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Abstract

The present work was carried out within the tasks of the PID UNDEF No. 484/2019 where a
light UAV was designed as an alternative to replace other similar vehicles. One of these tasks
was the design of the UAV control system, for which different methods in use were reviewed
and a method was proposed to select it based on the type of missions it would carry out and
the desired performance. For this, a systematic review of the different control methods that
are applied, their characteristics and the responses obtained by each of them was carried out.
A comparison and evaluation of its performance was carried out, proposing a systematic
selection method that would allow obtaining the control system with the best performance for
the vehicle application. The method was contrasted with the results reported in different
publications and the results obtained proved that the method used met the established
requirements. The advantage of the proposed method is that the choice of the control system
is made to optimize certain characteristics of the UAV's operation, depending on the vehicle
and the type of task to be performed.
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I. Introduction
1. The basic dynamics of the UAV

Autonomous underwater vehicles base their navigation on electric motors that provide the
mobility to follow a given trajectory. Roll, pitch, yaw and thrust actions are mostly controlled
by changing the thrusts of the rotors using Pulse Width Modulation (PWM) to give the
desired output. The use of these unmanned underwater vehicles includes photography,
inspection of submerged objects, analysis of oceanographic variables, vessel hull
maintenance, fish and algae studies, and search and rescue operations, among others. Based
on the various existing control schemes, the search for control configurations that optimize
the navigation problems that arise for different geographical and operational contexts is a task
that requires specific formal tools to choose said schemes.

Before seeing the different control methods, the mathematical model of the controlled system
must be included, the UAV, the equations that govern the movement of a rigid body, it is
necessary to define an inertial reference system. In this case, the Earth is taken as the inertial
system reference, assuming that the acceleration of a point on the Earth's surface, due to its
rotation, can be neglected in the case of these underwater vehicles. This approximation is
valid, in this situation, since the movement of the Earth has little effect on marine vehicles
that move at low speed, such as UAVs (Fossen, 1994). According to these considerations, the
inertial reference system originating from an OT point in solidarity with the Earth is defined,
where the X axis points to the north, the Y axis to the east and the Z axis to the center of the
Earth.

Normally in underwater vehicles, linear and angular velocities are associated with a mobile
coordinate system located in the vehicle and their time derivatives are measured with respect
to the reference frame of the body. Thus, the coordinate system A joint to the UAV is defined,
with origin in its center of mass (OA), where the x axes are made to coincide with the axes of
inertia of the UAV, which will facilitate the dynamic analysis. The axis is taken to be
coincident with the direction of advance of the UAV, it is orthogonal to and is positive
towards starboard in the horizontal plane, while it is oriented downward and orthogonal to the
plane, as shown in Figure 1.
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Figure 1

The dynamic model of an underwater vehicle can be written in its compact form as shown
below by Fossen:
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MV+C()v+D V)v+g(n)=T1
where: M = MRA + MA is the inertia matrix including the added mass

C(v) = CRA + CAis the Coriolis matrix, including the added mass.
D(v) the damping matrix, and

g(n) represents the restoring forces

with T TanFTm*Te - where "¢ and " are the moments generated by the

hydrodynamic forces 'm , the moments generated by the effects of wind and waves " |
and the torques produced by the propellers or any other force exerted on the UAV.

T

-
The velocity vector v is the generalized velocity v=[u,v,w,p.g.r] where YVsW are the

linear components of advance, roll, and roll, P-%4:Y" are the angular components of roll,
pitch, and yaw, referred to the frame fixed to the body of the vehicle.

The six position and attitude components of the UAV, which describe the movement of a
marine vehicle in the six degrees of freedom 6 DOF, referred to the inertial frame, are: n = [x,
y, z, ¢, 0, y] T, where 1 is the vector that allows determining the position of the vehicle with
respect to the fixed ground system and its orientation with respect to it, given by the Euler
angles o, 0, and y. (Fossen and Pettersen, 2014).

Being (1) the transformation matrix between the inertial and mobile reference system, the
speeds of the UAV with respect to the inertial axes are expressed:
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UAV is subjected, considering it as a rigid body and using the notation used according to
SNAME (1950). for each variable:

X=m

Y=m
Z=m
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I1. Materials and Methods.
2. The basics of the UAV control system

Since there are several characteristics of control systems that must be taken into account
when they are applied to the control of a UAV, the use of adequate noise filtering, the
characteristics of the high frequency response, the adjustment of the degrees of freedom with
respect to equilibrium point, actuator saturation effects, parameter setting method and
computational implementation. These considerations require the establishment of a model
that includes disturbances and noise, based on the traditional model shown in Figure 2

Figure 2

In this new model, the process P is subject to disturbances: the load disturbance d (which
represents those effects that separate the process from its desired behavior), and the
measurement noise n of the process variable x is the true physical variable that you want to
control. But the control is based on the measured signal and it is corrupted by noise n. The
controller is shown divided into two parts: the feedback compensator C and the feed-forward
compensator F. The process is influenced by the controller through the control variable u. The
process thus turns out to be a system of three inputs (u, d, n) and one output (y). Figure 3
shows the load disturbance acting at the input of the process, but in reality the disturbance
can enter the process in a multitude of different ways, this representation being adopted to
simplify its description.

By making a summary of the general design considerations for a controller, we can identify
the basic requirements as: Stability, Ability to follow reference signals, Reduction of the
effects of load disturbances, Reduction of the effects of measurement noise and Rejection of
variations in process parameters and / or uncertainties in the model used. Depending on the
specific application, one or more of the indicated requirements will prevail over the others.
This new model features three inputs: r, d and n, which affect variables u, x and y, which are
those that describe the operation of the System. Assuming that the system is linear, there are
nine relationships expressible as transfer functions between the input and output variables. If
with X, Y, U, D, N, R we represent the Laplace transforms of x, y, u, d, n, r, Leaving aside the
complex argument s for simplicity, it can be expressed:
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P PC PCF
X= D — N+ R
1+PC~  1+PC  1+PC
P 1 PCF
Y= D+ N+ R
1+PC  14PC  1+PC
—P C CF
U=——D— N+ R
1+PC  1+PC  1+PC

We observe that several of the transfer functions are equal and that all relations are expressed
as combinations of a set of six functions,
as stated Astrom (Astrom, 2002) PCE PC P

1+PC1+PC1+PC

CE C 1

1+PC1+PC1+PC
The transfer functions in the first column
determine the responses of the process variable x and the control variable u to the command
variable r. The second column gives the same signals for the case of pure feedback with error,
that is, assuming F = 1. The function P/ (1 + PC) in the third column defines the reaction of
the process variable x to a load disturbance d, while C / (1 + PC) gives the response of the
control signal to the measurement noise. The system with F = 1 is called pure error feedback

control. In this
1 case, the system is
— Sensitivity Function completely
1+PC characterized by
four transfer
PC functions:

1+PC Complementary Sensitivity Function

L Load Disturbance Sensitivity Function

1+PC

C . ‘n :
— Noise Sensitivity Function
1+PC

These functions are obtained by considering the closed-loop transfer function T of the system
and the variation suffered by the process if the process P experiences a small disturbance
around the nominal value of its parameters:

PC

T= ,dT= _dp
1+PC (1+PCN+PCF)?

dT Cc dP _dT/T 1

= — 5= =
T 1+PC F dP/P 1+PC
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The sensitivity function S then makes it possible to express the relative variation of the
closed-loop transfer function with small variations in the process. From these equations, it is
observed that:

S+T=1

So, the closed-loop transfer function T is also called the complementary sensitivity function.
This analysis is the same as if another type of Control system configuration is used, as the
one represented in Figure 3, where we could obtain the same results as before if we set the
condition F=A/C

=

Controller [ Process

Figure 3

3. Review of the Control Systems used by UAV’s

Various control algorithms have been used according to the nature of the drone dynamics.
Each control scheme has advantages and disadvantages, in a first approximation the control
systems used could be divided into linear and non-linear. For a first categorization, this
analysis can be restricted to different control systems within these categories.

3.1. Proportional and Integral plus Derivative (PID) (LINEAR) control system

The PID controller was patented in 1939 by Albert Callender and Allan Stevenson of Imperial
Chemicals Limited (Northwich, England). The PID controller represented a huge advance
over previous automatic control methods. The PID control algorithm consists of three
different parameters: the proportional, the integral, and the derivative. The proportional value
depens on the current error, the integral depends on the past errors, and the derivative is a
prediction of future errors. The sum of these three actions is used to adjust the process by
means of a control element. Given a system whose variables are made explicit in the control
loop of Figure 4
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Figure 4

The system presents a behavior described by the equation:

B 1t de(t)
u(t)=K|e(t) + FI e (7)dt+T,——

i Jg dt

3.2. Gaussian Quadratic Linear Control Systems (LQR / G) (LINEAR)

The block diagram of an LQG controller for a UAV is shown in Figure 5.

Figure 5
The generic description in terms of a linear dynamical system would be:

#(t)=A(t)x(t)+B(t)ult)+v(t)
y(t)=C(t)x(t)+wl(t)

Where x represents the vector of the system state variables, u the vector of the control inputs
and y the vector of measured outputs available for feedback. Both the additive white noise of
the system v(t), as noise from the measurement w (t) affect the system. Taking into account
that the objective is to find the values of the control input u(t) for each time t, this will depend
only on the latest measurements y(t'), for O0< t'<t , such that the following cost function is
minimized:
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J=E (xT(TjFx(Tj + f xT (r)Q(rHuT(rJR(r)u[rjdt)

Fz=0;Q(t) = ;R(t) = 0

Where E is the expected value. T can be finite or infinite, but if it tends to infinity, the first
term of the cost function J can be neglected. To keep the cost function in a finite value, J/ T
can be used instead of J. The LQG controller that solves the problem by posing the following
equations:

(t)=A(t)x(t)+B(t)u(t)+L(t) [:}r(t) - [t]x(t})x

u(t) = —K(t)x(t)

The matrix L (t) is called the Kalman gain of the associated Kalman filter present in the first
equation. For each t the filter generates estimates of x (t) using the previous measurements
and inputs. The Kalman gain L (t) is calculated from the matrices A (t), C (t), the two matrices
V (t), W (t) of the white noises v (t) and w (t) and finally the matrix of the values E [x (0)]
expected at the origin t = 0. These five matrices determine the Kalman gain through the
matrix associated with the Riccardi differential equation:

P(t)=A(t)P(t)+P(t)AT(t) — P()CT ()W () () P(t)+V (L)

Which fulfills that in the initial instant:
P(0)=E(x(0)x"(0))

The solution for P (t) at 0 <t <T allows the Kalman gain to be obtained as:

L(t)=P(t)CT ()W (1)
—S(t)=AT(t)S()+S()A(t) — S()B()R™(t) BT ()5 (1) +Q(1)

S(T)=F
Where the solution S (t) for 0 <t <T allows obtaining the feedback gain as:
K(t)=R™H ()BT (t)s(t)

It is observed that the matrix expressions of the Riccardi differential equations are similar,
this is called Duality. The first equation solves the linear quadratic estimation (LQE) problem
and the second solves the linear quadratic regulator (LQR) problem; Since the problem is
dual, both equations solve the linear quadratic Gaussian control (LQG) problem. For this
reason, the LQG problem is said to be separable, since it is solved by solving the LQE and
LQR problems separately.

When A (t), B (t), C (t), Q (t), R (t) and the noise matrices V (y) and W (t) do not depend on t
as T approaches infinity, the LQG controller becomes an invariant dynamical system and the
second Riccardi differential equation can be replaced by the Riccardi algebraic equation. If

x(0)=E(0)
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the discrete analysis of this problem is proposed, the solution would be reached in a similar
way to that carried out in the continuous analysis.

3.3. Sliding Mode Control Systems (SMC) (NON-LINEAR)

Sliding mode control (SMC) is a non-linear control method that alters the dynamics of a non-
linear system by applying a discontinuous control signal (or more accurately, a pre-set set of
control signals) that forces the system to "slide” along a cross section of the normal behavior
of the system.

Control signals follow feedback rules that are not a continuous function in time. Instead, it
can change from one continuous structure to another based on its position in state space.
Therefore, slider mode control is a control method with a variable structure. These control
structures are designed so that the trajectories always move towards an adjacent region with a
different control structure, so the final trajectory will not exist within the control structure,
instead it will slide along the boundaries control structures. The movement of the system as it
glides along these limits is called the sliding mode, and the locus containing these limits is
called the (hyper) sliding surface. Figure 6 shows the scheme of this type of control.

P e e e e e e —

e

Figure 6
3.4. Backsteppig Control System (Integrator) (NON-LINEAR)

The Backstepping approach provides a recursive method to stabilize the origin of a system by
feedback only. If a
system is considered

x=f, (x)+g,(x)z, as follows:

2,=f,(xz, ) 4+g,(xz,)z,
2,=f,(x2,,2,)+g,(xz2,,2,) 2,

2, =6 (2,252 1,2, )+ 82 (X225 002 1,7;) 214

Z = (22,2 ez ) F8. (X225, 2 g )2,
2, =f0 (2] Z e Zpes ) F 80 (X2, 20 02 _y,Z0 U

Where x is real, z/,..., zk are scalars, u is the scalar input to the fx system, f7,..., fk have a
value of 0 at the origin (that is, fi (0,0,..., 0) = 0) and g1,... .gk are distinct from or in the
domain. If it is also assumed that the subsystem is stable at its origin (x = 0) for some control
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input ux (x) where ux (0) = 0. That is, the subsystem x is stabilized in some way and the
backstepping extends its stability to the surrounding z environment. It is said that in strict
backstepping mode around a stable subsystem x: the control input u has its stabilizing impact
on Zn; the zn state acts as a stabilizer for the previous zn-1 state and this process continues
until each zi state is stabilized by the zi + 1 state. The backstepping approach tends to
stabilize subsystem x using z1, then try to get z2 to z1 keeping control so that x remains
stable. This procedure is continued until the control input u is reached. Figure 7 shows us a
diagram of this type of control.

.
c
c —T—*  Backstepping u
o 1 1
k, —+—— Controller
) P

Process

,,,,,,,,,,,,,,,,,

Figure 7

3.4. Adaptive Algorithm Control System (NOT linear)

Adaptive control differs from robust control in that it does not need a priori information on
the limits of variation of the parameters or their variation over time. Robust control ensures
that if parameter changes are within certain limits, it is not necessary to change control rules,
while adaptive control deals with changing control rules and how they can change
themselves. The basis of adaptive control is in the estimation of these parameters, which is a
part of the system.

Common estimation methods include recursive least squares and gradient descent. Both
methods provide update laws that are used to modify estimates in real time (that is, as the
system works). Lyapunov stability is used to derive these actualization laws and show
convergence criteria (typically persistent excitation; relaxation of this condition is studied in
adaptive control of concurrent learning). Projection and normalization are commonly used to
improve the robustness of estimation algorithms.

In general, it is convenient to distinguish between direct adaptive control and feedback
adaptive control, these refer to the location of the estimator. A distinction must also be made
between Direct Methods, Indirect Methods and Hybrid Adaptive Methods. Direct methods
are those in which the estimated parameters are used directly on the controllers. In contrast,
indirect methods are those in which the estimated parameters are used to calculate the
required parameters of the controller. Hybrid methods are based on both parameter estimation
and direct modification of control rules.A diagram of a system with direct adaptive control is
show in Figure 8.
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3.5. Control Systems with Robust Control Algorithms

Robust control is an approach to the design of controllers that explicitly deals with
uncertainty, they are designed to work correctly whenever a set of uncertain parameters or
disturbances is encountered. Robust methods aim to achieve robust performance and / or
stability in the presence of limited model errors.

The early methods of Bode and others were quite robust, but in the 1960s and 1970s more
extensive tests showed that they lacked robustness to parameter variation, prompting research
to improve them. This was the beginning of robust control theory, which took shape in the
1980s and 1990s and continues today. In contrast to adaptive control, robust control is static,
instead of adapting to variations measurements, the controller is designed to work assuming
that certain variables will be unknown but bounded.

A controller designed for a particular set of parameters is said informally to be robust if it
also performs well under a different set of parameters. High-gain feedback is a simple
example of a robust control method; with a sufficiently high gain, the effect of any variation
of the parameters will be negligible. From the perspective of the closed-loop transfer
function, a high open-loop gain leads to substantial rejection of disturbances in the face of the
uncertainty of the system parameters. But the main obstacle to achieving high profits is the
need to maintain loop stability. Loop conFiguretion that allows stable operation can be a
technical challenge.

Robust control systems often incorporate advanced topologies that include multiple feedback
loops and direct loops. The control rules would thus be represented by high-order transfer
functions required to simultaneously achieve the desired disturbance rejection performance
with robust closed-loop operation.

One of the most important examples of a robust control technique is the infinite loop form in
H, developed by Duncan McFarlane and Keith Glover of the University of Cambridge; This
method minimizes the sensitivity of a system over its frequency spectrum, and this ensures
that the system will not deviate much from expected trajectories when disturbances enter the
system.

Another form of robust control is the slider mode control, which is a variation of the variable
frame control. While robust control has traditionally been treated with deterministic
approaches, in recent decades this approach has been criticized for being too rigid to describe
actual uncertainty. Robust probabilistic control has been introduced as an alternative, which
interprets robust control within the so-called scenario optimization theory. Another example
is loop transfer recovery (LQG / LTR), which was developed to overcome robustness
problems of linear-quadratic-Gaussian (LQG) control. Other robust techniques include
quantitative feedback theory (QFT), passivity-based control, Lyapunov-based control, etc. A
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diagram of a Robust Control system is shown in figure 9.

i Controller ! Process

Figure 9

3.6. Control systems using Optimal Control algorithms - OCA (LINEAR and NON-
LINEAR)

OCAs reduce a variable and obtain the best cost function out of a set of options. A special
type of optimization is the convex optimization, which uses a mathematical optimization
technique to minimize a convex variable in a convex set of variables. Most algorithms consist
of the Gaussian Linear Quadratic Control (LQG) problem, which is a combination of a
Kalman filter that is, a Linear Quadratic Estimator (LQE) with a Linear Quadratic Regulator
(LQR). A major limitation of various optimization algorithms is, in general, their poor
robustness.

Optimal control problems may be classified in continuous and discrete, we can also make a
classification according to the time variable t, whether or not it is explicitly included in the
equations of state. In this way we have problems: Autonomous: where the equation of state
does not explicitly depend on time: x = f (x, u) y Non-autonomous: where the variable t is
present in the above equation: x = f (t, X, u). On the other hand, the set U of the admissible
controls can be Unbounded, Bounded or Bang-Bang, depending on whether the U values are
bounded or not, or vary only between discrete values (for example 0 or 1).

An example of what the diagram of a system with an optimal controller would look like is
shown in Figure 10

Figure 10
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3.7. Control systems using feedback linearization algorithms (FL) (Non-linear)

FL control algorithms convert a non-linear system into an equivalent linear one by changing
variables. Some limitations of this method are due to the loss of precision when linearizing
variables and it requires having an exact model for its implementation.

Feedback linearization is an approach used to control non-linear systems. The approach
proposes a transformation of the nonlinear system into an equivalent linear system through a
change of variables and an appropriate control input. It applies to nonlinear systems of the
form:

=f(x)+g(x)u
y=h(x)

Where X is a vector of real components, as is the vector of inputs u. The goal is to get a
control input as:

u=a(x) + b(x)v

Which generates a linear input-output map between the new input and the output, resulting in
a linear control system that can be applied by an external control circuit. In the case of FL for
a single input and output system (SISO), results are obtained that can be extended to multiple
input and output systems (MIMO). If both u and y are real, the objective is to find a
transformation of coordinates z = T (x), which transforms the equation of the system through
the feedback already indicated. This leads to a new map of linear input and output
relationships between each input v and each output y. To guarantee that the transformation of
the system is an equivalent representation of the original, it must be not only bijective
(invertible), but must be infinitely differentiable (it admits derivatives of any order) at the
origin of coordinates. A diagram of these systems is presented in Figure 11:

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Nonlinear System

x=fx)+gtxu  |© o
= — /) g
y=h(x) =

Figure 11
3.8. Control by Fuzzy Logic Control (FLC) systems (Non-linear)

The FLC is a type of control, usually of a feedback type, that is based on rules. It is aimed at
improving the characteristics of "classical” control, for example, incorporating knowledge
that cannot be described in the analytical model on which the design of the control algorithm
is based, and that usually, in "classical” control, is left for manual modes of operation or other
limit or safety mechanisms. FLC applications can be divided into two classes: Those in which
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the FLC is a supervisory control, that is, it complements the conventional feedback control,
and those in which the FLC replaces the conventional control.

The FLC works by applying a set of rules that is combined using fuzzy logic. A rule is
activated (“"triggered”) if the conditions described in the rule's premises are met. The
evaluation of those conditions is carried out in a diffuse way, taking into account the inherent
uncertainty of the available knowledge. The input variables are interpreted as linguistic
variables. It is not unusual for more than one rule to be triggered for the same combination of
input variables, in this case, the inference machine in a FLC acts as a parallel processor, that
is, all the rules that have some degree of truth in their premises are triggered and contribute to
the fuzzy set of output. Applying Mamdani's inference, the result produced by each of the
rules is combined to give the result of the set, which is the union of the outputs of each of the
triggered rules.

The consequents of all the triggered rules are related in the range [-1,1], being combined
locally by a logical OR. A logical OR is a T conorm, for example the maximum point
function. It is important to mention that any T conorm could be used for this, the max
function is the most used in real time applications. The expression for the fuzzy set of the
output variable given by Mamdani's inference is then:

VbeUg: ugcg) (b)=max, (min [uﬂ,:k} (a)mug, [bj))

There are several methods to build the de-diffusion interface of a FLC, such as: center of
gravity, average of the supreme or weight. The center of gravity method is the most widely
used; it consists of obtaining the abscissa of the center of the area that is formed under the
function that represents the combined output fuzzy set. The average of the supreme is
obtained considering only the lines with the maximum membership value within the whole
set. The weight method considers the value (equivalent to the degree of certainty) obtained by
each of the individual triggered rules. The center of gravity of each consequent of these rules,
which is previously known, (typically trapezoids or triangles) is weighted by the value of the
height in each case, and a weighted average of all the consequents represented in the output
set is obtained. Figure 12 shows the differences between the “classical” control process and
the FLC

I 1 1
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Figure 12

3.9. Control by Neural Network systems (Nonlinear)

Artificial neural networks have characteristics similar to those of the human brain. For
example, they are able to learn from experience, to generalize from previous cases to new
cases, to abstract essential characteristics from inputs that represent irrelevant information,
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etc. This means that they offer numerous advantages and that this type of technology is being
applied in multiple areas. Advantages include: Adaptive Learning (ability to learn to perform
tasks based on training); Self-organization (ability to create their own representation of
information through learning); Fault tolerance (certain capabilities of a NN can persist after
taking great damage). Real-time operation (the operation of the NNs can be carried out in
parallel using special hardware); and Easy insertion into existing technology (using
specialized NN chips that improve the capabilities of certain tasks, facilitating their
integration into existing systems). A schematic of an NN is shown in Figure 13:

——————————————————————————————————————————

Controlador
Neuronal

Figure 13

3.10. Control Systems using Hybrid algorithms

Clearly, the best linear and non-linear algorithms have limitations and no controller has got
all the optimal characteristics. Different approaches try to solve this by combining one or
more algorithms.

A hybrid algorithm is one that combines two or more algorithms that solve the same problem,
either by choosing one (at the mercy of the data), or by switching between them over the
course of the algorithm. This is generally done to combine desired characteristics of each, so
that the overall algorithm is better than the individual components. "Hybrid algorithm™ does
not refer to combining algorithms to solve a problem - many algorithms are the simplest
combinations of pieces - but to combining algorithms that solve the same problem and that
differ in particular characteristics such as the execution time for an input size dice.

Since they arise from the previous methods described, they will not be used as a category, but
are considered in the elaboration of the evaluation index.

111 Results
4. Assessment of UAV control methods

Table 1 compares the previous algorithms applied to the control of drones and UAVS,
although it should be noted that the performance of a specific algorithm depends upon so
many factors that it cannot be modeled completely. The table below helps to give a rough
guide as it emerges from previously performed analysis and theoretical knowledge.
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Control Algorithm Linearity Good Characteristics Bad Characteristics
Little adaptable, Does not reject
FProportional and Integral plus LINEAR Simple, Noise Tolerant, Allows disturbances, Requires a known
Derivative Manual Adjustment model, High Power
Consumption
Mot very robust, Not intelligent,
Linear Quadrartic Gaussian LINEAR Adaptable, Optimizable, Rejects | Requires a known model, Not
(LQR/G) Disturbances very precise, High Power
Consumption.
N NON égiﬂ:éeéni:cﬁiﬁiﬁn%;:; MNon IntEl]jgent, Does Not Allow
Sliding Maode (SMC) LINEAR | Disturbances, Requires Little Manual _‘—‘Ld_p:lstl:nent, Does Mot
Tolerate Noise
Power
Little Robust, Not Intelligent,
. . . Low Convergence, Complex,
i NOM Adaptive Good Tracking, Rejects
Backstepping : Does not Allow Manual
LINEAR |Diswurbances - -
Adjustment. High Power
Consumption
. . . Non-intelligent, Requires a
. ) NON Adaptive, Noise Tolerant, Rejects i ;
Adaptive Algorithms LINEAR | Disnubances known mo.del, High Power
Consumption
. . Non-intelligent, Low
. NON FRobust, Noise Tolerant, Rejects =
Robust Control Algorithms LINEAR | Disnurbances ] Cnrwergen.ce, High Power
Consumption
. ) LINEAR / Robust, Adaptable, Fast Requires a known model, High
Optimum Control Algorithms NON Convergence, Accurate Power Consumption
LINEAR ’
N_on].inlear.l-'eedbacl-s NON Good Tracking, Fast Mot IntE]lig.ent, Does Hot Allow
Linearization Algorithms Manual Adjustment. High Power
LINEAER. |Convergence, Accurate I
(FBL) Consumption
NON Does not tolerate Noise,
Fuzzy Logic (CLD) Intelligent Requires a known model. High
¢ LINEAR )
Power Consumption
Complex, Does not allow
N | Network NON Adaptive, Intelligent, Does not Manual Adjustment, Does not
eural Networks LINEAR |require a known model tolerate Moise. High Power
Consumption
LINEAR / . ) Does not allow Manual
Hybrid Algorithms NON idziiv:‘li:giﬁ%zgge?ues not Adjustment. Does not tolerate
LINEAR 4 Noise. High Power Consumption
8 -
orithms

Despite the low precision in determining the characteristics of the algorithms, you can build a
table that indicates in a “rough” way how each algorithm responds to certain characteristics,
for example taking values: 1 = Good, 0 = indifferent and -1 = Bad. This allows building the
following table:
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Characteristics
ngl E [:7) E
5 =
. wl E|E =
2128wl sle|t|2|E|E|E
. E|B|E8|lE|%|8|S|5|&|2| 2|7
Control Algorithm ZlE| 23|55 €|g :E AN
A I T
= || B o 8|Z8|E|l2| ¢
S| E|Z2] 3
S| = =
Proportional and Integral plus Derivative g|-1{fofo0ofo|jo0j1}|-1y-1j1j1¢(1
Linear Quadratic Gaussian (LQR / G)) -1|l1(-1yo0of(0}-1}|-1j1|-1]-1]-1|-1
Sliding mode (SMC) o(1f(-1|{1f(1}j1|0f(1j0O0|-1|-1|0
Backstepping 1|l 1f-1y1f(-1y0}|-1j1|0}-1]-1|-1
Adaptive Algorithms o|1f(-1y0f0|j0jO}|j1}|-1]0}|1}|1
Robust Control Algorithms i1({1}|-1|jo0}|-1jof0|j1fOoj0O|1]|1
Optimal Control Algorithms 1(1|{0|0|1|1|0|0]-1{0]j0O0]-1
Feedback linearization Algorithms (FBL) o|jof-1y1(1j1|j0j0|j0O}-1|]0|-1
Fuzzy Logic (CLD) go(oj1rjof0{0j0O|0O|-1|]0|-1]1
Neural Networks o|ji1f1(0f(0|0O|-1|0Oj0O]-1]-1|1

Table 2. Performance of the Algorithms

5. Construction of an Index to assess UAV control methods

From Table 2, an individual applicability index (IAl) is proposed, which allows evaluating
the performance of the Control Algorithm for a given application. The index is obtained by
the following formula

IAI=3YNCI1 (ICi) / NC

With:
NC = Number of features required
Cl = characteristic index {1 = Good, 0 = indifferent, -1 = Bad)

This index will return a value between 1 and -1 indicating that the chosen algorithm for the
desired characteristics will have a good performance if the value obtained is close to 1 or a
performance if it is close to -1.

With this index, the combined use of two or more algorithms could also be evaluated, through
a joint applicability index (IAC), which is obtained from:

IAC = YNA; (ICH)/NA

With:
NA = Number of algorithms to use

The way to evaluate this index is through the analysis of published works that describe the
control system used, the application of the UAV and the results obtained. In this way, it is
possible to check whether the Index reflects the performance of the control system.
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6. Results.
6.1. Comparison of published results with the Index

A total of 27 publications that described the application and results of different control
methods were analyzed, in each case the individual or joint applicability index was obtained
as appropriate, the results were added to Table 3, where the results reported by the
publications were categorized in: Good, Fair and Insufficient.

The performance of the indicator is evaluated through reports of 27 different published
works, calculating the indicator in each case and indicating if it can express the result
indicated by said works. (The index is calculated, and the performance of the index is
compared with that reported by the paper, resulting in: 2= Matches, 1=Partially matches and
0=Does not match. The result of the evaluation is the percentage of the score obtained respect
to the maximum possible score)

Control Method Paper 1Al Reported Result Result
Maalouf, D. et al. 2012 0.5 Good 1
Parameter changes
Li, Yetal., 2015 0 Fairly 1
PID Follow-up control before changes in currents, Independence of the Good
mathematical model
Guerrero, J. et al. ,2019 1 Good 2
Trajectory tracking and yaw angle changes Good
Du, G.etal., 2011 5 Good 1
Navigation Precision, Number of Calculations Good
Wang, S. et al., 2016 1 Good 2
LQR/G Dynamic resistance to angle changes
Mohamed, S. et al., 2020 1 Good 2
Stability in motion control. And the response speeds Good
Hernéandez Julian, et. al., 2016 1 Good 2
disturbance reduction
Escobar Ponce e Imba Cruz, 2018 1 Good 2
SMC Trajectory tracking against changes in disturbances
Medina,V. Et al., 2020 0.66 Good 1
Precision Search Stability and Robustness Good
Good
Z hang, M. etal., 2017 0.66 Good 2
Trajectory tracking. Good
propellant failures Good
Model uncertainty
Backstepping Liang, X. etal., 2017 0.66 Good 2
Seguimiento trayectorias 3D. Robustez Respuesta perturbaciones Good
externas Good
Li, X. Etal., 2020 0.5 Good 1
Response to nonlinear disturbances. Sturdiness Good
Spandan et al., 2013 0.5 Good 2
Response to Noise, in trajectory follow-ups Insufficient
Zainetal., 2017 0.5 2
Adaptive Robustness, convergence to errors in the presence of uncertainty Good
and disturbances
Cao y Xu, 2020 1 Good 2
Dynamic Unknown Trajectory Prediction
Chybaa et al., 2009 0 Good 1
Energy consumption
: (Rout y Subudhi, 2017 0.5 Good 2
Optimal Control trajectory tracking Response to model uncertainties Good
Ll etal., 2020 1 Good 2
Control of nonlinear trajectories.
Jianetal., . 2012 1 Good 2
Response to disturbances
Moon y Lee, 2018 0.5 Good 2
FL Response to uncertainties in the model
Rattanawaorahirunkul et al., 2020 0.66 Good 2
Steady state response. Response precision. dynamic monitoring Good
Good
Ishaque et al., 2010 1 Good 2
Adjustment of control parameters
E Logi Londhe et al., 2017 0.5 Good 2
uzzy Logic Trajectory control against disturbances, Robustness
Londhe y Patre, 2019 0 Good 1
Stability. Steady state response. Good
Panetal., 1014 0.5 Good 2
Follow-up. Response to dynamic conditions Good
Ni etal., 2017 1 Good 2
RN route planning
Duab et al., 2020 0 Good 1
Trajectory tracking, Simplicity and Robustness Good
Good
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Table 3. Results of the application of the control method

The same methodology was applied for the analysis of hybrid methods, although not many
publications were found. The results are shown in Table 4

Repor
Control Paper 1Al ted Result
Method
Result
Mohan y Asokan, 2010
E,'IVEI)C * Trajectory tracking 0.75 | Good 2

with disturbances
Deng et al., 2014
Fuzzy + | Adaptation of the
PID Control to variable
environments
Linear + | Vang et al., 2016
Fuzzy heading control
Fuzzy + | Liet. al.,, 2019

1 Good 2

.66 | Good 1

1 Good 2

PID Sturdiness
Fuzzy + | Caietal., 2020
SMC movement precision 5 | Good 2

Table 4. Results of the application of hybrid methods

6.2. Analysis of the obtained results

Analyzing Table 3 and Table 4 it can be seen that of the categories that were established to
classify the results, one result is observed in category Fairly and one in category Insufficient,
which would generate a bias that is explained by the fact that most of the published works do
not usually report bad results. The allocation of category Good was carried out based on the
universality of the results shown, since in some cases they were compared with other works
that used different control methods, in other cases they were compared with results of
theoretical models and in other cases with other implementations of the same control method.
It can be observed that most of the results reported by the analyzed publications correspond
to the results of the calculation of the Al and IAC indices. This could lead to the use of these
indices as an estimate of the results to be obtained in the application of a method, or a
combination of them, for a given application.

It should also be noted that the defined intervals include the numerical values that limit them
with the neighboring categories, which could give rise to some uncertainty as to which
category it should correspond to, but provides guidance on the results that could be obtained.
However, since some control methods could be divided according to some of their
particularities and the number of features of those methods could be increased, the
uncertainty could be eliminated. The possibility of correcting this uncertainty is what
demonstrates the usefulness of the presented method.
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7. Conclusions

The review carried out and the method of evaluation of a specific control system for a certain
use allow us to have analysis tools for future works that can be carried out for the control of
UAVs. As can be seen from this review, no algorithm has all the characteristics compared to
the total number of problems that must be faced when beginning the design of a control
system. It is also clear from the works analyzed that a better performance is obtained by
combining different algorithms that provide the best combination of the desired
characteristics, such as: robustness, adaptability, optimality, simplicity, tracking capacity, fast
response and disturbance rejection, among others. others. However, this does not guarantee
good overall performance; having to reach a compromise on which characteristics would be
the most appropriate, for a given application. Although there is no consensus on which model
would give the best overall performance, the proposed a priori evaluation method is a useful
tool in selecting a combination of control algorithms.
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