
proposed in this paper works correctly and ensures the
precise laser target illumination capability.
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