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Summary

Control and Navigation of Unmanned Aerial Vehicles Based on
Computer Vision for Assistance Robotics

Unmanned aerial vehicles (UAVs), commonly known as drones, have gained great popularity
in recent years. Given their characteristics, they can be used to access remote or
difficult-to-reach points without requiring the intervention of an onboard operator. In
this sense, technological advances are directing towards totally autonomous UAVs, i.e.,
those aircraft that can perform a complete flight, from take-off to landing, without being
controlled or supervised by an operator on the ground. This doctoral dissertation is framed
in this area of autonomous UAVs.

The research focuses on the development of control algorithms and navigation solutions
for autonomous UAVs based on computer vision. The final objective is their use in assistance
robotics, mainly for home care of dependents or elderly persons. These people require
assistance to perform daily tasks and, in many cases, they are forced to leave their homes
to receive care in specialized centers. However, this situation is not usually their preference.
This, together with the problems they suffer, leads to a loss of quality of life. To counteract
this situation, it is essential to increase the autonomy of these people, and for that, technology
should play a fundamental role.

At this point, unmanned aerial vehicles represent a new model of assistant flying robots.
This thesis proposes the use of UAVs equipped with cameras to monitor the dependent’s
activities. This way, the information grabbed is processed to determine the person’s state
and the assistance required at each time. The aim is that dependent people live at their
home as long as they wish, receiving the necessary attention. Bringing such UAV assistants
into real homes is, however, a complex goal in which multiple challenges need to be
addressed. Both human and technical factors must be considered. In this sense, this
doctoral thesis contributes by addressing three main topics: (a) the use of computer vision
in the navigation and flight control of autonomous UAVs, (b) the development of new robust
control algorithms and navigation solutions for different models of UAV, and finally, (c) the
study of the feasibility of computer-vision based UAVs as assistants of dependent people
both indoor (at home) and outdoor environments.
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Resumen

Control y navegación de vehículos aéreos no tripulados basado en
visión artificial para robótica asistencial

Los vehículos aéreos no tripulados (unmanned aerial vehicles, UAVs), comúnmente conocidos
como drones, han ganado gran popularidad en los últimos años. Dadas sus características,
pueden utilizarse para acceder a puntos remotos o de difícil acceso sin la intervención de un
operador a bordo. En este sentido, el avance tecnológico se dirige hacia los UAVs totalmente
autónomos, es decir, aquellas aeronaves que pueden realizar un vuelo completo, desde el
despegue hasta el aterrizaje, sin ser controladas o supervisadas por un operador en tierra.
En esta área de UAVs autónomos se enmarca esta tesis doctoral.

La investigación se centra en el desarrollo de algoritmos de control y soluciones de
navegación para UAVs autónomos basados en visión artificial. El objetivo final es su uso en
robótica asistencial, principalmente para la atención domiciliaria de personas dependientes
o ancianos. Estas personas requieren asistencia para realizar las tareas diarias y, en
muchos casos, se ven obligadas a abandonar sus hogares para recibir atención en centros
especializados. Sin embargo, esta situación no suele ser su preferencia. Esto, junto con
los problemas que sufren, lleva a una pérdida de calidad de vida. Para contrarrestar esta
situación, es esencial aumentar la autonomía de estas personas, y para eso, la tecnología
debe jugar un papel fundamental.

En este punto, los vehículos aéreos no tripulados representan un nuevo modelo de
robots voladores asistentes. Esta tesis propone el uso de UAVs equipados con cámaras
para monitorizar la actividad de los dependientes. De esta manera, la información obtenida
puede procesarse para determinar el estado de la persona y la asistencia requerida en cada
momento. El objetivo es que las personas dependientes puedan vivir en el hogar, siempre
que lo deseen, recibiendo la atención necesaria. Llevar a dichos UAVs asistentes a hogares
reales es, sin embargo, un objetivo complejo en el que deben abordarse múltiples desafíos.
Tanto los factores humanos como los técnicos deben ser considerados. En este sentido, esta
tesis doctoral contribuye abordando tres temas principales: (a) el uso de la visión artificial
en la navegación y el control de vuelo de los UAV autónomos, (b) el desarrollo de nuevos
algoritmos de control robustos y soluciones de navegación para diferentes modelos de UAV,
y finalmente,(c) el estudio de la viabilidad de los UAVs basados en visión artificial como
asistentes de personas dependientes tanto en interiores (en casa) como en exteriores.
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Abbreviations

AAL Ambient Assisted Living
AAR autonomous aerial refueling

ADRC active disturbance rejection control
AT assistive technology

AUAV autonomous unmanned aerial vehicle
DoF degrees of freedom

FWMAV flapping-wing miniature air vehicle
GPI generalized proportional integral
HILS hardware-in-the-loop simulation
IBVS image-based visual servoing

IF impact factor
IILS image-in-loop simulation
JCR Journal Citation Reports
LQR linear quadratic regulator

MQTT Message Queue Telemetry Transport
PBVS position-based visual servoing
PID proportional-integral-derivative
QoL quality of life
RQ research question
SAA sense-and-avoid

SLAM simultaneous localization and mapping
TRMS Twin Rotor MIMO System
UAS unmanned aircraft system
UAV unmanned aerial vehicle
VR virtual reality

VTOL vertical take-off and landing
WHO World Health Organization
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Introduction

This chapter presents the fundamental aspects of this doctoral thesis submitted in the form
of a compendium of publications. Section 1.1 summaries the current context and the need
to bet on technology as a means to facilitate care for the persons in a dependency situation.
Ambient assisted living and robotics provide remarkable solutions in this respect. Section
1.2 describes the hypotheses or initial considerations and the objectives of the research on
vision-based unmanned aerial vehicles (UAVs) for assistance purposes. Section 1.3 presents
the methodology and work plan divided into three thematic blocks according to the partial
goals; computer vision in UAVs, control algorithms for UAVs, and the proposal of UAVs to
assist dependent persons. To conclude this introductory chapter, Section 1.4 details the
structure of this thesis.

1.1 Justification

1.1.1 Overview

In recent decades, socio-economic development in most regions has been marked by a
reduction in birth rates and a substantial increase in life expectancy. This situation has
produced major demographic changes in the population, increasing the number and proportion
of elderly people [33]. Public health must provide effective responses to the challenges that
this new situation poses. It is essential to foster policies that promote the well-being of
older people, provide favorable environments, and adapt health systems to meet the needs
associated with people’s increased longevity. The fundamental objective to achieve is that
this increase in longevity be accompanied by an enhancement in health status.

1



2 Introduction

In this regard, the World Health Organization (WHO) has been developing and promoting
a new framework to improve the quality of life (QoL) of older people. QoL is a broad-ranging
concept on the individual perception of the position in life within the personal context and
goals [34]. Physical health, psychological state, personal beliefs, social relationships and
the relationship to the environment’s salient features are key points in that perception.
In 2002, WHO published the document Active Ageing: A Policy Framework [31], which
defines active ageing as ‘the process of optimizing opportunities for health, participation
and security in order to enhance quality of life as people age”. It identifies different types of
factors involved in this process, such as economic, personal, social and physical environment,
and highlights the importance of health, both for older people and for the positive impact
of their participation in society.

On the other hand, the previous report presents policies for health systems to promote
healthy aging. Among them, the following factors should be highlighted: (a) preventing
and reducing excessive burden of disabilities and diseases, (b) reducing risk factors and
increasing the factors that protect health, (c) developing accessible and adapted social
and health services, and (d) providing training to caregivers. However, this study fails
in detailing the systematic changes that are really necessary to address the challenges of
this new demographic and social situation. The above is reflected in the document World
Report on Ageing and Health [32], elaborated in 2015 by WHO. The study highlights a
lack of adaptation of health systems to the needs of older people, a lack of adequate and
sustainable models of long-term care, the obstacles of physical and social environments, as
well as a lack of incentives for health and participation. In order to reverse this situation, a
new concept of old age and transformative approaches are needed to improve the state of
health, and quality of life in general, throughout the course of life.

To this end, WHO proposes strategies associated with healthy aging. This term refers
to the process of developing and maintaining the functional ability that enables well-being in
older age. Functional ability encompasses: (a) intrinsic ability, a combination of a person’s
physical and mental abilities, (b) the relevant characteristics of the environment, and (c) the
interactions between the individual and these characteristics. For its part, well-being brings
together all the physical, mental and social factors that affect all spheres of life. Issues
such as happiness, satisfaction, and fulfillment are considered at this point. In this model
of healthy aging, a remarkable concept is that of resilience. This refers to maintaining
or improving the level of functional ability in the face of adversity. Resistance, recovery
or adaptation are fundamental to achieve this. It is, therefore, a question of favoring the
quality of life so that older people continue to do what they want and value, without being
limited by their loss of capacities.

Figure 1.1, extracted from the above-mentioned report on aging and health, represents
the three stages that are generally distinguished in people’s intrinsic capacity throughout
their lives. These stages are not defined by chronological age, do not have the same duration
in all individuals, and may be disturbed by an accident and/or a serious illness. However, the
graph reflects the usual development marked by a first stage of high capacity, an intermediate
stage of diminished capacity, and, finally, the phase of significant loss of capacity.
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Figure 1.1: A public-health framework for healthy aging: opportunities for public-health
action across the life course [32]

The necessary health strategies differ for each of these phases. (i) Fostering and
maintaining the high level of capacity for as long as possible is fundamental in the first
phase. The environment should encourage healthy behaviors that help to achieve this goal.
(ii) In the second phase, the goal is to reduce the effects that different conditions may cause.
This requires systems that contribute to halting, moderating or even reversing capacity
impairment, and improving or promoting functional ability through adapted environments
and coping strategies. (iii) Finally, in the third stage, it is necessary to focus efforts on
long-term care so that people with significant capacity loss, or at risk of this loss, maintain
a level of functional ability consistent with their basic rights, fundamental freedoms and
human dignity.

WHO considers different key issues for developing healthy aging. Among these, we must
highlight the person-centered approach and aging in place. The first considers the need
to design solutions that are safe, effective and adapted to the preferences of the people
for whom they are intended. On the other hand, the second concept, detailed below, is
fundamental in the context of this doctoral thesis. The aging in place encourages the
permanence of people at their home (or community where they have lived), regardless of
age or ability, so that they continue to live comfortably, independently and safely for as
long as possible, and receive the necessary care [10, 14, 22]. This last point is fundamental.
When people experience significant capacity impairment, they need help with everyday tasks.
This situation of dependency (or care dependency) often entails the need to adapt homes,
and even the need to leave them in order to receive the necessary care in specialized centers.
Generally, this transfer decision is not voluntary, negatively affecting the patient’s mood,
and also inferring a reduction in his/her quality of life [7, 35].
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To counteract this situation, in many cases, the family members of the dependent person
must spend their time and effort to attend the needs of their family member. However,
this situation produces a loss in the quality of life of the caregivers, who generally lack
adequate training. So, it is not the most convenient solution [8, 9]. Furthermore, we
must bear in mind that today’s society is not only marked by the general aging of the
population, but also by an increase in the number of people living alone. For these people,
it is even more complicated to stay at their homes as their capacity decreases. It is in this
context of dependent people, who generally live alone, where technology should provide
new solutions that allow people to stay longer at their community, which provides them
independence, a sense of connection and safety. Ambient assisted living and robotics are
two key technologies.

1.1.2 Ambient Assisted Living and Assistance Robotics

Quality of Life (QoL) is the appreciation of well-being in daily human lives, including
emotional, social and physical aspects [23, 27, 34]. To improve the QoL of persons who
have chronic or degenerative limitations in motor and/or cognitive abilities, a broad range
of services and devices has been developed in the last few years. These are encompassed in
the concept of assistive technologies.

Assistive technology (AT) is a broad term that groups those systems and services related
to the delivery of assistance [30]. These devices and services (i) help all persons with
disabilities to improve their accessibility in all aspects of their life [15], (ii) maintain or
improve an individual’s functioning and independence to facilitate participation and to
enhance overall well-being [28], (iii) reduces the need for formal health and support services,
long-term care and the work of caregivers, (iv) they can also help prevent impairments and
secondary health conditions. This way, AT aims to increase the quality of life, to reduce
dependence on the caregiver and to decrease dependence on the long-term care system
[3]. The range of products and services is huge and diverse. Here are included any item,
piece of equipment, software program or product system that is used to increase, maintain
or improve the functional capabilities of persons [1]. We can cite several examples like
wheelchairs, prostheses, hearings aids, visual aids, and specialized computer software and
hardware that increase mobility, hearing, vision, or communication capacities. AT can enable
older people to continue to live at home and delay or prevent the need for long-term care
[17]. Given the aging trend of the population, this is a research area of great interest. In
this sense, and in a similar way to other technologies, the products and services designed to
help dependents will be increasingly intelligent and autonomous.

As a result of the technological evolution in assistance devices, a new multidisciplinary
field emerges aiming at exploiting information and communication technologies in personal
health care and tele-health systems. Ambient Assisted Living (AAL) is the result of a
progression from individual devices assisting with one task or activity of daily living to
ambient systems in which the assistance or support completely encompasses the living
area and the person [4]. This way, the AAL concept concerns products and services that
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constitute intelligent environments in favor of elder people and those with special disabilities
[21]. AAL systems integrate, among other, medical sensors, wireless sensors, actuator
networks, computer hardware, computer networks, software applications, and databases,
which are interconnected to exchange data and provide services in an ambient assisted
environment [19]. Through the intelligent processing of such data, it is possible to extract
useful information to control health, recognize human activity or detect potentially dangerous
areas or situations at home. However, sometimes the deployment of all the technology in
real homes that are not adapted for them is complicated. The need for a complete system
maintenance must also be considered. In addition to this, there is also an additional problem
to the traditional concept of sensors installed within the home, such as static cameras, the
blind-zones which limit the ability to perceive the complete environment and the people to
be assisted. To affront these problems, robotics can play a relevant role by means of mobile
platforms [13].

Assistance robotics is one of the most relevant technologies to provide direct aid to
elderly people or persons with disabilities. Several names can be found to refer to robotic
devices for assistance purposes, namely assistive robot [16], personal assistant (robot) [6]
or AAL robot [25]. Within these robots, mainly two classes are differentiated according
to their purpose [5, 18]: rehabilitation robots and social robots. The first one groups
those robotic solutions aimed to provide physical assistance. The second one encompasses
service robots for supporting daily activities and monitoring tasks, and companion robots for
social interaction. Personal assistant robots offer support and services in a broad range of
scenarios [20]. Health monitoring, assessment and assistance is probably the most relevant
in the context of this doctoral dissertation. An assistance robot continuously observes and
monitors the activities of its user. This allows also to provide valuable data for a long-term
assessment and to detect changes in behavior that might indicate a decline in the overall
health state, e.g. reduced mobility. This way, in base of the information provided by the
assistant robot, it is possible to determine the needs of the dependent person as a step
towards improving his/her attention and quality of life.

1.2 Hypothesis and Objectives

The development of this doctoral thesis is constructed on the premise that unmanned aerial
vehicles (UAVs) based on computer vision are a viable solution in applications devoted to
assistance robotics. These aircraft, equipped with vision sensors, represent a new present
and especially future model of personal assistants. The operation of personal assistants
is mainly based on monitoring the activity of people to provide them help and support
in day-to-day tasks. Different models of aid could be useful for different sectors of the
population. However, the focus of this research is persons in situations of dependency,
mainly elderly people.

Given the current demographic situation, the frequent number of people living alone
at their homes, and the care needs of these people, a flying assistant robot represents an
innovative technological solution to help reducing the effects of the intrinsic capacity decline
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in the elderly. This thesis, therefore, falls within the scope of assisted living environments
and responds to part of the strategies that the WHO considers essential to promote healthy
aging and the improvement of quality of life, which are person-based approaches and aging
in place.

In this context of assistance, it is essential to know the state of the person so that
the system can provide effective solutions to different situations. In this respect, since the
beginning of the thesis project, the recognition of emotions has been considered as one of
the most appropriate tools for this task. The idea is to perform, in the future, the analysis
and interpretation of emotions through a computer system based on artificial intelligence.
This system will be responsible for analyzing the facial images that the assistant robot, in
this case, a UAV, provides. In addition, this system could be expanded to consider other
aspects such as the behavior of the person, so that the assistance provided to the dependent
person is as appropriate and complete as possible. This computer system, which will make it
possible to respond to the different situations or states of the assisted person, will form part
of a future comprehensive system for the home care of dependent persons. The (long-term)
objective is to contribute to improving the autonomy of these people so that they continue
living at their homes for as long as they wish, receiving the necessary care.

For this ambitious future project, this thesis focuses on the control and navigation of
autonomous UAVs as a means for monitoring the individual. The mission of the UAV will,
therefore, be to monitor the person at home. This is, in an autonomous way, and from
time to time, the UAV will carry out a flight for the supervision of the person. During this
flight, the UAV will position itself in front of the face of the person in order to capture facial
images that can be subsequently processed to determine the emotional state of the person
and the assistance required in each case.

Therefore, the main objective of the thesis is the control and navigation of small
UAVs based on computer vision for future use as part of a comprehensive system
of assistance for the improvement of the quality of life and care of dependent
persons. To address this broad topic of research, the following sub-objectives are defined:

• Sub-objective 1: Study of the integration of computer vision in navigation
and flight control in autonomous UAVs.

– Analysis of computer vision-based solutions for flight operations in UAVs.

– Development of navigation solutions using computer vision algorithms to process
and interpret information related to the flight environment and the UAV itself.

• Sub-objective 2: Increase of the movement capacity and improvement of
the stability of the UAV in relation to disturbances of different nature.

– Study of the dynamic behavior of different UAV models.

– Development and validation of robust control schemes using numerical simulation
tools and experimental platforms.
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• Sub-objective 3: Development of the proposal for UAVs as assistance system
for the aid of dependent persons.

– Study of the technical and human aspects to be considered in the design of
assistant UAVs.

– Determination of the most suitable UAV model for use in domestic environments.
– Definition of a development and validation tool based on virtual reality.
– Development of the trajectory planner for the UAV in the monitoring tasks.

1.3 Methodology and Work Plan

The methodology and the work plan of this thesis have been organized into three main
blocks according to the sub-objectives defined above. The main research tasks carried out
and the means used are briefly described below.

1. SOLUTIONS BASED ON COMPUTER VISION FOR NAVIGATION AND FLIGHT
CONTROL IN AUTONOMOUS UAVs.

1.1. Systematic Mapping Study

Performing a systematic mapping study to review, classify and structure papers
on computer vision solutions for navigation and flight control operations in UAVs.
This study has been approached both from a general perspective of autonomous air
vehicles and from the point of view of UAVs taking the role of personal assistants.
This way, it has been possible to draw conclusions regarding which flight operations
based on computer vision are more relevant on the development of such flying
assistant robots, as well the most appropriate features of the UAV, vision system and
validation process for this research line.

1.2. Navigation Solutions Using Computer Vision

Use of computer vision algorithms for the identification and interpretation of the flight
environment and the state of the UAV itself, based on the information contained
in aerial images. In this sense, a visual navigation solution for indoors has been
developed. This solution is based on the use of a depth camera on board the flying
robot. Firstly, the mapping of the flight environment is addressed using the camera as
a range sensor. Secondly, the position of the robot within the map of the environment
is estimated by processing the images of the depth camera as if it were a gray-scale
camera.
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2. DEVELOPMENT AND VALIDATION OF CONTROL ALGORITHMS FOR UAVs

2.1. Design of Control Algorithms

Theoretical study of the dynamic model of different UAVs, and design of robust
control algorithms. In this regard, a quadrotor system model, a novel flapping-wing
air vehicle, and the laboratory helicopter Twin Rotor MIMO System (TRMS) have
been the platforms studied. For each of them, non-linear robust control schemes were
designed, which were later validated by simulations and/or experimental tests.

2.2. Simulation Tests

Validation of the previously designed control algorithms through numerical simulations
using the MATLAB/Simulink R© software tool. These trials have been used as a
preliminary step to ensure the controller’s performance prior to the lab experiments,
as well as the future flight tests that will be conducted with unmanned aircraft.

2.3. Experimental Tests

Experimental validation of non-linear control schemes in the TRMS. Two have been
the robust controllers validated experimentally in this laboratory platform. Both use a
cascade scheme that is based on the independence of the electrical and mechanical
model that represents the dynamic behavior of this system.

3. PROPOSAL OF VISION-BASED UAVs TO ASSIST DEPENDENT PERSONS

3.1. Study of the Proposal

Analysis of the technical and human challenges present in the development of
autonomous UAVs based on computer vision as a means for care robotics. Definition
of the most suitable characteristics of the UAV as a personal assistant.

3.2. Virtual Reality Environment

Development of a virtual reality platform for the simulation of the flight of the UAV
in assistance robotics. Real-time integration of the dynamic simulation software,
MATLAB/Simulink R©, and the Unity 3D game engine (https://unity.com) using the
Message Queue Telemetry Transport (MQTT) protocol.
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3.3. Trajectory Planning

Development of the trajectory planner for the flight of the UAV in tasks of monitoring
the person. Simulation tests using MATLAB/Simulink R© and later the virtual reality
platform once its development is complete.

1.4 Thesis Outline

The following lines describe the general structure of this doctoral thesis submitted in the
form of a compendium of publications. To fulfill the requirements of this format, the
articles will be presented in the results chapter, maintaining the publication format of the
respective journals. Some other papers published in international books have also been
included. In addition to the central chapter of results, this introductory chapter and the
final chapter, which is dedicated to the closure of this dissertation, have been included
to contextualize, summarize and complement the information included in the publications.
Below, the contents of the three chapters that make this dissertation are detailed.

Chapter 1 addresses the general considerations of the thesis, justification of the research,
definition of the hypothesis and objectives, description of the work plan, and thesis outline
(present section). The main points are briefly summarized below.

• The current demographic situation is marked by the increase in the number and
proportion of the elderly population and the consequent need for solutions that help
mitigate the loss of intrinsic capacity associated with greater longevity. In this context,
robotics should play a highlighted role for the aid and care of dependent persons,
generally the elderly population, but also those other persons who require daily help
or assistance for other reasons such as illnesses or accidents. The monitoring of the
individual is essential to identify the state of the person and determine the assistance
needed at any given time. In this sense, the doctoral thesis bets on UAVs as a
promising model of assistant robot, whose main mission will be to carry out flights in
the patient’s environment for the supervision of his/her condition. The information
collected will be sent to a future computer system that will analyze the images and
determine the assistance response needed for each situation.

• The main objective of the thesis is the control and navigation of UAVs based on
computer vision for assistance purposes. To address it, three sub-objectives which
have also defined the three stages of the work plan have been proposed. The first two
of a more general nature include the study on the integration of computer vision for
autonomous navigation of the UAV and the development of robust control algorithms
to improve its flight capacity and stability against perturbations of different nature.
The third one focuses specifically on the concept of UAV as assistance robot for home
care of dependent persons.
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Chapter 2 presents the results of the doctoral thesis per compendium of publications.
A total of nine articles have been included, of which four have been published in journals
indexed in the Journal Citation Reports (JCR) and five have been published as book chapters.
It should be noted that all the included publications are related to the research line on UAVs
and/or their use for assistance robotics. This way, the chapter has been structured in four
sections that group the works according to their main topic:

1. Control and Navigation of UAVs Based on Computer Vision

Section 2.1 includes two papers related to computer vision in autonomous UAVs.
Firstly, there is a systematic mapping study on vision-based solutions for navigation
and flight control operations in UAVs, and secondly a visual navigation proposal based
on the use of a depth camera on board a flying robot.

2. Simulation of Control Algorithms

Section 2.2 groups a total of three papers that deal with the design of novel control
algorithms for a quadrotor system, a flapping-wing UAV and the laboratory helicopter
TRMS, respectively. These three control schemes have been validated by means of
numerical simulations within the MATLAB/Simulink R© environment.

3. Experimentation of Control Algorithms

Section 2.3 contains two papers on nonlinear cascade-based controllers designed and
validated experimentally with the TRMS platform. At this point, it is necessary to
highlight the paper “A Tandem Active Disturbance Rejection Control for a Laboratory
Helicopter with Variable Speed Rotors” published in the journal IEEE Transactions
on Industrial Electronics, number one in two JCR categories, Automation & Control
Systems, and Instruments & Instrumentation.

4. UAVs Based on Computer Vision for Assistance Robotics

Section 2.4 encompasses two papers focused on the proposal of UAVs as assistants
for dependent persons. The first deals with the matter from a more theoretical point
of view, describing the main challenges in the design of the assistant UAVs and the
proposed virtual reality platform, while the second deals with the trajectory planning
of a quadrotor for the monitoring flight.

Chapter 3 is dedicated to the closure of this dissertation. Two sections constitute
this chapter. Firstly, a broad discussion about the research carried out is presented. The
text is divided again into the three main blocks according to the sub-objectives and work
plan; computer vision in autonomous UAVs, development of robust control algorithms and
the proposal of UAVs to assist dependent persons. The main contributions regarding each
goal are detailed at this point. Secondly, the last section briefly deals with conclusions and
future works. This way, a dissertation recap is provided, the ongoing research is described,
and future directions to continue the research line in UAVs for assistance purposes are
recommended.
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Results

This chapter presents the results published on the research carried out during the development
of the doctoral thesis. The chapter is divided into four sections which group the works
according to their topic. Section 2.1 is focused on the study of how computer vision is
integrated as part of the navigation and flight control solutions for autonomous UAVs.
Section 2.2 presents those works in which simulations of newly designed control algorithms
have been performed for different unmanned aircraft models. Section 2.3 is focused on those
research works that address the design of robust control algorithms and their experimentation
in a laboratory platform whose dynamic behavior is similar to a real helicopter. Finally,
Section 2.4 includes those articles focused on the proposal of vision-based autonomous UAVs
taking the role of personal assistants, the ambitious research initiated with this doctoral
thesis.
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2.1 Control and Navigation of Unmanned Aerial
Vehicles Based on Computer Vision

The main topic of the doctoral thesis is the control and navigation of UAVs based on computer
vision with application in the field of assistance robotics. In this context, autonomous UAVs
are required, i.e, those unmanned aircraft which are not controlled or supervised by an
operator on the ground. The first research question is, therefore, how computer vision is
used in autonomous UAVs.

Vision sensors, mainly cameras, capture information from the flight environment and the
aircraft itself. This information is later processed by computer vision algorithms in order to
obtain useful reference data that are integrated into the navigation and control systems of
these aircraft. In this sense, a vast amount of works on vision-based solutions for different
flight operations in autonomous UAVs have been published in the last few years. To analyze
this previous research, a systematic mapping study has been performed.

A systematic mapping study is a method to review, classify and structure documents
focused on a specific research topic. In this case, a total of 144 papers on vision-based
solutions for navigation and/or flight control in autonomous UAVs were analyzed. The
papers were classified according to four categories: (a) the task for which computer vision
has been used, (b) the class of UAV for which the solution was designed or validated, (c)
the features of the vision system employed, and finally, (d) the types of tests performed to
validate the proposals. This study allowed not only to obtain a wide point of view on this
topic, the vision-based solutions for autonomous UAVs, but also obtain conclusions on which
operations our research should focus on, and what are the most suitable characteristics of
the UAV and the vision system for their future use as personal assistants.

The systematic mapping study was the subject of the scientific publication presented
in Subsection 2.1.1: “Computer Vision in Autonomous Unmanned Aerial Vehicles – A
Systematic Mapping Study”.

In the research line on computer vision techniques for UAVs, a visual navigation solution
in home facilities was developed in the publication “Flying Depth Camera for Indoor Mapping
and Localization”, which is presented in Subsection 2.1.2. This proposal is based on the
use of a depth camera with double functionality on board a flying robot. Firstly, the
depth camera is utilized as a range sensor for mapping purpose. In this phase, the flight
environment is represented as a collection of modular occupancy grids which are added to
the map as far as the robot finds objects outside the existing grids. Secondly, the vision
system is considered as a gray-scale camera to extract features which can be tracked in
order to estimate the flying robot’s position in the environment.
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2.1.1 Computer Vision in Autonomous Unmanned Aerial Vehicles
– A Systematic Mapping Study

Publication Data

ABSTRACT:
Personal assistant robots provide novel technological solutions in order to monitor
people’s activities, helping them in their daily lives. In this sense, unmanned aerial
vehicles (UAVs) can also bring forward a present and future model of assistant robots.
To develop aerial assistants, it is necessary to address the issue of autonomous
navigation based on visual cues. Indeed, navigating autonomously is still a challenge
in which computer vision technologies tend to play an outstanding role. Thus, the
design of vision systems and algorithms for autonomous UAV navigation and flight
control has become a prominent research field in the last few years. In this paper, a
systematic mapping study is carried out in order to obtain a general view of this
subject. The study provides an extensive analysis of papers that address computer
vision as regards the following autonomous UAV vision-based tasks: (1) navigation,
(2) control, (3) tracking or guidance, and, (4) sense-and-avoid. The works considered
in the mapping study –a total of 144 papers from an initial set of 2,081– have been
classified under the four categories above. Moreover, type of UAV, features of the
vision systems employed and validation procedures are also analyzed. The results
obtained make it possible to draw conclusions about the research focuses, which
UAV platforms are mostly used in each category, which vision systems are most
frequently employed, and which types of tests are usually performed to validate the
proposed solutions. The results of this systematic mapping study demonstrate the
scientific community’s growing interest in the development of vision-based solutions
for autonomous UAVs. Moreover, they will make it possible to study the feasibility
and characteristics of future UAVs taking the role of personal assistants.

CITATION:
L.M. Belmonte; R. Morales; A. Fernández-Caballero; “Computer Vision in Autonomous
Unmanned Aerial Vehicles – A Systematic Mapping Study”. Applied Sciences, 9(15),
article 3196. MDPI, 2019. ISSN 2076-3417. DOI:10.3390/app9153196.

c© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open
access article distributed under the terms and conditions of the Creative Commons Attribution (CC
BY) license (http://creativecommons.org/licenses/by/4.0/).
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Abstract: Personal assistant robots provide novel technological solutions in order to monitor people’s
activities, helping them in their daily lives. In this sense, unmanned aerial vehicles (UAVs) can
also bring forward a present and future model of assistant robots. To develop aerial assistants,
it is necessary to address the issue of autonomous navigation based on visual cues. Indeed,
navigating autonomously is still a challenge in which computer vision technologies tend to play
an outstanding role. Thus, the design of vision systems and algorithms for autonomous UAV
navigation and flight control has become a prominent research field in the last few years. In this
paper, a systematic mapping study is carried out in order to obtain a general view of this subject.
The study provides an extensive analysis of papers that address computer vision as regards the
following autonomous UAV vision-based tasks: (1) navigation, (2) control, (3) tracking or guidance,
and (4) sense-and-avoid. The works considered in the mapping study—a total of 144 papers from
an initial set of 2081—have been classified under the four categories above. Moreover, type of UAV,
features of the vision systems employed and validation procedures are also analyzed. The results
obtained make it possible to draw conclusions about the research focuses, which UAV platforms are
mostly used in each category, which vision systems are most frequently employed, and which types of
tests are usually performed to validate the proposed solutions. The results of this systematic mapping
study demonstrate the scientific community’s growing interest in the development of vision-based
solutions for autonomous UAVs. Moreover, they will make it possible to study the feasibility and
characteristics of future UAVs taking the role of personal assistants.

Keywords: personal assistant robot; unmanned aerial vehicle; computer vision; systematic mapping study

1. Introduction

The use of unmanned aerial vehicles (UAVs) has significantly increased in recent years.
These aircraft are mainly characterized by the fact that they allow access to remote places without the
direct intervention of a human operator aboard. These places are generally difficult to access and/or
have unfavorable conditions. UAVs’ abilities are permitting their use in manifold applications, such as
remote sensing, support in emergency situations, inspection of infrastructures, logistics systems,
professional photography and video, and precision agriculture spray systems, among others [1].
An emerging domain is flying assistance robotics, where UAVs come through with a present and future
model of fully autonomous personal monitoring capacities. Some examples are Aire, a self-flying
robotic assistant for the home [2], Fleye, a personal flying robot [3], and CIMON and Astrobee,
flying assistant robots in the space station [4,5].

Appl. Sci. 2019, 9, 3196; doi:10.3390/app9153196 www.mdpi.com/journal/applsci
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Personal assistant robots are principally based on monitoring people’s activities in order to
provide them help and support in daily activities. Our current research interest is framed in this field.
One of our major objectives is to design an autonomous aerial vehicle to assist dependent people [6,7].
In this sense, it is necessary that a vision system captures images of the dependent person, which are
analyzed in order to determine the assistance required at each moment. Therefore, it is necessary to
address the problem of autonomous navigation in both indoor and outdoor environments. In other
words, the UAV must perform flights in a completely autonomous manner. At this point, and given
the need to have a vision system for monitoring the assisted person, both issues may be intertwined.

In this respect, a series of complex operations must still be solved in order to achieve fully
autonomous UAVs. Full autonomous navigation means flying in an environment without even
requiring the control of an operator on land. In this respect, it should be noted that a UAV requires
sensors to (a) measure the aircraft’s state, (b) sense the environment, (c) detect landmarks and targets
(in tracking missions), and even (d) detect both static and dynamic obstacles, among others, if it is to
fly autonomously. Moreover, it is necessary to integrate this information into a control system so as to
ensure that the movement of the aircraft is accurate and safe.

Vision systems play an outstanding role as regards performing all these complex and interrelated
tasks, since images captured by a vision camera contain a vast amount of data concerning the flight
environment. This information is then extracted and analyzed by using computer vision algorithms to
obtain useful information for navigation and flight control. As a result, the amount of works focused
on the development of solutions based on computer vision for autonomous UAVs has grown notably
in the last few years. We therefore present a systematic mapping of literature in order to summarize
and analyze the research carried out on this topic.

A systematic mapping is a method that is employed to review, classify and structure documents
focused on a specific research topic. Systematic mapping studies were initially used principally in the
field of medical research, but they are now also being applied to other areas related to engineering and
new technologies, such as web development [8], mobile devices [9], social-technical congruence [10],
and unmanned aerial systems in smart cities [11]. With regard to the topic of computer vision systems
in mobile robots, reviews and meta-analyses have been presented for both ground [12] and aerial
vehicles [13–15]. However, a systematic mapping study that provides an objective procedure with
which to identify the nature and extent of the research on this topic has not been conducted to date.
This is, therefore, to the best of our knowledge, the first systematic mapping study focused on how
computer vision is being used in autonomous flying robots. Its purpose is to provide a global view of
those papers that introduce computer vision-based solutions for autonomous UAVs.

The paper is organized as follows. Section 2 describes the research method used, including
the research questions and classification scheme. Section 3 presents the results obtained from the
systematic mapping study. Finally, Section 4 provides the main findings of the study and Section 5 the
most relevant conclusions.

2. Methods

A systematic mapping study “maps” a research area by classifying papers in order to identify
which topics are well-studied and which need additional study. Therefore, a systematic mapping
study aims to get an overview of a certain research area and how far it is covered in research by
studying the research field by using methods from information retrieval and statistical analysis.
The present systematic mapping study has been performed on the basis of guidelines provided by
the Template for a Mapping Study Protocol [16]. Figure 1 illustrates the methodology used. It mainly
consists of four steps: (1) the definition of the research questions in order to determine the search
strategy, (2) performing the search to obtain an initial set of documents, (3) the screening of papers to
select the most relevant ones, and (4) the classification and mapping process carried out in order to
eventually obtain the results. The research questions, search strategy, inclusion and exclusion criteria,
studies selection and classification scheme are detailed below.

18 Results
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1. Definition of 
the Research 
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Search
Strategy

2. Conducting  
Search

All Papers
3. Screening of 

Papers

Relevant 
Papers

4. Classification 
and Mapping 
Process

SYSTEMATIC 
MAPPING

Figure 1. Systematic mapping process.

2.1. Research Questions

As stated before, the goal of this systematic mapping study is to provide an overview of the
current research on the topic of computer vision in autonomous UAVs. This way, we will obtain a broad
view of navigation and flight control operations in which computer vision is relevant. Consequently,
it will be possible to address future in-depth studies for the development of autonomous aerial robots,
and, particularly, assistant UAVs. This overall approach has led to the following research questions:

• RQ1: How many papers have been published on computer vision in autonomous UAVs?
This first question aims to discover the number of works about the use of computer vision in
autonomous UAVs that have been published and the forums in which these papers are most
frequently published.

• RQ2: How is computer vision used in autonomous UAVs?
The second question concerns the idea of grouping articles according to the type of operation for
which computer vision is used. Four main categories related to navigation, stability and maneuver
control, guidance or tracking, and obstacle detection and avoidance are considered. This enables
us to know on what areas the research is principally focused, and allows us to carry out a more
in-depth analysis of the remaining questions.

• RQ3: What types of UAVs have been used in the proposed solutions?
One of the most determining aspects is to discover for what type of UAV platform each proposal
has been designed and validated. This is precisely the goal of the third question. In addition,
by considering the first classification on the use of vision, we can get an idea of which type of
UAV is most frequently used in each operation.

• RQ4: What are the characteristics of the vision systems?
The number, localization, and orientation of the cameras will be analyzed at this point in order to
draw conclusions about the main features of the vision systems commonly used in each navigation
and flight control area.

• RQ5: What is the validation process for each proposed solution?
The last research question is related to the kind of tests carried out to validate the proposals; flight,
experimental, and simulation trials, or a combination of them. The idea is to perform an analysis
of the kind of tests most frequently performed for each main category considered.

2.2. Research Strategy

A search string was defined in order to automatically find articles that use computer vision
technologies for the autonomous navigation and control of UAVs by using terms related to the two
main concepts: UAV and vision. The search string was, therefore, composed of two parts. The first part
contained words related to autonomous aircraft, while the second was defined by employing terms
related to computer vision. Table 1 shows the definition of the search string, in which the Boolean OR
was used to join terms and synonyms, and the Boolean AND was used to join the two main parts.

2.1 Control and Navigation of UAVs Based on Computer Vision 19
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Table 1. Search string.

Concept Alternative Terms and Synonyms

UAV (“unmanned aerial vehicle” OR “unmanned air vehicle” OR
“unmanned aircraft systems” OR “UAV” OR “UAS” OR “autonomous
aerial vehicles” OR “aerial robotics” OR “flying machines” OR
“quadrotor” OR “quad-rotor” OR “quadcopter” OR “helicopter” OR
“rotorcraft” OR “VTOL” OR (“vertical taking off” AND “landing”))

AND
vision (“vision” OR “image” OR “visual” OR “video” OR “artificial

intelligence” OR “camera” OR “lidar”)

2.3. Inclusion and Exclusion Criteria

Inclusion and exclusion criteria were formulated in close relation to our current research interests
in aerial assistant robots. In this sense, we only focused on works concerning technological solutions
and not on their acceptance. Thereby, only papers published in Engineering and Computer Science on
autonomous vision-based navigation and flight control solutions for individual UAVs (not swarm or
multi-UAVs) were considered. In this manner, inclusion and exclusion criteria were defined as follows:

• Inclusion criteria:

◦ I1. Papers focused on computer vision for autonomous UAVs.
◦ I2. Papers whose subject area is Engineering or Computer Science.
◦ I3. Papers written in English.
◦ I4. Papers published until 31 December 2017.

• Exclusion criteria:

◦ E1. Review papers.
◦ E2. Papers describing missions with multiple UAVs.
◦ E3. Papers focused only on recording and/or enhancing aerial images.
◦ E4. Papers focused on designing UAV simulators or hardware.
◦ E5. Papers not focused on UAV navigation or flight control.

2.4. Selection of Studies

This section shows details of the results obtained during the process of selecting the papers
(see Figure 2).

The Scopus database was selected with the objective of finding papers containing the words
related to UAVs and vision defined by the search string (see Table 1) in their title, abstract or keywords.
Additionally, some options of the Scopus search engine were used to limit the results to papers
published in the areas of Engineering or Computer Science (I2), written in English (I3), and published
until December 2017 (I4). The complete research string can be consulted in Figure 2.

The search took place in June 2018 and resulted in a total of 2081 papers. After collecting the
papers, eight duplicated works were removed and the other 2073 articles were passed through a
screening process composed of three filters. Firstly, a manual screening was carried out to analyze
them. In this stage, we observed that many papers referred to vision systems in remotely controlled
UAVs (not autonomous) or that the flight control system did not depend on visual information. In the
kind of papers mainly focused on applications such as remote sensing, the vision system is not,
therefore, used for the navigation and/or flight control of autonomous UAVs, signifying that inclusion
criterion I1 was not completely met. An automatic filter (see details in Figure 2) was consequently
applied to ensure the effectiveness of this criterion.
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Literature Search June 2018
Inclusion criteria I1, I2, I3, I4

Database: Scopus

Results obtained in the search (n=2,081)

Repeated articles (n=8) 

Excluded articles after screening of 
title, abstract and keywords (n=97) 

Exclusion Criteria E1 - E5 

Articles to pass an automatic filter considering title, 
abstract and keywords (n=2,073)

Excluded by the filter (n=1,815) 
Certainty < 95%

Total number of articles (n=258)

Articles to be screened on basis of full text (n=161)

Excluded (n=17) 
Exclusion Criteria E3 - E5

Articles to be included in the mapping study (n=144)

TITLE-ABS-KEY ((“unmanned aerial vehicle” OR “unmanned air 
vehicle” OR “unmanned aircraft systems” OR “UAV” OR “UAS” 
OR “autonomous aerial vehicles” OR “aerial robotics” OR “flying
Machines” OR “quadrotor” OR “quad-rotor” OR “quadcopter” 
OR “helicopter” OR “rotorcraft” OR “VTOL” OR (“vertical taking
off” AND “landing”)) AND (“vision” OR “image” OR “visual” OR 
“video” OR “artificial intelligence” OR “camera” OR “lidar”)) 
AND (LIMIT-TO ( SRCTYPE , “j”)) AND (LIMIT-TO (DOCTYPE , 
“ar”)) AND (LIMIT-TO (SUBJAREA , “ENGI”) OR LIMIT-TO 
(SUBJAREA , “COMP”)) AND (LIMIT-TO (LANGUAGE , “English”)) 
AND (EXCLUDE (PUBYEAR, 2018)).

SEARCH STRING: SCOPUS

Terms related to autonomous UAVs:
• UAS
• UAV
• unmanned & aerial vehicle
• unmanned & air vehicle
• unmanned & aircraft system
• autonomous & aerial vehicle
• autonomous & air vehicle
• autonomous & vertical  

taking off and landing

Terms related to vision: 
• camera
• vision
• visual

AUTOMATIC FILTER: TERMS

• autonomous & helicopter
• autonomous & quadrotor
• autonomous & quad-rotor
• autonomous & quadcopter
• autonomous & rotorcraft
• autonomous & VTOL
• autonomous & aircraft system
• autonomous & flying machine

Figure 2. Systematic search consort diagram.

The idea was that papers that contained at least one term (or a pair of terms) on UAVs and at least
one vision term in title, abstract and keywords, would attain a 100% certainty percentage. When the
presence of these terms in any of these fields decreased, their percentage also decreased. After the
application of the automatic filter—which excluded a total of 1815 articles whose certainty percentage
was lower than 95—two filtering processes were manually performed.

During a first manual screening, each record retrieved from the automated filter was evaluated to
decide whether or not it should be excluded by reading its title, abstract and keywords. As a result,
97 of the 258 remaining papers were excluded because their title, abstract or keywords met at least
one of the exclusion criteria E1 to E5. After removing these papers, a last filter was applied using the
same exclusion criteria but this time screening the full-text. In this step, after reading the complete text
of the remaining 161 articles, 17 works were not included in the final selection owing to the fact that
they satisfy at least one of the some exclusion criteria E3 to E5. After carrying out the selection process,
a total of 144 articles were considered in order to carry out the systematic mapping study.

2.5. Classification

The papers were classified according to four properties that were used to answer the research
questions (see Figure 3): the Task for which computer vision has been used, the Class of UAV for which
the vision-based solution has been designed, the Vision System employed, and the Validation Process
used to test the solution.

2.1 Control and Navigation of UAVs Based on Computer Vision 21
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CLASSIFICATION

Vision-Based  
TASK                

Navigation

Control

Tracking/ 
Guidance 

Sense-and-Avoid 
(SAA)

Class of                 
UAV

Fixed-Wing

Rotatory-Wing

Flapping-Wing

Blimp

VISION         
System

Monocular

Multi-Camera

Stereo

VALIDATION 
Process

Flight

Experimental

Simulation

Figure 3. Classification scheme.

2.5.1. Vision-Based Task

With regard to RQ2 (Use of Computer Vision), each paper was classified in one of the following
main categories:

◦ Visual Navigation: The navigation task includes determining the aircraft’s position and orientation
(e.g., [17–19]). Sensors are, therefore, required to measure the aircraft’s state and to sense the
flight environment. Here, the main feature when compared to those of other solutions is the
use of a vision system as the main sensor, which may be complemented by other sensors
(e.g., inertial measurement units, global positioning systems) in order to correct the visual
estimation. Two examples are shown in Figure 4. These are a quadrotor using artificial visual
markers to estimate its position in an indoor environment (see a.1), and a vision-based terrain
referenced navigation approach, in which aerial images are compared with a digital terrain
elevation database to estimate the UAV’s position (see a.2).

◦ Vision-Based Control: The aircraft’s position and orientation are controlled on the basis of
the information captured by vision sensors and subsequently processed by computer vision
algorithms (e.g., [20–22]). The vision-based control of UAVs began in the 1990s. Since then,
several solutions have been proposed in order to address operations such as stabilization to
maintain a constant altitude and/or a straight flight (see b.1), and maneuver control to guide a
UAV so that it performs a specific and precise movement, such as positioning with respect to a
visual mark (see b.2). When the information obtained by a vision system is integrated into the
control loop directly, this is called visual servoing. In this case, the control law depends directly on
the error signal obtained from visual information.

◦ Vision-Based Tracking/Guidance: In vision-based tracking or guidance, the UAV control system is
designed to perform a flight based on relative navigation with respect to a target—usually in
motion—or a flight path defined by a series of visual references or features (e.g., [23–25]).
A vision-based system must, therefore, be able to detect the target or visual reference, estimate
its position and determine the actions required to control the UAV’s flight path. Two examples
are presented in Figure 4. There is a mobile target tracking by a fixed-wing UAV (see c.1) and a
quadrotor following a visual path defined by images of a previously known environment (see c.2).

◦ Vision-Based Sense-and-Avoid (SAA): A completely autonomous navigation requires the ability
to detect and avoid both static and dynamic obstacles. When these tasks are performed on the
basis of the information captured and processed by a vision system, we refer to vision-based
sense-and-avoid (e.g., [26–29]). The main objective is, therefore, to use one or more cameras to
detect possible collisions with objects or even with other aircraft, and to determine the control
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actions required to achieve a collision-free flight. Two examples of vision-based SAA operations
are illustrated in Figure 4. We have a quadrotor detecting the approach to an obstacle in its flight
path (see d.1), and a mapping-based autonomous flight of a quadrotor in a coal mine (see d.2).

(a.1)

(b) Vision-Based Control

(c) Vision-Based Tracking /Guidance (d) Vision-Based SAA

(a) Visual Navigation

(a.2)

(b.1) (b.2)

(c.1)

(c.2)

(d.1) (d.2)

Figure 4. Examples of vision-based tasks. (a) visual navigation: a.1 (reprinted from [19] under the
terms of the Creative Commons Attribution License), a.2 (reprinted by permission from Springer
Nature: [30], Copyright 2012); (b) vision-based control: b.1 (reprinted from [31] under the terms of the
Creative Commons Attribution License), b.2 (reprinted from [32] by permission from Taylor & Francis
Ltd); (c) vision-based tracking/guidance: c.1 (illustration of a target tracking mission, e.g. [33]), c.2
(reprinted from [34], Copyright 2010, with permission from Elsevier); (d) vision-based sense-and-avoid:
d.1 (reprinted from [29] under the terms of the Creative Commons Attribution License), d.2 (reprinted
from [35] by permission from John Wiley and Sons).

2.5.2. Class of UAV

With regard to RQ3 (UAV Platform), each paper was classified into one of the following classes of
UAV according to the aircraft’s configuration [36,37]:

◦ Fixed-Wing: This aircraft consists basically of a rigid wing that has a predetermined airfoil,
which makes flight possible by generating lift due to the UAV’s forward airspeed. This airspeed
is generated by the forward thrust produced usually by a propeller turned by an electric motor.
It is mainly characterized by its high cruise speed and long endurance and is mostly used for long
distance, long range and high altitude missions (e.g., [38–41]). Two models of fixed-wing UAVs
are illustrated in Figure 5 (see a.1 and a.2).

◦ Rotatory-Wing: These aircraft have rotors composed of blades in constant motion, which produce
the airflow required to generate lift. These flying machines, which are also called vertical take-off
and landing (VTOL) rotorcraft, are normally used for missions that require hovering flight.
They allow a heavier payload, easier take-off and landing, and better maneuvering than fixed-wing
UAVs (e.g., [42–45]). The most common models are helicopters and quadrotors, a multi-rotor
aircraft with four rotors that is widely used at present [46]. Figure 5 displays two such models,
a helicopter (see b.1), and a quadrotor, also named quadcopter (see b.2).

◦ Flapping-Wing: This class of micro-UAV reproduces the flight of birds or insects [47–49]. It has an
extremely low payload capability and low endurance owing to its reduced size. However,
flapping-wing UAVs have low power consumption and can perform vertical take-offs and
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landings. Despite these advantages, the difficulties related to their construction and set-up are
still relevant today. Two designs of these novel aircraft are illustrated in Figure 5 (see c.1 and c.2).

◦ Airship: An airship or dirigible is a “lighter-than-air” aircraft that is steered and propelled
through the air by using rudders and propellers or another thrust. These aerostatic aircraft
stay aloft by filling a large cavity like a balloon with a lifting gas. Major types of airship are
non-rigid (or blimps), semi-rigid and rigid. A blimp (technically a “pressure airship”) is a powered,
steerable, lighter-than-air vehicle whose shape is maintained by the pressure of gases within its
envelope [50]. Since no energy is expended to lift this aircraft, the saving is used as a power
source for displacement actuators, thus enabling long-duration flights. In addition, this air vehicle
has the capability to work safely at low levels, close to people and buildings [51,52]. Figure 5
shows two examples of airship, namely, a blimp UAV (see d.1), and an innovative blimp UAV in
spherical-shape (see d.2).

(a) Fixed-Wing UAV

(a.1)
(b.1)

(a.2) (b.2)

(b) Rotatory-Wing UAV (c) Flapping-Wing UAV

(c.1)

(c.2) (d.2)

(d.1)

(d) Airship UAV

Figure 5. Classes of Unmanned Aerial Vehicles (UAVs): Examples of commercial and prototype aircraft.
(a) fixed-wing UAV: a.1 Sig rascal model (reprinted from [53] by permission from American Society of
Civil Engineers), a.2 fixed-wing platform (reprinted from [38] under the terms of the Creative Commons
Attribution License); (b) rotatory-wing UAV: b.1 Yamaha Rmax helicopter (reprinted from [54] under
the terms of the Creative Commons Attribution License), b.2 experimental platform based on an
Ascending Technologies Pelican quadrotor (reprinted from [35] by permission from John Wiley and
Sons); (c) flapping-wing UAV: c.1 Robo Raven V (reprinted from [55] under the terms of the Creative
Commons Attribution License), c.2 Carbonsail Ornithopter kit (reprinted from [49] under the terms of
the Creative Commons Attribution License); (d) airship: d.1 Airship ACC – 15X developed by CS AERO
(https://www.csaero.cz/en), d.2 Skye drone developed by AEROTAIN (http://www.aerotain.com/).

2.5.3. Vision System

With regard to RQ4 (Vision System), each paper was first classified by considering the number of
cameras as:

◦ Monocular: A vision system with just one camera is used as a vision-based solution (e.g., [56–59]).
An example of a monocular system is displayed in Figure 6 (a.1).

◦ Multi-camera: A vision system with two or more cameras is employed in the proposed approach.
Here, the cameras are separate or have different orientations (e.g., [60–62]). A multi-camera
configuration is illustrated in Figure 6 (a.2).

◦ Stereo: A special and widely used case of a multi-camera system with two cameras in a stereo
configuration (in the same localization and with the same orientation) or a stereo-camera (two
vision sensors) is employed for the vision-based proposal (e.g., [63–66]). A stereo vision system is
presented in Figure 6 (a.3).
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In addition to the number of cameras, their location either on board the UAV or on the ground,
and the orientation of the system, that is, where the vision sensors look (in the direction of the flight,
toward the ground, or toward the UAV itself), was also considered to complete the classification
according to the vision system used. Figure 6 shows several configurations considering the location
and orientation of the cameras (see b.1, b.2 and b.3).

VISION SYSTEM

(a.1) Monocular

(b.1) On Board
Downwoard-Looking

(a.2) Multi-camera

LOCATION AND ORIENTATION

(a.3) Stereo
(b.3) On Ground
Toward the UAV

(b.2) On Board
Forward-Looking

Figure 6. Classes of vision system and examples of configurations (location and orientation). (a.1)
monocular (reprinted from [67] under the terms of the Creative Commons Attribution License); (a.2)
multi-camera (reprinted by permission from Springer Nature: [68], Copyright 2014); (a.3) stereo
(reprinted by permission from Springer Nature: [69], Copyright 2011); (b.1) on board camera pointing
downward (reprinted by permission from Springer Nature:[18], Copyright 2015); (b.2) on board stereo
camera pointing forward (reprinted by permission from Springer Nature: [70], Copyright 2013); (b.3)
on ground stereo camera pointing toward the UAV (reprinted from [66] under the terms of the Creative
Commons Attribution License.)

2.5.4. Type of Validation

With regard to RQ5 (Validation Tests), each paper was classified into one or more of the following
types of trials (see Table 2):

◦ Flight: In this case, the proposed solution has been tested during a real flight of a UAV in outdoor
and/or indoor environments (e.g., [68,71,72]). The UAV may sometimes be controlled by an
operator (remotely or manually) during the flight.

◦ Experimental (e.g., [73–75]): Two kinds of experiments were considered: offline tests with which to
validate the proposed solution by using data and images recorded on a previously performed
flight, and lab tests in which the proposal is tested by using a laboratory platform that simulates
the dynamic behavior of a real aircraft (for instance, Twin Rotor MIMO System [76–78]).

◦ Simulation: In this kind of trial, the proposed solution is validated by means of simulation tests,
such as hardware-in-the-loop simulations (HILS), image-in-loop simulations (IILS), virtual reality
environments, and numerical simulations. In all these cases, the main feature is that the flight of a
model or virtual aircraft is simulated (e.g., [79–82]). With respect to the camera employed, it is a
real device (physical), a virtual camera in a 3D environment or even a model that represents its
behavior by providing theoretical measurements that would be obtained with computer vision.
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Table 2. Validation process. Features of the trials.

Validation Process Aircraft Camera Environment Flight

Flight UAV Physical Indoor/Outdoor Real-Time

Experimental
Offline Tests UAV Physical Indoor/Outdoor Offline
Lab Tests UAV/Platform Physical Lab Limited

Simulation
Hardware-in-the-Loop Simulation (HILS) Virtual/Model Physical Virtual Simulated
Image-in-Loop Simulation (IILS) Virtual/Model Physical Indoor/Outdoor Simulated
3D Virtual Reality Virtual Virtual Virtual Simulated
Numerical Simulation Model Model Model Simulated

3. Results

In this section, we respond to the five research questions described previously in accordance with
the literature selected.

3.1. RQ1: How Many Papers Have Been Published on Computer Vision in Autonomous UAVs?

According to the classification and mapping process, a total of 144 papers have been published on
computer vision for autonomous UAVs during the period studied (until December 2017). The annual
trend of the papers is shown in Figure 7, which illustrates the evolution of the number of works focused
on computer vision for the navigation and control of UAVs since 1999. Despite an initial slow growth
in the early years, a boom started in 2007 when the amount of research began to grow remarkably.
Since that year, the extension has been continuous and the number of papers published in recent years
has been very significant, demonstrating that the subject matter of this review is of great interest to the
scientific community.

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Papers 1 0 0 1 1 1 1 1 5 5 9 9 11 8 14 14 12 26 25

-5

0

5

10

15

20

25

30

Figure 7. Annual trend of publications.

The 144 papers were published in 68 journals. As shown in Table 3, more than half of the papers
originate from 13 top venues. Almost a third of the total works belong to the top five venues, which
include five or more papers each. It is noteworthy that the Journal of Intelligent & Robotic Systems
contains 23 papers (≈16% of the total). The full list of papers from the 68 journals can be consulted in
Appendix A.
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Table 3. List of the most popular publication venues.

Journal N % Papers

Journal of Intelligent & Robotic Systems 23 15.97% [18,20,27,30,40,51,68,69,71,73,83–95]

IEEE Transactions on Aerospace and
Electronic Systems 7 4.86% [28,96–101]

Sensors 7 4.86% [17,29,31,66,72,102,103]

International Journal of Advanced Robotic
Systems 5 3.47% [38,64,104–106]

Journal of Guidance, Control,
and Dynamics 5 3.47% [33,39,107–109]

Autonomous Robots 4 2.78% [58,110–112]

IEEE/ASME Transactions on Mechatronics 4 2.78% [22,59,113,114]

Journal of Field Robotics 4 2.78% [35,75,115,116]

Robotics and Autonomous Systems 4 2.78% [117–120]

Canadian Aeronautics and Space Journal 3 2.08% [121–123]

Control Engineering Practice 3 2.08% [34,124,125]

IEEE Transactions on Industrial Electronics 3 2.08% [44,126,127]

IEEE Transactions on Robotics 3 2.08% [128–130]

Other 55 Journals 69 47.92%
[19,21,23–25,32,41–43,45,53,54,57,60–63,65,
74,80–82,131–177]

Considering the Journal Citation Reports (JCR), some conclusions can be drawn. According
to data from year 2007, most of the 68 journals have a notable impact factor (IF) for categories
such as ‘Engineering, Aerospace’, ‘Robotics’, ‘Automation & Control Systems’, ‘Instruments &
Instrumentations’ and ‘Computer Science, Artificial Intelligence’. Figure 8 represents the number
of journals (and the papers published) within each JCR quartile. In this respect, 124 of 144 papers
(over 86%) were published in indexed journals. These numbers make it possible to highlight the
scientific relevance of the papers considered in this systematic mapping study. This also shows that the
development of a fully autonomous UAV capable of flying without the control of a human operator is
a challenging and multidisciplinary problem. This is a remarkable sign of the complexity involved in
the development of solutions based on computer vision for UAV navigation and flight control.

Q1 Q2 Q3 Q4 Not Indexed

Journals 19 13 8 12 16

Papers 44 30 33 17 20

0

5

10

15

20

25

30

35

40

45

Figure 8. Quartile distribution of the number of journals and papers according to Journal Citation
Reports (year 2017).

2.1 Control and Navigation of UAVs Based on Computer Vision 27



Appl. Sci. 2019, 9, 3196 12 of 34

3.2. RQ2: How Is Computer Vision Used in Autonomous UAVs?

Depending on the task for which computer vision has been employed, each paper has first
been classified into four main categories: 1. Visual Navigation, 2. Vision-Based Control, 3. Vision-Based
Tracking/Guidance and 4. Vision-Based Sense-and-Avoid (SAA). It should be noted that solutions presented
in more than one paper have been considered only once, and those papers that deal with different
operations will be classified only according to the main task considered.

3.2.1. Distribution and Annual Trend per Category

The way in which the 144 papers are distributed in the four main categories is shown in Figure 9.
The graph shows the number of papers in each main category and also details the classification that
has been carried out considering the specific operation addressed. The results show that practically
two of every three papers belong to the first two categories, 41 are focused on the design of visual
solutions for UAV navigation (cat. 1) and 55 present control algorithms based on the information
provided by a vision system (cat. 2) . The remaining papers are divided into the two other categories:
33 and 15 papers focus on developing solutions for the visual guidance of a UAV (cat. 3) and solutions
to allow a UAV to detect and avoid obstacles during its flight (cat. 4) , respectively.

41
29%

55
38%

33
23%

15
10%1. Visual Navigation

2. Vision-Based Control

3. Vision-Based Tracking/Guidance

4. Vision-Based Sense-and-Avoid (SAA)

10

19

12

1.1. Self-Localization

1.2. State Estimation

1.3. Based on SLAM

4

24

27

2.1. Stabilization

2.2. Control of Maneuvers

2.3. Autonomous Landing

17
6

10

3.1. Target Tracking

3.2. Features/Path Tracking

3.3. Autonomous Aerial Refueling (AAR)

5

6

4

4.1. Detection and Avoidance of Intruders

4.2. Mapping-based Obstacle Avoidance

4.3. Autonomous Flight and Obstacle Avoidance

Figure 9. Category distribution over the database.

The number of works published annually within each main category can be consulted in Figure 10.
In general, an upward trend that is remarkable for the second and third categories can be appreciated.
When considering the publication year, we can highlight that the earlier works appertain to the two
first categories, while papers presenting vision-based solutions for the guidance or detection and
avoidance of obstacles are more recent. In our opinion, this is a clear consequence of the fact that
navigation and control are basic (essential) tasks to be dealt with before confronting more complex
tasks, such as objective/obstacle tracking and avoidance. Flying autonomously and safely requires the
design of more complex and robust control systems. Another noteworthy fact is that, except in the
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first years (2000–2001), works on computer vision for UAVs have appeared annually, and, since 2013,
the works have been distributed in the four categories. These data highlight the scientific community’s
current interest in the development of computer vision systems for different navigation and flight
control operations.

1999 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

1. Visual Navigation 1 1 6 3 4 4 6 3 2 7 4

2. Vision-Based Control 1 1 1 1 2 2 2 3 5 3 6 3 5 9 11

3. Vision-Based Tracking/Guidance 3 3 1 2 1 1 4 3 7 8

4. Vision-Based SAA 1 1 1 1 4 2 3 2

0

2

4

6

8

10

12

Figure 10. Annual trend per category.

The data for the classification according to the specific operation can be consulted in Table 4. It
shows the complete list of the 144 papers grouped into twelve subcategories (three for each main
category). The operations considered and the results obtained are discussed below.

Table 4. List of papers per category.

Category N % Papers
1. Visual Navigation
1.1. Self-Localization 10 6.94% [19,30,54,73,85,100,101,111,156,171]

1.2. State Estimation 19 13.19%
[18,65,69,93,95,105,108,110,112,117,119,120,133,136,
139,141,148,167,173]

1.3. Based on SLAM 12 8.33% [17,51,68,84,86,126,146,159,160,164,175,176]
2. Vision-Based Control
2.1. Stabilization 4 2.78% [21,31,131,140]

2.2. Control of Maneuvers 24 16.67%
[22,32,44,45,60,61,72,87,88,97,99,109,114,115,128–130,
142,144,150,162,163,165,177]

2.3. Autonomous Landing 27 18.75%
[20,38,40,41,58,62,64,66,74,82,89,90,92,102–104,106,
107,113,116,118,123,125,134,135,152,170]

3. Vision-Based
Tracking/Guidance

3.1. Target Tracking 17 11.81%
[24,33,59,80,81,121,124,132,145,149,151,153–155,166,
168,169]

3.2. Features/Path Tracking 6 4.17% [25,34,53,94,127,157]
3.3. Autonomous Aerial
Refueling (AAR) 10 6.94% [23,42,57,63,96,137,138,147,161,174]

4. Vision-Based
Sense-and-Avoid (SAA)
4.1. Detection and
Avoidance of Intruders 5 3.47% [27,39,43,75,98]

4.2. Mapping-based
Obstacle Avoidance 6 4.17% [28,35,71,91,122,158]

4.3. Autonomous Flight and
Obstacle Avoidance 4 2.78% [29,83,143,172]
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3.2.2. Vision-Based Task

Category 1. Visual Navigation

Firstly, it should be kept in mind that the flight control of a UAV depends principally on knowing
where the UAV is and where it wants to go. Knowledge of the aircraft’s state is, therefore, essential.
Therefore, it seems logical that navigation solutions have been the focus of much research carried
out to date. The subcategories considered within the first category are: 1.1. Self-Localization for those
papers that use computer vision to determine the aircraft’s position within the flight environment
(19 papers); 1.2. State Estimation for papers focused on solutions by which to compose the aircraft’s
state using visual information (based principally on visual odometry) (10 papers); and, 1.3. Based on
SLAM to classify vision-based solutions that simultaneously determine the aircraft’s localization and
build a map or model of the flight environment (12 papers). At this point, it is important to note that
other sensors are frequently used to complement and correct the visual ones. The most common are
global positioning systems (only for outdoors), inertial measurement units, and altimeters.

Unfortunately, this information is not clearly detailed in some papers analyzed, especially papers
in which validation trials do not consist of real flights. For this reason, the study of complementary
sensors had not been considered in this mapping study. However, it would be interesting to address
this issue in future more in-depth reviews.

Category 2. Vision-Based Control

This is the category in which the greatest number of papers has been found. In addition,
its tendency toward annual growth is highly notable. As mentioned above, vision-based control
consists of determining the actions required to control the aircraft’s position and orientation by using
visual information as a reference. In this second category, the papers have been classified, according to
their control purpose, into: 2.1. Stabilization when visual information is integrated into the control
system of the aircraft to stabilize its flight; principally using the skyline as a reference, or using
algorithms for the detection and compensation of movement; 2.2. Control of Maneuvers when the
objective is to regulate the UAV’s position in order to perform accurate movements such as positioning
in relation to a visual landmark; and 2.3. Autonomous Landing when the information provided by vision
sensors is integrated into the landing control system (papers focused on the detection of the landing
site and the consequent estimation of the aircraft’s pose to assist in landing have also been considered
here). The results show that stabilization is, without any doubt, the least frequent topic with only
four papers, while both the control of maneuvers and landing (a specific type of maneuver) are the
subcategories with a greater number of papers (24 and 27, respectively).

Visual Servoing

At this moment, it is important to introduce visual servoing [88], which means that the motion
of a UAV (or a robot, in general) is controlled with respect to a visual target, defined by features or
artificial landmarks. Visual information is directly integrated into the feedback control in this widely
used control approach. Three main methods are considered [163]: (a) position-based visual servoing
(PBVS), or 3D visual servoing, which involves the reconstruction of the target pose with respect to
the camera, (b) image-based visual servoing (IBVS), or 2D visual servoing, which aims to control the
dynamics of features directly in the image plane, and (c) hybrid visual servoing, or 2 1/2D visual
servoing, which is based on combining visual features obtained directly from the image, and features
expressed in the Euclidean space.

Of these three methods, the most commonly used is IBVS, in which the control action is directly
determined from the error signal obtained by comparing the actual image captured by the camera and
a reference image. This method has been used principally in maneuvers for rotatory-wing UAVs and in
landing for fixed-wing UAVs. Furthermore, the visual servoing scheme is not only limited to operations
classified under vision-based control. In fact, it has been widely used in target following missions
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(generally in motion). This is one of the operations considered in the vision-based guidance/tracking
category discussed below. In relation to visual servoing, motion capture systems like VICON are used
as complementary sensors (see, for instance, articles [109,145]) that estimate the velocity of the UAV
whilst the UAV looks toward the visual landmark. Unfortunately, motion capture systems are still
limited to a specific small volume inside research labs [178].

Category 3: Vision-Based Tracking/Guidance

This way, continuing with the third category, the papers have been classified into the following
groups: 3.1. Target Tracking when the proposed solution is designed so that a UAV detects and follows
a specific target (generally in motion); 3.2. Features/Path Tracking for papers in which a UAV is visually
guided to follow a path defined by images, or a UAV is guided through visual features that it must
detect and follow, such as lines on a road; and, finally, 3.3. Autonomous Aerial Refueling (AAR) which
groups those papers in which one UAV follows another in order to solve the problem of autonomous
resupply. It should be noted that some of the papers classified here address only the first stage of
the problem, that is, the pose estimation between the two UAVs involved in the refueling process
(tanker and receiver UAV). Of these subcategories, the most popular is target tracking with 17 papers,
while in second place we find the AAR subcategory with 10 papers, and, finally, the tracking of routes
or features with only six works.

Category 4: Vision-Based Sense-and-Avoid (SAA)

Lastly, the following subcategories have been considered for the fourth category: 4.1. Detection and
Avoidance of Intruders which includes solutions to avoid collisions with other aircraft, primarily through
evasive maneuvers; 4.2. Mapping-Based Obstacle Avoidance on the use of strategies to avoid obstacles
based on a mapping process and subsequent obstacle-free path planning; and, finally, 4.3. Autonomous
Flight and Obstacle Avoidance in which autonomous navigation in complex environments has been
addressed. In this last case, the UAV generally uses a strategy based on finding which path to follow
in order to avoid colliding with obstacles (e.g., navigation between a row of trees in orchard). Based on
the results obtained, the subcategory in which the highest number of papers has been published is
related to mapping-based solutions, with six papers, followed very closely by avoiding other aircraft
and autonomous flight, with five and four papers, respectively. All these operations are very close to
the concept of fully autonomous UAVs, and it is, therefore, foreseeable that research will continue to
focus on them in the near future.

3.3. RQ3: What Types of UAVs Have Been Used in the Proposed Solutions?

The papers have been grouped into Fixed-Wing, Rotatory-Wing, Flapping-Wing and Airship,
according to the aircraft’s configuration. Moreover, an additional Not Specified group has been
considered in order to classify those papers that do not detail the class of UAV.

3.3.1. Distribution and Annual Trend per UAV Class

The UAV class distribution over the total of 144 papers is shown in Figure 11. This graph shows
that, without any doubt, the most widely used UAV platform corresponds to the rotatory-wing class
(102 papers, 71%), followed by 25% that represents the fixed-wing class (37 papers). Only one paper
uses an airship UAV. Finally, three papers do not specify the type of UAV. The only class of UAV not
present in the systematic mapping study is, therefore, flapping-wing aircraft. Consequently, there is an
interesting gap on which future research should be focused. Moreover, considering the characteristics
of flapping-wing UAVs, they could be very useful for indoor applications and/or approaches requiring
a small aircraft.
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Figure 11. UAV class distribution over the database.

The above data are also endorsed when observing the annual trend considering the UAV class (see
Figure 12). This graph presents the annual evolution of the number of works. The data again provide
evidence of a greater use of rotatory-wing UAVs. Another noteworthy fact is that the use of rotary-wing
aircraft has continued since 1999, also showing a clear trend of growth, which can be considered almost
exponential in recent years. However, the other UAV classes have a discontinuous evolution over time.
With the exception of fixed-wing UAVs, for which some evolution can be appreciated, no conclusions
can be drawn for the remaining cases, given the small number of works.

1999 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Rotatory-Wing 1 1 1 1 1 1 2 1 7 5 8 8 10 10 8 17 20

Fixed-Wing 3 4 1 3 1 4 4 4 8 5

Airship 1

Not Specified 1 2 1

0

5

10

15

20

25

Figure 12. Annual trend per UAV class.

3.3.2. Concerning the Vision-Based Task and Type of UAV

If we consider the first classification regarding the computer vision task in each paper,
the distribution again shows that the most frequent type of UAV belongs to the rotatory-wing class.
Rotary-wing UAVs are the majority in all categories, and more clearly for the first two focused on
navigation and control. The papers that do not specify the type or employ a less frequent type of
UAV belong to categories 1. Visual Navigation and 4. Vision-Based Sense-and-Avoid (SAA). These papers
are usually validated by means of tests using images obtained from databases or satellite maps.
Furthermore, a more in-depth analysis has been performed considering the specific types of aircraft
within each class. Figure 13 shows the UAV class distribution over the four categories detailing the
type of UAV. This information is provided as “Class: Type of UAV”; for example, Rotatory-Wing:
Helicopter. When the type of UAV is not available, only the name of its class is indicated.
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Figure 13. UAV class distribution over the categories.

Starting with the most common Rotatory-Wing class of UAV, the types of UAV found in the analysis
are Helicopter, Quadrotor, Multirotor and Sit-On-Tail VTOL. Quadrotors are clearly the most widely used,
higlighting 18 papers in the control of maneuvers subcategory. In this respect, quadcopters are vehicles
with four rotors, relatively simple to control, with high maneuverability and the ability to hover.
All this, together with the wide range of low-cost quadrotors on the market, has made a significant
contribution to their clear predominance in the research developed to date. The second most frequent
type of rotary vehicles are helicopters, distantly followed in third place by multirotors. A Sit-On-Tail
VTOL aircraft, which is used in a paper on the control of maneuvers, is in the last position.

With respect to the second most common class, Fixed-Wing, we should point out that it is usual
not to provide details of which model of fixed-wing aircraft has been used. In fact, only three papers
provide this information. Two of them address the process of autonomous landing by using a Blended
Wing-Body aircraft, whereas a Shadow model is used in one paper on the detection and avoidance of an
intruder aircraft. Furthermore, the only UAV grouped in Airship is a Blimp, which is used in a paper
concerning visual navigation based on SLAM.

An additional fact is that these graphs once again show the predominance of rotary-wing air
vehicles over the fixed-wing category, not only as regards the number of articles, but also as regards
the fact that this type of air vehicle is present in all the subcategories considered, while fixed-wing
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air vehicles are used in only some of them. However, it should be highlighted that fixed-wing UAVs
are more used in operations related to high-altitude flight and large distances due to the features of
such airplanes. For instance, in the case of autonomous aerial refueling operations, whose purpose is,
in effect, to increase flight autonomy (the ability to perform the complete flight without the need of
making stops to refuel on the ground). Fixed-wing UAVs are also used frequently in stabilization of
the UAV’s flight regarding the skyline, and in detection and avoidance of other aircraft.

Finally, in order to conclude this extensive analysis of UAV platforms, the complete list of the 144
papers considered in this mapping study, classified according to the class of UAV and also detailing
the type of aircraft, is shown in Table 5.

Table 5. List of papers per UAV class.

UAV Class N % Papers

Rotatory-Wing: Helicopter 29 20.14%
[43,54,73,83,84,86,87,89,91,104–106,112,115–118,120,121,
127,141,142,144,148,152,163,170,175,176]

Rotatory-Wing: Multirotor 7 4.86% [42,63,68,131,138,169,172]

Rotatory-Wing: Quadrotor 65 45.14%

[17–22,24,25,28,29,32,34,35,44,58–62,69,71,72,74,80–82,85,
88,92–95,97,99,102,107,109–111,114,119,122,126,128–130,
132,135,136,139,143,145,146,149–151,153,159,160,162,164,
165,168,173,177]

Rotatory-Wing: Sit-On-Tail VTOL 1 0.69% [45]

Fixed-Wing 34 23.61%
[23,27,30,31,33,38,41,53,57,64–66,75,90,96,98,103,108,113,
123,124,133,134,137,140,147,154–157,161,166,167,174]

Fixed-Wing: Blended Wing-Body 2 1.39% [40,125]
Fixed-Wing: Shadow 1 0.69% [39]
Airship: Blimp 1 0.69% [51]
Not Specified 4 2.78% [100,101,158,171]

3.4. RQ4: What Are the Characteristics of the Vision System?

The 144 papers considered in this systematic mapping study have been classified with regard
to the vision system in terms of the number of cameras as Monocular (1 camera), Multi-camera
(2) (two cameras), Multi-camera (4) (four cameras), and, finally, a special type of multi-camera,
Stereo (two vision sensors in a stereo configuration, i.e., at the same location and oriented toward a
same point).

Concerning the vision systems, their location, that is, where they are installed, and also their
orientation, that is, where they point to, has also been analyzed. Other concepts, such as the camera
technology used and the images recorded (color or gray scale), have not been considered because this
information is not always detailed in the papers analyzed. In addition, this question makes no sense
in the case of those proposals that are validated using tests that do not require a physical camera
device (see Table 2), such as virtual reality or numerical simulations. Moreover, more information on
technical aspects of the vision systems are out the scope of a systematic mapping study. Nevertheless,
we believe that a more in-depth analysis of the cameras would be interesting for future detailed
reviews, particularly those focused on solutions validated during a UAV’s real flight.

3.4.1. Distribution and Annual Trend per Vision System

The distribution of these types of vision systems as regards the database is shown in Figure 14,
in which the predominance of monocular systems is clear, with a total of 116 papers representing 80%
of the papers. Secondly, stereo systems are present in 20 papers, representing 14%. The remaining 6%
is divided between multi-camera (2) and multi-camera (4) systems with 7 and 1 papers, respectively.
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Figure 14. Vision system class distribution over the database.

Figure 15 shows the annual trend of papers considering the vision system employed. A clear
predominance of monocular vision systems can be observed again. Moreover, the graph shows a
remarkable growth trend for these monocular systems. In the case of stereo, the growth is not clear.
However, some increase can be observed in the last few years’ research (since 2014). This data may
suggest that the lower use of stereo systems can be due to their later development. Regarding the
rest of multi-camera configurations, it is not possible to draw relevant conclusions as a result of the
reduced number of papers focused on these systems.

1999 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Monocular 1 1 1 4 5 8 7 10 6 14 12 8 19 20

Stereo 1 1 1 1 1 1 2 1 2 7 2

Multi-Camera (2) 1 1 1 1 3

Multi-Camera (4) 1

0

5

10

15

20

25

Figure 15. Annual trend per vision system.

3.4.2. Concerning the Vision-Based Task, Localization, and Orientation

With regard to the influence of the computer vision task at hand, the predominant system is again
the monocular one for all the categories, followed noticeably by the stereo system, which is present in
all the categories. The case of multi-camera systems is different. In fact, a 2-camera system is used in
tasks related to control, tracking and sense-and-avoidance (cat. 2, 3 and 4), and a 4-camera system is
employed only for navigation (cat. 1). The remaining details concerning the vision system distribution
in each main category are provided in Figure 16.

Table 6 presents the list of 144 papers grouped considering the number, localization,
and orientation of the cameras. The location is On Board the UAV and On Ground, or a combination
of both in multi-camera systems. With regard to the orientation, when the vision system is on board,
the most frequent setups are pointing Downward (inclined towards the ground) and Forward (in the
direction of flight). In the case of papers that address autonomous aerial refueling, a camera pointing to
the other aircraft involved in the process has also been considered. Here, the system points to the UAV
that acts as a receiver (Toward the Receiver UAV) or to the aircraft with the fuel tank (To the Tanker UAV).
However, in the case of ground vision systems, their orientation is always directed Toward the UAV.
Finally, in a few cases, the vision system’s orientation is modified (shown as Depending on the test).
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Figure 16. Vision system distribution over the categories.

Lastly, some conclusions are presented on the data related to the vision systems used.
(a) The results show a predominance of on-board monocular systems. This is mainly owing to
the lower complexity of computer vision algorithms, and also to the ease of installation of a single
camera on a UAV, with a resulting decrease in the weight added to the aircraft. (b) With regard to
camera orientation, this depends to a large extent on the task for which the proposal has been designed.
Visual navigation systems generally use cameras pointing toward the ground (especially in geolocation
systems). Such orientation is also necessary in missions involving the tracking of targets on the ground.
(c) The orientation pointing in the direction of flight is mostly used in systems for the detection and
avoidance of obstacles, and when the visual reference is placed in front of the UAV. In the particular
case of aerial refueling, the camera, which is installed on board the UAV receptor or tanker, points in
the direction of the other aircraft in order to measure the distance between both. (d) Multi-camera
systems are also interesting solutions, especially stereo systems, which have been used in a good
number of papers. In this case, these systems provide information of the depth, which is a clear
advantage despite being more complex. (e) The stereo systems are usually installed aboard the UAV,
but some solutions also use stereo systems installed on the ground, mainly to guide fixed-wing UAVs
during their landing maneuvers. In this case, the orientation of the cameras is obviously towards the
UAV itself.
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Table 6. List of papers per vision system.

Vision System Localization Orientation N % Papers

Monocular On Board Downward 80 55.56%

[17,18,20,22,24,25,30,32,33,40,51,53,54,58,
59,72–74,80,81,84–86,88–95,97,99–102,
104,105,107–109,111,114,116,118,119,121,
125–131,133–136,144–146,149–152,154–
157,160,166–171,173,175–177]

Monocular On Board Forward 26 18.06%
[19,21,27,39,41,43,45,71,75,83,98,113,115,
120,122–124,140,143,148,153,158,159,162–
164]

Monocular On Board Toward the Receiver UAV 1 0.69% [57]
Monocular On Board Toward the Tanker UAV 7 4.86% [23,96,137,138,147,161,174]
Monocular On Board Depending on the Test 1 0.69% [142]
Monocular On Ground Toward the UAV 1 0.69% [44]
Multi-Camera (2) On Board Forward & Downward 6 4.17% [29,31,34,60,62,132]
Multi-Camera (2) On Board & On Ground Downward & Toward the UAV 1 0.69% [61]
Multi-Camera (4) On Board Depending on the Test 1 0.69% [68]
Stereo On Board Downward 8 5.56% [65,82,106,110,112,117,139,141]
Stereo On Board Forward 5 3.47% [28,35,69,87,172]
Stereo On Board Toward the Receiver UAV 2 1.39% [42,63]
Stereo On Ground Toward the UAV 5 3.47% [38,64,66,103,165]

3.5. RQ5: What Is the Validation Process for Each Proposed Solution?

Lastly, the processes employed to validate the proposed solutions described in the papers
have been addressed. Figure 17 enables us to appreciate the different validation processes (Flight,
Experimental and Simulation) and the number of papers that make use of them. The figure also shows the
distribution over the four main categories regarding the navigation and flight control task performed.
In this figure, please note that: (1) experimental and simulation tests have been indicated by means
of the terms EXP and SIM, respectively, and (2) the symbol & indicates that the validation process is
composed of different types of tests.

Upon observing the results, it is possible to state that the most widely used validation process is
flight tests, with a total of 56 papers (39%). When considering the validation processes using flight
and other types of simulation and/or experimentation trials, the percentage rises to more than 54%,
which is really remarkable. On the contrary, a significant number of the papers (around 25%; 38 papers)
use only simulation tests for validation, while another 27 papers (close to 20%) conduct experimental
tests. In this respect, some proposals have been validated by means of offline tests, i.e., trials that
employed flight data and images recorded during previous navigation. These tests, together with
tests carried out in laboratories, have been considered as experimental tests, which are less relevant
than flight tests. However, they are also necessary as a previous step to ensure the performance of a
proposed solution.
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Figure 17. Validation process distribution over the database.

If we analyze the data considering the four main categories of operations, the flight is still
predominant and stands out notably in the case of visual navigation and vision-based control. However,
the weights of simulation tests are very important in some categories, especially in vision-based
control and tracking/guidance. This way, an important number of papers used only simulations tests,
which could be considered a negative point. However, not only numerical simulations (usually in visual
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servoing approaches) but also new paradigms as interesting as virtual reality have been employed.
We consider that the kind of technology that simulates complex tasks, such as aerial refueling that
involves two aircraft, is one of the most promising areas for the development of improved UAVs.
In this respect, it is possible to perform realistic simulations, which may be very useful to test and
improve new control algorithms, without the need to acquire expensive aircraft.

The total of 144 papers, grouped according to their validation process, is shown in Figure 18.
Three large circles have been drawn to represent the three types of tests, (Flight, Experimental and
Simulation). The intersections of the circles represent those validation processes that are composed of
several types of tests.
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Figure 18. Papers per validation process.

In addition, in Figure 19, all papers that use flight for validation are classified into: Outdoor and
Indoor flights. These two groups are again represented using circles, signifying that the intersection
between both means flight tests in both indoor and outdoor environments (5 papers). The results show
that outdoor flights are slightly more frequent than indoor ones.

Finally, in relation to precision or accuracy, it must be highlighted that the scarce information
provided in the articles has been decisive not to include this parameter in this systematic mapping study.
In fact, there is a very limited number of papers addressing this topic in detail. Most papers approach
precision only from a qualitative point of view, not providing numerical values, or showing graphical
figures difficult to measure and, consequently, to compare with other works. The several solutions
presented a state that they are accurate, but they are difficult to analyze as they have been tested
with distinct platforms, sensors, cameras. In this sense, the difference between flight, experimental,
and simulation tests is also a disadvantage when comparing different solutions in a correct way.
It should also be considered that the analyzed papers address a wide range of flight operations,
whose objectives are very dissimilar, so that a comparison in precision could lead to confusion.
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4. Discussion

• Number and Relevance of the Papers:
(i) The number of research works focused on the use of computer vision for autonomous aerial
vehicles has not stopped growing in recent years, which confirms the scientific community’s
interest in this topic. (ii) More than 86% of the papers analyzed in this study were published
in journals indexed in JCR in such outstanding areas as Aerospace Engineering, Robotics,
Automation, and Artificial Intelligence.

• Computer-Vision Tasks
(i) The vast majority of research analyzed propose only solutions to tackle some kind of task and
not a complete solution for a fully autonomous vision-based UAV. This fact, which has allowed
us to structure the results in different categories, can be considered as negative since the aerial
vehicles described fail to perform completely autonomous flights in real environments. However,
it is foreseeable that the presence of completely autonomous UAVs based on computer vision will
be common in the coming years, considering the rapid development and the annual trend of this
research field. (ii) In this sense, the focus of research is shifting from relatively simpler operations,
such as location and stabilization, to more complex solutions which are closer to the concept of
autonomous UAV, such as following moving targets or trajectories defined by visual references,
as well as solutions for the detection and avoidance of both static and dynamic obstacles, so as to
carry out a collision-free flight.

• Type of UAV, Vision System and Validation Process
(i) The most widely used UAVs belong to the rotary-wing class. With regard to this type of
aerial vehicle, which is principally characterized by the fact that they permit vertical take-off and
landing, suspended flight, and greater maneuverability than fixed-wing vehicles, the number of
papers presenting solutions specifically designed for or tested on them has not stopped growing in
this century. Quadrotors and (to a lesser extent) helicopters are the most frequent vehicles within
this class of UAV. (ii) The most widely used vision system is a single camera installed on board
the UAV. This configuration is present in almost 80% percent of the works analyzed. Secondly,
stereo systems have also been used in a significant number of cases. Again, the annual trend shows
the predominance of mono-camera vision systems against multi-camera configurations. (iii) More
than 54% of the works analyzed have included flight tests in their validation process. However,
a non-negligible number (around 25%) have validated their proposals only through the use of
simulation tests. Nevertheless, in this case, not only have numerical simulations been employed,
but also virtual reality environments, in addition to hardware- and image-in-the-loop simulations.
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After these general conclusions concerning the systematic mapping, we should state that we
believe that the study carried out here is of great value since it has allowed the analysis of practically
two decades of research. It should, therefore, be of great help to researchers who are starting to
develop solutions for UAVs using computer vision, and for experts who wish to consult previously
presented solutions. In addition, the classification structure introduced in this paper could be of great
help for future reviews focused on the most recent years or certain types of operations, UAV classes,
or validation processes carried out during real flights. These future studies may address technical
issues in greater depth that are beyond the scope of a systematic mapping study.

Lastly, it is necessary to center the discussion in the concept of assistant aerial robots, our personal
research interest which led to performing this systematic mapping study. This way, and considering
the information we have analyzed performing this study, a series of conclusions have been drawn to
focus our future developments. This, defines, therefore, our guidelines to advance in developing an
autonomous UAV based on computer vision to assist dependent persons. In this sense, we summarize
the main conclusions following:

• Our personal interest in assistant aerial robots requires us to focus future studies on vision-based
target tracking and obstacle avoidance principally, so that the UAV follows the person in order to
perform monitoring tasks, meeting the safety conditions to make it possible to use such assistant
UAVs in real environments.

• We consider that quadrotors are the most suited for our purpose of developing aerial assistant
robots for dependent people. The above-mentioned advantages regarding the rotatory-class are
relevant reasons. In addition, the hovering ability and its relative simpler flight control make it
possible to use these UAVs in dependents’ complex indoor/outdoor environments for which the
assistant will be designed.

• Initially, the best solution for our purpose is the use of a monocular system aboard the UAV.
This solution is easier to install, allows us to reduce the payload for the UAV and the vision
algorithms are simpler. However, we should not discard the use of a stereo system in the future,
should we need accurate depth information. What does seem clear is the location of the vision
system on board the UAV, which allows us to perform the tracking of the person in order to
determine the action of assistance required at any given time.

• We consider that virtual reality will be essential in our development process of the new personal
flying assistant. Virtual reality allows us to test the performance of the UAV in a realistic home
indoor environment containing multiple obstacles, as well as outdoor environments. In addition,
virtual simulation tools make it possible to carry out studies using immersive and semi-immersive
technologies, such as virtual reality helmets. This way, it will be possible to validate the proposal
of an assistant UAV in a safe environment and, at the same time, the user acceptance of such
technology. After that, real flight tests in controlled conditions will be conducted before bringing
these novel assistants to real lives.

5. Conclusions

This paper has presented the first systematic mapping study focused on the topic of computer
vision in autonomous unmanned aerial vehicles. The objective has, therefore, been to analyze papers
that introduce the development of solutions based on computer vision for navigation tasks and flight
control in UAVs. After a search process that returned a total of 2081 papers, a screening process was
applied that eventually allowed us to obtain 144 papers. In order to answer the research questions
posed, the papers were analyzed and classified according to the task for which computer vision had
been used, the UAV class for which the proposal had been designed or validated, the characteristics of
the vision system installed, and the validation process used in each case.
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The following abbreviations are used in this manuscript:

HILS hardware-in-the-loop simulation
IBVS image-based visual servoing
IF impact factor
IILS image-in-loop simulation
JCR Journal Citation Reports
PBVS position-based visual servoing
RQ research question
SAA sense-and-avoid
SLAM simultaneous localization and mapping
UAS unmanned aircraft system
UAV unmanned aerial vehicle
VTOL vertical take-off and landing
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Abstract This paper introduces a flying robot mapping and localization proposal

from an onboard depth camera. The miniature flying robot is part of an ongoing

project related to ambient assisted living and home health. The flying depth camera

is used with a double function; firstly, as a range sensor for mapping from scratch

during navigation, and secondly, as a gray-scale camera for localization. The Har-

ris corner detection algorithm is implemented as key point detector for the creation

and/or identification of indoor spatial relations. During the localization phase, the

spatial relations created from detected corners in the mapping phase are compared

to the corners identified in the map. The flying robot position is estimated by match-

ing these spatial relations.

Keywords Ambient assisted living ⋅Miniature flying robot ⋅ Flying depth camera ⋅
Mapping ⋅ Localization

1 Introduction

Autonomous navigation of flying robots in GPS-denied environments such as in-

doors requires that the flying robot be able to recognize the environment using exter-

nal sensors [1]. Our research team is engaged in introducing miniature flying robots

in ambient assisted living (e.g. [2–4]) and home health [5] applications. Now, dealing

with the high amount of obstacles inherent to home facilities is a major challenge for

flying vehicles [6]. This why mapping and localization at homes of the flying robot

are extremely important challenges.

Mobile robot mapping techniques are usually classified according to the map rep-

resentation and the underlying estimation technique [7, 8]. One popular map repre-
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sentation is the occupancy grid [9]. Such grid-based approaches are able to represent

arbitrary objects [10]. However, such systems rely on predefined feature extractors.

In this sense, scan matching approaches demonstrate to produce consistent maps

[11]. Now, in mobile robot localization, an appearance-based approach for place

recognition involves the matching of scenes based on selected features or landmarks

observed within the current local map or sensor view. For each feature a descriptor

vector that encodes the local area around that landmark is computed, thus allowing

the comparison of features based on appearance. The combination of a location and

descriptor vector is denominated a key point [12]. Localization then becomes a mat-

ter of identifying places and/or objects by associating key points, or deciding that a

place/object was not previously seen.

Key points have been used in vision-based systems which use nearest neighbor

voting [13] with SIFT [14] features. Another approach [15] uses a fast-Hessian de-

tector to identify key points in an image and SURF [16]. In a review, detectors and

local descriptors of local features for computer vision are described [17]. Another

key point detector is the SUSAN corner detector [18] which finds corners based on

the fraction of pixels that are similar to the center pixel in a circular region. Also,

affine invariant feature extraction for localization in indoor environments, using the

Harris corner detector [19] for local point detection, has been proposed [20].

Our proposal deals with specific characteristics of depth cameras [21] to solve the

mapping and localization problem. Two constraints have been addressed. First, the

generated map increases when new zones are discovered as the environment is un-

known. And second, no landmark is introduced to facilitate the localization process

since the robot flies in a real environment. Moreover, the looking forward depth

camera is firstly used as a range sensor for mapping, and, afterwards as a gray-scale

camera for localization. The depth camera, when used as a range sensor, provides

a powerful tool for measuring the distance from the detected objects to the flying

robot. On the other hand, the depth camera creates an image representing distances

which enable extracting trackable features. These points in the space are the basis

for the spatial relations used in the localization phase. Finally, the flying robot posi-

tion is estimated in accordance to the localization information provided through the

identified spatial relations. It should be noted that the proposal requires a flight at a

constant height.

2 Mapping from Flying Robot

The depth camera is considered a range sensor during the mapping stage due to the

simplicity of translating the (x, y) coordinates of each image pixel provided by the

camera into map coordinates. The perceived environment is represented in a map

containing the probability in each cell of the presence of an element/obstacle.

An occupancy grid model is used to represent the environment. As the size of the

environment is unknown a priori, it is not possible to create a fixed-size occupancy

grid. This is why, the environment is represented as a collection of modular occu-
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Fig. 1 Flow diagram of the mapping algorithm

pancy grids which are added to the map as far as the robot finds objects outside the

existing grids. Therefore, when the robot starts the exploration there exists just one

grid, and all necessary grids are added according to the size of the explored envi-

ronment. Each occupancy grid has the same size and number of cells and is placed

in a specific area given by its global coordinates Mx,My in the environmental repre-

sentation. So every point in the environment is located in one and only one grid. For

each grid, every cell contains an occupancy value where a value of 0.00 indicates the

certainty that the cell is free and a value of 1.00 the certainty that the cell is occupied.

Figure 1 shows a flow diagram of the mapping algorithm. The depth camera pro-

vides as output a matrix where each element represents the coordinates (x, y, z) (in

meters) of a system. Here the camera is the origin of coordinates, x varies along the

horizontal axis, y varies along the vertical axis and z is the distance from the plane

defined by the x and y axes. Let us assume that the flying robot position (mr, xr, yr, 𝜃)
is known, where mr is the occupancy grid where the robot is located, xr and yr rep-

resent the position within that grid, and 𝜃 is the robot orientation with respect to the

y axis in the grid. On the other hand, the depth camera provides the coordinates of

point (xd, yd, zd) as its position relative to the robot’s localization. From these two

groups of coordinates, it is possible to calculate the position of a point p(m, x, y, h)
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in the map, being m the occupancy grid where the point is located, x and y represent

the position within that grid and h is the height of the point.

In order to visually represent each point detected by the camera some calcula-

tions are performed. First, the distance D between the flying robot and the point is

calculated as follows:

D =
√

x2d + z2d (1)

Once the distance is known, the angle 𝛼 between the robot orientation and the

segment given by D is obtained:

sin(𝛼) =
xd
D

→ 𝛼 = arcsin(
xd
D
) (2)

And, finally, through the following equations, the position of the point in the map

is also calculated:

x = xr + D sin(𝜃 + 𝛼)
y = yr + D cos(𝜃 + 𝛼)

h = yd (3)

Next, it is necessary to know whether each new point is located on an existing grid.

Otherwise, it is necessary to create a new one. Once the coordinates of every point

have been calculated, the new observations must be represented in the grid, updating

the occupancy probability of the affected cells. As each cell covers several squared

centimeters of the map, it is usual that more than one detected point is located into

the same cell for the same observation. Consequently, the occupancy probability of

each cell is increased as many times as points are detected to belong to it.

3 Localization from Flying Robot

Only the information provided by the depth camera is used to estimate the flying

robot position in the environment. The depth information provided is considered

as gray-level values of a traditional image. From these image pixel values, a series

of characteristic points (or corners) are extracted to create spatial relations that are

placed in the map. When new spatial relations are created from detected corners, they

are compared to the previously created ones and identified to calculate their location

in the map. Finally the robot position is estimated starting from that information. A

flow diagram of the localization algorithm is presented in Fig. 2.

Creating an image representation of the distance measurements enables the use of

corner detection algorithm. Concretely, the Harris algorithm has been used for this
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Fig. 2 Flow diagram of the localization algorithm

purpose, mainly because its computational cost is lower than other approaches such

as SIFT. Applying Harris algorithm to the distance image results in a list of corners.

In our case a hierarchy of two levels of corners is implemented. The first level of

corners is composed by those found in the initial distance image, Id. Usually not

many corners are found due to the low contrast of these images, although the gotten

corners are quite resistant to noise. Some filters are performed on image Id to get

the second level of corners. A first filter equalizes the image histogram to enhance

the contrast. After that, as noise is also enhanced with the equalization, a smoothing

Gaussian is applied to the equalized result, obtaining If .
Using Harris algorithm on If returns more corners than on Id, but they will be less

resistant to noise. Hence, spatial relations based on corners belonging to level 1 are

more trusted. So, they have higher priority than those based on corners belonging

to level 2. But the last ones are mandatory for a correct localization as level 1 rarely

contains enough corners to achieve a good localization.

Once the corners are extracted, spatial relations connecting every pair of points

from the same level are established. Some information is associated to these spatial

relations in order to define and to identify them. As the map coordinates of the cor-

ners are unknown at the beginning, the information associated to spatial relations is

independent of the location in the map. The spatial relations information contains

the following attributes: priority, according to the level of the corners belonging to

the spatial relation, and distance in meters between the two points, N, calculated as

follows:
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N =
√

(xd1 − xd2)2 + (yd1 − yd2)2 + (zd1 − zd2)2 (4)

where the first corner has (xd1, yd1, zd1) as camera coordinates, and the second one

has coordinates (xd2, yd2, zd2). The third and fourth attributes are the slopes between

x and y coordinates and between x and z coordinates of the vector connecting the two

corners in the space. The slope between x and y is calculated as follows:

Sy =
|xd1 − xd2|
|yd1 − yd2|

(5)

Figure 3 shows an example of the spatial relations calculated on a depth image

taken by the flying robot in our research laboratory.

The next step in the localization algorithm is the identification of new spatial

relations to calculate their location in the map (that is, if some points have known

positions in the map, new points can also be placed if there are spatial relations be-

tween them), to finally estimate the robot position. For this purpose, the attributes

of distance and slope are compared to identify the spatial relations. When identify-

ing a spatial relation it is not necessary to find another identical one, but similarity

tolerance values 𝜏si and 𝜏sl in the distance between the points and in the slopes, re-

spectively, have been included.

Lastly, the flying robot position can be calculated. Instead of using the coordinates

of one point (or corner) like in the mapping algorithm, the coordinates of the two

corners that form the spatial relation are used. The system of equations is as follows:

Fig. 3 Example of spatial relations. (a) Depth image with second level corners. (b) Spatial relations

corresponding to a random corner
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xr = x1 + D1 sin(𝜃 + 𝜋 + 𝛼1)
xr = x2 + D2 sin(𝜃 + 𝜋 + 𝛼2)
yr = y1 + D1 cos(𝜃 + 𝜋 + 𝛼1)
yr = y2 + D2 cos(𝜃 + 𝜋 + 𝛼2) (6)

where xr and yr are the robot coordinates, 𝜃 is the robot orientation, x1 and y1 are

the coordinates of the first corner, x2 and y2 are the coordinates of the second point,

D1 and D2 are the distances between the robot and each point projected to the floor,

and 𝛼1 and 𝛼2 are angles between the flying robot orientation and segments D1 and

D2, respectively.

From this system of equations, the flying robot orientation is solved as follows:

X = x1 − x2 (7)

A = D1 cos(𝛼1) − D2 cos(𝛼2) (8)

B = D1 sin(𝛼1) − D2 sin(𝛼2) (9)

𝜃 = arccos

(
−2BX ±

√
(2BX)2 − 4(A2 + B2)(X2 − A2)

2(A2 + B2)

)
− 𝜋 (10)

After knowing the flying robot orientation, it is possible to calculate the coordi-

nates from the original equation (6).

4 Conclusions

In this paper, the authors have introduced the use of a depth camera for flying robot

mapping and localization in home facilities. Firstly, a map building algorithm for

flying robots has been introduced. The perceived environment is represented in a

map containing in each cell a probability of presence of an object or part of an object.

As the size of the environment is unknown a priori, it is not possible to create a

fixed-size occupancy grid. The environment is represented as a collection of modular

occupancy grids which are added to the map as far as the robot finds objects outside

the existing grids.

In our approach the depth camera is exploited as a range sensor for the mapping

purpose. Indeed, a depth camera used as a range sensor provides a powerful tool

for detecting objects in front of the robot by measuring the distance towards them.

Next, for our experiments with localization, the Harris corner detection algorithm

is applied. In this case, the depth camera is exploited as a gray-scale camera. The

gray-scale image represents distances for the purpose of finding good features to be

tracked. These features form the basis of the spatial relations used in the localization
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algorithm. The approach to the localization problem is based on the computation of

the spatial relations existing among the corners detected. The current spatial relations

are matched with the relations gotten during previous navigation.
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2.2 Simulation of Control Algorithms

One of the main objectives of this thesis is to improve the ability of motion and the stability
of UAVs. To achieve this goal, several robust control algorithms have been designed for
different models of air vehicles. This section presents the research papers on control schemes
which have been validated through simulation tests. Below, the published works are briefly
described and presented in different subsections.

The first paper deals with the design of a control scheme for a nonlinear and multivariable
quadrotor system model. The quadrotor is a rotatory-wing UAV with four rotors arranged
in form of a cross, characterized by its excellent maneuverability, agility, and versatility. For
this aircraft model, a generalized proportional integral (GPI) control scheme was designed
and its behavior validated by means of numerical simulations in the MATLAB/Simulink R©

environment. This research was published in the document included in Subsection 2.2.1:
“Generalized Proportional Integral Control for an Unmanned Quadrotor System”.

The second paper extensively addresses the dynamic modeling and control of a nonlinear,
underactuated and multivariable laboratory helicopter denominated Twin Rotor MIMO
System (TRMS). This platform, which has been essential in the development of this thesis,
is characterized by a high cross-coupling effect that makes it difficult to model and control.
Based on the division on mechanical and electrical dynamics, a nonlinear robust control
scheme compounded of two nested loops was designed and initially validated by simulation
tests. This work was published in the book chapter included in Subsection 2.2.2: “Nonlinear
Cascade-Based Control for a Twin Rotor MIMO System”.

Lastly, the third paper focuses on a flapping-wing air vehicle. It is a novel type of UAV of
very small size that attempts to emulate the flight characteristics of birds and insects. In this
case, an observer-based linear output feedback control was designed for trajectory tracking
tasks. The controller’s development is detailed in the document included in Subsection
2.2.3: “Robust Linear Longitudinal Feedback Control of a Flapping Wing Micro Air Vehicle”.
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2.2.1 Generalized Proportional Integral Control for an Unmanned
Quadrotor System

Publication Data

ABSTRACT:
In this article, a generalized proportional integral (GPI) control approach is presented
for regulation and trajectory tracking problems in a nonlinear, multivariable quadrotor
system model. In the feedback control law, no asymptotic observers or time
discretizations are needed in the feedback loop. The GPI controller guarantees the
asymptotically and exponentially stable behaviour of the controlled quadrotor position
and orientation, as well as the possibilities of carrying out trajectory tracking tasks.
The simulation results presented in the paper show that the proposed method exhibits
very good stabilization and tracking performance in the presence of atmospheric
disturbances and noise measurements.

CITATION:
A. Fernández-Caballero; L.M. Belmonte; R. Morales; J.A. Somolinos. “Generalized
Proportional Integral Control for an Unmanned Quadrotor System”. International
Journal of Advanced Robotic Systems, 12(85), 1–14. InTech, 2015. ISSN 1729-8806.
DOI: 10.5772/60833.

c© 2015 Author(s). Licensee InTech. This is an open access article distributed under the
terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.



66 Results



ARTICLE

International Journal of Advanced Robotic Systems

Generalized Proportional Integral Control
for an Unmanned Quadrotor System
Regular Paper

Antonio Fernández-Caballero1*, Lidia María Belmonte1, Rafael Morales1 and
José Andrés Somolinos2

1 Universidad de Castilla-La Mancha, Albacete, Spain
2 Universidad Politécnica de Madrid, Madrid, Spain
*Corresponding author(s) E-mail: Antonio.Fdez@uclm.es

Received 13 January 2015; Accepted 11 May 2015

DOI: 10.5772/60833

© 2015 Author(s). Licensee InTech. This is an open access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.

Abstract

In this article, a generalized proportional integral (GPI)
control approach is presented for regulation and trajectory
tracking problems in a nonlinear, multivariable quadrotor
system model. In the feedback control law, no asymptotic
observers or time discretizations are needed in the feedback
loop. The GPI controller guarantees the asymptotically and
exponentially stable behaviour of the controlled quadrotor
position and orientation, as well as the possibilities of
carrying out trajectory tracking tasks. The simulation
results presented in the paper show that the proposed
method exhibits very good stabilization and tracking
performance in the presence of atmospheric disturbances
and noise measurements.

Keywords Unmanned Aerial Systems, Flatness Approach,
Generalized Proportional Integral Control, Tracking
Trajectory Planning

1. Introduction

Unmanned aerial vehicles (UAVs) have attracted consid‐
erable interest for a wide variety of applications, including
meteorological observation, fire monitoring and patrolling,

to military purposes such as reconnaissance, monitoring
and communication [1]. UAVs can be classified into four
main categories based in their aerodynamic configuration
[2]: (a) fixed-wing UAVs, which require a runway to land
and take-off; (b) rotary-wing UAVs, which are able to land
and take-off vertically and which have high manoeuvra‐
bility; (c) blimp UAVs, which appear like balloons or
airships and which ensure lift by their helium-filled body;
and finally (d) flapping-wing UAVs, which are inspired by
flying insects and which can perform vertical take-off and
landing. Nevertheless, rotary-wing platforms have cap‐
tured a lot of attention in research projects because they
present a number of advantages with regard to other UAV
platforms. Their high manoeuvrability and ability to
vertically take-off and land, as well as the capacity to fly in
tough conditions to reach specified areas, make them ideal
vehicles for these applications. Among rotary-wing UAVs,
a new sub-classification can be considered [3]: (a) a single
rotor is composed by a main rotor on the top and another
rotor at the tail to achieve stability (a similar configuration
to a helicopter); (b) a coaxial presents two propellers
mounted in the same shaft rotating in opposite directions;
(c) a quadrotor consists of four rotors fitted in a cross-like
configuration; and (d) a multi-rotor consists of six or eight
rotors. They are very agile and are able to fly even when a
rotor does not work properly (there is redundancy due to
the large number of rotors). We should note that, according

1Int J Adv Robot Syst, 2015, 12:85 | doi: 10.5772/60833
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to this classification, the quadrotor configuration has been
the most widely used.

The quadrotor platform has four powerful rotors, each one
of which has independent rotational speed, mounted in a
square formation equidistant from the centre. The variation
in the speed of the rotors generates the thrust and acceler‐
ation in the desired direction. Among the advantages of this
platform are low cost, usability and ease of transportation,
and it is also able to move at low speeds to ensure good
quality images. However, despite the advantages of
quadrotors with respect to other UAV platforms, the
control of a quadrotor is a challenge due to its high
manoeuvrability, its highly coupled multivariable dynam‐
ics of a nonlinear nature, and its underactuated condition,
taking into account that it has six degrees of freedom (three
for position and three for attitude) and only four rotors. For
this reason, control techniques for these UAV platforms
have witnessed rapidly expanding research to achieve not
only autonomous hovering and orientation but also
trajectory tracking [4]. Zuo [5] studied the command-
filtered backstepping technique in order to stabilize a
quadrotor’s attitude without calculating analytically the
pseudo-control signal derivative, as well as to decrease the
dependent degrees of the analytic model. In Bouabdallah
et al. [6], the application of two different approaches is
presented, namely a PID approach assuming a simplified
dynamics, and the LQ technique based on a more complete
model. La Civita [7] proposed a robust control approach
combined with linear rotorcraft models. Madani and
Benallegue [8] presented a backstepping control strategy
taking into consideration that the quadrotor can be divided
into three subsystems: an under-actuated subsystem, a
fully-actuated subsystem, and a propeller subsystem.
Waslander et al. [9] presented two design approaches -
integral sliding modes and reinforcement learning - for the
altitude control loop. Both techniques resulted in stable
controllers with similar response times, showing a signifi‐
cant improvement over linear controllers (which failed to
stabilize the system adequately). Formentin and Lovera
[10] developed a control law based on the differential
flatness property of the position dynamics and the lineari‐
zation of the system via feedforward and a passivity-based
scheme. Furthermore, Gautam and Ha proposed in [11] a
self-tuning fuzzy PID controller based on an EKF algorithm
for the attitude and position control of a quadrotor. In a
recent paper, Chen et al. described in [12] a reconfiguration
control scheme for a quadrotor helicopter with actuator
faults via adaptive control and combined multiple models.
Sira-Ramrez studied in [13] an active disturbance rejection
control scheme for efficient regulation and trajectory
tracking tasks in a nonlinear, multivariable quadrotor
system model. Escareño et al. [14] developed a nonlinear
control strategy based on nested saturations that stabilizes
the state of the quadrotor around the origin.

Recently, generalized proportional integral (GPI) control‐
lers have demonstrated good performance in the control of
nonlinear systems. GPI control has been found to present a
better dynamic response than PID control in terms of the
settling time while exhibiting a greater degree of robustness

regarding disturbance rejection [15, 16]. GPI control
sidesteps the need for traditional asymptotic state observ‐
ers and directly proceeds to use, in a previously designed
state feedback control law, structural state estimates in place
of the actual state variables. These structural estimates are
based on integral reconstructors and require only inputs,
outputs and iterated integrals of such available signals. The
effect of the neglected initial states is suitably compensated
by means of a sufficiently large number of additional
iterated integral output errors, integral input errors and
control actions (see [17] for the relevant theoretical basis
and [18]-[20] for the application of these ideas in diverse
fields including laboratory experiments).

In this work, we extend the GPI control technique for both
stabilization and trajectory tracking tasks of an unmanned
quadrotor system. In the control law, neither asymptotic
observers nor time discretizations are therefore needed in
the feedback loop for the estimation of the states commonly
required in traditional state-based feedback controllers for
such systems.

The article is structured as follows. Section 2 presents the
quadrotor model, and the problem to be solved is formu‐
lated. Section 3 establishes the flatness system of the
quadrotor model. Next, the GPI controller to be used in the
control of the unmanned quadrotor system is derived. In
this section, it is proved that the GPI controller produces
asymptotically, exponentially convergent tracking-error
behaviour in relation to the origin of the coordinates in the
error space. Section 4 depicts digital computer simulations
showing the performance of the GPI controller and, finally,
Section 5 presents the conclusions of the work.

2. Quadrotor Dynamics and Problem Formulation

A quadrotor is an underactuated aircraft with four rotors.
The rotors are directed upwards and they are placed in a
square formation at an equal distance from the centre of
mass of the quadrotor, as shown in Figure 1.
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Figure 1. Quadrotor motion principle.

x and y, the vertical position z, and the orientation variable
ψ, asymptotically track the given references so that the
tracking-error trajectories are ultimately confined to a small
neighbourhood of the origin of the tracking-error phase space
and the variables θ and φ are confined to move in the interval
(−π

2 , π
2 ).

3. Control Design

3.1. Flatness of the System

According to the theory of differential flatness [24], a
dynamic system, ẋ = f(x, u), y = h(x), with x ∈ Rn, u ∈
Rm and y ∈ Rp, is said to be differentially flat if there exist
m differentially independent variables, called flat outputs
(by differentially independent is meant that they are not
related by any differential equation), which are functions
of the state vector and, possibly, of a finite number of
time derivatives of the state vector (i.e., derivatives of the
inputs may be involved in their definition), such that all
the system variables (states, inputs, outputs, and functions
of these variables) can, in turn, be expressed as functions
of the flat outputs and of a finite number of their time
derivatives. We have the following proposition:

Proposition 1: The quadrotor model given in (1)-(6) is
differentially flat, with a flat output vector given by (x,
y, z, ψ), i.e., all the system variables in (1)-(6) can be
differentially parameterized solely in terms of the flat
output vector components x, y, z and ψ, and a finite
number of their time derivatives. Their expressions are:

u = m
√

ẍ2 + ÿ2 + (z̈ + g)2 (7)

φ = arctan
(

ÿ
z̈ + g

)
(8)

θ = − arctan

 ẍ√
ÿ2 + (z̈ + g)2

 (9)

φ̇ =
y(3)(z̈ + g)− ÿz(3)

ÿ2 + (z̈ + g)2 (10)

θ̇ = − 1
[ẍ2 + ÿ2 + (z̈ + g)2]

√
ÿ2 + (z̈ + g)2

(11)

×
[

x(3)
[
ÿ2 + (z̈ + g)2

]
− ẍ

[
ÿy(3) + (z̈ + g)z(3)

]]
τψ = ψ̈ (12)

τφ =
y(4)(z̈ + g)− ÿz(4)

ÿ2 + (z̈ + g)2 (13)

− 2

(
y(3)(z̈ + g)− ÿz(3)

) (
ÿy(3) + (z̈ + g)z(3)

)
(ÿ2 + (z̈ + g)2)

2

τθ =
Π
(

ẍ, ÿ, z̈, x(3), y(3), z(3), x(4), y(4), z(4)
)

[ẍ2 + ÿ2 + (z̈ + g)2]
√

ÿ2 + (z̈ + g)2
(14)

+

(
x(3)

(
ÿ2 + (z̈ + g)2)− ẍ

(
ÿy(3) + (z̈ + g) z(3)

))
(ẍ2 + ÿ2 + (z̈ + g)2)

2
(ÿ2 + (z̈ + g)2)

3
2

×

[
2
(

ẍx(3) + ÿy(3) + (z̈ + g)z(3)
) (

ÿ2 + (z̈ + g)2
)

+
[

ẍ2 + ÿ2 + (z̈ + g)2
]
·
[
ÿy(3) +

(
z̈2 + g

)
z(3)
]]

and

Π
(

ẍ, ÿ, z̈, x(3), y(3), z(3), x(4), y(4), z(4)
)
= −x(4)

[
ÿ2 +

(
z̈2 + g

)]
−x(3)

[
ÿy(3) + (z̈ + g) z(3)

]
+ ẍ

[(
y(3)

)2
+ ÿy(4) +

(
z(3)
)2

+ (z̈ + g) z(4)
]

From expressions (7), (13) and (14), it can be seen
that the relationship between the control input vector,(
u, τφ, τθ , τψ

)
, and the flat output’s highest derivatives, is

not invertible. This reveals an obstacle in the input vector
to achieve static feedback linearization, and points to the
need for a second-order dynamic extension of the control
input u in order to exactly linearize the system (see [25] for
details on the use of dynamic feedback). This yields:

ü = m

(
x(3)

)2
+ ẍx(4) +

(
y(3)

)2
+ ÿy(4) +

(
z(3)
)2

(z̈ + g) z(4)√
ẍ2 + ÿ2 + (z̈ + g)2

− m

(
ẍx(3) + ÿy(3) + (z̈ + g) z(3)

)2

(
ẍ2 + ÿ2 + (z̈ + g)2

) 3
2

(15)
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Figure 1. Quadrotor motion principle

In the quadrotor, there are four rotors with fixed angles that
are basically the thrust generated by each propeller. The

2 Int J Adv Robot Syst, 2015, 12:85 | doi: 10.5772/60833
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change of speed in the propellers modifies the lift forces.
The pitch movement is obtained by increasing (reducing)
the speed of the propeller (1) while reducing (increasing)
the speed of the propeller (3). The roll movement is
obtained similarly by increasing (reducing) the speed of the
propeller (2) while reducing (increasing) the speed of the
propeller (4). The yaw movement is achieved by increasing
(decreasing) the speed between each pair of propellers.

The dynamic model of the quadrotor can be achieved
through the Euler-Lagrange formalism in [22, 23],

=mx uSq-&& (1)

=my uC Sq f&& (2)

=mz uC C mgq f -&& (3)

= yy t&& (4)

= qq t&& (5)

= ff t&& (6)

where Sθ ≡sinθ, Cθ ≡cosθ, Sϕ ≡sinϕ, Cϕ ≡cosϕ, m is the mass,
g  is the gravity acceleration, x and y are coordinates in the
horizontal plane, z is the vertical position, the angles ϕ, θ
and ψ express the independent orientation angles, u is
defined as the total thrust, and τψ, τθ and τϕ denote the
angular moments (yawing moment, pitching moment and
rolling moment, respectively).

Assumption 1: The orientation angles θ and ϕ are upper-

and lower-bounded in the intervals − π
2 <ϕ <

π
2  and

−
π
2 <θ <

π
2 .

After defining the system dynamics, the problem formula‐
tion studied in this work is now stated:

Given a set of smooth reference trajectories (x *,y *,z *,ψ *),
devise a feedback control such that the horizontal coordi‐
nates x and y, the vertical position z, and the orientation
variable ψ, asymptotically track the given references so that
the tracking-error trajectories are ultimately confined to a
small neighbourhood of the origin of the tracking-error
phase space and the variables θ and ϕ are confined to move

in the interval (− π
2 ,

π
2 ).

3. Control Design

3.1 Flatness of the System

According to the theory of differential flatness [24], a
dynamic system, ẋ= f(x,u), y=h(x), with x∈R n, u∈R m and
y∈R p, is said to be differentially flat if there exist m
differentially independent variables, called flat outputs (by

differentially independent is meant that they are not related
by any differential equation), which are functions of the
state vector and, possibly, of a finite number of time
derivatives of the state vector (i.e., derivatives of the inputs
may be involved in their definition), such that all the system
variables (states, inputs, outputs, and functions of these
variables) can, in turn, be expressed as functions of the flat
outputs and of a finite number of their time derivatives. We
have the following proposition:

Proposition 1: The quadrotor model given in (1)-(6) is
differentially flat, with a flat output vector given by (x, y,
z, ψ), i.e., all the system variables in (1)-(6) can be differen‐
tially parameterized solely in terms of the flat output vector
components x, y, z and ψ, and a finite number of their time
derivatives. Their expressions are:
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and

( ) ( )
( ) ( ) ( ) ( )

(3) (3) (3) (4) (4) (4) (4) 2 2

2 2(3) (3) (3) (3) (4) (3) (4)

, , , , , , , , =x y z x y z x y z x y z g

x yy z g z x y yy z z g z

é ùP - + +ë û
é ùé ù- + + + + + + +ë û ê úë û

&& && && && &&

&& && && && &&
(15)

From expressions (7), (13) and (14), it can be seen that the
relationship between the control input vector, (u,τϕ,τθ,τψ),
and the flat output’s highest derivatives, is not invertible.
This reveals an obstacle in the input vector to achieve static
feedback linearization, and points to the need for a second-
order dynamic extension of the control input u in order to
exactly linearize the system (see [25] for details on the use
of dynamic feedback). This yields:

( ) ( ) ( ) ( )
( )

( )( )
( )( )

2 2 2(3) (4) (3) (4) (3) (4)

22 2

2(3) (3) (3)

3
2 22 2

=
x xx y yy z z g z

u m
x y z g

xx yy z g z
m

x y z g

+ + + + +

+ + +

+ + +
-

+ + +

&& && &&
&&

&& && &&

&& && &&

&& && &&

(16)

Proof: By squaring expressions (1), (2) and (3), adding the
resulting terms and rearranging, it follows that

( )22 2=u m x y z g+ + +&& && && (17)

Now, from expressions (2) and (3), it is obtained that

=
( ) = = arctan

my uC S
ym z g uC C

z g

q f

q f f

ü
æ öï

+ Þ ç ÷ý
+è øï

þ

&&
&&&&
&& (18)

and

2 2 2 2
= ; =

( ) ( )
y z gS C

y z g y z g
f f

+

+ + + +

&& &&

&& && && &&
(19)

Then, by squaring solely expressions (2) and (3), adding the
resulting terms and rearranging, yields the following result

2 2= ( )uC m y z gf + +&& && (20)

Operating with expressions (1) and (19), we readily obtain

( )22
= arctan x

y z g
q

æ ö
ç ÷- ç ÷
ç ÷+ +è ø

&&

&& &&
(21)

and

2 2

2 2 2 2 2 2

( )
= ; =

( ) ( )

y z gxS C
x y z g x y z g

q q

+ +
-

+ + + + + +

&& &&&&

&& && && && && &&
(22)

Now, if the ψ angle is differentiated twice we arrive at

=yt y&& (23)

On the other hand, if the expressions (1), (2) and (3) are
differentiated with regard to the time and the terms are
rearranged,

(3) =mx uS uCq qq- - && (24)

(3) =my uC S uS S uC Cq f q f q fq f- +& && (25)

(3) =mz uC C uS C uC Sq f q f q fq f- -& && (26)

and, expressed in matrix notation,

(3)

(3)

(3)

1 ( , , )

0
1=

u

x S uC u
y C S uS S uC C

m
z C C uS C uC S

q q

q f q f q f

q f q f q f

q f

q
f

-

é ù é ù é ù- -
ê ú ê ú ê ú-ê ú ê ú ê ú
ê ú ê ú ê ú- - ë ûê úê ú ë ûë û

N
14444444444244444444443

&
&
& (27)

or

(3)

(3)

(3)

( , , )

=

0

u

S C S C C
xu

S S S CCm y
u u u

zC S
uC uC

q q f q f

q f q fq

f f

q q

q f

q
f

é ù
ê ú-

é ùê úé ù
ê úê úê ú - - - ê úê úê ú
ê úê úê úë û ê úë ûê ú

-ê ú
ë û

N
144444444424444444443

&
&
& (28)

If the expression (26) is differentiated now with regard to
the time, and the terms are rearranged taking into consid‐
eration that τθ = θ̈ and τϕ = ϕ̈, we obtain the following:

(4) 2= 2mx uS u C u S u Cq q q qq q q- - + -& & &&&& & (29)

(4)

2 2

= 2 2 2my uC S u S S u C C u S C

u C S u C S u S S u C C
q f q f q f q f

q f q f q f q f

q f qf

q f q f

- + -

- - - +

& & & &&& & &
& & && && (30)

(4)

2 2

= 2 2 2mz uC C u S C u C S u S S

u C C u C C u S C u C S
q f q f q f q f

q f q f q f q f

q f qf

q f q f

- - +

- - - -

& & & &&& & &
& & && && (31)
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and, expressed in matrix notation,

( )
( )

(4)

(4) 1

(4)

2

2 2

2 2

( , , , , , )

= ( , , )

2
1 2 2 2

2 2 2
u u

x u
y u
z

u C u S
u S S u C C u S C uC S

m
u S C u C S u S S uC C

q

f

q q

q f q f q f q f

q f q f q f q f

f q f q

q f t
t

q q

q f qf q f

q f qf q f

-

é ù é ù
ê ú ê ú
ê ú ê ú
ê ú ê ú
ê ú ë ûë û

é ù- +ê ú
ê ú+ - + - - +
ê ú
ê ú- - + - +ë û

T

N

144444444444 2
& &&

&&

& &&
& & & & & && &

& & & & & && &
44444444 44444444444444444443

(32)

or

( )2 2 2
(4)

(4) 2

(4)

( , , , , , )

2= ( , , )

2 2

u u

u C
xu

uu y S C
u

z Su
u C

q

q q q

f
q

q

f q f q

q f

qt q f f
t f qf

é ù
ê ú+

é ù ê úé ù
ê ú ê úê ú

+ - -ê ú ê úê ú
ê ú ê úê ú
ê úë û ë û ê ú- +ê ú

ë û
B

N

1444442444443
& &&

& &
&& && &

&& & &

(33)

Finally, the proof is completed after substituting (16), (18),
(21) and (27) in (32). □

3.2 GPI Controller Design

As was described in Section 1, GPI control consists of the
defective integral reconstruction of the state which, a
priori, neglects the effects of unknown initial conditions and
the effect of possible classical perturbation inputs (constant
and low-order time polynomial errors, such as ramps and
parabolic signals). They are based on the central observa‐
tion that the states of observable linear systems may be
integrally parameterized in terms of inputs and outputs

alone (i.e., linear combinations of inputs, outputs and of a
finite number of iterated integrals of signals). The errors of
integral reconstruction are to be compensated, later, by a
suitable linear controller containing a sufficient number of
iterated integrals of the tracking error or else of the input
error [21]. The control scheme proposed for the control of
the quadrotor model is illustrated in Figure 2.

From the developments obtained in the previous section,
the following input-to-highest-derivative of the flat
outputs’ relations is achieved:

(4)

(4)

(4)

=

=

xu
y
z

q

f

y

t
t

t y

é ùé ù
ê úê ú
× +ê úê ú
ê úê ú
ê úë û ë û

N B
&&

&&

(34)

Now, if we define the virtual input vector,

1=
u u

q q

f f

t
t

-

é ùé ù é ù¡
ê úê ú ê ú

¡ × -ê úê ú ê ú
ê úê ú ê ú¡ë û ë ûë û

N B
&& &&

(35)

and this input transformation is applied to the dynamical
system (33), the whole dynamics model is now expressed
as

(4) = ux ¡&& (36)

(4) =y q¡ (37)

(4) =z f¡ (38)

= yy t&& (39)

+

-
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&

&
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Figure 2. GPI control scheme.

input. Clearly, if there exists an auxiliary open-loop control
input Υ∗ü(t) that ideally achieves the tracking of x∗(t) for
suitable initial conditions, it thus satisfies the fourth-order
dynamics

[x∗](4) = Υ∗ü (39)
Subtracting (39) from (35) yields the following:

e(4)x = eΥü (40)

where ex = x− x∗(t) and eΥü = Υü − Υ∗ü(t). If we assume

that we are able to measure the variables e(3)x , ëx and ėx, the
following control law could be proposed:

eΥü = −kx
6e(3)x − kx

5 ëx − kx
4 ėx − kx

3ex (41)

In such a case, the closed-loop tracking error for the
x-position variable evolves, and is governed by

e(4)x + kx
6e(3)x + kx

5 ëx + kx
4 ėx + kx

3ex = 0 (42)

The design parameters {kx
6 , kx

5 , kx
4 , kx

3} are then chosen
so as to render the closed-loop characteristic polynomial
into a Hurwitz polynomial with desirable roots. The

signals e(3)x , ëx and ėx have to be either measured or
else estimated by means of an observer. In practice, the
estimation requires the use of online calculations based on
high-frequency samples of the variable’s trajectory ex(t).
Using integral reconstructors based on the integration
of the system dynamics, such estimations - or time
discretizations - are unnecessary. We resort to the
following integral reconstructors for such signals,

ê(3)x =
∫ t

0
eΥü (τ)dτ (43)

ˆ̈ex =
∫ t

0

∫ τ

0
eΥü (λ)dλdτ (44)

ˆ̇ex =
∫ t

0

∫ τ

0

∫ λ

0
eΥü (σ)dσdλdτ (45)

The relation between the structural estimates and the real
values of the states of the system are given by

e(3)x = ê(3)x + e(3)x (0) (46)

ëx = ˆ̈ex + e(3)x (0)t + ëx(0) (47)

ėx = ˆ̇ex + e(3)x (0)
t2

2
+ ëx(0)t + ėx(0) (48)

where e(3)x (0), ëx(0) and ėx(0) are the unknown initial
conditions of the states of the system. It is observed
in (46)-(48) that the difference between the structural
estimates and the real values exhibits a combination of
parabolic error, ramp error and offset error due to the
constant initial conditions. This immediately prompts us
to consider the possibility of using a modified feedback
controller including an integral error term, a double
integral error term and a triple integral error term, to
reject the possible effects of the possibly non-zero initial

conditions e(3)x (0), ëx(0) and ėx(0). We thus proceed to
propose the following controller:

eΥü = −kx
6 ê(3)x − kx

5 ˆ̈ex − kx
4

ˆ̇ex − kx
3ex − kx

2

∫ t

0
ex(τ)dτ

− kx
1

∫ t

0

∫ τ

0
ex(λ)dλdτ − kx

0

∫ t

0

∫ τ

0

∫ λ

0
ex(σ)dσdλdτ (49)

Substituting (43)-(45) in (49), and after some
rearrangements, we achieve

eΥü = −kx
6

∫ t

0
eΥü (τ)dτ − kx

5

∫ t

0

∫ τ

0
eΥü (λ)dλdτ (50)

− kx
4

∫ t

0

∫ τ

0

∫ λ

0
eΥü (σ)dσdλdτ − kx

3ex − kx
2

∫ t

0
ex(τ)dτ

− kx
1

∫ t

0

∫ τ

0
ex(λ)dλdτ − kx

0

∫ t

0

∫ τ

0

∫ λ

0
ex(σ)dσdλdτ

After using Laplace’s transform in (50), we obtain the final
form for the auxiliary control input variable eΥü ,

eΥü (s) = −
kx

3s3 + kx
2s2 + kx

1s + kx
0

s3 + kx
6s2 + kx

5s + kx
4

ex(s) (51)

On the other hand, the use of (46)-(48) on the modified
controller expression (49) results from the substitution
of expression (40) and differentiating on three occasions
in the following seventh-order linear tracking-error
dynamics:

e(7)x + kx
6e(6)x + kx

5e(5)x + kx
4e(4)x + kx

3e(3)x + kx
2 ëx + kx

1 ėx + kx
0ex = 0

(52)
The design coefficients {kx

6 , kx
5 , . . . , kx

1 , kx
0} are chosen so as

to render the closed-loop characteristic polynomial

s7 + kx
6s6 + kx

5s5 + kx
4s4 + kx

3s3 + kx
2s2 + kx

1s + kx
0 = 0 (53)
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The GPI-based flat output feedback controller is synthe‐
sized as follows: Expression (35) is a fourth-order system
in which is regulated the x -position of the quadrotor model
towards a given smooth reference trajectory, x *(t), with �ü
acting as an auxiliary control input. Clearly, if there exists
an auxiliary open-loop control input �ü

*(t) that ideally
achieves the tracking of x *(t) for suitable initial conditions,
it thus satisfies the fourth-order dynamics

(4)* *= uxé ù ¡ë û && (40)

Subtracting (39) from (35) yields the following:

(4) =x u
e e¡&& (41)

where ex = x − x *(t) and e�ü
= �ü − �ü

*(t). If we assume that we are

able to measure the variables ex
(3), ë x and ė x, the following

control law could be proposed:

(3)
6 5 4 3= x x x x

x x x xu
e k e k e k e k e¡ - - - -
&&

&& & (42)

In such a case, the closed-loop tracking error for the x -
position variable evolves, and is governed by

(4) (3)
6 5 4 3 = 0x x x x

x x x x xe k e k e k e k e+ + + +&& & (43)

The design parameters {k6
x,k5

x,k4
x,k3

x} are then chosen so as
to render the closed-loop characteristic polynomial into a
Hurwitz polynomial with desirable roots. The signals ex

(3),
ë x and ė x have to be either measured or else estimated by
means of an observer. In practice, the estimation requires
the use of online calculations based on high-frequency
samples of the variable’s trajectory ex(t). Using integral
reconstructors based on the integration of the system
dynamics, such estimations - or time discretizations - are
unnecessary. We resort to the following integral recon‐
structors for such signals,

(3)
0

ˆ = ( )
t

x u
e e dt t¡ò &&

(44)

0 0
ˆ = ( )

t

x u
e e d d

t
l l t¡ò ò &&

&& (45)

0 0 0
ˆ = ( )

t

x u
e e d d d

t l
s s l t¡ò ò ò &&

& (46)

The relation between the structural estimates and the real
values of the states of the system are given by

(3) (3) (3)ˆ= (0)x x xe e e+ (47)

(3)ˆ= (0) (0)x x x xe e e t e+ +&& && && (48)

2
(3)ˆ= (0) (0) (0)

2x x x x x
te e e e t e+ + +& & && & (49)

where ex
(3)(0), ë x(0) and ė x(0) are the unknown initial

conditions of the states of the system. It is observed in (46)-
(48) that the difference between the structural estimates and
the real values exhibits a combination of parabolic error,
ramp error and offset error due to the constant initial
conditions. This immediately prompts us to consider the
possibility of using a modified feedback controller includ‐
ing an integral error term, a double integral error term and
a triple integral error term, to reject the possible effects of
the possibly non-zero initial conditions ex

(3)(0), ë x(0) and
ė x(0). We thus proceed to propose the following controller:

(3)
6 5 4 3 2 0

1 00 0 0 0 0

ˆ ˆˆ= ( )

( ) ( )

tx x x x x
x x x x xu

t tx x
x x

e k e k e k e k e k e d

k e d d k e d d d
t t l

t t

l l t s s l t

¡ - - - - -

- -

ò
ò ò ò ò ò

&&
&& &

(50)

Substituting (43)-(45) in (49), and after some rearrange‐
ments, we achieve

6 50 0 0

4 3 20 0 0 0

1 00 0 0 0 0

= ( ) ( )

( ) ( )

( ) ( )

t tx x

u u u
t tx x x

x xu
t tx x

x x

e k e d k e d d

k e d d d k e k e d

k e d d k e d d d

t

t l

t t l

t t l l t

s s l t t t

l l t s s l t

¡ ¡ ¡

¡

- -

- - -

- -

ò ò ò
ò ò ò ò
ò ò ò ò ò

&& && &&

&&
(51)

After using Laplace’s transform in (50), we obtain the final
form for the auxiliary control input variable e�ü

,

3 2
3 2 1 0

3 2
6 5 4

( ) = ( )
x x x x

xx x xu

k s k s k s ke s e s
s k s k s k¡

+ + +
-

+ + +&&
(52)

On the other hand, the use of (46)-(48) on the modified
controller expression (49) results from the substitution of
expression (40) and differentiating on three occasions in the
following seventh-order linear tracking-error dynamics:

(7) (6) (5) (4) (3)
6 5 4 3 2 1 0 = 0x x x x x x x

x x x x x x x xe k e k e k e k e k e k e k e+ + + + + + +&& & (53)

The design coefficients {k6
x,k5

x,…,k1
x,k0

x} are chosen so as to
render the closed-loop characteristic polynomial

7 6 5 4 3 2
6 5 4 3 2 1 0 = 0x x x x x x xs k s k s k s k s k s k s k+ + + + + + + (54)

into a Hurwitz polynomial with desirable roots. Therefore,
the specification of the set of design coefficients

6 Int J Adv Robot Syst, 2015, 12:85 | doi: 10.5772/60833

72 Results



{k6
x,k5

x,…,k1
x,k0

x} is chosen so as to locate the desired closed-
loop poles in the left half of the complex plane. The control
parameters were selected so as to achieve the following
desired closed-loop characteristic polynomial,

( ) ( )32 2( ) = 2des
x x nx nx xp s s s s pz w w+ + + (55)

where ζx, ωnx and px are positive quantities. Therefore, the
design coefficients {k6

x,k5
x,…,k1

x,k0
x} are given by:

6
2 2 2

5
3 3 3 2 2 2

4
2 2 4 3 3 3

3
5 2 2 4

2
6 5

1
6

0

= 6
= 12 3 6
= 12 8 12 3
= 12 2 12 8
= 6 12 2
= 6
=

x
x nx x

x
x nx nx x nx x

x
x nx x nx x nx x nx x

x
x nx nx x nx x x nx x

x
x nx x nx x nx x

x
nx x nx x

x
nx x

k p
k p
k p p
k p p
k p p
k p
k p

z w

z w w z w

z w z w z w w

z w w z w z w

z w z w w

w z w

w

+

+ +

+ + +

+ + +

+ +

+

(56)

With a view to avoiding repetition, similar control laws are
developed for the position variables y and z (given in
expressions (36) and (37)). Substituting the pair x,�ü  by y,�θ
and z,�ϕ , respectively, the following feedback control laws
are obtained for the variables y and z :

3 2
3 2 1 0

3 2
6 5 4

( ) = ( )
y y y y

yy y y

k s k s k s ke s e s
s k s k s kq¡

+ + +
-

+ + +
(57)

3 2
3 2 1 0

3 2
6 5 4

( ) = ( )
z z z z

zz z z

k s k s k s ke s e s
s k s k s kf¡

+ + +
-

+ + +
(58)

On the other hand, the dynamics given in (38) comprise a
second-order system in order to control the orientation
angle ψ of the quadrotor towards a given smooth reference
trajectory, ψ *(t), with τψ acting as the control input. In this
case, the open-loop control input τψ

*(t) that ideally achieves
the tracking of ψ *(t) for suitable initial conditions satisfies
the following second-order dynamics:

* *= yy t&& (59)

Subtracting (58) from (38) yields

=e ey ty
&& (60)

where eψ =ψ −ψ *(t) and eτψ
=τψ −τψ

*(t). A PD feedback
controller, specifying the input tracking error, is given by

2 1=e k e k ey y
t y yy

- -& (61)

This yields, evidently, a differential equation for the output
tracking error, eψ, given by

2 1 = 0e k e k ey y
y y y+ +&& & (62)

The characteristic polynomial, associated with this equa‐
tion is

2
2 1 = 0s k s ky y+ + (63)

Thus, the design problem reduces to an appropriate choice
of the feedback controller gain so as to make the above
polynomial like Hurwitz’s. However, the tracking control‐
ler (60) requires knowledge of the signal ėψ. We resort to an
integral reconstructor for such a signal, aware of the fact
that such a reconstructor differs from the actual signal by
an unknown constant quantity fixed by the unchangeable
initial condition. We proceed by integrating (38) once and,
later on, by disregarding the constant error due to the
tracking-error velocity’s initial condition ėψ(0). The esti‐
mated error velocity ė

^
ψ can be computed in the following

form:

0
ˆ = (0) = ( )

t
e e e e dy y y ty

t t- ò& & & (64)

When the reconstructor is used in the derivative part of the
PD controller, the constant error is suitably compensated
by the addition of an integral error term to reject the effect
of the unknown constant initial conditions ėψ(0). We thus
proceed to propose the following controller:

2 1 0 0
ˆ= ( )

t
e k e k e k e dy y y
t y y yy

t t- - - ò& (65)

Substituting (63) in (64), and after some rearrangement, we
achieve

2 1 00 0
= ( ) ( )

t t
e k e d k e k e dy y y
t t y yy y

t t t t- - -ò ò (66)

Following a similar procedure to that used for the variables
x, y and z, and using Laplace’s transform, the following
result is yielded for the control input variable eτψ

 :

1 0

2

( ) = ( )x

k s ke s e s
s k

y y

t yy

+
-

+
(67)

Now, using (63) in the modified controller (64) results upon
substitution of (59), and differentiating once with regard to
time for the following third-order linear tracking-error
dynamics,
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(3)
2 1 0 = 0e k e k e k ey y y

y y y y+ + +&& & (68)

the characteristic polynomial, associated with the previous
equation, is easily shown to be

3 2
2 1 0 = 0s k s k s ky y y+ + + (69)

where the set of design coefficients {k2
ψ,k1

ψ,k0
ψ} are chosen

so as to make the above polynomial like Hurwitz’s with
desirable roots. In order to specify the parameters
{k2

ψ,k1
ψ,k0

ψ}, we can choose to locate the desired closed-loop
poles in the left half of the complex plane. In particular, they
were selected so as to achieve the following desired closed-
loop characteristic polynomial,

( )( )2 2( ) = 2des
n np s s s s py y y y yz w w+ + + (70)

where ζψ, ωnψ and pψ are positive quantities. Identifying
each term of the expression (68) with those of (69), we
obtain directly the value of the set of coefficients
{k2

ψ,k1
ψ,k0

ψ}, which are given by

2 = 2 nk py
y y yz w + (71)

2
1 = 2 n nk py

y y y yz w w+ (72)

2
0 = nk py

y yw (73)

Next, using (34), the following result is obtained:
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Finally, the section is concluded by stating the following
proposition, as proved in the above developments:

Proposition 2: Given a set of smooth reference trajectories
(x *,y *,z *,ψ *), for the horizontal coordinates x and y, the
vertical position z and the orientation variable ψ in the
quadrotor dynamics, defined by expressions (1)-(6), then
the feedback controller defined by expressions (51), (56),
(57), (66) and (71) produces the closed-loop behaviour of

the tracking errors, ex = x − x *(t), ey = y − y *(t), ez = z − z *(t) and
eψ =ψ −ψ *(t), which is locally governed by the linear
dynamics

(7) (6) (5) (4) (3)
6 5 4 3 2 1 0

(3)
2 1 0

= 0
= 0

i i i i i i i
i i i i i i i ie k e k e k e k e k e k e k e

e k e k e k ey y y
y y y y

+ + + + + + +

+ + +

&& &
&& & (75)

where the sub-index i = x,y,z, the design coefficients of
which can be chosen according to expressions (55) and (70)
so as to render the origin of the tracking-error space into an
exponential asymptotically equilibrium point.

4. Numerical Simulations

Numerical simulations were carried out in order to verify
the efficiency of the proposed approach in terms of the
quick convergence of the tracking errors to a small neigh‐
bourhood of zero, smooth transient responses and low
control effort. In the simulations, in order to evaluate the
performance of the proposed controller, it is desirable to
track the following sinusoidal trajectories for the variables
x and y (defined as x *(t) and y *(t) respectively),

( )* ( ) = sin sinx t R at bt+ (76)

( )* ( ) = cos cosy t R at bt- (77)

whereby R =4 m , a =0.0625 rad / s  and b =0.1875 rad / s . The
trajectory defined for the flat output z, defined as z *(t), is a
smooth trajectory defined during a finite interval of the
form ti,tf , from an initial value z *(ti)= z̄ i, to a final desired
value z *(tf )= z̄ f . We set, for instance,

( )( ) = ( , , )i f i f iz t z z z t t tj* + - (78)

with z̄ i =0 m  and z̄ f =5 m , ti =0 s , and where tf =25 s  and
φ(t ,tf ,ti) are defined as a Bezier polynomial smoothly
interpolating between 0 and 1 in the time interval ti,tf . We
choose a 16th-order Bezier polynomial:

i
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K (79)

where the coefficients r1,..., r9 were obtained with polyno‐
mial interpolation satisfying the following restrictions:
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(3) (7)

(3) (7)
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(80)

We find that:

1 2 3

4 5 6

7 8 9

= 12870 = 91520 = 288288
= 524160 = 600600 = 443520
= 205920 = 54912 = 6435

r r r
r r r
r r r

(81)

Finally, the trajectory for the flat output variable ψ, defined
as ψ *, is designed as a linear evolution as

* =
2

ctpy + (82)

with c =0.8 rad / s .

On the other hand, the sets of coefficients of the GPI
controller {k6

x,k5
x,k4

x,…,k0
x}, {k6

y,k5
y,k4

y,…,k0
y},

{k6
z,k5

z,k4
z,…,k0

z} and {k2
ψ,k1

ψ,k0
ψ} were designed with the help

of the following dominating Hurwitz characteristic
polynomials (s 2 + 2ζxωnxs + ωnx

2 )3(s + px),
(s 2 + 2ζyωnys + ωny

2 )3(s + py), (s 2 + 2ζzωnzs + ωnz
2 )3(s + pz) and

(s 2 + 2ζψωnψs + ωnψ
2 )(s + pψ) with ζx =1, ωnx =2, px =2, ζy =1,

ωny =2, py =2, ζz =1, ωnz =2, pz =2, ζψ =1, ωnψ =1 and pψ =1. The
time-sampling used in the simulations is set as 1⋅10−3 s .

Two sets of simulations were developed to establish a
comparison between the GPI control presented in this
paper and a classical PID control. The comparison is carried
out on the basis of the following aspects: (1) the stabilization

process and trajectory tracking; (2) performance when the
signals are noisy; and (3) responses to environmental
uncertainties, such as gusty winds. These simulations will
be described in detail in what follows.

4.1 Simulation under Ideal Conditions

In this computer simulation, the quadrotor has to track the
trajectory defined by expressions (73), (75) and (78) under
ideal conditions, which implies that the measured signals
are not corrupted by noise and that there are no environ‐
mental uncertainties.

The time evolution of the closed-loop centre of mass
position-variables using the GPI and the PID control is
illustrated in Figure 3, and the controlled evolution of the
centre of mass of the quadrotor in 3D is depicted in Figure
4. As can be observed, the tracking of the variables x, y and
z of the prescribed trajectory illustrates that the GPI control
drives the system towards perfect tracking of the prescri‐
bed trajectories, showing an important improvement with
respect to the PID control. This fact is demonstrated in full
in the tracking trajectory of the quadrotor in 3D. Addition‐
ally, the tracking for the ψ variable presents better behav‐
iour using the GPI controller, as is observed in Figure 5.
Furthermore, in Figure 5 is shown the evolution of all the
closed-loop attitude variables of the quadrotor using the
GPI and PID controllers. Finally, the evolution of the
control input variables is displayed in Figure 6, using the
GPI and the PID control, illustrating the efforts made by the
feedback controllers in guiding the errors of the states
towards a fairly small neighbourhood close to zero.

4.2 Robustness with Respect to Noisy Signals and
Environmental Perturbations

In this computer simulation, the measured controlled
variables x̃, ỹ, z̃ and ψ̃ are affected by an additive, zero
mean, high-frequency noise μn(t), for n = x,y,z,ψ, such that,
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mean, high-frequency noise µn(t), for n = x, y, z, ψ, such
that,

x̃(t) = x(t) + µx(t)

ỹ(t) = y(t) + µy(t) (80)

z̃(t) = z(t) + µz(t)

ψ̃(t) = ψ(t) + µψ(t)

where the selected standard deviations µn(t), for n =
x, y, z, were set to be 3.17 · 10−4, and the standard deviation
for µψ(t) was set to be 3.17 · 10−4. Additionally, we
introduced in the simulation the atmospheric disturbances
(gusty wind) shown in Figure 7 and defined as in [26].
Figure 8 depicts the controlled evolution of the position
variables of the centre of mass of the quadrotor under
noisy measurements and atmospheric disturbances, and
Figure 9 displays the evolution of the centre of mass of
the quadrotor in 3D under these new conditions. Similarly

as with the previous simulations, the performance of the
quadrotor using the GPI control is improved significantly
in comparison to that obtained with the PID control. It
is observed that, when the atmospheric disturbances affect
the quadrotor, the GPI controller corrects these undesirable
effects and again drives the tracking error trajectories to
a small neighbourhood on the origin of the tracking-error
phase space. In Figure 10 is presented the evolution of all
the closed-loop attitude variables of the quadrotor using
the GPI and PID controllers as well as the tracking for
the variable ψ, showing again improved behaviour with
respect to the PID controller. Finally, in Figure 11 is
displayed the evolution of the control inputs using the GPI
and the PID controllers. In this figure the high robustness
of the GPI control is demonstrated in comparison with
the PID control when the measured controlled signals are
affected by noise.
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mean, high-frequency noise µn(t), for n = x, y, z, ψ, such
that,

x̃(t) = x(t) + µx(t)

ỹ(t) = y(t) + µy(t) (80)

z̃(t) = z(t) + µz(t)

ψ̃(t) = ψ(t) + µψ(t)

where the selected standard deviations µn(t), for n =
x, y, z, were set to be 3.17 · 10−4, and the standard deviation
for µψ(t) was set to be 3.17 · 10−4. Additionally, we
introduced in the simulation the atmospheric disturbances
(gusty wind) shown in Figure 7 and defined as in [26].
Figure 8 depicts the controlled evolution of the position
variables of the centre of mass of the quadrotor under
noisy measurements and atmospheric disturbances, and
Figure 9 displays the evolution of the centre of mass of
the quadrotor in 3D under these new conditions. Similarly

as with the previous simulations, the performance of the
quadrotor using the GPI control is improved significantly
in comparison to that obtained with the PID control. It
is observed that, when the atmospheric disturbances affect
the quadrotor, the GPI controller corrects these undesirable
effects and again drives the tracking error trajectories to
a small neighbourhood on the origin of the tracking-error
phase space. In Figure 10 is presented the evolution of all
the closed-loop attitude variables of the quadrotor using
the GPI and PID controllers as well as the tracking for
the variable ψ, showing again improved behaviour with
respect to the PID controller. Finally, in Figure 11 is
displayed the evolution of the control inputs using the GPI
and the PID controllers. In this figure the high robustness
of the GPI control is demonstrated in comparison with
the PID control when the measured controlled signals are
affected by noise.
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5. Conclusions

In this paper, the theoretical applicability of the GPI
controller technique for regulation and trajectory tracking
problems in a quadrotor has been investigated. The
proposed scheme renders state observers and time
discretizations completely unnecessary. GPI control
sidesteps the need for traditional asymptotic state
observers and proceeds directly to use structural state
estimates in place of the actual state variables. The
effect of such structural estimates in the controller are
neglected in the feedback control law by means of suitable
integral output tracking-error feedback control actions.
Numerical simulations were provided to demonstrate the
effectiveness of the proposed approach in comparison
with the classical PID control in the following terms: (a)
stabilization and trajectory tracking tasks; (b) performance
when the measured signals are corrupted by noise; and (c)

dynamic response when atmospheric disturbances, such
as gusty wind, affect the quadrotor. The results show
that the behaviour of the proposed approach improves
the behaviour of the system in all aspects in comparison
to the PID controller. Future work will be devoted
to verifying the effectiveness of the proposed control
algorithm through use in experiments with a real platform.
This will be the topic of future publications.
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In this paper, the theoretical applicability of the GPI
controller technique for regulation and trajectory tracking
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proposed scheme renders state observers and time
discretizations completely unnecessary. GPI control
sidesteps the need for traditional asymptotic state
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estimates in place of the actual state variables. The
effect of such structural estimates in the controller are
neglected in the feedback control law by means of suitable
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effectiveness of the proposed approach in comparison
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stabilization and trajectory tracking tasks; (b) performance
when the measured signals are corrupted by noise; and (c)
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as gusty wind, affect the quadrotor. The results show
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where the selected standard deviations μn(t), for n = x,y,z,
were set to be 3.17⋅10−4, and the standard deviation for μψ(t)

was set to be 3.17⋅10−4. Additionally, we introduced in the
simulation the atmospheric disturbances (gusty wind)
shown in Figure 7 and defined as in [26]. Figure 8 depicts
the controlled evolution of the position variables of the

centre of mass of the quadrotor under noisy measurements
and atmospheric disturbances, and Figure 9 displays the
evolution of the centre of mass of the quadrotor in 3D under
these new conditions. Similarly as with the previous
simulations, the performance of the quadrotor using the
GPI control is improved significantly in comparison to that
obtained with the PID control. It is observed that, when the
atmospheric disturbances affect the quadrotor, the GPI
controller corrects these undesirable effects and again
drives the tracking error trajectories to a small neighbour‐
hood on the origin of the tracking-error phase space. In
Figure 10 is presented the evolution of all the closed-loop
attitude variables of the quadrotor using the GPI and PID
controllers as well as the tracking for the variable ψ,
showing again improved behaviour with respect to the PID
controller. Finally, in Figure 11 is displayed the evolution
of the control inputs using the GPI and the PID controllers.
In this figure the high robustness of the GPI control is
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measured controlled signals are affected by noise.
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In this paper, the theoretical applicability of the GPI
controller technique for regulation and trajectory tracking

problems in a quadrotor has been investigated. The
proposed scheme renders state observers and time discre‐
tizations completely unnecessary. GPI control sidesteps the
need for traditional asymptotic state observers and pro‐
ceeds directly to use structural state estimates in place of
the actual state variables. The effect of such structural
estimates in the controller are neglected in the feedback
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control law by means of suitable integral output tracking-
error feedback control actions. Numerical simulations were
provided to demonstrate the effectiveness of the proposed
approach in comparison with the classical PID control in
the following terms: (a) stabilization and trajectory tracking
tasks; (b) performance when the measured signals are
corrupted by noise; and (c) dynamic response when
atmospheric disturbances, such as gusty wind, affect the
quadrotor. The results show that the behaviour of the
proposed approach improves the behaviour of the system
in all aspects in comparison to the PID controller. Future
work will be devoted to verifying the effectiveness of the
proposed control algorithm through use in experiments
with a real platform. This will be the topic of future
publications.
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2.2.2 Nonlinear Cascade-Based Control for a Twin Rotor MIMO
System
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Abstract

This research is  focused on the development of  a  nonlinear cascade-based control
algorithm for a laboratory helicopter-denominated Twin Rotor MIMO System (TRMS).
The TRMS is  an underactuated nonlinear multivariable system, characterised by a
coupling effect between the dynamics of the propellers and the body structure, which
is caused by the action-reaction principle originated in the acceleration and deceleration
of the propeller groups. Firstly, this work introduces an extensive description of the
platform’s dynamics, which was carried out by splitting the system into its electrical and
mechanical parts. Secondly, we present a design of a nonlinear cascade-based control
algorithm that locally guarantees an asymptotically and exponentially stable behaviour
of the controlled generalised coordinates of the TRMS. Lastly, a demonstration of the
effectiveness of the proposed approach is provided by means of numerical simulations
performed under the MATLAB®/Simulink® environment.

Keywords: nonlinear control, timescale modelling, twin rotor, MIMO systems, labora-
tory platform

1. Introduction

Currently,  there  are  many  possible  uses  for  unmanned  aerial  vehicles  (UAVs),  such  as
inspection operation, battle field operation, forest fire detection, meteorological observation,
or search and rescue operation, among others. All these applications require achieving precise
control systems. This has motivated an increased interest in the last years from researchers in
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developing effective control algorithms for UAVs [1–4]. In many cases, the development of
new control strategies requires the use of software and platforms which are able to simulate
the operation of the UAVs in order to perform experimental tests for evaluating the different
designs. The use of this kind of tools increases the productivity and reduces the development
time.  For  this  purpose,  different  laboratory test  rigs  have been specifically  designed for
teaching and research in flight dynamics and control. One such platform is the laboratory
helicopter used in this research, namely the Twin Rotor MIMO System (TRMS) [5]. The TRMS
is a nonlinear, multivariable and underactuated system, characterised by a coupling effect
between the dynamics of the propellers and the body structure, which is caused by the action-
reaction principle originated in acceleration and deceleration of the motor-propeller groups.
All these features make the control of the TRMS to be perceived as a challenging engineering
problem (note that the TRMS, and other laboratory platforms with similar dynamics are more
difficult to control than a real helicopter platform [6]). The achievement of an accurate system
dynamics model is a challenging problem, whilst, at the same time, an important issue is to
develop accurate and efficient control systems.

The development of the dynamic model for the TRMS has been studied by an important
number of researches. Ahmad et al. presented mathematical models for the dynamic charac-
terisation of the TRMS, using a black box system identification technique [7] and radial basis
function (RBF) networks [8]. Shaheed modelled the dynamics of the TRMS by means of a
nonlinear autoregressive process through external input (NARX) approach with a feed-
forward neural work and a resilient propagation (RPROP) algorithm [9]. Rahideh and Shaheed
have also contributed to the study of the TRMS dynamics by using both Newton- and
Lagrange-based methods [10], and two models based on neural networks using Levenberg-
Marquardt (LM) and gradient descent (GD) algorithms [11]. Toha and Tokhi presented an
adaptive neuro-fuzzy inference system (ANFIS) network design, which was deployed and
used for the TRMS modelling [12]. Finally, Tastemirov et al. developed a complete dynamic
TRMS model using the Euler-Lagrange method [13].

On the other hand, the design of the control system for the TRMS has been widely discussed
through several investigations. Ahmad et al. developed the dynamic model and implemented
a feed-forward/open-loop control [14] and a linear quadratic Gaussian control [15]. López-
Martínez et al. studied the design of a longitudinal controller based on Lyapunov functions
[16], and the application of a nonlinear L2 controller [17]. Rahideh et al. presented an experi-
mental implementation of an adaptive dynamic nonlinear model inversion control law using
artificial neural networks [18]. Other interesting works are those of Tao et al. who designed a
parallel distributed fuzzy linear quadratic regulator (LQR) controller [19]. Studies of Reynoso-
Meza et al. developed a holistic multi-objective optimisation design technique for controller
tuning [20], or the use of a particle swarm optimisation (PSO) algorithm for the proportional-
integral-derivative (PID) controller optimisation developed by Coelho et al. [21].

The aim of the present research is to develop a nonlinear cascade-based control algorithm in
order to locally guarantee an asymptotically and exponentially stable behaviour of the
controlled generalised coordinates of the TRMS. Additionally, the effectiveness of the proposed
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nonlinear feedback controller in terms of stabilisation and position tracking performance is
demonstrated by means of numerical simulations. Finally, the paper is organised as follows.

Section 2 introduces a description of the TRMS platform by illustrating the details of the
dynamics model obtained into two phases: electrical and mechanical parts. Section 3 describes
the nonlinear cascade-based controller scheme proposed. The results of the numerical
simulations performed under the MATLAB®/Simulink® environment are depicted in Section
4, and, finally, Section 5 is devoted to the conclusions of the work.

2. System description

The TRMS (see Figure 1) is a laboratory helicopter platform manufactured by Feedback
Instruments Ltd©. The TRMS is composed of two propellers that are perpendicular to each other
and placed in the extreme of a beam that can rotate freely in both vertical and horizontal planes.
Each propeller is driven by a DC motor, thus forming the main and tail rotor of the platform.
A main feature of the TRMS is that its movement, unlike a real helicopter, is not achieved by
varying the angle of attack of the blades. In this case, the movement of the platform is gotten
by means of the variation in the angular velocity of each propeller, which is caused by the
change in the control input voltage of each motor.

Figure 1. Twin rotor MIMO system.

Nonlinear Cascade-Based Control for a Twin Rotor MIMO System
http://dx.doi.org/10.5772/64875
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This constructive simplification in the TRMS model substantially complicates the dynamics of
the system, because a coupling effect between rotors dynamics and the body of the model
appears. This effect is caused by the action-reaction principle originated in acceleration and
deceleration of the motor-propeller groups.

In addition, the TRMS is an underactuated system. This implies that the number of variables
that act as control inputs (voltages applied to the main and the tail rotor; �� and �� respectively)

is lower than the number of degrees of freedom (DoF) of the system. The DoF are: the pitch
(�) and the yaw (�) angles, both measured by digital encoders, as well as the angular velocities
of the rotors (�� for the main rotor and ��for the tail), both measured by DC tachometers.

Finally, we have to remark that the laboratory platform is locked mechanically, so it cannot
move more than ±2.82 rad in the horizontal plane from −1.05 to +1.22 rad in the vertical plane
[22]. In other words, −2.82 rad ≤ � ≤ + 2.82 rad and −1.05 rad ≤ � ≤ + 1.22 rad.

2.1. Dynamic model of the TRMS

The development of an efficient control algorithm requires a model that represents the dynamic
behaviour of the platform under study as accurately as possible. In the particular case of the
Twin Rotor MIMO System, the modelling has been addressed from several approaches [7–
13]. However, not all of them provide a model that represents the entire complex dynamic
behaviour of this experimental platform. For instance, models based on identification techni-
ques have difficulties in representing the effects of coupling, which are characteristic in this
platform [7], and neuronal networks and learning algorithms allow obtaining accurate models,
but limited to a range of input values and frequencies [11]. Based on previous works developed
for the dynamic model of this platform [13, 22–24], a detailed dynamic model of the TRMS has
been developed by dividing the whole dynamics of the system in their electrical and mechan-
ical parts. This approach allows not only to adequately capture the complex dynamics
behaviour of the TRMS but also the development of novel control algorithms based on nested
feedback loops that offer a higher performance than classical control schemes. Moreover, the
use of the Euler-Lagrange method in the modelling of the mechanical structure of the TRMS
allows a higher adjustment with the real control laboratory platform in comparison with other
analytical methods based on the Newtonian approach [25]. The dynamic modelling has been
developed in two stages and validated by our research group by means of experimental
identification trials. It is presented in the following subsections. The first subsection illustrates
the dynamic model of the electrical part, and the second depicts the dynamic model of the
mechanical part of the system.

2.1.1. Dynamics of the electrical part

The electrical part of the system is formed by the interface circuit and the DC motors of the
main and tail rotors. The interface circuit is the internal electrical circuit that adapts the input
control voltages, applied in MATLAB®/Simulink® (�� for the main rotor and �� for the tail

rotor), to the actual voltage value of the DC motors (�� for the main rotor and �� for the tail
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rotor). This interface can be modelled as a linear relationship [13], obtaining the following
result:

v =
mm u mk u (1)

v =
tt u tk u (2)

where ��� and ��� denote the constant gains for the main and tail rotors, respectively. With

regard to the DC motors, there are two identical permanent magnet motors, one in each rotor
of the TRMS, with the only difference of the mechanical loads (the propellers). Bearing in mind
that the dynamics of the motor´s current can be neglected [13], the DC motor dynamics for the
main rotor and the tail rotor are the following ones:

vv w= +
mm m m mR i k (3)

vv w= +
tt t t tR i k (4)

where �� and �� are the motor currents (the subscripts m and t mean “main” and “tail”), ��
and �� represent the motor resistances, and ����� and ����� denote the electromotive

forces of each motor (�� and �� represent the angular velocities of the each motor). On the

other hand, the electromechanical balance of the torques acting on each motor is expressed

as:

1 vw w w w= - -&
m m mm m t m m Q m mI k i f C (5)

1 vw w w w= - -&
t t tt t t t t Q t tI k i f C (6)

being ��1 and ��1 are the moment of the inertia rotors, ����� and ����� denote the electrome-

chanical torques generated by the DC motors, ����� and ����� are the friction torques and����� ��  and ����� ��  illustrate the aerodynamic torques.

After substituting the expression for the current intensity of the respective motors [obtained
from Eqs. (3) and (4)] and the linear relationships for the interface circuit Eqs. (1) and (2), in
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Eqs. (5) and (6), and after operating and rearranging terms, the following two equations are
yielded for the main and tail rotors of the TRMS:

1

v
vw w w w

æ ö
= - + -ç ÷ç ÷

è ø
& m m m

m m m

t t
m m u m m Q m m

m m

k k k
I k u f C

R R
(7)

1

v
vw w w w

æ ö
= - + -ç ÷ç ÷

è ø
& t t t

t t t

t t
t t u t t Q t t

t t

k k k
I k u f C

R R
(8)

The dynamics of the electrical part of the TRMS is now expressed in a matrix form, using the
following compact notation:

( ) ( ) ( )( )t t t= + Γ&ω Nu ω (9)

where ω � = ��,�� � and u � = ��,�� � represent the vector of angular velocities and the

input control voltages, respectively, and, N= ����(��,   ��) and � �(�) = ��,�� � are defined

by:

1

1

0
0

 
0

0

m m

t t

t u

m mm

t t u

t t

k k
I Rn

n k k
I R

é ù
ê ú

é ù ê ú
= =ê ú ê ú
ë û ê ú

ê ú
ë û

N (10)

( ) 1 1

1 1

( )

m m m
m

t t t
t

t v Qm
v m m

m m mm

t t v Qt
v t t

t t t

k k C
f

R I I
t

k k C
f

R I I

w
w w

w
w w

é ùæ ö
- + -ê úç ÷ç ÷ê úGé ù è ø= = ê úê úG æ öë û ê ú
- + -ç ÷ê úç ÷ê úè øë û

Γ ω (11)

Finally, in order to complete the dynamic model of the electrical part of the TRMS, Tables 1
and 2 show the parameters used in the model, indicating the description of the parameters,
their values and their corresponding units. These values, which are based on the data presented
in [13], have been experimentally tuned and validated in the dynamics identification tests that
we have performed during our research.
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Symbol Parameter Value Units��� Motor velocity constant 0.0202 V rad−1 s�� Motor armature resistance 8 Ω�� Motor armature inductance 0.86 × 10−3 H��� Electromagnetic constant torque motor 0.0202 N m   A−1��� Coefficient linear relationship interface circuit 8.5 −
���+ Load factor (�� ≥ 0) 2.695 × 10−7 N m s2 rad−2
���− Load factor (�� < 0) 2.46 × 10−7 N m s2 rad−2��� Viscous friction coefficient 3.89 × 10−6 N m rad−1 s��1 Moment of inertia about the axis of rotation 1.05 × 10−4 kg m2
Table 1. Parameters of the main rotor.

Symbol Parameter Value Units��� Motor velocity constant 0.0202 V rad−1 s�� Motor armature resistance 8 Ω�� Motor armature inductance 0.86 × 10−3 H��� Electromagnetic constant torque motor 0.0202 N m A−1��� Coefficient linear relationship interface circuit 6.5 −��� Load factor 1.164 × 10−8 N m s2 rad−2��� Viscous friction coefficient 1.715 × 10−6 N m rad−1 s��1 Moment of inertia about the axis of rotation 2.1 × 10−5 kg m2
Table 2. Parameters of the tail rotor.

2.1.2. Dynamics of the mechanical part

In the development of the dynamic model of the mechanical part, we consider the mechanics
of the TRMS as an assembly of the following three components explained next. The first
component is formed by the two rotors, their shields and the free-free beam that links together
both rotors. The second component consists in the counterbalance and counterweight beam,
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and finally, the third component is the pivoted beam. Figure 2 helps to clarify the different
components considered in the dynamics of the mechanical part of the system. From the
previous division, and bearing in mind the notation used in Figures 3 and 4, the development
of the dynamic model is achieved by means of the application of the Euler-Lagrange formu-
lation. It can be summarised in the following steps:

1. Resolution of the forward kinematics of the three subsystems.

2. Evaluation of the kinetic energy.

3. Evaluation of the potential energy.

4. Obtaining the equations of motion.

Figure 2. Twin rotor MIMO system (TRMS) prototype platform.
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Figure 3. View of the TRMS on a vertical plane.

Figure 4. View of the TRMS on a horizontal plane.
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2.1.2.1. Resolution of the forward kinematics of the system

The problem of direct kinematics of the TRMS consists in determining the spatial position of
the three subsystems considered, according to the reference system located in the upper part
of the platform (see Figures 3 and 4). Using the Denavit-Hartenberg method, we can express
the position of a point on each subsystem (�1,�2,�3) parameterised by �1,�2,�3, which
represents the distances between the considerate points and the reference system associated
to each subsystem. The results of these positions are expressed in the following three equations
(where: �� ≡ sin�, �� ≡ cos�, �� ≡ sin� and �� ≡ cos�):

1 1 1 1 1 1 1 
x y z

T T
P P P R S C hC R C C hS R Sf y f f y f y
é ù é ù= = - + +ê ú ë ûë û

P (12)

2 2 2 2 2 2 2 
x y z

T T
P P P R S S hC R C S hS R Cf y f f y f y
é ù é ù= = - + + -ê ú ë ûë û

P (13)

3 3 3 3 3 3 0
x y z

T T
P P P R C R Sf f
é ù é ù= =ê ú ë ûë û

P (14)

2.1.2.2. Evaluation of the kinetic energy

In order to carry out the evaluation of the total kinetic energy of the TRMS, it is necessary to
calculate the kinetic energy corresponding to each of the three subsystems previously defined.
Starting with the first subsystem, its kinetic energy, T1, yields:

( ) ( ) 1 1 1

2 2 2 2 2 2
1 1 1 1

1 1 1
2 2 2y yf y f fy= = + + -ò & & && &T T TT dm R J C h m hS l mv (15)

( )2 2 2 2 2 2 2
1 1 1 1    2 y yf y fy= + + -& && &R C h R R hSv (16)

where � and � represent the yaw and the pitch angle, respectively, and mT1
, lT1

, and J1 are
obtained from the following expressions:

11 m mr ms t tr ts( ) Tdm R m m m m m m m= + + + + + =ò (17)

1
1

t m
tr ts mr ms1 1

1

                     (  ) 2 2

(  )

t m

T
T

m mm m l m m lR dm R
l

mdm R

æ ö æ ö+ + - + +ç ÷ç ÷
è øè ø= =ò

ò
(18)

2 2 2 2
1 t tr ts m mr ms ts ts ms ms

1 1 1 
3 3 2t mJ m m m l m m m l m r m ræ ö æ ö= + + + + + + +ç ÷ ç ÷

è ø è ø
(19)
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On the other hand, the kinetic energy for the second subsystem, T2, results in:

( ) ( ) 2 2 2

2 2 2 2 2 2
2 2 2 2

1 1 1
2 2 2y yf y f fy= = + + +ò & & && &T T TT dm R J S h m hC l mv (20)

( )2 2 2 2 2 2 2
2 2 2 2    2 y yf y fy= + + +& && &R S h R R hCv (21)

in which the terms ��2, ��2 and J2 are the following:

22 b cb( ) Tdm R m m m= + =ò (22)

2
2

b cb2 2

2

     (  )
2

(  )

b
mcb

T
T

lm m lR dm R
l

mdm R

+
= =ò
ò

(23)

2 2
2 b cb

1  
3 b cbJ m l m l= + (24)

On the other hand, the kinetic energy for the third subsystem, T3, gives the following result:

( )2 2
3 3 3 3

1 1
2 2

f= =ò &T dm R Jv (25)

2 2 2
3 3  f= &Rv (26)

being �3 = 13�ℎ�ℎ2 .
Finally, the total kinetic energy of the TRMS, T, is obtained as the sum of the kinetic energy of
each subsystem (Eqs. (15), (20) and (25)). One obtains the following result:

( )( )
( ) ( )

1 2

2 2 1 1

2 2 2 2
1 2 3 1 2 3

2
1 2

1
2
1
2

T T

T T T T

T T T T J C J S J h m m

J J h l m C l m S

y y

y y

f

y fy

= + + = + + + +

+ + + -

&

&& &
(27)
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2.1.2.3. Evaluation of the potential energy

Following a similar procedure to the one used in the computation of the kinetic energy, the
total potential energy of the TRMS, V, consists of the sum of the potential energy of each of the
three subsystems, the free-free beam (including rotors and shields), the counterbalance beam
and the pivoted beam. The following result is obtained:

( )1 1 2 21 2 3 T T T TV V V V g S l m C l my y= + + = - (28)

where:

( ) ( ) ( )
1 1 11 1 1 1 1zz T TV g r R dm R g P dm R gS l my= = =ò ò (29)

( ) ( ) ( )
2 2 22 2 2 2 2zz T TV g r R dm R g P dm R gC l my= = = -ò ò (30)

( ) ( ) ( )
33 3 3 3 3 0

zzV g r R dm R g P dm R= = =ò ò (31)

2.1.2.4. Equations of motion of the TRMS

The last step in the mechanical dynamic model of the TRMS is obtaining the equations of
motion of the system. The first step is the computation of the Lagrangian of the system, defined
as the difference between the total kinetic energy, defined in Eq. (27), and the total potential
energy, defined in Eq. (28), yielding the following:

( )( )
( ) ( ) ( )

1 2

2 2 1 1 1 1 2 2

2 2 2 2
1 2 3

2
1 2

1
2
1
2

T T

T T T T T T T T

L T V J C J S J h m m

J J h l m C l m S g S l m C l m

y y

y y y y

f

y fy

= - = + + + +

+ + + - - -

&

&& &
(32)

Once the Lagrangian function has been obtained, the equations of motion of the TRMS can be
derived using Lagrange’s formulation:

iv
d L L M
dt y y
æ ö¶ ¶

- =ç ÷¶ ¶è ø å&
(33)
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ih
d L L M
dt ff
æ ö¶ ¶

- =ç ÷
¶¶è ø

å&
(34)

where ∑��� and ∑��� represent the sum of the torques of the external forces along the vertical

and horizontal axes, respectively. The following expressions illustrate several partial results
necessary to achieve the equations of motion represented by Eqs. (33) and (34):

( ) ( )2 2 1 11 2 T T T T
L J J h l m C l m Sy yy f
y
¶

= + + -
¶

&&
&

(35)

( )( ) ( ) ( )1 1 2 2 1 1 2 2
2

2 1 T T T T T T T T
L J J C S h l m C l m S g l m C l m Sy y y y y yf fy
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¶

= - - + - +
¶

& & & (36)

( )( ) ( )1 2 2 2 1 1
2 2 2

1 2 3 T T T T T T
L J C J S J h m m h l m C l m Sy y y yf y
f
¶
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& &
& (37)

0L
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(39)
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(40)

The sum of the external torques in the vertical axis is shown next:

( )( )
v

v v

y

y y
w w w w y y w

= - - +

= - - + +

å
å & & &

m t t

m t

i T R F I

i T m m m R t t c t t

M M M M M

M C l C f f sgn k (41)

where ��� = ����� �� �� expresses the aerodynamic thrust torque caused by the rotation

of the main propeller, ��� = ����� ��  denotes the load torque created by air resistance in the

tail rotor, ��� = ����̇+ ������ �̇  represents the load torque as a result of the friction

(including the viscous effects and the Coulomb friction), and ��� = ���̇� represents the inertial

counter torque that is caused by the reaction produced by a change in the rotational speed of
the tail rotor.

On the other hand, the sum of the external torques in the horizontal axis is as follows:
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( )( ) ( )0v
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y y
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f f f f w
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where ��� = ����� �� ���� expresses the aerodynamic thrust torque of the tail propeller,��� = ����� �� �� represents the load torque created by air resistance in the main rotor,��� = (����̇+ ������(�̇)) denotes the load torque as a result of the friction (including the

viscous effects and the Coulomb friction), �� = ��(� − �0) is the magnitude of torque exerted

by the cable (it has a certain stiffness that allows to model it as a spring)), and finally��� = ���̇��� represents the inertial counter torque that is caused by the reaction produced

by a change in the rotational speed of the main rotor.

Upon merging Eq. (33) to Eq. (42), and after performing some rearrangements, one obtains the
following result for the equations of motion:
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(44)

If we use matrix notation, the dynamic model of the mechanical part of the TRMS can be
expressed in a compact form:

 (45)

in which �(�) = �(�),   �(�) � is the vector of generalised coordinates of the TRMS,�(�) = ��(�),   ��(�) � is the angular velocity vector, and the matrices �(�(�)), �(�(�), �̇(�)),�(�(�)), and the vectors �(�) and �(�(�), �̇(�), �̇(�)) are given by:
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(53)

Finally, after substituting Eqs. (51)–(53) into Eq. (50), the following yields:
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Symbol Parameter Value Units�t Length of the tail part of the free-free beam 0.282 m�m Length of the main part of the free-free beam 0.246 m�b Length of the counterbalance beam 0.290 m�cb Distance between the counterweight and the join 0.276 m�ms Radius of the main shield 0.155 m�ts Radius of the tail shield 0.1 mℎ Length of the pivoted beam 0.06 m�tr Mass of the tail DC motor and tail rotor 0.221 kg�mr Mass of the main DC motor and main rotor 0.236 kg�cb Mass of the counterweight 0.068 kg�t Mass of the tail part of the free-free beam 0.015 kg�m Mass of the main part of the free-free beam 0.014 kg�b Mass of the counterbalance beam 0.022 kg�ts Mass of the tail shield 0.119 kg�ms Mass of the main shield 0.219 kg�h Mass of pivoted beam 0.01 kg

Table 3. Mechanical parameters.

Symbol  Parameter Value Units���+ Thrust torque coefficient of the main rotor (�� ≥ 0) 1.53 × 10−5 N s2 rad−2
���− Thrust torque coefficient of the main rotor (�� < 0) 8.8 × 10−6 N s2 rad−2��� Load torque coefficient of the tail rotor 9.7 × 10−8 N m s2 rad−2��� Viscous friction coefficient 0.0024 N m s rad−1��� Coulomb friction coefficient 5.69 × 10−4 N m�t Coefficient of the inertial counter torque created by the change in �� 2.6 × 10−5 N m s2 rad−1
Table 4. Parameters of the pitch movement.
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Symbol  Parameter Value Units���+ Thrust torque coefficient of the tail rotor (�� ≥ 0) 3.25 × 10−6 N s2 rad−1
���− Thrust torque coefficient of the tail rotor (�� < 0) 1.72 × 10−6 N s2 rad−2
���+ Load torque coefficient of the main rotor (�� ≥ 0) 4.9 × 10−7 N m s2 rad−2
���− Load torque coefficient of the main rotor (�� < 0) 4.1 × 10−7 N m s2 rad−2��� Viscous friction coefficient 0.03 N m s rad−1��� Coulomb friction coefficient 3 × 10−4 N m�� Coefficient of the elastic force torque created by the cable 0.016 N m rad−1�0 Constant for the calculation of the torque of the cable 0 rad�� Coefficient of the inertial counter torque created by the change in �� 2 × 10−4 N m s2 rad−1
Table 5. Parameters of the yaw movement.

Finally, in order to complete the dynamic modelling for the mechanical part of the TRMS,
Tables 3–5 show in detail the parameters used in the model. For each parameter, its descrip-
tion, its value and the corresponding units is included. The initial approximation of these
values was based in the developments described in [13]. Additionally, some values of the pa-
rameters have been tuned by carrying out several identification trials.

3. Design of the control system

In this section, the proposed nonlinear control for the TRMS platform is described. The
proposed control is based on the division between the electrical and mechanical dynamics of
the system and uses a cascade-type nonlinear control algorithm. Figure 5 displays the
proposed control scheme. As it can be observed, the proposed design is composed of two
independent stages (or control loops) that are utilised to achieve stabilisation and precise
trajectory tracking tasks for the controlled position of the generalised system coordinates. It
should be noted that the proposed solution has been designed to overcome one of the limita-
tions of the TRMS, which is the fact of being an underactuated system. As result of this fact, it
only has two control actions (the input voltages of the main and tail rotors) to control the four
degrees of freedom of the system (the pitch and yaw angles, and the angular velocities of the
propellers). In this way, in order to meet this objective, once the dynamics of the TRMS have
been decoupled, a nonlinear multivariable inner loop is closed to control the vector of the
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angular velocities, and then, a nonlinear multivariable outer loop is closed to control the vector
of the generalised coordinates of the system. This solution, based on a control scheme with
two nested loops, allows a simplification in the design procedure as a result of its division into
two simpler processes. Moreover, the scheme can be implemented more easily and safely than
the standard controllers.

Figure 5. Nonlinear control scheme for the TRMS.

In the following subsections we describe the specifications and objectives of each control loop,
defined as the inner loop or electrical controller and the outer loop or mechanical controller.

3.1. Inner loop control

The objective of the inner loop control is to determine the input voltages of the main and tail

rotors (simulated in the MATLAB®/Simulink® environment), �(�) = ��,�� �, in order to

eliminate the difference between the vector of reference angular velocities, �*(�) = ��* ,��* �,
calculated in the outer loop stage (as will be described in the next subsection), and the current

vector of angular velocities of the propellers of the TRMS, �(�) = ��,�� �.

The magnitude of the input control voltage vector, �(�), necessary to achieve an asymptotically
stable convergent behaviour of the tracking error trajectories, is calculated as the following
nonlinear control law:

( ) ( ) ( )1 ( )- é ù= -ë ûγ Γt t tweu N (55)
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where N and � �(�)  where defined in Eqs. (10) and (11), respectively, and �� � = γ�, γ� �
represents a vector of auxiliary control inputs, given by the following expression:

(56)

where ��� ∈ ℝ2 × 2 is a constant diagonal positive definite matrix that represents the design

elements of a vector-valued classical proportional controller and �� � = �(�)−�*(�) is the
angular velocity error vector, which satisfies the following predominantly linear dynamic:

(57)

Finally, the coefficients of the matrix KPe are chosen so as to render the closed-loop characteristic
polynomial vectors into a Hurwitz polynomial vector with desirable roots.

3.2. Outer loop control

The aim of the outer loop control (mechanical controller) is to determine the required values

for the angular velocities of the two rotors, ω* (�) = ��* ,��* �, which will be the reference
inputs of the electrical loop (described in the above subsection), in order to eliminate the

difference between the generalised coordinates of the TRMS, q(�) = �,� �, and the reference

trajectories for the generalised coordinates of the TRMS q* (�) = �*,�* � .
As a previous step for determining the mechanical control law, a simplification in the dynamic
mechanical modelling of the TRMS has been considered. If we assume that the movement of
the platform is sufficiently smooth, the terms of the inertial counter torques, which are caused
by the reaction produced by the changes in the rotational speed of each rotor, ��� = ���̇� and��� = ���̇��� included in Eqs. (53) and (54), can be considered negligible in comparison with

the other terms. In this way, the dynamic equation of the mechanical part of the TRMS can be
rewritten as:

( )( ) ( ) ( ) ( )( ) ( )( ) ( ),+ = Ω&& &t t t t t tM q q D q q E q (58)

where the matrices �(�(�)), �(�(�)), and �(�) were defined in the previous section and the new

matrix �(�(�), �̇(�)) = ��,�� � is given by:

( ) ( ) ( )( )1 1 2 2
2

1 2 2
1
2 vy yy y y yf y y= - + + + +& & &T T T T cD J J S g l m C l m S f f sgn (59)

Nonlinear Cascade-Based Control for a Twin Rotor MIMO System
http://dx.doi.org/10.5772/64875

283

2.2 Simulation of Control Algorithms 101



( ) ( )( ) ( )( ) ( )
1 1 2 2

2
2 1 2 0vf ff y y yy fy f f f f= - + + - + + + -& & && &T T T T c cD h l m C l m S J J S f f sgn C (60)

The following nonlinear feedback control input vector, �(�), is synthesised as a multivariable
proportional-derivative (PD) controller with a cancellation term:

( ) ( )( ) ( )( ) ( ) ( ) ( )( )1 ,t t t t t t- é ù= +ë ûΩ γ &mE q M q D q q (61)

where ��(�) = γ�, γ� � is given by the following expression:

( ) ( ) ( ) ( )( ) ( ) ( )   ( ) ( )= = - - - -γ && && &&t t t t t t t* m * m *
m D Pq q K q q K q q (62)

in which ��� and ��� ∈ ℝ2 × 2 are the diagonal positive definite matrices that represent the

design elements of a vector-valued classical PD controller. Thereby, for the mechanical part,
the closed loop tracking error vector, ��(�) = �(�)− �*(�), evolves governed by:

( ) ( ) ( ) 0+ + =& && t t tm m
q D q P qe K e K e (63)

The controller design matrices ��� and ��� have been selected based in the philosophy used

for the electrical controller. They must be selected to render closed-loop characteristic poly-
nomial vectors into a Hurwitz polynomial vector with desirable roots. Finally, the necessary

angular velocity vector values, �*(�) = ��* ,��* �, are obtained from the input control vector,�(�) = �� �� �� �� �, by performing the following operation:

( )
( )
( )

*

*

m m m mm

t t t t t

sgn
t

sgn

w w w ww

w w w w w

é ù×é ù ê úê ú= = ê úê ú ×ê úë û ë û

*ω (64)

4. Results

This section describes the numerical simulations carried out in the MATLAB®/Simulink®

environment for the sake of verifying the efficiency of the proposed control approach in terms
of quick convergence of the tracking errors to a small neighbourhood of zero, smooth transient

Nonlinear Systems - Design, Analysis, Estimation and Control284

102 Results



responses and low control effort. In the simulations, the desired reference trajectory for the
pitch (�) and the yaw (�) angles have been defined by the next expression:

( )
( ) ( )( )

( ) ( ) ( )( )
* 0 1 1 2

*
1 1 2 2 3

2sin sin

sin sin sin

A A t t
t

A t A t t

y y y y

f f f f f

w wy

f w w w

é ù+ +é ù ê ú
ê ú= = ê ú
ê ú ê ú+ +ë û ê úë û

*q (65)

where �*(�) = �*(�),�*(�) � is the reference trajectory vector of the generalised coordinates,
and the values of the constants used in the above expressions are given by:

0 1 1 20.4 rad;  0.1 rad;  0.8 rad;  0.3 rad;A A A A
y y f f
= = = = (66)

1 20.0785 rad/s; 0.0157 rad/s;
y y

w w= = (67)

1 2 30.157 rad/s; 0.0785 rad/s;   0.0157 rad/s;
f f f

w w w= = = (68)

On the other hand, the values used in the simulation of the dynamic model of the TRMS,
electrical parameters (main and tail rotors), mechanical parameters and dimensional param-
eters of the platform are detailed in Tables 1–5. The initial position of the TRMS has been

defined as �0(�) = �0,�0 � = 0, 0 � rad, representing a different value of the initial position

than the reference trajectory vector. This choice of the starting position has been made to
demonstrate the exponential convergence of the desired trajectories. With regard to the
controller design parameters, it must be remarked that they have been selected to make the
dynamics of the inner loop much faster than the outer loop dynamics, all this in order to ensure
the functioning of the cascade controller [26]. The resulting values are as follows:

(10.5, 6.2);diag=e
PK (69)

( )8.20, 3.85 ; (13.20, 2.205);diag diag= =m m
D PK K (70)

Figures 6 and 7 show the performance of the proposed control scheme. Figure 6 illustrates a

comparative between the desired trajectory, �*(�) = �*(�),�*(�) �, and the real trajectory of the

TRMS, �(�) = �(�),�(�) �. The difference between these trajectories, or, in other words, the

error vector of generalised coordinates, ��(�) = �(�)− �*(�) = �(�)− �*(�),�(�)− �*(�) �, is

represented in Figure 7. The exponential convergence of the desired trajectories is observed,
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with the error bounded to a small neighbourhood to zero, and the robustness against large
initial errors.

Figure 6. Real and desired evolution of the vector of generalised coordinates of the TRMS, �(�) = �(�),�(�) �.

Figure 7. Evolution of the error vector of the generalised coordinates of the TRMS,��(�) = �(�)− �*(�) = �(�)− �*(�),�(�)− �*(�) �.

Another graph that shows the excellent performance of the outer control loop is shown in
Figure 8, where the auxiliary control input vector of the mechanical proportional-derivative
(PD) controller (Eq. (62)) can be observed. This figure shows the quick convergence of the
auxiliary control inputs of the mechanical controller to a small value of the origin in the
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reference trajectory tracking vector error phase space, ��(�), in a globally asymptotic expo-

nential dominated manner.

Figure 8. Evolution of the auxiliary control input vector of the mechanical multivariable PD controller,��(�) = γ�(�), γ�(�) �.

Figure 9. Real and desired evolution trajectories of the angular velocity vector, �*(�) = ��* (�),  ��*(�) � and�(�) = ��(�),  ��(�) �.
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Figure 10. Evolution of the angular velocity error vector, ��(�) = �(�)− �*(�) = [��(�)− ��* (�),��(�)− ��*(�)] �.

Figure 11. Evolution of the input voltage vector of the TRMS, �(�) = ��(�),  ��(�) �.

On the other hand, the efficiency of the inner loop control (electrical controller) is depicted in
Figure 9, including a comparative between the reference angular velocity vector,�*(�) = ��* (�),��*(�) �, obtained from the output of the outer loop, and the real magnitudes
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of angular velocity vector, �(�) = ��(�),��(�) �. The evolution of the angular velocity error

vector, ��(�) = �(�)−�*(�) = ��(�)− ��* (�),��(�)− ��*(�) �, is also shown in Figure 10.

To conclude this section, the input voltages in the MATLAB®/Simulink® environment,�(�) = ��(�),��(�) �, for the main and tail rotors, are represented in Figure 11. From these
graphs, it can be observed that the proposed control scheme has been realised to avoid
saturations on these voltages, which in the simulation MATLAB®/Simulink® environment have
been set to ±2.5 V (similarly to the real prototype platform).

5. Conclusions

In this research, a novel nonlinear cascade-based control has been developed for the TRMS
platform. The performance of the controller shows very satisfactory results in terms of
convergence of the tracking errors for the generalised coordinates of the TRMS to a small
neighbourhood to zero, smooth transient responses, low control efforts and robustness against
large initial errors and parametric uncertainties in the model. The proposed control is an
important base for the subsequent design of novel robust control algorithms in UAV platforms,
which interest is notably increasing in recent years thanks to their multiple possibilities and
applications. This will be the topic of our future research.
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2.2.3 Robust Linear Longitudinal Feedback Control of a Flapping
Wing Micro Air Vehicle
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Abstract. This paper falls under the idea of introducing biomimetic
miniature air vehicles in ambient assisted living and home health appli-
cations. The concepts of active disturbance rejection control and flatness
based control are used in this paper for the trajectory tracking tasks in
the flapping-wing miniature air vehicle (FWMAV) time-averaged model.
The generalized proportional integral (GPI) observers are used to ob-
tain accurate estimations of the flat output associated phase variables
and of the time-varying disturbance signals. This information is used in
the proposed feedback controller in (a) approximate, yet close, cancela-
tions, as lumped unstructured time-varying terms, of the influence of the
highly coupled nonlinearities and (b) the devising of proper linear output
feedback control laws based on the approximate estimates of the string
of phase variables associated with the flat outputs simultaneously pro-
vided by the disturbance observers. Numerical simulations are provided
to illustrate the effectiveness of the proposed approach.

1 Introduction

The creation of flapping wing micro air vehicles (FWMAV) is a challenging prob-
lem. The potential benefits for insect-like flapping wing micro air vehicles are
numerous [1]. The hovering ability of insects, coupled with the ability for a quick
transition to forward flight, provide an ideal indoor/outdoor reconnaissance plat-
form for search and rescue, reconnaissance and surveillance and ambient assisted
living and home health, among others [2]-[8]. Indeed, this paper falls within a
project called “Improvement of the Elderly Quality of Life and Care through
Smart Emotion Regulation”. The long-term objective of the project is to find
solutions for improving the quality of life and care of ageing adults at home by
using emotion detection and regulation techniques. We believe that miniature
air vehicles at home settings are capable of including some sensors that capture
the mood of the ageing adults.

Different control methods have been found in the literature. Deng et al. devel-
oped in [9] a nominal state-space linear time-invariant model in hover through

c© Springer International Publishing Switzerland 2015
J.M. Ferrández Vicente et al. (Eds.): IWINAC 2015, Part I, LNCS 9107, pp. 449–458, 2015.
DOI: 10.1007/978-3-319-18914-7_47
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Fig. 1.Coordinate systems and longitudinalmotion of FWMAV with respect to the earth
frame

linear estimation. Also, a LQG controller was designed and compared with a PD
controller. A state feedback attitude controller control scheme using the sensor
output as feedback was designed by Schenato et al. [10]. Campolo et al. realized
in [11] a geometric approach to robust attitude estimation, derived from multiple
and possibly redundant bio-inspired navigation sensors, for attitude stabilization
of a micromechanical flying insect.

The use of time-averaging theory has been used within the control of FWMAV
because it helps to simplify the complex aerodynamics associated to the flapping
wings [12]-[13] because the aerodynamic forces and torques, generatedby thewings,
affect the behavior of the FWMAV only by their mean values since the dynam-
ics of the body are much slower than the flapping wings ones. Deng et al. pro-
vided a methodology to approximate the time-varying body dynamics caused by
the aerodynamic forces with time-invariant dynamics using averaging theory and
a biomimetic parametrization of wing trajectories [14]. Also, a Linear Quadratic
Gaussian (LQG) controller was designed which does not require the knowledge of
an accuratemodel for the insectmorphological parameters, such asmoment of iner-
tia and mechanical part’s sizes, nor an accuratemodel of the aerodynamics.Rifäı et
al. developed in [15] a bounded state feedback control of the forces and torques and
takes into account the saturation of the actuators driving the flapping wings and
Khan et al. realized in [16] a differential flatness based non-linear controller based
on the time-averaging theory for the control of the longitudinal dynamics of FW-
MAV.

Taking into consideration the highly nonlinear nature of the FWMAV, active
disturbance rejection control (ADRC) appears as an excellent methodology for the
control of uncertain linear and nonlinear systems (see the work of Han [17] for the
initial theoretical aspects of this new area of research). The objective of ADRC
stems in the accurate estimation of the unknown part of the controlled system dy-
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namics and proceed to cancel its effects in the feedback control law. Gao and its
coworkers have proposed new advances in controllers, including practical applica-
tions, in a similar manner to that of Han [18], [19].On the other hand, Sira-Ramı́rez
and its coworkers have contribute to the area emphasizing the use of generalized
proportional integral (GPI) observers [20]-[22].

In this line of action, in this article, we propose a robust observer-based linear
output feedback control scheme for the trajectory tracking tasks in the flapping-
wing miniature air vehicle time-averaged model. The linear observer-based con-
troller design approach rests on using highly simplified models of the inputs differ-
ential parameterizations, provided by the flatness property. Within the simplifica-
tion task proposed, only the order of integration of the subsystems and the con-
trol inputs, along with their associated matrix gains, are retained in full detail. All
the additive nonlinearities, including their state couplings and complexities, are re-
garded as, unstructured, time-varying signals that need to be online estimated, and
canceled, at the controller specification within an Active Disturbance Rejection
Control Scheme. After input gain matrix cancelation, the resulting system consists
of pure integration (linear) perturbed systems with time-varying additive distur-
bances. A set of linear extended observers, here denominated as GPI observers, are
capable of accurate on-line estimations of: (1) the output related phase variables;
(2) the, state dependent, additive perturbation input signal itself; and (3) the es-
timation of a certain number of the perturbation input time derivatives. This last
feature facilitates the task of perturbation input prediction as GPI observers are
the most naturally applicable to the control of perturbed differentially flat nonlin-
ear systems [23]-[25].

The remainder of the article is structuredas follows: Section2presents theflapping-
wing miniature air vehicle time-averaged model and its flatness property. Addi-
tionally, this section proposes a simplified model of the system and formulates the
problem to be solved. Section 3 describes the active disturbance rejection controller
design and the results are applied for the stabilization and trajectory tracking prob-
lem of the time-averagedmodel for the flapping-wing miniature air vehicle. Section
4 presents the obtained simulation results and, finally, Section 5 is devoted for the
conclusions of this study and future works.

2 Problem Formulation and Its Flatness Property

2.1 System Dynamics

Consider the following time-averaged model for the flapping-wing miniature air
vehicle (FWMAV) based on Newtonian approach derived in [16]:

ẋ = vxCθ + vzSθ (1)

ż = −vxSθ + vzCθ (2)

θ̇ = ω (3)

v̇x = −gSθ − ωvz + Fx (4)

v̇z = −gCθ + ωvx − Fz (5)

ω̇ = −Fx

E
(6)
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whereSθ = sin θ,Cθ = cos θ, g is the gravity acceleration, (x, z) are the coordinates
of the center ofmass in the earth frame, θ represents the pitch angle, (vx, vz) express
the velocity of the body of the FWMAV in the body frame and ω is the angular
velocity of the body and (Fx, Fz) represent the aerodynamic forces. The constant
E = Ib

md , being Ib the moment of inertia of the body about the y axis of the body
frame, m is the mass and d denotes the distance from the axis of oscillation to the
center of mass of the body. Fig. 1 shows the coordinate systems and longitudinal
motion of the FWMAV with regard to the earth frame.

2.2 Flatness of the System

According to the theory of differential flatness [21], a dynamic system, ẋ = f(x,u),
with x ∈ Rn and u ∈ Rm, is said to be differentially flat if there exist, m, differen-
tially independent variables calledflat outputs (differentially independentmeaning
that they are not related by differential equations), which are functions of the state
vector and, possibly, of a finite number of time derivatives of the state vector (i.e.,
derivatives of the inputs may be involved in their definition), such that all system
variables (states, inputs, outputs, and functions of these variables) can, in turn, be
expressed as functions of the flat outputs and of a finite number of their time deriva-
tives. This parameterization establishes a one-to-one mapping from the states and
the inputs to the flat outputs.

The proposed system is differentially flat with flat outputs given by the coordi-
nates of the Huygens center of oscillation [22] given by:

F = x + ESθ, L = z + ECθ (7)

Proposition 1. The flapping-wing miniature air vehicle given in (1)-(6) is differ-
entially flat, with flat outputs given by F and L, i.e., all system variables in (1)-(6)
can be differentially parameterized solely in terms of F , L, and a finite number of
their time derivatives.

Proof. If the equations given in (7) are differentiated with regard to time, we obtain
the first and second derivatives of the flat outputs:

Ḟ = ẋ + EωCθ = vxCθ + vzSθ + EωCθ (8)

L̇ = ż − EωSθ = −vxSθ + vzCθ − EωSθ (9)

F̈ = ξSθ (10)

L̈ = g + ξCθ (11)

where ξ = −
(
Fz − Eω2

)
is defined as a new virtual input vector. Upon operating

with (10) and (11) we achieve:

ξ =

√
F̈ 2 +

(
L̈ − g

)2

; θ = arctan

(
F̈

L̈ − g

)
(12)

Sθ =
F̈√

F̈ 2 +
(
L̈ − g

)2
; Cθ =

L̈ − g√
F̈ 2 +

(
L̈ − g

)2
(13)
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If the expressions (10) and (11) are differentiated with regard to time, it is obtained

F (3) = ξ̇Sθ + ξωCθ; L(3) = ξ̇Cθ − ξωSθ (14)

Rearranging terms in (14) yields

ξ̇ =
F̈F (3) +

(
L̈ − g

)
L(3)

√
F̈ 2 +

(
L̈ − g

)2
; ω = θ̇ =

F (3)
(
L̈ − g

)
− L(3)F̈

F̈ 2 +
(
L̈ − g

)2
(15)

Now, operating with (4) and (5) one obtains

vx = ẋCθ − żSθ = ḞCθ − L̇Sθ − Eω (16)

vz = ẋSθ + żCθ = Ḟ Sθ + L̇Cθ (17)

Combining (16) and (17) with (13) and (15), we conclude that vx and vz are also
functions of (Ḟ , L̇, F̈ , L̈, F (3), L(3)). On the other hand, differentiating expressions
(14) with regard to time and rearranging terms

F (4) = Sθ ξ̈ − ξCθ

E
Fx − ω2ξSθ + 2ξ̇ωCθ (18)

L(4) = Cθ ξ̈ +
ξSθ

E
Fx − ω2ξCθ − 2ξ̇ωSθ (19)

Similarly, upon operating with (18), it is achieved

ξ̈ = SθF
(4) + CθL

(4) + ω2ξ (20)

Fx =
−ECθ

ξ
F (4) +

ESθ

ξ
L(4) + 2

Eωξ̇

ξ
(21)

Finally, substituting (12), (13) and (15) into (20) shows that all the systemvariables
can be expressed as a function of (F, L) and their derivatives, proving that the flat
output vector composed by (F, L) constitute a flat output vector for system (1)-(6).

2.3 Simplified Model and Problem Formulation

On the basis of (20), we adopt the following simplified perturbed model for the
underlying FWMAV (18):

[
F (4)

L(4)

]
=

[
Sθ − ξCθ

E

Cθ
ξSθ
E

]

︸ ︷︷ ︸
N (θ,ξ)

[
ξ̈

Fx

]
+

[
ϕF

ϕL

]

︸ ︷︷ ︸
ϕ(t)

(22)

whereϕ(t) = [ϕF , ϕL]T involves state dependent expressions, the possibly unmod-
eled dynamics and external unknown disturbances affecting the system. We lump
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all these uncertain terms into an unknown but uniformly absolutely bounded dis-
turbance input that needs to be on-line estimated by means of an observer and,
subsequently, canceled from the simplified system dynamics via feedback in order
to regulate the flat output vector, [F, L]T , towards the desired reference trajectories
[F ∗, L∗]T . Finally,the formulation of the problem is stated as follows:Given a de-
siredflat output vector of reference trajectories [F ∗, L∗]T , devise a linearmulti-input
output feedback controller for system (22) such that the flat output vector [F, L]T is
forced to track the given referenceflat output vector [F ∗ , L∗]T .This objectivemust be
achieved even in the presence of unknown disturbances and coupling nonlinearities,
represented by [ϕF , ϕL]T .

3 GPI Observer-Based Active Disturbance Rejection
Controller

A GPI observer including a reasonable, self-updating, time-polynomial model is
considered for each unknown component disturbance input vector ϕ(t). For this
internal model, we use for each component of ϕ(t) an unspecified element of a fifth

order family of time-polynomials, denoted by ϕ
(6)
1 (t) = [ϕ

(6)
1F , ϕ

(6)
1L ]T = 0. The GPI

observer based flat output feedback controller is devised as follows:

[
ξ̇

Fx

]
=

[
Sθ̂s

Cθ̂s

−EC
θ̂s

x̂is

ES
θ̂s

x̂is

]

︸ ︷︷ ︸
N −1(θ,ξ)

[
νF

νL

]
(23)

with

νF = −ϕ̂1F s + [F ∗(t)](4) −
3∑

i=0

kF
i

(
F̂ (i)

s − [F ∗](i)
)

νL = −ϕ̂1Ls + [L∗(t)](4) −
3∑

i=0

kL
i

(
L̂(i)

s − [L∗](i)
)

(24)

where the quantities with subindex s are smoothing observer variables which are
carried out by means of the following clutching function, avoiding possible large
peaks in their high gain induced responses:

sf (t) =

{
1 for t > ε
sin8

(
πt
2ε

)
for t ≤ ε

(25)

with ε = 2 [s]. The design coefficients kF
i and kL

i , i = 0, 1, 2, 3, are chosen so that
the dominant characteristic polynomials are 4th-degree Hurwitz polynomials, i.e.,

pF (s) = s4 + kF
3 s3 + kF

2 s2 + kF
1 s + kF

0 ∈ Hurwitz4(s)

pL(s) = s4 + kL
3 s3 + kL

2 s2 + kL
1 s + kL

0 ∈ Hurwitz4(s) (26)

render an asymptotically, exponentially convergence of the flat output error vec-
tor, [eF , eL]T = [F − F ∗, L − L∗]T , towards a small vicinity of the origin of the
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tracking error phase space. Furthermore, the variables F̂ (j) = Fj and L̂(j) = Lj ,
j = 0, 1, . . . , 3 are generated by:

Ḟ0 = F1 + λF
8 (F − F0)

Ḟ1 = F2 + λF
7 (F − F0)

Ḟ2 = F3 + λF
6 (F − F0)

Ḟ3 = Sθ ξ̈ − ξCθ

E
Fx + ϕ1F + λF

5 (F − F0)

ϕ̇1F = ϕ2F + λF
4 (F − F0)

ϕ̇2F = ϕ3F + λF
3 (F − F0)

ϕ̇3F = ϕ4F + λF
2 (F − F0) (27)

ϕ̇4F = ϕ5F + λF
1 (F − F0)

ϕ̇5F = λF
0 (F − F0)

L̇0 = L1 + λL
8 (L − L0)

L̇1 = L2 + λL
7 (L − L0)

L̇2 = L3 + λL
6 (L − L0)

L̇3 = Cθ ξ̈ +
ξSθ

E
Fx + ϕ1L + λL

5 (L − L0)

ϕ̇1L = ϕ2L + λL
4 (L − L0)

ϕ̇2L = ϕ3L + λL
3 (L − L0)

ϕ̇3L = ϕ4L + λL
2 (L − L0)

ϕ̇4L = ϕ5L + λL
1 (L − L0) (28)

ϕ̇5L = λL
0 (L − L0)

where the design coefficients λF
i and λL

i , i = 0, 1, . . . , 8, are chosen so that the
reconstruction error dynamics dominant characteristic polynomials are 9th-degree
Hurwitz polynomials, i.e.,

pF o(s) = s9 + λF
8 s8 + λF

7 s7 + . . . + λF
1 s + λF

0 ∈ Hurwitz9(s)

pLo(s) = s9 + λL
8 s8 + λL

7 s7 + . . . + λL
1 s + λL

0 ∈ Hurwitz9(s) (29)

and their roots are located sufficiently far from the imaginary axis, in the left half
of the complex plane, then the trajectories of the flat output estimation error vec-
tor, [ẽF , ẽL]T = [F − F0, L − L0]

T , and of its time derivatives, will converge to
a small neighborhood of the origin of the phase space of the observer estimation
error. The further away the roots are located in the left half of the complex plane,
the smaller the radius of the disk representing the neighborhood around the origin
of the estimation error phase space will be.
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4 Numerical Simulations

Numerical simulations were carried out in order to verify the efficiency of the pro-
posed approach in terms of quick convergence of the tracking errors to a small
neighborhood of zero and smooth transient responses. The system parameters are:
m = 2.5 ·10−3 [kg] and Ib = 8.125 ·10−7 [kg m2].The flat output vector [F, L]T has
been designed to track the following reference trajectories:

F ∗ = R sin (At) + E sin (α(t)) (30)

L∗ = R [cos (At) − 1] − z0 + E cos (α(t)) (31)

where R = 7 [m], z0 = 0.5 [m], A = 2π/30 [rad/s] and α(t) = B1 sin (B2t) being
B1 = π/180 [rad] and B2 = 2π/30 [rad/s].

The time sampling used in all the simulations is T = 0.001 [s]. The observer
gains, {λF

8 , . . . , λF
0 } and {λL

8 , . . . , λL
0 } were selected by identifying, term by term,

the coefficients of the polynomials given in expression (29) with those of a desired

Hurwitz polynomial given by pobs(s) =
(
s2 + 2ζoωnos + ω2

no

)4 · (s + po), with
ωno = 15, ζo = 1.5 andpo = 15.Ontheother hand, the controller gains,{kF

3 , . . . , kF
0 }

and {kL
3 , . . . , kL

0 }, governing the dominant dynamics, were set by identifying, term
by term, the coefficients of the polynomials given in expression (26) with the Hur-

witz polynomial pcont(s) =
(
s2 + 2ζcωncs + ω2

nc

)2
, with ωnc = 2, ζc = 1. Fig. 4a

and Fig. 4b illustrate the path tracking and the closed loop trajectories for the co-
ordinates of the center of mass (x, z) in the earth frame showing that the system
follows the desired trajectory in an accurate manner. On the other hand, Fig. 4c

Fig. 2.Evolution of: (a) Coordinate x of the center of mass in the earth frame; (b) Coordi-
nate z of the center of mass in the earth frame; (c) State-dependent estimated disturbance
ϕF and; (d) State-dependent estimated disturbance ϕL
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and Fig. 4d depict the evolution of the GPI observer state dependent disturbance
estimation.

5 Conclusions and Future Work

This paper is related to the introduction of biomimeticminiature air vehicles in am-
bient assisted living and home health applications. Indeed, the proposal described
falls within the complete project“Improvement of the Elderly Quality of Life and
Care through Smart Emotion Regulation”. The long-term objective of the project
is to find solutions for improving the quality of life and care of the elderly who can or
wants to continue living at home by using emotion detection and regulation tech-
niques. We believe that miniature air vehicles at home settings can carry some fun-
damental sensors to capture the mood of the ageing adult.

In this way, this particular work has explored, within the context of the tra-
jectory tracking problem, the use of approximate, yet accurate, total active dis-
turbance rejection schemes, based on linear GPI observers, for the flapping-wing
miniature air vehicle time-averaged model. Numerical simulations were provided
where the efficiency of the proposed control method is assessed. Finally, in future
work, we try to extend this control scheme to the full 6 DOF flight dynamics.

Acknowledgments. Thisworkwaspartially supported by SpanishMinisterio deEconomı́a
y Competitividad / FEDER under TIN2013-47074-C2-1-R grant.
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15. Rifäı, H., Marchand, N., Poulin-Vittrant, G.: Bounded control of an underactu-
ated biomimetic aerial vehicle–Validation with robustness tests. Robotics and Au-
tonomous Systems 60, 1165–1178 (2012)

16. Khan, Z.A., Agrawal, S.K.: Control of longitudinal flight dynamics of a flapping-
wing micro air vehicle using time-averaged model and differential flatness
based controller. In: Proceedings of the 2007 American Control Conference,
pp. 5284–5289 (2007)

17. Han, J.: From PID to active disturbance rejection control. IEEE Transactions on
Industrial Electronics 56, 900–906 (2009)

18. Radke, A., Gao, Z.: A survey of state and disturbance observers for practicioners. In:
Proceedings of the 2006 American Control Conference, pp. 5183–5188 (2006)

19. Qing, Z., Gao, Z.: On practical applications of active disturbance rejection control.
In: Proceedings of the 29th Chinese Control Conference, pp. 6095–6100 (2010)
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2.3 Experimentation of Control Algorithms

In order to complete the study on control algorithms for UAVs, a series of laboratory
experiments were performed. In this stage, the Twin Rotor MIMO System, introduced
in the previous section, was the platform selected to implement and test robust control
schemes. This section presents the two publications that summarize the work carried out in
this regard.

Firstly, the development of a two-stage active disturbance rejection control (ADRC) is
detailed in the publication included in Subsection 2.3.1: “A Tandem Active Disturbance
Rejection Control for a Laboratory Helicopter With Variable Speed Rotors”. This paper
demonstrates the excellent performance of the application of ADRC based on GPI observers
in the design of decentralized strategies in hierarchical systems such as the TRMS platform.

Secondly, the document described in Subsection 2.3.2: “Robust Decentralized Nonlinear
Control for a Twin Rotor MIMO System” presents a two-stage nonlinear, multivariable and
robust control scheme for the TRMS. This paper extends our previous work [2] and provides
experimental trials and a complete comparison with two more classical control schemes.
The results highlight the excellent performance of the cascade-based controller in terms of
stability and trajectory tracking.
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2.3.1 A Tandem Active Disturbance Rejection Control for a
Laboratory Helicopter With Variable Speed Rotors

Publication Data

ABSTRACT:
This paper introduces a laboratory helicopter with a variable-speed rotor system based
on decentralized active disturbance rejection control. The new control scheme is
composed of two independent stages that are utilized to achieve the precise trajectory
tracking of the generalized coordinates of the system. A simplified model is proposed
at each stage, which highly simplifies the controller design task. High-gain generalized
proportional integral observers are considered in order to locally estimate all the
disturbances affecting each subsystem online. These estimated disturbances are used
in the control law of each stage to eliminate the effects of these disturbances on the
system performance. Some of the advantages of the proposed control are: 1) it only
requires the knowledge of the input gain to the subsystems (minimum information
required from the dynamical models to control them); 2) the robust controller design
procedure is simplified; 3) easier and safer implementation with regard to standard
controllers; and 4) high robustness to large initial errors, unmodeled unmatched
perturbations, noisy measurements, and parametric uncertainties in the model. The
effectiveness of the proposed approach has been verified with real experiments
conducted on a laboratory platform.

CITATION:
L.M. Belmonte; R. Morales; A. Fernández-Caballero; J.A. Somolinos. “A Tandem
Active Disturbance Rejection Control for a Laboratory Helicopter with Variable Speed
Rotors”. IEEE Transactions on Industrial Electronics, 63(10), 6395–6406. IEEE, 2016.
ISSN 0278-0046. DOI:10.1109/TIE.2016.2587238.

c© 2016 IEEE. Reprinted, with permission, from L.M. Belmonte, R. Morales, A. Fernández-Caballero,
J.A. Somolinos, A Tandem Active Disturbance Rejection Control for a Laboratory Helicopter with
Variable Speed Rotors, IEEE Transactions on Industrial Electronics, 2016.
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A Tandem Active Disturbance Rejection Control
for a Laboratory Helicopter With Variable-Speed

Rotors
Lidia M. Belmonte, Rafael Morales, Antonio Fernández-Caballero, and José A. Somolinos

Abstract—This paper introduces a laboratory helicopter
with a variable-speed rotor system based on decentral-
ized active disturbance rejection control. The new control
scheme is composed of two independent stages that are
utilized to achieve the precise trajectory tracking of the gen-
eralized coordinates of the system. A simplified model is
proposed at each stage, which highly simplifies the con-
troller design task. High-gain generalized proportional in-
tegral observers are considered in order to locally esti-
mate all the disturbances affecting each subsystem online.
These estimated disturbances are used in the control law
of each stage to eliminate the effects of these disturbances
on the system performance. Some of the advantages of the
proposed control are: 1) it only requires the knowledge of
the input gain to the subsystems (minimum information re-
quired from the dynamical models to control them); 2) the ro-
bust controller design procedure is simplified; 3) easier and
safer implementation with regard to standard controllers;
and 4) high robustness to large initial errors, unmodeled
unmatched perturbations, noisy measurements, and para-
metric uncertainties in the model. The effectiveness of the
proposed approach has been verified with real experiments
conducted on a laboratory platform.

Index Terms—Disturbance estimation rejection, general-
ized proportional integral (GPI) control, observer design.

I. INTRODUCTION

R ESEARCH interest in the design of controllers for
unmanned aerial vehicles has received a great deal

of attention from a considerable number of researchers [1],
[2]. There is also a growing interest in the use of laboratory
platforms to simulate complex aircraft manoeuvres [3]. This
interest stems from the fact that, in certain aspects, these
laboratory platforms have a behavior that resembles that of a
real helicopter, which is characterized by the fact that it has high
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nonlinearity and high coupled dynamics. Various models and
control methods have been proposed in the literature concerning
this sort of laboratory platforms: In [4], Kumar-Pandey and
Laxmi proposed numerical results for the control of a Twin
Rotor MIMO System (TRMS) using a PID controller and an
optimal state feedback controller based on the LQR technique.
In [5], Rahideh et al. developed the dynamic modeling of a
TRMS using both analytical- and empirical-based methods.
In [6], Mullhaupt et al. provided a detailed model of a
helicopter-like setup (called Toycopter) and developed a non-
linear controller that used flat approximation based on physical
insight and numerical and experimental results were also
provided.

Taking into consideration the highly nonlinear coupled nature
of the system and the difficulty involved in adequately modeling
all the terms of which its dynamics is composed, active distur-
bance rejection control (ADRC) would appear to be an excellent
methodology for the control of this sort of uncertain nonlinear
system [7]. The objective of ADRC stems in the accurate estima-
tion of the unknown part of the controlled system dynamics and
the subsequent canceling of its effects in the feedback control
law. Gao et al. have proposed new advances in these controllers,
including practical applications [8]. On the other hand, Sira-
Ramı́rez et al. have contributed to the area by emphasizing the
use of generalized proportional integral (GPI) observers [9].
GPI observers provide an efficient disturbance estimation of
the effects of all uncertain state-dependent nonlinearities (en-
dogenous) and exogenous perturbation inputs (defined as a pure
time-varying function without any particular structure) with the
additional advantage of its simple and easy implementation and
that it is based on a linear configuration. The results reported for
other applications [10]–[12] encourage the use of GPI control
schemes as an alternative to other control methods. However,
the application of GPI observers to systems that naturally have
a tandem or cascade connection has still not been exploited ade-
quately [13]. In this paper, we demonstrate the excellent perfor-
mance of the application of ADRC based on GPI observers in
the design of decentralized strategies in tandem systems. In par-
ticular, we propose a linearizing global approach for the robust
output feedback controller design for output trajectory tracking
tasks on the perturbed tandem systems of which the TRMS sys-
tem is composed. The key idea is that each individual feedback
scheme is based on the use of a classical feedback controller
and a suitably extended high-gain linear observer; thus, aiding
the feedback controller in two important tasks: 1) the accurate
estimation of the input–output system model nonlinearities, and

0278-0046 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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TABLE I
PARAMETERS OF THE TRMS

Symbol Parameter Value Units

Parameters of the Main Rotor

kv m Motor velocity constant 0.0202 V rad−1 s
Rm Motor armature resistance 8 Ω

Lm Motor armature inductance 0.86 × 10−3 H
kt m Electromagnetic constant torque motor 0.0202 N m A−1

ku m Coefficient linear relationship interface circuit 8.5 −
C +

Q m
Load factor (ωm ≥ 0) 2.695 × 10−7 N m s2 rad−2

C −
Q m

Load factor (ωm < 0) 2.46 × 10−7 N m s2 rad−2

fv m Viscous friction coefficient 3.89 × 10−6 N m rad−1 s
Im 1 Moment of inertia about the axis of rotation 1.05 × 10−4 kg · m2

Parameters of the Tail Rotor

kv t Motor velocity constant 0.0202 V rad−1 s
Rt Motor armature resistance 8 Ω

Lt Motor armature inductance 0.86 × 10−3 H
kt t Electromagnetic constant torque motor 0.0202 N m A−1

ku t Coefficient linear relationship interface circuit 6.5 −
CQ t Load factor 1.164 × 10−8 N m s2 rad−2

fv t Viscous friction coefficient 1.715 × 10−6 N m rad−1 s

It 1 Moment of inertia about the axis of rotation 2.1 × 10−5 kg · m2

Mechanical Parameters

lt Length of the tail part of the free-free beam 0.282 m
lm Length of the main part of the free-free beam 0.246 m
lb Length of the counterbalance beam 0.290 m
lc b Distance between the counterweight and the join 0.276 m
rms Radius of the main shield 0.155 m
rt s Radius of the tail shield 0.1 m
h Length of the pivoted beam 0.06 m
m t r Mass of the tail dc motor and tail rotor 0.221 kg
mm r Mass of the main DC motor and main rotor 0.236 kg
m c b Mass of the counterweight 0.068 kg
mt Mass of the tail part of the free-free beam 0.015 kg
mm Mass of the main part of the free-free beam 0.014 kg
mb Mass of the counterbalance beam 0.022 kg
m t s Mass of the tail shield 0.119 kg
mms Mass of the main shield 0.219 kg
mh Mass of the pivoted beam 0.01 kg

PARAMETERS OF THE PITCH MOVEMENT

C +
T m

Thrust torque coefficient of the main rotor (ωm ≥ 0) 1.53 × 10−5 N s2 rad−2

C −
T m

Thrust torque coefficient of the main rotor (ωm < 0) 8.8 × 10−6 N s2 rad−2

CR t Load torque coefficient of the tail rotor 9.7 × 10−8 N m s2 rad−2

fv ψ Viscous friction coefficient 0.0024 N m s rad−1

fc ψ Coulomb friction coefficient 5.69 × 10−4 N m
kt Coefficient of the inertial counter torque created by the change in ωt 2.6 × 10−5 N m s2 rad−2

PARAMETERS OF THE YAW MOVEMENT

C +
T t

Thrust torque coefficient of the tail rotor (ωt ≥ 0) 3.25 × 10−6 N s2 rad−2

C −
T t

Thrust torque coefficient of the tail rotor (ωt < 0) 1.72 × 10−6 N s2 rad−2

C +
R m

Load torque coefficient of the main rotor (ωm ≥ 0) 4.9 × 10−7 N m s2 rad−2

C −
R m

Load torque coefficient of the main rotor (ωm < 0) 4.1 × 10−7 N m s2 rad−2

fv φ Viscous friction coefficient 0.03 N m s rad−1

fc φ Coulomb friction coefficient 3 × 10−4 N m
cc Coefficient of the elastic force torque created by the cable 0.016 N m rad−1

φ0 Constant for the calculation of the torque of the cable 0 rad
km Coefficient of the inertial counter torque created by the change in ωm 2 × 10−4 N m s2 rad−2

2) the accurate estimation of the unmeasured phase variables
associated with each of the linearizing output variables. These
two key pieces of information are used in the proposed feedback
controller to: 1) cancel the influence of the nonlinearities as a
lumped unstructured time-varying term, and 2) design an output
feedback control law based on the approximate estimates of the
output associated phase variables.

Finally, the remainder of this paper is organized as follows.
Section II presents a detailed description of the TRMS. A re-
duced model for each subsystem is explained in Section III.
Section IV illustrates some of the background results obtained
for the ADRC method based on GPI observers for the ro-
bust decentralized control of interconnected nonlinear systems.
Section V establishes the tandem GPI observer-based controller
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with a disturbance estimation-rejection methodology used to
achieve both the stabilization and trajectory tracking tasks for
the TRMS. Section VI illustrates experimental results obtained
with the proposed control algorithm and compared with other
control algorithms. Finally, Section VII is devoted to our con-
clusion and suggestions for further work.

II. SYSTEM DESCRIPTION

The TRMS platform is a laboratory helicopter that is charac-
terized by its multivariable, underactuated, nonlinear, strongly
coupled, and nonminimum phase behavior [14]. It is composed
of a beam that is pivoted on its base and which can rotate freely
in the horizontal and vertical planes. There are two propellers
at each end of the beam which are perpendicular to each other
and are driven by two dc motors. The main rotor produces a
lifting force that allows the beam to rise vertically, causing a
rotation around the pitch axis. Furthermore, the tail rotor causes
the beam to turn (left or right) around the yaw axis. The system
is additionally equipped with a pendulum counterweight which
hangs from the beam and is in charge of balancing the angular
momentum when in steady state or with load. In order to obtain
the dynamic model of the whole system, as in [5], the design
has been divided into the following two stages: First, the elec-
trical part of the platform is modeled, including the interface
circuit, the dc motors and the propulsive forces produced by
these motors. Second, a Lagrangian-based model is employed
for the remaining mechanical structure. This is dealt with in the
following sections.

A. Dynamics of the Electrical Part

The main and tail rotors (hereafter denominated as m and t,
respectively) are assumed to be identical with different mechan-
ical loads. The mathematical expressions governing the main
and tail rotors are presented below

ω̇(t) = Nu(t) + Γ(ω(t)) (1)

where it has been assumed that the dynamics of the current of the
motors is negligible. The system constant parameters are illus-
trated in Table I, ω(t) = [ωm (t), ωt(t)]

T represents the angular
velocity of the propellers, N = diag(nm , nt) is a diagonal pos-
itive definite matrix in which nm = kt m ku m

Im 1
Rm

and nt =
kt t ku t

It 1
Rt

,

u(t) = [um (t), ut(t)]
T expresses the magnitude input voltages

of the main and tail rotors in the MATLAB/Simulink environ-
ment, and Γ(ω(t)) = [Γm (t),Γt(t)]

T is given by

Γm (t) = −
(

ktm
kvm

Rm
+ fvm

)
ωm

Im 1

− CQm

Im 1

ωm |ωm |

Γt(t) = −
(

ktt
kvt

Rt
+ fvt

)
ωt

It1

− CQt

It1

ωt |ωt |.

B. Dynamics of the Mechanical Part

If the developments reported in [5] are used as a basis,
the dynamics of the TRMS can be derived using Lagrange’s

Fig. 1. View of the TRMS on a vertical plane.

Fig. 2. View of the TRMS on a horizontal plane.

formulation (see also Figs. 1 and 2)
[

m11 m12

m21 m22

]

︸ ︷︷ ︸
M (q(t))

[
ψ̈

φ̈

]

︸ ︷︷ ︸
q̈(t)

=

[
e11 e12

e21 e22

]

︸ ︷︷ ︸
E(q(t))

[
ωm |ωm |
ωt |ωt |

]

︸ ︷︷ ︸
Ω(t)

+

[
Υψ

Υφ

]

︸ ︷︷ ︸
Υ(t)

(2)

where q(t) = [ψ(t), φ(t)]T denotes the vector of generalized
coordinates, E(q(t)) · Ω(t) represents the vector of aerodynam-
ical thrust torques acting along the ψ and φ angles, respectively,
and the aerodynamical cross-couplings effects generated by the
propellers and Υ(t) defines a vector which includes the Coriolis
and centripetal forces, the gravitational forces, the electrome-
chanical forces generated by the propellers, the viscous forces
that model the dissipative effects that are present in the system
and the elastic force created by the cable. The values of ex-
pression (2) are the following (where Sψ ≡ sin ψ, Cψ ≡ cos ψ,
Sφ ≡ sin φ and Cφ ≡ cos φ):

Υψ = −1

2
(J1 − J2 ) S2ψ φ̇2 − g (lT 1

mT 1
Cψ + lT 2

mT 2
Sψ )

−
(
fv ψ ψ̇ + fcψ sgn

(
ψ̇

))
+ kt ω̇t

Υφ = h (lT 1
mT 1

Cψ + lT 2
mT 2

Sψ ) ψ̇2 − ((J2 − J1 ) S2ψ ) φ̇ψ̇

−
(
fv φ φ̇ + fcφ sgn

(
φ̇
))

− Cc (φ − φ0 ) + km ω̇m Cψ

m11 = J1 + J2 ; m12 = m21

= h (lT 2
mT 2

Cψ − lT 1
mT 1

Sψ )

m22 = J1C
2
ψ + J2S

2
ψ + J3 + h2 (mT 1

+ mT 2
)
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e11 = CTm lm ; e12 = −CR t

e21 = −CR m Cψ ; e22 = CTt ltCψ

J1 = mtsr
2
ts +

1

2
mmsr

2
m s +

(
1

3
mt + mtr + mts

)
l2t

+

(
1

3
mm + mmr + mms

)
l2m

mT 1
= mm + mmr + mms + mt + mtr + mts

lT 1
=

(
m t
2

+ mtr + mts

)
lt −

(mm

2
+ mmr + mms

)
lm

mT 1

J2 =
1

3
mb l

2
b + mcb l2cb ; mT 2

= mb + mcb

lT 2
=

mb
lb
2

+ mcb lcb

mT 2

; J3 =
1

3
mh l2h .

III. SIMPLIFIED SYSTEM

The dynamics of the TRMS platform given by expressions (1)
and (2) may be significantly reduced to the following perturbed,
nonphenomenological, simplified models.

A. Simplified Model of the Electrical Part

Starting from expression (1), it is assumed that the matrix
N is known while it is assumed that the vector Γ(ω(t)) is
not readily available for imprecise knowledge of some of the
parameters involved. Let us suppose that we wish to track a given
angular velocity reference trajectory vector of the propellers,
ω∗(t) = [ω∗

m (t), ω∗
t (t)]

T . The nominal system, computed on
the basis of the desired angular velocity trajectory vector is
therefore merely a copy of the original system represented by
expression (1)

ω̇∗(t) = Nu∗(t) + Γ(ω∗(t)) (3)

where the term Γ(ω∗(t)) is also unknown in the electrical nom-
inal system model. In this case, the nominal control voltage
input vector u∗(t) that gives the desired angular velocity refer-
ence trajectory vector ω∗(t) cannot be known, a priori with
precision. The subtraction of expressions (1) and (3) yields
the following expression for the simplified open-loop track-
ing angular velocity error dynamics eω(t) = ω(t) − ω∗(t) =
[ωm (t) − ω∗

m (t), ωt(t) − ω∗
t (t)]

T :

ėω(t) = Nu(t) + ze
1(t) (4)

where the vector ze
1(t) = Γ(ω(t)) − Γ(ω∗(t)) − Nu∗(t) =

[δm (t), δt(t)]
T involves all external disturbances and the effect

of the nonlinearities that affect the electrical subsystem behavior,
which is here regarded as an unknown but uniformly absolutely
bounded disturbance input vector1 that needs to be estimated

1This assumption cannot be verified a priori when ze
1 (t) and zm

1 (t) are com-
pletely unknown. However, those cases in which the nonlinearity is unknown
except for some of their parameters, as is the case of the TRMS, its validity can
be assessed.

online by means of an observer and subsequently canceled from
the simplified system dynamics via feedback in order to regulate
the angular velocity of the propellers ω(t) = [ωm (t), ωt(t)]

T

toward the desired velocities ω∗(t) = [ω∗
m (t), ω∗

t (t)]
T .

B. Simplified Model of the Mechanical Part

Upon operating with (2), and assuming possible modeling
errors in the matrix E(q(t)), we obtain the following simplified
model for the mechanical part:

q̈(t) = D0(q(t))Ω(t) + zm
1 (t) (5)

where D0(q(t)) = M−1(q(t))E0(q(t)) is constituted by the
nominal values, and the vector zm

1 (t) = [δψ (t), δφ(t)]T =
M−1(q(t))[(E(q(t)) − E0(q(t)))Ω(t) + Υ(t)] represents all
external disturbances and the effect of the nonlinearities, in-
cluding the control input through the unknown input gain devi-
ation M−1(q(t))[E(q(t)) − E0(q(t))], that affect the mechan-
ical subsystem behavior, which is here again regarded as an
unknown but uniformly absolutely bounded disturbance input
vector1 that needs to be estimated online by means of an observer
and subsequently canceled from the simplified system dynamics
via feedback in order to regulate the vector of generalized coor-
dinates q(t) = [ψ(t), φ(t)]T toward the desired reference trajec-
tory vector of generalized coordinates q∗(t) = [ψ∗(t), φ∗(t)]T .

IV. BACKGROUND RESULTS

In this section, we provide the interested reader with the
rigorous mathematical developments on which the ADRC based
on GPI observers for interconnected systems technique [13] is
based.

A. Description of the Interconnected Network of Systems

Let us consider a set of N interconnected nonlinear sys-
tems

∑
i , i = 1, 2, . . . , N , each of which has a measured output

scalar function, yi ∈ R, i = 1, 2, . . . , N , fulfilling the following
expression:

∑

i

: y
(n i )
i = Ψ(t, yi )ui

+zi,1 (t,y1
,y

2
, . . . ,y

i
, . . . ,y

N
, u1 , . . . , ui−1 , ui+1 , . . . , uN )

(6)

where yi denotes the output measured from subsystem i, y
k

∈
Rnk expresses the nk -dimensional vector of phase variables
associated with the output yk under the sole responsibility of the

kth agent
(
y

k
= (yk , ẏk , . . . , y

(nk −1)
k )

)
, uj expresses the scalar

control input of the jth agent to its own system and, finally, the
vector y = (y1 , y2 , . . . , yN ) represents a N -dimensional vector.
The following assumptions are taken into consideration.

1) A smooth C∞ reference trajectory y∗
i , i = 1, 2, . . . , N ,

is provided for each subsystem represented in (6). It is
additionally assumed that the agents do not cooperate.

2) The control input gain Ψ(t, yi) is accurately known by
agent i.
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3) All the exogenous disturbances that affect the i-
subsystem dynamics are lumped in the function zi,1(·),
along with the network interaction and endogenous
nonlinearities that affect subsystem i. For positive in-
tegers, mi , i = 1, 2, . . . , N , the nonlinear time function
zi,1(·), which affects the i-subsystem, is completely un-
known by the agent i except for the fact that it is uniformly
absolutely bounded and a finite number of its time deriva-
tives z

(j )
i,1 (·), for j = 1, 2, . . . ,mi , are also uniformly ab-

solutely bounded, i.e., z
(m 1 )
1,1 (·), z(m 2 )

1,2 (·), . . . , z(mN )
1,N (·)

are L∞ scalar functions.2 If this condition is not satisfied
almost everywhere for any finite integer mi , then the
solutions of yi(t) in (6) do not exist at all for any finite
output ui(t) (proofs of this result may be found in [15]).

B. Problem Formulation

Given a desired C∞ output reference trajectory composed of
the N-dimensional time vector3

y∗(t) = (y∗
1(t), y

∗
2(t), . . . , y

∗
N (t)) (7)

devise for each subsystem given in (6) a smooth out-
put feedback controller, ui(t, yi , y

∗
i (t), ẏ

∗
i (t), . . . , [y

∗
i (t)]

(ni )) =
ui(t, yi ,y

∗
i
(t)), which tracks the desired trajectory vector y∗(t).

The output feedback control law for the ith subsystem should
be composed by using only the local information seconded to
subsystem (6), i.e., on the basis of (yi, y

∗
i ,Ψi(t, yi)).

C. ADRC-Based GPI Observer Approach for
Interconnected Network of Systems

The ADRC approach proposes that each agent i with regard
to the nonlinear complex interaction term

zi,1(t,y1
,y

2
, . . . ,y

i
, . . . ,y

N
, u1 , . . . , ui−1 , ui+1 , . . . , uN ),

for i = 1, . . . , N (8)

as a time-varying function of unknown structure except for the
fact that it is uniformly absolutely bounded and a finite number
of its time derivatives z

(j )
i,1 (t), j = 1, 2, . . . ,mi are also abso-

lutely bounded, implying that

supt |z(j )
i,1 (t)| ≤ Ki,j , for j = 1, 2, . . . ,mi and i = 1, 2, . . . , N

(9)
which additively perturbs its subsystem behavior. The set of
integers mi for i = 1, . . . , N are selected to be a low integer
(typically, mi = 2, 3, 4 for i = 1, . . . , N ). The ith agent online
asymptotically estimates this complex interaction term with the
help of a linear observer subject to a nonlinear input injection
by means of the known subsystem control input gain Ψ(t, yi).

2This assumption cannot be verified a priori when zi,1 (·), i = 1, 2, . . . , N
are completely unknown. However, those cases in which the nonlinearity is
unknown except for some of their parameters, as is the case of the TRMS, its
validity can be assessed.

3Knowledge of the output reference trajectory, y∗
i (t), i = 1, . . . , N , is as-

sumed to imply knowledge of the analytic expression of such a time func-
tion. The calculation of their derivatives: [y∗

i (t)]
(j ) , i = 1, . . . , N , for any

finite order j is therefore trivial. y∗
i
(t) is used to express the vector y∗

i
(t) =

(y∗
i (t), ẏ

∗
i (t), . . . , [y

∗
i (t)]

(n i ) ) of dimension ni + 1.

The linear observer design strategy consists of estimating the
perturbation input zi,1(·) of the i-subsystem using an instanta-
neous internal time polynomial model, realized in the form of
a chain of integrators of length pi − 1 at the observer stage for
a fixed, sufficiently large integer pi . When forcing the domi-
nantly linear perturbed output estimation error dynamics of the
i-subsystem to exhibit an asymptotically convergent behavior,
the internal model for the interaction term zi,1(·) is automati-
cally and continuously self-updated. As a consequence of this,
we may safely assume that the term zi,1(·) and a finite number

of its time derivatives z
(j )
i,1 (·) for j = 1, 2, . . . , pi are uniformly

absolutely bounded for a sufficiently large pi . The ith subsys-
tem decentralized output feedback controller is therefore given
by the following GPI observer-based feedback linearizing con-
troller (i = 1, 2, . . . , N )

˙̂yi,0 = ŷi,1 + λi,ni +pi −1(yi − ŷi,0)

˙̂yi,k−1 = ŷi,k + λi,ni +pi −k (yi − ŷi,0), k = 2, . . . , ni − 1

˙̂yi,ni −1 = Ψ(t, yi)ui + ẑi,1 + λi,pi
(yi − ŷi,0)

˙̂zi,j = ẑi,j+1 + λi,pi −1(yi − ŷi,0), j = 1, . . . , pi − 1

˙̂zi,pi
= λi,0(yi − ŷi,0)

ui =
1

Ψ(t, yi)

[
−ẑi,1 + [y∗

i (t)]
(ni )

−
ni −1∑

m=0

κi,m

(
ŷi,m − [y∗

i (t)]
(m )

)]
(10)

where the redundant estimate ŷi,0 of the ith subsystem output
should be replaced with the measured output yi . The controller
gain parameters of the i-subsystem, {κi,0 , κi,1 , . . . , κi,ni −1},
are designed in such a way that the roots of the dominant char-
acteristic polynomial in the complex variable s, pi

cd
(s), are Hur-

witz

pi
cd

(s) = sni + κi,ni −1s
ni −1 + · · · + κi,1s + κi,0 . (11)

Furthermore, the observer gain parameters of the i-
subsystem, {λi,0 , λi,1 , . . . , λi,ni +pi −1}, were similarly chosen
so as to obtain the following desired closed-loop Hurwitz char-
acteristic polynomial pi

obsd
(s) in the complex variable s

pi
obsd

(s) = sni +pi + λi,ni +pi −1s
ni +pi −1 + · · · + λi,1s + λi,0 .

(12)
Upon defining the output local estimation error for the i-

subsystem as ẽi(t) = ẽi,0(t) = yi(t) − ŷi,0(t) and the local
closed-loop output tracking error as ei(t) = yi(t) − y∗

i (t), the
following perturbed scalar high-order differential equations are
satisfied:

ẽ
(ni +pi )
i +

ni +pi −1∑

j=0

λi,j ẽ
(j )
i = z

(pi )
i,1 (·) (13)

e
(ni )
i +

ni −1∑

j=0

κi,j e
(j )
i = [zi,1(·) − ẑi,1 ] +

ni −1∑

j=0

κi,j ẽ
(j )
i . (14)
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Remark 1: It is easy to see from (6), (13), and (14) that
if the output local estimation error ẽi(t) = ẽi,0(t) is identi-
cally zero, then, ẽi,1(t) = ẽi,2(t) = · · · = ẽi,ni −1(t) = 0 and
ẑi,1 = zi,1(·). This implies that ẑi,1 would be an exact local
estimate of the nonlinear interaction term: zi,1(·). This is an
ideal situation which will be utilized in this study of the sta-
bility of the closed-loop system [given by expressions (13) and
(14)] by using singular perturbation analysis [16]. Without loss
of generality, we may assume that the local GPI observer gains
λi,j are designed in such a way that the injected local estimation
error dynamics is reducible to normal form, written as a linear
differential operator

(
d

dt
+

λi

εi

)n i + p i

ẽi = z
(p i )
i ,1

(t,y
1
,y

2
, . . . ,y

i
, . . . ,y

N
, u1 , . . . , ui−1 , ui+1 , . . . , uN ) (15)

where εi , λi , are strictly positive real parameters (with, say,
λi > 1). If we multiply both sides in the previous expression by
εni +pi the following equivalent system is attained:

(
εi

d

dt
+ λi

)ni +pi

ẽi = εni +pi z
(pi )
i,1 (·). (16)

According to [17], the reduced order system is achieved
by selecting the value εi = 0 in (16) yielding that the only
trivial equilibrium of the singularity local perturbed observer
dynamics is obtained in ẽif

= 0. Taking into consideration
Remark 1, ẑi,1 = zi,1(·) and ẽif ,0(t) = ẽif ,1(t) = ẽif ,2(t) =
· · · = ẽif ,n i −1(t) = 0, the reduced order system for the local
tracking error dynamics is the following:

ē
(ni )
i +

ni −1∑

j=0

κi,j ē
(j )
i = 0 (17)

and using the fact that the controller gain parameters of the
i-subsystem, {κi,0 , κi,1 , . . . , κi,ni −1}, were designed to be Hur-
witz, the reduced order system for the local tracking error dy-
namics (17) has an asymptotically exponentially stable equilib-
rium point to the origin of the local trajectory tracking phase
space: (ēi , ˙̄ei, . . . , ē

(i)
i ). Furthermore, the boundary layer system

in the stretched time scale, τ = t/εi , satisfies the asymptotically
stable linear homogeneous differential equation

(
d

dτ
+ λi

)ni +pi

ẽis = 0 (18)

where ẽis represents the slow component of the local estimation
error dynamics. The equilibrium ẽis = 0 is asymptotically stable
independently of the initial condition given by ei(0) and, given
any initial condition, ẽis(0), for the boundary system (18) is,
trivially, in its domain of attraction. The value of λi in (18) is
strictly negative and it is designed to be smaller than a finite
fixed negative real number −ci by setting λi > ci .

From the previous analysis, all the hypothesis of Tikhonov’s
theorem [16] are satisfied. Therefore, for a sufficiently small εi ,
the local GPI observer error ẽi and its time derivatives uniformly
ultimately evolve, in a stable fashion, inside an arbitrarily small
neighborhood of the origin of the local GPI error phase space

Fig. 3. Tandem robust ADRC scheme.

(ẽi , ˙̃ei, . . . , ẽ
(ni +pi −1)
i ) determined by εi . An estimate of the

radius of such a uniformly bounding open neighborhood for ẽi

is obtained from the steady state of (16) by selecting d
dt = 0.

This estimate is simply given by
(

εi

λi

)ni +pi

Ki,m i
, where Ki,mi

is the uniform absolute upper bound hypothesized in z
(mi )
i,1 (·).

Under these circumstances, the difference zi,1(·) − ẑi is also
arbitrarily small and the right-hand side of the tracking error
dynamics is, at most, of the order εi .

The fundamental result of ADRC based on GPI observers, as
adapted to the decentralized output tracking control problems,
is the following:

Proposition 1: The local estimation error phase variables
given by (ẽi , . . . , ẽ

(ni )
i ) asymptotically uniformly, ultimately,

converge toward a small vicinity of the origin of the ith sub-
system output phase space for sufficiently large Hurwitz gains
λi,j . Additionally, from the GPI observer defined in expression
(10), and bearing in mind the uniform absolute boundedness of
z

(mi )
i,1 (·), the quantities ẑi,1(t), i = 1, . . . , N , respectively, esti-

mate the time evolution of zi,1(·), i = 1, . . . , N in an arbitrary
close manner. The local perturbed closed-loop tracking error
phase variables: (ei, . . . , e

(ni −1)), for moderately large Hurwitz
gains κi,j , therefore, asymptotically uniformly, ultimately, con-
verge toward a small vicinity of the origin of their phase space.
Such a vicinity can be made as small as desired by properly
choosing the gains κi,j ’s. Proofs of this result may be found in
[18] and [19] for nonlinear monovariable systems and in [20]
and [21] for the multivariable case. The result remains valid for
the decentralized case at hand.

V. TANDEM GPI OBSERVER-BASED CONTROLLER WITH

DISTURBANCE ESTIMATION REJECTION

The general control scheme proposed in this paper is shown in
Fig. 3. In this control scheme, a robust ADRC based on GPI ob-
servers (denoted as the inner loop control) is first closed in order
to control the vector of the angular velocities of the propellers,
and another robust ADRC based on GPI observers (denoted as
the outer loop) is then closed in order to control the vector of
the generalized coordinates of the TRMS platform. If the dy-
namics of the inner loop is made much faster than the dynamics
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of the mechanical part (5), the procedure used to design the
whole control system can be separated into two independent de-
sign processes [22]: The design of the inner loop controller and
the design of the outer loop controller. In the scheme shown in
Fig. 3, the outer loop controller generates an auxiliary command
reference vector ω∗(t) = [ω∗

m (t), ω∗
t (t)]

T for the velocities of
the propellers on the basis of the tracking objective for the vec-
tor of generalized coordinates: q(t) = [ψ(t), φ(t)]T . The inner
loop controller takes the command vector signal generated by
the outer loop ω∗(t) as its reference for the inner loop propeller
velocity control system. The different parts of the proposed
control scheme are explained as follows.

A. Inner Loop Controller

The objective of the inner loop controller is to specify the
magnitude input voltages of the main and tail rotors in the MAT-
LAB/Simulink environment, u(t) = [um (t), ut(t)]

T , in terms
of the subsystem output vector, ω(t) = [ωm (t), ωt(t)]

T , while
taking the designed auxiliary control input vector, ω∗(t) =
[ω∗

m (t), ω∗
t (t)]

T , as a reference trajectory vector for the in-
ternal variable ω(t). If we consider the simplified dynamical
model for the electrical part given by (4), the electrical control
law to be designed will be robust with regard to the unknown
disturbance vector ze

1(t) = [δm (t), δt(t)]
T . It is necessary to

estimate, even if in an approximately as desired fashion, the
unknown uniformly absolutely bounded time varying electrical
disturbance vector ze

1(t) = [δm (t), δt(t)]
T and, then, to include

a cancelation term of these disturbance effects in the design
of the control input vector provided by the electrical control
law, u(t) = [um (t), ut(t)]

T and, then, asymptotically impose
a linear stable closed-loop dynamics by appropriately feeding
back the measured angular velocity vector of the propellers
ω(t) = [ωm (t), ωt(t)]

T . A high-gain GPI observer is consid-
ered, including a reasonable self-updating instantaneous time-
polynomial model for each unknown component, state depen-
dent, disturbance input vector ze

1(t). In this case, by trial and
error and engineering judgment based on the value of the es-
timation error vector dynamics ẽa(t) = xe

a(t) − x̂e
a(t) defined

below, we have used a second-degree family of time polynomi-
als, denoted as ẑe

1(t) = [δ̂m (t), δ̂t(t)]
T , to define each compo-

nent of the internal model. The expression z̈e
1(t) = 0 represents

the internal model of the disturbance input for the observer
proposed for the electrical part of the TRMS. Moreover, in
the design of this controller, the measurements of the angu-
lar velocities of the propellers of the TRMS (obtained with
two dc tachometers) are affected by significant sensor noises,
i.e., the output of this subsystem can now be defined as
�(t) = ω(t) + d(t), where d(t) ∈ R2×1 is the measurement
vector noise that corrupts the output vector signal ω(t). In these
cases, the performance of the GPI observer would not be satis-
factory since it would affect the observer convergence. In order
to deal with these noisy measurements and, bearing in mind that
signal integration can annihilate random noisy effects, the struc-
ture of the GPI observer is augmented with the following two
fictitious state vector variables in order to improve the measure-
ment noise rejection characteristics (with a respective increment

in the settling time) [23]

xe
0(t) =

∫ t

0

(�(τ) − ω∗(τ)) dτ =

∫ t

0

(eω(τ) + d(τ)) dτ

xe
a(t) =

∫ t

0

xe
0(τ)dτ =

∫ t

0

∫ σ

0

(eω(σ) + d(σ)) dσdτ (19)

where eω(t) = ω(t) − ω∗(t) denotes the angular velocity error
vector. The augmented GPI observer for the estimation of the
angular velocity error vector êω(t) and the electrical disturbance
input vector ẑe

1(t) can therefore now be described as:

˙̂x
e

a(t) = x̂e
0(t) + λe

4 (xe
a(t) − x̂e

a(t))

˙̂x
e

0(t) = x̂e
1(t) + λe

3 (xe
a(t) − x̂e

a(t))

˙̂x
e

1(t) = Nu(t) + ẑe
1(t) + λe

2 (xe
a(t) − x̂e

a(t))

˙̂z
e

1(t) = ẑe
2(t) + λe

1 (xe
a(t) − x̂e

a(t))

˙̂z
e

2(t) = λe
0 (xe

a(t) − x̂e
a(t)) (20)

where xe
1(t) = eω(t) and x̂e

1(t) = êω(t) have been set. The
observer design parameters {λe

0 , . . . ,λe
4} ∈ R2×2 are diagonal

positive definite matrices. Using (4) and (20), the estimation er-
ror vector dynamics, ẽa(t) = xe

a(t) − x̂e
a(t), evolves according

to the following linear perturbed dynamics:

ẽ(5)
a (t) + λe

4 ẽ
(4)
a (t) + λe

3 ẽ
(3)
a (t) + λe

2
¨̃ea(t)

+λe
1
˙̃ea(t) + λe

0 ẽa(t) = z̈e
1(t) + d(3)(t). (21)

Taking into consideration that the term z̈e
1(t) + d(3)(t) is by

assumption a uniformly absolutely bounded time varying func-
tion, and if the selection of the constant observer gain matrices
{λe

0 , . . . ,λe
4} are designed in such a way that the dominant

characteristic 2 × 2 complex valued diagonal matrix

pe
obs(s) = I2×2s5 + λe

4s4 + λe
3s3 + λe

2s2 + λe
1s + λe

0 (22)

is composed of fifth-degree Hurwitz polynomials whose roots
are located sufficiently far into the left half on the complex plane,
then the trajectories of the estimation error vector, ẽa(t), and
their corresponding time derivatives converge to a small vicinity
around the origin of the phase space of the observer estimation
error vector. The constant gain matrices of the electrical GPI
observer {λe

0 , . . . ,λe
4} were designed in order to locate the de-

sired closed-loop poles at a common root of the real line, given
by I2×2s = −pe

o , where pe
o is a diagonal matrix whose terms

are clearly strictly positive. We use the following 2 × 2 complex
valued diagonal matrix:

pe
obsd

(s) =
(
I2×2s + pe

o

)5
(23)

where the matrix pe
o represents the desired location of the poles.

Upon identifying each term of the expression (22) with those in
expression (23), we directly obtain the values of the set of gain
matrices λe

0 , . . . ,λe
4 . Note that the proposed solution for the

electrical GPI observer partially decouples the noise dynamics
from the observer gain matrices (the proof is shown in [23]),
thus improving the electrical GPI observer convergence without
changing its gain matrices (with the exception of the two extra
gain matrices of the extended state observer that needs to be
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tuned). The feedback control input, u(t) = [um (t), ut(t)]
T , for

the simplified electrical dynamics of the TRMS (1) is synthe-
sized as a classical proportional controller with a cancelation
term

u(t) = N−1 [−Ke
Pêω(t) − ẑe

1(t)] (24)

where Ke
P ∈ R2×2 is a constant diagonal positive definite

matrix that represents the design elements of a vector-valued
classical proportional controller, ẑe

1(t) = [δ̂m (t), δ̂t(t)]
T de-

notes the estimate of the electrical disturbance input vector
ze
1(t), and êω(t) = x̂e

1(t) represents an estimation of the track-
ing angular velocity vector of the propellers of the TRMS
eω(t) = ω(t) − ω∗(t). The controller design matrix Ke

P is de-
signed so as to render the following 2 × 2 complex valued di-
agonal matrix pe

c(s) defined as

pe
c(s) = I2×2s + Ke

P (25)

as first-degree Hurwitz polynomials, with desirable root loca-
tions. The constant controller gain matrix Ke

P of the closed-loop
characteristic polynomial was determined by means of a term-
by-term comparison with the following desired Hurwitz 2 × 2
diagonal matrix:

pe
cd

(s) = I2×2s + pe
c (26)

where pe
c ∈ R2×2 is a diagonal positive definite matrix rep-

resenting the desired position of the poles in closed loop.
The closed-loop tracking error dynamics illustrated in expres-
sion (25) is less severely affected by the uncertainties than
the observer estimation error dynamics given in expression
(22). This results in smaller magnitudes of the feedback gains
Ke

P than those used for the design of the GPI observers
in the electrical part. The closed-loop tracking error vector,
eω(t) = ω(t) − ω∗(t), for the electrical part is obtained after
substituting expression (24) in the simplified model (4), thus
achieving

ėω(t) + Ke
Peω = ze

1(t) − ẑe
1(t) + χe(t) (27)

where χe(t) = Ke
P (eω − êω) represents a vector depending

on the error of the estimation of the propeller angular velocity
vector which, thanks to the performance of the electrical GPI
observer, asymptotically exponentially converges toward a small
neighborhood of the null tracking error space.

B. Outer Loop Controller

The fundamental idea involved in regulating the mechan-
ical part of the TRMS is to use the reduced model (5). To
implement this, we primarily estimate, even if in an approxi-
mately as desired manner, the unknown mechanical disturbance
vector zm

1 (t) = [δψ (t), δφ(t)]T , and then include a cancelation
term of these disturbance effects in the design of the auxil-
iary control input vector provided by the mechanical control
law ω∗(t) = [ω∗

m (t), ω∗
t (t)]

T . We next asymptotically impose a
stable closed-loop dynamics by appropriately feeding back the
estimated time derivatives of the measured generalized coordi-
nates vector q(t) = [ψ(t), φ(t)]T . A high-gain GPI observer

is considered, including a reasonable self-updating instanta-
neous time-polynomial model for each unknown component,
state dependent, disturbance input vector zm

1 (t). In our case,
we used a second-degree family of time polynomials, denoted
as ẑm

1 (t) = [δ̂ψ (t), δ̂φ(t)]T , to define each component of the in-
ternal model. The expression z̈m

1 (t) = 0, therefore, expresses
the internal model of the disturbance input for the observer pro-
posed for the mechanical part of the TRMS. The auxiliar feed-
back control input, Ω(t) = [Ωm (t),Ωt(t)]

T , for the simplified
mechanical dynamics of the TRMS (5) is synthesized as a clas-
sical proportional derivative (PD) controller with a cancelation
term

Ω(t) = D−1
0 (q(t)) [νm (t) − ẑm

1s(t)] (28)

in which

νm (t) = q̈(t) = q̈∗(t) − Km
D

(
˙̂qs(t) − q̇∗(t)

)

−Km
P (q(t) − q∗(t)) (29)

where Km
D and Km

P ∈ R2×2 are the diagonal positive definite
matrix that represents the design elements of a vector-valued
classical PD controller, ẑm

1s(t) = [δ̂ψs
(t), δ̂φs

(t)]T denotes the
smoothed estimate of the mechanical disturbance input vec-
tor zm

1 (t), and ˙̂qs(t) represents an smoothed estimation of the
generalized joint velocity vector q̇(t) = [ψ̇(t), φ̇(t)]T . These
smoothings, which are geared toward eliminating possibly large
peaks characteristic in high-gain observers, may be achieved by
using the following (nonunique) time function which smoothly
increases from 0 to 1 (denoted as a clutching function), during
a small time interval [0, α]

sf (t) =

{
sinρ

(
πt
2α

)
, for 0 ≤ t ≤ α

1, for t > α
(30)

where ρ is a suitably large positive even integer. The smooth-
ing of the observer variables is therefore achieved as Fs(t) =
F (t)sf (t). Furthermore, the set of GPI observers for the es-
timation of the generalized joint velocity vector ˙̂q(t) and the
mechanical disturbance input vector ẑm

1 (t) are given by

˙̂x
m

1 (t) = x̂m
2 (t) + λm

3 (xm
1 (t) − x̂m

1 (t))

˙̂x
m

2 (t) = D0(q(t))Ω̂(t) + ẑm
1 (t) + λm

2 (xm
1 (t) − x̂m

1 (t))

˙̂z
m

1 (t) = ẑm
2 (t) + λm

1 (xm
1 (t) − x̂m

1 (t))

˙̂z
m

2 (t) = λm
0 (xm

1 (t) − x̂m
1 (t)) (31)

in which xm
1 (t) = q(t), x̂m

1 (t) = q̂(t), x̂m
2 (t) = ˙̂q(t), ω̂(t) =

x̂e
1(t) + ω∗(t) = êω(t) + ω∗(t), and Ω̂(t) = [Ω̂m (t), Ω̂t(t)]

T

= [ω̂m |ω̂m |, ω̂t |ω̂t |]T have been set. The observer design pa-
rameters {λm

0 , . . . ,λm
3 } ∈ R2×2 are diagonal positive defi-

nite matrices. The estimation error vector dynamics, ẽq(t) =
xm

1 (t) − x̂m
1 (t), evolves with the linear perturbed dynamics

ẽ(4)
q (t) + λm

3 ẽ(3)
q (t) + λm

2
¨̃eq(t) + λm

1
˙̃eq(t) + λm

0 ẽq(t)

= z̈m
1 (t) + ηm (t) (32)

where ηm (t) = d2

dt2

[
D0(q(t))

(
Ω(t) − Ω̂(t)

)]
. Bearing in

mind that the vector zm
1 (t) is by assumption a uniformly
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absolutely bounded time varying function, thanks to the fast per-

formance of the electrical GPI observer
(
Ω(t) ≈ Ω̂(t)

)
, then in

order to achieve the convergence of the estimation error dynam-
ics to a small vicinity around the origin of the estimation error
phase space, the constant observer gain matrices {λm

0 , . . . ,λm
3 }

are chosen in such a manner that all the nonzero components of
the 2 × 2 complex valued diagonal matrix, pm

obs(s), defined as

pm
obs(s) = I2×2s4 + λm

3 s3 + λm
2 s2 + λm

1 s + λm
0 (33)

are all fourth-degree Hurwitz polynomials whose roots are lo-
cated sufficiently far into the left half on the complex plane.
Since the order of the high-gain observer for the estimation er-
ror dynamics (33) is an even number, the constant observer gain
matrices {λm

0 , . . . ,λm
3 } were chosen so as to obtain the fol-

lowing desired closed-loop characteristic 2 × 2 complex valued
diagonal matrix

pm
obsd

(s) =
(
I2×2s2 + 2ζm

o ωm
o s + (ωm

o )2
)2

(34)

where ζm
o and ωm

o ∈ R2×2 are diagonal positive definite ma-
trices representing the damping and natural frequencies, re-
spectively. The values of the constant observer gain matrices
{λm

0 , . . . ,λm
3 } are directly obtained by identifying each term

of the expression (33) with those of (34). The trajectories of
the estimation error vector ẽq(t) and of their time derivatives,
therefore, converge to a small neighborhood of the origin of the
phase space of the observer estimation error vector. The further
away the roots are located in the left half of the complex plane,
the smaller the radius of the disk representing the neighborhood
around the origin of the estimation error phase space will be. The
closed-loop tracking error vector, eq(t) = q(t) − q∗(t), for the
mechanical part is obtained after substituting expression (28) in
the simplified model (5), yielding the following expression:

ëq(t) + Km
D ėq(t) + Km

P eq(t) = zm
1 (t) − ẑm

1s(t) + χm (t)
(35)

where χm (t) = Km
D

(
q̇(t) − ˙̂qs(t)

)
represents a vector de-

pending on the error of the estimation of the generalized joint ve-
locity vector which, thanks to the performance of the high-gain
GPI observer designed for the mechanical part of the TRMS,
asymptotically exponentially converges toward a small neigh-
borhood of the null tracking error space. The controller design
matrices Km

D and Km
P are selected in accordance with the same

high-gain philosophy used for the observer design coefficients.
They must be selected so as to render the following 2 × 2 com-
plex valued diagonal matrix, pm

c (s), defined as

pm
c (s) = I2×2s2 + Km

D s + Km
P (36)

as second-degree Hurwitz polynomials with desirable root loca-
tions. The constant controller gains Km

D and Km
P of the closed-

loop characteristic polynomial were determined by using a term-
by-term comparison with the following desired Hurwitz 2 × 2
complex valued diagonal matrix:

pm
cd

(s) = I2×2s2 + 2ζm
c ωm

c s + (ωm
c )2 (37)

where ζm
c and ωm

c ∈ R2×2 are diagonal positive definite ma-
trices representing the damping and natural frequencies, re-

spectively. Note that the closed-loop tracking error dynamics
illustrated in expression (35) is less severely affected by the
uncertainties than the observer estimation error dynamics given
in expression (33). This results in smaller magnitudes of the
feedback gains Km

D and Km
P than those used for the design of

the GPI observers [20]. Furthermore, the generated vector sig-
nal Ω(t) = [Ωm (t),Ωt(t)]

T = [ωm |ωm |(t), ωt |ωt |(t)]T , which
is defined as the auxiliary control input vector, regulates the
vector of generalized coordinates q(t) = [ψ(t), φ(t)]T to the
desired reference trajectory vector of generalized coordinates
q∗(t) = [ψ∗(t), φ∗(t)]T . Moreover, the signal Ω(t) should be
viewed as a reference signal for the inner design stage, denoted
as ω∗(t) = [ω∗

m (t), ω∗
t (t)]

T , after carrying out the following
manipulation:

ω∗(t) =

[
ω∗

m (t)

ω∗
t (t)

]
=

⎡
⎣

sign (Ωm (t)) ·
√

|Ωm (t)|

sign (Ωt(t)) ·
√

|Ωt(t)|

⎤
⎦. (38)

Finally, note that, in the proposed tandem ADRC scheme, the
design values of the diagonal matrix pe

c in the inner loop con-
troller are chosen to be much larger than the design values
of the diagonal matrix ωm

c in the outer loop controller, so that
ω(t) ≈ ω∗(t) in view of the variations of q∗(t) and q(t) (or sim-
ilarly that the inner loop scheme behaves approximately as I2×2

when s = jω in the frequency range 0 ≤ I2×2ω ≤ pe
c )[24]. It

is also necessary to note that the generalized coordinates vec-
tor, q(t) = [ψ(t), φ(t)]T , is measured by employing digital en-
coders with a nonsignificant measurement noise, thus making
the search for solutions to attenuate the measurement noise un-
necessary.

VI. EXPERIMENTAL RESULTS

In this section, we carry out an experimental implementation
to assess the performance of the proposed tandem ADRC based
on GPI observers scheme on the TRMS. In the trials, it is de-
sirable to track the following desired reference trajectory vector
of generalized coordinates q∗(t) = [ψ∗(t), φ∗(t)]T :

[
ψ∗(t)

φ∗(t)

]

=

[
A0ψ + A1ψ (2 sin (ω1ψ t) + sin (ω2ψ t))

A0φ + A1φ sin (ω1φt) + A2φ(sin (ω2φt) + sin (ω3φt))

]

whereby A0ψ = 0.48 rad, A1ψ = 0.1 rad, ω1ψ = 0.0785 rad/s,
ω2ψ = 0.0157 rad/s, A0φ = −0.2 rad, A1φ = −0.64 rad,
A2φ = −0.3 rad, ω1φ = 0.1885 rad/s, ω2φ = 0.1178 rad/s, and
ω3φ = 0.0236 rad/s. The values of the physical parameters of
the TRMS are depicted in Table I but we have to remark that
due to the difficulty involved in adequately modeling all the
dynamics terms, the discrepancies in the model due to mod-
eling errors is around 5%. Furthermore, in order to demon-
strate the exponential convergence of the desired trajectories,
the initial values for the generalized coordinates of the TRMS,
q0(t) = [ψ0 , φ0 ]

T = [0, 0]T rad, were selected with different
values to the initial values used for the desired reference tra-
jectory vector q∗(t). Moreover, the proposed ADRC scheme
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Fig. 4. Real and desired evolution trajectories of the vector of general-
ized coordinates of the TRMS, q(t) = [ψ(t), φ(t)]T .

has been designed to be as fast as possible, but care must be
taken owing to possible saturations of the input voltages of the
motors in the MATLAB/Simulink environment, which occur at
±2.5 V. All gain vectors were tuned according to the procedure
explained in Section V by using the pairs of (22) and (23), (25)
and (26), (33), and (34), and (36) and (37), by considering pure
real roots and taking into consideration the performance of the
tracking errors eω(t) and eq(t). For the outer loop controller,
the values of the matrices of the desired Hurwitz polynomial
vector for the feedback controller are ζm

c = diag(1.25, 1.25)
and ωm

c = diag(1, 1) while the values of the matrices of the
desired Hurwitz polynomial vector for the GPI observer are
ζm

o = diag(1, 1) and ωm
o = diag(2.5, 2.5). The design parame-

ters of the clutching functions were set to be ρ = 8 and α = 2 s.
Furthermore, for the inner loop controller, the values of the de-
sired Hurwitz 2 × 2 complex diagonal matrix for the feedback
controller are pe

c = diag(3, 4) while the values of the desired
Hurwitz 2 × 2 complex diagonal matrix for the GPI observer are
pe

o = diag(15, 20). Three sets of experiments were developed
using the real TRMS platform in order to establish a comparison
between the robust tandem ADRC control presented in this pa-
per, a standard PID control [25] (denoted in the graphs as PID
CLASSIC) and a PID control with derivative filter coefficient
[26] (denoted in the graphs as PID DFC). The comparison is
carried out on the basis of the following aspects:

1) robustness with regard to large initial errors;
2) quick convergence of the tracking errors to a small neigh-

borhood of zero;
3) smooth transient responses;
3) low control effort;
4) endogenous and exogenous disturbances;
5) robustness when dealing with noisy measurements.
The quality of the trajectory tracking performance of

the vector of generalized coordinates of the TRMS, q(t) =
[ψ(t), φ(t)]T , with the three control algorithms is depicted in
Fig. 4. Although the robustness with respect to large initial
errors and the convergence to the tracking errors to a small
neighborhood of zero are obtained with the three control algo-
rithms, one observes that the proposed robust ADRC control
scheme presents the smoothest transient response. Fig. 5 shows
the closed-loop tracking error vector, eq(t) = q(t) − q∗(t) =

Fig. 5. Evolution of the error vector of generalized coordinates of the
TRMS, eq (t) = q(t) − q∗(t) = [ψ(t) − ψ∗(t), φ(t) − φ∗(t)]T .

Fig. 6. Estimation of the mechanical disturbance vector ẑm
1 (t) =

[δ̂ψ (t), δ̂φ (t) (t)]
T .

[ψ(t) − ψ∗(t), φ(t) − φ∗(t)]T . In this graph, it can be observed
that the smallest tracking error vector eq(t) is obtained with the
proposed control algorithm, remaining bounded within a vicin-
ity of radius [0.03, 0.15]T rad, while a value of [0.02, 0.26]T

rad for the standard PID control and a value of [0.02, 0.28]T

rad for the PID with derivative filter coefficient are achieved,
which indicates that in spite of the unmatched nature of the me-
chanical perturbation vector, zm

1 (t) = [δψ (t), δφ(t)]T , the pro-
posed tandem ADRC scheme efficiently corrects the undesir-
able effects of this perturbation vector. Fig. 6 illustrates the me-
chanical disturbance estimations ẑm

1 (t) = [δ̂ψ (t), δ̂φ(t)]T , as-
sociated with the outer control loop for the proposed robust
ADRC scheme. The evolution of the angular velocity vec-
tors is shown in Fig. 7. The figure illustrates that a good sta-
bilization and an accurate tracking trajectory velocity vector
were achieved with all three control algorithms. However, ob-
serves that the system response using the proposed algorithm
exhibits the best transient response, the smaller dynamic be-
havior of the system in the presence of noisy signals and the
lowest angular velocity error vector eω(t) = ω(t) − ω∗(t) =
[ωm − ω∗

m , ωt − ω∗
t ]

T as illustrated in Fig. 8. Note that the an-
gular velocity error vector eω(t) remains bounded within a
vicinity of radius [8.5, 65]T rad/s for the proposed algorithm.
Values of [28, 270]T rad/s and [32, 255]T rad/s are achieved
for the standard PID control and the PID with derivative
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Fig. 7. Real and desired evolution trajectories of the angular velocity
vector, ω∗(t) = [ω∗

m (t), ω∗
t (t)]

T and ω(t) = [ωm (t), ωt (t)]
T .

Fig. 8. Evolution of the angular velocity error vector, eω (t) = ω(t) −
ω∗(t) = [ωm (t) − ω∗

m (t), ωt (t) − ω∗
t (t)]

T .

Fig. 9. Estimation of the electrical disturbance vector ẑe
1 (t) =

[δ̂m (t), δ̂t (t)]
T .

filter coefficient, respectively, indicating that in spite of
the undesirable effects of the noisy measurements obtained
from the dc tachometers and the unmatched nature of the
electrical perturbation vector, ze

1(t) = [δm (t), δt(t)]
T , the pro-

posed tandem ADRC scheme efficiently corrects these undesir-
able effects. Fig. 9 shows the electrical disturbance estimations
ẑe
1(t) = [δ̂m (t), δ̂t(t)]

T , associated with the inner control loop
in the proposed controller, and Fig. 10 illustrates the evolution of
the input voltage vector, u(t) = [um (t), ut(t)]

T , in the MAT-
LAB/Simulink environment for the three control algorithms.
From the results obtained, it will be observed that the new
control algorithm proposed in this paper provides the smallest
control input effort. Also, note that the electrical disturbance

Fig. 10. Evolution of the input voltage vector, u(t) = [um (t), ut (t)]
T ,

in the MATLAB/Simulink environment.

estimation vector ẑe
1(t) depicted in Fig. 9 determines the shape

of the control voltage vector for the robust ADRC controller
u(t) produced (shown in Fig. 10) which tends to cancel out the
effects of the additive disturbance input vector ze

1(t). In conclu-
sion, after comparing the experimental results obtained for the
three different control laws, the new proposed control algorithm
enhances the behavior of the system in the following aspects:

1) improvement to the transient response;
2) better stabilization process and small trajectory tracking

errors;
3) higher robustness with regard to noisy disturbance signals;
4) better response to modeling errors and environment uncer-

tainties;
5) smaller steady-state errors;
6) less control effort.

VII. CONCLUSION AND FUTURE WORK

In this paper, we have described the design of an observer-
based robust linear output feedback controller for the TRMS.
The approach has been treated as a decentralized control of cas-
cade nonlinear systems and we have proposed a tandem ADRC
based on GPI observers as a solution. The main advantage of the
proposed approach is that the controller of each subsystem of
which the tandem is composed requires a minimum cooperation
between the inputs in charge of controlling each subsystem. In
particular, the information available for each controller is limited
to the knowledge of its subsystem order, the local control input
gain function, the local output and the centrally prescribed in-
dividual output reference trajectory signal. The controllers have
been designed using a set of linear pure integrator systems.
The controller integration systems are influenced by additive
absolutely bounded, yet observable, perturbation input signals,
and all the unknown state-dependent nonlinearities, externally
unmodeled inputs and the interacting dynamics of the plant
have been lumped together as a disturbance to be estimated
and canceled. The convincing experimental results validate the
effectiveness of the tandem ADRC based on GPI observers,
demonstrating that it successfully deals with large initial errors,
unmodeled unmatched perturbations, noisy measurements, and
parametric uncertainties in the model. Finally, future work will
be devoted to verify the effectiveness of the proposed ADRC
control algorithm in other cascade nonlinear systems.
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Abstract: This article presents the design of a novel decentralized nonlinear multivariate control
scheme for an underactuated, nonlinear and multivariate laboratory helicopter denominated the
twin rotor MIMO system (TRMS). The TRMS is characterized by a coupling effect between rotor
dynamics and the body of the model, which is due to the action-reaction principle originated in the
acceleration and deceleration of the motor-propeller groups. The proposed controller is composed
of two nested loops that are utilized to achieve stabilization and precise trajectory tracking tasks
for the controlled position of the generalized coordinates of the TRMS. The nonlinear internal loop
is used to control the electrical dynamics of the platform, and the nonlinear external loop allows
the platform to be perfectly stabilized and positioned in space. Finally, we illustrate the theoretical
control developments with a set of experiments in order to verify the effectiveness of the proposed
nonlinear decentralized feedback controller, in which a comparative study with other controllers
is performed, illustrating the excellent performance of the proposed robust decentralized control
scheme in both stabilization and trajectory tracking tasks.

Keywords: decentralized control; nonlinear control; time-scale model; Euler–Lagrange model; TRMS

1. Introduction

In the last few years, there has been an increased interest from researchers in developing control
algorithms for unmanned aerial vehicles (UAVs) [1–6], due to the multiple applications and uses of
this type of vehicle. This has motivated the use of new laboratory platforms capable of simulating the
operation of the UAVs. This way, it is possible to perform experimental tests for evaluating the different
designs developed. We can highlight the three-DOF hover system [7], the three-DOF helicopter
system [8] and the twin rotor MIMO system (TRMS) [9], which is the platform used in this research.

The TRMS is a nonlinear and multivariate laboratory helicopter specifically designed to test and
evaluate control algorithms by means of the MATLAB/Simulink R© software environment. The dynamic
behavior of the system is similar to a real helicopter, but with some differences due to the construction
of the model that greatly hinder the modeling and design of control algorithms for this platform.
As can be seen in Figure 1, the TRMS is formed by a base attached to a tower, at which end is a
two-dimensional pivot that allows the mobile structure to rotate freely. The mobile part is composed of
two metal beams: the horizontal beam in which ends the main and tail rotors with the corresponding
propellers are positioned in perpendicular planes and the counterbalance beam affixed to the horizontal
beam at the pivot to move the equilibrium point of the system.
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Figure 1. Twin rotor MIMO system (TRMS).

The electrical part of the TRMS is mainly composed of two DC motors that drive the propellers of
both rotors and the interface circuit, an internal electrical circuit that adapts the input control voltages,
applied in MATLAB/Simulink R©, to the actual voltage value applied to each DC motor. Thus, a change
in the control voltages produces a variation in the supply voltages of the motors, which results in a
variation of the rotational speed of each propeller, measured by a tachometer. This way, a change in
propulsive forces finally results in the movement of the platform. The movement, in the vertical and
horizontal planes, is measured by two encoders that determine the pitch and yaw angles, respectively.

The movement of the TRMS presents not only a high cross-coupling between the two rotors as
in a real helicopter, but also a coupling effect between rotor dynamics and the body of the model.
This is due to the action-reaction principle originated in the acceleration and deceleration of the
motor-propeller groups. Therefore, the control system of the TRMS generates a significant difference
with regard to a real helicopter by varying the voltages applied to the rotors, which greatly complicates
the system dynamics. On the other hand, the TRMS is also an underactuated system as a result of
fewer control actions, which are the voltages applied to the respective rotors, compared to the four
degrees of freedom of the system, which are: the pitch and yaw angles and the angular velocities of the
propellers. Moreover, there are many physical parameters that cannot be measured exactly, and some
of the parameters supplied by the manufacturer are changed by time, such as the friction coefficients.
All of this makes the modeling and control of the system a difficult task to achieve.

There are many research works that have addressed this challenging experimental platform.
In fact, the dynamic modeling of the TRMS has been studied from different approaches. Rahideh et al.
define the dynamic model of the TRMS using Newtonian and Lagrangian methods and also by means
of two models based on neuronal networks using Levenberg–Marquardt (LM) and gradient descent
(GD) algorithms [10]. Toha et al. develop a parametric model for the TRMS based on dynamic spread
factor particle swarm optimization [11]. A linear parameter varying (LPV) method of identification,
by taking a local approach, is considered in order to derive an LPV model for TRMS by means of
interpolation and approximation in the work of Tanaka et al. [12]. The Euler–Lagrange method is
employed in the research of Tastermirov [13] to obtain a complete dynamic model of the TRMS, which
is tuned and validated experimentally. More recently, a model based on first-principle modeling and
later improved by gray box modeling, has been presented in [14]. The design of control algorithms for
the TRMS platform has been also investigated via several approaches and control methods. Among the
different contributions in this area, we can cite the following works. Juang and colleagues present a
comparative study [15], by means of numerical simulations, between classical control schemes, based
on the Ziegler–Nichols proportional-integral-derivative (PID) rule, the gain margin and phase margin
rule, the pole placement method and novel controllers based on fuzzy logic and genetic algorithms.
In the research of Wen et al. [16], the dynamic model for the TMRS is decoupled into two single
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input single output (SISO) systems in order to apply a PID-based robust deadbeat control scheme for
each of them, thus achieving the control of the platform. The design and experimental validation of
a multi-step Newton-type model predictive control (MPC) to control the TRMS is presented in [17]
where a nonlinear dynamic model of the platform is also developed. An adaptive fuzzy controller to
stabilize the TRMS in a desired position or to track a specified trajectory is discussed in [18]. The work
of Pandey et al. [19] in which two conventional PID controllers, improved by the use of derivative
filter coefficients, are employed to the control of the pitch and yaw angles, the work of Belmonte et al.
based on active disturbance rejection control (ADRC) [20] and the research of Alagoz et al. [21] about a
reference model-based optimization approach for the online auto-tuning of PIDs using the stochastic
multi-parameters divergence optimization (SMDO) method are other interesting investigations that
are focused in the design of control schemes for the TRMS.

In the particular case of this research, we present the design of a novel decentralized nonlinear
controller for the TRMS, composed of two control loops in a cascade scheme. The development of the
proposed control scheme has been separated into two independent stages: the design of the inner loop
or electrical controller, which is used to control the angular velocity of each propeller, and the design
of the outer loop or mechanical controller, which is employed to determine the necessary velocities
to control the space position of the TRMS. The effectiveness of the proposed scheme is validated by
means of the experiments performed in the laboratory platform in which the proposed nonlinear
controller shows an excellent performance for both stabilization and tracking tasks.

The rest of the article is organized as follows: Section 2 introduces the dynamic model of the
TRMS, showing the modeling of the electrical part formed by the interface circuit and the DC motors,
and the modeling of the mechanical part composed by the equations of motion of the system. Next, the
design of the proposed decentralized control scheme is detailed in Section 3. The experiments carried
out in order to verify the efficiency of the proposed control algorithm are presented in Section 4, where
we detail the experimental setup and the obtained results, which include a comparative study with
other classical controllers. Finally, some conclusions are provided in Section 5.

2. Dynamic Model

This section describes the dynamic modeling of the TRMS, and according to [10], it has been
divided into the following two stages. In the first place, the electrical part of the platform is modeled,
including the interface circuit, the DC motors and the propulsive forces produced by these motors.
Then, a Lagrangian-based model is employed for the remaining mechanical structure. Next, each part
of the dynamic model is dealt with in the next subsections.

2.1. Dynamics of the Electrical Part

The main and tail rotors (denominated as m and t, respectively) are assumed to be identical with
different mechanical loads. The mathematical expressions governing the main and tail rotors are
the following:

• Main rotor:

Lm
dim

dt
= vm − kvm ωm − Rmim (1)

Im1 ω̇m = ktm im − fvm ωm − CQm ωm|ωm| (2)

• Tail rotor:

Lt
dit

dt
= vt − kvt ωt − Rtit (3)

It1 ω̇t = ktt it − fvt ωt − CQt ωt|ωt| (4)
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where im and it are the main and tail motor currents, respectively, Lm and Lt represent the motor
inductances, Rm and Rt denote the motor resistances, kvm and kvt express the motor back electromotive
force (EMF) constants, ωm and ωt are the angular velocities of the propellers and vm and vt represent
the input voltage of the DC motors. Im1 and It1 define the moment of inertia of the rotors; the terms
ktm im and ktt it express the main and tail electromechanical torques generated by the DC motors;
CQm ωm|ωm| and CQt ωt|ωt| illustrate the aerodynamic torques; and fvm ωm and fvt ωt denote the friction
torques. Following a similar argument as [13], the dynamics of the current of the motors defined in
Expressions (1) and (3) is ignored due to the higher value of the DC motor mechanical time constants
against the electrical ones. In fact, the DC motor mechanical constants (cmm and cmt ) are in the order of
103-times higher than the DC motor electrical constants (cem and cet ), as you may observe in Table 1,
which shows the parameters of both rotors. Thereby, for the DC motor circuits, the following algebraic
equations are obtained:

vm − kvm ωm − Rmim = 0 (5)

vt − kvt ωt − Rtit = 0 (6)

Table 1. Dynamic model of the TRMS: electrical parameters.

Symbol Parameter Value Units

Parameters of the Main Rotor

kvm Motor velocity constant 0.0202 V · rad−1 · s
Rm Motor armature resistance 8 Ω
Lm Motor armature inductance 0.86× 10−3 H
ktm Electromagnetic constant torque motor 0.0202 N ·m · A−1

kum Coefficient linear relationship interface circuit 8.5 −
C+

Qm
Load factor (ωm ≥ 0) 2.695× 10−7 N ·m · s2 · rad−2

C−Qm
Load factor (ωm < 0) 2.46× 10−7 N ·m · s2 · rad−2

fvm Viscous friction coefficient 3.89× 10−6 N ·m · rad−1 · s
Im1 Moment of inertia about the axis of rotation 1.05× 10−4 kg ·m2

cem Electrical time constant (Lm/Rm) 1.075× 10−4 s
cmm Mechanical time constant (Im1Rm/ktm kvm ) 2.058 s

Parameters of the Tail Rotor

kvt Motor velocity constant 0.0202 V · rad−1 s
Rt Motor armature resistance 8 Ω
Lt Motor armature inductance 0.86× 10−3 H
ktt Electromagnetic constant torque motor 0.0202 N ·m · A−1

kut Coefficient linear relationship interface circuit 6.5 −
CQt Load factor 1.164× 10−8 N ·m · s2 · rad−2

fvt Viscous friction coefficient 1.715× 10−6 N ·m · rad−1 · s
It1 Moment of inertia about the axis of rotation 2.1× 10−5 kg ·m2

cet Electrical time constant (Lt/Rt) 1.075× 10−4 s
cmt Mechanical time constant (It1Rt/ktt kvt ) 0.4117 s

It should be noted that the magnitude input voltages of the main and tail rotors in the
MATLAB/Simulink R© environment, defined as um and ut, respectively, and the motor terminal
voltages, defined as vm and vt, respectively, are nonlinear (the signals pass through a circuit interface),
as was demonstrated in [10]. In our developments, it is assumed that the relationship between
the control signals and the motor voltages is linear and that the differences will be canceled at the
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controller stage. Therefore, the relationships between the control signals and the MATLAB/Simulink R©

environment are the following:

vm = kum um (7)

vt = kut ut (8)

in which kum and kut are defined as constant gains. Upon operating with Equations (1)–(8) and
rearranging terms, the following two equations are yielded for the main and rail rotors of the TRMS:

ω̇m =
ktm kum

Im1 Rm
um −

(
ktm kvm

Rm
+ fvm

)
ωm

Im1

− CQm

Im1

ωm|ωm| (9)

ω̇t =
ktt kut

It1 Rt
ut −

(
ktt kvt

Rt
+ fvt

)
ωt

It1

− CQt

It1

ωt|ωt| (10)

in which the value and units of each parameter of the main and tail rotors are detailed in Table 1.
Finally, if we use matrix notation, the dynamic model of the electrical part of the TRMS can be expressed
by means of the following expression:

ω̇(t) = Nu(t) + Γ(ω(t)) (11)

where ω(t) = [ωm(t), ωt(t)]T is the angular velocity vector, u(t) = [um(t), ut(t)]T is the input
control voltage vector and, finally, the diagonal positive matrix N = diag(nm, nt) and the vector
Γ(ω(t)) = [Γm(t), Γt(t)]T are given by:

N =

[
nm 0
0 nt

]
=




ktm kum
Im1 Rm

0

0
ktt kut
It1 Rt


 (12)

Γ(ω(t)) =

[
Γm(t)
Γt(t)

]
=


−

(
ktm kvm

Rm
+ fvm

)
ωm
Im1
− CQm

Im1
ωm|ωm|

−
(

ktt kvt
Rt

+ fvt

)
ωt
It1
− CQt

It1
ωt|ωt|


 (13)

2.2. Dynamics of the Mechanical Part

If the developments reported in [10] are used as a basis, the dynamics of the TRMS can be derived
using Lagrange’s formulation:

d
dt

(
∂L
∂q̇

)
− ∂L

∂q
= Q (14)

where L = K − V is the Lagrangian function, K and V are the kinetic and potential energies of the
TRMS, q(t) = [ψ(t), φ(t)]T is a vector of generalized coordinates and Q(t) = [Qψ(t), Qφ(t)]T denotes
the vector of generalized forces in the TRMS. All of the necessary terms of (14) are obtained in the
following subsections.

2.2.1. Evaluation of the Kinetic Energy

In order to calculate the energy of the TRMS, we consider the platform as divided into the
following three subsystems: (1) the subsystem composed of the free-free beam (tail and main beam),
tail rotor, main rotor, tail shield and main shield; (2) the counterbalance beam with the counterweight;
and (3) the pivoted beam (see Figures 2–4). The positions of the subsystems can be expressed as the
position of a point for each one, P1, P2, P3, parametrized by the distance between it and the point
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where the subsystem can rotate, as can be observed in the following expressions (where Sψ ≡ sin ψ,
Cψ ≡ cos ψ, Sφ ≡ sin φ and Cφ ≡ cos φ):

P1 (R1) =
[

P1x P1y P1z

]T
=
[
−R1SφCψ + hCφ R1CφCψ + hSφ R1Sψ

]T
(15)

P2 (R2) =
[

P2x P2y P2z

]T
=
[
−R2SφSψ + hCφ R2CφSψ + hSφ −R2Cψ

]T
(16)

P3 (R3) =
[

P3x P3y P3z

]T
=
[

R3Cφ R3Sφ 0
]T

(17)

where R1 and R2 are the distances from point O1 to P1 and P2, respectively, and R3 is the distance from
P3 to the center of the reference system, that is the point O.

In this way, the total amount of kinetic energy consists of the sum of the following three terms:

K =
3

∑
i=1

Ki =
1
2

3

∑
i=1

∫
v2

i (Ri)dm(Ri) (18)

where Ki denotes the kinetic energy of each subsystem and vi(Ri) is the velocity of each subsystem
parameterized by Ri, which represents the distances R1, R2 and R3 that have been defined above.
The calculations of these energies are the following:

K1 =
1
2

J1

(
C2

ψφ̇2 + ψ̇2
)
+

1
2

h2mT1 φ̇2 − hSψlT1 mT1 φ̇ψ̇ (19)

K2 =
1
2

J2

(
S2

ψφ̇2 + ψ̇2
)
+

1
2

h2mT2 φ̇2 + hCψlT2 mT2 φ̇ψ̇ (20)

K3 =
1
2

J3φ̇2 (21)

where:

J1 = mtsr2
ts +

1
2

mmsr2
ms +

(
1
3

mt + mtr + mts

)
l2
t +

(
1
3

mm + mmr + mms

)
l2
m

mT1 = mm + mmr + mms + mt + mtr + mts

lT1 =

(mt
2 + mtr + mts

)
lt −

(mm
2 + mmr + mms

)
lm

mT1

J2 =
1
3

mbl2
b + mcbl2

cb

mT2 = mb + mcb

lT2 =
mb

lb
2 + mcblcb

mT2

J3 =
1
3

mhl2
h

146 Results



Sensors 2016, 16, 1160 7 of 22

Figure 2. Twin rotor MIMO system (TRMS) prototype platform.

Figure 3. View of the TRMS on the vertical plane.
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Figure 4. View of the TRMS on the horizontal plane.

2.2.2. Evaluation of the Potential Energy

The total potential energy consists of the sum of the following three terms:

V =
3

∑
i=1

Vi = g
3

∑
i=1

∫
rzi(Ri)dm(Ri) (22)

where g denotes the gravity constant, Vi represents the potential energy of each one of the three
subsystems in which we have divided the platform and rzi(Ri) is the coordinate on the z-axis of the
position of each subsystem (Piz ). The calculation of these energies is as follows:

V1 = gSψlT1 mT1 (23)

V2 = −gCψlT2 mT2 (24)

V3 = 0 (25)

2.2.3. Lagrangian

After substituting Expressions (18)–(25) in the Lagrangian expression, we obtain:

L = K−V =
1
2

(
J1C2

ψ + J2S2
ψ + J3 + h2 (mT1 + mT2

))
φ̇2 +

1
2
(J1 + J2) ψ̇2

+h
(
lT2 mT2 Cψ − lT1 mT1 Sψ

)
φ̇ψ̇− g

(
lT1 mT1 Sψ − lT2 mT2 Cψ

)
(26)

2.2.4. Generalized Forces

The external forces in the mechanical system are owing to the following four physical effects:
(a) aerodynamic forces created by the propellers; (b) the electromechanical forces generated by the
propellers; (c) the viscous forces that model the dissipative effects that are present in the system and;
(d) the elastic force created by the cable. After grouping the effect of these forces for each generalized
coordinate, the following result is achieved for Q(t) = [Qψ(t), Qφ(t)]T :

Qψ(t) = CTm ωm |ωm| lm − CRt ωt |ωt| −
(

fvψ ψ̇ + fcψ sign (ψ̇)
)
+ ktω̇t (27)

Qφ(t) = CTt ωt |ωt| ltCψ − CRm ωm |ωm|Cψ −
(

fvφ φ̇ + fcφ sign (φ̇)
)
− Cc (φ− φ0)

+ kmω̇mCψ (28)

148 Results



Sensors 2016, 16, 1160 9 of 22

where CTm ωm |ωm| lm and CTt ωt |ωt| ltCψ represent the aerodynamic thrust torques acting along the
ψ and φ angles, respectively; CRt ωt |ωt| and CRm ωm |ωm|Cψ denote the aerodynamic cross-couplings

effects generated by the propeller; the terms
(

fvψ ψ̇ + fcψ sign (ψ̇)
)

and
(

fvφ φ̇ + fcφ sign (φ̇)
)

define the
magnitudes of friction torques for each generalized coordinate; ktω̇t and kmω̇mCψ express the inertial
counter torques that are owing to the reaction produced by a change in the rotational speed of the
rotor propellers; and the term Cc (φ− φ0) is the magnitude of the torque exerted by the cable (it has a
certain stiffness that allows us to model it as a spring) on the φ angle.

Finally, it should be noted that the works of Tastermirov et al. [13] and Mullhaupt et al. [22]
provide more details about the external forces in the TRMS and other laboratory platforms with
similar dynamics.

2.2.5. Equations of Motion

Upon substituting Expressions (26)–(28) in Equation (14) and after some straightforward
manipulations, we obtain the following equations of motion:

(J1 + J2) ψ̈ + h
(
lT2 mT2 Cψ − lT1 mT1 Sψ

)
φ̈ +

(
(J1 − J2)

2
S2ψ

)
φ̇2 + g

(
lT1 mT1 Cψ + lT2 mT2 Sψ

)
=

= CTm ωm |ωm| lm − CRt ωt |ωt| −
(

fvψ ψ̇ + fcψ sign (ψ̇)
)
+ ktω̇t (29)

h
(
lT2 mT2 Cψ − lT1 mT1 Sψ

)
ψ̈ +

(
J1C2

ψ + J2S2
ψ + J3 + h2 (mT1 + mT2

))
φ̈

−h
(
lT1 mT1 Cψ + lT2 mT2 Sψ

)
ψ̇2 +

(
(J2 − J1) S2ψ

)
φ̇ψ̇ =

= CTt ωt |ωt| ltCψ − CRm ωm |ωm|Cψ −
(

fvφ φ̇ + fcφ sign (φ̇)
)
− Cc (φ− φ0) + kmω̇mCψ (30)

in which the value and units of all of the mechanical parameters are illustrated in Tables 2 and 3,
respectively. Finally, we can express the motion equations of the system in a compact form by means
of matrix notation, thus obtaining the complete dynamic model of the mechanical part of the TRMS in
the following expression:

M(q(t))q̈(t) + C(q(t), q̇(t))q̇(t) + G(q(t)) + F(q̇(t)) + T(q(t), ω̇(t)) = E(q(t))Ω(t) (31)

where:

M(q(t)) =

[
J1 + J2 h

(
lT2 mT2 Cψ − lT1 mT1 Sψ

)

h
(
lT2 mT2 Cψ − lT1 mT1 Sψ

)
J1C2

ψ + J2S2
ψ + J3 + h2 (mT1 + mT2

)
]

(32)

C(q(t), q̇(t)) =

[
0 1

2 (J1 − J2) S2ψφ̇

−h
(
lT1 mT1 Cψ + lT2 mT2 Sψ

)
ψ̇ (J2 − J1) S2ψψ̇

]
(33)

G(q(t)) =

[
g
(
lT1 mT1 Cψ + lT2 mT2 Sψ

)

0

]
(34)

F(q̇(t)) =

[
fvψ 0
0 fvφ

]

︸ ︷︷ ︸
Fv

q̇(t) +

[
fcψ sgn (ψ̇)

fcφ sgn (φ̇)

]

︸ ︷︷ ︸
Fc(q̇(t))

=

[
fvψ ψ̇ + fcψ sgn (ψ̇)

fvφ φ̇ + fcφ sgn (φ̇)

]
(35)

T(q(t), ω̇(t)) =

[
0

Cc (φ− φ0)

]

︸ ︷︷ ︸
Mc(q(t))

−
[

0 kt

kmCψ 0

]

︸ ︷︷ ︸
Mi(q(t))

ω̇(t) =

[
−ktω̇t

Cc (φ− φ0)− kmω̇mCψ

]
(36)
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E(q(t)) =

[
CTm lm −CRt

−CRm Cψ CTt ltCψ

]
(37)

Ω(t) =

[
ωm |ωm|
ωt |ωt|

]
(38)

Table 2. Dynamic model of the TRMS: mechanical parameters.

Symbol Parameter Value Units

lt Length of the tail part of the free-free beam 0.282 m
lm Length of the main part of the free-free beam 0.246 m
lb Length of the counterbalance beam 0.290 m
lcb Distance between the counterweight and the joint 0.276 m
rms Radius of the main shield 0.155 m
rts Radius of the tail shield 0.1 m
h Length of the pivoted beam 0.06 m

mtr Mass of the tail DC motor and tail rotor 0.221 kg
mmr Mass of the main DC motor and main rotor 0.236 kg
mcb Mass of the counterweight 0.068 kg
mt Mass of the tail part of the free-free beam 0.015 kg
mm Mass of the main part of the free-free beam 0.014 kg
mb Mass of the counterbalance beam 0.022 kg
mts Mass of the tail shield 0.119 kg
mms Mass of the main shield 0.219 kg
mh Mass of the pivoted beam 0.01 kg

Table 3. Dynamic model of the TRMS: parameters of the pitch and yaw movements.

Symbol Parameter Value Units

Parameters of the Pitch movement

C+
Tm

Thrust torque coefficient of the main rotor (ωm ≥ 0) 1.53× 10−5 N · s2 · rad−2

C−Tm
Thrust torque coefficient of the main rotor (ωm < 0) 8.8× 10−6 N · s2 · rad−2

CRt Load torque coefficient of the tail rotor 9.7× 10−8 N ·m · s2 · rad−2

fvψ Viscous friction coefficient 0.0024 N ·m · s · rad−1

fcψ Coulomb friction coefficient 5.69× 10−4 N ·m
kt Coefficient of the inertial counter torque due to change in ωt 2.6× 10−5 N ·m · s2 · rad−1

Parameters of the Yaw movement

C+
Tt

Thrust torque coefficient of the tail rotor (ωt ≥ 0) 3.25× 10−6 N · s2 · rad−2

C−Tt
Thrust torque coefficient of the tail rotor (ωt < 0) 1.72× 10−6 N · s2 · rad−2

C+
Rm

Load torque coefficient of the main rotor (ωm ≥ 0) 4.9× 10−7 N ·m · s2 · rad−2

C−Rm
Load torque coefficient of the main rotor (ωm < 0) 4.1× 10−7 N ·m · s2 · rad−2

fvφ Viscous friction coefficient 0.03 N ·m · s · rad−1

fcφ Coulomb friction coefficient 3× 10−4 N ·m
cc Coefficient of the elastic force torque created by the cable 0.016 N ·m · rad−1

φ0 Constant for the calculation of the torque of the cable 0 rad
km Coefficient of the inertial counter torque due to change in ωm 2× 10−4 N ·m · s2 · rad−1

To conclude, the dynamic model of the mechanical part of the TRMS (31) can be summarized in a
simplified form if we consider that the movement of the platform is sufficiently smooth. In this way,
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the terms of the inertial counter torques, ktω̇t and kmω̇mCψ, can be considered negligible in comparison
with the other terms. Thereby, the dynamic model of the TRMS can be rewritten as:

M(q(t))q̈(t) + D(q(t), q̇(t)) = E(q(t))Ω(t) (39)

where the matrices M(q(t)), E(q(t)) and Ω(t) have been defined in Equations (32), (37) and (38),
respectively, and the new matrix D(q(t), q̇(t)) = [Dψ(t), Dφ(t)]T is given by:

Dψ(t) =
1
2
(J1 − J2) S2ψφ̇2 + g

(
lT1 mT1 Cψ + lT2 mT2 Sψ

)
+
(

fvψ ψ̇ + fcψ sgn (ψ̇)
)

(40)

Dφ(t) = −h
(
lT1 mT1 Cψ + lT2 mT2 Sψ

)
ψ̇2 +

(
(J2 − J1) S2ψ

)
φ̇ψ̇ +

(
fvφ φ̇ + fcφ sgn (φ̇)

)
+ Cc (φ− φ0) (41)

3. Design of the Control System

The proposed decentralized nonlinear control scheme is based on decoupling the electrical
dynamics from the mechanical dynamics. Once these dynamics have been decoupled, a nonlinear
multivariate inner loop is closed in order to control the vector of the angular velocities of the propellers,
ω(t) = [ωm(t), ωt(t)]T , and then, a nonlinear multivariate outer loop is closed to control the vector of
the generalized coordinates of the system, q(t) = [ψ(t), φ(t)]T , in order to achieve stabilization and
precise trajectory tracking tasks for the controlled position of the generalized coordinates of the TRMS.
If we make the dynamics of the inner loop control much faster than the mechanical dynamics of the
TRMS in Equation (39), the dynamics of the inner loop can be therefore made approximately equal to
I2×2, (i.e., ω∗(t) ≈ ω(t)), and the outer loop can be designed independently [23].

Among the advantages of this control scheme are: (a) the robust nonlinear controller design
procedure is simplified to a great extent, since it allows one to design the multivariate inner loop in an
independent manner from the multivariate outer loop, thus dividing the control design process into
two much simpler design processes; (b) this scheme can be more easily and safely implemented than
the standard controllers used in the control of the TRMS platform, which involve closing a single loop,
because the nested control loops proposed in this work are sequentially implemented, first closing the
inner loop, which exhibits a very high relative stability in the presence of system uncertainties, external
disturbances and noisy corruptions, and later closing the outer loop, which is more prone to becoming
unstable, but for which the risk of exhibiting unstable motions has been significantly reduced by
previously having closed the inner loop; (c) the disturbances affecting the secondary or inner loop are
effectively compensated before they affect the main process output, thereby improving the stability
of the system; (d) the closing of the control loop around the secondary part of the process reduces
the phase lag seen by the primary or outer controller, resulting in increased speed of response; (e) the
cascade control scheme is not strongly sensitive to modeling errors, although large errors could lead to
oscillations or instability in one of the feedback controllers; (f) any variation in the static gain of the
secondary part of the process is compensated by its own tie; (g) the use of this scheme can dramatically
improve the performance of control strategies, reducing both the maximum deviation and the integral
error for disturbance responses. In the scheme shown in Figure 5, the outer loop controller generates
an auxiliary command reference vector ω∗(t) = [ω∗m(t), ω∗t (t)]

T for the velocities of the propellers
on the basis of the tracking objective for the vector of generalized coordinates: q(t) = [ψ(t), φ(t)]T .
The inner loop controller takes the command vector signal generated by the outer loop ω∗(t) as its
reference for the inner loop propeller velocity control system. The different parts of the proposed
control scheme are explained next.
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KP
m

KI
m

∫

KD
m

M(q(t)) D(q(t)), q̇(t))

E−1(q(t))sign(•)
√
|(•)|

KP
e

N−1

Γ(ω(t))

q∗(t) +

q̇∗(t) +

+

q̈∗(t)

+
+

+

+ ϑm(t) + +

Ω(t)

ω∗(t) + ϑe(t) + u(t)

−

ω(t)

−

d
dt

q(t)

−

q̇(t)

−

INNER LOOP CONTROL

OUTER LOOP CONTROL

Figure 5. Robust decentralized nonlinear control scheme for the TRMS.

3.1. Inner Loop Control

The inner loop control is designed to calculate the required values for the input control voltages
of the motors in the MATLAB/Simulink R© environment, u(t) = [um(t), ut(t)]T , in order to reduce
and eliminate the difference between the vector of angular velocities of the propellers of the TRMS,
ω(t) = [ωm(t), ωt(t)]T , and the reference vector of these angular velocities, ω∗(t) = [ω∗m(t), ω∗t (t)]

T ,
which is the output of the outer loop. In this sense, the feedback multivariate control input,
u(t) = [um(t), ut(t)]T , is synthesized as a nonlinear input transformation and classical proportional
controller with a nonlinear cancellation vector:

u(t) = N−1[ϑe(t)− Γ(ω(t))] (42)

in which N and Γ(ω(t)) are defined in Equations (12) and (13), respectively, and ϑe(t) = [ϑm(t), ϑt(t)]T

represents a vector of auxiliary control inputs, given by:

ϑe(t) = ω̇(t) = −Ke
P[ω(t)−ω∗(t)] (43)

where Ke
P ∈ R2×2 is a constant diagonal positive definitive matrix that represents the design elements

of a vector-valued classical proportional controller.
The closed loop tracking error vector, eω(t) = ω(t)−ω∗(t), for the electrical part is obtained

after substituting Expression (42) in the dynamic model of the electrical part of the system in
Equation (11), yielding the following expression:

ω̇(t) + Ke
Peω(t) = 0 (44)

The controller design matrix Ke
P is designed so as to render the following 2× 2 complex-valued

diagonal matrix, pe
c(s), defined as:

pe
c(s) = I2×2s + Ke

P (45)
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as first degree Hurwitz polynomials with the desired roots located in the left half of the complex plane
in order to achieve the convergence of the tracking error dynamics to a small vicinity around the
origin of the error phase space. In particular, the constant controller gain matrix Ke

P of the closed loop
characteristic polynomial is determined by means of a term by term comparison with the following
desired Hurtwitz 2× 2 diagonal matrix:

pe
cd
(s) = I2×2s + pe

c (46)

where pe
c ∈ R2×2 is a diagonal positive definite matrix, which represents the desired position of the

poles in closed loop. Therefore, the design controller gain is given by:

Ke
P = pe

c (47)

Finally, to conclude the description of the inner loop control, we highlight again that the design
parameters are selected for the sake of making the dynamics of the inner loop control much faster than
the outer loop dynamics, this way ensuring the functioning of the cascade controller [24]. The secondary
controller must be relatively quick so that it attenuates a disturbance before the disturbance affects the
primary controlled variable. A general guideline is that the secondary one should be three-times faster
than the primary [25]. It should be noted that the cascade strategy has to be tuned in a sequential
manner. In this procedure, the inner loop control should be tuned first, because the secondary controller
or inner loop affects the open-loop dynamics of the primary or outer loop. Thereby, and in order to
tune the parameters in the inner loop control, which are the gains of the proportional controller defined
in matrix Ke

P, the primary controller will be disconnected, i.e., the cascade should be open, and then,
the electrical controller will be tuned in a conventional manner, which involves a plant experiment,
initial tuning calculation and fine-tuning based on a closed-loop dynamic response.

3.2. Outer Loop Control

The objective of the outer loop control is to determine the required values for the angular
velocities of the main and tail rotors, i.e., the reference vector for the angular velocities, which is
the reference input of the inner loop, ω∗(t) = [ω∗m(t), ω∗t (t)]

T , in order to eliminate the difference
between the generalized coordinates of the TRMS, q(t) = [ψ(t), φ(t)]T , and the reference trajectories
for these coordinates, q∗(t) = [ψ∗(t), φ∗(t)]T . To achieve this goal, the following multivariate
nonlinear feedback control input vector, Ω(t), is synthesized as a nonlinear input transformation
and a proportional-integral-derivative (PID) controller with a nonlinear cancellation vector:

Ω(t) = E−1(q(t))[M(q(t))ϑm(t) + D(q(t), q̇(t))] (48)

where ϑm(t) = [ϑψ(t), ϑφ(t)]T represents a vector of auxiliary control variables, given by:

ϑm(t) = q̈(t) = q̈∗(t)−Km
D(q̇(t)− q̇∗(t))−Km

P (q(t)− q∗(t))−Km
I

∫
(q(t)− q∗(t)) (49)

where Km
D , Km

P and Km
I ∈ R2×2 are diagonal positive definitive matrices that represent the design

elements of a vector-valued classical proportional-integral-derivative multivariate controller.
The closed loop tracking error vector, eq(t) = q(t)− q∗(t), for the mechanical part is obtained

after substituting Expression (48) in the simplified model of the mechanical part in Equation (39),
yielding the following expression:

e(3)q (t) + Km
D ëq(t) + Km

P ėq(t) + Km
I eq(t) = 0 (50)

In order to achieve the convergence of the tracking error dynamics to a small vicinity around the
origin of the tracking error phase space, the controller design matrices Km

D , Km
P and Km

I are chosen
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in such a manner that all non-zero components of the 2× 2 complex valued diagonal matrix, pm
c (s),

defined as,
pm

c (s) = I2×2s3 + Km
D s2 + Km

P s + Km
I (51)

are all third degree Hurwitz polynomials whose roots are located sufficiently far into the left half
on the complex plane. The stability of Expression (51) can be studied by using the Routh–Hurwitz
criterion. Bearing in mind that the set of design matrices Km

P , Km
D and Km

I are diagonal, the stability
of each error variable eq(t) = [eψ(t); eφ(t)]T = [ψ(t) − ψ∗(t); φ(t) − φ∗(t)]T can be studied in an
independent manner. After applying the Routh–Hurwitz criterion, one obtains the following stability
conditions: (i) Km

Di
, Km

Pi
> 0; and (ii) 0 < Km

Ii
< Km

Di
· Km

Pi
for i = ψ, φ. After considering the previous

stability restrictions, the constant controller gains Km
D , Km

P and Km
I of the closed loop characteristic

polynomial are determined by using a term by term comparison with the following desired Hurtwitz
2× 2 complex-valued diagonal matrix:

pm
cd
(s) =

(
I2×2s + pm

c

) (
I2×2s2 + 2ζm

c ωm
c s + (ωm

c )2
)

(52)

where pm
c , ζm

c and ωm
c ∈ R2×2 are diagonal positive definite matrices. Therefore, the design controller

gains are given by:

Km
D = 2ζm

c ωm
c + pm

c (53)

Km
P = (ωm

c )2 + 2ζm
c ωm

c pm
c (54)

Km
I = pm

c (ωm
c )2 (55)

Finally, the necessary angular velocity vector values, ω∗(t) = [ω∗m(t), ω∗t (t)]
T , are obtained from

the input control vector, Ω(t) = [ωm |ωm| , ωt |ωt|]T , by performing the following operation:

ω∗(t) =

[
ω∗m(t)
ω∗t (t)

]
=

[
sign (ωm |ωm|)

√
|ωm |ωm||

sign (ωt |ωt|)
√
|ωt |ωt||

]
(56)

4. Experimental Section

This section describes the experiments carried out to verify the effectiveness of the proposed
control algorithm. In the following subsections, we briefly explain the experimental platform and the
software tools, and after that, we illustrate the experimental results on the real platform, including
a comparison with other control algorithms in terms of both stabilization and trajectory tracking
task performance.

4.1. Experimental Setup

The implementation of the designed robust decentralized controller is carried out by using the
following equipment:

• A twin rotor MIMO system provided by Feedback Instruments R© (see Figure 1 and [9]).
• A PC operating in a Windows R© environment using software tools from MathWorks R© Inc

(MATLAB R©, Simulink, Control Toolbox, Real Time Workshop R© (RTW), Real Time Windows
Target R© (RTWT)) and Visual C++ Professional R©.

• The real TRMS is connected to the computer by means of an Advantech R© PCI1711 card, which is
accessible in the MATLAB/Simulink R© environment through the Real-Time Toolbox R©.

• The control signals in the MATLAB/Simulink R© environment consist of two input voltages (in the
range [−2.5, 2.5] V) for the two DC motors A-max 26 provided by Maxon Motor R©.

• The vector of generalized coordinates, q(t) = [ψ(t), φ(t)]T , are measured by using two HCTL
2016 digital encoders provided by Agilent Technologies R©, and the angular velocity vector
ω(t) = [ωm(t), ωt(t)]T is measured by using two DC-Tacho DCT 22 provided by Maxon Motor R©.
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• The sampling rate for the controlled system is 0.002 s.

On the other hand, the executable file for the proposed control scheme is achieved by performing
the following steps (see Figure 6): MATLAB R© acts as the application host environment, in which the
other MathWorks R© products run, and Simulink R© provides a well-structured graphical interface for
the implementation of the proposed nonlinear control scheme. Real Time Workshop R© automatically
builds a C++ source program from the Simulink Model. The C++ Compiler R© compiles and links
the code created by Real Time Workshop R© to produce an executable program. Real Time Windows
Target R© communicates with the executable program acting as the control program and interfaces
with the TRMS through the PCI1711 card. Real Time Windows Target R© controls the two-way data,
or signal flow, to and from the model (which is now an executable program), and to and from the
PCI1711 card. The advantage of this approach is that the designer only needs to model the process,
using the graphical tools available in Simulink R©, without having to worry about the mechanics of
communication to and from the TRMS.

Simulink Model

C

code

Executable

Program

Real Time 

Parameters Changes

Real Time

Workshop

Real Time

Windows Target PCI 1711

TRMS 

Figure 6. Control system development flow diagram.

4.2. Experimental Results

This subsection discusses the experiments carried out to verify the efficiency of the control strategy
proposed in Section 3 in the following aspects: (a) robustness with regard to large initial errors; (b) quick
convergence of the tracking errors to a small neighborhood of zero; (c) smooth transient responses;
(d) low control effort; (e) robustness with regard to modeling errors. In the trials, the desired reference
trajectories for the pitch (ψ) and the yaw (φ) angles have been selected in order to obtain a complex and
challenging trajectory for the TRMS, which allows one to show the main characteristics and excellent
performance of the proposed control scheme, but avoiding at the same time the saturation of the
actuators of the laboratory platform. This reference trajectory is defined by the following expression:

q∗(t) =

[
ψ∗(t)
φ∗(t)

]
=


 A0ψ + A1ψ

(
2sin(ω1ψ

t) + sin(ω2ψ t)
)

A1φ
sin(ω1φ

t) + A2φ

(
sin(ω2φ t) + sin(ω3φ t)

)

 (57)

where q∗(t) = [ψ∗(t), φ∗(t)]T is the reference trajectory vector of the generalized coordinates, and the
values of the above constants are given by:

A0ψ = 0.4 rad; ω1ψ
= 0.0785 rad/s;

A1ψ
= 0.1 rad; ω2ψ = 0.0157 rad/s;

A1φ
= 0.8 rad; ω1φ

= 0.157 rad/s;

A2φ = 0.3 rad; ω2φ = 0.0785 rad/s;

ω3φ = 0.0157 rad/s; (58)
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In order to demonstrate the exponential convergence of the desired trajectories, and the robustness
with respect to large initial errors, the initial position of the TRMS is defined as q0(t) = [0, 0]T , which
represents a different value than the initial position of the reference trajectory vector q∗(t). With regard
to the parameters of the plant used in the experimentation, the values of which are presented in
Tables 1–3, we have to highlight that the discrepancies in the model due to modeling errors are around
5%, as a consequence of the difficulty involved in adequately modeling all of the dynamics terms.
The small errors observed in the dynamics identification trials, which have been performed in our
research, are compensated by the action of the proposed control scheme. With the use of an integral
action on the outer loop, eliminating the possible steady state errors is achieved.

On the other hand, the design of the proposed nonlinear control scheme and the choice of the
values of the gain vectors, which are tuned according to the procedure explained in Section 3, have
been done in order to achieve a control as fast as possible, but avoiding possible saturations of the input
voltages of the motors in the MATLAB/Simulink R© environment, which occur at ±2.5 V. The summary
of the procedure carried out to tune the designer parameters is explained next. Firstly, the inner loop
control has been tuned using the model of the electrical part of the TRMS by means of numerical
simulations. In this first stage, the parameters of the proportional controller have been tuned in
order to achieve the fast dynamics of the inner loop. In other words, the aim is to achieve a quick
convergence of the closed loop tracking error vector, eω(t), to a small vicinity around the origin of
the tracking error phase space. Secondly, we have assumed the dynamics of the inner loop to be
equal to I2×2, and then, we have tuned, again by means of numerical simulations, the parameters
of the PID controller in the outer loop. Finally, the values obtained in the simulations have been
slightly adjusted in the experimental trials with the laboratory platform. Thereby, for the inner loop
controller, the values of the desired Hurtwitz 2× 2 complex diagonal matrix for the controller are
pe

c(s) = diag(12.0, 9.0), and for the outer loop controller, the values of the matrices of the desired
Hurtwitz polynomial vector for the feedback controller are pm

c = diag(1.0, 1.0), ζm
c = diag(1.5, 1.5)

and ωm
c = diag(2.0, 1.8). More details about how to tune controllers based on a cascade scheme can be

consulted in some reference works [25–28].
In the following lines, we discuss the performance of the proposed decentralized control scheme,

which is shown in the next graphs (Figures 7–11), where, in order to show the improvements of
this design, we shall also compare the experimental results obtained using the proposed control
(denoted in the graphs as decentralized nonlinear control (DEC NON)), a standard PID control [29]
(denoted in the graphs as PID CLASSIC) and a PID control with a derivative filter coefficient [19]
(denoted in the graphs as PID DFC). Figure 7 illustrates a comparison between the desired trajectory,
q∗(t) = [ψ∗(t), φ∗(t)]T , and the real trajectory of the TRMS, q(t) = [ψ(t), φ(t)]T . This graph shows that
the three algorithms are robust with regard to large initial errors. However, the proposed decentralized
control scheme has the smoothest transient response and the best performance in trajectory tracking,
as can also be observed in Figure 8, which shows, for each control, the closed loop tracking error vector,
eq(t) = q(t) − q∗(t) = [ψ(t) − ψ∗(t), φ(t) − φ∗(t)]T . The proposed decentralized controller has a
closed loop tracking error vector that remains bounded within a vicinity of radius [0.04, 0.10]T rad,
while the standard PID and the PID with derivative filter have error vectors bounded in [0.02, 0.35]T rad
and [0.02, 0.33]T rad, respectively. Therefore, although the three control algorithms achieve a quick
convergence of the tracking error to a small neighborhood of zero, the proposed control scheme
presents the smallest error.
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Figure 7. Real and desired evolution trajectories of the vector of the generalized coordinates of the
TRMS, q(t) = [ψ(t), φ(t)]T .

0 50 100 150
−0.5

0

0.5

e ψ
(t

)=
 ψ

(t
)−

ψ
∗ (t

) 
[r

ad
]

 

 

eψ
PID CLASSIC

(t) eψ
PID DFC

(t) eψ
DEC NON

(t)

0 50 100 150
−0.5

0

0.5

1

t [s]

e φ(t
)=

 φ
(t

)−
φ∗ (t

) 
[r

ad
]

 

 

eφ
PID CLASSIC

(t) eφ
PID DFC

(t) eφ
DEC NON

(t)
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Figure 11. Evolution of the input voltage vector, u(t) = [um(t), ut(t)]T , in the
MATLAB/Simulink R© environment.

On the other hand, the performance of the inner control loop is shown in Figure 9, which illustrates
a comparison between the angular velocity vector, ω∗(t) = [ω∗m(t), ω∗t (t)]

T , obtained from the output
of the outer loop, and the real magnitudes of the angular velocity vector, ω(t) = [ωm(t), ωt(t)]T .
Again, the proposed control has a smooth transient response and a fast convergence of the tracking
error to a neighborhood near to zero as evidenced in Figure 10, which shows, for each control,
that the angular velocity error vector, eω(t) = ω(t) − ω∗(t) = [ωm(t) − ω∗m(t), ωt(t) − ω∗t (t)]

T ,
remains bounded in [20, 120]T rad/s. Finally, the input voltage vectors in the MATLAB/Simulink R©

environment, u(t) = [um(t), ut(t)]T , are shown in Figure 11. This graph illustrates that the smallest
control input effort is provided by the proposed control scheme, which furthermore presents a smooth
evolution of the input voltage vector without saturations unlike both PID controls, the standard PID
and the PID with derivative filter coefficient. As you may observe at the top of this figure, both PID
controls cause the saturation of the control signal of the main rotor, which occurs at ±2.5 V, for long
periods of time during the trials. These saturations cause a worse performance of each one of these
controllers in comparison with the proposed control scheme.

Additionally, the performances of the control methods have been measured in terms of the
integral squared tracking error, ISE =

∫ tB
tA

eq(t)Teq(t)dt =
∫ tB

tA
(eψ(t)2 + eφ(t)2)dt, the integral

absolute tracking error, IAE =
∫ tB

tA
(|eψ(t)|+ |eφ(t)|)dt, and the integral time absolute tracking error,

ITAE =
∫ tB

tA
t(|eψ(t)|+ |eφ(t)|)dt, where tA = 0 s and tB = 150 s denote the initial and final time of

the simulation, and eq(t) = [eψ(t), eφ(t)]T = [ψ(t)− ψ∗(t), φ(t)− φ∗(t)]T is the closed loop tracking
error vector. The ISE and the IAE criteria will treat all of the tracking errors in a uniform manner.
However, the ITAE criterion, as time appears as a factor, will heavily penalize errors that occur late in
time, but ignore errors that occur early in time. The results achieved are illustrated in Table 4, showing
the best performance of the proposed decentralized control scheme (DEC NON) in comparison to the
other conventional controls (PID CLASSIC and PID DFC). Both PID controls show a similar behavior
and have a worse performance when they are compared to the proposed control method.
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Table 4. Performance of the control methods.

Control Method ISE IAE ITAE

Robust Decentralized Nonlinear Control (DEC NON) 0.3956 6.6579 435.7
Standard PID control (PID CLASSIC) 5.8275 26.7591 2002.4
PID control with the derivative filter coefficient (PID DFC) 5.0814 24.8175 1834.4

To sum up, the experimental results show a better performance of the proposed decentralized
control scheme against the other control laws. The proposed control law illustrates a better performance
in the following aspects: (1) robustness in relation to large initial errors with a smooth transient
response; (2) better tracking of the reference trajectories; (3) quick convergence of the tracking errors to
the smallest neighborhood of zero; (4) less control effort; and (5) the absence of saturations in the input
control voltages.

5. Conclusions

In this study, we have successfully designed a novel robust nonlinear multivariate decentralized
control scheme for the underactuated and nonlinear twin rotor MIMO system (TRMS) laboratory
platform. This control system is based on decoupling the electrical from the mechanical dynamics
and the use of two nested nonlinear multivariate loops. The inner loop is designed as a nonlinear
input transformation and classical proportional controller with a nonlinear cancellation vector
and is responsible for the stabilization and tracking of the vector of angular velocities of the
propellers of the TRMS. The outer loop control is designed as a nonlinear input transformation,
a proportional-integral-derivative (PID) linear action and nonlinear compensation vector, which
determines the required values for the reference velocities in order to achieve the elimination of the
difference between the generalized coordinates of the TRMS and the reference trajectories for these.
This independence in the design of the control loops is possible thanks to having made the dynamics of
the inner loop much faster than the dynamics of the mechanical part. This control system is very simple
and allows the platform to be perfectly stabilized and positioned in space. Additional advantages
of this control approach are: (a) simplification of the control design procedure due to the design of
two much simpler dynamics, which are controlled separately; (b) this scheme can be more easily and
safely implemented than the standard controllers used in the control of the TRMS platform, which
involve closing a single loop, because the nested control loops proposed in this work are sequentially
implemented, first by closing the inner loop, which exhibits a very high relative stability in the presence
of system uncertainties, external disturbances and noisy corruptions, and later through closing the
outer loop, which is more prone to becoming unstable, but whose risk of exhibiting unstable motions
has been significantly reduced by having previously closed the inner loop. The experimental tests
carried out, in order to verify the performance of the proposed decentralized controller, show not only
the accurate tracking of the reference trajectories, but also the better performance of the proposed
control compared to the other two conventional controllers. The robustness in regards to large initial
errors and possible modeling errors, the quick convergence to a small neighborhood of zero and the
smooth transient response with a low control effort are the main features of the proposed design.
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2.4 Unmanned Aerial Vehicles based on Computer
Vision for Assistance Robotics

To conclude the chapter dedicated to the results, this section presents the research works
focused on the proposal of autonomous UAVs as aid systems for the home care of dependent
persons. These works are briefly described below.

The first paper deals with the main aspects, both technical and human, that should
be considered in the design and development of aerial robots based on computer vision to
assist care-dependent people. In this regard, the validation system that has been deemed
appropriate for the early stages of development is also introduced. This system is based
on the use of virtual reality platforms for 3D simulation of UAV flight in conditions similar
to domestic environments. The conclusions on these aspects are detailed in the document
included in Subsection 2.4.1: "Assisting Dependent People at Home Through Autonomous
Unmanned Aerial Vehicles”.

The second work deals with the problem of planning the flight path of a quadrotor
to carry out the monitoring of the person to be assisted. The objective is that the UAV
performs an autonomous flight from its base to the person’s position. In this flight, the UAV
must be positioned in front of the person’s face to take facial images that would be treated
a posteriori for emotion analysis. The initial simulation results show the effectiveness of
the proposed state-machine trajectory planner. Details of this work can be found in the
document included in Subsection 2.4.2: “Trajectory Planning of a Quadrotor to Monitor
Dependent People”.
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2.4.1 Assisting Dependent People at Home Through Autonomous
Unmanned Aerial Vehicles

Publication Data

ABSTRACT:
This work describes a proposal of autonomous unmanned aerial vehicles (AUAVs) for
home assistance of dependent people. AUAVs will monitor and recognize human
activities during flight to improve their quality of life. However, before bringing such
AUAV assistance to real homes, several challenges must be faced to make them viable
and practical. Some challenges are technical and some others are related to human
factors. In particular, several technical aspects are described for AUAV assistance:
(1) flight control, based on our active disturbance rejection control algorithm, (2)
flight planning (navigation in obstacle environments), and, (3) processing signals,
acquired both from flight-control and monitoring sensors. From the assisted person’s
viewpoint, our research focuses on three cues: (1) the user’s perception about AUAV
assistance, (2) the influence on human acceptance of AUAV appearance and behavior
at home, and (3) the human-robot interaction between assistant AUAV and assisted
person. Finally, virtual reality platforms are proposed to carry out preliminary tests
and user acceptance evaluations.

CITATION:
L.M. Belmonte; R. Morales; A.S. García; E. Segura; P. Novais; A. Fernández-Caballero.
“Assisting Dependent People at Home Through Autonomous Unmanned Aerial
Vehicles”. Ambient Intelligence – Software and Applications –, 10th International
Symposium on Ambient Intelligence. ISAmI 2019. AISC, vol. 1006, 216–223.
Springer, 2020. ISBN 978-3-030-24096-7. DOI:10.1007/978-3-030-24097-4_26.

Reprinted by permission from Springer Nature: Springer, Ambient Intelligence – Software
and Applications –, 10th International Symposium on Ambient Intelligence. ISAmI 2019. Advances
in Intelligent Systems and Computing, by P. Novais, J. Lloret, P. Chamoso, D. Carneiro, E. Navarro,
S. Omatu (eds), Copyright 2020.
License Number: 4620140503135. License Date: Jul 01, 2019.
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Vehicles
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Abstract. This work describes a proposal of autonomous unmanned
aerial vehicles (AUAVs) for home assistance of dependent people. AUAVs
will monitor and recognize human activities during flight to improve their
quality of life. However, before bringing such AUAV assistance to real
homes, several challenges must be faced to make them viable and practi-
cal. Some challenges are technical and some others are related to human
factors. In particular, several technical aspects are described for AUAV
assistance: (1) flight control, based on our active disturbance rejection
control algorithm, (2) flight planning (navigation in obstacle environ-
ments), and, (3) processing signals, acquired both from flight-control and
monitoring sensors. From the assisted person’s viewpoint, our research
focuses on three cues: (1) the user’s perception about AUAV assistance,
(2) the influence on human acceptance of AUAV appearance and behav-
ior at home, and (3) the human-robot interaction between assistant
AUAV and assisted person. Finally, virtual reality environments are pro-
posed to carry out preliminary tests and user acceptance evaluations.

Keywords: Autonomous unmanned aerial vehicles · Home assistance ·
Dependent people

1 Introduction

Theuse of unmanned aerial vehicles (UAVs) has notably increased in the last years.
Moreover, computer vision in UAVs plays a role beyond serving as mere recording
and displaying of flight environments. By means of computer vision algorithms,
c© Springer Nature Switzerland AG 2020
P. Novais et al. (Eds.): ISAmI 2019, AISC 1006, pp. 216–223, 2020.
https://doi.org/10.1007/978-3-030-24097-4_26
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it is possible to extract useful information both of the aircraft’s state and of its
environment. This article proposes a framework for assisting dependent people at
home through vision-based autonomous unmanned aerial vehicles (AUAVs) which
do not require the presence of an operator and navigate indoor without contra-
vening current laws for flying outdoors. Thus, the overall objective is to enhance
dependent people’s quality of life (QoL). QoL is the appreciation of well-being in
daily human lives, including emotional, social and physical aspects. QoL of depen-
dent people is usually reduced as a consequence of their functional incapacity for
carrying normal daily activities. In addition, dependents often prefer to live in their
own homes against other options, but it is difficult to provide the necessary security
and home care without monitoring [1,2]. In this sense, the combination of informa-
tion and communication technologies with mobile robotics provides intelligent and
proactive actions to most problems that dependent people suffer at home. Thus,
they facilitate the care of dependent people so that they improve their QoL in the
comfort of their proper homes.

It is our conviction that aerial vehicles can complement other technologies
in assisting dependents at home. Indeed, AUAVs act alone or in combination
with other technologies like surveillance cameras and biometric bracelets. They
also reach out where other solutions do not (for example, blind zones) through
accompanying the person, positioning itself to observe his/her activities, evaluat-
ing his/her emotional state, and acting in accordance to each situation. For this
sake, the main challenges for AUAVs to assist dependents within a family envi-
ronment are described throughout this article. Explicitly, a double engineering
solution to put in practice the above mentioned objective is described.

In first place, we have detected important technical challenges in terms of
flight control, flight planning in environments with obstacles and signal process-
ing. The solution for robust flight at home is active control by disturbance rejec-
tion, our proper algorithm recently introduced [3]. Signal processing is required
for sensors that control the flight itself (e.g. inertial measurement unit sensors)
and also those that observe the habitat. Obviously, the observed environment
includes the dependent so that an on-board camera will capture the person’s
activities and facial expressions.

Secondly, human factors must consider the individual not just as an obsta-
cle, but respecting his/her personal space when calculating the flight paths. In
addition, the potential prejudices and doubts that a person has towards a flying
robot, probably considered as an intruder or threat, have to be saved. Lastly, the
most appropriate human-robot interaction between assisted and assistant must
be defined to build a relationship of trust.

Finally, such proposal has to be evaluated. In this initial stage, the focus
is put towards the acceptance of AUAVs as assistants, deepening in the user’s
response in immersive virtual reality environments to AUAV appearance and
behavior, as well as the interaction between human and robot.
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2 Technical Challenges

The development of AUAVs to serve as assistants for dependents at their own
homes requires the design of a solution for autonomous and safe flight of the
aircraft. The flight environment, that is the dependent person’s home, is initially
a place containing static obstacles from the viewpoint of navigation. However,
the dependent person also moves around the environment as a dynamic obstacle
that must be followed by the AUAV. In this context, the use of multi-rotor
AUAVs has been considered appropriate due to their excellent maneuverability,
agility, and versatility.

In addition, it is mandatory to reduce the AUAV’s size in order not to inter-
fere with people’s daily routines in limited home space. However, such reduction
makes difficult its control. Mainly, the sensitivity of an AUAV is highly affected
both by exogenous (wind gusts) and endogenous (large non-linearities, uncertain-
ties, dynamic couplings, etc.) disturbances that seriously affect its flight capacity
and stability [4]. Several works have been developed to reduce the effects of wind
gusts on the AUAV [13], but most of them are based on the assumption of persis-
tent gusts of wind with a fixed speed, a fact that almost never occurs in reality.
There are also enormous limitations on the available space, payload, and capac-
ity of an AUAV’s power supply system, leading to the use of small processors
with low power consumption and limited memory [5].

On the other hand, the integration of AUAVs within the dependent person’s
home must be based on the principle that safety is not compromised during
flight, exhibiting a level of safety equivalent to that of manned flight missions
[7,8]. All this makes it necessary to design robust control algorithms that can be
implemented in real small-size AUAVs [9]. Unfortunately, conventional control
methods (proportional integral derivative (PID) and linear quadratic (LQR))
present serious performance problems when the size of AUAVs is reduced [10].
Therefore several methods have been developed to improve the control perfor-
mance in multi-rotor AUAVs. These are non-linear type controllers based on
mathematical models obtained through using complicated non-linear models
and identification methods [11]. Many of them present highly complex problems,
which complicates their use in real AUAVs with low consumption processors and
limited memory. Another disadvantage is that the multi-rotor AUAV’s dynamic
model is an approximation to the real system, showing therefore problems due
to parametric uncertainties and noise in sensors’ measures.

In addition, robust algorithms of an adaptive nature have been developed
in recent years to address the problem of parametric uncertainties in AUAVs.
Unfortunately, they present problems when the multi-rotor AUAV navigates in
outdoor environments (including indoors with open windows), as these control
systems are affected by external wind disturbances [12]. In this sense, the devel-
opment of controllers for multi-rotor AUAVs performing aggressive maneuvers
under disturbances due to variable speed wind is now a completely open field.

In addition, the measurements from sensors have a high noise component,
especially when the sensors are low cost [6]. In fact, signals can cause the control
system to become unstable when used in feedback or compensation loops. The
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search for methods to eliminate noise from signals through hardware and/or
software is a field of current research in many application domains. In this way,
a prevailing research field is to obtain signal filters that hardly present delays,
have high robustness with respect to noise, do not need to presuppose statistical
properties of noise, and can be implemented in low-cost hardware systems on-
line and in real-time. Thus, a first major challenge for the development of our
proposal is the design of innovative robust flight control and signal processing
systems to be implemented on small processors with reduced energy consumption
and limited memory.

We propose to improve the efficiency and robustness of the AUAV against
significant uncertainties in its modeling and external disturbances to solve this
first challenge. This has been done through the development of new algorithms
based on the concept of active disturbance rejection control (ADRC) [3] and its
experimentation with the Twin Rotor MIMO System (TRMS) (see Fig. 1).

Fig. 1. TRMS system used in flight control simulations

ADRC handles the effects of disturbances (endogenous and exogenous) as an
aggregate, global, purely time-dependent function without a particular structure.
This concept allows the designer to avoid the use of an observer based on the
non-linear structure of the (often non-existent) system and proposes a non-linear
injection module of the inputs through their gain factors, instead of a merely
linear observer. The arbitrarily close estimate of the aggregate disturbance allows
its approximate cancellation through the appropriate control action. With this
new concept it is intended to attain: (a) an improvement in the efficiency of the
AUAV behavior, (b) a higher tolerance to large disturbances in the AUAV, (c)
an easier adjustment and operation, and, (d) a drastic reduction of the AUAV
probability to go into loss when performing home monitoring tasks.

3 Human Factor Challenges

Automated monitoring and identification of humans is a valuable tool in many
areas such as rehabilitation, clinical psychology and gerontology for taking care
in the family environment [14]. The availability of new static and mobile sensor
types, and the consequent fusion of multi-sensory data in monitoring tasks offers
novel solutions to model environments and diagnose situations based on the
analysis of sensory data sequences [15].
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Monitoring people physical activities and behaviors from computer vision is
now well-established in our team [16]. For recognizing the emotional state of the
human, a non-intrusive process is automatic detection of emotions based on the
study of facial expressions [17]. The Facial Action Coding System encodes all
possible facial expressions according to action units (AUs) that occur individu-
ally or in combination [18]. The exploitation of these context-aware emotional
devices allows to deliver a highly personalized and dedicated collection of services
designed to support users and improve their personal care.

Thus, the AUAV performs a capture of images of the dependent person’s
face. This requires the detection and focus on the principal parts of the face
(eyes, nose, mouth, etc.). All this requires the positioning of the AUAV in front
of the person’s face from time to time. The captured information is sent to a
base station responsible for the recognition of the dependent’s emotions. In this
way, the system evaluates the person’s emotional state, together with his/her
behavior, to determine the assistance needed for each situation.

Let us highlight that the ability of an UAV to fly autonomously is essen-
tial to carry out the proposed monitoring tasks. This ability is mandatory when
considering that homes are closed environments composed of static and dynamic
obstacles of different sizes and types, which endangers the safety of the monitored
people. In the scientific literature, there are two approaches to autonomous nav-
igation. (a) In deliberative motion planning the trajectories are obtained assum-
ing a global knowledge of the environment, that is, a static environment [19]. In
general, a deliberate trajectory planner is useful when the environment is known
a priori, but may require too much computational effort when the environment
is dynamic. (b) Reactive motion planning considers obstacle detection by means
of a local sensory system (laser, optical flow sensors, stereo cameras or a sin-
gle camera) and the consequent control of the trajectory to avoid the detected
obstacles [20]. In this case, the information is incomplete and uncertain, and suf-
fers from the additional problem of the difficult specification of direct movement
plans.

In this sense, we propose to improve the navigation of the AUAV in environ-
ments with static and dynamic obstacles by developing a trajectory planner that
takes into account the AUAV’s dynamic and energetic constraints, and that con-
templates the appearance of unexpected obstacles through computer vision and
its corresponding integration in the AUAV control algorithm. In this respect, a
navigation system composed of different stages is proposed. In the first stage it is
assumed that the physical navigation environment is known (map of the home).
Several methodologies for obtaining trajectories will be studied by means of opti-
mization algorithms that result in AUAV trajectories free of obstacles. During
the second stage new algorithms will be developed to provide the AUAV with
the ability to adapt to dynamic environments by integrating the information
coming from the sensory system to monitor the dependent person at home.

An interesting example on trajectory planning has been presented for
autonomously monitoring wind turbine blades by means of a quadrotor follow-
ing a hyperbolic path around the blade [21]. UAVs for monitoring large and
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inaccessible structures have been also used by health, safety and environment
inspectors in complex constructions such as power stations [22]. Recently, a novel
framework has been developed to increment the ability of autonomous naviga-
tion, especially in cluttered environments [23]. Hence, robust and fast motion
close to obstacles has been achieved, which demonstrates that a deeper inte-
gration of motion planning and perception improves robustness and computa-
tional efficiency. Future flight safety improvements will allow to extent the use
of AUAVs in complex environments such as cities.

4 Virtual Reality Validation Process

The research work in AUAV assistance requires the validation of the technology
and the acceptance of the dependent people. The obtained conclusions will allow
to improve further developments. The validation should be carried out at homes
of people willing to participate. Nevertheless, in this initial stage of development,
it has been considered more appropriate to use simulations. This option saves
costs, is more versatile and, most important, is much safer.

For this, we rely on virtual reality (VR) to perform evaluations, focused both
on the flying robot assistant and on the assisted person. Thus, virtual worlds
will be generated to process the sensor signals and evaluate the progress in
flight control and planning. Virtual environments will recreate the dependent
and his/her home (a closed environment with obstacles). The behavior of the
AUAV will be simulated in different scenarios (see Fig. 2) using MATLAB and
Unity 3D.

Fig. 2. VR environment to simulate AUAV assistance

Regarding a user validation of the proposal, the focus should be towards
the acceptance of AUAVs as assistants, deepening in the users’ responses to
AUAV appearance and behavior, and human-robot interaction. Through the
inclusion of immersive VR headsets and semi-immersive VR technologies, it is
possible for real people to experience first hand sharing their space with AUAVs
assistants. Even more, VR allow to observe the reaction of people to the flight of
different virtual AUAVs around them and to investigate on several human-robot
interaction techniques.
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5 Conclusions

Personal dependency is defined as a functional incapacity for the development
of daily-life activities, which requires assistance for their realization. However,
dependent people usually prefer to live at their own homes, which implies care
strategies in the family environment. This paper has proposed a solution for
the development of indoor AUAV-based systems that allow home assistance of
dependents with the aim of improving their quality of life.

Concretely, the use of AUAVs based on computer vision is proposed for the
support and help of dependents. This proposal aims to develop UAVs capable of
flying autonomously in a home to perform the task of monitoring and assisting
dependents. However, this development process entails multiple challenges, both
technical and human, that have to be addressed before making possible the use of
AUAVs as assistants at home (e.g. a safety radius must be considered during the
whole monitoring process to avoid collisions between UAV and person). In this
article, we have introduced the bases for the development of solutions to advance
in the line of research proposed. We have considered the aspects of AUAV control
and navigation, as well as human monitoring. Lastly, virtual reality has been
proposed as a key element in the validation of the robotic assistance system.
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2.4.2 Trajectory Planning of a Quadrotor to Monitor Dependent
People
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Abstract. This article introduces a framework for assisting dependent
people at home through a vision-based autonomous unmanned aerial
vehicle (UAV). Such an aircraft equipped with onboard cameras can be
useful for monitoring and recognizing a dependent’s activity. This work
is focused on the problem of planning the flight path of a quadrotor to
perform monitoring tasks. The objective is to design a trajectory plan-
ning algorithm that allows the UAV to position itself for the sake of cap-
turing images of the dependent person’s face. These images will be later
treated by a base station to evaluate the persons emotional state, together
with his/her behavior, this way determining the assistance needed in each
situation. Numerical simulations have been carried out to validate the
proposed algorithms. The results show the effectiveness of the trajectory
planner to generate smooth references to our previously designed GPI
(generalized proportional integral) controller. This demonstrates that a
quadrotor is able to perform monitoring flights with a high motion preci-
sion.

Keywords: Home assistance · Dependent people ·
Unmanned aerial vehicles · Quadrotor · Trajectory planning ·
Generalized proportional integrated controller

1 Introduction

Inability to perform daily tasks reduces the autonomy and quality of life of
dependent people. These people require daily help that has traditionally been
provided by health personnel in specialized care centers. However, this kind of
care forces dependents to leave their homes, which is an additional problem,
since this is not usually the habitual preference. To counteract this situation,
family members are usually those who dedicate their time to assist the depen-
dent person. But, in many cases, this is not the ideal solution either. Family

c© Springer Nature Switzerland AG 2019
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caregivers, who cope with a lack of resources and preparation, are sometimes
overwhelmed by the situation. Consequently, their quality of life is also affected.
In addition, every day the number of cases of dependent people living alone is
more frequent. Therefore, they must obligatory move to specialized centers to
receive the necessary care.

Hence, it is necessary to focus research on the development of home care
strategies that allow assistance to dependents. In this way, their personal auton-
omy is increased. They can stay at home as long as possible and improve their
quality of life. In this sense, new technologies provide novel solutions for the care
and support of dependents [11,16,23,25]. Assistance robotics is fundamental at
this point. However, it is essential to work with methods that allow the correct
monitoring and identification of the dependent’s condition for designing systems
that respond to their needs [21,28]. One of them is automatic recognition of emo-
tions, a non-invasive method in which our research group has extensive expe-
rience [6,7,13,18]. This approach requires taking photographs of the person’s
face for further analyzing the information collected. Thus, the person’s mood is
detected and the necessary assistance is determined under each situation.

In this context, unmanned aerial vehicles (UAVs) may suppose a new model
of home care [17,20,30]. Indeed, an UAV equipped with an on-board cam-
era [1,2], can be very useful in home monitoring. This type of vision-based
aircraft allows, unlike other static vision systems, access to remote points, avoid
dead angles, and position itself in front of the person [14,15]. The taking of snap-
shots allows a subsequent recognition of emotions [22]. For this purpose, this
article describes a trajectory planner for the flight of a quadrocopter equipped
with a camera to capture snapshots of the person’s face. The aim is to gener-
ate smoothed reference trajectories for a generalized proportional integral (GPI)
control algorithm [12], so that the UAV performs the simulation of a flight aimed
at monitoring the person. The proposed approach is validated by numerical simu-
lations in MALTAB/Simulink environment [3–5]. This work is part of an ongoing
research to design autonomous UAVs for their future use as home assistance for
dependent people.

2 Quadrotor Dynamics

A quadrotor [12,31] is a rotatory-wing UAV formed by four rotors arranged in
the shape of a cross and equidistant from the center of mass of the aircraft,
as shown in Fig. 1. Such a vehicle allows vertical take-off and landing, and is
characterized by high maneuverability, agility, and versatility. In addition, it can
move at low speed, reducing the risk of collision in flight, and improving the
quality of the image recorded by a camera aboard. For all these reasons, it has
been considered suitable for the proposed approach.

The quadrotor’s thrust is generated by the four fixed-angle propellers of the
rotors. The lift forces are modified by changing the propellers rotation speed, thus
achieving the three possible movements, namely, pitch, roll, and yaw. As shown
in Fig. 1, by increasing (reducing) the speed of the propeller [1] while reducing
(increasing) the speed of the propeller [3] the pitch movement is obtained. In
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Fig. 1. Quadrotor’s motion principles.

the case of increasing (reducing) the speed of the propeller [2] while reducing
(increasing) the speed of the propeller [4], the roll movement is produced. And
finally, by increasing (decreasing) the speed between each pair of propellers, it
is possible to modify the yaw angle. The system of equations that model this
dynamic behavior has been obtained through the Euler-Lagrange approach [8,
19], resulting in:

mẍ = −u sin θ ψ̈ = τψ

mÿ = u cos θ sin φ θ̈ = τθ

mz̈ = u cos θ cos φ φ̈ = τφ

where m is the mass, g is the gravity acceleration, x and y are coordinates in
the horizontal plane, z is the vertical position, the angles φ, θ and ψ express the
independent orientation angles, u is defined as the total thrust and τψ, τθ and
τφ denote the angular moments (yawing moment, pitching moment and rolling
moment, respectively). Moreover, the following assumption has been considered:
orientation angles θ and φ are upper and lower bounded in intervals −π

2 < φ < π
2

and −π
2 < θ < π

2 .

3 Control Algorithm

A control scheme is necessary for regulating and tracking the trajectory that
will be generated by the planner (which will be detailed in the next section)
to perform a precise flight that allows monitoring a dependent in the proposed
assistance system. For this purpose, we have selected a generalized proportional
integral (GPI) controller, which is based on the theory of differential flatness, and
which has demonstrated good performance in the control of nonlinear systems,
which is the case od a quadrotor. GPI control sidesteps the need for traditional
asymptotic state observers and proceeds directly to use structural state esti-
mates in place of the actual state variables [26,27]. The effect of such structural
estimates in the controller is neglected in the feedback control law by means of
suitable integral output tracking error feedback control actions.

The complete design of the GPI controller can be consulted in detail in our
previous work [12]. The results of this research demonstrated the effectiveness
of the proposed approach in comparison with the classical PID control in the
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Fig. 2. General control scheme.

following terms: (a) stabilization and trajectory tracking tasks; (b) performance
when the measured signals are corrupted by noise; and (c) dynamic response
when atmospheric disturbances such as gusty wind affect the quadrotor.

4 Trajectory Planning

Planning trajectories is one of the problems to necessarily resolve when designing
autonomous mechatronic systems and mobile robots. For this reason, it is a field
that has attracted the interest of the research community in recent years [9,10,
24,29]. Thus, this section describes the trajectory planning algorithm designed
for the quadrotor. The overall goal is to make a flight for monitoring a dependent
person. To do this, the UAV, which will initially be in a base position on the
ground, must take off, approach the person and surround him/her until finding
the face. Then, the UAV will take a photograph of the face that will be sent to
a base station for analysis. Finally, the UAV must conclude the circular motion
around the person and return to its base.

During the planner’s development, the following considerations have been
considered. (i) The sensors provide the information of the person’s position
defined by the face’s center coordinates (xp, yp, zp); (ii) the person remains static
during the monitoring process; (iii) there are not obstacles at the monitoring
height at which the UAV works; (iv) a safety radius, R, is defined during the
whole monitoring process to avoid collisions between the UAV and the person;
and, (v) when the UAV does not perform any monitoring task, it remains in the
base position whose coordinates are (xb, yb, zb).

The trajectory planner is based on a state machine. The states define the
maneuvers to be performed by the UAV during the monitoring process. For
each state, the planner generates smoothed reference trajectories for the position
(coordinates x, y, z) and the yaw angle (ψ) of the UAV. These references are the
inputs to the GPI algorithm, which determines the required inputs to control
the UAV’s flight. The general control scheme of the quadrotor is illustrated in
Fig. 2.
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As shown in the figure, the trajectory generator depends on the person’s
information provided by the sensors (xp, yp, zp), the UAV’s output variables
(x, y, z, ψ), and the previous machine state. The planner defines the references
trajectories during the monitoring process so that the UAV’s camera focus points
towards the UAV’s forward direction or the person. The considered states for
the trajectory planner are the following.

– State 0: Home. It defines the initial state of the UAV located on its base.
When it receives the instruction to start the monitoring process, it transits
to state 1.

– State 1: Takeoff. Generation of the trajectory for the take-off of the UAV.
When the quadrotor reaches the face’s height defined by zp coordinate, it
transits to state 2.

– State 2: Person Search. The UAV is requested to rotate its position, that
is, to vary its yaw angle to find the person. When the cameras center is aligned
with the person, it transits to state 3.

– State 3: Approximation. The UAV performs an approach maneuver
advancing in a straight line towards the person. The objective is to reach
the Safety Position located in the circumference of radius R defined around
the person. When this position is reached, it transits to state 4.

– State 4: Waiting in Safety Position. Intermediate state in which the
UAV stops before starting the circular movement around the person in order
to search his/her face. Once the programmed timeout has elapsed, it transits
to state 5.

– State 5: Face Search. The UAV is requested to perform a circular movement
around the person while varying the yaw angle so that the camera on board
points towards the person. When the UAV is in front of the face, it transits
to state 6.

– State 6: Data Capture. The UAV stops for a while to take a picture of the
person’s face. This image is transmitted to a base station for analysis. After
the time required for data capture elapses, it transits to state 7.

– State 7: Motion to Safety Position. Continuation of the circular move-
ment until the turn is completed and the previously defined safety position
has been reached. In that position, it transits to state 8.

– State 8: Base Search. Keeping the position, the UAV is requested to modify
its yaw angle until the camera is focused towards the base; then, it transits
to state 9.

– State 9: Return to Base. The UAV must advance in a straight line until it
is positioned on the base. When the UAV is on position (xb, yb, zp), it transits
to state 9.

– State 10: Yaw Angle Adjustment. The UAV is requested to modify its
yaw angle so that it can subsequently land on the base correctly and be ready
for the next monitoring process.

– State 11: Landing. The UAV lands at the base position and transits to the
initial state (0) for the next monitoring process.
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5 Numerical Simulations

The numerical simulations carried out to evaluate the trajectory planning for
the quadrotor are detailed in this section. These simulations were performed
within the MATLAB/Simulink environment. The parameters used are defined
in Table 1.

Table 1. Parameters defined in the MATLAB/Simulink trials.

Planner’s parameters

Safety radius, R = 2 [m]

Base position, (xb, yb, zb) = (0, 0, 0) [m]

Velocity in Z axis, vz = 6.8 · 10−2 [m/s]

Velocity in diagonal motion (x, y), vd = 7 · 10−2 [m/s]

Angular velocity for yaw adjustment, ωψ = 3 · π/100 [rad/s]

Angular velocity for circular motion, ωcircle = 3 · π/100 [rad/s]

Period of time for State 4 (waiting in safety position), ts4 = 15 [s]

Period of time for State 6 (data capture), ts6 = 30 [s]

Person’s parameters

Face’s position, (xp, yp, zp) = (4, -4, 1.7) [m]

Face’s orientation, αp = π/4 [rad]

UAV’s parameters

Initial position, (x(0), y(0), z(0)) = (xb, yb, zb) [m]

Initial yaw angle, ψ(0) = 0 [rad]

Camera’s angle, αcamera = π/4 [rad]

Controller’s parameters

The same design parameters used in our previous work [12]

Simulation parameters

Sample time, Ts = 0.01 [s]

Simulation time, t = 300 [s]

Figure 3 illustrates the reference trajectory generated by the planner and the
trajectory performed by the UAV, both in a 3D representation. In this picture,
the planner’s highlight points are detailed. Firstly, there is the base position in
which the UAV remains between each monitoring process. Second, we have the
person’s face position and the direction (where he/she is looking at), which is
represented by an arrow. In third place, there is the safety position reached by
the UAV in the approximation maneuver and the same position where the UAV
returns after taking the photo. Finally, we have the position where the UAV
stops to capture that data.
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In Figs. 4 and 5 it is possible to appreciate the precision of the GPI controller
for trajectory tracking of the quadrotor’s position and orientation. And, finally,
the control inputs applied to the UAV model are detailed in Fig. 6.

6 Conclusions

The need of novel home care strategies for dependent people has motivated this
work. We have designed a trajectory planner for a quadrotor aimed to monitor
dependents. The final aim is to perform an autonomous flight to observe the
person and take a photo of his/her face that will be later analyzed to determine
the person’s mood. That information will allow providing the assistance required
at each moment.

Despite being the first development of the trajectory planner, the results of
the simulations are positive. The planner is able to generate smoothed refer-
ence trajectories that allow performing precise flights of the UAV governed by
a GPI controller. In future works, it will be necessary to improve the planner in
the following aspects: (a) to increase the planner’s detail to consider the tran-
sitions between states as a consequence of the movement of the person during
the monitoring process; (b) to develop a strategy for detecting obstacles and
avoiding collisions in the flight environment; (c) to perform an experimentation
of the proposed approach in virtual reality environments before moving to real
scenarios.
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Closure

The closure of the doctoral dissertation is detailed in this chapter. Section 3.1 presents the
discussion on the research carried out. After an introduction on the suitability of UAVs as a
means to monitor people for assistance purposes, three blocks are introduced to summarize
the main contributions regarding the study on computer vision in autonomous UAVs, the
development of robust control algorithms, and the proposal of vision-based UAVs to assist
dependent persons, respectively. Finally, Section 3.2 is dedicated to recapitulating the main
conclusions of this thesis, and to presenting the ongoing and future research.

3.1 Discussion

Based on robotics and computer vision, the thesis project has proposed the use of small
unmanned aerial vehicles to improve the quality of life and care of people in situation of
dependency.

The concept of dependency or care dependency refers to the situation in which people,
for different reasons, such as illness or disability, need help to perform daily tasks [26]. One
of the sectors of the population that suffers most from this situation is the aging adults,
who often live alone at home. The changes in today’s society have led to a demographic
panorama that until a few decades ago was unusual. Nowadays, the number of elderly
people has increased and the proportion with respect to the rest of the population has also
increased. As a consequence, the aging of the population is a reality.

The World Health Organization (WHO) has been aware of this new reality and has
performed studies and reports in order to adapt the public health systems and the response
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of communities to this new paradigm. Among the different options proposed by WHO, the
role of technology should be highlighted. It has to provide solutions to improve aspects such
as personal autonomy, mobility, participation, and communication of people. The objective
is to promote and maintain the level of functional ability that allows well-being, considering
physical, mental and social aspects, during aging. This goal is included in the concept of
healthy aging [29].

In the face of the loss of intrinsic capacity, help must be given to maintain the level of
functional ability. This may entail the need for adapting the dependent’s home and even
the obligation to leave it in order to receive the precise attention in specialized centers.
This decision is usually not voluntary and undermines the dependent’s quality of life. WHO
insists on the importance of providing solutions that do not involve the abandonment of the
person’s usual environment. This is also reflected in the Spanish law on the Promotion of
Personal Autonomy and Care for Dependent Persons [11]. Article 13 indicates that care for
dependent persons and the promotion of their personal autonomy should be oriented towards
the attainment of improvement in personal quality and autonomy, in order to facilitate an
autonomous existence in their habitual environment as long as they wish.

Faced with this situation, the family members themselves often provide help for the care
and attention of the dependent person. However, this situation, together with the lack of
means and preparation, results in an additional problem. The family members themselves
also suffer a reduction in their quality of life [8, 9]. In addition, it must be considered that
this solution is sometimes not possible either. Family members, mainly for work reasons,
do not have the time necessary for the proper care of the dependent. On the other hand,
more and more often the number of elderly people who live alone, either by their own
decision or by situations such as the loss of the closest family members, increases. These
people, even more, see drastically reduced the possibilities of continuing living at home
whilst receiving the necessary attention. Therefore, it is mandatory to focus research on
solutions to counteract this situation.

In this sense, this doctoral thesis focuses on the problem of care for dependent persons
and approaches it from a technological point of view. It is true that other solutions such as
home care provided by qualified people or providing support and training to family members
are alternatives in these cases [12, 24]. Likewise, improving conditions in health centers,
in such a way that they approach and resemble domestic environments, may be useful to
reduce the feeling of abandonment of the home. However, given the demographic trend of
recent years, these solutions may not be feasible in the future. Therefore, it is necessary to
bet on new technologies to solve the problems of elderly people and dependents in general.
Assistance robotics can and must play an important role in this matter.

Among the different options for the implementation of assistance robotics, this research
has focused on unmanned aerial vehicles (UAVs). These aircraft allow access to remote
and/or hard-to-reach points without the intervention of an on-board operator. Equipped
with vision cameras, they also allow capturing images of the environment for later analysis
or even in real time. These features have allowed their use in fields such as surveillance,
infrastructure inspection, fire control, transport of goods and medical equipment, among
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others. In all these applications, the UAV is usually controlled or at least supervised by an
operator on the ground. However, the technological advance is aimed at suppressing this
human control by a totally autonomous mode of control.

Autonomous UAVs, equipped with vision cameras, represent a novel technological solution
that allows going all over the person’s home, overcoming possible obstacles and barriers, such
as stairs and blind zones (where static cameras are not useful). Alone or complemented with
other technologies, such as biometric wristbands, these vehicles are a means for monitoring
the activity of the dependent. In this way, it is possible to collect images that can be treated
to analyze the mood and behavior of the person and determine the assistance needed.
Based on this premise, the topic and main objective of the thesis has been the control and
navigation of UAVs based on computer vision for assistance purposes.

In order to address the proposed research, three partial goals (sub-objectives) were
established: (a) to study the integration of computer vision for the navigation and control
of the UAV; (b) to increase and improve the movement capacity and stability of the UAV in
the face of disturbances of different nature, and (c) to develop the proposal for UAVs as
home assistance systems to aid dependent persons. These goals defined the three thematic
blocks in which the work plan was divided (computer vision in UAVs, control algorithms for
UAVs, and proposal of assistant UAVs). The research works on these topics were published
in journals of notable impact and books of international relevance, thus constituting the
results of this doctoral thesis per compendium of publications (see Chapter 2). Below is a
summary of the main contributions regarding the three topics.

3.1.1 Study on the Computer Vision in Autonomous UAVs

One of the main issues addressed in this doctoral thesis is the study on how computer vision
is integrated into the flight operations in autonomous UAVs.

The initial idea was to perform a state of the art study on the issue, but given the
great number of works published in this area, it was decided to approach the task from a
systematic point of view. This way, a systematic mapping study was carried out to review,
classify and structure papers focused on computer vision in autonomous air vehicles. This is,
to the best of our knowledge, the first systematic mapping study conducted on this topic.

This study has made it possible to identify and analyze (a) the flight operations for
which computer vision has been used, (b) for which types of UAVs the proposals have been
designed and/or validated, (c) the configuration and features of the used vision systems,
and (d) the tests carried out in the validation process. The main conclusions of the study
are briefly summarized below:

• The research on navigation and control solutions integrating computer vision for
autonomous UAVs is an area of great interest to the scientific community. The
number of papers published on this topic shows an outstanding annual growth trend.
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• Most of the works analyzed focus on a solution for a specific operation and not to
achieve a fully autonomous UAV based on computer vision. However, the trend shows
how the research focus has shifted, from relatively less complex operations, such
localization or stabilization towards missions closer to the autonomous concept, such
as tracking of paths and objectives, and the avoidance of obstacles.

• Unmanned rotary-wing aerial vehicles have been the principal focus of the researchers’
interest. Within this class, the quadrotor is the vehicle for which most solutions have
been presented, followed at a distance by helicopters.

• The most widely used vision system is monocamera installed on board the aircraft.
Most works analyzed use this configuration. About the camera’s orientation, it
usually depends on the flight operation. Stereo systems have also been used in a
non-depreciable number of publications.

• A significant number of the works analyzed, more than 50%, were validated by flight
tests. However, experimentation and especially simulation are still frequently used.

It is important to note at this point that the systematic mapping study was carried
out considering the particular focus of this thesis, the UAVs as robots to assist dependent
persons. In this sense, the criteria for inclusion and exclusion of the articles were written in
relation to this, and the results of the study were analyzed, not only from a general point of
view but also from the particular perspective of this research project. Among the conclusions
obtained in this respect, the following should be highlighted:

• It is necessary to focus future studies principally on vision-based target tracking
and obstacle avoidance, so that the UAV follows the person in monitoring tasks,
meeting the safety conditions to make it possible to use such assistant UAVs in real
environments.

• The main features of quadrotors, vertical take-off and landing, hovering flight, and
greater maneuverability and its relative simpler flight control, makes them a suitable
model for complex indoor (and outdoor) environments where the assistant could be
used.

• Regarding the vision system, the best solution seems to use a monocular system
aboard the UAV. This solution is easier to install, allows reducing the payload for the
UAV and the vision algorithms are simpler. However, the use of a stereo system is not
discarded in the future if depth information is needed. The vision system’s localization
should be on-board the UAV to perform the tracking of the person.

• Finally, virtual reality will be essential in the first stages of development of flying
assistant robots. This tool allows testing the UAV’s operation in a safe environment
and conducting studies on the user acceptance of such technology. After that, real
flight tests in controlled conditions should be performed before bringing these novel
assistants to real homes.
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As part of the research carried out on the integration of computer vision in UAVs,
a solution was designed based on the use of a depth camera for navigation in indoor
environments. This approach considers two phases, the first phase of mapping in which
the camera is used as a range sensor. And a second, in which it is used as a gray-scale
camera for localization purposes within the flight environment. The flight environment
is represented by a modular collection of occupancy grids that are added to the map as
new objects are found. This approach can, therefore, be extended for its use in obstacle
detection and avoidance solutions.

3.1.2 Design of Robust Control Algorithms for UAVs

In relation to the second goal, improvement of the UAV’s movement capacity and stability,
the study has focused on the development of several robust control schemes for different
aircraft unmanned models. These aerial vehicles are generally characterized by nonlinear,
multivariable and coupled dynamics. In addition, most of them are underactuated systems,
i.e., the number of control inputs is lower than the number of degrees of freedom (DoF) of
the system. All these features complicate the modeling and control process.

At this point, it is important to consider another relevant issue that may difficult the
control. For the use of UAVs in assistance robotics, and mainly in the proposal of UAVs
as assistants in real homes, it is necessary to reduce the UAV’s size in order to disturb as
less as possible the routine of person to be assisted. This reduction implies two additional
disadvantages: (a) the flight capacity and stability is more affected by disturbances, both
exogenous (wind gusts) and endogenous (non-linearities, uncertainties, dynamic couplings,...);
(b) the space, payload and power’s system capacity are limited, which derivative in the need
of small processors with low power consumption and limited memory.

All these conditions undermine the effectiveness of traditional control methods. Therefore,
it is necessary to focus the study on robust control schemes, which should be implemented
in small-size processors in order to ensure the UAV’s stability and control. In all applications
flight safety must be maximum, even more in those designed to help people, where the UAV
flies close to them.

At this respect, the research carried out during the doctoral thesis has focused on
three kinds of robust control schemes which have been designed and implemented for
several platforms: two differential flat systems (quadrotor and flapping-wing models) and a
laboratory helicopter (TRMS). Below, a summary of the results in this area is presented:

• Generalized Proportional Integer (GPI) Control (Based on Flatness Theory):

A robust GPI control scheme has been applied in a nonlinear, multivariable and
underactuated quadrotor model. The controller design is based on the flatness
property (the quadrotor model is differentially flat because all the system variables
can be parameterized solely in terms of the flat outputs and a finite number of
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their time derivatives). GPI control uses structural state estimates based on integral
reconstructors in place of the actual state variables, and only requires inputs, outputs
and iterated integrals of such available signals. The effect of the neglected initial
states is suitably compensated by means of a sufficiently large number of additional
iterated integral output errors, integral input errors and control actions. Numerical
simulations demonstrated the effectiveness of the proposed approach in comparison
with a classical PID control in the following terms: (a) stabilization and trajectory
tracking tasks; (b) performance when the measured signals are corrupted by noise;
and (c) dynamic response when atmospheric disturbances, such as gusty wind, affect
the quadrotor.

• GPI-Observer-Based Active Disturbance Rejection Control

– Based on Flatness:

A robust observer-based linear output feedback control scheme has been
designed for a miniature flapping-wing aerial vehicle (FMAV). In the design
of the controller, two theories have shown to be fundamental. Firstly, the
development relies on a model simplified by the time-average theory, and
secondly, the flatness property is used again to obtain a simplified-perturbed
model from the previous one. This way, an active disturbance rejection scheme
based on linear GPI observers has been proposed for trajectory tracking. The
numerical simulations carried out in the MATLAB/Simulink R© environment proof
the efficiency of the design regarding quick convergence of the tracking errors to
a small neighborhood of zero and smooth transient responses.

– Two-Stage Control Scheme:

In this case, the study platform has been the TRMS. At this point, it is necessary
to highlight the role of this system in the research carried out. The characteristics
of this laboratory helicopter, marked by a non-linear and strongly coupled behavior,
make it a challenging platform. In this sense, the results obtained have been
published in high impact journals and books of relevance in the field of control.
Our article published in the IEEE Transactions on Industrial Electronics journal
stands out here. In this work, the excellent performance of the application of the
ADRC algorithm based on GPI observers in the design of decentralized strategies
in hierarchical systems is demonstrated. It is proposed a linearizing, global,
approach for the robust output feedback controller design for output trajectory
tracking tasks on the perturbed hierarchical systems of which the TRMS system
is composed. The key idea is that each individual feedback loop is based on the
use of a classical feedback controller and a suitably extended high gain linear
observer; thus aiding the feedback controller in two important tasks: (1) the
accurate estimation of the input-output system model nonlinearities; and (2) the
accurate estimation of the unmeasured phase variables associated with each of
the linearizing output variables. These two key pieces of information are used in
the proposed feedback controller to (a) cancel the influence of the nonlinearities
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as a lumped unstructured time-varying term, and (b) design an output feedback
control law based on the approximate estimates of the output associated phase
variables. The effectiveness of the proposed approach is demonstrated by means
of the real experiments performed in the laboratory platform.

• Nonlinear-Cascade Control Scheme

A cascade-based nonlinear, multivariable and robust control scheme has been designed
for the TRMS. The controller, composed of two nested loops, is based on the division
of the dynamics of the TRMS into the electrical and mechanical part. Firstly, the
electrical controller or inner loop was designed for controlling the angular velocity of
each propeller, and then the outer loop or mechanical controller used for determining
the necessary velocities to control the spatial position of the TRMS. Some of the
advantages of the proposed configuration is the following: (a) the controller design
procedure is simplified to a great extent; (b) this scheme can be more easily and
safely implemented than the standard controllers; (c) the disturbances affecting the
inner loop are effectively compensated before they affect the main process output,
thereby improving the stability of the system; (d) the response speed is increased;
e) the cascade control scheme is not strongly sensitive to not too large modeling
errors. The proposed control scheme has been validated by numerical simulations and
experimental tests in which the controller has shown an excellent performance in both
stabilization and trajectory tracking tasks.

3.1.3 Proposal of Vision-Based UAVs to Assist Dependent Persons

Finally, the discourse is focused on the last stage of the predoctoral research. This phase has
dealt with the proposal of UAVs as a system of assistance, from a theoretical and practical
approach. Thus, the final objective of this proposal is the development of a UAV capable
of flying autonomously, in a home, to perform the task of monitoring and assistance to
dependent persons. However, this development process involves multiple challenges that
must be addressed to make possible, viable, and practical the concept of assistant UAVs.
The study of these challenges was one of the main developments carried out.

At this point, it is necessary to highlight the collaboration with Professor Paulo Novais,
and his research group at the Synthetic Intelligence Lab (ISLab), as a result of the predoctoral
stay at Universidade do Minho (Braga, Portugal). The work of the ISLab is framed in the
field of Ambient Intelligence and is focused on conducting studies on the behavior of people
in specific scenarios for efficient integration as a means of interaction with technology. This
research experience made it possible to highlight the importance and need to consider human
factors and the role of the proper assisted person. In this sense, it is important to emphasize
that the design of UAVs, which can be used in tasks to aid elderly people, and dependents in
general, requires not only approaching the problem from a technical point of view to ensure
the autonomous and safe flight of the aircraft, but also the need to consider the person
himself/herself, respect his/her personal space, study how to improve the acceptance of the
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presence of an assistant robot and, thus, work on building a relationship of trust between
the UAV-assistant and the person-assisted.

In addition to this preliminary study on the challenges, both technical and human, the
work carried out in relation to the proposal of assistant UAVs, has focused on two issues
of a more practical nature: the development of a validation system, and the design of a
trajectory planner for the UAV flight.

The following lines summarize the main contributions and conclusions in relation to
the four topics discussed: (1) definition of the technical aspects to be considered for the
development of autonomous UAVs for assistance in the home of dependent persons; (2)
definition of the human level challenges that must be faced in order for the proposal to be
accepted by the persons who are to be helped; (3) development of a virtual reality-based
validation system that allows both the technical evaluation of the proposal and future studies
on the acceptance of UAVs as assistants by dependent persons; and (4) development of a
flight path planner for a quadrotor in monitoring tasks.

Technical Challenges

From a technical point of view, the main challenge to achieve is the autonomous and
safe flight of the aircraft within the assistance environment, in this case, the home of the
dependent person. It has been considered appropriate to use rotary wing UAVs due to
their excellent maneuverability, agility and versatility. However, given the conditions it is
necessary to reduce their size to a minimum, which leads to problems that make them
difficult to control. After the analysis of these factors, and of the possible solutions, the use
of a robust control scheme based on the active rejection of disturbances has been proposed.
On the other hand, it is necessary to deal with the noise problems that may appear in the
measurements coming from the sensors.

For the autonomous navigation of the UAV, a two-stage navigation system has been
proposed to determine the path free of static obstacles (assuming the existence of a home
map) and its adaptation to the dynamic environment through the integration of information
from the sensors (mainly the on-board vision system).

Human Factor Challenges

From the point of view of the assisted person, the objective to achieve is the capture by
the UAV of facial photographs of the person to be sent to an emotional detection system
that should evaluate the emotional state of the person and determine the task of assistance
needed. For this monitoring task, it is essential to have the autonomous navigation capacity
of the UAV indicated above, as well as to consider the needs of the person, respect their
personal space, hinder as little as possible their daily work, and therefore contribute to the
acceptance of the assistant system by the user.
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Virtual Reality Validation Process

One of the main topics considered has been the design of a virtual reality (VR) platform
for the flight simulation of the assistant UAV in a 3D environment that recreates the home
of a dependent person. In this way, through the inclusion of immersive and semi-immersive
VR technology, real people will be able to experience the monitoring process performed by a
virtual UAV flying around them within a safe environment. This tool will make it possible to
carry out studies and analysis centered on the assisted person, and not only on the assistant
robot. The conclusions of these tests will allow modifications and improvements, mainly
related to the physical characteristics of the UAV, and the design parameters of the flight
planner.

In the development of this tool, two software programs have been essential:
MATLAB/Simulink R© and Unity 3D. The first software simulates the control system of
the UAV, including its dynamic modeling (which defines the behavior of the UAV) and
control algorithms (determine the control input to apply in order to achieve the desired
movement of the UAV, for example, to follow the person at a certain distance). The output
of the simulation, i.e. the status of the UAV (position and orientation), is sent to the
second program, Unity 3D, in charge of recreating the UAV within the virtual environment.
The movement of the (virtual) UAV is achieved by periodically updating its position and
orientation, according to the values received from MATLAB/Simulink R©. At the same time,
it is necessary to provide as feedback the information of the virtual environment (for instance
the distance from the UAV to the person) to the control scheme, that is, from Unity 3D to
MATLAB/Simulink R©. The bidirectional communication system between both programs has
been developed using the Message Queue Telemetry Transport (MQTT) protocol, based on
a subscription model and topic publication. The first 3D designs of the UAV and virtual
environment have also been made. The ongoing research aims to improve and complete the
development by adding, among other things, configuration options to select flight control
parameters or different scenarios in Unity 3D, and integrating RV technology to perform
immersive tests.

Trajectory Planning

The last issue addressed within the framework of assistant UAVs has been flight planning.
The objective has been to design a trajectory planning algorithm for the positioning of the
UAV during the monitoring process, considering the person’s position, and keeping a safety
distance that respects the personal space and avoids collision risks. The first development
is based on a state machine and has been tested through simulation tests. The results
demonstrate the effectiveness of the planner in generating smooth reference trajectories that
allow the precise flight of a quadrotor controlled by the previously designed GPI scheme.
Extending the planner’s details to consider the person’s movement and the integration of a
solution to avoid obstacles are the main points of improvement for future evaluations using
the virtual reality platform.
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3.2 Conclusions and Future Work

This thesis has addressed the control and navigation of UAVs based on computer vision for
their application in assistance robotics. In particular, the focus has been on the problematic
of home care of dependents. The objective and motivation to address this issue have been
the search for technology solutions that would provide greater autonomy to dependent
people, so that they can continue to live at their homes for as long as they wish, receiving
the care they need.

The work carried out during the predoctoral investigation has been divided into two main
phases. The first phase has dealt with technical issues, of a more general nature, such as the
integration of computer vision for navigation and flight control of autonomous UAVs, as well
as the development of robust control algorithms for different aircraft models and platforms.
At this point, it is important to note that the research results in this area are applicable to
the design of autonomous UAVs for any other purpose, not just assistance robotics. The
second phase has specifically focused on the development of the proposal of UAVs to assist
dependent persons. To this end, a study has been carried out on the different aspects,
both technical and human, to be considered for the design and development of these UAVs
for home assistance. In addition, two fundamental issues for this development have been
addressed: the design of a virtual reality platform, and the development of a trajectory
planner for the monitoring process. The virtual reality platform will make it possible to
carry out evaluations centered on the assistant UAV, mainly in questions relating to the
flight planning, as well as on the person assisted by means of studies on the perception and
acceptance of the technology. This tool may also be suitable in the simulation of other
robots, not only aerial, and again for other purposes.

The future lines of work concerning the proposal of assistant UAVs are: (i) to advance in
the design of the trajectory planner, (ii) to carry out tests using the virtual reality platform
(in its most advanced version), (iii) to verify the proposal through experimental and flight
tests, (iv) to extend the functionality of the assistance system. The ongoing research focuses
on the first two points, while experimentation and especially real flight trials should be
addressed later (once possible faults in the previous stages are corrected). The last point
concerns long-term improvements to extend the present proposal. Below, the main tasks
and suggestions for this future research are briefly detailed:

1. Trajectory Planner
1.1. Increasing the planner’s detail in order to consider the transitions between states
that allow adapting the UAV’s flight to the person’s motion during the monitoring
process.
1.2. Integration of the information relative to the map of the environment and sensors
of the UAV to calculate an obstacle-free path with dynamic adaptation to avoid
unexpected obstacles in the flight trajectory.
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2. Virtual Reality Platform
2.1. Increasing the configuration options of the 3D simulation platform to, among
others, select and configure the flight control parameters, as well as choosing among
different models of home scenarios.
2.2. Carrying out tests using immersive VR technology by the people for which the
UAV assistants are conceived. Performing studies on the acceptance of the technology
and on possible improvements.

3. Experimental and Flight Tests
3.1. Design and set-up of a quadrotor (or adaptation of a commercial model), including
the installation of an embedded vision system and the sensors required for control.
3.2. Validation of the navigation and control solutions previously designed in real flight
trials. Implementation and test of a novel ADRC control scheme for the quadrotor.
3.3. Verification of the performance of the quadrotor in monitoring a person within a
laboratory or controlled environment that ensures safety measures.

4. Long-Term Improvements: Extending the Functionality
The research line of the thesis has been based on the premise of the suitability of UAVs
to technologically contribute to the care of dependent people, usually elderly people
who live alone. In the proposal of UAVs as personal assistants, a computer system
will analyze the person’s mood, to determine the assistance needed, by processing the
information grabbed by the aircraft’s camera. The analysis and response capacities
of this computer system are key points to improve and extend the proposal made.
Algorithms can be included for the detection of circumstances that imply a risk for
the dependent person. For example, the UAV could conduct an inspection flight
throughout the house, verifying rooms and facilities such as the kitchen and gas plate.
Another suggestion regarding the computer system is the ability to automatically
communicate with the medical services in case of an emergency such as a fall.
Providing new help models would significantly enhance the proposal of the assistant
UAVs, thus improving the viability and acceptance of these new models of care robots
on the part of the dependent people as well as for the rest of society. All this would
contribute to a greater deployment of this type of assistance in real homes, thus
improving the quality of life of a greater number of dependent people. It would also
be possible to extend the target population of these UAV-based aid systems. Personal
assistants of general purpose for help and support tasks may be interesting solutions
in a world each time more and more connected to new technologies in the era of the
Internet of Things.
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