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Investigation of Wind Effects on UAV Adaptive
PID Based MPC Control System

Andrés Santiago Martinez-Ledn', Sergey Jatsun?, Oksana Emelyanova’

Abstract — In this paper, an assessment of the state of coastal
territories of Ecuador monitoring issue is conducted. The use of
an autonomous robotic aerial platform is proposed as a technical
solution to enhance the efficiency of remote surveillance missions
performed by national security services along coastline. Conside-
ring the UAV nonlinear flight dynamics, as well as the missing
information of the environment, is designed a UAV hierarchical
control structure composed of an adaptive PID based MPC con-
trol strategy. The implementation of an adaptive PID based MPC
controller leads to significantly improve the UAV optimal trajec-
tory tracking task, as well as satisfy properties such as adaptive-
ness, self-learning, and capability of handling uncertainties cau-
sed by the unpredictable behavior of sea currents and wind loads
retaining robust performance features. In this work, the investi-
gation of external disturbances on UAV stabilization and positio-
ning accuracy considers swirling wind flows and short-term wind
gusts. These correspond to deterministic and random processes,
are mathematically represented as trigonometric functions with
random amplitudes determined by the gust coefficients and the
wind loading periods of the pulses. The established range is given
by a set of several observations of wind loads in the coastal territo-
ries of Ecuador. The analyzed data is collected from the database
of national meteorological stations. Finally, the simulation process
of the perturbed controlled motion of the UAV along a segmented
linear trajectory, as well as the data analysis and graphics are ca-

rried out in the MATLAB environment.

Keywords — Unmanned Aerial Vehicle (UAV); Coastal Moni-
toring; Remote Surveillance Missions; Adaptive PID; Model Pre-
dictive Control (MPC); External Disturbances Analysis.

Resumen — En este trabajo se realiza una evaluacion del es-
tado de los territorios costeros del Ecuador en términos de mo-
nitoreo. El uso de una plataforma aérea robética auténoma se
propone como una solucion técnica para mejorar la eficiencia de
las misiones de vigilancia remota realizadas por los servicios de
seguridad nacional a lo largo de la zona costanera. Considerando
la no linealidad de la dinamica de un UAYV, asi como la inexistencia
de informacion sobre el entorno, se ha disefiado una estructura
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jerarquica de control compuesta por una estrategia adaptativa
de PID basada en un controlador MPC. La implementacion del
controlador adaptativo PID basado en MPC conduce a mejorar
significativamente la tarea de seguimiento de trayectoria éptima
del UAYV, asi como a satisfacer propiedades tales como la adapta-
bilidad, el autoaprendizaje y la capacidad de manejar incertidum-
bres causadas por el comportamiento impredecible de las corrien-
tes marinas y las cargas de viento, manteniendo caracteristicas
robustas de rendimiento. En este trabajo, la investigacion de los
efectos de las perturbaciones externas sobre la estabilizacion y
precision de posicionamiento del UAV considera flujos arremoli-
nados y rafagas de corta duracion. Estos corresponden a procesos
deterministas y aleatorios, son representados mateméaticamente
como funciones trigonométricas con amplitudes aleatorias deter-
minadas por los coeficientes de perturbaciones y los periodos de
carga de viento de las pulsaciones. El rango establecido se da me-
diante un conjunto de varias observaciones de cargas de viento
en los territorios costeros de Ecuador. Los datos analizados son
recogidos de la base de datos de las estaciones meteorologicas
nacionales. Finalmente, el proceso de simulacion del movimiento
controlado perturbado del UAV a lo largo de una trayectoria li-
neal segmentada, asi como el analisis de datos y graficos, se llevan
a cabo en el entorno de MATLAB.

Palabras clave — Vehiculo Aéreo no Tripulado (UAV); Moni-
toreo Costero; Misiones de Monitoreo Remoto; PID Adaptativo;
Control Predictivo (MPC); Analisis de Perturbaciones Externas.

[. INTRODUCTION

N recent decades, the dynamic evolution of information

technologies and microelectronics has led to the improve-
ment of modern aviation. This, contributed to rethinking the
concepts of unmanned aerial vehicles (UAV’s) use, spheres of
their further development, improvement of payload and flight
characteristics, hardware-software implementation of promi-
sing algorithms of control, among others, all this give to UAV’s
a multipurpose character in civil and military fields [1], [3].
Nowadays, fully autonomous small-sized multirotor UAV’s re-
present a demanded field of research and provide cost-effective
solutions for a wide range of applications. This is because their
features and ability to carry out operational and high-precision
work in hard-to-reach or dangerous areas when performing
missions such as search and inspection of remote areas, aerial
photography and mapping, agricultural crop monitoring, hazar-
dous material recovery, disaster prevention and relief support
or surveillance of sensitive areas (borders, ports, oil pipelines),
just to name a few. [1], [2], [4].

Coastal territories constitute a strategic area of interest for
any country in terms of trade and responsible natural resour-
ce exploitation, also in terms of economic, industrial, political
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and defense activities in general [4], [5]. However, the presence
of coastal territories represents a high responsibility for gover-
nmental authorities and implies an accurate control over before
mentioned activities by national security services. The coas-
tal territory of Ecuador is no exception, the coastline of the
country is characterized by a complex terrain, the presence of
hard-to-reach and relatively extended uninhabited territories.
This situation is used by some organizations to carry out va-
rious types of activities not responding to compliance with law,
namely: illegal extraction and trade of natural resources (mi-
nerals, petroleum products, wood, poaching, among others.),
causing large economic losses [2], [4], [6]. In this regard, mari-
time security services are constantly in need of expanding and
modernizing the technologies used to improve the efficiency
of the work carried out to ensure control and safety in these
areas. Thus, it becomes necessary to perform remote activi-
ties to lead successful interventions along the coastline aimed
to identification and detention of members of several illegal
organizations, preserving the integrity of the staff of security
services [2], [5], [7].

In this paper, the use of a robotic aerial platform is conside-
red to complete remote surveillance missions focused on small
sea vessels, as one of the most recurrent means for transpor-
ting illegally obtained production. Besides, small sea vessels
are difficult to track by standard radar and satellite systems [7].
The proposed aerial platform includes an autonomous small-
sized UAV type quadcopter with attachments and a hardware-
software system [2], [4], [8], [10].

The peculiarity of monitoring coastal territories belongs to
the unpredictability of the air and water environment behavior,
as well as the periodic absence of visual contact between the
operator and the aerial vehicle when performing remote auto-
nomous missions. Therefore, the robotic aerial platform at least
must satisfy conditions such as the use of a lightweight, robust
and moisture-resistant UAV frame, based on structural topology
optimization principles for better aerodynamics, vibration and
payload features [2], [4], [10]. The availability of an energy-effi-
cient system for extended flights, long-range telemetry and video-
transmitter modules for real-time flight status management and
reception of visual information about ground target identifica-
tion process respectively. As well as onboard implementation of
advanced algorithms of control for an adaptive controlled flight
in presence of external uncertainties [4], [7], [8], [9], [13], [19].

The influence of wind loads on the aerial platform can be
considered an energy-transfer process, where air and water en-
vironment generate additional disturbing forces and momen-
tums of an uncertain nature, which negatively impact on the
desired behavior and performance of the aerial platform even at
low absolute speeds [2], [9]. Besides, is important taking into
account the nonlinearities of the aerial platform, minimal or
completely missing information about the environment, exter-
nal disturbing loads such as swirling wind flows or short-term
wind gusts, considered as deterministic or random processes
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recurring after a certain time or in a certain area, among others.
It becomes necessary to work on the implementation of con-
trol strategy, which could satisfy properties, including adapti-
veness, self-learning, and capability of handling uncertainties
during the flight missions performed by the aerial robotic plat-
form [13], [14], [15], [18].

In this regard, the scope of this research work concerns to
the investigation and assessment of model-based wind load
effects on stabilization and positioning accuracy of the propo-
sed robotic aerial platform operating by an adaptive PID based
MPC control system during aerial surveillance missions along
the coastline of Ecuador [2]. Thus, the above presented UAV
control strategy focuses on a hierarchical control architecture,
where the adaptation of PID controller parameters (lower le-
vel) and matches the MPC performance (higher level). In this
way, the proposed control architecture combines the strengths
of PID and MPC methods, minimizing their limitations [2],
[19], [23]. Although the implementation of a PID controller
provides a simple and accurate control of the UAV electrome-
chanical drives, the efficiency of a PID controller is greatly re-
duced in presence of uncertainties. Therefore, the use of an
MPC control strategy at higher control level by optimizing the
PID controller parameters over a certain horizon of prediction
and exploiting the knowledge of the UAV dynamic model. It
becomes possible to significantly improve the UAV optimal
trajectory tracking task, as well as satisfy input and state cons-
traints retaining robust performance, while completing aerial
surveillance missions [19], [24].

The aim of this work is related to the implementation of
an UAV model-based virtual simulator for investigating the in-
cidence of external uncertainties on the aerial platform flight
dynamics for generating the main criteria of a real behavior of
the UAV during surveillance missions in coastal region befo-
re its implementation. This paper is based on the approaches
from previous works [2], [4], namely UAV mathematical mo-
del, control and trajectory strategies.

II. METHODOLOGY

A. UAV Generalized Mathematical Model

Small-sized multirotor UAV’s incorporate various design
configurations. In this paper, it is proposed to use an UAV
executed on a quadcopter pattern (cross-shaped scheme).
Let’s consider the dynamics of the quadcopter flight in ac-
cordance with the given calculation scheme (figure 1). Let
the quadcopter motion occur in a global cartesian coordinate
system OX Y, Z, then CX,Y,Z, Axyz (i=I-4) — local coordi-
nate systems passing through the center of mass of the UAV C
body and the center of mass of the i-th rotor Ai, respectively.
The orientation in space is set by the Euler angles of roll j,
pitch g and yaw y.
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Fig. 1. Calculation scheme of a quadcopter (excluding drag forces).

In general, the motion of a UAV as a solid body involves the
motion of the center of mass and rotational motion relative to
its center of mass. Consequently, the vector of motion modes
(input) of the quadcopter U, which determines the connection
between the electric drives and the quadcopter platform, can be
written in the following way [11], [12], [17]:

Equation 1
U, F,+F,+F +F,
U= U | _ (F,-F,-F; + F,) - L
U T |(-F-F,+F+F)-L
U, (M;-M, + M;-M,) (1)
Where:

F - lifting force of the i-th rotor

M. - momentum created by the electric drives of the system

L- beams length from the quadcopter center of mass to the i-th
rotor platform center of mass

U, - UAV motion control mode along the vertical axis OZ

U, - roll angle ¢ control mode along the OY axis

U, - pitch angle 0 control mode along the OX axis

U, - yaw angle y control mode providing UAV rotation around
the OZ axis.

Besides, the UAV state vector declaration facilities the cal-
culation of the next states of the aerial platform based on the
decoupled dynamic system by using characteristic time step
responses for the four controlled states of the UAV according to
the output of a designed control system. Thus, the UAV multi-
dimensional state vector f_(t) = [&, 7]" includes the vectors of
position and orientation of the center of mass @ = [x, y, z]”
and ¥ = [, 8,1]" respectively. From works [14], [16] the sys-
tem of differential equations describing the full dynamic model
of a UAV type quadcopter (cross-shaped scheme) can be repre-
sented as follows:
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Equation 2
U, (cosg - sinf - cosy + sing - siny)
Vy, = -Dy
! m
U, (cose - sin@ - sin-sing - cosy)
Y, = m Py
Ul(cosgo - cos0)
z = Ee— A
- m
f - U, JyyJzz\ e Q
wy, = Tex + Wy, wz, 7 T wy g
XX XX
U Izz-Ixx\ J
Wy, = » +“‘x1wzl( I ) IyRy “’xlﬂk
. U IXX IYY
Wz, =1—+wxiwy] 7
74 74 (2)

Where:

Vx,» Vy,, Vz, and wy,, wy,, Wy, - projections of linear and angu-
lar accelerations of the quadcopter center of mass on the axes
(0).4 P oYy 1 OZ] respectively, ¢, 0, w - Euler angles, [y, Jyy,Jzz
- axial momentums of inertia, / - momentum of inertia gene-
rated by the electric drives, Qg - angular velocity of the electric
drives, @y, @y, @, - projections of the wind load disturbing for-
ce, m = m¢ + Y. m; - total weight of the UAV.

The presented UAV generalized mathematical model is
based on decomposition methods simplifying the complexity
of the UAV and contributing to the design of algorithms and
synthesis of the control system. Considering equations 1 and
2, is proposed to transform the UAV mathematical model as
noted below:

Equation 3

§=A(8)+B(9) 3)

Where:

& - vector of linear and angular velocities of the center of mass
of the UAYV, A(E) = [ (- ]%x 5)] - matrix containing the gra-
vitational vector §=[0 0 -g]r and vector of projections of
the kinetic momentum on the associated coordinate system,

B(&)= [U{/ 1m—-¢] - matrix including projection vector of resul-
ting liftiljlg %rce Uy, as well as vectors of the external axial
momentums i, =[J, U, U,]" and wind load disturbing force
D =[0y @ D,

In general, the vector of wind load force @ describing the effect
of external disturbances on the dynamics and stability of the UAV
during a flight mission can be represented as follows [14]:

Equation 4
d=vui" = [0y Dy D7 @)

Where:

u = diag(uy, y, 1iz) - matrix of empirical drag coefficients de-
pending on the aerodynamic characteristics of the fuselage and
the angle of attack of the rotors, v - vector of the relative velo-
city of the center of mass of the UAV.
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Then, the vector of relative velocity of the UAV center of
mass v can be described as the difference between the vectors
of absolute velocity V, and wind load velocity Vg [2], [14]:

Equation 5
V= VC-VB (5)

However, the rate of change of wind load is a random varia-
ble, which can be represented as a trigonometric function with
random amplitudes determined by the coefficients of gustiness
and the periods of pulsations of the wind load.

B. Wind Load Disturbance Model

During a surveillance mission along coastal territories, the
UAVs is quite sensitive to short-term movements of air mas-
ses and sea water currents. Moreover, wind load disturbances
represent a source of additional forces and momentums acting
on the UAV with a complex and unpredictable distribution in
space negatively affecting to the static and dynamic stability of
the system. In general, wind load disturbances can be directed
counter, orthogonally or along the same direction of the UAV
movement. In this work, a particular case of orthogonal (late-
ral) wind disturbance has been considered (figure 2).

Fig. 2. Scheme of orthogonal wind load disturbance acting on the UAV.

The orthogonal wind disturbance vector V7 = [VX, V.Y, V.Z]"
is composed of its projections located in the local coordinate
system CX,Y,Z,. These wind load projections along the axes
mostly contribute to significant roll disturbances affecting to
the accuracy of the UAV trajectory tracking task, including
thrust variation and a higher energy consumption by UAV mo-
dules [10], [14], [19].

In addition, wind disturbances can be considered determi-
nistic or random processes that repeat after a certain period
(periodic or non-periodic) or occur at a specific time interval
(pulse signal). In this work, both mentioned random models
are considered.

The modeling process of a random wind load can be descri-
bed through the next equation [14], [25]:
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Equation 6
() =V, + Vg sinft ©)
Where:

V- wind constant disturbance, Vg, W - arbitrary parameters of
orthogonal wind load amplitude and frequency, both resulting
from the spectral analysis.

Besides, arbitrary variation of amplitude and frequency
parameters is performed by creating time intervals of varying
length and generating a continuous random function with a
normal (Gaussian) distribution respectively [25].

Equation 7
F) = —=e"25"

oVer 7
Where:

) - average value of the wind speed (mathematical expecta-
tion), o0 - mean square deviation of the wind (variance).

In contrast, wind loads of a deterministic nature (wind shear)
often occurs in a relative short time and represent a strong at-
mospheric disturbance. In this study, the wind shear model is
presented by short equation 8 and jump-like equation 9 pulse
signals, including a periodic pulse signal in equation 10 mo-
deled by the Fourier series decomposition method [14], [25].

Equation 8

Vo () = ky (0)Vy @®)

Where:

0, t; <ty
k(0= {1, tf =t > t5 - defined function in a certain interval
(from the initial time value corresponding to the appearance of the
pulse signal ¢} to its final value ¢/ at maximum amplitude value
of the signal; V, - maximum permissible value of the wind load.

Equation 9
V,(t) = k(t)Vp 9)
Where:

0, t; <ty
ky(t) = {1' t; = t? - time-dependent switch function; V, - maxi-
mum permissible value of the wind load.

Equation 10

N
T = 24 ) 1y sinCnao) (10)

Where:
V, - constant of the disturbing effect, V;, - amplitude of the n-th
oscillation; nw, - cyclic frequency of the harmonic oscillation.
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C. UAV Control System Design

In general, equation 3 presents a compact representation of
the UAV generalized mathematical model including kinematic,
dynamic and electromechanical components of the system. In
order to simplify the design process of the controller of the
UAV, the above noted equation is transformed to [2]:

Equation 11

{17 = f(¥,7, D),
Y = x(&) (11)

Where:

§=[%52¢,60,9]" - multi-dimensional state vector; |/ = dé/de
- vector of accelerations of the UAV center of mass; U - control
vector of the UAV motion modes, Y - vector of the controlled
output signals, X - data filtering matrix.

On the other hand, the UAV control system structurally
can be presented as a set of the following modules: Operator,
Human-Machine Interface (HMI) and UAV (figure 3). In turn,
HMI includes the blocks of trajectory planning, data processing
and decision-making.

Operator L
HMI WTMS
e — _ s
| ) Data .| Decision-
t ; < :
p | Trajectory p() processing 3 making | » UAV

|'] planning unit W 0

unit unit |
L_ ___________ —

ol

|

|

I

|

Sensor unit |
I

-

Fig. 3. General diagram of the structure of the UAV control system.

Based on figure 3, the Operator sets an array of GPS coor-
dinates of a specific territory p = [py, P2, ...pi]. The resulting
array data constitutes the input for the trajectory planning
unit, where the controlled trajectory law is formed by the
vector p(t) = [x%, y4,z%,4]". On the other hand, the UAV
sensor unit provides accurate feedback of the current sta-
te of the system turning possible to estimate the error vector
AE(E) = [Ax, Ay, Az, Ag, A8, Ap]”- In this way, the output vector
of the UAV controlled states U(t) = [Uy, U,, Us, U,]" is genera-
ted considering the system current information and algorithms
embedded in the decision-making unit. As presented in intro-
duction section, the design of the UAV controller focuses on a
hierarchical architecture, where the adaptation of the PID con-
troller parameters in presence of probabilistic uncertainties is
performed by the prediction of the plant response at every sam-
ple k to enhance the desired behavior over a prediction horizon
N using a robust MPC controller [2], [14], [23], [24]. Moreo-
ver, the adaptation of controller parameters aims to overcome
the PID algorithm limitations implementing an online tunning
method given by MPC algorithm, which leads to lower comple-
xity and computations. In figure 4, the internal structure of the
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decision-making block is presented. According to this diagram,
two control loops based on the use of the PID controller are dis-
tinguished: an external loop for controlling the x, y coordinates;
an internal loop providing control of height z and UAV angles

o, 0, p.

y
|

A @_l_' Altitude
| control

UAV

Position
| control

od g
d| ' .
" X Attitude

control

Fig. 4. Internal structure diagram of the UAV making-decision unit.

The implementation of the method for synthesizing the pa-
rameters of the UAV control system is performed according to
the presented diagram in figure 4. The formation of the output
vector of the UAV controlled states U(t) = [Uy, Uy, Us, U,]" is
carried out based on available information about the system
and embedded algorithms in the decision-making unit. This
vector establishes the relation between the electric drives and
the UAV current states. On the other hand, the estimation of
the vector of required voltages #(t) = [uy, Uy, us, uy]” is gene-
rated in accordance with the output vector U In this way, the
vector of required voltages @ depends on the deviation vector
of controlled states A¢. In this regard, the UAV angular velocity
generated by the electric drives is represented as follows [17]:

Equation 12
w;=f(0(48)), i=1-4 a2
Where: w; - angular velocity of the n-th electric drive.

In general, the generation of controlled states of the output vec-
tor U can be described in a matrix form:

Equation 13

kgt kgt k) [ 48D
_ N LA T 2L N N
D@ =Foa=|g, n, N fo AZdt
kg wyr k] Lage
(13)
Where:

k - matrix of proportional K,, integral K; and differential co-
efficients of each controlled state of the output vector U; & -
matrix containing the estimation of the deviation of the state
vector Af_(t), its integral f;AEdt and differential Ag(t) com-
ponents respectively.
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In figure 5, the internal structure of the MPC control unit is
presented. The prediction of the elements of the output vector
UMPC is obtained by solving an optimization task within a cer-
tain prediction horizon N (time interval).

mw [——— 1 MPC
+r> Non—linfear |
£ ¢ Dynamics |

I ¢ I MPC

o z Optimizer L UAV

| |
| 1
[ S P W |

Fig. 5. Internal structure diagram of the MPC control unit.

The nonlinear system describing the dynamics of the UAV is
solved by the Euler integration method and can be represented as:

Equation 14

§=f[§:'U] (14)

Where:
E=xyz9609]"
U — [U1PID U;ID U3PID Uf

multi-dimensional  state  vector,

1D . .
I~ vector of the control signals requi-
ring optimization.

The mathematical significance of the MPC control algo-
rithm synthesis belongs to form a vector of predictive output
signals of the UAV for a certain number of iterations ahead
within a given prediction horizon based on the ideal dynamic
model of the UAV [19], [23].

Equation 15
y=rf© (15)

Where: ¥ = [x,¥,2,y]" - vector of predicted output signals of
the control object.

Thus, the deviation vector e between the predicted ¥, and
specified by the operator ¥ trajectories can be determined as
noted below:

Equation 16
€ =Yay (16)

Besides, the quality functional J can be considered as a qua-
dratic sum function of accumulated deviations of the predicted
output vector ¥.

Equation 17

N
J=) lléxall?
; (17)
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Further, the optimization task is carried out by calculating
the quality functional J according to the quadratic program-
ming algorithm (figure 6), based on predictive models consi-
dering system constraints f(E) e R for the estimation of the
optimized output vector UMF¢ = [UMPC, UFE, UPE, UPC].

no

Initial parameters and
boundary conditions

.'esl

Deviation vector

¥ Optilr_liz.ation of the generation
Desired trajectory generation || . . Keyationvector -
b (k):[xd. V& A Wd] fmincon(J,U, Upin, Unax.SqP) l
¥ Cost function

e Estimation of the
Optimization process predicted vector uMEe &
N, Unin, Unax

; [

generation

yes UAV state vectors

¢

Fig. 6. Diagram of the MPC algorithm for UAV trajectory tracking
optimization.

D. UAV Surveillance Trajectory Design

In figure 7 is described a particular case of the surveillance
trajectory. The spatial motion of the UAV can be considered
as a set of straight-line segments forming a piecewise linear
trajectory. The controlled trajectory motion is represented by
the displacement of the point P (center of mass of the UAV)
along a straight-line segment P;_, P; . Besides, it is necessary to
consider the possibility to perform an open (along the coastline
with a subsequent landing process at an intermediate control
point) and a closed (local surveillance of a specific territory
with a return to the take-off point) trajectory pattern.

Fig. 7. UAV surveillance trajectory: I, Il — open and closed trajectory pattern.

The generation of the i-th segment of the trajectory is a two-
point problem, which depends on the available information
about neighboring waypoints P; acting as boundary conditions:
coordinates, velocity and acceleration values at the initial and
final time points on each segment. Thus, the spatial motion law
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can be represented by three parametrized time-dependent poly-
nomials of 5-th order [9], [11], [22]:

Equation 18

5 T

5 5
pt) = (Zcxi-ti, ZC%‘ “th, Zczi-t")

i=0 i=0 i=0

(18)

Where:
CXi» CYi» CZ; - coefficients calculated from boundary conditions.

In this work, an open trajectory pattern is considered for fur-
ther calculations and presentation of results. According to figu-
re 7, the open trajectory pattern consists of three main stages:
take off, cruise flight and landing. The first stage (takeoff) oc-
curs from the point P, to P,. The second stage (cruise flight) in-
volves the UAV motion from the point P, to P, passing through
the intermediate points P, and P, respectively. The last stage
(landing) is carried out from point P, to P_.

It is known that the start of UAV flight from the ground oc-
curs when the normal reaction generated on the UAV by the sup-
port surface N =0, while the following condition is satisfied:
Uy > Fpng, ¢ =0 = 0. In addition, during the flight is necessary
to orient the UAV relative to the given trajectory by the heading
angle ¢ (angle between the diametral plane of the aerial vehi-
cle and the direction to the trajectory) turning around the UAV
center of mass at the yaw angle y, and then adjusting the UAV
position into an angle f, which is defined as the tangent of the
inclination angle between the straight-line p and the OY axis (fi-
gure 8a). Therefore, the heading angle ¢ turns equals to the yaw
angle y. This correlation could be determined by the equation:

Equation 19

Y
x = atan2 X
1 (19)
Where:
X, Y, - direction of the local coordinate system.
0al ) ?":c x nb) ‘fc len x
T —
} i AX |
| Y | 1
Foc=Tgn | Yoo Top I
| | :
‘ ST 1
Py w Yo ‘[ *************** oo vl
P\ AY ) -
[ — A =) Yefr—— R S
S
Pris
X S +
|
| Y

Fig. 8. UAV angle orientation scheme: a) heading angle correction A, b) motion
correction along the horizontal plane.

As mentioned before, the presence of external disturban-
ces significantly affects the dynamics of the UAV flight, which
leads to motion deviations from the desired trajectory (figure
8b). In this regard, it is proposed to carry out the return of the
aerial vehicle to the desired trajectory by turning the UAV at

9

heading angle c, and then calculate the path deviation vector
according to the equation [11], [16]:

Equation 20
_ T _ —CP,
A == [Ax Ay Az] - T10 (Tl n) (20)
Where:
ficp "=r1, C-inP - vector representing the UAV path to the i-th

. R . cosy siny 0 .
point of given trajectory, Tw=|-siny cosy 0| - transformation

matrix from local to global coordihate soystelrn.

III. RESULTS AND DISCUSSION

In this section are presented the main results of the simula-
tion process carried out in MATLAB for the UAV autonomously
controlled motion in presence of external disturbances along an
open trajectory pattern in terms of stabilization and positioning
accuracy properties. The parameters of the trajectory pattern
considered in Table I correspond to the coordinates of the way-
points P; (i = 1-5), time intervals and boundary conditions.

TABLE 1
UAV TRAJECTORY DESING PARAMETERS

Stage Time In- Trajectory  Intermediate  Velocity  Acceleration
¢ terval [s]  Points[m]  Points [m] [m/s] [m/sA2]
Take off (=0 P (0,0,0) P,=0 P, =0
0] t,=10 P,(2,0,5) P, =0 P =0
Cruise =0 P,(2,0,5) P,(6.4,5) P,=0 P, =0
a t,=40 P(14,0,5) P(10,4,5) P,=0 P,=0
Landing L= 40 P4(143055) P,=0 P,=0
(1) ;=50 P(16,0,0) Ps=0 Py=0

Based on the information about boundary conditions and
equation 18, a vector of coefficients ¢; is generated in concor-
dance with the desired values for position p?, velocity 1'3;1 and

acceleration ﬁid on each segment of the trajectory. In addition,
the deviation vectors and control signals are determined at each
iteration during the modeling process by integrating the diffe-
rential equations of the UAV model, represented by the equa-
tion 11 using the Euler numerical integration method with a
fixed step of 0.001s. Besides, during the simulation process pa-
rameters, such as dimensional, mass-inertial and electromecha-
nical main characteristics of the UAV are considered (Table II).

TABLE II
UAV PARAMETERS

Parameter Value Unit

Mass 1.5 kg

Arm length 0.225 m
Lift coefficient 8.048x10°° Nms?
Resistance coefficient 2.423x1077 Nms’
Inertia matrix 0'0(())35 0,0(())35 8 kg.m2

0

0

0,005
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At the first stage, the adequacy of the selected synthesis
method of the controller operating by an adaptive PID based
MPC control system during aerial surveillance missions must
be performed. The main results are shown in figures 9 to 12.

=25 T g T T T ¥
E : 1 |~~~ hxd
e 20 1 | hx
qEJ 15| d ;
o 1
&of :
2 sl I L
o 1
>< O 1
0 5 10 15 20 25 30 35 40 45 50
a) Time [s]
‘5 T . . T T v
% " i [---hyd
g 4r 1 : ——hy
1
g 3r \ 1 1
o 1 1
®©2r 1 1 7
o] - I ! |
= 1 I I
0 . 1 | L | . L |} 1
% 5 10 15 20 25 30 35 40 45 50
b) Time [s]
'8 T . T T T v
£ ; P |- - had
%:: 6 1 : hz
]
5 ! ]
o 4T | 1 ]
g | |
2r 1 4
- | Il I I
NI L 1 L | L L | 1 L
0 5 10 15 20 25 30 35 40 45 50
©)

Time [s]

Fig. 9. Diagrams of the UAV center of mass deviation from the desired coordina-
tes: a, b, c — UAV displacement along OX, OY, OZ axes; d, e, f — variation of the
aircraft angles j, ¢, y; I, II, III — take off, cruise flight and landing stages respectively.
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Fig. 10. Diagrams of the UAV center of mass deviation from the desired angu-
lar orientation: a, b, ¢ — UAV deviation relative to OX, OY, OZ axes by aircraft
angles j, g, y; I, II, III — take off, cruise flight and landing stages respectively.
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In figure 11 is presented a comparative analysis between PID
and Adaptive PID based MPC control system capabilities in
terms of stabilization and positioning accuracy properties du-
ring open loop trajectory pattern.

Desired Trajectory
-------- PID Trajectory
PID+MPC Trajectory

Fig. 11. 3D open trajectory pattern tracking

From results obtained in figures 9 to 11 becomes possible to
state that the average deviation of the coordinates of the UAV
center of mass along OX, OY, OZ axes is in range 0.025; 0.01
and 0.043 m, respectively. In addition, the average deviation
from the UAV desired angular orientation corresponds to 0.08
rad. (relative to OX, OY axes) and 0.06 rad (relative to OZ
axis). Therefore, the proposed control strategy ensures high ac-
curacy in terms of positioning the UAV center of mass relative
to a given trajectory by optimizing the vector of control signals
U (figure 12).
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Fig. 12. Diagrams of the UAV controlled states: a — lift force U;; b, ¢, d — exter-
nal moments Uy, U, U, along OX, OY, OZ axes respectively.

From figure 12 follows that the average value of the lifting
force U; is 18.43 N when changing the angular velocity of the
i-th rotor in a range from 5042 to 5077 rpm, depending on the
trajectory section and UAV maneuvers. In addition, the average
value of the control signals U,, Uz is 0.03 Nm, while signal U,
varies in a range up to 0.06 Nm. Besides, the results confirm
that the introduction of the MPC strategy suppresses jumps
changes in UP'P parameters and provides smoother characte-
ristics in transient process by optimizing the parameters of the
controller. Thus, the UAV model can be used as a virtual simu-
lator to study the influence of wind loads on the desired beha-
vior and performance of the aerial platform during flight mis-
sions along coastal line. The simulation of wind loads behavior
represents a complex task, which requires a set of observations
corresponding to a certain time interval, climatic and geogra-
phical features of a specific area. With the aim to increase the
reliability of the results of wind loads influence on UAV aero-
dynamics characteristics and adequacy of the designed control
system during autonomous surveillance missions, a study of
the UAV disturbed motion has been conducted considering a
sample of several wind loads observations in the coastal te-
rritories of Ecuador. The information was extracted from the
database of meteorological stations of the Oceanographic and
Antarctic Institute of the Ecuadorian Navy, and National Insti-
tute of Meteorology and Hydrology [20], [21].
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TABLE III
NON-DETERMINISTIC WIND LOAD PARAMETERS

Wind load Wind distur- . .
. Time inter- Velocity ran-
disturbance bance effect,
model ®IN] val, t [s] ge, VB [m/s]
V=0,
0<t<t,,
O(t) = [0 DY 0]" Vv,=0,...3;
t,<t<t; 4
V=0
Vv, X=0,...2;
= [PX DY t <t<t,,
V,() =Vp + Vgsinge PO =[PP = V=0,
0] t<I<t,
vV, =0
vV, X=0;
O(t) =[0 0 4" t,<t<t, V,Y=0
V,/=0,..5;

At the first stage of the investigation, have been considered
the non-deterministic wind load parameters described in Ta-
ble 111, as well as the continuous random function with normal
Gaussian distribution of the equation 7. According to the re-
sults shown in figures 13 to 15 the distribution of the wind load
in the specified time sections leads to a change in the nature of
the deviation of the aircraft angles ¢ 8,9 ina range up to 0.2;
0.45 and 0.44 rad. Consequently, this affects the UAV positio-
ning accuracy, resulting in deviations of 0.1; 0.28 and 0.13 m
along each axis in the specified intervals.
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Fig. 13. Diagram of the variation in the deviation of the UAV center of mass
along the X axis: a — Wind load distribution along the X axis; b —deviation of
the UAV movement along the X axis; ¢ —deviation of the UAV center of mass
by the pitch angle 6.
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Fig. 14. Diagram of the variation in the deviation of the UAV center of mass
along the Y axis: a — Wind load distribution along the Y axis; b —deviation of
the UAV movement along the Y axis; ¢ —deviation of the UAV center of mass
by the roll angle ¢.
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Fig. 15. Diagram of the variation in the deviation of the UAV center of mass along
the Z axis: a— Wind load distribution along the Z axis; b —deviation of the UAV mo-
vement along the Z axis; ¢ —deviation of the UAV center of mass by the yaw angle y.

At the second stage of the investigation, the wind loads de-
terministic behavior is simulated according to the parameters
described in Table IV, including equations 8 to 10.
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TABLE IV
DETERMINISTIC WIND LOAD PARAMETERS

Wind load disturbance Wind distur- X Duty  Velocity
model bance effect, Period  Cycle range,
@[N] T [c] % VB [m/s]
Vir=1
t<t<t,, 40,
V,(8) = k. (D)V, D(H)= [0 OX 0] ? V,Y=0;
<<t 60
V7 =0
vV, x=0;
Va(t) = k, )V, GO =[P 0" t<t<t, 100 V=2
V,7=0
vV, =0;
N
- Vo . O(t) = [0 DY t<t<t,, VY=
V.)==+ )V, t 1 B
=5 "Z:O sin(nw,yt) 4L e, 0 U's.
V. i=2

B

In accordance with the results presented in figures 16 to 18,
the considered wind loads deterministic models represent a sig-
nificant atmospheric disturbance on UAV performance. Howe-
ver, the UAV control system demonstrates the capability to
maintain the center of mass positioning accuracy relative to the
specified trajectory within deviations of 0.056; 0.36; 0.27 m
along the OX, OY, OZ axes, respectively.
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Fig. 16. Diagram of the variation in the deviation of the UAV center of mass
along the X axis: a — wind load stepwise effect along X axis; b — deviation of
the UAV movement along the X axis; ¢ —deviation of the UAV center of mass
by the pitch angle 0.



ENFOQUE UTE, VOL. 15, NO. 2, APRIL 2024, , E-ISSN: 1390-6542

2 T T T T T T
y
15F Ve
z
£
= 1r 1
0}
>
05 q
0 . I I . \
0 5 10 15 20 25 30 35 40 45 50
a) Time [s]
02 T T T T T T
—Ay
—_— 0 7
£
>
<
0.2 8
04 . | . | . . | . |
b) ° 5 10 15 20 25 30 35 40 45 50
) Time [s]
04 T T T T T T

"o 5 10 15 20 25 30 35 40 45 50
c) Time [s]

Fig. 17. Diagram of the variation in the deviation of the UAV center of mass
along the Y axis: a — wind load stepwise effect along Y axis; b — deviation of
the UAV movement along the Y axis; ¢ —deviation of the UAV center of mass
by the roll angle ¢.
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Fig. 18. Diagram of the variation in the deviation of the UAV center of mass
along the Z axis: a — wind load stepwise effect along Z axis; b — deviation of
the UAV movement along the Z axis; ¢ —deviation of the UAV center of mass
by the yaw angle .

IV. CONCLUSIONS

This paper addresses the technical monitoring challenges
faced by national security services in the coastal territories of
Ecuador and proposes the use of an autonomous robotic aerial
platform to enhance the efficiency of remote surveillance mis-
sions conducted along the coastline. The use of a hierarchical
control structure, composed of an adaptive PID based MPC
control strategy, optimizes the flight dynamics retaining UAV
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robust performance features. Based on the conducted study
evaluating the influence of wind load disturbances on UAV con-
trolled motion, it was revealed that deterministic models have
a stronger effect on UAV flight dynamics. However, for both
models (random and deterministic), the use of the Gaussian
normal function and Fourier series decomposition method, res-
pectively, represents a more reliable strategy for simulating the
dynamics of air mass movement in a specific territory based on
a priori information from meteorological service observations.
The introduced wind disturbance models contribute to positio-
ning accuracy deviations up to 0,1; 0,36; 0,27 m along OX, OY,
OZ axes respectively. Additionally, a delay in the response of
the control system to external disturbances at transient values
of up to 5 seconds has been registered.
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