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Abstract

Unmanned aerial vehicles (UAVs) have emerged as versatile flying systems, finding applications
in various sectors, ranging from surveillance and firefighting to reconnaissance and cargo
transport. The classification of UAVs spans micro to full-scale, depending on their weight,
including payloads. Of particular interest in this thesis are heavy UAVs, as they are capable of
carrying substantial payloads and are integral to operations such as crop spraying, long-range
monitoring, and portable communication. Achieving extended flight endurance, a critical
requirement for many missions has led to the prominence of thermal engines among propulsion
systems.

In contradiction, thermal engines introduce mechanical challenges, chief among them being
latency in response. Addressing this issue requires innovative control algorithms, especially as
conventional control methods often rely on engine propellers for both position and attitude
control. The use of distinct actuators to regulate the system introduces redundancy, enhancing
stability and safety margins. As a result, the control of heavy UAVs entails multiple layers of
complexity.

This comprehensive Ph.D. thesis, comprising three Q1 journal papers, delves into groundbreak-
ing control methodologies, with a specific emphasis on the implementation of thrust vectoring
through flap vanes. The overarching goal of this research is to address inherent attitude
instabilities, streamline mechanical intricacies, and significantly augment flight endurance,
with a primary focus on the domain of heavy UAVs.

Additionally, the thesis embarks on an exploration of the evolution of UAVs from mili-
tary to civilian applications and introduces the concept of the Unmanned Aerial System
(UAS), encompassing the entire ecosystem, including UAVs, Ground Control Stations (GCS),
communication systems, and networking components.

Motivated by the "WILD HOPPER" project, which seeks to design a heavy-duty UAV for
firefighting operations, the author’s role is to develop a suitable control algorithm. The "WILD
HOPPER" platform offers unique advantages, including precise payload release capabilities
and the ability to operate effectively during nighttime missions, complementing existing aerial
firefighting methods.

The thesis clearly defines the problem statement, highlighting key design steps. These
steps encompass the investigation of potential control solutions, a comprehensive analysis of
aerodynamic interactions, the development of a mathematical model, and a deep dive into
the challenges associated with flap vanes under various operating conditions.

The proposed control solution is structured into three primary levels: attitude control and
position control, concentrating on the vertical and attitude parameters. It capitalizes on the
main propellers to generate the vertical thrust and flap vanes to maintain the system stability
and augment flight endurance. The controller’s functionality is further fortified through the
incorporation of redundant actuation mechanisms.
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The research objectives are ambitious, aiming to contribute significantly to the advancement
of control methodologies for heavy multi-ducted fan UAVs. These objectives encompass the
development of a comprehensive mathematical model, the formulation of innovative control
strategies, and the validation of these control techniques through rigorous simulations and
real-world experiments.

In conclusion, this Ph.D. thesis is dedicated to advancing the control of multi-ducted fan
UAVs through thrust vectoring. The research seeks to address the unique challenges posed by
heavy UAVs, with a primary focus on stability improvement and prolonged flight endurance.
The proposed control solutions and innovative methodologies hold the promise of making
substantial contributions to the field of UAV control.
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Resumen

Los vehiculos aéreos no tripulados (UAVs) han emergido como sistemas voladores versatiles,
encontrando aplicaciones en varios sectores, desde vigilancia y extinciéon de incendios hasta
reconocimiento y transporte de carga. La clasificacion de los UAVs abarca desde micro hasta
escala completa, dependiendo de su peso, incluyendo cargas ttiles. De particular interés en
esta tesis son los UAV pesados, ya que son capaces de transportar cargas sustanciales y son
fundamentales para operaciones como la pulverizacion de cultivos, monitoreo a larga distancia
y comunicacion portatil. Lograr una resistencia de vuelo prolongada, un requisito critico para
muchas misiones, ha llevado a la prominencia de los motores térmicos entre los sistemas de
propulsion.

Por otro lado, los motores térmicos introducen desafios mecanicos, siendo uno de los mas
destacados la latencia en la respuesta. Abordar este problema requiere algoritmos de control
innovadores, especialmente porque los métodos de control convencionales a menudo dependen
de las hélices del motor tanto para el control de la posicion como de la actitud. El uso de
actuadores distintos para regular el sistema introduce redundancia, mejorando la estabilidad
y los margenes de seguridad. Como resultado, el control de UAV pesados implica multiples
capas de complejidad.

Esta tesis de doctorado integral, que comprende tres articulos de revistas Q1, profundiza
en metodologias de control innovadoras, con un énfasis especifico en la implementaciéon de
la vectorizacién de empuje a través de aletas. El objetivo general de esta investigacion es
abordar las inherentes inestabilidades de actitud, simplificar las complejidades mecanicas y
aumentar significativamente la resistencia en vuelo, con un enfoque principal en el ambito de

los UAV pesados.

Ademss, la tesis emprende una exploracién de la evolucion de los UAV desde aplicaciones
militares hasta aplicaciones civiles e introduce el concepto del Sistema de Aeronave No
Tripulada (UAS), que abarca todo el ecosistema, incluyendo UAV, Estaciones de Control en
Tierra (GCS), sistemas de comunicaciéon y componentes de redes.

Motivado por el proyecto "WILD HOPPER'", que busca disenar un UAV resistente para
operaciones de extincion de incendios, el autor tiene como tarea desarrollar un algoritmo de
control adecuado. La plataforma "WILD HOPPER" ofrece ventajas tinicas, que incluyen la
capacidad de liberar cargas ttiles con precision y la capacidad de operar de manera efectiva
en misiones nocturnas, complementando los métodos existentes de extinciéon de incendios
aéreos.

La tesis define claramente el enunciado del problema, resaltando los pasos clave de diseno. Estos
pasos comprenden la investigacion de posibles soluciones de control, un analisis exhaustivo
de las interacciones aerodinamicas, el desarrollo de un modelo matemético y una inmersion
profunda en los desafios asociados con las aletas en diversas condiciones de operacion.

La solucién de control propuesta se estructura en tres niveles principales: control de actitud,
control de posicion y control de trayectoria, centrandose en los parametros verticales y de
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actitud. Capitaliza las hélices principales para generar el empuje vertical y las aletas para
mantener la estabilidad del sistema y aumentar la resistencia en vuelo. La funcionalidad
del controlador se fortalece atin mas mediante la incorporacién de mecanismos de actuaciéon
redundantes.

Los objetivos de investigacion son ambiciosos, con el propésito de contribuir significativa-
mente al avance de las metodologias de control para UAVs pesados de miiltiples motores.
Estos objetivos incluyen el desarrollo de un modelo matemético completo, la formulacion
de estrategias de control innovadoras y la validacion de estas técnicas de control mediante
rigurosas simulaciones y experimentos en el mundo real.

En conclusion, esta tesis de doctorado se dedica a avanzar en el control de UAVs de multiples
motores a través de la vectorizacion de empuje. La investigacién busca abordar los desafios
unicos planteados por los UAV pesados, con un enfoque principal en la mejora de la estabilidad
y la resistencia en vuelo prolongada. Las soluciones de control propuestas y las metodologias
innovadoras tienen el potencial de realizar.
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Chapter 1

Introduction

The present Doctoral Thesis concentrates on several aspects of autonomous aerial vehicles,
called Unmanned Aerial Vehicles (UAVs), including nonlinear control design for distinct control
surfaces, aerodynamic improvements, thermal motor enhancements, simulation modeling,
and implementation considerations. During the history of UAVs, especially Multi-Ducted
Fans (MDFs), a few cases could be found in Thrust Vector Control (TVC) was successful;
nonetheless, this method aims for high efficiency regarding flight autonomy. For the first time,
TVC, using flap vanes, stabilized a heavy MDF, which carries heavy payloads and has a long
flight endurance.

During the twentieth century, the concept of unmanned Aerial Vehicles (UAVs) or drones
emerged as aircraft that operated without human pilots or crew members on board. Originally,
UAV or Remotely Piloted Aerial Vehicles (RPAV) was coined and developed for military
aviation, which became widely used to describe such aircraft. However, its application has
since expanded beyond the military and into civilian domains. To encompass the complexities
of the entire system, the terminology evolved from UAV to Unmanned Aerial System (UAS).
The UAS concept incorporates not only the UAV itself but also the Ground Control Station
(GCS), communication systems, and networking components LNC Prakash et al., 2023. The
Federal Aviation Administration (FAA) and the United States Department of Defense (DOD)
adopted the terms UAS and Remotely Piloted Aerial System (RPAS) in 2005 to outline their
UAS roadmap until 2030 of the Secretary of Defense, 2005. UAVs can be operated remotely
through human piloting or can possess varying degrees of autonomy with the assistance of an
Autopilot (AP), ranging from semi-autonomous to fully autonomous capabilities Elmokadem
and Savkin, 2021, Mohsan et al., 2023.

Additionally, a Ducted Fan (DF) or Ducted Propeller (DP) refers to a mechanical fan or
propeller installed inside a cylindrical duct or shroud. This configuration, as studied in
previous research Abrego et al., 2002, Ko et al., 2007, allows for the enhancements to create a
Multiple Ducted Fan (MDF) system. The MDF system incorporates a coherent geometry
that optimizes the arrangement of DFs to generate the necessary thrust force during flying
missions. Depending on their installation direction, DFs can function as longitudinal or
vertical thrusters. To meet specific output requirements, DFs undergo optimizations based
on factors such as inlet arc shape, duct wall length, and outlet-to-inlet area ratio. These
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considerations ensure the DFs are precisely designed for optimal performance and efficiency.
The integration of DFs and the utilization of MDF systems contribute to advancements in
aerospace engineering, enhancing thrust generation and maneuverability in various flight
scenarios.

UAVs have garnered significant attention from researchers thanks to their wide-ranging
applications and exceptional performance capabilities. These versatile aircraft have found
extensive utility in both civil and military domains, delivering groundbreaking solutions while
minimizing risks for operators. In the civil sector, UAVs have proved invaluable in aerial
photogrammetry and videography, cultivation analysis and crop monitoring, firefighting, search
and rescue operations, infrastructure inspection, and environmental monitoring. In the military
realm, they have diverse applications such as surveillance and reconnaissance, target acquisition
and object tracking, battlefield support, and combat operations Gonzalez-deSantos, 2022.
Furthermore, the emergence of Vertical Takeoff and Landing (VTOL) systems, particularly the
promising Multi Ducted Fans (MDFs), has added another dimension to their attractiveness,
offering enhanced agility, stability, and versatility for a wide range of applications. Specifically,
heavy clusters of UAVs are spread in myriad applications such as firefighting, large package
delivery, agricultural protection, passenger transportation, communicative portable stations,
and military patrol. Attending such beneficial aerial systems in the industry requires high
stability and safe flights, especially in the case of human carriage. Meanwhile, to satisfy the
mentioned applications, long-range and high-endurance platforms will be aimed; consequently,
heavy drones necessitate quite a lot of power to serve long missions.

UAVs can be classified based on various factors and their extensive usage. These classifications
include weight-based, mission-based, flight endurance or range-based, payload-based, and
more. Among these, the weight and payload capacity of UAVs plays a significant role in their
categorization. According to research in Ale Isaac et al., 2023, Ale Isaac et al., 2024, UAVs
are categorized as micro, small, medium, and large-scale platforms. In the European Union
aviation safety regulations, weight classifications are defined as Class A1 (less than 900 g),
Class A2 (less than 4 kg), Class A3 (less than 25 kg), and additional categories for weights
exceeding 25 kg. Similarly, the global NATO-STANAG 4670 UAS category classifies UAVs as
nanoscale (less than 250 g), microscale (less than 2 kg), small scale (less than 25 kg), medium
scale (less than 150 kg), and large scales (more than 150 kg) Zeng et al., 2016, Castrillo et al.,
2022. Denoting that larger UAVs offer the advantage of carrying heavier cargo payloads over
longer distances, recent research and industries focused on such platforms. While mini-scale
UAVs have considerable limitations in terms of flight endurance and payload capacity.

Furthermore, the concept of control in UAVs encompasses a comprehensive system that ensures
the stability of an aircraft through a combination of software and hardware components. The
design of controller systems can vary depending on the complexity of the drone, ranging from
linear methods suitable for simpler drones to nonlinear and higher-order controllers tailored
for more intricate aerial robotics. This concept is commonly referred to as the Unmanned
Vehicle Control System (UVCS). Within the realm of UVCSs, conventional linear methods,
such as feedback linearization and Linear Quadratic Regulator (LQR) focus on simplifying
the problem by dividing it into multiple layers and employing Proportional Integral Derivative
(PID) algorithms for control, which disregarding the missed characteristics of the system due
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to linearizing, these controllers generally function acceptably. On the other hand, nonlinear
approaches, including backstepping, dynamic inversion, and adaptive and robust controllers,
encompass the entire dynamics of the vehicle and establish a nonlinear model to achieve
stabilization.

1.1 Motivation

Throughout the history of aviation, Ducted Fans (DFs) have not been widely employed
as thrust generators in conventional Vertical Take-Off Landing (VTOL) vehicles. This is
primarily due to their inherent static and dynamic instabilities, as well as the mechanical
complexities involved in their design and construction. However, the advent of Multi Ducted
Fans (MDFs) has revolutionized the field by effectively addressing these challenges. By
redistributing the Center of Gravity (COG) towards the whole system’s geometric center,
which is different from a single DF, MDFs significantly enhance stability. Furthermore, the
presence of ducts surrounding the propellers helps eliminate undesired yawing torques, thus
greatly improving rotational maneuvers, a common issue encountered in VIT'OLs. Although
the utilization of MDFs remains limited in research and industrial platforms, their potential
is increasingly recognized.

As stated before, the heavy UAVs’ wide-ranging applications became evident. These aerial
systems play a crucial role in various domains, necessitating utmost stability and safe flight
operations, particularly in payload carriage and taxi air scenarios. To ensure safety, the
integration of robust engines, enclosed platforms, and auxiliary actuator units becomes
imperative. These components collectively provide the required power, safeguard the structure
and vital elements, and fulfill standard control requirements. Additionally, to meet the
demands of diverse applications, high-endurance platforms are designed to sustain autonomous
flight throughout entire missions, eliminating the need for mid-flight refueling. However,
heavy drones require substantial power to support long-range missions, posing challenges
for electrical battery systems. The trade-off between power generation and battery weight
calls for alternative solutions, leading to the utilization of fossil fuels and thermal engines.
Thermal engines offer extended thrust capabilities while utilizing way lighter fuel compared
to batteries. Nevertheless, the presence of mechanical uncertainties and propulsive system
complexities necessitates the implementation of a precise control system capable of addressing
both internal instabilities and external disturbances. Furthermore, it is important to note that
thermal engines exhibit a certain level of response latency, influenced by factors such as fuel
injection speed, combustion process, and energy exhaust. In contrast, electrical engines offer
a significantly higher frequency of response, enabling designers to regulate them effectively
using Electrical Speed Controllers (ESCs) to ensure synchronized input signals. Lastly, the
utilization of thermal engines is highly sought after due to their ability to provide extended
flight endurance, making them a preferred choice for weight-sensitive applications.

While addressing the thermal engine challenge, the implementation of a hierarchical control
strategy becomes crucial. The propellers play a key role in generating the necessary thrust
to lift the drone to the desired altitude, with their velocity being controlled by Engine
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Control Units (ECUs) designed explicitly for this purpose. Equipped with microprocessors,
the ECUs continuously compare sensor inputs with lookup tables stored in their memory,
making adjustments to actuators and valves on the engine to ensure a balanced distribution
of generated thrust across all motors. This initial phase of ascending the drone is referred to
as the altitude controller, followed by the position-holding and attitude stabilization phase
that requires additional augmentation of actuators. Various solutions have been proposed to
address this issue, including the utilization of rotatable components, swash plates, collective
pitch propellers, and switch controllers, which are explored further in 2. However, an optimized
solution lies in the incorporation of Thrust Vector Control (TVC) through the ducts’ exhaust.
This approach not only bypasses the non-usable airstream but also aims to stabilize the drone’s
attitude while simultaneously overcoming mechanical issues such as helicopter calibrations.

In summary, to address the need for heavy UAVs with large payloads, Multi-Ducted Fans
(MDFs) were developed. These fans utilize thermal energy to generate thrust, enabling
extended flight autonomy. Furthermore, the incorporation of Thrust Vectoring Control (TVC)
through flap vanes placed at the ducts’ outlets enhances system stability while reducing
mechanical complexities. The project WILD HOPPER*, funded by the European Commission,
focused on designing a Heavy-Duty UAV specifically for firefighting operations during the
day and night. DRONE HOPPER S.L.! was entrusted with achieving the project objectives,
which involved designing and manufacturing the platform. Meanwhile, the author of this
thesis was responsible for developing an appropriate control algorithm for the target drone.
The project had several defined conditions:

M.1 WILD HOPPER is a 600-liter platform designed for forest firefighting. Unlike electric
drones, which are limited to fire monitoring due to insufficient lifting power, this platform
utilizes technologies developed by DRONE HOPPER to combat wildfires worldwide
effectively.

M.2 The enhanced capabilities of WILD HOPPER make it a valuable complement to
existing aerial methods, particularly for night operations. This significantly reduces
wildfire duration by providing continuous aerial support for extinguishing activities
when conventional aerial means, such as hydroplanes and helicopters, are grounded at
night.

M.3 WILD HOPPER offers advantages such as precise release capabilities derived from
the dynamic characteristics of a multirotor platform. Coupled with a proprietary
water jet nebulization system, it achieves high efficiency compared to traditional means.
Helicopters and hydroplanes carrying similar or greater volumes of water typically drop
it from high altitudes, limited by their operational envelope. As an autonomous vehicle,
WILD HOPPER ensures the safety of human lives by managing operations from a secure
ground base.

M.4 The cost-effective nature of WILD HOPPER makes it an accessible platform for small
and medium regional bodies to own their fast-response resources. Its reduced complexity
translates to lower ownership costs.

Thttps: //www.drone-hopper.es/ (accessed on: 07/09/2023)
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M.5 WILD HOPPER facilitates swarm operations by enabling coordination among multiple
units, thereby maximizing efficiency. Pena et al., 2022

Considering the mentioned conditions, the final WILD HOPPER platform has certain specifi-
cations that the designed controller criteria will stabilize, as shown in Table 1.1.

Table 1.1: Summary of requirements for the designed platform defined by the project rules.

Maintainability

The system supplies thermal engines for a long autonomy of up to 3 hours.
The thermal power supplier is equipped with several electrical batteries
for redundancy and emergent landing to feed Electrical Ducted Fans (EDFs)

installed next to the main ducts for an adequate time to land safely.

Structural Design

Platform Type

Hexa Ducted Fan (HDF)

Duct No. 6
Duct Diameter 125 cm
Propeller No. 6
Servo Flap No. 12
Flap Vane No. 12
Flap Vane Model NACA-0015
Battery No. 6
Battery Types LIPO 16000 mAH
EDF No. 4
EDF Type SCHUBELER, DS-215-DIA HST

On-Board Sensors

Inertial Measurement Unit (IMU)
Redundant GPS System
On-Board Computer
RGB and Thermal Camera

Jetson Xavier Developer Kit?
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1.2 Problem Statement

The focus of this thesis is on the control of a heavy MDF using thrust vectoring through flap
vanes. The significance of this research can be summarized by the following key design steps:

P.1 Investigating potential control solutions for the heavy MDF and conducting a compara-
tive analysis of each approach to identify the optimal solution. This analysis led to the
adoption of thrust vectoring as the chosen method.

P.2 Analyzing the aerodynamic interactions between the heavy MDF and the flap vanes,
with the aim of improving the efficiency and functionality of the control surfaces.

P.3 Developing a comprehensive mathematical model for the heavy MDF and formulating a
novel control strategy to enhance system stability.

P.4 Exploring the challenges associated with utilizing flap vanes under various conditions,
including the introduction of internal uncertainty through random noise and external
disturbances such as wind gusts. Additionally, the controller functionality is enhanced
by incorporating redundant actuation mechanisms, including EDFs, into the system.

By addressing these design steps, this thesis aims to make significant contributions to the
advancement of control methodologies for heavy MDFs, with a particular focus on the
application of thrust vectoring and the optimization of flap vane control in various operating
conditions.

The control solution proposed in this thesis can be divided into three main levels, as depicted
in Figure 1.1. These levels can be regarded as the low-level controller loop, where stable
points are determined using a single integrator, regardless of the position loop, where the
stable points are defined using a double integrator.

Figure 1.1 illustrates the system diagram, which begins with the reference values provided to
the altitude and attitude controllers. These controllers generate the desired values for the
actuators. The altitude controller outputs the necessary thrust force for a desired altitude,
and the Engine Control Unit (ECU) plays a crucial role in this process by translating the
altitude controller commands. It utilizes a predefined lookup table to continuously calculate
the logical inputs for the thermal engines, thereby generating the required vertical thrust.
The necessary power for this operation is produced by the propellers, which are driven by the
engines.

In another layer, the attitude controller receives the desired Euler angles, namely Roll, Pitch,
and Yaw angles (¢, 6, and 1), which are generated by a position controller loop. These Euler
angles are utilized to determine the desired moments necessary for the proper functioning
of the servo flaps located at the exit of the ducts. The flap vanes are set to their standard
values to generate the required lift force for each attitude action, ensuring the stabilization of
the drone.

Furthermore, in the event of an emergency situation, an additional layer of control is im-
plemented to address the critical circumstances using electrical power. This third layer
begins with a motor mixing system, which receives both vertical and attitude commands
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Figure 1.1: A diagram of the controller system interacting with the MDF plant.

from the controller. Its primary function is to convert these commands into standard Pulse
Width Modulation (PWM) signals, which are then utilized by the EDFs. The EDFs generate
sufficient thrust for a short-duration flight, thereby stabilizing both the position and attitude
of the drone until a safe landing can be executed. This particular aspect serves as a redundant
system, ensuring that any potential failures or disruptions have minimal impact on the overall
system.

Overall, this thesis aims to enhance the control capabilities of heavy MDFs through the
integration of thrust vectoring and the optimization of flap vane control, enabling improved
performance and versatility in diverse operational scenarios.

1.3 Objectives

The main objective of this thesis by compendium that is elaborately addressed through
PI Isaac et al., 2022, PII Ale Isaac et al., 2023, PIII Ale Isaac et al., 2024, and PAd
Ale Isaac et al., 2022 could be summarized into a single sentence: to develop, implement,
and validate novel control techniques to requlate the flap vanes in a thrust vectoring
system, in order to solve and improve the attitude instabilities of heavy UAVs, reduce the
mechanical complexities of the system, and increase flight endurance by employing thermal
engines to generate vertical thrust. In order to accomplish the mentioned objective, there are
several sub-objectives followed in this thesis.

0.1 System Design: Initiate the design process by brainstorming ideas for modeling a heavy
Unmanned Aerial Vehicle (UAV) and progressing towards the conceptual and detailed
design of a multirotor system integrated with thermal engines. The aim is to eventually
evolve this design into a Multi Ducted Fan (MDF) model, which effectively eliminates
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0.2

0.3

04

unwanted yaw moments and enhances thrust efficiency. The initial step involves CAD
modeling of a primary design based on a conventional hexacopter. Subsequently, the
model can be refined by incorporating additional components such as ducts, Electrical
Ducted Fans (EDFs), controller surfaces, flap vanes, and other necessary elements.

System Modeling: Develop an accurate mathematical model for the stable designed
MDF model. This involves achieving the static and dynamic model of the target drone,
considering the system’s degrees of freedom and the specific elements incorporated, such
as coaxial propellers. Additionally, it accounts for the possibility of a liquid payload,
which may introduce additional degrees of freedom due to compounded movements,
forces, and moments.

o Aerodynamic Considerations: Conduct comprehensive aerodynamic modeling
and analysis to refine the final model. This analysis includes an examination of critical
components such as the propellers, prop pitch angles, duct diameters, inlet arcs, and
servo locations. Furthermore, particular attention is given to the interactions between
the attitude controller surfaces and the freestream airflow as required in-depth analysis
to ensure optimal functionality and efficiency.

Control Development: This research aims to explore nonlinear attitude control
methods specifically tailored for UAVs, with a particular focus on MDFs. The control
development can be divided into two parts: the General Control, which addresses
standard conditions applicable to conventional drones, and the Specific Control, which
focuses on stabilizing the MDF system based on the defined controller surfaces and
specific actuator configuration outlined in O2.

o Methods Comparison: The designed control system shall be thoroughly eval-
uated in both theoretical analysis and integrated system performance. To achieve
enhanced efficiency, a comparison of the functionality of each presented nonlinear control
method will be conducted. The selected method with the best performance will then be
further evaluated through experimental testing, as outlined in O.4.

o Force Allocation Module (FAM): The control system shall work in conjunction
with a FAM designed in the Autopilot (AP), which generates logical outputs for distinct
actuator types, including the primary propellers, servo flaps, and EDFs. This module is
crucial for efficiently distributing the desired forces and moments among the various
actuators, ensuring effective control and maneuverability of the MDF system.

System Validation The proposed control methods and aerodynamic improvements
will undergo validation in both simulation and real-world experiment platforms. The
validation process includes laboratory testing using dynamic simulators that closely
mimic real-world conditions. Especially for a heavy MDF system, the simulation
should accurately replicate the dynamics and potential failures while incorporating wind
disturbances to assess performance under challenging scenarios. Additionally, real-world
experiments will be conducted to validate the attitude control performance and further
enhance functionality.
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1.4 Contributions

This thesis makes several significant contributions to the design, development, testing, and
validation of attitude control systems for UAVs. The main contributions are as follows:

C.1

C.2

C.3

C4

Distinct complete prototypes are modeled, improved, and tested to approach the final
heavy MDF setup, as ordered:

C.1.1 FAN HOPPER: A small-scale hexacopter platform weighing up to 40
Kg. It serves as the primary platform for exploring the controllability of electrically
powered drones with EDFs. The prototype features a redundant battery system and
the capability to recover from single-engine failures.

C.1.2 DUTY HOPPER: A medium-scale Quad Ducted Fan (QDF) platform with
a maximum weight of 250 Kg. It incorporates coaxial propellers and EDFs for redundancy.
The prototype focuses on examining the controllability of QDF systems using thrust
vectoring with flap vanes in scenarios involving motor failures, wind disturbances, and
the presence or absence of EDFs.

C.1.3 WILD HOPPER: A large-scale Hexa Ducted Fan (HDF) platform capable
of carrying payloads up to 600 Kg. This prototype builds upon previous experiments
and includes improved components. It is equipped to handle liquid payloads and features
EDFs as an emergency backup. WILD HOPPER represents the final configuration that
meets the requirements outlined in Section 1.1.

Different nonlinear algorithms are designed, adapted to the model, and validated through
the tests:

C.2.1 Model Reference Adaptive Controller (MRAC): This controller is
implemented on the FAN HOPPER and DUTY HOPPER prototypes to handle internal
system uncertainties. It incorporates an adaptation law that accounts for payload
release, both for solid and liquid payloads, as the weight decreases over time.

C.2.2 Sliding Mode Controller (SMC): This controller is designed to enhance
control system performance in the presence of external errors or failure modes. The
SMC provides stability when the MRAC fails to reach a stable point within a given time
frame. It performs effectively during heavy flights by utilizing more efficient commands
to actuate the servo flaps.

Mathematical Modeling of Dynamic Systems: Mathematical models are developed
for each prototype, consisting of a complete 6DOF dynamic system. In one case involving
liquid payloads, a TDOF system is modeled (as described in the collaborative article
Ragab et al., 2021). The attitude control systems for all prototypes adhere to the
conditions set by Cinematic and kinematic equations to ensure proper stabilization.

Comprehensive Laboratory Validation: This process is conducted to analyze the
performance of the control algorithms in each prototype. The validation process involves
simulating the prototypes in two different dynamic environments: Matlab Simulink
SimScape and the Gazebo platform. This allows for improving the models and assessing
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the fault tolerance of the control methods. A comparative analysis of the different
methods is carried out to identify the most effective solution and prepare for real-world

tests.

C.5 Experimental Validation: This procedure is conducted for each prototype to assess
the functionality of the system under various conditions. This process includes subjecting
the prototypes to different failure scenarios, such as engine failures as well as external
disturbances. The aim is to evaluate the robustness and performance of the control
systems in practical scenarios.

1.5 Outline

This thesis is structured as a compendium of publications, providing a comprehensive eluci-
dation of the diverse solutions outlined in three primary publications (PI, PII, and PIII),
accompanied by an additional paper (PAd), all tailored to realize the research objectives
underscored in Section 1.3. The publications are appended at the end, and the thesis is
divided into several chapters, each summarizing the contributions of the included articles.

In the first chapter, the introduction, motivation, thesis objectives, and contributions are
presented. The content of the remaining chapters is summarized below:

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Chapter 9

reviews the state of the art in the field of the methods and applications under
research, with a special focus on linear and nonlinear control approaches for
VTOLs” autonomous flights, emphasizing MDFs, payload variability during flight,
and control surfaces utilized in the research.

introduces the methodology employed in both the development of the thesis and
the evaluation of the results obtained, detailing general terms and specific control
algorithms utilized and publication evolution.

details the comprehensive design process of each principal platform developed
during the doctoral project, including the FAN HOPPER, DUTY HOPPER,
and WILD HOPPER.

provides an in-depth dynamic modeling analysis of the ducted fan platforms
examined in the thesis and publications PI, PII, PIII, and PAd.

discusses the general and specific control systems developed and presented in
the thesis and publications PI, PII, PIII, and PAd.

presents the simulation and experimental results and discussion. The main results
published in PI, PII, PIII, and PAd are showcased, including the functional
enhancement of various designs until the final operational platform.

presents the overall conclusions for this doctoral thesis and provides an overview
of future works.

is dedicated to the publications, covering PI, PII, PIII, and PAd.

10
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Furthermore, the focus extends to the detailed exposition of Thrust Vector Control (TVC)
algorithms expounded across the publications, partitioned into two principal categories: a
general control solution and a specific control solution for MDFs. Stability analyses are briefly
scrutinized, accompanied by a comprehensive discourse on simulation outcomes juxtaposed
against empirical test results. The pivotal contributions, encapsulated in C.1 - C.5, are
highlighted in Section 1.4. For more extensive insights, readers are encouraged to peruse the
encompassed published works PI, PII, PIII, and PAd, integral to this thesis compilation,
along with supplementary publications briefly outlined in this dissertation. A visual summation
is provided in Figure 1.2, offering a flow chart that captures the intricate interconnections
and dependencies binding the publications.

’
PI
Contents Comprehensive Mathematical Modeling of a
Heavy Multi Ducted Fan (MDF)
Control L
Solution Sliding Mode Control (SMC)
L Prototype DUTY HOPPER
|
Applying the Model for Real-Test Platforms
é )
PAd
Other Contributions
Contents Modeling and Controlling a Medium Hexa
Electric Ducted Fan (EDF) _ Author’s Mathematical Modeling of a 7 DOF MDF
Control < Contribution Considering Liquid Payload
Solution Model Reference Adaptive Control (MRAC) e WILD HOPPER
L Prototype FAN HOPPER )

Improving the Controller for Practical Tests

{

PII
Contents Modeling and Controlling a Heavy MDF
Control
Solution S
. Prototype WILD HOPPER )
A\ 4
7 D
P III
Improving the Controller
Cershoe Through Practical Tests
Control
Solution Improved SMC
. Prototype WILD HOPPER J

Figure 1.2: Flow chart illustrating the publications summarized in this thesis by compendium.

The sequence of publications, PI, PII, PIII, and PAd follows a coherent and structured
progression. It begins with PI, where the mathematical model is introduced, providing a
foundation for subsequent developments. PAd transitions to real-world implementation,
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focusing on the medium-scale FAN HOPPER platform, applying and evaluating the MRAC
under payload conditions. PII integrates an SMC algorithm into the large-scale WILD
HOPPER hexa MDF system to enhance platform stability, building upon the results from
previous work. Finally, PIII culminates these efforts by enhancing the control performance
through real-world flight tests and comparing the results with those of a cascade PID con-
troller. An extended contribution is made by introducing an advanced model accommodating
liquid payload dynamics, enriching the conventional 6DOF model to a more intricate 7TDOF
representation, and ensuring a progressive and thorough exploration of control strategies
across diverse platforms. More details about the contributions of each paper are provided
earlier in Section .
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Literature Review

In recent years, significant research efforts have been devoted to the field of heavy aerial
robotics with a primary focus on achieving long autonomous flights and efficient carriage of
heavy payloads. This chapter presents a comprehensive review of the literature in this area,
highlighting various control approaches and methodologies applied to UAVs and especially
MDFs. Additionally, it explores the application of aerial robots in diverse industrial contexts
and international competitions, with specific emphasis on the methods presented in PI, PII,
PIII, and PAd.

2.1 Control Approaches for UAVs with long Autonomy

Over the last decade, researchers have delved into a diverse array of strategies for governing
UAVs with long-flight endurance, as outlined by the study detailed in Bin Junaid et al., 2017
presents an inventive approach to recharging the battery of a compact AR. Drone through
wireless means. This pioneering wireless charging method involves the drone meticulously
following predefined waypoints to a marked location, where it receives a recharge. The drone
then resumes its flight after this replenishing phase. According to the authors’ assertions,
this mission significantly enhances wireless power transfer efficiency, yielding an impressive
75% improvement over conventional flights of this drone, which possesses a limited battery
capacity. Furthermore, the study suggests that incorporating solar panels or rapid charging
techniques could yield even more substantial gains. While this research holds undeniable
value, it is important to recognize potential limitations when applied to larger-scale scenarios.
Achieving pinpoint landing accuracy with specific sensors might pose challenges, particularly
in contexts where suitable landing sites are scarce or absent.

While in Cabanas et al., 2021 the authors embarked on enhancing both flight duration and the
thrust-to-weight ratio through the utilization of an innovative hybrid system. This endeavor
involved the creation and demonstration of a prototype hybrid generator that melds cutting-
edge electronics with a fresh approach employing a supercapacitor array. This dual-pronged
strategy aimed to conserve fuel, elevate the thrust-to-weight ratio, optimize conversion losses,
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and avert the risk of internal combustion unit overheating. By controlling throttle generation,
energy consumption was judiciously managed. The authors devised an ECU-like system using
FPGA technology, which accommodated specific control loops for each component. The
proposed concept underwent rigorous evaluation via MATLAB Simulink, yielding impressive
outcomes. Despite the commendable strides achieved, it’s worth noting that the current
form of the working prototype remains distant from industrial readiness, primarily due to its
unwieldy integrated casing, rendering it unsuitable for most aircraft. This is compounded by
the existence of several established hybrid industrial solutions already in existence.

Further investigation into the realm of aerial systems underscores the predominant use of elec-
trical batteries, a trend that could potentially be addressed through structural enhancements
to minimize battery consumption and extend flight durations. However, it is worth noting
that thermal engines offer a distinct advantage, boasting superior performance compared to
their electrical counterparts. A striking testament to the potential of meticulous aerodynamic
design, lightweight carbon-fiber construction, and the incorporation of advanced Lithium-ion
cells is exemplified by the CONDOR Dronetools, 2021, crafted by the Spanish company
Dronetools™that has achieved a remarkable feat, showcasing flight durations surpassing the
one-hour mark. Nonetheless, it is essential to acknowledge that while this achievement is
impressive, this UAV remains constrained in terms of payload capacity and size. The deficiency
in carrying a substantial payload is evident as well in other studies, Ronchi et al., 2020,
Viera-Torres et al., 2020, and Parshin et al., 2021, highlighting a noticeable gap in the realm
of Heavy-Lift Unmanned Aircraft Systems (H-UASs) within the category of multi-rotors.

Another real case utilized for a long autonomy application is GAIA manufactured by Fox-
techFPV™“Foxtech Nova 2400 Generator”, n.d., which is equipped with a hybrid engine
generator called NOVA that is able to generate a power maximum of 2400 W, which is lower
during a flight, which disregarding a more flight endurance it performs but a conspicuously
low thrust-to-weight ratio that characterizes existing H-UAS could be seen.

2.2 Control Approaches for Single Ducted Fans (SDFs)

Among all UAV types, this emphasizes on SDFs due to specific characteristics they have,
as exemplified by the work in Townsend et al., 2020. Here, an ingenious concept of an
aerial manipulator equipped with a coaxial SDF was introduced, specifically tailored for
intricate tasks within confined environments. Central to this innovative control approach
was an adaptive methodology aimed at sustaining the drone’s stability, particularly during
intricate manipulator interactions. The integration of an impedance controller further ensured
equilibrium during physical contact. The practical implementation featured a fusion of cutting-
edge hardware, such as the Navio2 onboard controller and Dynamixel XH430 intelligent
actuator, accompanied by a sophisticated OptiTrack camera positioning system. Despite
its success in dynamic scenarios, the closed-source nature of the onboard controller limited
the seamless integration of alternative solutions, restricting the practical deployment to
simulation-based evaluation.

The study presented in Jeong et al., 2020 unveiled an inventive aerial array system centered
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around an SDF configuration. Notably, their focus rested on introducing dynamic alterations
to the physical structure, particularly involving Center of Gravity (COG) adjustments and
inertial moment modifications to render the system reconfigurable. A comprehensive ex-
ploration of dynamic control implementation ensued, revealing a proportional relationship
between the assembly of multiple components and the corresponding influence on the plant
through actuators. Their investigation highlighted the pivotal roles played by control influence
and mechanical interconnections within the array system, with external forces and moments
exerting comparatively lesser impact. Leveraging an open-source simulation software called
"DF design code", the researchers meticulously analyzed and predicted propulsion designs
for asymmetric combinations. This entailed the determination of thrust and torque models,
derived from geometric configurations and motor RPM information. Focusing on two distinct
array types —four-module-based and five-module-based configurations— the study ultimately
determined that a closely set, statically stable combination offered the most suitable con-
figuration. It is worth noting that while this endeavor contributed valuable insights into
mathematical modeling and dynamic reconfiguration, practical validation through empirical
results remained absent.

In Asl and Moosapour, 2017, a groundbreaking nonlinear control approach was introduced,
merging backstepping and fast terminal sliding mode control for SDF engines. This inno-
vative method harnessed thrust vectoring to counteract internal uncertainties and external
disturbances. The strategy aimed to expedite system state convergence to equilibrium points
within a finite time. The enhanced algorithm yielded an Adaptive Backstepping Fast Terminal
Sliding Mode Controller (ABFTSMC) by combining the BFTSMC with improved uncertainty
estimation. The researchers examined diverse scenarios, employing sinusoidal and step func-
tions as inputs along with external disturbances. Simulation outcomes in MATLAB-Simulink
revealed enhanced transient mode response, heightened robustness, and superior disturbance
rejection compared to SMC and Adaptive Sliding Mode Controller (ASMC). The study
affirmed ABFTSMC’s potential to stabilize closed-loop systems and enhance desired value
tracking. However, it’s worth noting that this work focused solely on simulations and lacked
experimental tests or an exploration of the proposed dynamic model.

In contrast, Jeong et al., 2015 introduced a Linear Quadratic Tracking (LQT) controller
tailored for hover, transition, and cruise modes. Enhancing this approach, they incorporated
an Integrator to mitigate steady-state errors by accumulating tracking integral terms into the
state vector. Employing 3D simulations, which included waypoint navigation and accounted
for miscalculated wind disturbances, they validated the reduction of steady-state errors.
Notably, the simulation involved a numerical process leveraging wind tunnel data. However,
it’s important to highlight that this paper introduced a linear tracker for a nonlinear system,
lacking the ability to address nonlinearities stemming from dynamic equations. Furthermore,
practical results were conspicuously absent from the study.

However, Jeong et al., 2015 presented a range of nonlinear strategies to govern SDFs. Notably,
they delved into the placement of the COG, a factor that influences the system’s zero dynamics.
Paradoxically, an optimally positioned COG from a mechanical standpoint can inadvertently
introduce instability to the vehicle’s controller. Furthermore, their comprehensive investigation
extended to the analysis of force and moment generation modules within SDFs, particularly
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in response to varying environmental conditions. The paper outlined the deployment of a
backstepping controller and partial feedback linearizing techniques to enhance state feedback.
It’s noteworthy, however, that the conclusions of this work are predominantly based on
simulation results without experimental validation.

In a distinct approach, Chen et al., 2019 concentrated on the mechanical-structural parameter
design of an individual SDF, employing Lyapunov Exponents (LEs) to establish a quantifiable
relationship between these parameters and the UAV’s motion stability. The novel utilization
of LEs facilitated the optimization of structural parameters to enhance dynamic stability.
Notably, the paper emphasizes that LE remains invariant in dynamic systems. A noteworthy
assertion highlights the optimization of mechanical-structural parameters, which significantly
influence stability. Despite their commendable efforts, it is important to acknowledge that the
inherent instabilities associated with an SDF might challenge the efficacy of a PD controller.
This remains pertinent even after enhancements to structural parameters, a point that
warrants further exploration beyond the scope of the presented work.

In a different investigation, Yu et al., 2001 conducted a comparative exploration of various
nonlinear control design techniques by applying them to a planar model of an SDF engine.
The comparison encompassed linear methodologies like Linear Quadratic Regulator (LQR)
and nonlinear methods, divided into two phases: one involving the derivation of a Control
Lyapunov function (CLF), and the other utilizing an existing CLF for controller generation.
The authors endeavored to integrate these phases within a Model Predictive Control (MPC)
framework, demonstrating that the hybrid approach outperformed individual techniques. It’s
worth noting that while the work is valuable, the conclusion highlights its simulation nature,
and achieving the practical implementation of the Caltech SDF still requires an extensive
process.

In another study by Shan et al., 2016, an attitude controller was introduced, employing a
robust servomechanism LQR approach. Notably, the authors optimized the controller through
variations in the penalty function weight coefficient. However, it’s worth mentioning that
their practical implementation raises questions, as they utilized a commercial Ardupilot-Mega
(APM) 2.0 as the flight controller. The integration of their algorithm into the chip firmware
remains unclear. Despite this, their experiments demonstrated consistent performance even
in the presence of real-world noise, a phenomenon not commonly observed in the context of
SDFs, which often exhibit multiple instabilities.

While Naldi et al., 2010 focused on an SDF aimed at stabilizing a nonlinear control law
enabling robust tracking of various aircraft dynamics, including lateral, longitudinal, vertical,
and heading references. The authors achieved this by developing mathematical models for
SDFs with four and eight-flap configurations. They further implemented a cascade control
structure involving an inner attitude loop and an outer horizontal loop. The study’s outcomes
are significant, demonstrating stability in both vertical and attitude aspects. However, it’s
important to note that the research was limited to laboratory settings, and for broader
industrial applications, additional refinement and processes would be necessary.

16



Chapter 2. Literature Review

2.3 Control Approaches for Multi-Ducted Fans (MDFs)

Approaching the issue of this thesis context, improving a DF to MDF has several merits,
including much more static and dynamic stability due to moving the COG toward a point
in the middle of DFs and higher thrust power to carry heavier payloads. To this end, some
research focused on controlling MDFs, as the study outlined by Muehlebach and D’Andrea,
2017, researchers focused on a triangular EDF system, specifically honing in on TVC as
a critical stabilizing factor. Employing a linear cascade controller, they achieved stable
hover performance with minimal disruptions, efficiently regulating angular rates at high
frequencies. The controller was split into two components: an onboard gyroscope for real-time
angular rate measurement and an offboard calculation module for position and attitude
control. Communication with the PX4 autopilot ensured coordination. Notably, mounting the
motor controller (YGE 90HV) at the exit nozzle provided cooling through airflow. However,
this work primarily relied on controlled settings with motion capture, potentially limiting
real-world applicability. Offline primary controller components posed vulnerability to delays
or data loss due to connection issues. Battery reliance led to constrained operational times
for energy-intensive DFs. While hover stability was validated, further exploration of diverse
flight maneuvers remains a promising avenue.

Whereas in a distinct research endeavor detailed by Tobias and Horn, 2008, a comprehensive
simulation methodology for a TDF system was presented, encompassing intricate considera-
tions of aerodynamic interactions and the mathematical underpinnings of flap vanes. This
simulation was realized using MATLAB Simulink, offering a versatile and modular framework
for TDF analysis. Delving into the intricacies of airflow dynamics within the duct, the study
scrutinized the destabilizing effects on the nose-down pitching moment during the transition
from edge-wise to axial flight modes at low velocities. By fine-tuning the deflection angle of
the vanes, the researchers reported enhancements in transient behavior. This work contributes
significantly to theoretical insights and aerodynamic investigations of MDFs, especially those
akin to the Urban Aeronautics X-Hawk and the 29-inch UAV, which served as inspirational
sources; however, its real-world applicability might necessitate further implementation beyond
the confines of the simulation environment.

In a related study, discussed by Miwa et al., 2012, researchers focused on an MDF flying
object consisting of two EDFs connected by a vertical wooden bar. The unique feature of
their design was the rotatable installation of the EDFs, functioning like a hinge to induce
roll, pitch, and yaw rotations. Employing a PD controller initially, the system encountered a
persistent steady-state error, prompting the integration of an integral term, which effectively
mitigated this error. While the effort showcased valuable insights, the positioning of the
battery and equipment on the wooden bar introduced an imbalance by shifting the COG to a
higher point relative to the EDF plane. This configuration likely contributed to the observed
steady-state error. Furthermore, the study highlighted a limitation in endurance, attributed
to the low battery capacity not suitable for powering two EDFs.

However, in another research, Xu et al., 2015 proposed a novel TDF for drones, featuring
small EDFs and larger TDFs controlled by a robust static H,, output feedback technique. The
controller effectively stabilizes and decouples body-frame velocities and yaw angle states, even
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in the presence of disturbances and EDF tilting. The study also addresses time delays caused
by open-loop gain roll-off using system identification. However, the approach’s applicability
to industrial platforms is limited due to component disharmony and complexities associated
with decoupling.

In a related study by Fan et al., 2018, a compact MDF was introduced, utilizing two DFs for
vertical stabilization and two EDFs for attitude control. The study employed a structured
multi-loop feedback attitude controller based on H,, synthesis, encompassing a low-order
attitude controller and multi-loop feedback for cross-attitude decoupling and reference signal
tracking. Controller parameter tuning was conducted using a non-smooth optimization
method. Although the approach demonstrates promise, further investigation is recommended
to address significant uncertainties, disturbances, or actuator/sensor faults, as also asserted
by the authors.

In essence, the literature review delves into a range of control algorithms, succinctly encap-
sulated in Figure 2.1. It becomes evident that controllers displaying heightened robustness
demonstrate superior resistance to external disruptions. Similarly, the adaptability of con-
trollers manifests its prowess in scenarios where the system’s internal dynamics shift or
the payload undergoes modifications, altering the system’s overall weight. The landscape
predominantly showcases electric aerial vehicles, with a few exceptions utilizing thermal energy
to sidestep motor intricacies. Nevertheless, this emphasis on electric setups often comes at
the expense of extended flight autonomy. Recognizing these prevailing trends, this thesis
bridges the gap by addressing both autonomy and stability, thus advocating for a thermal
MDF configuration bolstered by TVC.
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Figure 2.1: Diverse Control Strategies Explored in Literature.
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Chapter 3

Methodology

3.1 Introduction

As outlined in Chapter 1, this thesis focuses on the control of heavy UAVs with a specific
emphasis on applying TVC using flap vanes. The research methodology employed in this
thesis can be classified according to the Applied Research presented by Kothari, 2004, which
differentiates the context from fundamental (basic) research in terms of purpose, context, and
methods. Applied research aims to solve practical problems, whereas basic research seeks to
study certain issues without immediate practical application. The key elements of this thesis
are elaborated as follows:

Purpose:

Context:

Methods:

The purpose of PI is to solve the mathematical modeling and dynamics of heavy
Multi-Ducted Fan (MDF) UAVs while applying flap vanes to stabilize the attitude
using Sliding Mode Control (SMC). In PAd, the focus is on solving the control issue
defined previously in a real platform and evaluating the controller’s performance
under motor failure and external noises. Lastly, PII and PIII aim to enhance the
control issue by implementing Thrust Vector Control (TVC) using flap vanes for
heavy platforms.

The context of this thesis is highly valuable due to the industry’s long-standing
need for easy-to-set-up UAVs that can carry heavy payloads for extended flight
autonomy. This requirement is addressed in PI, PII, PIII, and PAd, where a
system is developed to supply thermal energy for extended flight autonomy and
equipped with a controller that avoids mechanical complexities and is rational for
such a system.

The methods used in PI, PII, PIII, and PAd involve advanced control algorithms,
particularly Sliding Mode Control, applied in a novel way to achieve TVC using flap
vanes. The design is easily extendable for similar platforms, and the application of
SMC offers the advantage of easy tuning compared to conventional Proportional-
Integral-Derivative (PID) controllers.

Furthermore, the methodology utilized in this thesis is a combination of the system engineering
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method derived from the system engineering process organized in Bahill and Gissing, 1998.
This process is abbreviated as "S.I.M.I.LL.A.R." and encompasses the following steps, which
are also shown in Figure 3.1:

State the problem: Clearly define the research problem and objectives related to controlling
heavy UAVs and applying TVC using flap vanes.

Investigate alternatives: Explore and evaluate various alternatives and approaches for
achieving the desired control objectives. This may involve a literature review, feasibility
studies, and analysis of existing control techniques.

Model the system: Develop mathematical models and simulations to represent the dynamics
and behavior of heavy UAVs with TVC using flap vanes. This step involves formulating
equations and algorithms to describe the control system.

Integrate solutions: Integrate the developed models and control algorithms into the heavy
MDF’s overall system architecture. This includes hardware and software integration, testing,
and verification.

Launch the system: Implement the control system with TVC using flap vanes on a
prototype or experimental platform. This involves the physical realization and deployment of
the developed control algorithms.

Assess performance: Evaluate and analyze the control system’s performance in vari-
ous scenarios and operational conditions. This involves flight testing, data collection, and
performance evaluation metrics.

Reevaluate: Continuously assess and reevaluate the control system to identify areas for
improvement, address any limitations, and refine the design to enhance the performance of
the TVC system with flap vanes.

The applied research approach adopted in this thesis allows for practical implementation and
validation of control techniques for heavy UAVs with TVC using flap vanes. By following the
"S..LM.I.LL.A.R." methodology, this research aims to address the challenges and requirements
specific to the field of control for heavy UAVs and contribute to advancing TVC technology.
This section could be summarized as several sequences:

Problem definition: The core challenge of this project is initially identified, and potential
solutions are presented. The genesis of this thesis’s problem stems from a crucial industrial
demand, particularly advantageous for advancing thermal heavy UAVs, with a special focus
on multi-rotors. For a comprehensive understanding, readers are directed to Section 1.2. In
PI, the bedrock of the issue is fortified by establishing the dynamic model of heavy MDFs,
setting the stage for subsequent publications. Subsequently, in PII and PAd, the problem
scope is broadened to encompass real-world control challenges. Finally, PIII hones in on
refining the problem statement to enhance both the controller and dynamic modeling for the
ultimate prototype.

Mathematical hypothesis: Drawing from the problem statement and objectives outlined in
Section 1.3, the development of a comprehensive mathematical hypothesis took precedence in
order to establish the system’s dynamic model. This phase stands as the crux of our modeling
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Figure 3.1: Methodology approach model followed in this thesis, according to the "S.I.M.I.LL.A.R."
Bahill and Gissing, 1998, and the spiral procedure defined by Boehm, 1988 .

effort; while other setbacks might necessitate revisiting specific components, a failure at this
juncture would demand a complete reevaluation and rectification of the mathematical model
across all processes. In light of this, PI has meticulously expounded upon this critical phase,
serving as a cornerstone for subsequent research. Meanwhile, PIT and PAd have explored the
dynamics of time-invariant systems, focusing on refining the controller to accommodate fluid-
type payload releases and associated changes in system weight, thereby introducing additional
degrees of freedom. Finally, PIII has integrated control techniques with mathematical
advancements, notably adopting the Lyapunov candidate approach to encompass the entirety
of attitude angles within the control procedure.

Aerodynamic analysis: plays a crucial role in enhancing the design phase by optimizing
components for advanced industrial prototypes. In this pursuit, a comprehensive examination
was conducted on every aspect of the initial two prototypes, encompassing main engines,
EDFs, ducts, flap vanes, and propellers. This meticulous analysis informed the refinement
of the vane airfoil model, where the effects of deflection angle («) on lift and drag forces
were explored, culminating in the selection of the NACA-0015 airfoil for PII. In PAd, the
investigation delved into EDF utilization for drone lift, entailing a multi-stage optimization of
the aerodynamic configuration. Commencing with addressing vortex issues via the addition of
a stator to counter rotation challenges, the approach progressed to incorporate concatenated
ducts to improve transient stability and ground interaction. This configuration’s success

21



Mohammad Sadeq Ale Isaac Khoueini

against a single rotor alternative, coupled with in-depth studies on injector strategies and
vapor volume fractions, contributed to system refinement. In PII, the optimal number of
rotor blades was studied, with a conclusion favoring an 8-blade configuration, suggesting tip
angles for enhanced thrust generation.

Prototype development: The evolution phase encompasses three principal prototypes, as
illustrated in Figure 3.1, each with distinct characteristics. The "DUTY HOPPER," a robust
platform, took center stage in PI as a laboratory quad-MDF prototype, serving to investigate
the feasibility of attitude control using flap vanes. This initial iteration underwent subsequent
refinement in components following its physical construction. The "FAN HOPPER," a hexa
medium-sized prototype equipped with six turbofan EDFs and capable of carrying a moderate
payload, assumed prominence in PAd. Here, the focus was on refining control theories
established in PI and evaluating the performance of both the controller and the devised
dynamic model. The culminating prototype, "WILD HOPPER," a hexa MDF featured in PII
and PIII, seamlessly integrated simulation and experimental studies to enhance controller
functionality for industrial applications. Notably, several auxiliary prototypes were designed
and constructed throughout the design process, instrumental in resolving internal uncertainties
within thermal engines and addressing peculiar controller challenges. However, these auxiliary
prototypes, although pivotal, deviate from the primary objectives of this thesis and, therefore,
are not expounded upon here.

Simulation and experimental testing: Rooted in its industrial context, comprehensive
testing was conducted through both simulation and practical methods to identify vulnerabilities
and areas of divergence between intended conditions and real-world outcomes. The initial
step, detailed in PI, engaged a 3D spatial model tightly interlinked with dynamic components,
harnessing MATLAB SimScape within Simulink. This platform facilitated the augmentation
of controller actuators, refinement of control surfaces, and fine-tuning of controller parameters,
culminating in visualized flight simulations. In the pursuit of an improved dynamic model, the
project transitioned to Gazebo SW in PAd, leveraging its robust dynamic engine to simulate
prototype reactions. However, transitioning from simulation to reality presented an array of
challenges encompassing cabling intricacies, communication discrepancies, and mechanical
nuances. Subsequent real-world assessments, primarily outlined in PII and PIII, were
anchored in resolving these issues while maintaining the simulation as a vital feedback loop
for refining the control system’s efficacy. This harmonious interplay between simulation and
experimentation facilitated a comprehensive understanding of system behavior and iteratively
enhanced the control paradigm.

Validation and verification: The practical validation of the proposed solutions is a critical
step to ascertain the feasibility and effectiveness of the designed prototypes. Throughout
the research process, a series of experiments were conducted to validate the aerodynamic
enhancements and control algorithms. In PI, laboratory tests were carried out on the heavy
'"DUTY HOPPER' prototype to assess the response of the EDFs and validate the dynamic
model’s performance. This testing phase enabled insights into rotor behavior and aided in
improving controller performance. In PAd, real-world implementation of the model was
accomplished with the "FAN HOPPER" prototype, which facilitated rigorous testing of the
controller’s response and overall stability during flight on a medium-sized platform. The results
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from these experiments informed the progression to the larger prototype, "WILD HOPPER,"
discussed in PII and PIII. In this context, the focus shifted to thermal propulsion systems,
and testing was conducted to validate the efficiency of the system under various payloads
and scenarios. These experimental validations collectively contribute to the robustness and
practicality of the proposed solutions, ensuring that the designed prototypes perform as
intended in real-world conditions.

3.2 Technology Readiness Levels (TRLs)

In addition to the outlined methodology followed throughout the course of this thesis, the
assessment of developed technologies in PI, PII, PIII, and PAd has been guided by applying
TRLs to gauge their level of maturity. TRLs represent a method for gauging technological
maturity during the acquisition phase of a program, originating from NASA’s efforts in the
1970s as documented by Sadin et al., 1989. This method establishes a measurement scale
spanning from 1 to 9, offering a standardized sequence of states. The primary objective of
employing TRLs is to support managerial decision-making concerning technology development
and transition. It serves as one of the tools required to effectively oversee the progression of
research and development activities within an organization, as highlighted by Deutsch et al.,
2010. By utilizing the TRL measurement scale, the advancement of a technology or system can
be effectively traced, ranging from initial ideas documented in publications to fully compliant
industry products. Consequently, TRLs are increasingly adopted by professionals such as
engineers, scientists, innovators, and investors across various international organizations.
The graphical representation of distinct technology readiness levels is depicted in Figure 3.2.
Also, the progression of PI, PII, PIII, and PAd is illustrated in Figure 3.2, aligning each
publication with its corresponding prototype as indicated in Figure 1.2.
e
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Figure 3.2: Brief descriptions of TRL levels and their progression within each publication.

Moreover, this thesis aligns with the TRL framework, establishing a standardized method
to benchmark the developed research and technologies within the context of other related
scientific endeavors. The terminology employed herein is precisely defined as follows:

Laboratory Environment Involves confined laboratory analysis and a test bench to for-
mulate and validate the system’s dynamics, albeit on a limited scale, as a preliminary step
for more advanced experiments. This phase focuses on theoretical groundwork and lacks
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operational application or a relevant model for comprehensive testing. PI addresses this level,
and the subsequent year saw enhancements to the prototype studied, rendering it operational.

Relevant Environment Entails testing and refining a partially operational model, simulating
operational challenges, and highlighting component functionality. This level bridges the gap
between theoretical groundwork and complete operational deployment. PII and PIII delve
into this level of testing and enhancement.

Operational Environment Characterized by a suitable operational setting in which the
system is optimized for actual deployment. This phase encompasses refining specific function-
alities and addressing operational requirements. PAd follows this progression to achieve an
operational level of development.

This research aimed to adhere to the standard Technology Readiness Levels (TRLs) model;
however, it experienced some degree of overlap with the established standards. As illustrated
in Figure 3.2, PI reached TRL-4, signifying completion of laboratory studies and analyses.
Subsequently, the "DUTY HOPPER' prototype underwent significant expansion, progressing
to an operational environment level and corresponding to TRL-7. Similarly, PAd meticulously
followed the design, simulation, and operational testing stages for the "FAN HOPPER'
prototype, achieving a TRL-7. Lastly, PII and PIII elevated the combined experimental
approach, advancing the "WILD HOPPER" model to TRL-4, while retaining the potential
for future improvements to attain operational status due to thorough preparation and study.
A concise overview of the TRLs is compiled in Table 1 from Annex D, providing a short
reference for each level.

3.3 Publication Evolution

This section provides a brief overview of the key elements discussed and discovered in each
publication. The findings from the previous sections will be summarized, outlining the
progression of the project as reflected in these publications, thus creating a clear roadmap of
the improvements and developments made over time.

3.3.1 Mathematical Modeling and Laboratory Environment (PI)

This publication mainly focused on the mathematical design of the heavy prototype "DUTY
HOPPER," which at that time was in a laboratory mode, and the year after the publication,
this work improved in modeling and design and finally became operational. The important
notes of this paper are outlined as follows:

Mathematical Modeling: Detailed mathematical modeling is extensively discussed and
refined in Sections 5.1 and 5.2.

Aerodynamic Considerations: Although briefly explained in Section 4, this section is
better explained in PI.
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Geometry Modeling: Various aspects are considered during the design phase, ranging from
material selection for the entire body to minute details like screws, engines, airfoil profiles, and
propeller types. An early non-confidential prototype of the "DUTY HOPPER' is showcased
in Figure 4.2.

Figure 3.3: An initial non-confidential real schematic of the "DUTY HOPPER" prototype.

Control Strategy: The control algorithm employed to manage the intricate dynamics of the
'DUTY HOPPER' is a Sliding Mode Control (SMC) strategy, properly detailed in Subsections
6.1.2 and 6.2.3. The ultimate control law outlined in this publication is as follows:

g = —\é, — K tanh (S,),

g = —Aé, — K tanh (S,),

Uy =m (24— Aé,) — Ktanh (S,),

U2 == %(QSd — >\€¢) — Ktanh (S¢> s (31)

‘[y
Us =

U4 = Iz(wd — )\ew) — K tanh (Sw)

(64 — Xég) — K tanh (S),

Simulation: The comprehensive modeling and simulation work is conducted using the
MATLAB Simulink-SimScape platform. This simulation provided invaluable insights into
components such as flap vane servos and allowed for an in-depth exploration of the dimensions
of flap vanes relative to the duct’s height, as observed in 7.1.

3.3.2 Operational Desing (PAd)

This publication is a continuation of Part I and focuses on achieving a more comprehensive
understanding of aerodynamic elements to enhance overall modeling. It particularly emphasizes
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a medium-sized platform called the "FAN HOPPER'" as the initial step in real-world design.
The research also investigates controller failures to improve performance for a larger prototype,
the "DUTY HOPPER," as mentioned in Section 3.3.1. The paper provides a thorough
examination of the target platform’s functionality, covering laboratory analysis to final
practical tests. The key steps and contributions of this paper are summarized as follows:

Medium-Scale Platform Concepts: This section offers concise geometry definitions and
key insights from the design phase, with a particular focus on aerodynamic analysis. An
official physical model of the "FAN HOPPER'" is visually represented.

Figure 3.4: An official unrestricted real schematic of the "DUTY HOPPER" prototype.

Time-Varying Dynamics: A comprehensive understanding of the design’s behavior, ac-
counting for both solid and fluid payloads, is obtained through the study of time-varying
dynamics. Further details are elaborated in Section 5.2.

Control Strategy: The control approach introduced in this paper revolves around MRAC
to effectively account for variations in payload mass during flight. This control algorithm is
rigorously examined and comprehensively defined in Subsections 6.1.1 and 6.2.2. Furthermore,
the proposed control law bears resemblance to Equations 6.2 through 6.20, with detailed
insights into its structure and functionality. The Lyapunov candidate function, along with a
proof of its stability, is presented in Equations 6.7 and 6.8. These elements collectively form a
robust foundation for the control strategy outlined in this research.

Simulation:, the simulation transitioned from MATLAB to Gazebo to provide enhanced
insights into the dynamic performance of the controller and enhance the work thanks to the
precise dynamic space of Gazebo. A concise overview of this transition process is detailed in
the paper. Additionally, a notable outcome illustrating the consequences of an EDF failure
during flight is presented in 7.1:

3.3.3 Improved Design (PII and PIII)

The culmination of experiences gained from multiple projects and the initial prototypes
showcased in both PI and PAd forms the basis of final publications. It encompasses an
array of facets, including design improvements, aerodynamic considerations, advancements in
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the communication system, refined control methodologies, comprehensive simulations, and
real-world field tests. Initially intended to emphasize the meticulously designed "DUTY
HOPPER" model and its controller functionality, the paper evolved to encompass the final
iteration of the "WILD HOPPER." This strategic shift marked a step closer to realizing
the overarching project objective. Unfortunately, due to budgetary constraints, the project
has been temporarily halted. However, there is optimism that it will resume in the close
future, ultimately establishing itself as a thriving industrial platform among the select few
thermally-powered MDFs currently operational. The key highlights of PII and PIII are
summarized as follows:

Communication System: These papers commence by exploring various communication
enhancements implemented in the platform, aimed at establishing robust external links
between the MDF and the Ground Control Station (GCS), along with enhancing internal
communication between the AP and the onboard computer with other subsystems. These
improvements are detailed in PII and PIII. Additionally, the paper discusses the conceptual
transition from the auxiliary usage of the EDFs, as employed in the previous prototype, to the
implementation of a safe-landing concept, thereby eliminating the need for a redundant system.
Further insights into this transformation can be found in Section 4. Figure 4.3 provides a
conceptual schematic of the "WILD HOPPER," accompanied by detailed descriptions.

Aerodynamic Considerations: The PII’s aerodynamic approach primarily concentrated
on optimizing the duct shape and blade geometry to enhance thrust production, as emphasized
in Section 4.

Control Strategy: The control strategy employed in these papers was an optimized combi-
nation of the SMC presented in PI and the MRAC proposed in PAd. This control approach
outperforms previous methods by accounting for both internal and external nonlinearities
and uncertainties, making it a robust SMC technique. The controller theory and equations
are detailed in Subsections 6.1.2 and 6.2.3.
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Chapter 4

System Design

The overall system is treated as a unified mass, exhibiting either a 6 DOF or a 7 DOF
configuration depending on the nature of the payload (solid or liquid). The translational
movements encompass surge, sway, and heave, while the rotational aspects encompass roll,
pitch, and yaw, which are graphically depicted in Figure 4.3, corresponding to the Euler
angles ¢, 0, and 1. To elucidate further, the control solutions described across P.I, P.II,
and P.III primarily address vertical dynamics and attitude, forming the foundation of
the low-level control loop. Meanwhile, the high-level control loop, encompassing position
control is delegated to the onboard AP, thereby consolidating the main objective of these
publications is the provision of a tailored attitude controller that outperforms standard
industrial PID solutions. These conventional PID controllers often entail time-consuming
parameter tuning for specific platforms. Since many industrial APs already possess effective
position controllers, an exhaustive reiteration of the entire process is rendered redundant. In
fact, empirical observations reveal that, in many cases, the inherent firmware of APs stabilizes
more proficiently than intricate nonlinear techniques to stabilize the position. However, the
realm of attitude control presents a distinct scenario. Leveraging the unique characteristics of
each platform, meticulous exploration can yield notably enhanced performance compared to
conventional APs. This very essence underscores the essence of this thesis by compendium.
Hereof, the overall moments and thrust forces generated by both main propellers and EDFs
of the three platforms are demonstrated in Figures 4.1, 4.2, and 4.3. Moreover, the two main
Body-Fixed Frame (BFF) and Inertial Frame where the dynamic equations are driven
are highlighted and will be elaborated further.

Moreover, during the designing process, comprehensive consideration of multiple factors
was pivotal in achieving the ultimate goal. As mentioned in Section 1.3, the conclusive
development of the MDF encompassed pivotal criteria, namely the incorporation of an adept
TVC mechanism utilizing flap vanes and an emphasis on attaining prolonged flight autonomy.
These critical aspects guided the design approach, enabling a streamlined and expeditious
progression. As an initial step towards delving into the realm of MDFs, a scaled-down
prototype was meticulously crafted. This prototype served as a valuable tool for gaining
deeper insights into the intricate dynamics of EDFs and exploring the realms of stability
enhancement to optimize controller performance, as delineated in PAd. Thus, the meticulously
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tailored MDF, referred to as "FAN HOPPER' in this publication, boasts distinctive attributes,
which are succinctly enumerated below:

FAN HOPPER embodies a 6DOF hexa MDF system, leveraging electric propulsion
technology that emulates the operational characteristics of conventional thermal engines.
This design choice provides an avenue to explore and address the inherent uncertainties
reminiscent of thermal motors within this context. Rigorous aerodynamic analyses were
conducted, leading to significant enhancements across the entire platform. Notably,
the innovative duct design yielded multiple benefits, including the attainment of a
streamlined inlet and outlet airflow even at elevated horizontal velocities. Moreover, a
remarkable reduction in undesired yaw moments, historically associated with instability
in high-powered multi-rotor propellers, was observed. This achievement is particularly
noteworthy as the constrained space between the duct wall and the rotor blades
virtually eliminates yawing, thereby contributing to enhanced stability. Consequently,
the consideration of rotor rotation direction becomes superfluous, and as illustrated in
Figure 4.1, the EDFs exhibit uniform rotation due to their near-zero yawing moments.
Furthermore, as depicted in the figure, empirical investigations led to the incorporation
of an optimized Angle of Incidence (AOI), enhancing stabilization during yawing. This
concept is further described in PII, providing a better insight into its implementation
and impact.

Figure 4.1: The general coordinate system based on the FAN HOPPER prototype; T; and M; are
thrusts and moments generated by the EDFs, § is the Angel of Incidence (AOI) of
EDFs according to experiment, {}; is the subscript for the body-fixed frame, and {}g
is the subscript for the inertial frame.

In the next step, a significant milestone was achieved by developing a larger-scale prototype
intended to be fitted with thermal engines, thereby advancing toward the ultimate objective.
This design endeavor was fortified by meticulous modeling, expounded upon in PI, which
furnished a comprehensive mathematical representation of the dynamic system governing the
extensive MDF. Noteworthy traits of this UAV, dubbed "DUTY HOPPER," are succinctly
outlined as follows.
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DUTY HOPPER is a 6DOF quad MDF system harnessing thermal propulsion tech-
nology through the integration of two longitudinally aligned motors. This configuration
also boasts the capability to accommodate Lipo batteries for supplementary attitude sta-
bilization. Detailed in PI, it marked the pioneering instance of laboratory modeling and
design. Subsequently, to enhance controller performance, several tests were conducted,
including the incorporation of diverse payloads (solid and liquid), culminating in the
development of a standardized prototype. By utilizing thermal engines, this platform
obviates the need for ESCs in the main ducts, instead adopting an ECU system to
translate AP commands for propeller control and maintain a consistent angular velocity
across all propellers using a simple PID for different RPM bounds, ensuring safe takeoff
and landing. Attitude regulation is achieved via flap vanes, as depicted in Figure 4.2,
wherein commanded surge, sway, and heave movements are doubly derived to suitably
control Euler angles ¢, 6, and ¢. Furthermore, Figure 4.2 elucidates the configuration
of each duct, the inlet airflow, and a schema of rotational flap vanes that are described
further in 5.2. Comprehensive insights into these aspects are unveiled in PII and PIII.
Notably, based on experimental findings, each flap’s rotation is constrained within
a £15° range to avert mechanical interference with other flap rotations during both
modeling and operational phases.

Limited
rotation

Body Frame Inertial Frame Duct Detail

Figure 4.2: The general coordinate system based on the DUTY HOPPER prototype; T; and M;
are thrusts and moments generated by the main ducts, ¢; and m; are thrusts and
moments generated by the EDFs, {}; is the subscript for the body-fixed frame, and
{} g is the subscript for the inertial frame.

Finally, in the concluding stage, a synthesis of the preceding experiments led to the development
of an advanced, larger-scale prototype tailored for integration with thermal engines. The
comprehensive evolution encompassing enhanced modeling, refined control algorithms, and
meticulous simulations culminated in PII and PIII. This iteration witnessed significant
advancements in power supply, safety measures, communication systems, auxiliary EDF
concepts, and overall geometry. Aptly named "WILD HOPPER," this ultimate prototype
encapsulates these refinements in a coherent design as follows.
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WILD HOPPER is a hexa MDF platform featuring 6 DOF, equipped with six main
ducts and four auxiliary EDFs for safety and emergency situations, as elaborated in
PII and PIII. This prototype operates on two power sources: primary propellers are
fueled by thermal energy, while EDFs are powered by Lipo batteries. The payload
compartment can handle up to 60% of the total weight. The configuration, depicted
in Figure 4.3, outlines forces, moments, rotations, movements, and frame connections
between the BFF and Inertial Frame. The model has been extensively enhanced.
Notable improvements include refining the aerodynamic model with blade tip angle
adjustments and blade count optimization for superior thrust. The communication
system received upgrades, incorporating redundancy for reliable short and long-distance
links. Employing a TVC strategy, the control system employs geometrically enhanced
flap vanes as control surfaces, evolved iteratively during design.

Zy Body Frame Inertial Frame

Figure 4.3: The general coordinate system based on the final WILD HOPPER prototype; T; and
M; are thrusts and moments generated by the main ducts, ¢; and m; are thrusts and
moments generated by the EDFs, {};, is the subscript for the body-fixed frame, and
{} £ is the subscript for the inertial frame.
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System Dynamics

This section aims to provide a comprehensive insight into the author’s work by offering an
in-depth understanding of the applied modeling, design, and control methodologies across
three distinct platforms. Each level of development, spanning from PI to PIIT and PAd,
is accompanied by insightful cues for cross-referencing. The core objective of this section is
to offer a comprehensive elucidation of the mathematical equations and control algorithms
utilized in the publications. This is particularly important as the publications necessitate
succinct descriptions in a standardized format, thereby warranting a more elaborate exposition
here. The section is organized into two primary subsections: "General Modeling" and "Specific
Modeling". These terms encompass both conventional MDFs or general multirotor types
initially and subsequently narrow down to delineate the model of an MDF steered by TVC
utilizing flap vanes. To ensure uniformity, the equations are harmonized based on the final
hexa "WILD HOPPER' prototype as illustrated in Figure 4.3.

5.1 General Modeling (PI and PAd)

Given the 6DOF rigid body of an MDF as a complex Multi-Input Multi-Output (MIMO)
system due to its nonlinear configuration, the governing equations can be derived from the
Newton-Euler equation set. These equations are formulated with respect to either the BFF
or Earth-Fixed Frame (EFF), which are denoted as subscript {}, and {}., respectively.
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T
ww=1[p a1,
L. 0 0
Ib=1[0 1, O],
0 0 L. (5.1)

Fb :Fgrav+Ffuse+Fprop+quct+Fedf+Ffw
Mb = ngro + Mprop + Mduct + Medf + Mfw

1
Vb = —wb X Vb + — (Fp + Fyray),
my

d)b = Ib_l(Mb — Wp X Ib X wb),

In Equations 5.1, v, corresponds to the velocity vector in the BFF, and wy, represents the
angular velocity vector in the same frame. The variables u, v, and w denote the airframe
velocities in the BFF, while p, ¢, and r refer to the angular rates around the respective
axes. Furthermore, Fy, and M, denote the total forces and moments acting in the BFF. The
quantities vy, and wp, symbolize the time derivatives of the velocity and angular velocity vectors,
respectively. The parameters m; and I}, signify the body mass and inertia, respectively. Due
to the Hexa MDF’s symmetrical geometry, only diagonal inertias are taken into account in the
inertia matrix, where I, = I, I, = I,,, and I,, = I,. The subscripts (e.g., fv =~ flap vanes,
grav ~ gravity, fuse ~ fuselage, etc.) indicate various factors contributing to the forces and
moments, which are elaborated on in more detail in PI.

It’s worth noting the distinction between F,,, and Fg,.¢, which may initially seem equal, but
they serve distinct roles, and both contribute to force generation in the BFF. This distinction
is as follows.

Propeller Thrust (Fp.op): The primary thrust in a DF system originates from the
propeller or fan itself. As the fan’s blades rotate, they create an airflow that generates
thrust by propelling the air in the opposite direction, in accordance with Newton’s third
law of motion. This thrust is the central driver of propulsion.

Duct Thrust (Fguct): The duct that surrounds the fan plays a critical role in optimizing
the propeller’s performance. By guiding and channeling the airflow generated by the fan,
the duct minimizes air loss and enhances the system’s overall efficiency. While the duct
doesn’t generate thrust in the same direct manner as the propeller, its design significantly
influences the system’s total thrust generation. This aspect is particularly emphasized
in the context of PI, PII, PIII, and PAd, where the overall system efficiency is a focus.

Subsequently, by translating the velocities and attitudes between the BFF and the Inertial
frame yields:
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—S(Qb) Wh,

In Equations 5.2, the symbol r represents the location vector observed in the EFF, while
Cep stands for the rotation matrix that corresponds to the airframe’s yaw, pitch, and roll
transformations from the Earth-Fixed Frame to the BFF. This pivotal matrix is known as
the Direction Cosine Matrix (DCM). The functions s(), ¢(), and t() signify the sine, cosine,
and tangent functions, respectively. The symbol « refers to the Fuler angles vector, while v,
represents the velocity vector in the EFF, which is equivalent to the velocity vector in the
BFF after being multiplied by the rotation matrix. Additionally, the time derivatives of the
Euler angles are determined by the angular velocity in the BFF and are multiplied by the
rotational matrix to account for the transformation.

By substituting the moments into the Newton-Euler equation, the specified dynamic equations
can be determined. Further, the rotation dynamics equations can be obtained by considering
the acceleration in EFF and the BFF, resulting in:

T
Fo=|F, F, F.|,
T
My, = [M,, M,, M,]|
Fp, = my(t + gs(0) + qu — rv),
Fp, = my(0 — ge(0)c(d) + ru — pw),
Fy, = Fyp — my(w — gc(0)c(9) + pv — qu),
be = xp + (Iz - [y)qr - [ppr7
=I,G+ (I, — L)rp + Lwyp, (5.3)
M, = Li+ (I, — I,)pqg + Lw, — Q,
((Iy — L)gr + Lwyq + My, ) /1,

T
— Wp = [p q 7'“] = ((Iz — L)rp — Lwyp + Mby) /L, |
(I — [y)pq — Ly + My, + Q) /1.
T Fyp, /my — gs(0) + rv — quw
— Vp = [U v w] = Fu, /my + gc()e(¢) + pw —ru )
(Fu — Fy,)/my + gc(0)c(9) + qu — pu
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Through Equations 5.3, the symbols I, and w, refer to the inertia and angular rate of the
propellers, respectively. Additionally, M,_, M, , and M, represent the moments along different
axes in the BFF, while Fy_, F;, , and F},, denote forces on the corresponding coordinate axes in
the BFF. The term () denotes the propeller’s anti-torque, and g represents the gravitational
acceleration.

Now, let’s consider a duct and delve into the dynamic equation corresponding to the aero-
dynamic interactions with the duct and the turning effects induced by the propeller, as
illustrated in Figure 5.1.

Figure 5.1: Schematic of the free airstream passing through a duct, analyzed in four stages:
upstream, propeller inlet, outlet, and downstream.

Figure 5.1 provides a visual representation of the various stages of the free airstream as it
traverses through a duct. These stages encompass the upstream, propeller inlet, outlet, and
downstream portions. Subscripts {}¢ correspond to the upstream airflow well before it enters
the duct, {}; pertains to the inlet airflow, {}. signifies the exit or outlet airflow, and {}
represents the downstream airflow much further from the duct. Additionally, o, V', and A
respectively denote the airflow angle, velocity, and planar area at each stage. Additionally,
angles o; and ., corresponding to the airflow angle within the duct inlet and the airflow
angle at the outlet of the duct, respectively, can be determined as follows:

Oéi:Oéo—i-/fi(?T—Oéo),

2
T

e = g + ke (2 — ao) , (5.4)
T

Oéoo:a()_’_k:oo (2—0./0),

In Equations 5.4, the terms k;, k., and k. correspond to flow turning efficiency factors
influenced by the inlet propeller plane, the outlet plane, and the downstream region far from
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the duct. It’s important to note that in various articles, notably Shan et al., 2016, Wang et al.,
2014, Tobias and Horn, 2008, Xiaoliang et al., 2018, and Zhang et al., 2016, a single airflow
angle is commonly utilized for both a,. and a.,. This approach simplifies the assumption
or utilizes an average value for the angle of deflection at a specific downstream point, often
situated far from the duct exit. This choice facilitates an understanding of the aerodynamic
behavior without delving into the intricacies of specific flow interactions. Now, based on
the airflow angle at various stages, the velocities at the upstream, duct inlet, outlet, and
downstream can be expressed as follows:

Vo = Vjcos(ap)i — Vpsin(ap)7,

Vi = Vycos(ay)i — (Vo sin(ey) + v4) 74, (5.5)

Ve = ‘/0 COS<Oée)Z. - (‘/0 Sin(ae> + Ue).ja '
(

Voo = Vo cos(au)i — (Vo sin(as) + Vo)

Using Equations 5.5, the terms v;, v., and v, represent the induced speeds caused by the
airflow as it passes through the duct. Besides, the induced exit velocity is also well-known as
slipstream velocity Zhao, 2009. These speeds are oriented vertically, in the same direction as
the vertical axis. Furthermore, as shown in Figure 5.1, the total force vector generated by the
duct system is denoted as Fy, which is assumed to comprise a vertical thrust component, 7',
and a horizontal momentum drag component, D,,. Specifically, T" encompasses the combined
thrust produced by both the propeller and the duct itself, leading to the equation:

quctt = sz + Tja

5.6
T = Fprop + quct = Fprop(]- + kaug) ( )

In Equation 5.6, the symbol k,,, denotes the Thrust Augmentation Factor (TAF), which
signifies the influence of the duct’s lift effect. A TAF value of 1 indicates that the total thrust
generated is twice that of the propeller thrust alone. This rationale underscores the selection
of the DF model, as it effectively enhances the overall system efficiency. Now, when taking
into account the airflow mass rate, as well as the horizontal and vertical thrust forces, the
following expressions are applicable:

m = pA;V;,
T =1 (Ve — V)

Simplifyi .
implifying T — m(VOO . ‘/0>

Simplifyin .
piry gT:m(

(5.7)
sin(ase) — sin(ag)) Vo + Veo,
Dy, = m (cos(ag) — cos(ae)) Vy
Smpliyig ry iy (cos(ap) — cos(a)) Vo

Equations 5.7 are obtained assuming the conservation of energy, momentum, and the mass
flow rate from the inlet of the duct to the downstream. p is the density of the airstream, and
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for simplifying the o, = a,, and V, = V... Finally, the whole force generated by the duct
system is determined as follows,

Fauct, = 2pA; < (Vosin(a) +v;) — W sin(ao))> \/VE)Q + 2Vou; sin(a;) + 02 (5.8)

b
1+ Koy

The total force, denoted as Fgyct, in Equation 5.8, can also be expressed and simplified in
a vectorized manner as follows. Additionally, based on the equations detailed in 5.1 and
described in PI, the remaining forces and moments acting on the BFF can be presented as
follows:

—mgsin 6
Fgrav = |mgcosfsing| ,
mg cos 6 cos 6

CDzUb’Ub\Aside
Ffuse - —O5P ODyvb‘vb’Aside 5
CDZ Wy ’wb | Atopa
Cp,, sin oy sin Oy
FpI‘Op - 05pAle§ _CDbl sin Qyy sin Hbl ,
C'r,, cos ay; cos Oy,
AeuO‘UO’
Fauct = Dm + KaugFprop = 0.5pCp,,, Acvolvol )
AzKaug‘/;l‘/z|

—q
ngro = NJw P,
0
quctyr
Mduct - quctxr
quctz ld

In Equations 5.9, certain parameters are defined as follows: N represents the number of
propellers, J denotes the rotor inertia, while p and ¢ correspond to the angular rates of the
propellers, discussed by Fan et al., 2018, Johnson and Turbe, 2006. It is important to note
that this equation is applicable when the angular rates are assumed to be semi-constant,
irrespective of any aggressive flight behavior. Additionally, C'p stands for the drag coefficient
of the fuselage, A,q4. represents the cross-sectional area of the drone, assuming symmetry on
both sides, and A, denotes the top area of the MDF. The blade pitch is denoted as 6y, and
the blade incidence angle is represented by ag;, which in hover flight conditions, both 6, and
oy, are considered negligible due to their small values. The €2, corresponds to the propeller
angular velocity, b is the thrust factor of the propeller, and Cp,, and Cp,, are the drag and
lift coefficients of the propeller blades. The parameter Cp,, , stands for the duct moment
coefficient, serving as a proportionality constant that relates the moment to the dynamic
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pressure caused by crosswind effects, introduced by Johnson and Turbe, 2006. Referring to
Figure 5.1, the variables V| represent the duct inlet air velocity, r corresponds to the duct
exit radius, [, is the diagonal distance between the Center of Pressure (COP) of the duct to
the COG of the MDF, and finally, Vy, A;, V., and A, represent the rotor plane and duct exit
velocities and areas, respectively.

5.2 Specific Modeling (PI, PII, PIII, and PAd)

In this subsection, the author aims to highlight the distinctive features of this thesis pertaining
to PI, PII, PIII, and PAd. The equations presented here have been integral to the design
process of the three primary prototypes and have undergone practical validation.

Starting from the ground up, envisioning a scenario involving a large MDF in which the
payload could be either solid or fluid, the equations of motion for a solid mass were derived
in the previous Subsection 5.1. Now, turning the attention to the latter payload type — fluid,
which is applicable to the real case of the "DUTY HOPPER" prototype. In this context, the
dynamics of the liquid within the drone’s repository introduce an additional degree of freedom
due to the newly induced motions and rotations. This could potentially lead to an expanded
system with up to 96DOF, as discussed in PAd. However, to simplify the problem, only one
degree is added to the system. These newly derived equations represent a TDOF' system. For
a more in-depth understanding, readers are encouraged to explore publications that delve
into the dynamics of DFs with manipulators, such as those authored by Zhang et al., 2018
and Zhang et al., 2020.

Taking into account Figure 5.1 and Equations 5.4, it becomes imperative to account for even
minor phenomena that might go unnoticed in conventional scenarios due to the large scale of
the MDF. An example of such a consideration is the Wake Skew Angle (WSA) of the airflow,
which correlates with «;, a., and a., as depicted in Figure 5.1. This entails:

Vo cos(a;)
i— t I - 7/ N )
§i = arctan (Vb sin(qy) + UZ'>
Vo cos(a)
e — t y 1
&e = arctan (Vosin(ae) n Ue> (5.10)

Vo cos(uso)
Vo sin(so) + Voo

¢s = arctan (

In Equations 5.10, the symbol & denotes the WSA, representing the angle that characterizes
the skewness of the wake airflow. This angle quantifies the misalignment between the direction
of the wake and the flight path of the drone. On the other hand, the high spinning of the
propeller induces a drag force, resulting in a swirling motion of the flow. This effect introduces
a swirl velocity into the flow, which can be described as follows:
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M,
prov (5.11)

Wswirl = T
= /.2
sPAVire

In Equation 5.11, M,,,, represents the propeller torque, and 7,,,, is the radius of the propeller.
The swirl velocity has a direct influence on the vertical component of the flap vanes’ velocity.
Taking into account the previously mentioned V. in both horizontal and vertical directions, it
yields:

Ue Ve sin(a)
Ve=|v.| = 0 (5.12)
We Ve cos(a)

In Equations 5.12, ue and w, represent the two components of the total outlet velocity,
corresponding to the x and z axes, respectively. Introducing the flap vane velocity components
in all three dimensions as V7, we arrive at the following set of equations:

- T

va - _uf'u Uy wfv} )
[0 0 —1] [cos(df,) —sin(ds,) 0] [uecos(dyy) 0

Ve =|—1 0 0| [sin(df) —cos(dp,) O |uesin(dys,)| + 0o |,
0 1 0 0 0 1 ~We I Wewirl (5.13)
[ uesin(dy,)

— Vg = | —uecos(dy,)

| TWswirl — We

Equation 5.13 introduces three crucial variables: uy,, v, and wy,, signifying the chordwise,
spanwise, and normal constituents of the flap vane velocity. These variables derive their values
from the influence of the outlet airstream exhaust emanating from the duct. The parameter
0y, equivalent to the vane’s deflection angle or the widely acknowledged azimuthal angle ¢,
constitutes a pivotal aspect. This angle delineates the divergence between the vertical axis and
the projection of the COP of the vane upon the horizontal plane. For an intricate depiction of
the utilized flap vanes, refer to Figure 5.2. This illustrative diagram aptly showcases the three
principal rotations imperative for generating roll, pitch, and yaw moments in the pursuit of
optimal functionality.

Furthermore, let’s represent the downwash angle induced by the duct, which is usually negative
due to the propeller that creates an airflow that is directed downward. It is also related to
the lift force of the duct by the following expression:
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Fauct
Yd = R’
_ _’de B quct/ (:07””2 ((Uz - Uz)2 + Ug))
b _’mj - [ Fu/ (prr? ((vi = v2)? +0})) 1 /
Uy Ufy, Ufy, Ufy,
Vi = vj:v = va: Vg, fufv: 7 (5.14)
[Wrv Wro, Wiy, Wio,
g, 0ty + arctan 2 (—vap — Vg Lo, Vi — wfvp) — Vd,
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In Equations 5.14, the downwash angle (v,) is calculated based on the total duct thrust (as
defined in Equation 5.8), the mass airflow passing through the duct (refer to Equation 5.7),
and the exit velocity. This equation unveils the significant impact of the downwash angle
on the final azimuthal angle of the flap vanes. In practical scenarios, such as the "WILD
HOPPER'" platform with a wide-diameter exhaust, the downwash angle deviates from the
ideal conditions considered during the design process. This deviation carries implications,
particularly for large-scale systems. Considering the three rotational angle axes for the vane
azimuthal angle, we have oy, (longitudinal direction), By, (lateral direction), and ey, (vertical
direction). To account for the entire body’s angular velocity, induced velocity (v;) at the flap
vane neighborhood is factored in. Additionally, the distance between the Center of Gravity
(COG) of the MDF and the Center of Pressure (COP) of the flap vane (or their aerodynamic
center), represented as ly,, plays a crucial role in these calculations. For a more detailed
discussion on these aspects, refer to Johnson and Turbe, 2006. The velocity of the flap vanes
is expressed in Equations 5.14 as a 3 X 3 matrix, delineating each element corresponding to

pitch ({}7u,), roll ({}v,), and yaw ({},,) flap vanes.

The downwash angle influences various aspects, notably the effectiveness of control surfaces.
It does so by altering the relative airflow over these surfaces and modifying the effective angle
of attack of the flap vanes. Since control surfaces are essentially movable flat-plate lifting
structures, changes in their angles can significantly affect their ability to generate lift or
control forces. The downwash angle can be further divided into surge and sway components,
denoted as 74, and ~q,. Notably, it lacks a Z-component in conventional flight situations,
primarily pertaining to horizontal airflow patterns around the aircraft.

Broadly, in this thesis, there exist two types of flap vanes: lateral and longitudinal. Longitudi-
nal vanes (roll flaps) align similarly with the X-axis (pitch flaps), while lateral vanes align with
the Y-axis direction, and yaw flaps are a combination of these two, as illustrated in Figure
5.2. This visual also showcases three unique vane arrangements alongside a singular duct
outfitted with all flap vanes for component exposition. These arrangements share a consistent
perspective, "Top-Down View," from a third eye toward the MDF model. In this view, the
positive X-axis denotes the rightward direction, the positive Y-axis extends downward, and
the positive Z-axis projects into the page. Importantly, each axis corresponds to a positive
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moment rotation in adherence to Fleming’s right-hand rule. These three modes are elucidated
as follows:

Upper-Left (a): The generation of rolling moments involves the coordinated movement
of all longitudinal flap vanes set at the same azimuthal angle. This synchronized action
uniformly produces a moment along the roll axis (X-axis), as indicated by the circular
green arrow.

Upper-Right (b): Generating yawing moments requires the collaboration of four
frontal and four rear intersectional flap vanes, all set at identical azimuthal angles. This
cooperative configuration creates an equilibrium moment around the yaw axis (Z-axis),
depicted by the green arrow extending towards the page.

Bottom-Left (c): To produce pitching moments, uniform adjustments of all lateral
flap vanes at the same azimuthal angle are essential. This concerted effort results in a
balanced moment around the pitch axis (Y-axis), represented by the green arrow.

Bottom-Right (d): This section presents a schematic of a single duct housing two
pairs of flap vanes: two lateral flap vanes, denoted as fv,,,, and two longitudinal flap
vanes, labeled as fv;,,. In this context, the term fuv signifies a flap vane, while F},
symbolizes the force exerted by a flap vane oriented in the opposite direction of its
corresponding azimuthal angle. This phenomenon is also clearly depicted in Figure 5.3.
Additionally, the arrangement of each servo flap is illustrated in Figure 5.2(d), showcasing
the asymmetrical layout of the servo installations. The decision to employ two servo
flaps instead of four is driven by efficiency, as it eliminates the need for disparate angle
production and yields more harmonized force generation. This advantageous design
choice is further emphasized in the magnified circle adjacent to the duct. At the other
end of the servo bar, a flexible joint is connected to the duct’s wall, facilitating smooth
rotation of the flaps bar under the influence of servo-generated moments.

As depicted in Figure 5.2, the "WILD HOPPER' platform utilizes a hexagonal geometry with
a set of vanes positioned at the duct exits. This arrangement consists of twelve pairs of vanes
that are strategically configured for optimal control and effective functionality in influencing a
sizeable payload. The term "pair" signifies that each duo of flap vanes is linked by a shaft and
managed by a singular servo flap, efficiently rotating both vanes. This configuration offers
several advantages:

Reduced Mechanical Complexity: Unlike the case where two adjacent flaps are
managed by distinct servo flaps, which can result in non-uniform rotations and internal
instability, the paired vane setup minimizes mechanical complications.

Simplified Control and Computation: Operating fewer vanes concurrently requires
less computational effort by the autonomous platform (AP), contributing to a safer
flight operation.

Error Prevention: The design prevents unintended rotations due to erroneous con-
trol commands that might lead to the interference of intersecting vanes, potentially
compromising the entire control system.
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Pitching

Figure 5.2: Top-Down view schematic of twelve pairs of flap vanes on the "WILD HOPPER'
prototype, strategically positioned at the duct outlets to generate specific moments:
(a) Rolling moment, (b) Yawing moment, (c¢) Pitching moment. In (d), a detailed view
of a single duct featuring two pairs of vanes is depicted.

Enhanced Moment Generation: By synchronizing the rotation of paired vanes,
the resulting moment is more potent compared to separate rotations. The harmonious
alignment of azimuthal angles in a vane pair magnifies their combined effect, thus
enhancing overall controller surface efficiency.

In this setup, six pairs of vanes are allocated for roll moment generation, an additional six for
pitch moment, and eight pairs positioned at the drone’s front and rear sides for yaw moment
production. Notably, the "DUTY HOPPER" prototype (also seen in Figure 4.2) initially
adopted a redundancy approach with thirty-two pairs of vanes: eight for roll, eight for pitch,
eight diagonal pairs for yaw moments, and eight for redundancy. This configuration aimed
to ensure moment generation continuity in the face of vane failures. However, this approach
was abandoned due to intricate mechanical and servo control challenges, including varying
calibration points and difficulty in harmonizing the overall system response, which hindered
precise controllability compared to desired commands.

As depicted in Figure 5.3, the incoming airflow is directed into a duct as the MDF moves
along the longitudinal X-axis. Positioned near the duct’s outlet, the two servo flaps exert
control on the exhaust airflow, prompting a reactive response from the flap vanes to the
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Q 2T Incoming airflow at the duct inlet
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Figure 5.3: Schematic of a duct with two pairs of flap vanes rotating, illustrating generated forces
and reaction force.

exiting airflow. In this dynamic, a pair of forces emerge Ly, and Dy, signifying the creation
of Lift and Drag forces for each set of vane pairs. An important consideration is the azimuthal
angle, dy,, which is restricted within the £15° range to prevent interference with adjacent
cross-linked vanes. This precaution, as previously discussed in 4, safeguards against potential
disruptions. Furthermore, Figure 5.3 demonstrates two potential deflections of the single
duct. The deflection corresponding to longitudinal movement is denoted as «, while the angle
associated with lateral movement is designated as . Moreover, the derived force acting on
the flap is central to defining the flap force equation set, which can be expressed as follows:

Ley = Ly, i+ Ly, j = Ly cos(0y,)i + Ly sin(dy,)j,
Dy = Dy, i+ Dy, j = —Dyy8in(6y,)i + Dy, cos(d50))J,
Te = Ly, i — Dy, j = Lgysin(dy,) — Dgy cos(0y,),

Fe, = Ly, i+ Dy, j = L cos(dp,) + Dy sin(dy,),

(5.15)

Equation 5.15 presents the breakdown of the lift force into distinct lateral and vertical
components, denoted as L;,, and L,, , respectively. Similarly, the drag force is divided into
lateral and vertical components, represented by D, and D, for a flap vane. The aggregate
thrust force produced by the flap vane, denoted as T¥,, results from combining the vertical
components of both lift and drag forces. In contrast, the lateral force generated by the
flap, marked as FY,, arises from the summation of both lateral components of lift and drag
forces. This interesting observation reveals that the lateral components of the decomposed
lift and drag forces act in parallel, enhancing the MDF’s forward momentum with increased
force. Conversely, the vertical components oppose each other, thereby contributing to the
overall thrust generated by the main propeller during flight. For the sake of simplification,
the formulation assumes that the reaction lateral force of the flaps, FY,, is equivalent to the
primary force produced, and any negative sign is disregarded, as illustrated in Figures 5.2
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and 5.3.

Importantly, the resultant movement of the system is directed in the opposite direction of the
flap’s rotation, a direct consequence of Newton’s third law, which states that every action is
met with an equal and opposite reaction. Simultaneously, it’s worth noting that the final roll
or pitch angle of an individual duct corresponds with the azimuthal angle of the flaps due to
the lateral force they generate. This congruence underscores the integral relationship between
forces and angles, showcasing the intricate interplay that governs the system’s behavior.
Now, to determine the terms defined in Equations 5.15, a list of corresponding aerodynamic
parameters can be detailed as follows:

1
qfv = §p(vb + Ue)Qv

Cto :
CLfv = CLOfv + CLL;M + S (CL5fu 5fv + Cquv va> ,

20,
(CLfV _ CLOfU )2 (516)
Coy, = ODof“ + TeAR 7

Lg = quAf'UCLfV7
va = quAvaDf‘,;

Equations 5.16 break down as follows: p symbolizes the density of the outgoing airstream
from the duct, while v. = v denotes the exhaust velocity of the duct. The variables Ay,, qgv,
and cy, correspond to the sectional area of the flap vane exposed to the passing airstream,
the dynamic pressure that is raised due to summation of the velocity of the MDF in the BFF
and the exit velocity, and the chord of the flap, respectively. The term AR stands for the
Aspect Ratio of the vane, and e is the efficiency factor derived from the aerodynamic shape
of the flap (with e < 1). Meanwhile, Cr,,, and Cp,, pertain to the lift and drag coefficients of
the vane, respectively. In addition, CLofv represents the zero-drag lift coefficient, while CDofv
denotes the zero-lift drag coefficient of the vane.

Finally, the dynamic model of a servo flap, which is utilized to actuate the flap vanes as
depicted in Figure 5.3, can be represented by the following transfer function:

K
$2 4+ 2Cwy s + w2

H(s) = (5.17)

In Equation 5.17, H(s) is the transfer function of the servo flap, s represents the complex
frequency variable (Laplace domain), K denotes the system gain, signifying the amplification
factor of the control signal, { is the damping ratio, indicating how the system responds to
external disturbances and affects the overshoot and settling time, and w, represents the
natural frequency of the system, indicating how rapidly the system reacts to changes in the
input. These parameters can be defined according to the physical characteristics of the servo,
as discussed by Fan et al., 2018.
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Chapter 6

System Control

This section aims to streamline the control algorithms presented in publications PI, PII, and
PIII based on the dynamics model and mathematical equations discussed in the previous
section. The section is further divided into two subsections: "General Control" and "Specific
Control." In the latter, we delve into the core principles of the proposed control methodology,
while the former focuses on the particular design, parameters, and assumptions specific to
this thesis.

6.1 General Control (PI, PII, and PIII)

Having thoroughly examined the dynamics and mathematical modeling of the MDF platform,
this subsection, alongside the subsequent one, succinctly encapsulates the essence of the control
algorithm put forth in PI, PII, and PIIIL. The aim is to provide a comprehensive overview of
the equations presented in the publications while grasping the underlying hypotheses. To
address the inherent nonlinearities of the MDF’s dynamic model, both this thesis and PI,
PII, and PIII introduce nonlinear control solutions. These solutions are tailored to maintain
the model’s nonlinearity, thus preserving the core attributes of the primary system. Broadly,
two distinct methodologies are showcased: Sliding Mode Control (SMC) and Model Reference
Adaptive Control (MRAC). The sequence of publication enhancements unfolds as follows:
PI initiates with SMC, followed by PAd where MRAC is introduced to internalize system
parameters. Finally, the culmination of these approaches is realized through Adaptive SMC
(ASMC) in PII and PIII. This subsection delves into the core principles of each approach,
elucidating their underlying mechanisms. Subsequently, the focus will shift to highlighting
the specialization of each method as a TVC approach through the utilization of flap vanes in
the ensuing subsection. The overall control schematic for both methods is depicted in Figure
6.1, encompassing several distinct assumptions and components as outlined below:

Reference Values: These are the input values assumed for the control system, denoted
as T, Yr, zr, and 1, in case of providing by the mission or is determined by ¢y =
arctan(e,/e,), i,e., the distance of each of pair of waypoints in Y-axis over their difference
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in X-axis. Typically determined by a guidance or path-planning system, these values
are encapsulated within a matrix of 34, or 4«, elements, where n signifies the number
of waypoints input as control references, depending on the yaw angle.

Position Controller (PC): Also referred to as the outer-loop or upper-level controller,
this component involves double integration, transforming attitude values into position
values. In essence, human commands are interpreted as positions, which, through
double differentiation, yield the desired attitude angle values. After subsequent double
integration, the desired position values are derived. Through this thesis, PI, PII, PIII,
and PAd, a simple Proportional-Derivative (PD) controller is employed to manage the
defined position values of  and y, and a distinct controller for z.

Vertical Controller (VC): This part is also considered as the position controller but
is independent of the attitude angles and known as the vertical controller. This section
is considered one of the focus points of this thesis to be controlled, which generates the
desired thrust command expressed as Ugsitude = [Uz d}.

Attitude Controller (AC): Often known as the inner-loop or lower-level controller,
which constitutes the core of the control mechanism. Central to this thesis, the
attitude controller integrates the desired Euler angles calculated by the PC to generate
necessary attitude moments, thereby stabilizing the attitude system, which is Uy =

T
U¢d U9d de:| :

Electric Control Unit (ECU): As discussed in 1.2, the ECU serves as a vital regulator.
Utilizing a PID (Proportional-Integral-Derivative) controller, it translates desired control
outputs into commands for the main propulsion units. In this case, the main propulsion
units consist of thermal engine-powered fan blades or propellers. The ECU receives
data from sensors and employs algorithms to optimize engine performance, manage
emissions, and enhance efficiency. Additionally, the ECU manages the injection of fuel
for the chosen gasoline-powered internal combustion engines within the project.

Servo Flap Dynamics (SFD): The Servo Flap Dynamics component plays a crucial
role in regulating inputs for servo flaps, which function as control surfaces. Similar to
the ECU, the SFD translates desired moments for control into standard Pulse Width
Modulation (PWM) signals. These PWM signals are then utilized by servo motors to
actuate the control surfaces, specifically flap vanes.

EDF Motor Dynamics (EDF-MD): Designed for emergency situations, the EDF
Motor Dynamics component serves as the "Secondary" output of the PC system. It
activates only when primary systems such as the ECU or thermal engines experience
failure. The EDF-MD component provides the necessary PWM signals to control EDF
motors, ensuring a contingency propulsion system.

Secondary Attitude Dynamics (SAD): Building upon the EDF-MD component,
Secondary Attitude Dynamics maintains the functionality of the system in critical
situations. It supplies power to the Lipo batteries located near the thermal engines,

allowing for emergency thrust generation over a limited duration. This aspect is further
elaborated in PIII.
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Attitude Dynamics (AD): The primary Attitude Dynamics component is responsible
for generating the required moments for various attitude rotations, including roll, pitch,
and yaw. This function is achieved through the manipulation of servo flaps and flap
vanes, which are illustrated in Figures 5.2 and 5.3.

Position Dynamics (PD): The Position Dynamics component governs the physical
movements of the MDF system. This is achieved through coordination with sensors such
as gyroscopes, GPS modules, and other relevant devices. Feedback from these sensors is
relayed to the controller, enabling the dynamic adjustment of control parameters for
precise positioning.

Disturbances (Dpp and Dap): Finally, the Disturbances segments, represented as
Dpp and D 4p, account for the uncertainties and nonlinearities present in the real-world
laboratory environment. These elements are crucial for simulating real-world conditions
and enhancing the robustness of the system against potential disturbances. The impact
of these disturbances is further explored and demonstrated in the results of both PII
and PIII.

Secondary

(AR P ——

Sensor Feedback
Disturbance Disturbance

(Dap) (Dpp)

Figure 6.1: Diagram illustrating the overarching control scheme implemented across PI, PII,
and PIII for precisely regulating the heavy hexa MDF system known as the "WILD
HOPPER."
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6.1.1 Model Reference Adaptive Control (MRAC, PAd)

The specific MRAC method utilized in this thesis is based on a Lyapunov candidate to
guarantee the stability of the system. The overall schematic of the MRAC is very similar
to Figure 6.1, with the difference that the feedback loop contains the adaptively updated
parameters and further details are provided in PAd.

Characterizing the 6 DOF MDF system of the "WILD HOPPER" and accounting for its
inherent nonlinearities, a closed-loop transfer function for the reference model is formulated,
as outlined below:

Vi) Cs)P(s)
R(s) 1+ C(s)P(s)H(s)

Grn(s) = (6.1)

In Equation 6.1, C'(s) represents the transfer function of the controller, P(s) corresponds
to the transfer function of the hexa MDF’s dynamic characteristics, and H(s) denotes the
transfer function of the feedback loop encompassing sensors and actuators.

In the context of our specific case study, when considering the interplay of nonlinearities
and the coupling of two attitude angles (¢ and ) with lateral and longitudinal movements
(surge and sway), the dynamics of the hexa MDF can be effectively captured by a set of
second-order ordinary differential equations. This characteristic leads us to categorize the
system as a second-order system, owing to the fact that its mathematical representation
involves second-order differential equations. By simplifying the feedback path in this manner,
the reference model’s behavior in a more streamlined manner is outlined below:

2

. . . 2 . 2
Gm(s) = 3 S+ 2ws ta? Um + 260 +%ym = %u (6.2)

al

In Equation 6.2, The symbol "u." represents the control reference input or control reference
signal, signifying the intended behavior that the controlled system is meant to follow. In
contrast, the control input denoted as "u" is dynamically tuned to ensure that the real-
time response of the system aligns with the target behavior set by "u.." The objective is
to iteratively adjust "u" such that the system’s actual behavior closely corresponds to the
desired response outlined by "u.." The value of u. influences how quickly the system adapts to
changes and disturbances. {},, refers to a parameter of the model. Now, achieving our goal
hinges on estimating the parameters of the reference system through the controller assumed
transformation function outlined in Equation 6.3. To accomplish this, the disparity between
the assumed and reference systems shall be ascertained.

1 1
Gm(s) = s(s+a)  s2+as (6:3)

In Equation 6.3, the parameter a is the target of estimation as the adaptive model converges
toward the reference model. With this in mind, let’s define the adaptive control law as follows:
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u = Qluc - ng - Hgy (64)

In Equation 6.4, the symbols 0;—; 23, denote the adaptive parameters that are targeted for
updates to facilitate controller adaptation. As a result, by simplifying Equations 6.2 and 6.3,
the following expressions emerge:

U= Ym — Q1Ym — A2Ym + @1y + a2y

= —(a+02)y — 3y + (01 — b)uc + a1y + azy,

knowing that: e =y — Ym , € =Y — Ym ,and € = — U,
—étaét+ae=—(0b+a—a)y— (03 —az)y+ (61 —az)ue,

0> 03 61
1 , (6.5)
- - g - el 1631,
€ 82 + ai1S + a9 [ y y u :| 53
1
S -]t
e = — =Y U
s2 + 28ws + w? vy 53
1

By incorporating the blue terms into both sides of Equations 6.5, the formula is further
simplified. Shifting from the time domain to the Laplace domain facilitates the examination of
the final transfer function. In cases where all the terms are evidently positive, the system can
be classified as minimum-phase. However, due to the discrepancy in the degree between the
numerator and denominator being greater than one, the system doesn’t fulfill the conditions
for being Strictly Positive Real (SPR), necessitating analysis. Unfortunately, the application
of Kalman Yakubovich’s Lemma, as proposed by Andrievsky et al., 1996, is impractical.
Instead, the issue can be addressed using state-space equations outlined as follows:
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X = AX + BU
Y =CX + DU

Amivg, 4| O L g0 " c=1o 1],D=0
|—d2 —Q
- - r 52
ér| 0 1 €1 1 . %
e = e —a LJ + M =i v ul gs
1 (6.6)
S|l =0 3 €1+O{_' ]ZNQ
el |—w? —2w| |es 1 s 53
L <] L 1
52_ Y
= |G| =T | v @1ﬁﬂﬂiﬂA”4PA:4)
0, e

In Equations 6.6, the matrices I' and P are established as Diagonal Positive Definite (DPD)
matrices, sharing a consistent dimension. The formulation of the MRAC method, as outlined
through Equations 6.1 - 6.6, adapts according to the specific system in focus, notably, in
reference to the PAd model, which encompasses a twelve-dimensional state vector, the sizes
of matrices I' and P are tailored to match this dimensionality. This alignment ensures the
effective application of MRAC principles within the unique characteristics of the PAd system

("FAN HOPPER'" prototype). Also, in the given context, the ultimate 92-:1,273 vector signifies
the augmented adaptation parameters, incorporating the simplifications introduced within
Equations 6.5. These simplifications facilitate the determination of the central adaptation
parameters. To establish the stability of the asserted Model Reference Adaptive Control
(MRAC), the Lyapunov candidate introduced in PAd is adopted. It’s important to note that
the Lyapunov candidate presented in PII and PIII pertains to an ASMC method, distinct
from a pure adaptive controller, which is the focus here. To establish the stability of the
system, a Positive Definite Function (PDF) is introduced as a Lyapunov candidate. The
critical step in this proof involves demonstrating that the derivative of this function exhibits
negativity, thereby validating its negative definiteness.

1
Vzigﬂwﬂﬁ% (6.7)

In Equations 6.7, the symbol V' represents the Lyapunov function, while e signifies the
aforementioned error term. The matrix © corresponds to the previously defined update
matrix. Notably, the matrix F' is diagonal in nature, functioning as a dot product when
applied between two vectors. Consequently, both terms yield the same dimensionality. In
light of these considerations, the simplification of the derivative of the Lyapunov candidate
takes the following form:
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. 1 ) .

V= 5(eTPe +ef'Pe) +0TFO +07'FO

. 1 . . . . .
-V = 5((X — X)) ' Pe+e'P(X - X)) +2FOTO

. 1 :
=V = ((Ane + ) Pe + " P(Aye +(O)) + 2FOT6

2
] (6.8)
. 1 .
=V =—e"((ALP +pA,) e+ 07" Pe+e"P(O) +2FOTO
2 S—— N—— N——
iy A AT
. 1 1 .
— V= —§eTIe +§@T (Pe+e"PCO +4FOT0O)
T shall equate to 0

In Equations 6.8, A,, signifies the Jacobian matrix of the reference model, while { serves as
a condensed representation denoting the amalgamation of matrix product updates. In the
context of the simplified derivative function, the initial term pertains to Negetive-Definite (ND).
In contrast, the focus shifts to the second term, where the assumption of ©7 = 0 is deemed
inadmissible. Instead, the condition necessitates that the equation Pe+ef PCO +4F 0Te =0
holds to ensure the unequivocal negativity of this particular term. This stipulation is vital for
maintaining the requisite definiteness and consistency within the overall expression.

6.1.2 Sliding Mode Control (SMC, PI, PII, and PIII)

This controller plays a prominent role in both PI and ASMC strategies within PIII, offering
distinct advantages. Its robustness against an array of external disturbances, such as wind
gusts, fluctuations in payload weight, and uncertainties in dynamics, makes it particularly
appealing. Furthermore, being a nonlinear controller, it aligns well with the complex nature of
our nonlinear MDF system. Significantly, this method excels in rejecting disturbances through
the imposition of a sliding surface on the system trajectory. This approach actively compels
the trajectory to align with the sliding surface, enabling effective disturbance rejection. In
the context of a state-space representation involving an nth-order derivative of the system’s
state vector, the determination of the sliding surface is expressed as:

2™ = Az + Bu+6(x) = 2™ = f(x) +u

(n—1) (n—1)
d o d (6.9)

In Equation 6.9, the symbol §(z) denotes system uncertainties and nonlinearities encapsulated
within the disturbance function. It’s assumed that ¢ remains within the bounds é(z) < k,
where £ is a positive constant representing the maximum anticipated disturbance magnitude.
Additionally, the symbol A represents the sliding surface gain or slope coefficient, determined
based on the weighting of the uncertainties. The introduction of the sliding variable S serves
to quantify the tracking error, e, that emerges between the desired trajectory X, and the
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actual trajectory X of the system. The overarching objective is to drive the sliding variable S
towards zero, thereby aligning the actual state values with the desired state. In this specific
scenario where n = 2 and it corresponds to a straightforward MDF system, the formulation
of the sliding surface is elaborated as follows:

S=é+de=78—d5+ Nz —x4) (6.10)

Indeed, a significant challenge within the sliding mode control method lies in the careful
definition of the sliding surface. However, when viewed in a general and simplified manner,
one can assert that the sliding surface ideally mirrors the system’s error. This error signifies
the disparity that necessitates a reduction to zero within the intended system.

S:{i—fd—i—)\([t—x'd),

w>ueq:S’:O—>ueq:Xd—)\é

(6.11)

In Equations 6.11, the u., stands for the equivalent control input, which is a part of the total
control input specifically designed to drive the system onto the sliding surface and maintain
sliding mode behavior. As seen the control input has appeared in the first derivative of the
sliding variable. Therefore, the relative degree of the system is equal to 1. Now, let’s define
the complete control input, encompassing both the equivalent control input, denoted as .,
and the uncertain term of the system. This can be expressed as follows:

U = Ueq — d X sign(s), (6.12)

In Equation 6.12, the term sign(s) embodies the switching or uncertainty component within
the control law. This term accommodates system uncertainties, external disturbances, or any
unaccounted dynamics that could influence the system’s behavior. Its purpose is to enhance
the robustness of the control system when confronted with uncertain factors that might impact
the system’s performance. To determine the unknown parameter d, a Lyapunov candidate is
introduced. This candidate is not only Positive-Definite (PD) itself but also has a Negative-
Definite (ND) derivative, as shown below. To mitigate the chattering phenomenon, which can
cause undesirable high-frequency oscillations, the tanh s function is employed instead of the
abrupt sign(s) function. Additionally, for improved and swifter stability convergence, it is
assumed that the derivative of the Lyapunov candidate is not only ND but also significantly
more negative than a predefined positive value, . This choice ensures stability within a finite
timeframe.
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updating: u = ueq — d x tanh(s),
V(z) = 5%/2 — dV(z)/dt = s3,
necessitates that: V(x) < —p — s§ < —pls|
knowing that: s (m(”) = Az + Bu + 5(1‘)) = s (—dbtanh(s) + d(z))
— —dbls| + [s5(z)| = —dbls| + [s[|0(2)] = |s| (=db + [6(x)]) < —pls]
— —db+k<—pu—|d>(u+k)/b

(6.13)

Hence, by adhering to the condition d > (u+k)/b, the stability of the system can be effectively
ensured. This condition plays a pivotal role in bolstering the control system’s ability to
resiliently counter uncertainties and disturbances, thereby facilitating the achievement of both
stability and precise tracking of the intended trajectory.

6.2 Specific Control (PI, PII, PIII, and PAd)

In the previous subsection, the fundamental principles underpinning the control algorithms
employed in PI, PII, PIII, and PAd were provided, manifesting in the explicit form of
equations. This discourse culminated in the representation of these equations, now applied
concretely to the ultimate hexa-MDF platform. Here, the platform stands as the experimental
subject for the concurrent application and comparison of both the MRAC and SMC methods.

When defining the state and input vectors, two approaches are evident: one based on the
state values as followed in PI, PII, and PAd, and the other aligned with state values utilized
in studies concerning conventional DFs. While the state matrix defined in PIII comprises an
expandable model that is elaborated upon within the paper itself. In all scenarios, the input
matrix remains consistent, as outlined below:

X=[ziygzz2éd00¢d],
Xag=[uvwpqgr¢dy], (6.14)

U=[u: up ug uy|"

In Equations 6.14, X,)¢ corresponds to an alternative state matrix formulation as defined
in other research works. In this section, the first model is considered in order to align the
control framework with established DF standards, and regarding the second state vector with
fewer input parameters, readers are encouraged to explore publications that considered this
model, such as those authored by Wang et al., 2014, Zhang et al., 2016, Xiaoliang et al., 2018,
and Emami and Banazadeh, 2015.

Specifically, Xy is influenced by variables including the body-fixed frame (BFF) velocity (Vy,),
Euler angles (a), and angular velocity in the BFF (wy,), as previously defined in Equations
5.1 and 5.2. Also, u., ug, ug, and u, refer to the total thrust, roll moment, pitch moment,
and yaw moment, respectively.
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6.2.1 Position Control

As previously discussed, planar position control is not the primary focus of this thesis,
especially in sections from PI to PIII. During this phase, standardized Autopilots (APs) have
proven to be highly efficient, outperforming custom laboratory designs. However, owing to
the interplay between attitude and position loops and the necessity for simulating the entire
process, a simplified Proportional-Derivative (PD) controller is employed for planar position
control. This PD controller generates reference values for roll (¢) and pitch (#) angles, which
are then fed into the attitude controller. The equations facilitating this transformation are as
follows:

i — Zb (cos(6) sin(8) cos() + sin(6) sin(1)) |

’ (6.15)
§ = — (cos(¢)sin(0) sin(y) — sin(¢) cos(v)) ,

My

Given the control input vector defined in Equations 6.14, the acceleration of the planar
position can be computed using Equations 6.15. Subsequently, to calculate the reference
values for the Euler angles, the following equations are utilized:

sin(v) = - (5 cos(@)sin(6) sin(20) + sin(é)sin? (1))
oos(u) = - (= cos(6) sin(6) sin(20) + sin9) cos*(w) )
sin(9) = 7* (#sin(y) — j cos()) — |6, = 7 (Esin(t) — feos(®)) |
~¢
eos() = | = (cos(o)sin(6) cos’(¥) + 5 sin(g) sin(20) ). o
jsin(v) = = (cos(é)sin(6) sin(v) — 3 sin(9) sin(20))
cos(6)sin(6) = 5 (# cos(y) + i sin()) = | = T (v cos(u) + firsin(y)

Equation 6.16 represents the nonlinear coupled equations for obtaining the parameters ¢,
and 6,. These equations can be expanded as discussed by Naldi et al., 2010:

[@] _ [ arctan (cos(6, )sm(z/p

) Gy farder + i fartie) | (e — 9))
0,  |arctan (cos(v,.) (&, fardr) [ (2 : : (6.17)

Gr— g) + sin(dh) (Girfar) / G — )

In Equation 6.17, fy represents the nominal ram drag of the body divided by the total
moments of the body in zero lift mode. Similar to Equations 6.15, in order to derive the
nonlinear dynamics of the system for the vertical position parameter and Euler angles, the
following expressions are used:

o6



Chapter 6. System Control

3= Uz (cos(¢) cos(0)) — g,

my
Y e S l
¢ =0 “——=+ 0Q, + —U,,
I, 1, 1,
. L= ] . l (6.18)
0= ——= 4 LoQ, + —Up,
Yy ]y Iy
o L—1, 1
= @b T +[—ZU¢

The Equations 6.15 and 6.18 mentioned earlier are inherently coupled and nonlinear. To
facilitate the estimation of state transition matrix coefficients and understand the dynamics of
the MDF system, it is necessary to linearize the model. The linearized form of aforementioned
formulas can be expressed as shown in Equation 6.19:

—_— ~0
~0
A AU,
i=—+g9g—9g—|2=
’ o (6.19)
IL,—1, J { l '
¢:91/1 yI:B +T:GQP+T$U¢—> ¢ITIU¢,
~0 ~0
I, — 1, ; l l
b = i + g0 Ly, S li= Lo,
Iy Iy Iy )
~0 ~0
I, -1, 1 .
Qﬂqug 7 y+TU¢—> '(ﬁ:*Uw
OZ z z

6.2.2 Attitude Control: MRAC (PAd)

Two distinct approaches are being considered, once pertaining to the state vector X, the
state-space equations are outlined as follows:

27



Mohammad Sadeq Ale Isaac Khoueini

(0000001 —w? 0 0 0 0 0
000000 0 1—w?2 O 0 0 0
000000 0 0 1-w} 0 0 0
000000 0 0 0 1-w! 0 0
000000 0 0 0 0 1-w? 0

A= (000000 O 0 0 0 0 1-uw?|,
000000 —264ws 0 0 0 0 0
000000 0 —2&uw O 0 0 0
000000 0 0  —2wy, 0 0 0 (6.20)
000000 0 0 0 —26w; O 0
000000 0 0 0 0 —25w; O
1000000 0 0 0 0 0 —2€,w, ]
[000001/my, 0 0 0 0 0 17

_|o0000 0 {/I,O 0O 0 O e T

B=100000 0 ‘0 01,0 0 7U—[msz¢fy91z¢>]
00000 0 0 0 0 01/L

02[0401 41]1><12 andD:Olg><4

In the equations given as 6.20, the symbols are defined as follows:

Matrix A € R'2*!2 represents a matrix containing state coefficients, which is a more
generalized version of the Jacobian matrix.

Matrix B € R'2** expresses how the controller inputs relate to the system’s states.
Vector U € R* holds the values of controller inputs.
Matrix C' € R'*!2 describes the connection between the system’s states and its outputs.

Matrix D € R'** serves as a static gain matrix, indicating the relationship between
the system’s outputs and inputs.

The subscripts i = ¢, 0,1, ¢, 0, 1) refer to specific values that are calculated through simulations.
Additionally, the parameters within the B matrix are derived from the linearized fast dynamics
of the hexacopter.

6.2.3 Attitude Control: SMC (PI, PII, and PIII)

Taking into account the position control method described in 6.2.1, along with the SMC
concepts elaborated in PIII, the formulation for the comprehensive control input and the
sliding surface/variable (S) can be expressed as follows:

u = —k1Sign(S) + ko tanh(ksS) when k; : i € 1,2, 3,
o sin(1g — 1) cos(by — 0) cos(pg — @) — cos(thg — ) sin(6y — 6)
B cos(8 vy, — Of0) (6.21)

N sin(ey) cos(eg) cos(ey) — cos(ey) sin(ep)

cos(es,,)
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In Equation 6.21, the subscript {},; denotes the desired value. This sliding variable has
the added advantage of encompassing all attitude variables. Ensuring that the Lyapunov
candidate is PD, radially bounded, and decreasing along the sliding surface, the candidate
function V'(s) and its time derivative can be expressed as follows:

1

V(s) = 552135
L V(s) = ;P(QSCgS + 52‘23)
V(s = <s<e¢>c<ee>cc<(ej; : C(ew)5(€0)>2 y

P(C(650,)C(6a)C(650)C($)+S(10,)8(6a)S(30)S($)+C (8 50,)S(0a)C (6 50)S(0)+S (8 50y )C(0a)S(85,)C(6))
S(ey)Cleg)Cle)C 010y )C010)C (D)5 10,)(6a)S (0 70)S(@)FC (8 70,)S(0a)C(37,)S(0)

(6.22)

In Equations 6.22, the approximations S() = sin(), C'() = cos(), and e represent the difference
between the desired and actual values. Therefore, when considering the control law, the
attitude controller in relation to the azimuthal angle of the flap vanes can be reformulated as:

Uron = Iz(éfvd - k1é¢) — K tanh(kgS)
Upiten, = L0 yu, — kz2ég) — ky tanh(k3S) (6.23)
Uyaw = L. (3o, — kséy) — ko tanh(k, )
By using Equations 6.23, the constants k; with i € {1,2,3} will be determined through trial
and error during the implementation phase, as discussed earlier in Equation 6.13. Ultimately,

as a result of applying the control law, the attitude controller interfaces with the position
controller.
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Chapter 7

Results and Discussion

This section presents a clarified compilation of the results from all the publications, organized
in a coherent order. These results encompass findings from both simulation and real flight
experiments.

7.1 Simulation Experiments

Starting with publication PI, the culmination of the research is presented, featuring the
performance results of different control approaches. These approaches include using only flap
vanes, solely EDFs; or a combination of both. The results reveal that employing only flaps or
EDFs can lead to latency issues. However, combining flaps and EDFs enhances system agility
and significantly contributes to attitude control stability. This research strongly recommends
the utilization of both flaps and EDFs in the control system. Furthermore, this hybrid system
offers the advantage of extending flight time endurance through the use of gas engines. The
key findings of this paper are summarized below:

Figure 7.1 illustrates the drone’s actual and reference states along a predefined trajectory
using only flaps. Results reveal that the control of Euler angles remains stable, except for
yaw, which becomes unstable over time, indicating that the flaps struggle to manage the
drone’s rotation during turns. This instability affected the lateral movement of the drone,
resulting in unstable movements along the horizontal trajectory. However, the altitude loop
remained perfectly controlled, as it was unaffected by the flaps.
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Figure 7.1: Comparison of the drone’s actual state, reference positions, and attitude angles when
Xiet =6 m, Yief = 6 m, and Z,ef = 5 m, with the exclusive utilization of flap vanes.

Figure 7.2 displays the MDF’s actual and reference states along a predetermined trajectory,
employing solely EDFs. These fans were selected to provide functionality similar to that of
flap vanes, albeit with approximately equal power. The results indicate that using only EDFs
stabilizes the drone’s attitude overall. However, similar to the case with flaps, yaw angle
control proves challenging. This issue arises because the weight of the drone exceeds the
stabilizing capabilities of the engine power, leading to instability in horizontal movement.
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Figure 7.2: Comparison of the drone’s actual state, reference positions, and attitude angles when
Xiet =6 m, Yier = 6 m, and Zief = 5 m, with the exclusive utilization of EDFs.

Figure 7.3 presents the MDF’s actual and reference states along a predefined trajectory,
utilizing both flap vanes and EDFs. The results indicate that this configuration effectively
stabilizes the attitude system and, consequently, the horizontal movement of the MDF. This
success can be attributed to the combined control provided by sufficient power from both
systems. As observed in the figure, both the X and Y elements of the position are rapidly
controlled with minimal overshoot. However, it’s worth noting that the yaw stability still
presents challenges at this stage, which were subsequently addressed in later iterations of the

work.
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Figure 7.3: Comparison of the drone’s actual state, reference positions, and attitude angles when
Xiet = 6 m, Yier = 6 m, and Z,of = 5 m, with the simultaneous utilization of both flaps
and EDFs.

In the next publication and through the implementation of an adaptive controller, several
enhancements were made to the mathematical model. This adaptive controller proved
particularly effective in improving the efficiency of the controller, even when faced with
failures during simulations. The optimized simulation results obtained in publication PAd are
illustrated in Figure 7.4. During this simulation, a random failure of one EDF was introduced
to observe the resulting instability while the MDF was in a stabilized motion. As depicted in
the figure, despite the failure, both the roll and pitch of the MDF remained stable. However,
there was a noticeable impact on the yaw, resulting in an irregular rotation. Despite this,
the horizontal plane was effectively stabilized and controlled, showcasing the resilience of the
MRAC in managing unexpected disturbances.
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Figure 7.4: Analyzing the impact of a 5-minute failure in one of the EDFs. The results showcase
the dynamics of the drone during this critical event. Specifically, (a), (d), and (g)
correspond to the position controller, (b) and (c) the variation of the roll angle (¢)
and the roll rate (¢ rate), respectively, (¢) and (f) the pitch angle (f) and the pitch
rate (0), respectively, (h) and (i) the yaw angle () and the yaw rate (1)) over time,
respectively. These insights provide valuable information for assessing the system’s
stability and control strategies in the face of EDF failures.

Following with publication PAd, to compare and assess the performance of the proposed
controller method, a semi-circular trajectory and then a rectangular route was chosen. This
trajectory enables the examination of both turning points, where controllers often struggle to
maintain a steady state, and abrupt, sharp turns, which introduce uncertainty to the control
system. Additionally, random noise was introduced into the system to challenge its robustness
further. The performance of this new method was compared to that of an ideal cascade PID
controller operating on the same trajectory. For more detailed information about the test
conditions and the noise function used in this study, please refer to PII. The results of this
comparative analysis are presented below:

Figure 7.5 illustrates a realistic simulation depicting the horizontal movement of an MDF along
a lengthy trajectory utilizing SMC. The term 'realistic’ is employed because random external
wind disturbances were introduced during the flight to assess the controller’s functionality.
Despite encountering harsh turns, the drone exhibits minor deviations, highlighting the
effectiveness of the SMC implementation. Additionally, the smooth trajectory around the
circular path demonstrates the efficacy of utilizing tanh in the sliding function to stabilize
the attitude system.
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Figure 7.5: (Realistic Simulation): The horizontal projection of the reference and actual trajectory
in the presence of random wind disturbances for two distinct flight paths.

Figure 7.6 presents the ideal simulation results of the MDF system navigating circular and
rectangular trajectories using a cascade PID controller. The system is observed to exhibit
superior control, evident from the minimal deviation experienced. It’s important to note
that these simulations were conducted under nominal conditions without the presence of any
external disturbances.
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Figure 7.6: (Ideal Simulation): The horizontal projection of the reference and actual trajectory for
two distinct flight paths controlled by a cascade PID controller.

Building upon previous research, the simulation process conducted in PIII was within the
dynamic space of Gazebo on Ubuntu 18.04. The flap vanes joints were modeled as cylindrical
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bars connected to servo-simulated springs, incorporating presumed bandwidth and amplitude
gain margins. In the subsequent analysis, two figures illustrate the outcomes of two cruise
flights conducted by the heavy Wild Hopper model over approximately 40 minutes for
comparison. Figure 7.7 showcases the controller performance of a finely tuned PID controller.
The top part depicts the altitude compared to the desired altitude, revealing a noticeable but
manageable error. On the right, the total thrust of all propellers is presented, while the 3D
plot illustrates the drone’s trajectory throughout the flight. Zooming in on the movements,
a five-line polygon of waypoints was defined to observe attitude performance at turning
points. Over time, trajectory errors accumulate in the integrator, especially at turning points.
However, these errors diminished thanks to the cascade loop compensating for the deviated
lines. Notably, some errors emerged during ascents since the waypoints were not horizontally
aligned. This indicates that the PID controller struggled to stabilize effectively when altitude
changes occurred simultaneously. Nevertheless, it demonstrated merely acceptable results
during hover and cruise flights.
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Figure 7.7: Simulation of Attitude controller performance during a cruise flight, controlled by a
cascade PID and utilizing flap vanes.
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The second simulation flight utilized the robust method introduced in PIII. As depicted in
Figure 7.8, the overall flight trajectory mirrors that of the PID controller. In this simulation,
a rectangular flight plan was initially executed. However, halfway through the flight, the
rectangle underwent a 20-degree horizontal rotation to assess potential controller parameter
accumulation. Remarkably, the controller effectively stabilized the flight, showcasing minimal
attitude errors in the roll, pitch, and yaw loops. In contrast to the PID controller, this time,
the ascending phase was more intense, and unexpectedly, moments of instability occurred
during ascent that were beyond the controller’s immediate control. However, the drone’s swift
movements effectively compensated for the instability, ensuring a safe landing.
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Figure 7.8: Simulation of Attitude controller performance during a cruise flight, controlled by the
presented robust controller and utilizing flap vanes

7.2 Real-World Flight Experiments

Starting with publication PAd that presents the outcomes of numerous real flight tests
conducted to validate the controller’s effectiveness under diverse conditions. These flight test
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results encompass hover and balance flights near the ground with a payload, hover flights
with intermediate disturbances, and evaluations of the controller’s performance during a flight
with an EDF failure.

Figure 7.9 demonstrates the analytical results from a balance test. This test was conducted
close to the ground, with altitudes varying up to 1.5 m and different payload weights.
Additionally, the flight involved a copilot, where manual piloting was intentionally saturated
by the autopilot’s limitations to evaluate its responses. To ensure safety, the payload was
suspended further from the fuselage using a rope. During the test, between the time interval
of 6 s to 7.5 s, the pilot issued simultaneous roll and pitch commands of 15 degrees, along with
a random yaw command, as illustrated in Figure 7.9(a-c). Despite the changes in attitude
angles, the controller promptly stabilized the aircraft in less than 2 seconds, with only minor
deviations.
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Figure 7.9: Balance test results over a 15-minute duration are presented as follows: (a) Time
evolution of roll (¢) angle; (b) Time evolution of pitch (f) angle; (c) Time evolution of
yaw (1) angle; (d) Time evolution of roll rate (¢); (¢) Time evolution of pitch rate (6);
(f) Time evolution of yaw rate (1)).

Thereafter, multiple flight tests were conducted at higher altitudes following the configuration
of ground tests and tuning of PID parameters to ensure the FAN HOPPER’s controllability.
Two of these flight tests correspond to PAd, are presented here.
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Figure 7.10 shows the results of a flight test lasting 18 minutes, including a sudden pilot
disturbance occurring after 7.5 minutes. This disturbance led to an undershoot reaction
from the attitude controller due to saturated inputs, as depicted in Figure 15a. However,
stability was swiftly regained in less than 10 seconds, as the deviation was mitigated through
a cascade approach. This approach effectively regulated both the roll angle and its rate, as
demonstrated in Figure 7.10(b). Additionally, unexpected phenomena were observed in the
pitch and yaw angles after 7.5 minutes, 9.5 minutes, and 13 minutes. The controller promptly
dampened these phenomena, ensuring stable flight throughout the test duration.
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Figure 7.10: Practical results over an 18-minute duration with intermediate disturbances are
depicted as follows: (a) Time evolution of roll (¢) angle; (b) Time evolution of pitch
(6) angle; (c) Time evolution of yaw (¢) angle; (d) Time evolution of roll rate (¢); (e)
Time evolution of pitch rate (8); (f) Time evolution of yaw rate (1)).

Figure 7.11 displays results characterized by high disturbances that initially caused instability.
However, these disturbances were promptly damped with sufficient agility. As illustrated in
Figure 7.11, at the 10-minute mark, all attitude angles experienced simultaneous alterations:
10 degrees for roll, 8 degrees for pitch, and up to -200 degrees for yaw. Remarkably, these
deviations were regulated in less than 2 seconds. At the 15-minute mark, one of the EDFs
was intentionally unplugged from the system, resulting in a negligible transient error (less
than 1 degree) in the pitch angle.
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Attitude State Values & Rates vs. Reference Magnitudes
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Figure 7.11: Practical results over a 22-minute duration with an EDF failure are presented as
follows: (a) Time evolution of roll (¢) angle; (b) Time evolution of pitch (#) angle;
(c) Time evolution of yaw (1)) angle; (d) Time evolution of roll rate (¢); (e) Time

evolution of pitch rate (0); (f) Time evolution of yaw rate ().

Subsequently, integrating various submodules required to assemble real components, a series
of improved real-world results are presented in PIII. These results focus on five of the most
successful missions performed by the redesigned and fine-tuned heavy-duty Duty Hopper
prototype. It’s worth noting that the initial schematic of this prototype was explored in
detail in a previous study PI. Through successive iterations and improvements, this model
has now reached Technology Readiness Level 7 (TRL-7), signifying its readiness for practical
deployment, as outlined in 3.2.

The final results share a common timeframe, with flight durations ranging from 11 to 27
minutes. These experiments primarily assess the efficiency of the attitude controller, with
the position loop intentionally excluded from consideration. To aid clarity and ease of
interpretation, we also include the rates of the Euler angles in our results, with a specific
focus on the changes in roll, pitch, and yaw servo flap positions, presented in comprehensive
diagrams. Furthermore, it’s important to note that the random noise equation employed
for all flights remains consistent, as previously discussed in Ale Isaac et al., 2024, and is
consistently applied in the context of this research.

The first result, illustrated in Figure 7.12, pertains to a brief hovering flight sequence. During
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this flight, we intentionally introduced random noise into the yaw controller loop for 60
milliseconds, occurring in both the second and fourth minutes of the flight. The impact of
this noise propagation is evident between the sixth and eighth minutes. However, as our
diagrams vividly illustrate, the controller effectively managed this uncertainty, demonstrating
its capability to stabilize the attitude even in the face of unexpected challenges.
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Figure 7.12: Attitude controller performance during a brief flight, enhanced by TVC utilizing flap
vanes to stabilize the system against uncertainties applied on the yaw loop.

The second flight as shown in Figure 7.13, lasting approximately 19 minutes, featured two

72



Chapter 7. Results and Discussion

instances of random nonlinearity application during an almost hover flight, coupled with a few
angle-turning trajectories. These nonlinearities were introduced once in the roll loop and once
in the pitch loop. Notably, the overall system promptly re-established regulation. However,
in the yaw loop, some interference became apparent due to accumulated errors introduced
during the extended duration of the flight. In this instance, the adaptive parameters struggled
to fine-tune the loop. Importantly, it is worth noting that the interference, while observable,
remained within predefined limits as the yaw angle remained saturated.
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Figure 7.13: Attitude controller performance during a hover flight, enhanced by TVC utilizing flap
vanes to stabilize the system against uncertainties applied on the roll and pitch loops.

73



Mohammad Sadeq Ale Isaac Khoueini

The third flight, illustrated in Figure 7.14, comprised a 22-minute cruise phase during which
random noise was deliberately introduced into both the roll and pitch control loops. These
uncertainties manifested as brief, 50-millisecond disturbances, with one occurring in the roll
loop during the tenth minute and another in the pitch loop during the fifteenth minute of the
flight. The results of this flight demonstrate the system’s impressive recovery and adaptability,
with adaptive parameters promptly adjusted before and during the flight to restore stability.
This flight was extended to observe the assessment of accumulated errors in the yaw control
loop. As depicted in the figure, the yaw rate effectively compensated for the nonlinearity,
leading to a rapid decrease in yaw loop disturbances, highlighting the effectiveness of the
system’s adaptive capabilities.
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Figure 7.14: Attitude controller performance during a cruise flight with a rectangular trajectory,
enhanced by TVC utilizing flap vanes to stabilize the system against an uncertainty
applied on the yaw loop.

The last experiment, depicted in Figure 7.15, lasted for 27 minutes, following a rectangular
trajectory. During the flight, a high noise was applied to the yaw loop in a turning moment
of the rectangle in order to observe the performance of the controller. As seen in the plots,
the noise is applied on the twentieth minute the reaction of the system was utilizing both
roll and pitch servo flaps to overcome the nonlinearity seen in the system. The system was
recovered after a minute and the flight continued normally.
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Figure 7.15: Attitude controller performance during a cruise flight with a rectangular trajectory,
enhanced by TVC utilizing flap vanes to stabilize the system against uncertainties
applied on the roll and pitch loops.
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Chapter 8

Conclusions and Future Work

This thesis presented as a compendium, introduces a high-performance control system designed
for both vertical and attitude control of a heavy Unmanned Aerial Vehicle (UAV) equipped
with internal combustion thermal engines and configured with a Multi-Ducted Fan (MDF)
layout. The research encompasses a comprehensive process that includes the following key
phases:

Conceptual Design This phase involves the development of the fundamental concept
for the Multi-Ducted Fans (MDFs). It includes defining project requirements outlined
by the European Commission (as referenced in Section 1.4), establishing the system
configuration, and determining key design parameters.

Preliminary Design This stage encompasses various critical aspects, such as math-
ematical modeling, aerodynamic analysis, structural design, selection of propulsion
systems, and other essential considerations.

Detailed Design This phase encompasses simulation and practical validation processes
aimed at preparing the prototype for industrial use. The research journey involved three
hierarchical platforms, each designed to enhance the work level incrementally: The first
platform was a medium-scale fully electric turbofan-powered hexa ducted fan named
"FAN HOPPER' (as described in Sections 4, 4.1, and PAd). The second platform was
a heavy quad ducted fan prototype with an initial stage concept for controlling the
MDF using flap vanes, capable of carrying heavy payloads and powered by both thermal
and electrical engines, referred to as "DUTY HOPPER'" (explained in Sections 4, 4.2,
and PI). The ultimate objective of the main project was to design a hexa ducted fan,
empowered by thermal engines and auxiliary EDFs, with the capability to carry heavy
payloads, known as "WILD HOPPER' (as detailed in Sections 4, 4.3, PII, and PIII).

Continuing with the primary objective of this thesis, which is to achieve precise attitude
control, a comprehensive overview of the control strategy is provided in Section 4. The control
algorithms introduced are specifically tailored for Thrust Vector Control (TVC) to suit the
MDF configuration effectively. The key concepts and distinctive features of these controllers
are elucidated as follows:
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Controller Parameters The primary control focuses on two key aspects: vertical
position or altitude and Euler angles, which encompass the attitude of the UAV, as
illustrated in Figure 6.1.

Controller Actuators The altitude control relies on the thermal engines, which drive
the primary propellers to generate thrust for the MDF. In emergency situations, the
MDFs take on the role of thrust generation. For attitude control, the servo flaps act as
the controller actuators, manipulating the flap vanes, which function as control surfaces.
These components work together to produce the necessary forces and moments for
stabilizing the MDF’s attitude.

TVC using Model Reference Adaptive Control (MRAC) This controller is
introduced, conceptually designed, and practically implemented on the "FAN HOPPER'
platform to stabilize the MDF against internal uncertainties, particularly variations in
payload weight (refer to Subsections 6.1.1, 6.2.2, and PAd).

TVC using Sliding Mode Control (SMC) This controller is developed to ensure
stability against external uncertainties for both the "DUTY HOPPER" and "WILD
HOPPER'" prototypes (refer to Subsections 6.1.1, 6.2.2, PI, PII, and PIII).

Furthermore, the control process is complemented by extensive validation stages, encompassing
both laboratory and operational phases, to assess the controller’s functionality and performance
during actual flights. This comprehensive testing approach initiates with MATLAB Simulink
SimScape simulations, further enhanced by the Gazebo platform, culminating in real-world
flight tests.

It’s important to highlight that this collaborative endeavor represents the culmination of
years of collective effort by a dedicated group. The author of this thesis played a pivotal role
in designing the controller and devising control concepts, contributing significantly to the
development of an operational and industrially viable system.

Future potential research endeavors encompass enhancing the airfoil design of the flap vanes
to further optimize their functionality. Additionally, there is a prospect of finalizing the
production of the "WILD HOPPER," enabling rigorous testing in more challenging maneuvers
and under varying temperature conditions. This would serve to evaluate the performance
of individual components and assess the adaptability of controller parameters in the face of
diverse and plausible nonlinearities. These initiatives aim to advance the field of MDF UAVs
and refine the capabilities of such systems for a wide range of applications.
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Systematic hybrid-electric unmanned aerial vehicles (UAVs) and, especially, quadcopters are so promising due to their long flight en-
durance and their usage in patrol and rescue missions which gain a high interest to be under examination and test scope by researchers;
however, a complete mathematical design is required to fulfill theoretical complexities such as aerodynamic analysis and flight dynamics
models related. This paper investigates salient sections from hypothesis to implementation. Researchers at Drone Hopper company have
conducted various calculations to perform a precise novel platform called Duty-Hopper (DH). The benefit of this design is to control the
attitude by flap vanes and electrical ducted fans (EDFs) when using gasoline engines; while, the principle propellers only lift the drone.
This paper examines the attitude control system of DH, once using only flaps, then by only EDFs, and eventually, by compounding both.
During this research, the scientific software used is ANSYS-Fluent and MATLAB-SimScape to analyze the entire body of the DH. Fur-
thermore, a robust fault-tolerant controller is designed to immune the DH against internal and external errors. Our research reveals that
using flaps is a feasible way to control attitude when it is augmented by EDFs.

Keywords: Hybrid-electric; UAV; quadcopter; duty-Hopper; EDF; flap.

us
1. Introduction control challenge. They perform beneficial applications such
_ _ o _ _ as wildfire fighting, long-term inspection, carrying heavy
The hybrid-electric propulsion is a rather innovative tech- payloads, and patrolling UAVs [13,24]. There are various

nology system employed to combine the mechanical power
generated by one (or more) electric drives with a thermal
engine [7]. Hybrid-electric propulsive UAVs (HEP-UAVs) are
highly valuable, thanks to removing heavy batteries and a
long endurance; in counterpart, their disadvantage is the

researches investigating HEP-UAVs. Bravo et al. [25] con-
centrated on the similarities and differences of the pure
HEPs compared to conventional ones and introduced a
normalized analysis to improve light HEP configuration,
approaching the pure one. Savvaris et al. [26] worked on
control and optimization of light HEP systems, using a
parallel configuration architecture and supervisory control

Received 27 May 2021; Revised 3 September 2021; Accepted 3 September to implement in-ground hardware-in-the-loop (HIL) tests
2021; Published 19 November 2021. This paper was recommended for

publication in its revised form by editorial board member, Wen-Hua Chen. Ruscio [27] emphasmed the propulsmn aerOdynamlcs and
Email Address: Imarco.a@drone-hopper.com wing mass of the fast general aviation class and validated
This is an Open Access article published by World Scientific Publishing it by implementing on double-engine Beechcraft 76 and

Company. It is distributed under the terms of the Creative Commons At- . . .
tribution 4.0 (CC BY) License which permits use, distribution and repro- the X-57 Maxwell to be in both propulsive and hybrid

duction in any medium, provided the original work is properly cited. forms. Capata et al. [28] proposed a conceptual design of an
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HEP-UAV feeding by ultramicrogas-turbine (UMGT), which
powers an electric generator, concluding high-endurance
flights, which is obtained by several aerodynamics analyses
to optimize the specific fuel consumption. Nonetheless,
Yung [16] made a survey on various propulsive and electric
systems to compound an optimized simulated model, using
both systems simultaneously, and according to this re-
search, a HEP-UAV can save energy up to 6.5% compared to
only a propulsive model. Throughout existing works, there
is a gap for combining the theories and industrial form of
HEP-UAVs. This research is undergoing to fill this space by
presenting a rationale methodology and proving the state-
ment. Generally speaking, HEP-UAVs require two
completely independent systems which work simulta-
neously; thermal and electrical [16,24]. Principally, the
system is powered by the gasoline engines, in which a shaft
connects the rotating gears, and the main propellers
maintain an adequate lift force to take-off, climb, and de-
scend; however, this only relates to the throttle, since the
gasoline engines do not respond abruptly, augmentation
systems function for the rest of the control variables, in-
cluding attitude values (¢, 6, and ) resulting in the lateral
movement (x and y). This manner is better off, thanks to the
gasoline motors, which make the HEP-UAV runway longer
than electrical ones; however, this is mechanically compli-
cated. There are various solutions, but the most efficient are
variable-pitch governers or electric ducted fans (EDFs) to
control the low-level control loop (attitude). Utilizing
variable-pitch propellers as designated by Langkamp, [9],
and Fresk in [18] requires an optimized point between
pitch angle and motor RPM, which in the real world brings
about many complexities such as controlling the swashplate
rotation, internal errors of the pitch servos, and the gasoline
engines. Furthermore, using servos for grand drones
requires a long time of aerodynamics analysis to determine
moments around blade hinges, then transforming to the
pitch link and finally, find suitable servos. Therefore, it
ought to concentrate on the latter technique, requiring less
effort to harmonize the EDFs and choosing the best incident
angle for the EDFs. Among all, Fan et al. [5] endeavored to
demonstrate the attitude control efficiency using EDFs,
which is an inspirable work; however, it needs a robust
control method to prevent external errors and make the
system traceable. Moreover, several researchers like
[1,3,15,22] worked on the ducted fan solution, while all the
works suffer from static instability of the model when flies,
especially using flaps makes even the dynamic stability face
problems. We have covered all aforementioned throats
through this research by equipping the DH with four main
ducts to move the center of mass (CoM) from the duct
center to the quadcopter center, which causes the drone to
fly stable. Actually, DH is considered as a powerful

HEP-UAV, which utilizes the technology of multiple flaps
movement to be stabilized with minimum error; more
specifically, to rotate toward the longitudinal, lateral, and
vertical axis, it has eight distinct flaps pairwise. Considering
redundant elements for stability and several control layers,
DH has four coaxial pairs of propellers, 4 EDFs, 32 flap
blades; i.e. every set of the rotor has four pairs, then to
control rolling moment, longitudinal pairs works to have
the moment stabilized; for pitching moment, lateral ones,
and for yawing, the two diagonals vice versa. Regardless of
redundancy, this schematic helps the system work undeni-
ably safely; even if it loses some, others compensate for a
complete movement. Such a design has various benefits
such as being structured, immune and effortless; using
mechanical systems instead of electric parts makes the DH
user-friend. Notwithstanding rotors of conventional quad-
copters produce all forces and moments, a very hasten re-
sponse is considered a salient factor for distinct maneuvers;
however, separating roles helps the system be more func-
tionalized. In addition, redundant mechanisms could be
controlled much more immune than the situation all-in-one.
Besides, unwanted moments and energy are removed to
improve the DH model; thanks to aerodynamic duct-tubes
confined geometry, to somehow, the rotor moments are
canceled out, especially during hover flight or maneuvers,
flaps are operating, so the velocity of the main rotors is
semi-conservative. Therefore, DH saves quite a lot of energy
rather than similar cases without flaps. Another benefit of
flaps is the static stability, helping the system to converge
on the balance mode. While in most of the drones, pro-
pellers function as the main control targets, here instead,
flaps and EDFs are employed to act as the attitude con-
troller, and the fixed propellers only lift the drone, clustered
as low-speed throttlers specified for quadcopters. Noting
the novel controller employed is a robust sliding-mode that
targets external errors to eliminate, which is highly re-
quired in the industry. This paper is arranged as follows.
Section 2 clarifies a complete dynamic model of the DH.
Section 3 discusses the implemented scenario. Section 4
reveals the results obtained. Finally, Sec. 5 compares the
models expressed.

2. Dynamic Model of the DH

According to this research, the dynamic model of a large
quadcopter is remarkably challenging because of plenty of
internal errors that most of them are due to the difference
among thermal engines characteristics even with the same
model, such as their power causing sudden imbalances
during flight. We have considered such problems in the
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Fig. 1.
the DH.

virtual model by implementing unexpected random errors.
A basic schematic of the DH is shown in Fig. 1. Various
views of DH are revealed in this figure, including the ver-
tical and horizontal dimensions (a); flap position, the center
of mass (CoM), payload tank, and duct size (b); EDfs and
four coaxial pairs of propellers (c); EDF angle of incidence,
EDF wall, and Body frame (d). Inspiring from grand air-taxi
CityAirbus. It is clear in Fig. 1(d) that the DH has four coaxial
pairs of large propellers to lift principally; these eight pro-
pellers are augmented by four redundant EDFs to maintain
the throttle safety margin in case of power-loss. Considering
closed walls surrounding the EDF rotors, the vorticity
throughout their ducts is semi-zero, producing an unim-
portant yawing moment. To compensate for this small
magnitude, EDFs are installed with an incidence angle of 8°,
and according to the experiments, normally, this angle is
changeable up to 15° in case of high imbalance; however,
DH has eight pairs of yaw flaps to maintain its stability;
consequently, the inclination angle of EDFs is considered as
8°, which is the optimized angle, based on performed tests.
While in Fig. 1(b), it is observed that CoM of the DH is
[0 0 —0.45]Tm, the distance between CoM and bottom of
the DH is 75 cm, and between the second propeller and the
flap is 15 cm. In Fig. 1(c), the propeller diameter is 130 m
and the EDF rotor diameter is 25 cm. Besides, the system
has four 250 cc engines, with a total power output of
130 HP, which is equipped with a triple-redundant
system. Considering the DH large body, all elements, even
minuscule parameters have been under review. BTW,
all equations are expressed in Body frame, supposing a

A macroscopic schematic of the heavy DH. (a) side view; (b) toward or backward view; (c) up view; and (d) the 3D total vision of

standard 6DOF system. The transitional equations of mo-
tion could be rewritten as in Eq. (1). This equation states
the total external force, F¢, acting on the drone

F = v+ mv = F,i + F,] + Fk, (1)

where v is the absolute velocity of the CoM. The first term of
this equation states the mass ejection of the drone, which in
the DH case is zero. Meanwhile, since the size of DH com-
pared to the gravitational field is quite diminutive, the
center of gravity (CoG) and CoM of the drone could be equal
here. Extending the second term, the equation is as follows:
V=V, +wv
= (0 +wq —vr)i+ (V + ur — wp)j

+ (W + vp — uq)k, (2)
where w is the absolute angular (rotational) velocity of the
drone, v and V, are absolute and relative accelerations of
CoM, respectively. To summarize, gravitational, centrifugal,
aerodynamic, rotors, and flaps forces and moments are
expressed in the following equation, as is mentioned in [1]:

Ft = Fgrav + 1:;fuse + Fprop + quct + Fedf + Fﬂap7

3
M = ngro + Mprop + Mduct + Medf + Mﬂapa ( )

where Fg,, is the gravity force affecting on the drone.
Thereafter, all aforementioned forces and moments are
described in six subcategories to show the effect of each
parameter, i.e. gravitational force; aerodynamic forces;
propeller force; duct force; flap force; and EDF force.
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Fig. 2.

2.1. Gravitational force and gyroscopic moment

Supposing the moving drone with 6 angle toward the N-axis,
¢ angle toward E-axis, and v angle toward the D-axis, the
third one does not affect on the gravitational force, then the
equation is as follows:

—mgsin 0
Fgray = | mgcosfsing |,
mg cos 6 cos 6 (4)
—-q
Mgyro = NJw| P
0

Related to the gyroscopic terms, N is the number of the
propellers, ] is the rotor inertia, p and q are angular rates of
the propeller [1,5], regardless of aggressive behavior,
this equation is supposed when the angular rates are
semi-constant.

2.2. Fuselage forces

As a quadcopter, various components like fuselage, ducts,
propellers, flaps, etc. produce reaction forces against the air
passing throughout. Hereupon, drag force derived from the
fuselage will be expressed through the following equation,
as mentioned in [4,11]:

CD,xu | u |Aside
Fise = —0.5p CDyV|V|Aside , (5)

CD,ZW|W|Atop
where Cp is the drag coefficient of the fuselage, Agq. is the
cross area of the drone (here, regarding the symmetrical

shape, both sides equal), and A4,, is the top area of the
drone.

Schematic of free-stream entering to the duct while inclined, where the real coaxial model is demonstrated.

2.3. Propeller forces and moments

The propeller is the principal thrust generator of the DH,
entering free-stream air to the duct creating a boundary
layer of inlet having a semi-circular shape [17]. If each
propeller revolves with an angular velocity, the blade
pitch 6,, and the blade incidence angle ¢,, as shown in
Fig. 2, this could be expressed as [8,9]. To calculate the
thrust force generated by each propeller, the equation is as
follows:

Cpp Sin oy, sin 0y,
Fprop = 0.5pA,bQ2% | —Cp, sinay sinb, |, (6)
Cyp €OS oy, COS 0,

where () is the rotor angular velocity, b is the thrust factor
of the propeller, and Cp;, and C; , are the drag and the lift
coefficients of the propeller blades, and the A, is the area of
the rotor plane. Normally, 8, and «; are considered zero
because of their small values.

2.4. Duct forces and moments

The propeller duct functions as an augmentative lifter
when its lips are curved by aerodynamic extension. In
addition, the closed walls of the duct to propellers,
the fewer tip losses associated with free-air propellers. Due
to ducts’ inclination during the flight, they react to the air,
and consequently, a momentum drag will be generated.
When there is no crosswind (static condition), the mo-
mentum drag equals zero, since the stream enters the duct
symmetrically; nonetheless, during movement, crosswind
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() K\@
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Fig. 3. Distribution of flaps movement; (a) hover mode without flapping, (b) four pairs of roll flaps are used to move toward y-axis,
(c) four pairs of pitch flaps are used to move toward x-axis, (d) four pairs of psi flaps are used to rotate around z-axis.

enters asymmetrically [2,12]. Approximately, it could be where K, is the augmentation factor of the duct helping
given by propellers to trigger thrust, C; is the duct moment coeffi-
cient which is a proportionality constant, in which the

AcVix|Vixl moment is related to the dynamic pressure due to cross-

Fauet = Dm + KaugFprop = 0.50Cq | Ae ViglVigl |, wind [1]. V; is the inlet air velocity, r is the duct exit radii, I,
A Kaug V|V, | (7) is the diagonal distance between the center of pressure

Fauetyr (CoP) of the duct to CoG of the drone, and V,, 4,, V,, and

Mguet = | Faueen? |, A, are the rotor plane and duct exit velocities and
Fauct z1a areas, respectively. Consider mass flow rate through the

Lift force vs flap deflection Drag force vs flap deflection

80

150

100 |

Lift (N)

50 -

0 5 10 15 0 5 10 15
a (deg) a (deg)

Fig. 4. Comparison of Lift and Drag forces versus increment of flap deflection angle.
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duct [8,12,15]. In order to calculate the mass flow rate
through the duct (m,), the following equation is used [3]:

md = pAiVi = pAeVe~ (8)

2.5. Flap forces and moments

Regardless of incident angle or direction of installment, a
flap can produce forces and moments in all coordinate axis
[15]. Usually, flying drones use flaps to make the system
more stable, preventing out-of-range moments; neverthe-
less, they have a standard form, hence for heavy drones,
controlling by flaps is a big problem. That is why in grand
systems, most flaps are employed as redundant components
but not principles. The distribution of flaps movement is
shown in Fig. 3, displaying the drone movement control to
the right, left, upward, and backward.

In addition to the drone movement control, determining
the calculation of a roll controller flap could be expressed as
in Eq. (9), clarifying the roll flap force (F,f) and the moment
(M,f) produced.

L =0.5pV2A,.C,

D =0.5pV2A,Cy,

0
Fr=|Lcosy—Dsiny |,
Lsin~y + Dcosvy
M, +Fy,dy; — Fyp,dz;
My=|M,| = £F ¢ ,dx; , (9)
MZ :l:Frfdei

Noting that L and D are the lift and drag forces generated by
the flaps, ~ is the deflection angle of each flap related to the
vertical axis. During the flight, if v = 0 no lift or drag is
produced, and the more deflection angle is applied, the
more lift is brought about. Meanwhile, the drag force is
small enough. The research experiments demonstrate that
for ~ angles more than 18°, the increment rate of the drag
force is more than lift, regardless of interference among
flaps movements, and due to this fact result, it is observed
that the best deflection angle domain is 0° <y < 10°, as
presented in Fig. 4, which shows an increment of aerody-
namic forces based on flap deflection angle when it rotates
from 0° to 10°.
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Fig. 5. A full schematic diagram of the guidance and controller loop to be simulated. Noticeably about the four squares below; thrust is
produced by the main four pairs of propellers, rolling moment and pitching moment by flaps and in case of emergency aimed by EDFs, and
yawing moment by flaps only. As described in Sec. 2, EDFs do not produce any magnificent yawing moment, especially here, they are

installed inclined to cancel out each other.
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Also, regarding to a pitch controller flap, Eq. (10) is
given, presenting pitch flap force (F,f) and its moment (M)

Lcosy — Dsiny

Fpr = 0 )
Lsiny+ Dcosvy
(10)
M, +Fyr ,dyi
My = | M, | = | £Fp,dx; — Fprxdz;
M, +Fyr,dy;

Finally, for a determination of a yaw controller flap, the
following equation is given, determining yaw flap force (F)
and its moment (M,):

V2/2(Lcosy — Dsin~y)

Fyy = 1v2/2(Lcosy —Dsin7y) |>
Lsinvy + Dcosvy
(11)
M, £(Fyr . dyi — Fyrdz;)
Myf = My = :t(Fyf,dei — Fyf.XdZi) y
MZ Fyf,xd.yi + Fyfydxi

where in Egs. (9), (10), and (11), the sign + is observed
alternatively, based on the nomination model.

2.6. EDF forces and moments

Like flaps, EDFs also are useful to make the drone more
balanced. A normal formulation of an EDF rotor is likewise
as propellers, but without considering lateral forces to
conclude a drag or yawing moment. Instead, it produces a
pure thrust with a much higher angular velocity rather than
normal propeller engines. The EDF thrust equation can be
stated as

w=/VZ1 (rd.N)?,

B = arctan V/nd,N,
(12)
Csing3+ Cycos 3
Fepr = 0.5pA,bw? 0 ,
Cycos 3 — Cysin g
where A, is the surface area of the rotor plane, V is the
blade axial velocity, N is the blade tangential velocity, 3 is
the pitch angle of the blade, b is the thrust factor of the EDF
rotors, and w is the angular velocity of the rotor.

3. Implemented Scenario

Simulation tests, using MATLAB and practical tests of the
DH model, are designed at Drone Hopepr to compare the

Table 1. DH detailed properties.
Part Parameter Range Dimension
Fuselage Mass 300 Kg
Height 1.5 m
Length/Width 3 m
Ly 337.32 Kg.m?
I, 337.32 Kg.m?
1, 466.84 Kg.m?
Propeller Number 4-Coax —
Number of Blades 3 —
Nominal Rotor Rev. 1300 rpm
Blade Radii 65 cm
Blade Tip Chord 10 cm
Blade Tip Angle 7 deg
Thrust Factor [14]  2.15e-2 N - m?
Propeller Servo  Av. Damping Coeff. 0.05 N-m-s/deg
Propeller Duct Number 4 cm
Length 30 cm
Outer Diameter 133 cm
Inner Hub Diameter 155 cm
Arc Radii at Tip 7 cm
Av. Inlet air Velocity 135 m/s
Av. Exit air Velocity 63.56 m/s
EDF Number 4 —
Number of Blades 12 —
Nominal Motor Rev. 29000 rpm
Blade Radii 12 cm
Blade Chord 3.1 cm
Blade Pitch Angle 45 deg
Blade twist Angle 33 deg
Thrust Factor 5.16e-6 N-m?
EDF Servo Av. Damping Coeff. 0.002 N-m-s/deg
EDF Duct Number 4 cm
Diameter 25 cm
Arc Radii at Tip 1.6 cm
Flap Number 32 —
Number per Prop 8 —
Height 14 cm
Length 53 cm
Av. Width 8 cm
Maximum Angle +15 deg
Flap Servo Av. Damping Coeff. 0.1 N-m-s/deg

data obtained. Through the scenario, a detailed schematic
diagram system of the guidance and controller loops was
designed, using Simulink and Simscape, as shown in Fig. 5.
The simulation process was conducted in two steps, 3D
modeling and compiling in aerodynamic and mechanical
software (SW). First, during virtual reconstruction, each
component is designed in Soliworks SW. Overall, there were
more than 340 parts such as fuselage, propeller, EDFs and
flaps. Every component is designed in detail to guide its
actual model, and then this process is continued directly to
prepare the simulation model. The DH complete detailed
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properties are brought in Table 1. During the simulation,
these magnitudes are changed several times to be opti-
mized, and eventually, an accurate model is built. Mean-
while, to make the simulation appears realistic, various
random noises are implemented, whether in local parts or
from external phenomena, like internal errors in joints and
wind disturbance models.

Second, ANSYS-Fluent and Simulink, as shown in Fig. 5,
are used to analyze aerodynamic forces and moments, and
DH behavior against disturbance. Simulink is a fully appli-
cable mechanical platform to simulate forces and moments
of objects. Here, the goal is to simulate the effective parts as
a plant. Meanwhile, simulations of the DH in ANSYS-Fluent
were done under the following setup, viscous model k-
omega, transient (as the principle propellers are rotating),
defining the cell zones materials (air for the enclosure and
Carbon for the aircraft parts) and the moving parts rotating
axis [10]. The boundary conditions were also set for the
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inlet and outlet. Once the solution was obtained, the pa-
rameter Flap angle, previously created in the geometry
editor SW, was varied in different design points to obtain
the lift and drag forces on the flaps. Figure 5(a) demon-
strates the overall configuration of the loops. Starting by
denoting the four principle references (Xief, Vrer, Zrer, and
Yrer) Which all inter into guidance loop (as the high level
controller) and the results are generated ¢g.s and 84.5 as
indirect integrator inputs for the robust controller loop (as
the low level controller). Finally, the controller outputs are
applied to the plant besides feedback to complete the con-
trol diagram. Figure 5(b) presents the guidance part, con-
taining two PD controllers. Based on this research, using a
PD controller to generate attitude references values is op-
timized compared to when utilized PID; that is, using I
brings about latency in the transient response. Equations
used in this loop could be found in [6]. Furthermore,
Fig. 5(c) shows the desired attitude parameters entering
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Fig. 7. Comparison of the drone state and reference positions and attitude angles, when X, = 6 m, Y, = 6 m, and Z,.s = 5m and both

flaps and EDFs are utilized.
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Fig. 8. Comparison of the drone state and reference positions and attitude angles, when X,of = 6 m, Y,of = 6 m, and Z,.; = 5m and only

EDFs are utilized.

into a low-level controller, denoting sliding mode is the
robust method used in this work, then, all the attitude
controller loops (including altitude loop) are mentioned and
described below at Fig. 5(Altitude), 5(Roll), 5(Pitch),
and 5(Yaw), which display the desired values computed by
a reference generator (RG) box to generate saturated Z g,
Zdes: Zdes: ¢des' ¢de5ﬁ ¢des' edes' ades' edes: ¢des: %es; and 'l/}des
parameters. The aforementioned RG is a second-order sys-
tem, which could be expressed as

6(s) !

= - . 13
SZ + 2€ws + w? (13)

To continue, the sliding mode algorithm is deployed, this
method could be formulated as in Egs. (14), which con-
cludes in thrust force (U;), rolling torque (U,), pitching

torque (Us3), and yawing torque (U,)

X3 = —\é, — Ktanh(S,),
V4 = —)e, — Ktanh(S,),
Uy =m(Z4— A\ée,) — Ktanh(S,),

Uy = = (¢4 — Aey) — K tanh(S,,), (14)

Us =2 (04 — \éy) — Ktanh(Sy),

~|\<~" ~|>?"

Uy = L(g — Ne,) — K tanh(S,,).

Furthermore, in Fig. 5, where X values are tunable like
PID parameters, ¢; is the difference between each value and
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Fig. 9. Comparison of the drone state and reference positions and attitude angles, when X, = 6 m, Y, = 6 m, and Z.; = 5m and only

flaps are utilized.

its reference, | is the length of the drone, K refers to a
discontinuous component against system noises, which is
calculated with try and error method; i.e. if it is more than a
determined magnitude, the system will be stable. This is
derived from the fact that how far negative is the Lyapunov
function derivative, it will converge to a value more nega-
tive and so will be stable faster. In addition, instead of sign,
we use the tanh function to make the chattering of the
switching surface more smooth. As displayed in Fig. 5(d)
and Egs. (14), the output is a summation among position,
velocity, and acceleration, where velocity is weighting ele-
ment compared to others; consequently, to tune the con-
troller, a higher amount is required to filter the velocity
when goes out the integration. Likewise, Figs. 5(e), 5(f), and
5(g) show the attitude controller, denoting that yawing

torque is only produced by flaps; however, the roll and pitch
moments could be generated using both. Figure 6(a)
demonstrates the total configuration of the simulator, all of
the main reference values are generated, using a signal
producer; then controller part which is distributed into
Fig. 6(b), regarded as the whole control loop. Considering
higher level and lower level, once X4, and j4.s are brought
up, as shown in Fig. 6(c), by a PD controller to generate ¢g.¢
and 645 [6], then entering reference and state magnitudes
into the inner loop, the sliding algorithm is conducted to
result thrust force and circular moments, as presented in
Fig. 6(c). To continue, Fig. 6(e) displays the Motor-Flap
Mixing part, which is the configuration of controller outputs
to be legible for engines and flaps. As described in Fig. 5, the
principle propellers are only in charge of generating lift



Un. Sys. 2022.10:241-253. Downloaded from www.worldscientific.com
by 89.128.24.90 on 07/02/23. Re-use and distribution is strictly not permitted, except for Open Access articles.

252 M. S. A. Isaac et al.

force, and for attitude, flaps and EDFs are employed. Finally,
Fig. 6(f) demonstrates the 3D model of SimScape, which is
imported from the previous approximated model in Solid-
works. Despite the movements and rotations defined in
modeler SW, here in counterpart, they are translated to
transform joints and revolut joints, respectively, then a full
6DoF model is simulated by rotations to connect the Body
and Inertial frames; therefore, all forces and moments are
transformed. Moreover, a full model of 32 flaps, 8 EDFs, and
the state feedback loop are developed in this segment.

4. Results and Analysis

Hereupon, some of the graph results are brought. Consid-
ering the mass is an important clue in such a heavy drone,
then realize that it is impossible to tune a controller acting
in a second. Meanwhile, through Fig. 5, it is cleared that the
position and attitude variables are dependent, since the
position values are issued by the reference block, and then
through the guidance loop, attitude desired values (¢q4.s and
O4es) are computed. Despite a hasten reaction of small
drones, the DH behavior is far slower. Figure 7 shows the
comparison of the state and reference values of attitude
angles, ¢, 6, and v, when EDfs and flaps are working si-
multaneously. The minuscule yawing rotation is due to the
unwanted moments affected on the drone, which is gener-
ated by increasing the damping coefficient of flap servos to
accelerate and decelerate the yaw flaps abruptly. Figure 8
shows the comparison of the state and reference values of
position, x, y, and z, when no flap functions and the drone is
controlled only by EDFs. Supposing the command of the
vertical axis is to go up to 5 m, and 6 m for the lateral
values; hence, as described before, the DH acts latent but
with less than 10% error is acceptable in graphs. Notwith-
standing, the controller performance is semi-valuable using
EDFs, controlling only by flaps makes the system highly
delayed. This is due to the low power of flaps in such a
grand system. Results in Fig. 9 demonstrate the impact of
the flaps controller when no EDF is employed.

5. Conclusion

In short, during this research, once the system was desig-
nated to be controlled only by flaps, then only by EDFs, and
finally, equipping both, concurrently. According to the
results, it was observed that using only flaps makes
DH suffer from latency as shown in Fig. 9. To the lower
extent, when only EDFs work, the same phenomenon

was perceived. While equipping both flaps and EDFs makes
the system acts agile, adequately, to be valuable in attitude
control stability. Therefore, this research recommends using
both flaps and EDFs in the control system. Moreover, the
huge benefit of using such a system is controlling the atti-
tude, using flaps and EDFs, and increasing the flight time
endurance by using gas engines.
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Abstract: Unmanned aerial vehicles (UAVs) have drawn significant attention from researchers over
the last decade due to their wide range of possible uses. Carrying massive payloads concurrent with
light UAVs has broadened the aeronautics context, which is feasible using powerful engines; however,
it faces several practical control dilemmas. This paper introduces a medium-scale hexacopter, called
the Fan Hopper, alimenting Electric Ducted Fan (EDF) engines to investigate the optimum control
possibilities for a fully autonomous mission carrying a heavy payload, even of liquid materials,
considering calculations of higher orders. Conducting proper aerodynamic simulations, the model
is designed, developed, and tested through robotic Gazebo simulation software to ensure proper
functionality. Correspondingly, an Ardupilot open source autopilot is employed and enhanced by
a model reference adaptive controller (MRAC) for the attitude loop to stabilize the system in case
of an EDF failure and adapt the system coefficients when the fluid payload is released. Obtained
results reveal less than a 5% error in comparison to desired values. This research reveals that tuned
EDFs function dramatically for large payloads; meanwhile, thermal engines could be substituted to
maintain much more flight endurance.

Keywords: medium-scale UAV; adaptive control; motor failure; payload carriage

1. Introduction

Several research studies have been conducted to classify UAVs regarding their size,
which finally, drive on micro, small, medium, and large scale platforms [1-4]. According
to the mentioned categories, micro-scale and small-scale UAVs are those less than 25 kg,
large-scale UAVs are more than 500 kg, and medium-scale UAVs are classified with less
than 500 kg of gross takeoff weight, containing payloads up to 200 kg weight [1], which are
currently spread in abundant applications, namely firefighting, irrigation, camera carriage,
emergency and rescue, etc. Designing beneficial aerial systems requires high stability and
safe flights. The former needs potent engines that work with tuned controllers, and the
latter requires enclosed platforms and auxiliary actuator units to protect the structure
and components and satisfy the standard control requirements. Moreover, to satisfy the
mentioned applications, heavier payloads will aim to perform optimized missions at lower
time stamps. Consequently, these drones necessitate quite a lot of power to carry out heavy
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payload missions, and the EDFs generate this energy adequately, supplying electrical
batteries but with lower autonomy than thermal resources. This comes from rechargeable
batteries having a current useful energy density of around 120 Wh/kg, compared to
12,000 Wh/kg for fossil fuels; in other words, 1 kg of gasoline is equivalent to 25 to 30 kg of
batteries [5]. In counterpart, due to thermal engines’ drawbacks in emitting nitrogen oxide
and carbon oxide (NOx and CO,) elements, mechanical uncertainties of many components
required for propulsive systems, slower reactions, and wasting a significant volume of fuel,
they are not highly efficient. Therefore, the dispute between the weight of the batteries and
their sufficient energy leads to the use of electrical power sources.

On the other hand, powerful electrical engines that maintain higher thrusts for longer
are practically targeted for heavy payloads, as mentioned in [6,7]. Performing the men-
tioned factors necessitates engines with the minimum energy waste that could be found in
EDF types. Furthermore, another novel manner for low energy consumption is mentioned
in [8], as the authors proposed dynamic energy saving for heavy drones in a swarm mission,
concurrently optimizing the time and distance. Aerodynamically, tight ducted fans facili-
tate the actuators’ function by reducing the blades’ tip losses, which results in decrements
in undesired yaw moments and produces more efficient thrust than convectional propellers
of similar diameters [9-11]. Moreover, ducts protect the propellers, operate more efficiently
at high airspeeds, reduce the blade tip speed and vorticity to be quieter, and produce higher
static thrust than free propellers of the same size [12,13]. In contrast, ducted fans have
instabilities, especially when leaving the near ground space [12], in transient mode between
hover and forward flight, and when exposed to a wind gust, by reacting with a nose-up
pitching moment [14]. The latter happens at a higher angle of attack (AoA), in which the
duct produces aerodynamic drag [15]. Overall, the potential benefits outweigh the disad-
vantages, and the ducted fan geometry was pursued in this research, since concatenating
six ducts symmetrically moves the center of mass (CoM) to the midpoint of the structure
and eliminates static instabilities, as shown further in Figure 1. Several models are studied
to overcome structural complexities, namely high vibration of the fuselage during flight
and instabilities coming from the heavy payload, especially when it contains liquid, which
produce extra forces and moments on the body system, where they might increase the
system degrees of freedom (described further in Section 2). Through this research, a brief
aerodynamic analysis is stated to show the weak and robust points of EDF design.

Figure 1. Demonstration of different coordinate systems, Body frame, Fluid frame, and the
Inertial frame.

In comparison to traditional PID controllers, nonlinear techniques that conquer
abrupt instabilities such as motor failure and payload release converge to stability faster,
and among them, adaptive methods perform better tracking [16,17]. Accordingly, the au-
thors of [18] presented an adaptive sliding mode controller (ASMC) augmented by a control
allocation scheme to examine the benefits of the controller for a hexacopter platform, which
resulted in better tracking against drastic faults through simulation in comparison to SMC;
however, this work is limited to the simulation. Likewise, in [19], the authors concentrated
on an adaptive neural PID controller, using an identification method for a discrete-time
system to be developed in the real world. Furthermore, they compared the designed model
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with static PID, and the one advanced with an extended Kalman filter (EKF) for better
tracking adaptation. In addition, the authors of [20] studied a fuzzy adaptive fixed-time
sliding mode controller (FAFSMC) on two and three-link manipulators as systems with
high degrees of uncertainty. Then they affirmed the benefits of FAFSMC against non-fuzzy
mode and non-fixed-time observers, concluding faster convergence in FAFSMC due to the
fuzzy logic and the online estimators. Nonetheless, this work was also carried out on a
simulation platform. The controller proposed in this paper is empowered by an adaptive
reference model system, which proves asymptotic stability in a practical case utilizing a
suitable Lyapunov candidate.

Additionally, considering a huge fuel tank as the payload requires complete mathe-
matical modeling and then a controller law, leading the system to stability. During this
research, a 35 kg hexacopter called Fan Hopper was modeled, designed, built, and flown.
For the first design, a comprehensive aerodynamics analysis was conducted to determine
the strength and weaknesses of the conceptual model and to investigate the controllabil-
ity of such a model using turbofan engines. This paper is organized into nine sections,
as follows; Section 2 describes medium-scale multicopters, the novel designed model,
and aerodynamics considerations; Section 3 discusses a time-varying dynamic system of a
multicopter; Section 4 describes the control algorithm implemented; Section 5 examines
the results obtained from the simulation; Section 6 describes the hardware system and
components utilized; Section 7 displays the results obtained for practical tests; Section 8
compares virtual and real results.

2. Medium-Scale Multicopters

Among medium-scale UAVs, multicopters have recently been more popular than other
types because of their easy configuration, multifunctional usage, static stability, and vertical
takeoff and landing (VTOL) [21,22]. Among multicopters, hexacopters offer more power,
efficiency, and stability. Additionally, Hexa-kinds can handle the flight effectively enough
to land safely in the case of failure and can carry greater payloads [21]. According to this
research, a quadratic Hexa configuration is a better solution to manage heavy payloads and
failure modes than a circular one, discussed further in Section 3. Further, the innovative
configuration considered for this research is introduced.

2.1. Fan Hopper, a Novel Design for Medium-Scale Hexacopters

The multirotor under investigation through this research is called Fan Hopper; this
platform has several complexities, from mechanical design to control algorithms, practical
flight tests, and aerodynamic amendments. As shown in Figure 2, the drone has six EFDs
installed inclined, varying the incident angle from 0° (vertical) to 22°, to maintain both
thrust and cancel the yaw moment produced by each engine. This phenomenon occurs
when all rotors rotate in the same direction, as in our investigation. Considering the
geometry of EDFs, the yaw moment produced by each engine is minuscule but not zero;
therefore, installing motors with an incident angle is an ingenious solution to control this
small amount. The system is led by an open source autopilot (Pixhawk Cube), which allows
development of the guidance loop (upper controller loop) using special plugins, which
are described further in Section 4. Furthermore, the system contains a fluid payload tank
under its CoG up to 20 kg weight that is dynamically modeled in Section 3.
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(a) (b)
Figure 2. A brief schematic of Fan Hopper’s designed model; (a) the configuration with components
installed as a whole; (b) the incident angle of the ducted fan.

2.2. Aerodynamics Considerations

Considering EDFs to lift the drone, several investigations were conducted, including

an optimized aerodynamic configuration briefly approached as follows:

Firstly, a single rotor with a 1 m diameter, 5 m/s inlet air velocity, and 300 rad /s rotor
tangential velocity was considered. Obviously, due to the self-feeding toroidal vortex,
asymmetry of the streamline aft and forward of the duct (triggered by the velocity of
the rotor), high pressure down the rotor, disperse the droplets, as shown in Figure 3a,
and the backflow area of the efficiency faced reduction; meanwhile, a huge stream
rotation was observed, as shown in Figure 3b.

(@) (b)
Figure 3. Analysis of a single propeller; (a) asymmetry streamlines around the rotor; (b) the stream
rotation.

Secondly, the stator was added to eliminate the stream rotation, as shown in Figure 4a;
this added a shrouded design which led the stream downwards and avoided vortex
formation much better, as well as the backflow area; however, convergence of the
stream was still complicated. As shown in Figure 4b, the droplet distribution was
unrealistic due to lack of an actual injector. Additionally, the multiphase observed was
adequate but complicated to match the transient approach.

Thirdly, multiple ducts are concatenated to compensate for the instabilities in the
transient mode and investigate the interaction between the ducts and the ground
effects. Additionally, the propeller design was improved to give a realistic downstream,
as shown in Figure 5a. Moreover, considering the airspeed as v, = 5 m/s, the blade
tangential tip speed as w; = 25 rad/s, and the propeller diameter as d, = 1 m,
Equation (1) could be solved as follows:

rad , 3.14 m
wiR 2575 * 5 aa

m
U 5%

TSR = =25 1)
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where TSR represents the tip speed ratio that equals 2.5, which is sufficient for a
propeller of 5-6 blades. In addition, the total thrust diagram of different rotors was
evaluated, which went up to 2700 N at the steady-state level; also, the medium
mass flow reached 90 kg/s. Meanwhile, the absence of a multiphase model gave a
better convergence, the downwash was realistic without the presence of backflow,
and droplet ground impingement was corrected, as shown in Figure 5c. Furthermore,
according to the table in Figure 5b, rotor 12 and rotor 22 had higher downforce than
others, which overall stated the improved configuration of multiple rotors rather than
a single one. The different rotor behaviors suggest a distinct injector strategy that even
influences the UAV control.

(a) (b)

Figure 4. Analysis of a single propeller; (a) the rotor and shroud; (b) unrealistic droplet distribution
due to no real injector.

Velocity: Magnitude (m/s)
000 60.000

(b) (c)

Figure 5. Analysisof 6 propeller engines; (a) (upper-left part) rotor thrust; (right part) mass flow of
the stream passing through the engines; (b) streamlines around the model; (c) absence of multiphase
model gave better convergence.

Finally, regarding the volume fraction of vapors (H,O) exhausted from the tube,
as shown in Figure 6, numerous iterations were carried out, multiple injector models
were developed, excellent results were obtained due to several multiphase calculations,
different droplet sizes were evaluated, and the ground impregnation was improved.
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Volume Fraction of H20
10 1.6 x 10° 2.2 x 10° 2.8 x 10° 3.4 x 10° 4 x 107

Figure 6. Injectorsdeployed to make the droplet distribution realistic; the color distribution relates to
the H,O volume fraction.

3. Hexacopter Time-Varying Dynamics

Regardless of general dynamics, substantial equations of conventional multirotors
have been described several times through research works such as [23-25]; considering a
fluid payload under the center of mass (CoM) of the UAYV, the moving fluid generates a
considerable sloshing effect [26]; depending on the repository shape, baffle balls, and baffle
walls, for the same amount of fluid, the displacement of the center of gravity (CoG) of the
fluid causes less slosh height with a baffle wall and even less in the presence of a baffled ball
inside the tank. Meanwhile, among several types of tank shapes, hexagonal geometry func-
tions more appropriately than circular or rectangular geometry. Therefore, in this research,
a hexagonal box is utilized with a baffled ball inside using an optimized configuration.

Furthermore, to determine an acceptable solution for the sloshing problem, assuming
Newtonian viscous incompressible flow and constant density, the results of a computational
investigation of a similar case are employed [27]. Regardless of the fluid movements during
the flight, the fluid mass matrix is constant, which leads the centrifugal and Coriolis forces
to zero, so that for an element, this could be rewritten as in Equation (2).

M, = A Pesgse dv. 2

where, p. and V are the density and volume of the fluid element, S, is the matrix of element
shape function, and *! states the transposition of that matrix. Then, the total force of the
fluid could be proposed as a summation of its inertia force, body force, inertial elastic
forces (viscous force and stress force), surface traction force, and penalty force due to the
incompressibility assumption, as elaborated in [27-29], and summarized in Equation (3).

FT = /V Flj/:_,Seéee dVe + /A NEV@lse dAe - /V ]’l(s]f.’]e_l dVe - /V (PL’”)TSE&E dVe (3)

where F; is the body force vector of the fluid element, de, is the differential vector of the
element nodal coordinate, N, is the vector normal to the surface of the element, y.1 is
the first stress tensor of Piola—Kirchhoff, u is Cauchy symmetry stress tensor, a is the
acceleration vector of the fluid element, J, is the matrix of position gradients vector of the
fluid element, |, = (rx Ty rz), and the determinant of this matrix equals one, and a is
the acceleration vector of the fluid element.

Equations (2) and (3) are according to the final element (FE) absolute nodal coordinate
formulation (ANCEF), considering the continuity of the fluid element interface inside the
tank and based on the Eulerian approach. Moreover, the nonlinearities of the tank fluid
were negligible because of the lower velocity domain of a medium-scale multicopter; for
high velocities and maneuvers causing severe movements, however, the fluid elements
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could be described as eight nodal bricks, each one interpreted into a polynomial function of
32 coefficients, and consequently, the fluid element system could have 96DoF, as mentioned
in [27], which should be linearized for a whole dynamical system. Considering the time-
varying inertia effect of the fluid tank, the translational motion equation of the drone as a
whole is driven by Equation (4). All the equations relate to the body coordinate, following
the north-east-down (NED) coordinates with reversed Z axis, as shown in Figure 1. Then,
to reduce the negativity of coefficients, Z axis of the Body frame was chosen to be reversed
regarding the NED system.

fe = RLV} + we X 1 4)

where 7, denotes the CoM position vector derivative in the Inertial frame, R, is the rotation
matrix from Inertial to frame Body frame, described in [25,27], V}, is the CoM relative
velocity in Body frame, and w, X . is the air absolute velocity at 7.. Then, the translational
dynamics of the system are as follows in Equation (5), considering the Coriolis formulation
of ,%Vb = Vb + wp X Vb~

F, = Vhi’l’If +1’i’lbe +R(Thf — We)(We X 7¢) — (wp + Rw,) X Vi + Rg 5)

where F, is the total force impacting on Body frame, m 1 is the fluid tank mass, i1 1 is the
fluid-derived mass that is negligible for solid parts and considerable for the fuel part, w,
and wy, are the drone angular velocity in Inertial and Body frames, respectively, and g is the
gravitational acceleration.

4. The Proposed Control Strategy

Considering the dynamics equations described through Section 2, a nonlinear con-
troller is proposed to maintain the stability of the drone against the engine’s failure.
Among nonlinear methods, model reference adaptive control (MRAC) is a fine solution in
the case of releasing payloads such as the Fan Hopper, since the total mass as an internal
uncertainty is sustainably changing and the controller must adapt the parameters hastily.
Then, to perform an agile reaction, the stability is established by a Lyapunov function to
converge the model to the domain of attraction and stabilize the system. As shown in
Figure 7, a brief schematic diagram of the adaptive controller is demonstrated regarding
the inner loop. Differing from the reference and proposed model systems, an adaptive
rule is defined to enter the state space, compute the position and velocity errors, and up-
date the matrices as any internal error occurs. Multiplying the update matrix to the state
model results in updated inputs for engines to be applied, then differing them to the errors
obtained from the state space model concludes in EDF commands. Considering the state
input vector of the system as X, it yields:

]T

X=[x xyvyzz¢ ¢ ooy (6)

Reference
Model

Update
Matrix

State Space
Model

Adapted
Adaptive State Matrix -
Control Rule i Command
Update
Matrix

Figure 7. Diagram of implemented adaptive controller for attitude loop.
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where the goal is to approximate the parameters of a model adapted to the main system,
we express the reference model as a nonlinear second-order robot in state space as Gy, (s):

2
_ w . 2 _ 2
Gm(s) = 2 2%ws 1 o2 == Xm+ 260 xm + W xXm = W U (7)
my my n

where my, my, and, n are reference parameters, and u, is the general controller input.
Assuming G(s) is a proposed second-order model to reduce the difference with the reference
model, it gives

where m is the parameter to be estimated when the adaptive model approaches the reference
model. We determine the control rule for the second order system as follows:

U = QU — QX — X3X 9)

Taking the mass uncertainty into account, it differs as the payload tank releases
the fluid, which is computed by update values &;,i = {1,2,3} for the adaptation law.
Differentiating Equations (7) and (8)

X — Xm — m1Xm — Moxm = —(m+ “2)X —a3x + (ag — n)uc (10)

Considering e = X — xm, ¢ = X — Xm, ¢ = X — Xm, and adding my X + myx to both
sides of the equation,

é+mpe+mpe=— (m+ay—my)x— (ag—mp) x + (ag — 1) uc (11)
| — ~— ~—
B2 B3 B1

where e denotes the error between the reference and adaptive values. Hence:

1

ezm[?i —x uc[B2 Bs PBi)” (12)

Obviously in Equation (12), the numerator and denominator difference degree is
more than one; therefore, it is not strictly positive real (SPR), and Kalman Yakubovich’s
Lemma [30] is not usable, while it is solvable utilizing state space equations, as follows:

X =AX+BU
{ Y = CX+ DU (13)
(000000 1-wj O 0 0 0 0 ]
000000 0 1-wi O 0 0 0
000000 O 0 1-wj O 0 0
000000 O 0 0 1—w$ 0 0
O Loe—a 000000 0 0 0 0 1-wj 0
A:{O“"’ 6Xfa 2}: 000000 0 0 0 0 0 1-wj| (14
6x6 ! 000000 28wy O 0 0 0 0
000000 0  —2%ws O 0 0 0
000000 O 0 —20pwy O 0 0
000000 0 0 0 —25w; O 0
000000 0 0 0 0  —2&w; 0
000000 O 0 0 0 0 —28,w,
R R EA)
Blooooo 0 0 0I/I,0 0 ] C=10-401:41]1,15,D=01nx (15
00000 0 0 0 0 01/L
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where, A € R12%12 denotes the state coefficients matrix generalized of Jacobian matrix,
B € R12%% expresses the controller inputs to state matrix, U € R* is the controller in-
puts vector, C € R1*/ is the state-to-output matrix depending on j demands, which are
$,0,¥,¢, 9, 4 for this research, D € R12x4 i5 the static gain matrix, which represents the
output-to-input ratio, & and w;,i = {¢,0,,$,0, ¢} are calculated iterating the simulation
numerous times. Additionally, the parameters in the B matrix are linearized fast dynamics
of the hexacopter, coming from AUy = mz, Uy = Li$, Uz = Iyé, Uy = I3, in which the m
refers to the whole drone mass, containing 1y mentioned in Equation (5). Determining the
errors in state space, it gives

[S]=a[]+Blr —x ulf2 B BT (16)

To obtain the update matrix for attitude values and rates, F € R®* and P € R6*®
are defined as diagonal positive definite (DPD) matrices. The former contains
firi = {fp: for fyr for for flﬁ} as diagonal elements equal to eigenvalues, and the latter satis-
fies the condition ATP + PA = —1I, in which I is the identity 6 x 6 matrix. Thus, solving
Equation (16) and the latter criterion [31,32], the update matrix yields:

B2 B pil" = —Fl—=% —x u]"B"P[§] (17)

On the other hand, in terms of stability, a positive definite function (PDF) is proposed
as a Lyapunov candidate, and its derivative must be demonstrated to be negative definite.

V= %eTPe +pBTFB (18)

where V denotes the Lyapunov function, e is the aforementioned error term of R® (refers
to Equation (11)), and B is the update matrix defined previously. Meanwhile, F appeared
as a matrix and functions as a dot product due to being diagonal between two vectors;
consequently, both terms result in [---J1xg[ - Jox6[ - - ]Jex1 = Nix1 dimension. Then,
the derivative of the Lyapunov candidate simplifies as follows:

V = 1(¢"Pe + eTPeé) + BTFB + BTFP
— V= (4 — %) TPe + eTP(% — i) + 2FBTp
—V =3((Ane +<’;)TP6 +eTP(Ame+B)) +2FBTB

cp
—V = 3eT((AL,P+ pAn) e+ pT¢ Pe+e"PZB) +2FBT B (19)
—_—— —— N——
—1,(19) A AT
. 1 ;
=V =—2ele+3p" (Pe+eTPCp +4FBT)
W to be equal 0

where A, is the Jacobian matrix of the reference model, and ¢ is a synoptic notation
of update matrix products. The first term of the simplified derivative function is ND;
regarding the second term, the assumption is that BT = 0 is not acceptable, and only
Pe + e P{B + 4FBT B must equal zero to satisfy the definite negativeness of the term.
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5. Simulation Results

Through this research, a complete virtual model of the Fan Hopper was designed
to apply the controller algorithm to a 3D model and prevent multiple failures in the real
world. Meanwhile, several random noises were imported, including the fluid release and a
motor failure that examined the controller’s functionality to update adaptive parameters.
The simulation was carried out employing the open dynamic engine (ODE) of Gazebo.
Thanks to the asset loading and unloading feature, Gazebo makes the simulation drive
realistic. Concurrently, it can connect to the robotic operating system (ROS), which handles
the movements, orientation, various sensors, and the control algorithm. Preparing for the
simulation, all the cad models (refer to Section 6.1) were exported to *.urdf format, using
the ROS-URDF library (accessed on 3 July 2022), in order to prepare the mathematical for
the simulation, as shown in Algorithm 1.

Algorithm 1 FanHopper URDF Configuration.

Require: geometric params.
Ensure: the mathematical model
< robot name space =" FanHopper” >
< linkname =" fuselage” >
< inertial > --- < origin >, < mass >,and < inertia > --- < /inertial >
< visual > --- < origin >, < geometry >,and < material > --- < /visual >
< collision > --- < origin > and < material > --- < /collision >
< /link >
< propellers joint >
< origin >< parent >, < child >, < axis >, < dynamic >,and < limit >
< /joint > > six propellers
< gazebo reference =" sensors’ joint >
< type > and < plugin
< /gazebo > > IMU, forces, moments, and camera controllers
< /robot >

As described in Algorithm 1, two hierarchies were applied; the base link, which
is mentioned as fuselage, and propellers, which are dependent joints to the root. Then,
all sensors used to communicate with ROS are at the same level defined as reference.
Connecting the simulation with an adaptive algorithm elaborated in python, sensor data
were subscribed to, and control regulations were applied by the ROS publishers. Several
results were obtained by enhancing the controller algorithm, which briefly includes engine
failure during the flight. As shown in Figure 8b, a semi-sine wave trajectory was simulated
to examine the adaptive controller during a 5 min period. Accordingly, the purple lines
highlight the control inputs and the blue lines correspond to the actual behavior of the
system. Upon starting the mission, the drone lifted off to a 2.5 m altitude and followed
the horizontal trajectory with less than 1% error, as shown in Figure 8a,d,g. Though after
2.7 min, one of the EDFs failed, the drone maintained stability, as shown in Figure 8b,c.ef,
and the only visible error appeared in the yaw angle, as shown in Figure 8h,i, which is even
about 5° that could be neglected.
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Figure 8. Simulation results when an EDF fails during 5 min; (a) the horizontal (x) position variation
versus time; (b) the roll (¢) angle variation versus time; (c) the roll rate (¢) variation versus time; (d)
the horizontal (y) position variation versus time; (e) the pitch () angle variation versus time; (f) the
pitch rate (6) variation versus time; (g) the vertical (z) position variation versus time; (h) the yaw (¢)
angle variation versus time; (i) the yaw rate () variation versus time.

6. Hardware Design

The design process followed in this research consists of three main steps: preliminary
model design, assembly of the components, and mechanical and electrical integration.
Then, multiple components are reviewed, redesigned, and reconstructed to guarantee a
safe flight. Among possibilities for a hexacopter frame, a rectangular platform was chosen
since a heavy payload shall be carried; when this was added to the electrical power system,
which exceeded five kg in weight, it made the configuration rectangular. Additionally,
as described in the Section 2.1, ducts that generated yaw moments were canceled out thanks
to the quadratic frame.

6.1. Model Design and Assembly

Briefly, each component was designed in Microsoft Fusion, as shown in Figure 9.
The drone fuselage has 97 cm width, 40 cm height with open wheels, is and 1090 cm
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long, containing inclined EDFs installed, as shown in Figure 9a,b,d. The fluid tank was
installed under the CoM of the drone. For instance, several component models are drawn
in Figure 9e-g, including the novel designed connectors function to adjust the install angle
of EDF that functions as a thrust vector, configurable between 0° and 22°. In addition,
Figure 10 demonstrates the differentiation of the thrust and yawing torque of a Fan Hop-
per’s EDF, respectively, and in a period of 30 s, based on the variation of the installment
angle from 0° and 22°. Observing the diagram, the most optimized line belongs to the one
with more thrust and less torque to cancel. Furthermore, the highest and lowest thrust
happened at 15° and 20°, respectively; however, the absolute torque magnitude increased
alongside the angle. Additionally, regarding the effective thrust timestamp during seconds
16 and 23, the thrust maximum difference amount was <100 N, and for torque, it was
<0.05 N.m. The former amount is considerable and weighted the latter, since the torque
was canceled out further by other EDFs in the Hexa configuration. Hence, considering
detailed values, the optimized incident angle domain was chosen between 8° and 11° to
perform the practical tests. In addition, Figure 10b displays the EDF vibration increasing as
the installment angle raises, which is exempted near to 15°, which was related to a higher
thrust. Therefore, this diagram again confirms the chosen domain in terms of vibrations.

969.56

Figure 9. The CAD models of the Fan Hopper; (a) side elevation of the CAD model; (b) top view
of the CAD model; (c) engine arm connectors; (d) a 3D view of the CAD model; (e) incident angle
adjusters for duct engines; (f) the conjunction main connector; (g) body to duct arm connectors.
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Figure 10. Diagram of an EDF data versus incident angles (0°-22°) during 30 s; (a) diagram of
EDF thrust and yawing torque, (left bar) thrust values, (right bar) torque values; (b) the expressed
vibration impact of distinct incident angles on the duct.

6.2. System Integration

Following the assembly, concatenated components as a whole are shown in Figure 9d,b,
and the corresponding actual model is displayed in Figure 11f. Thanks to adjustable joints
and landing bases, EDFs could be installed closer to the base link, and the landing basis
varies according to the fluid tank dimension, as elaborated in Figure 12. Additionally,
the initial characteristics of the Fan Hopper are stated in Table 1. Based on the aerodynamic
analysis reviewed in Section 2.2, a suitable EDF configuration was selected for the Fan
Hopper to facilitate a large payload; each SCHUBELER HST engine lifts to 10 kg weight
and enhances the stator aerodynamics, with its efficiency maximized to 70%.
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Figure 11. Assembled model of the Fan Hopper; (a) the EDF model connected to the joints, modifiable
by the rubber band; (b) the base link, containing AP, connectors, antenna, fan, joints, wires, etc.;
(c) the aluminum joint for the landing gear and motor arm; (d) the ESC cooler; (e) power distribution
board; (f) the EDF system; (g) the duct holder; (h) the configurable duct joint to the arm.

180cm

Figure 12. the integrated fluid tank schematic of the Fan Hopper; electrical components, valves,
and tubes could be seen precisely on the left and right sides.

Table 1. Initial characteristics of the of the Fan Hopper.

Parameter Description Weight (kg)
AP Pixhawk Standard Set Cube Orange + ADS-B 0.32
EDF SCHUBELER, DS-98-DIA HST 1330 x 6
GCS modified QGroundControl, using Q#15.5.2 -
ESC & Fan 052 x 6
Battery Quantum 5000 mAh 2215 x 6
Base link Wood and flexible materials 5
Cabling - 1
Fluid tank Containing the spray system and the regulator 3
TOTAL empty weight 35

Regarding the Section 2, the motor mixing configuration is described in Table 2.
The numeration direction of the EDFs is counter clockwise, and central EDFs (2, 5) do not
collaborate for pitch and yaw moments.
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Table 2. Motor mixing configuration of the Fan Hopper.

EDF Roll Moment Pitch Moment Yaw Moment Configuration

R1 0.5 -1 0.5

R2 0.5 0 0 10—06
R3 0.5 1 —-0.5 20——05
R4 —-0.5 1 0.5 30——04
R5 -0.5 0 0

R6 —-0.5 -1 —0.5

7. Practical Results

Several analyses were conducted to ensure the components’ functionality and safety
issues, including EDF, ground and balance, and flight tests. As shown in Figure 13, multiple
balance tests were performed, once with two payload packages, each one weighing 5 kg,
and then with four packages in symmetric order. Moreover, the total Fan Hopper weight is
35.4 kg, and the wooden ballast stabilizer below the drone has a 4 kg weight. During the first
flight, numerous vibrations were observed in the base link, which decreased significantly
using the adaptive method described in Section 4 by tuning the update matrix parameters.
Meanwhile, several modifications were applied to the base link to make it more flexible
against undesired vibrations. Previously, a complete practice was performed using the
default parameters of the AP (Pixhawk) to affirm MRAC estimated values. In addition,
results of two flight tests with altitudes higher than 5 m are shown, once with random low
noises and then, with higher noises applied by the pilot.

Figure 13. Ground tests made to assure the stability of Fan Hopper, and examine the lifting power;
(a) lifting two payloads of 5 kg; (b) lifting four payloads of 5 kg.

The analytical results of a balance test are shown in Figure 14. This test was con-
ducted near the ground with varying altitudes up to 1.5 m with different payload weights.
Moreover, the flight was carried out with a copilot, i.e., piloting manually saturated by AP
limitations to test its reactions. Meanwhile, the payload was separated by a rope further
from the fuselage to prevent any accidents. During the test, in the time interval between
6 s to 7.5 s, the pilot applied 15° roll and pitch commands simultaneously with a random
yaw command, which is demonstrated in Figure 14a—c. Although there was an alteration
in attitude angles, the controller compensated the stability rapidly in less than 2 s, with
minor errors.
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Figure 14. Balance test results near the ground during 15 min; (a) the roll (¢) angle variation versus
time; (b) the pitch (6) angle variation versus time; (c) the yaw () angle variation versus time; (d) the
roll rate (¢) variation versus time; (e) the pitch rate (f) variation versus time; (f) the yaw rate (¢))

variation versus time.

Multiple flight tests at higher altitudes were conducted after configuring the ground
tests and tuning the PID parameters to ensure the controllability of the FanHopper. The first
results relate to a flight test during 18 min, containing a sudden pilot disturbance after
passing 7.5 min, in which the attitude controller had an undershoot reaction due to satu-
rating inputs, as shown in Figure 15a. The stability was regained in less than 10 s, since
the deviation was canceled by a cascade approach, eliminating errors by regulating both
the roll angle and its rate, as shown in Figure 15b. Likewise, unexpected phenomena
were applied to the pitch and yaw angles that were damped rapidly after 7.5 min, 9.5 min,
and 13 min.

Finally, the last results contain high disturbances leading to instability; however, they
were damped with adequate haste. As shown in Figure 16, after 10 min, all attitude angles
were altered simultaneously, as 10° for roll, 8° for pitch, and up to —200° for yaw, but were
regulated in less than 2 s. At 15 min, one of the EDFs was unplugged from the system,
which triggered a negligible transient error (less than 1°) to the pitch angle.
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Figure 15. Practical results with intermediate disturbance, during 18 min; (a) the roll (¢) angle
variation versus time; (b) the pitch (f) angle variation versus time; (c) the yaw (i) angle variation
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(f) the yaw rate () variation versus time.

Attitude State Values & Rates vs. Reference Magnitudes

10 20
s 1 Ref. Values g
. i | H Sts. Values £
0 N — o0
(%) )
= [ =
& -5 %—20
o~
10 o
-40
0 5 10 15 20 25 0 10 15 20 25
time (min) time (min)
(a) (b)
10 40
— Ref. Values g —Ref. Values
= 5 —— Sts. Values g 20 Sts. Values
b 9}
0 Z 0 o
@ l ’ e
— T
5 o~ 20
@
-10 -40
0 5 10 15 20 25 0 10 15 20 25
time (min) time (min)
(c) (d)
200 —~ 50
g —Ref. Values
100 g Sts. Values
0 0
i) i)
IS Z 0 f
-100 ~
i
200 50

10 15 20 25
time (min)

(e)

10 15 20 25
time (min)

(®)

Figure 16. Practical results with an EDF failure, during 22 min; (a) the roll (¢) angle variation versus
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roll rate (¢) variation versus time; (e) the pitch rate (f) variation versus time; (f) the yaw rate (1)

variation versus time.
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8. Discussion and Conclusions

This paper concentrated on the attitude control system of a medium-scale hexacopter
powered by EDFs employing an MRAC algorithm with proven asymptotic stability by
introducing an appropriate Lyapunov candidate. During the investigation, complete
aerodynamic modeling was performed to choose suitable ducted fans and prevent the fluid
injection system from making the UAV unstable. Furthermore, the controller’s performance
was examined through the Gazebo dynamic space simulation, estimating the controller’s
initial parameters and maintaining the safety of the practical tests. According to the results
obtained from simulation and practice, the attitude regulator functions are adequately
acceptable, with errors of less than 5% in most cases. Additionally, an EDF failure was
applied to the system in both spaces, but the controller quickly brought everything back
to stability. This research revealed the possibility of controlling a rectangular hexacopter
when powerful engines are mounted to the system, and even if one of the motors fails,
the flight can be recovered.
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Abbreviations
The following abbreviations are used in this manuscript:

AoA Angle of attack.

ANCF  Absolute nodal coordinate formulation.
AP Autopilot.

CoG Center of gravity.

CoM Center of mass.

ECEF  Earth centered Earth fixed frame.

EDF Electric ducted fan.

EKF Extended Kalman filter.

ESC Electrical speed controller.
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FAFSMC  Fuzzy adaptive fixed-time sliding mode controller.

FE Final element.

MRAC Model reference adaptive controller.
NED North east down.

SPR Strictly positive real.

TSR Tip speed ratio.

VTOL Vertical takeoff and landing.
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N o g e

Abstract:
sensors for Unmanned Aerial Systems (UASs). In particular, when pondering control difficulties,

Recently, various research studies have been developed to address communication

communication is a crucial component. To this end, strengthening a control algorithm with redundant
linking sensors ensures the overall system works accurately, even if some components fail. This
paper proposes a novel approach to integrate several sensors and actuators for a heavy Unmanned
Aerial Vehicle (UAV). Additionally, a cutting-edge Robust Thrust Vectoring Control (RTVC) technique
is designed to control various communicative modules during a flying mission and converge the
attitude system to stability. The results of the study demonstrate that even though RTVC is not
frequently utilized, it works as well as cascade PID controllers, particularly for multi-rotors with
mounted flaps, and could be perfectly functional in UAVs powered by thermal engines to increase
the autonomy since the propellers cannot be used as controller surfaces.

Keywords: sliding mode; thrust vectoring control; UAV; sommunication

1. Introduction

If you are far away from your enemy, make him believe that you are near. This was
written by Sun Tzu, about 2500 years ago [1]. It seems that this phrase was a precursor to
the subject of unmanned aerial vehicles (UAV), a technical system combining several layers
to make a flying platform, from communication to control and structural systems. UAVs
are almost known as aircraft without a pilot onboard, and they have become increasingly
dominant due to their wide usage as remote-controlled vehicles in different fields, such as
the military, firefighting, logistics, and agriculture. The abbreviation has been changed to
become unmanned aerial system (UAS), to show that such a system does not only depends
upon the aircraft itself, but it depends upon several important issues such as the ground
control station (GCS), Communication systems with complexity, and the computing system.
UAUVs have several classifications based on flight endurance, weight, flying application,
altitude, flight range, and the structural type [2], which, amongst the weight and endurance,
are sub-objectives of this research. According to the European Union aviation safety
agency (EASA) regulations for civil UASs open category, four general types are considered

Sensors 2023, 1, 0. https:/ /doi.org/10.3390/51010000
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regarding the weight classification: Class Al (less than 900 g), Class A2 (less than 4 kg),
Class A3 (less than 25 kg), and for weights greater than 25 kg, other categories are observed
that are based on some operational restrictions. Both piloting requirements and flying
zones are considered [3]. In counterpart, according to the AP-3.3.7 mission qualifications
of the global NATO-STANAG 4670 UAS category, they are divided into nanoscale (less
than 250 g), microscale (less than 2 kg), small scale (less than 25 kg), medium scale (less
than 150 kg), and large scales (more than 150 kg) [2,4]. Among the latter classification,
the heavier the UAV, the more cargo payload benefits from a longer range in a single
load. The medium scales are limited to a lower flight endurance and payload carriage.
Therefore, many recent contexts are concentrated on heavy-lifter UAVs to improve the
control and communication system for such platforms. Likewise, this research investigates
a large-scale UAV of 200 kg weight, which contains several communication and control
layers to maintain the safety of the flight. Meanwhile, the payload system is a releasable
low-density liquid that complicates the system’s dynamic.

Heavy UAVs consist of many components, in which the most crucial ones function as
a communication system that is not only in charge of internal commands transmission but
also external UAVs, which can be seen as ad hoc nodes, concatenating in a subcategory of the
ad hoc network called the flying ad hoc network (FANET) [4]. Several novel technologies
are proposed: infrastructure-based network (IBN), wireless sensor network (WSN), wireless
mesh network (WMN), and flying ad hoc network (FANET) [5,6]. Of these, cellular assistant
UAV communication is a novel technology handled by multi-aerial nodes [2,7,8]. The
objective of this technology is to utilize the maximum 5G and beyond network quality
supported by air-to-air and ground-to-air access points to maintain robustness in the
presence of disturbance. Behjati et al. [9] represented several machine learning-based visual
line of sight (VLoS) models to estimate the reference signal power and quality according
to various mathematical methods. They found that the quality depends heavily upon
the distance of the UAV and the GCS, and the flight altitude which leads to the elevation
angle. The nonlinear models conquer the linear ones due to their highly accurate prediction.
Meanwhile, the authors of [10] proposed a novel MANET protocol called UAV-to-UAV
(U2U) plus UAV-to-Infrastructure (U2I) communication and outlined its benefits equipped
with WSN and a linear sensor network (LSN) as data collectors, regarding the latency. They
implemented a dynamic system to change the communication layers via relays, considering
various ratios based on the strength of every node to be exchanged; then compared the
average delay, service time, and delivery ratios of several topologies. They claimed the
LSNs link to each other with minimum delay when the packets are transmitted in a queue,
ordered by a lesser generation time; however, their work did not include any piratical
scenarios.

In this research, a newly released U2l communication system is integrated into a WSN
topology and is easily installed but responds with significantly less latency, even when
transmitting high-quality videos to the ground control station (GCS). In this submission,
the UAV’s weight and payload type saliently impact the communications utilized, so that
in a mini UAYV, the communication links are significantly limited, while the danger is also
negligible. In contrast, in a large case, communication is critical and if the payload material
is a liquid, even more special sensors, such as thermal and chemical pressure sensors, will
be needed.

On the other hand, the control system provides several challenges related to stabilizing
heavy UAVs, especially when conventional solutions are not effective. Nowadays, electrical
UAVs mostly work accurately and have been improved a dozen times; however, they suffer
from low flight endurance, and if electrical motors are substituted by thermal engines, the
controller surfaces would be changed due to the limits of thermal systems. The authors
have previously discussed the limitations and solutions proposed in [11,12]. In this paper, a
novel approach is put forth that, despite its rarity in the history of aeronautics, if constructed
properly, may stabilize an unmanned aerial vehicle (UAV) for a long period, even in the
presence of wind disturbances. More literature reviews could be found in authors’ previous
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works [11-16]. Briefly, the control strategy presented in this paper—thrust vectoring using
flap vanes—offers various advantages over other strategies, including simplicity of servo
installation and reduction in the mechanical complexities compared to those of collective
pitch propellers because they have fewer movable components; more dynamic stability
in attitude control, rather than rotatable hinges or ducts; more efficiency in lift generation
based on flap design, as opposed to collective pitch props, which also offer faster response
times, and when adjusting the flow direction and magnitude, allows for rapid changes
in thrust vectoring, which can be advantageous for applications requiring agile flight
control [17]; and finally, properly designed flap vanes can contribute to noise reduction. By
controlling the flow patterns and reducing turbulence, flap vanes can help mitigate noise
emissions, making them suitable for applications where noise reduction is a critical factor
[18].

This paper is organized into five sections, as follows; Section Two discusses UAV
communication subsystems; Section Three denotes the dynamic model and control; Section
Four compares results, and finally, Section Five concludes the paper.

2. UAV Communication Subsystems

In particular, this paper represents a complete UAV system consisting of various
components controlled by the autopilot (AP). The majority of connections are direct and in
minor sub-components such as the cameras and lasers, an onboard computer processes
the image data and collaborates with the AP in a lower level, as shown in Figure 1. This is
elaborated further in Figure 2. Meanwhile, the positioning data are enhanced by the global
navigation satellite system (GNSS). Moreover, the power management Unit (PMU) supplies
the energy for all subsystems, which not only regulates the thermal energy to two main
outputs of 12 V and 24 V but also feeds the power system. This includes the engine control
unit (ECU), three internal combustion motors, and an engine monitor to demonstrate and
regulate the power system in case of danger, as shown in Figure 1. Furthermore, the UAV
is empowered with a redundant radio system. Principally, the command and control radio
leads all the communication levels regarding internal subsystems and outperforms the
U2l communication, which is further described in Figure 3. Meanwhile, in case of no
functionality, the backup radio compensates the essential subsystems to follow up the last
waypoints stored in the buffer to return to land in safe mode. The UAV benefits from
various advantages of such redundancy, including more reliability and fault tolerance
when the principal radio fails, and the second one transmits only critical telemetry to the
GCS and vice versa. Additionally, when the primary communication channel experiences
problems, the redundant system helps isolate and identify the source of the issue, which
facilitates timely maintenance and repairs, reducing downtime and improving overall
system availability. In particular, the safety package consists of a flight termination system
(FTS) used to manage the whole UAV system in an emergency case, which is simplified to
an electrical board that receives and stores the last flight mode and important logs with high
frequency. The designed UAV in this paper has a redundant power system, comprising
thermal and electrical thrusters. Electric ducted fans (EDFs) that are much smaller only
maintain stability during an emergency landing and are inactive when conditions are
normal so as not to impact the inlet air stream during the flight, as shown in Figure 3. In
emergency circumstances, the FTS automatically activates between six to eleven seconds
(to be chosen by the GCS pilots) after the PMU output power faces a sudden decrement
and transfers the supply power to batteries located next to the thermal engines, which are
adequate for an agile landing. Further, the system is detailed in several subsections, the AP
and digital system, the power system, the safety system, and the communication package.
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Figure 1. The overall schematic of the UAV system.

2.1. Autopilot (AP) and Digital Systems

The AP configuration system is made up of several layers that receive the actual
state traumas of each component equipped with a real-time operating system (RTOS),
which analyzes the data in hierarchical series and prohibits the non-critical processes from
interfering with the principal functions and performing adequate safety. Moreover, the
powerful NXP-based microcontroller board is equipped with a double CPU configuration
to parallelize the data logging and calculation process. Meanwhile, the high-level reference
data are outputted by the guidance loop that includes a flight navigation system corrected
by several references, then, the low-level orientations and estimations are provided by the
attitude and heading reference system (AHRS). This imports the position desired values
and desired attitude angles and generates the necessary moments for the dynamics system
of the UAV, which are later saturated for the actuators. Meanwhile, the controller SW loops
are divided into two modes. The guidance corrections are constantly impacting the input
reference values in a closed-loop system to regulate the desired outputs. In addition, the
digital system contains a Jetson Xavier (https://developernvidia.com/embedded/learn/
get-started-jetson-xavier-nx-devkit, accessed on 02/05/2023) onboard flight computer
to control and analyze the camera output and stream the video in the multi-cast mode
for ground observers. Meanwhile, the flight computer is connected directly to the AP,
and some of the less important commands, such as navigation enhancement achieved by
processing an Extended Kalman Filter (EKF) algorithm, utilizing an additional IMU to
compare the data with the AP IMU and recording auxiliary telemetry.
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Figure 2. The AP infrastructure and its sub-components.

2.2. Communication System

As mentioned in the introduction, the UAV is empowered by a duplicate communica-
tion system in which the principal command and control radio leads the critical commands
between the autopilot and other subsystems. Explicitly, two types of communication are
considered: an internal communication system and external communication with the GCS
(U2I). The internal commands are transmitted by a standard RS-485 serial interface facili-
tated through an internal switch to receive/send the data with the least latency (less than
5 ms) and to secure the communication system. All the auxiliary connections—namely,
video streaming, the onboard computer commands, and the lights—are transmitted through
a separate line. Regarding the U2 communication, two antennas are installed on the UAS,
as shown in Figure 3, once an omnidirectional antenna plate is utilized for distances lesser
than 10 km, which is highly powerful for flights bounded in small areas, but lacks the
performance to handle all the data for longer distances. Then, a yagi antenna is installed
for distances longer than 10 km.
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Figure 3. The UAS infrastructure and the communication system.
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3. Dynamic System and Control

In order to ensure successful missions for heavy UAVs, the performance of various
components and dynamic systems necessitates optimization of the overall reaction to
commands, in which minimizing error time is one of the most crucial optimization criteria,
i.e., reaching zero error in the higher controller loop and all of its derivatives as quickly
as possible. Among the various possibilities, the vertical thermal thrusters regulate the
altitude with the least error, benefiting a long flight; however, regarding the horizontal
flight, the system suffers in terms of efficiency due to the latent response of motors when the
speed controller unit (ECU) commands distinct spin rates in small time intervals. Therefore,
one of the most efficient solutions presented is thrust vectoring control (TVC) [19], which
aims for both the optimal time and the least error. Typically, TVC consists of sensors and
actuators. The sensors provide information on the UAV’s attitude and motion, while the
actuators adjust the flaps” deflection angle in response to the control signals generated by
the autopilot. In particular, in the case of a multi-rotor, the system could be thought of as
a multi-ducted-fan (MDF), in which each duct contains a set of lateral and longitudinal
flaps corresponding to a servo (the number of flap vanes could vary depending on the
design, but the less servos control employed, the less functional issues and AP limitations).
In this section, two studies are conducted, focusing on aerodynamic analysis and dynamic
stability.

3.1. Aerodynamics Analysis

Optimizing the structure according to aerodynamics principles, TVC performance
mostly depends on duct design and outlet duct section; the larger diameter of the outlet
section, the greater the lift production and the lower the energy consumption [19], as shown
in the form of continuity in Equation (1).

_ _ Ay
PA Uy = pAVe — Ve = A

Sre = %N(D%e —-D?) — Ba = %

)

where, {}, . refers to the rotor and exhaust prefixes, respectively, A is the section area, S is
the air inlet area, which is extracted from the central spinner area, D is the section diameter,
v is the airflow velocity, and B, is duct sectional efficiency. This is experimented with by
expanding the exhaust duct area up to 1.7 times. The efficiency is advanced up to 1.3 times
[19]. This phenomenon is also observable with flap presence, while the thruster flap vanes
intrigue a product drag force that decreases the total thrust.

In addition, the blade profile leads the inlet air impacts directly on the thrust and the
power consumption [20]. As shown in Figure 4, during an aerodynamic analysis with a
spinning velocity up to 5000 RPM, it was proven that the higher the pitch angle at the
blade tip, the more thrust is produced and more power is consumed, referring to the table
in Figure 4. Likewise, the pressure drop cowling is doubled when a tip angle is implied.
Additionally, the propeller after pressure (prop. aft. pressure) is merely higher with the tip
angle, which demonstrates an overall better performance with the tip angle.
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Without Tip Angle With Tip Angle
Thrust Cowling (N) —542 —-932.767
Power Consumption Fan (W) 30074 62603
Pressure Drop Cowling (Pa) 78 195
(a) Without Tip Angle, 5000 RPM (b) With Tip Angle, 5000 RPM
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Figure 4. Effects of the blade tip angle on the thrust generation and power consumption.

Furthermore, to have a better thrust, the number of blades has an outstanding effect.
To investigate the importance of this and find a suitable blade number, four different types
are studied, with 5, 8, 16, and 32 blades, as shown in Figures 5, and 6. during the test, the
spinning velocity grew up to 6500 RPM, in which, variables of thrust cowling, pressure
consumption, pressure drop cowling, outlet pressure, duct outlet pressure, and the prop.
aft. pressure were observed. As shown in the four plots in Figure 5, the more blades
installed, the more thrust and power consumption are obtained, while the duct outlet
pressure is approximately equal for the propeller with 8 and 32 blades, the two others are
lesser which means also a lesser efficiency. This also could be observed in the prop. aft.
pressure, which is way higher in the propeller with 8 blades. Additionally, as is shown
in the middle table in Figure 5, the thrust cowling arises as the blade number increases,
but also accompanies an increment in the power consumption. Therefore, comparing all
increments of thrust, power consumption, and pressure drop, in which the first one is
desirable and two letters are unwanted, a configuration with eight blades has the best
performance that also benefits from the continuous stream at the duct exit, as shown in
Figure 5. To understand the numerical data shown in Figures 4 and 5, they are clarified in
distinct plots shown in Figure 6.



Sensors 2023, 1,0

8 of 15

(a) 5 Blades, 6500 RPM (b) 8 Blades, 6500 RPM
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Figure 5. Effects of the blade numbers on the thrust generation and power consumption.

As shown in Figure 6, to observe the best performance among four different types
of propellers, four main elements are considered: power, pressure drop, thrust, and the
power-to-weight ratio. The power required by the propellers is directly proportional to
their thrust, so more power results in higher performance. Conversely, decreasing power
reduces the propeller’s thrust output. Likewise, increasing thrust is desirable as it enables
the multi-ducted fan to lift heavier loads. Then, the power-to-weight ratio represents the
amount of power generated by the propeller relative to its weight, in which a higher one
indicates greater efficiency and performance. Finally, pressure drop refers to the decrease
in air pressure across the propeller as it generates thrust, and a moderate pressure drop is
desirable for efficient operation, while an excessive one can indicate an inefficient design.
In summary, the only plot that demonstrates a lesser decrement in the pressure drop,
although the higher increment in the thrust is the one belonging to the propeller with eight
blades. Additionally, in cases of generated thrust, 8 blades and 32 blades functioned better,
suggesting that the eight-blade model is best.
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Figure 6. Comparison of the impact of blade number on the power, pressure drop, thrust, and
power-to-weight ratio.

According to several experiments [21-23], to achieve more benefits of flap vanes
and less production drag, the CoM of the UAV is considered above the rotor section,
i.e., the more distance between flap vanes, the more lift forces generated. Therefore, the
aerodynamic forces generated by the vanes are described as follows,

Lift; = 3p02CiAy )

Drags = %pUZCdAf
where C; and Cd are the lift and drag coefficients of the flap vane, and Ay is the effective
area toward the aerodynamic forces.

Furthermore, several clues are considered for the flap vanes, since all the vanes are
installed at the duct outlet, as shown in Figure 7. Importantly, the longer duct, the higher
velocity at the exit; however, it changes the CoM downward, which leads to a reduction
in the dynamic stability of the whole system. Therefore, weighting these two factors, a
medium height is chosen for the ducts based on experimental analysis. Generally, there
are no universal geometry rules for the height of the flap vanes compared to the duct
height. This depends on several elements, including the desired thrust vectoring capability,
control authority, and aerodynamic performance. Therefore, the height of the flaps or
vanes could be determined through aerodynamic analysis, computational fluid dynamics
(CFD) simulations, or empirical testing [24]. The objective is to achieve the desired flow
control and vectoring characteristics while minimizing flow separation, drag, vane-to-duct
proximity, and noise production. In this paper, the height of the flaps is considered as
70% of the ducts to maintain the effectively interact with the flow passing through the
duct, improving the lift force generation and controlling the overpassing of the drag forces.
Meanwhile, the geometry of the flaps is considered NACA-0015 and their deflection angle
is limited to 15°, referring to a previous experiment [12].
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Figure 7. A simple schematic of the duct and the flap vanes installed at the exhaust.

3.2. Control Strategy

A brief equation set of a robust sliding mode TVC is presented in this section for
UAYV multirotor systems. Generally, hexagonal cases are equipped with more motors
and propellers that provide more redundancy and improve control in the case of a motor
failure. Thus, hexacopters are thus a well-liked option for heavy-lift applications [25-27].
As mentioned in the introduction, the solution provided in this paper involves installing
flap vanes at the engine exhaust, which leads to employing a ducted-fan application.
Considering mentioned clues, and the position reference objective for the system, the
system’s primary state matrix contains x, v, z, ¢, 8, i, and their derivatives. Addressing the
servos connected to the flap vanes, the whole attitude controller is upon their movements,
so if every duct has four flaps at the exit, then four deflection angles per duct will be
added to the system’s states, which complicates the process. Simplifying the problem,
all the desired movements and turns could be summarized into the combination of all
ducts, therefore, two flap vanes per duct will be sufficient for easiness in both mechanical
and computational processes, which concludes 2 extra angles per duct and overall yields
12 deflection angles as additional states, d11, 612, d21, 022, 631, 632, 041, 042, 651, I61, 061, O62 that
in (5,-]-, i represents the duct number and j € 1,2 demonstrates the latitudinal or longitudinal
mode of the vanes, respectively. Thus, knowing the actual and desired states of the drone,
two principal modes are considered: a vertical and attitude controller, which leads to the
planar controller. Among several sliding modes (SMs) design approaches, including pole
placement, Lyapunov-based, optimal control-based, and model predictive methods, we
chose a Lyapunov candidate that converges to zero and in a finite time and maintains there.
To this end, a suitable sliding surface is defined, containing all attitude variables, which
yields;

o _ sinlipa — 9)cos(8y — 0)cos(ga — 9) — cos(a — )sin(@g — 6)
cos((if,d - (Sf)

where, ¢, 0, are roll, pitch, and yaw angles, respectively, J ¢ is the flap vane’s deflection
angle, and the {} 4 1s the desired value. Conditioning the Lyapunov candidate to be positive-
definite, radially bounded, and decreasing along the sliding surface, the function and its
derivative of V(s) with respect to time are as follows,

®)

V(s) = 182PS

s dV(s)/dt = 1P(25dS /dtS + S2dS/df) @

where P is a positive—-definite matrix, and dV (s) /dt must be always negative to ensure that
during the sliding mode, the system is always in a neighborhood of the sliding surface and
will converge to the desired state despite any disturbances or uncertainties in the system.
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SMC law is defined as dS/dt = u = —k1Sign(S) + kp tanh(k3S), in which k;,i € 1,2,3 are
constants that determine the rate of convergence to the sliding surface and are obtained
through the controller design process. Thus, based on the sliding surface (S),

dV(s)/dt = JP(2S(—k;Sign(S) + ka tanh(k3S))S + S?(—k; Sign(S) + k, tanh(k3S)))
— dV(s)/dt = PS?(ky tanh(k3S) — k|S|)

Where dV (s)/dt will be negative whenever k; tanh(k3S) < k1|S|, since tanh(k35S) is
bounded in (—1,1), and P and the constants k1, k2, k3 are all positive. This means that
dV (s)/dt is negative for all non-zero values of S when k; > k; and k3 < 1. Therefore, it is
proven that dV (s) /dt is always negative and the system converges to a stable equilibrium
point, and the control law given by u = —k;Sign(S) — kp tanh(k3S) guarantees the stability
of the closed-loop system. Finally, substituting the earlier expression of S,

Q)

dV(s)/dt = [(S(ey)C(eg)Cleg) — Cley)S(eq))/ Cles, )|+
P[C(37,4)C(¢a)C(87)C(9)+5(87,4)S(¢a)S(35)S(¢)+C(£,4)S(04)C(67)S(0)+5(57,a)C(64)S(d7)C(0)] (6)
S(ey)Cleg)C(ep)C(05,4)C(05)C(P)+5(07,a)S(¢a)S(07)S(¢)+C(05,4)S(64)C(07)S(0)

where S() 2 sin(), C() = cos(), and e refer to the difference between the desired and actual
value. Hence, considering the control law, the attitude controller with respect to the flaps
vanes’ deflection angle could be rewritten as

U = Ix(gf,d — klé(p) — k1 tanh(k3S)
Upiteh = Iy (05,4 — kaég) — ky tanh(k3S) @)
uyuw =1 ((5f,d - k3é¢) — ko tanh(kls)

where the constants k;,i € 1,2,3 will be obtained via trial and error during the implementa-
tion, and I demonstrates the inertial moment. The Equation (7) states the attitude controller
that leads to the position controller.

4. Results

Affirming the TVC algorithm proposed through the control design section, a com-
plete platform is modeled in SolidWorks (https://www.solidworks.com/, accessed on
01/21/2023) and exported to the Gazebo (https://gazebosim.org/, accessed on 02/05/2023)
dynamic environment to observe the results, in which several platforms and trajectories
were tested to optimize and tune the controller gains. Meanwhile, since the control ob-
jective in this research is to stabilize a smooth movement without harsh maneuvers, the
best trajectories were ones with a few sharp turns. However, these trajectories are still too
long to observe the thermal engines’ performance. Hereupon, two routes are suggested
in a 300 x 300 m? area, once a circular route and then a rectangular one to be compared
thereafter, where both plans are smoothed in corners. Meanwhile, in the first two plots, a
realistic simulation is performed to observe the performance of the controller in the long
run. The wind noise equation applied to the system is assumed to be a zero mean with
a normal distribution (Gaussian), and a differential variance to be integrated with the
controller input matrix, as shown in Equation (8),

Uy = U+ N; 3
Nt = 7 _v(cos(6) + sin(6)) d6 ®

where the total controller input matrix (U;) can be determined by the primary controller
input (U,) and the noise function (N;) based on the constant velocity and the pitch angle of
the drone.

In Figure 8, a semicircular route is projected in the horizontal plane, where the desired
values are highlighted with the red line, and the actual UAV movements are in blue. The
flight plan constantly maintains a 5 m altitude, so the vertical Z axis is not considered.
Starting from the waypoint (0, 0), the heavy UAV moves with a constant velocity of 5 m/s.
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It moves smoothly along the reference trajectory, containing a random noise applied to the
controller to examine the performance in the long run as a steady state mode.
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Figure 8. (Realistic Simulation). The horizontal projection of the reference and actual trajectory in the
presence of a random wind disturbance and a semi-circular area.

Likewise, as shown in Figure 9, a rectangular trajectory with more direct and longer
routes was planned in the presence of a random wind disturbance, and the controller
performed better because of lesser radial lines through the trajectory. In both cases, the
steady-state error was less than 4%, which proves the efficiency of the SMC presented.
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Figure 9. (Realistic Simulation). The horizontal projection of the reference and actual trajectory in the
presence of a random wind disturbance and a rectangular area.

Comparing these results to ones obtained by a well-tuned cascade PID controller and
in a fully electrical hexacopter that uses propellers as the controller surfaces for attitude, the
results are shown in Figures 10 and 11, in which the overall steady-state error is less than
2%. However, in sharp points and during turns, the SMC functioned better. To be precise,
the main difference between the two controllers is the use of flap vanes as the controller
surfaces, as shown in Figures 8, and 9, which facilitates employing the thermal engines to
have a way longer flight autonomy. However, this caused various uncertainties simulated
by random noises, as observed in the figures.
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Figure 10. (Ideal Simulation). The horizontal projection of the reference and actual trajectory, in a
semi-circular area, which is controlled by a cascade PID controller.
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Figure 11. (Ideal Simulation). The horizontal projection of the reference and actual trajectory, in a
rectangular area, which is controlled by a cascade PID controller.

5. Conclusions and Future Work

This research addresses theoretical and practical controller platforms, offering novel
solutions to the vital control issues that arise when combined with communication problems
in the case of multi-UAVs for remote sensing operations. In particular, a multi-ducted
fan (MDF) is designed based on several considerations, including long flight endurance
and transporting heavy payloads, and to maintain more stability, a hexa-duct casing is
developed. Then, utilizing the aerodynamics results, a suitable duct geometry concentrating
on the exhaust area is exploited to optimize the number of blades in each propeller, which
leads to better performance. The presented system is powered by thermal and redundant
electrical engines, in which the thermal ones generate the required thrust during the flight,
and the electrical ducted fans (EDFs) survive the MDF in case of emergency. Furthermore,
in order to overcome the uncertainties of the thermal thrusters, a novel robust controller
based on thrust vectoring control (TVC) is presented. The results demonstrate an acceptable
performance for long-range flights when compared to a tuned cascade PID performance
for an ideal case, but improving the TVC'’s theory and practical application is required
for the design of industrial platforms. Meanwhile, a redundant communication system is
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carried out to support flights with medium and long ranges. Future works will include the
analysis of the sensors and the useful outcomes of the enhanced system.
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GCSs Ground Control Station.
SMC Sliding Mode Controller.
TVC Thrust Vectoring Control.
FANET Flying ad hoc Network.
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Unmanned Aerial Vehicles (UAVs) have garnered significant attention among researchers due to their versatility in diverse missions
and resilience in challenging conditions. However, electric UAVs often suffer from limited flight autonomy, necessitating the exploration
of alternative power sources such as thermal engines. On the other hand, managing thermal engines introduces complexities and
internal uncertainties into the system. In this paper, an Adaptive Robust attitude controller (ARAC) is proposed to address these
challenges by drawing inspiration from helicopter solutions while minimizing mechanical intricacies. Specifically, the designed algo-
rithm employs Thrust Vector Control (TVC) for an industrial heavy Multi-Ducted Fan (MDF), known for its superior static stability
compared to conventional ducted fans. Subsequently, an integrated flap vanes system is positioned at the exhaust of the ducts for
precise attitude control, effectively removing unwanted yaw moments associated with traditional propellers. This research builds on
prior authors’ works to establish a proper mathematical and aerodynamic model. Also, using former simulation results to conduct real
flight experiments aimed at enhancing TVC functionality. The findings highlight the effectiveness of this approach for heavy UAV
applications. It is worth noting that the practical value of this research lies in its potential to significantly extend flight autonomy
supplied by thermal engines and improve the resilience of UAVs in challenging real-world missions. This is particularly achievable
provided that the design of flap vanes aligns closely with the dimensions of the duct system, offering a promising solution to a critical
engineering challenge in the field of UAV technology.
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1. Introduction

During the 20th century, the concept of unmanned Aerial
Vehicles (UAVs) or drones emerged as aircraft that oper-
ated without human pilots or crew members on board.
Originally, UAV or Remotely Piloted Aerial Vehicles (RPAV)
was coined and developed for military aviation, which be-
came widely used to describe such aircraft. However, its
application has since expanded beyond the military and into
civilian domains. To encompass the complexities of the
entire system, the terminology evolved from UAV to Un-
manned Aerial System (UAS). The UAS concept incorporates
not only the UAV itself but also the Ground Control Station
(GCS), communication systems, and networking compo-
nents [1]. The Federal Aviation Administration (FAA) and
the United States Department of Defense (DOD) adopted the
terms UAS and Remotely Piloted Aerial System (RPAS) in
2005 to outline their UAS roadmap until 2030 [2]. UAVs can
be operated remotely through human piloting or can pos-
sess varying degrees of autonomy with the assistance of an
Autopilot (AP), ranging from semi-autonomous to fully
autonomous capabilities [3, 4].

Additionally, a Ducted Fan (DF) or Ducted Propeller (DP)
refers to a mechanical fan or propeller installed inside a
cylindrical duct or shroud. This configuration, as studied in
the previous research [5, 6], allows for the enhancements to
create a Multiple Ducted Fan (MDF) system. The MDF sys-
tem incorporates a coherent geometry that optimizes the
arrangement of DFs to generate the necessary thrust force
during flying missions. Depending on their installation di-
rection, DFs can function as longitudinal or vertical thrus-
ters. To meet specific output requirements, DFs undergo
optimizations based on factors such as inlet arc shape, duct
wall length, and outlet-to-inlet area ratio. These con-
siderations ensure the DFs are precisely designed for op-
timal performance and efficiency. The integration of DFs
and the utilization of MDF systems contribute to advance-
ments in aerospace engineering, enhancing thrust genera-
tion and maneuverability in various flight scenarios.

UAVs have garnered great attention from researchers
thanks to their wide-ranging applications and exceptional
performance capabilities. These versatile aircraft have
found extensive utility in both civil and military domains,
delivering groundbreaking solutions while minimizing risks
for operators. In the civil sector, UAVs have proved in-
valuable in aerial photogrammetry and videography, culti-
vation analysis and crop monitoring, firefighting, search
and rescue operations, infrastructure inspection, and en-
vironmental monitoring. In the military realm, they have
diverse applications such as surveillance and reconnais-
sance, target acquisition and object tracking, battlefield
support, and combat operations [7]. Furthermore, the
emergence of Vertical Takeoff and Landing (VTOL) systems,

particularly the promising MDFs, has added another di-
mension to their attractiveness, offering enhanced agility,
stability, and versatility for a wide range of applications.
Specifically, heavy clusters of UAVs are spread in myriad
applications such as firefighting, large package delivery,
agricultural protection, passenger transportation, commu-
nicative portable stations, and military patrol. Attending
such beneficial aerial systems in the industry requires high
stability and safe flights, especially in the case of human
carriage. Meanwhile, to satisfy the mentioned applications,
long-range and high-endurance platforms will be aimed;
consequently, heavy drones necessitate quite a lot of power
to serve long missions.

UAVs can be classified based on various factors and their
extensive usage. These classifications include weight-based,
mission-based, flight endurance or range-based, payload-
based, and more. Among these, the weight and payload
capacity of UAVs plays a significant role in their categori-
zation. According to research in [8, 9], UAVs are categorized
as micro, small, medium, and large-scale platforms. In the
European Union aviation safety regulations, weight classi-
fications are defined as Class A1 (less than 900 g), Class A2
(less than 4 kg), Class A3 (less than 25kg), and additional
categories for weights exceeding 25 kg. Similarly, the global
NATO-STANAG 4670 UAS category classifies UAVs as
nanoscale (less than 250 g), microscale (less than 2 kg),
small scale (less than 25kg), medium scale (less than
150kg), and large scales (more than 150kg) [10, 11].
Denoting that larger UAVs offer the advantage of carrying
heavier payloads over longer distances, While mini-scale
UAVs have considerable limitations in terms of flight
endurance and payload capacity.

Improving a DF to MDF has several merits, including
much more static and dynamic stability due to moving the
COG toward a point in the middle of DFs and higher thrust
power to carry heavier payloads. To this end, some research
focused on controlling MDFs, as the study outlined in [12],
researchers focused on a triangular EDF system, focusing
on TVC as a critical stabilizing factor. Employing a linear
cascade controller, they achieved stable hover performance
with minimal disruptions, efficiently regulating angular
rates at high frequencies. The controller was split into two
components: an onboard gyroscope for real-time angular
rate measurement and an offboard calculation module for
position and attitude control. Communication with the PX4
autopilot ensured coordination. Notably, mounting the
motor controller (YGE 90HV) at the exit nozzle provided
cooling through airflow. However, this work primarily re-
lied on controlled settings with motion capture, potentially
limiting real-world applicability. Offline primary controller
components posed vulnerability to delays or data loss due
to connection issues. Battery reliance led to constrained
operational times for energy-intensive DFs. While hover
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stability was validated, further exploration of diverse flight
maneuvers remains a promising avenue.

In a recent study [13], a comprehensive backstepping
control approach was introduced, focusing on the trajectory
tracking control of a multirotor. This control strategy
addressed several intricate challenges, including cascade
constraints, constrained actuator dynamics, and complex
unknowns. It achieved robustness by integrating sliding
mode and dynamics surface control techniques. The
researchers decomposed the entire system into five cascade
subsystems connected through intermediate nonlinearities.
To deal with complex unknowns, they employed adaptive
compensators, and through Lyapunov synthesis, they
verified minimal errors. While this work provides valuable
insights into control methodologies, its application has been
primarily limited to simulations and electrical motors.

However, the study in [14] placed a strong emphasis on
model predictive and robust model predictive algorithms in
the context of DF applications, particularly when dealing
with internal uncertainties and external disturbances. Their
approach involved addressing a nonminimum phase
nonlinear system dynamics and deploying a compound
controller designed for both trajectory tracking and attitude
control. Similarly, the research presented in [15] delved
into the development of a TVC algorithm tailored for a tilt-
rotor UAV, even in the presence of actuation constraints.
Their simulation methodology prominently featured an in-
finity curve for applying maximum tilt angles to achieve
precise objective tracking. Furthermore, the work in [16]
showcased a novel integration of the backstepping tech-
nique and fast terminal sliding mode control to govern yaw
and tilting angles. These angles were accurately estimated
using a robust adaptive backstepping controller within the
context of a position controller for path-tracking applica-
tions. It is important to note that, similar to previous
studies, these investigations have primarily focused on
electrical power supply and simulation results.

Whereas in distinct research [17], a comprehensive
simulation methodology for a Tandem Ducted Fan (TDF)
system is presented, encompassing intricate considerations
of aerodynamic interactions and the mathematical under-
pinnings of flap vanes. This simulation was realized using
MATLAB Simulink, offering a versatile and modular frame-
work for TDF analysis. Delving into the intricacies of airflow
dynamics within the duct, the study scrutinized the desta-
bilizing effects on the nose-down pitching moment during
the transition from edge-wise to axial flight modes at low
velocities. By fine-tuning the deflection angle of the vanes,
the researchers reported enhancements in transient be-
havior. This work contributes significantly to theoretical
insights and aerodynamic investigations of MDFs, especially
those akin to the Urban Aeronautics X-Hawk and the 29-
inch UAV, which served as inspirational sources; however,
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its real-world applicability might necessitate further
implementation beyond the confines of the simulation
environment.

In recent studies, [14, 18-21], researchers have exten-
sively explored enhancing the control strategies of Single
Ducted Fans (SDFs) using Adaptive Model Predictive
Control (AMPC) and an Adaptive Fault-Tolerant approach.
The primary objective has been to elevate the performance
of SDFs in both transient and cruise modes. The first study
introduces a novel control mechanism designed for a spe-
cialized DF aerial robot, focusing on fault tolerance against
partial actuator failure. This mechanism integrates an
identified state-space model in the frequency domain, an
adaptive loop coupled with an estimator, and a reconfi-
gurable adjustment law. This combination allows for the
estimation and compensation of varying degrees of failure.
The effectiveness of the proposed algorithm is validated
through both theoretical simulations and real-time flight
experiments. The second study explores an AMPC strategy
tailored for engine-driven DF lift systems. This approach
utilizes a global network model, trained offline with data
from a general mean value engine model for two-stroke
aviation engines. The constructed network serves as an
adaptive, robust, and efficient prediction model for model
parameters. The efficiency of this approach is demonstrated
through numerical simulations depicting a vertical take-off
thrust preparation process for the DF lift system. While
these studies demonstrate the controller’s effectiveness in
stabilizing drones during real flights, a significant challenge
remains in dealing with the inherent dynamics and insta-
bility characteristic of single DFs. While, this paper
addresses the stability issues by introducing a hexa model,
co-located to work in conjunction with the SDF. The com-
bined configuration is designed to compensate for both
transient and cruise flight dynamics. Additionally, the
proposed approach aims to enhance the payload capacity,
a task challenging to achieve with single DFs alone.

In a related study, discussed in [22], researchers
focused on an MDF flying object consisting of two EDFs
connected by a vertical wooden bar. The unique feature of
their design was the rotatable installation of the EDFs,
functioning like a hinge to induce roll, pitch, and yaw
rotations. Employing a PD controller initially, the system
encountered a persistent steady-state error, prompting the
integration of an integral term, which effectively mitigated
this error. While the effort showcased valuable insights,
the positioning of the battery and equipment on the
wooden bar introduced an imbalance by shifting the COG
to a higher point relative to the EDF plane. This configu-
ration likely contributed to the observed steady-state
error. Furthermore, the study highlighted a limitation in
endurance, attributed to the low battery capacity not
suitable for powering two EDFs.
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However, in another research [23], the authors proposed
a novel TDF for drones, featuring small EDFs and larger
TDFs controlled by a robust static H,, output feedback
technique. The controller effectively stabilizes and decou-
ples body-frame velocities and yaw angle states, even in the
presence of disturbances and EDF tilting. The study also
addresses time delays caused by open-loop gain roll-off
using system identification. However, the approach’s appli-
cability to industrial platforms is limited due to component
disharmony and complexities associated with decoupling.

In a relevant study [24], a compact MDF was introduced,
utilizing two DFs for vertical stabilization and two EDFs for
attitude control. The study employed a structured multi-
loop feedback attitude controller based on H,, synthesis,
encompassing a low-order attitude controller and multi-
loop feedback for cross-attitude decoupling and reference
signal tracking. Controller parameter tuning was conducted
using a nonsmooth optimization method. Although the ap-
proach demonstrates promise, further investigation
is recommended to address significant uncertainties, dis-
turbances, or actuator/sensor faults, as also asserted by the
authors.

Moreover, the advancements in intelligent health
management methods for complex mechanical gear
systems in DFs can significantly enhance their operational
reliability. The work done in [25, 26], which employs a
digital twin-driven methodology for gear surface degrada-
tion assessment, provides valuable insights into predictive
maintenance and real-time system assessment. The ability
to automatically establish high-fidelity digital twin models
that reflect dynamic responses is akin to the development
of digital twins for DF systems, where real-time modeling
can be crucial for precise attitude control and stability. The
use of transfer learning and advanced signal processing
methods, as explored in their research, can have parallels in
the development of control algorithms, ensuring efficiency
even in the presence of wear-related changes. Furthermore,
their emphasis on the broader applicability of digital twin
techniques in industrial practices aligns with enhancing DF
control methods for heavy UAV applications.

On the other hand, to choose appropriate engines and
meet power requirements, a delicate balance must be
struck when selecting the engine and fuel type. As discussed
in [27], combustion engines remain a popular choice for
both commercial and private applications, despite their
lower efficiency compared to more reliable electrical
counterparts. Electric power supply units (PSUs) boast high
density but are sensitive to water or vapor and exhibit
limited recharge cycles, making them less suitable for large-
scale flying drones. Hydrogen fuel cells (HFCs) offer
renewable energy with remarkable endurance, producing
150 times the energy of Li-Po batteries in fixed-wing
aircraft. However, their reliance on a rapid-response

hydrogen setup limits their affordability. Uninterruptible
power sources (UPS) via cable are effective for near-ground
tests and emergency landings but impractical for long-range
flights [28]. Considering the advantages and disadvantages
of various power sources in terms of engine efficiencies,
fossil fuels emerge as a concentrated and cost-effective
choice, easily accessible and capable of providing substan-
tial energy for extended flight durations. In contrast, a
myriad of engine types can be considered, powered by
chemical, electrical, and nuclear energy. These include heat
engines, electrical engines, disk engines, nuclear propulsive,
hybrid propulsive, jet propulsive, and ion propulsive
engines [29]. Electric engines demonstrate rapid accelera-
tion and operational efficiency but require a continuous
power supply, making them unsuitable for prolonged
flights. Heat engines encompass both internal and external
combustion engines, featuring variations such as piston,
rotary, jet, and ion engines. The piston engine, particularly
in two- and four-stroke configurations, is conventional and
distributed in Wankel, dual-fuel, and other setups. While
these engines exhibit high power-to-weight ratios, they tend
to be noisier than electric alternatives. Focusing on internal
combustion engines, two- and four-stroke categories stand
out. The latter, despite having a lower power-to-weight
ratio than its counterpart, proves more compatible with
heavy drones due to distinct lubrication setups that elimi-
nate the oil-fuel mixture. This advantage allows four-stroke
engines to operate effectively at higher altitudes. While they
are slightly heavier due to additional moving components,
their reliability and economic efficiency make them a pref-
erable choice among various engine types. In conclusion,
this paper has opted for an industrial internal combustion
engine arrangement, employing three engines consecutively
to drive the six propellers. Each pair of propellers is dedi-
cated to a thermal engine, ensuring a continuous rotation to
maintain equal thrust. This distribution is selected to ad-
dress the inherent delay thermal engines face in responding
to different rotation requirements compared to electrical
engines. Despite this drawback, if all motors consistently
receive the same command with a simultaneous and con-
stant change, the delay becomes negligible. Moreover, the
system incorporates an industrial Engine Control Unit
(ECU) to effectively regulate the parameters of the engines.

Addressing thermal engine instabilities, this paper
focuses on the control solution to achieve extended auton-
omy while regulating uncertainties, building upon the
authors’ previous research presented in [8, 9, 30]. In this
section and prior research, a variety of control solutions for
DF applications have been explored, encompassing nonlin-
ear methods, [14-16, 24, 27, 31-33], linear approaches like
Proportional-Integral-Derivative (PID) control (PID) or
cascade PIDs [12, 17, 22, 34], feedback linearization [23],
and linear-quadratic regulator [35]. However, it is
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noteworthy that there have been limited industrial efforts
directed toward real-flight implementations of TVC for
heavy multi-UAVs. The scarcity of such initiatives can be
attributed to the challenges of translating theoretical tech-
niques into practical reliability due to the numerous un-
known uncertainties inherent in real-world scenarios,
leading the industry to rely heavily on conventional PID
controllers. This paper addresses this gap by introducing a
fine-tuned compound controller, previously deployed on
smaller platforms like the Fan Hopper [8], and enhancing its
performance against external nonlinearities.

Building upon the comparison results discussed in [8, 9, 30],
this paper distinctly focuses on real-world experiments,
culminating in a final simulation step with fine-tuned con-
troller parameters, comparing the Adaptive Robust attitude
controller (ARAC) results to one conducted by a well-tuned
PID controller. The contributions of this paper can be
summarized as follows:

Refinement of Mathematical Model: The mathematical
model previously introduced in [30] for a similar drone
application is refined and optimized specifically for
heavy drone applications. This refinement contributes to
a more accurate representation of the system dynamics.
Enhancement of Robust Controller: The robust con-
troller presented in [9] undergoes improvement through
parameter tuning for both stationary and real flights on
an industrial autopilot application. Additionally, an
adaptive component is integrated into the controller,
enhancing system reliability against internal non-
linearities and external disturbances.

Real Flight Conduct: After meticulous parametric re-
finement of the adaptive controller introduced in [8],
taking into account fluid payload uncertainties impacting
the overall UAV mass, the modeled system was subjected
to real flight experiments. This phase aimed to assess the
controller’s performance in practical scenarios and
identify areas for further enhancement.

By concentrating on these three key aspects, this paper
advances the field by addressing experimental challenges
and refining the ARAC methodologies for enhanced per-
formance in real-world applications. The term ARAC
embodies the fusion of two distinct systems: the adaptive
controller, comprehensively discussed in [8], and the robust
controller, detailed in [9]. While the latter paper showcases
the ability to maintain the stability of a medium-scale hexa
DF system, particularly when carrying a liquid payload that
introduces nonlinearities and additional degrees of freedom
during maneuvers or release phases, the former paper fo-
cuses on reinforcing the controller system against external
uncertainties, such as wind disturbances. This paper takes a
step further by integrating these two algorithms, refining
the controller parameters, and constructing a robust
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algorithm capable of mitigating both internal and external
uncertainties. This amalgamation aims to enhance the
overall performance of the ARAC, offering a practical solu-
tion to challenges posed by various operational conditions.

The proposed solution involves the implementation of
an ARAC to actuate the servo flaps on the control surfaces,
improving the regulation of the multi-ducted fan’s attitude.
To achieve this goal, the robust algorithm harnesses the
power of Sliding Mode Control (SMC) to counteract wind
disturbances effectively. While SMC is a well-established
methodology, this research introduces vital adaptations
and refinements specifically tailored to confront the
unique challenges experienced in real-flight applications.
This endeavor entails sophisticated modifications aimed at
mitigating the inherent complexities associated with a
system of this magnitude and nature. Moreover, the
adaptive aspect of this approach plays a pivotal role in
managing internal nonlinearities induced by combustion
engines, effectively addressing issues like undesired
vibrations that are, at times, inevitable in such engine
operations. Additionally, the exploration of TVC within this
framework is driven by the need to provide a stable atti-
tude controller among a few possible solutions for UAVs
supplied by thermal engines. While TVC is not a novel
concept itself, this presents innovative strategies for ap-
plying TVC to achieve optimal attitude control, particularly
using flap vanes.

2. Sensor Integration Review

This paper consolidates the outcomes of three prior re-
search endeavors conducted by the authors, offering a
concise review to elucidate the progression of work and the
evolution of prototypes in each study. Commencing with an
exploration into the domain of MDFs, our initial undertak-
ing involved the meticulous construction of a scaled-down
prototype. As an initial step towards delving into the realm
of MDFs, a scaled-down prototype was meticulously crafted.
This prototype served as a valuable tool for gaining
deeper insights into the intricate dynamics of EDFs and
exploring the realms of stability enhancement to optimize
controller performance, as delineated in [8]. Thus, the me-
ticulously tailored MDF, referred to as “FAN HOPPER” in
this publication, boasts distinctive attributes, which are
briefly enumerated in what follows:

FAN HOPPER: It embodies a 6DOF hexa MDF system,
leveraging electric propulsion technology that emulates the
operational characteristics of conventional thermal engines.
This design choice provides an avenue to explore and ad-
dress the inherent uncertainties reminiscent of thermal
motors within this context. Rigorous aerodynamic analyses



Un. Sys. Downloaded from www.worldscientific.com
by 89.128.24.90 on 06/22/24. Re-use and distribution is strictly not permitted, except for Open Access articles.

6 M. S. A Isaac et al.

Body Frame

Fig. 1.

\<y5
Xg

Inertial Frame

The general coordinate system based on the FAN HOPPER prototype; T; and M; are thrusts and moments generated by the EDFs, §

is the Angel of Incidence (AOI) of EDFs according to experiment, {}, is the subscript for the body-fixed frame, and {}; is the subscript for

the inertial frame.

were conducted, leading to significant enhancements across
the entire platform. Notably, the innovative duct design
yielded multiple benefits, including the attainment of a
streamlined inlet and outlet airflow even at elevated hori-
zontal velocities. Moreover, az remarkable reduction in
undesired yaw moments, historically associated with in-
stability in high-powered multi-rotor propellers, was ob-
served. This achievement is particularly noteworthy as the
constrained space between the duct wall and the rotor
blades virtually eliminates yawing, thereby contributing to
enhanced stability. Consequently, the consideration of rotor
rotation direction becomes superfluous, and as illustrated
in “Fig. 1", the EDFs exhibit uniform rotation due to their
near-zero yawing moments. Furthermore, as depicted in the
figure, empirical investigations led to the incorporation of
an optimized Angle of Incidence (AOI), enhancing stabili-
zation during yawing. This concept is further described in
[8], providing a better insight into its implementation and
impact.

In the next step, a significant milestone was achieved by
developing a larger-scale prototype intended to be fitted
with thermal engines, thereby advancing toward the

Body Frame

ultimate objective. This design endeavor was fortified by
meticulous modeling, expounded upon in [30], which
furnished a comprehensive mathematical representation
of the dynamic system governing the extensive MDF.
Noteworthy traits of this UAV, dubbed “DUTY HOPPER,” are
briefly outlined as follows:

DUTY HOPPER: It is a 6DOF quad MDF system harnessing
thermal propulsion technology through the integration of
two longitudinally aligned motors. This configuration also
boasts the capability to accommodate Lipo batteries for
supplementary attitude stabilization. Detailed in [30], it
marked the pioneering instance of laboratory modeling and
design. Subsequently, to enhance controller performance,
several tests were conducted, including the incorporation of
diverse payloads (solid and liquid), culminating in the de-
velopment of a standardized prototype. By utilizing thermal
engines, this platform obviates the need for ESCs in the main
ducts, instead adopting an ECU system to translate AP
commands for propeller control and maintain a consistent
angular velocity across all propellers using a simple PID for
different RPM bounds, ensuring safe takeoff and landing.
Attitude regulation is achieved via flap vanes, as depicted in

11 Limited

rotation

Inertial Frame Duct Detail

Fig. 2. The general coordinate system based on the DUTY HOPPER prototype; T; and M; are thrusts and moments generated by the main
ducts, t; and m; are thrusts and moments generated by the EDFs, {}, is the subscript for the body-fixed frame, and {} is the subscript for

the inertial frame.
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“Fig. 2”, wherein commanded surge, sway, and heave move-
ments are doubly derived to suitably control Euler angles ¢,
0, and . Furthermore, “Fig. 2” shows the configuration of
each duct, the inlet airflow, and a schema of rotational flap
vanes, which are unveiled in [9]. Notably, based on experi-
mental findings, each flap’s rotation is constrained within a
+15° range to avert mechanical interference with other flap
rotations during both modeling and operational phases.

In the third stage, a synthesis of the preceding experiments
led to the development of an advanced, larger-scale proto-
type tailored for integration with thermal engines. The
comprehensive evolution encompassing enhanced modeling,
refined control algorithms, and meticulous simulations cul-
minated in [9]. This iteration witnessed significant advance-
ments in power supply, safety measures, communication
systems, auxiliary EDF concepts, and overall geometry. Aptly
named “WILD HOPPER,” this ultimate prototype encapsu-
lates these refinements in a coherent design as follows.

WILD HOPPER: It is a hexa MDF platform featuring 6 DOF,
equipped with six main ducts and four auxiliary EDFs for
safety and emergencies, as elaborated in [9]. This prototype
operates on two power sources: primary propellers are
fueled by thermal energy, while EDFs are powered by Lipo
batteries. The payload compartment can handle up to 60%
of the total weight. The configuration, depicted in “Fig. 3",
outlines forces, moments, rotations, movements, and frame
connections between the BFF and Inertial Frame. The
model has been extensively enhanced. Notable improve-
ments include refining the aerodynamic model with blade
tip angle adjustments and blade count optimization for
superior thrust. The communication system received
upgrades, incorporating redundancy for reliable short and
long-distance links. Employing a TVC strategy, the control
system employs geometrically enhanced flap vanes as
control surfaces, evolved iteratively during the design.

Zy Body Frame

Inertial Frame

Fig. 3. The general coordinate system based on the final WILD
HOPPER prototype; T; and M; are thrusts and moments generated
by the main ducts, t; and m; are thrusts and moments generated by
the EDFs, {}, is the subscript for the body-fixed frame, and {} is
the subscript for the inertial frame.
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3. Methodology

The research methodology employed through this paper and
previous works [8, 9, 30] can be classified as Applied Research
[36], which differentiates the context from fundamental
(basic) research in terms of purpose, context, and methods.
Applied research aims to solve practical problems, whereas
basic research seeks to study certain issues without imme-
diate practical application. Specifically, the objective followed
in this paper is to compound the control algorithms proposed
in prior works and improve the controller parameters to
provide a fine-tuned robust controller with optimized per-
formance for a real industrial application. The key elements
of this paper are elaborated as follows:

e Purpose: Solve the mathematical modeling and dynamics
of heavy MDF UAVs while applying flap vanes to stabilize
the attitude using Adaptive Sliding Mode Control (ASMC)
and enhance the control issue by implementing TVC
using flap vanes. In previous works, the focus was on
solving the control issue defined previously in simulation
and smaller prototypes for evaluating the controller’s
performance under motor failure and external noises.

o Context: The context of this paper is highly valuable due
to the industry’s long-standing need for easy-to-set-up
UAVs that can carry heavy payloads for extended flight
autonomy. This requirement is addressed in the afore-
mentioned works, where a system is developed to supply
thermal energy for extended flight autonomy and
equipped with a controller that avoids mechanical com-
plexities and is rational for such a system.

e Methods: The methods used in the whole work involve
advanced control algorithms, particularly SMC, applied in
a novel way to achieve TVC using flap vanes. The design
is easily extendable for similar platforms, and the appli-
cation of SMC offers the advantage of easy tuning com-
pared to conventional PID controllers.

Furthermore, the methodology utilized in this paper is a
combination of the system engineering method derived
from the system engineering process organized in [37]. This
process is abbreviated as “S.I.M.LL.A.R” and encompasses
the following steps: State the problem, Investigate alter-
natives, Model the system, Integrate solutions, Launch the
system, Assess performance, and Reevaluate, which are
shown in “Fig. 4

4. Advanced Control Algorithm Integration
for Attitude Stability

In Sec. 2, the three stages of development were reviewed
and culminated in the creation of the final integrated model.
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Fig. 4. Methodology approach model followed in this paper, accord-
ing to the “SLM.LLA.R” [37], and the spiral procedure defined in [38].

This model integrates a complex control algorithm that
merges Model Reference Adaptive Control (MRAC) and SMC
methodologies, giving rise to an ASMC approach. By
leveraging the MRAC algorithm outlined in a prior publi-
cation [8], along with the acquired parameters and the SMC
parameters fine-tuned in this research, this novel approach
has demonstrated remarkable efficiency in addressing the
internal and external nonlinearities encountered during
UAV operations. It utilizes a Lyapunov candidate to provide
strong stability assurances, enhancing the overall stability
and control of the UAV system. For ease of understanding,
this section is divided into two parts: Enhanced dynamic
model and advanced attitude controller.

4.1. Enhanced dynamic model

Given the 6DOF rigid body of an MDF as a complex Multi-
Input Multi-Output (MIMO) system due to its nonlinear
configuration, the governing equations can be derived from
the Newton-Euler equation set. These equations are for-
mulated with respect to either the Body-Fixed Frame
(BFF) or Earth-Fixed Frame (EFF), which are denoted as
subscripts {}, and {}., respectively.

vy = [uvwT,

wp=[pqr]’,
I, 0 0
L=|0 1, 0],
0 0 I, (1)

Fy = Fgrav + Fryse + Fprop + Fauet + Fear + Fy,
My = Mgyro + Mprop + Mauet + Mear + Mry,

. 1
Vp = —Wp X Vb+—(Fb+Fgrav)a
my

wp = I, (M — wp X I X wp),

it is worth noting the distinction between Fp,, and Fgy,
which may initially seem equal, but they serve distinct
roles, and both contribute to force generation in the BFF.
This distinction is as follows.

Propeller Thrust (Fpop): The primary thrust in a DF
system originates from the propeller or fan itself. As the
fan’s blades rotate, they create an airflow that generates
thrust by propelling the air in the opposite direction, by
Newton’s third law of motion. This thrust is the central
driver of propulsion.

Duct Thrust (Fgu.): The duct that surrounds the fan
plays a critical role in optimizing the propeller’s per-
formance. By guiding and channeling the airflow gen-
erated by the fan, the duct minimizes air loss and
enhances the system’s overall efficiency. While the
duct does not generate thrust in the same direct
manner as the propeller, its design significantly influ-
ences the system’s total thrust generation, which is
elaborately discussed in [30].

Subsequently, translating the velocities and attitudes be-
tween the BFF and the Inertial frame yields:

r=kyaz’,
=160,
C dwwnc%@ggicwmww>mwmw
eb = N S\0V)s )
2= Lswee) PR sw)s0)e(o) - ctw)sto)
~s0)  c(0)s(0) c(0)c(0)

Ve=[Xy z]T = CepVp,

L s@el)  c(é)e(o)
a= |0 C((b) _S((b) Whp,

0 s(0)/c(0) c(d)/c(0)

(2)
In “Egs. (2)”, the symbol r represents the location vector
observed in the EFF, while C,, stands for the rotation ma-
trix that corresponds to the airframe’s yaw, pitch, and roll
transformations from the Earth-Fixed Frame to the BFF.
This pivotal matrix is known as the Direction Cosine Matrix
(DCM). The functions s(), c(), and ¢() signify the sine, cosine,
and tangent functions, respectively. The symbol « refers to
the Euler angles vector, while v, represents the velocity
vector in the EFF, which is equivalent to the velocity vector
in the BFF after being multiplied by the rotation matrix.
Additionally, the time derivatives of the Euler angles are
determined by the angular velocity in the BFF and are
multiplied by the rotational matrix to account for the
transformation.
By substituting the moments into the Newton-Euler
equation, the specified dynamic equations can be
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determined. Further, the rotation dynamics equations can
be obtained by considering the acceleration in EFF and the
BFF, resulting in

F, =[F, F, F)",

M, =M, M, M, T,

Fp, = my(u+gs(0) +qw —rv),

Fp, = my(v—gc(0)c(¢) +ru — pw),

Fy, = F,—my(w—gc(0)c(¢) +pv — qu),

Mb,( = prr(I -1 )qr*l wpq,
M, = ,q + (I, — L)rp + L,w,p,
sz = Izr+ (I ) q+1 wp Q7 (3)

—wp = [pqi’
((Iy - Iz)qr + Ipwpq + be)/lx

= ((Iz - Ix)rp - Ipwpp + Mby)/ly ,
((Ix - Iy)pq - Ipd-)p + sz + Q)/Iz
Sy = [avwT

F, /my —gs(0) +rv —qw
= Fy,/my + ge(0)c() + pw —ru
(Fp — Fp,)/my, + gc(0)c(¢) + qu — pv

Through “Egs. (3)" the symbols I, and w, refer to the
inertia and angular rate of the propellers, respectively.
Additionally, M, , M, and M, represent the moments along
different axes in the BFF, while Fy, Fy, and F, denote
forces on the corresponding coordinate axes in the BFF. The
term Q denotes the propeller’s anti-torque, and g represents
the gravitational acceleration.

Hence, as the analysis delves into the dynamic equation,
it considers the presence of a duct, examining the
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aerodynamic interactions with it and the turning effects
induced by the propeller, as illustrated in Fig. 5.

Figure 5 provides a visual representation of the various
stages of the free airstream as it traverses through a duct.
These stages encompass the upstream, propeller inlet,
outlet, and downstream portions. Subscripts {}, corre-
spond to the upstream airflow well before it enters the duct,
{}; pertains to the inlet airflow, {}. signifies the exit or
outlet airflow, and {},, represents the downstream airflow
much further from the duct. Additionally, o, V, and 4, re-
spectively, denote the airflow angle, velocity, and planar
area at each stage. Additionally, angles «; and «,, corre-
sponding to the airflow angle within the duct inlet and the
airflow angle at the outlet of the duct, respectively, can be
determined as follows:

a; = ap —|—k,~<g— ao),
). (4)

Olo),

In “Egs. (4)”, the terms k;, k., and k., correspond to flow
turning efficiency factors influenced by the inlet propeller
plane, the outlet plane, and the downstream region far from
the duct. it is important to note that in various articles,
notably [17, 39-42], a single airflow angle is commonly
utilized for both «, and «,,. This approach simplifies the
assumption or utilizes an average value for the angle of
deflection at a specific downstream point, often situated far
from the duct exit. This choice facilitates an understanding
of aerodynamic behavior without delving into the intrica-
cies of particular flow interactions. Now, based on the air-
flow angle at various stages, the velocities at the upstream,

7T
ae:a0+ke(§f

aoo:ao—i—koo(g—

1
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Fig. 5.
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Schematic of the free airstream passing through a duct, analyzed in four stages: upstream, propeller inlet, outlet, and downstream.
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duct inlet, outlet, and downstream can be expressed as
follows:

VO = VO COS(OK())I' - VO Sin(Oéo)j,

Vi = V() Cos(a,-)i — (VO sin(a,—) + Vi)j7 (5)
V., = Vycos(a,)i — (Vysin(a,) + v, )j,

Ve =Vo Cos(aoo)i - (VO Sin(aoo) + Voc)jv

Using “Egs. (5)”, the terms v;, v,, and v, represent the
induced speeds caused by the airflow as it passes through
the duct. Besides, the induced exit velocity is also well
known as slipstream velocity [43]. These speeds are
oriented vertically, in the same direction as the vertical
axis. Furthermore, as shown in “Fig. 5”, the total force
vector generated by the duct system is denoted as F,,
which is assumed to comprise a vertical thrust compo-
nent, T, and a horizontal momentum drag component, D,,.
Specifically, T encompasses the combined thrust pro-
duced by both the propeller and the duct itself, leading to
the equation:

quctt = Dpi+ Tj,

6
T:Fprop+quct :Fprop(1+kaug)' ( )

In “Eq. (6)", the symbol k,,, denotes the Thrust Aug-
mentation Factor (TAF), which signifies the influence of the
duct’s lift effect. A TAF value of 1 indicates that the total
thrust generated is twice that of the propeller thrust alone.
This rationale underscores the selection of the DF model, as
it effectively enhances the overall system efficiency. Addi-
tionally, when taking into account the airflow mass rate,
as well as the horizontal and vertical thrust forces, the
following expressions are applicable:

m= PAiVi,

(7)

(
———T = m(sin(ay,) — sin(a))Vy + Vuo,
)

D,,, = m(cos(ay) — cos(a,))Vy,
Simplifying

|

D,,, = m(cos(ay) — cos(ay))Vp.

Equation (7) are obtained assuming the conservation of
energy, momentum, and the mass flow rate from the inlet of
the duct to the downstream. p is the density of the air-
stream, and for simplifying the o, = a, and V, = V. Fi-
nally, the whole force generated by the duct system is
determined as follows:

T (Vasin(a) +v) = Vosin(ay))

aug

quct, = ZpAi(

V& + 2Vovsin(ay) +v2. (8)

The total force denoted as Fy,, in “Eq. (8)", can also be
expressed and simplified in a vectorized manner as follows.
Additionally, based on the equations detailed in (1) and
described in [30], the remaining forces and moments acting
on the BFF can be presented as follows:

—mg sin 6
Fgray = | mgcosfsing |,
mg cos 6 cos 0

CDX ub|ub ‘Aside
Frge = —0.5p CDy Vp|Vp|Asidge |,

CDZ Wb|Wb |At0p7

Cp,, sin oy, sin Op

Fyrop = 0.5pA;pQ7 | —Cp,, sin ayysin by |,

Cy,, €OS aup; €OS B 9)
A, uoluy
Fyyee =D + Kaungrop = 0-5PCde AeV0|V0| )
AiKaug V,|V,‘
—-q
ngro =Nw| p |,
0
quctyr
Mduct = quctxr
Fauet, la

In “Egs. (9)”, specific parameters are defined as follows: N
represents the number of propellers, ] denotes the rotor inertia,
while p and q correspond to the angular rates of the propellers
discussed in [24, 44].Itis important to note that this equation is
applicable when the angular rates are assumed to be semi-
constant, irrespective of any aggressive flight behavior. Addi-
tionally, Cp stands for the drag coefficient of the fuselage, Aqe
represents the cross-sectional area of the drone, assuming
symmetry on both sides and Ay, denotes the top area of the
MDF. The blade pitch is denoted as 6}, and the blade incidence
angle is represented by «y,;, which in hover flight conditions,
both 6, and «y, are considered negligible due to their small
values. The Q,, corresponds to the propeller angular velocity, b
is the thrust factor of the propeller, and Cp,, and C;,, are the drag
and lift coefficients of the propeller blades. The parameter Cp,
stands for the duct moment coefficient, serving as a propor-
tionality constant that relates the moment to the dynamic
pressure caused by crosswind effects, introduced in [44]. Re-
ferring to “Fig. 5”, the variables V, represent the duct inlet air
velocity, r corresponds to the duct exit radius, /; is the diagonal
distance between the Center of Pressure (COP) of the duct to
the COG of the MDF, and finally, V,, 4;, V., and A, represent the
rotor plane and duct exit velocities and areas, respectively.

As depicted in “Fig. 6”, the “WILD HOPPER” platform uti-
lizes a hexagonal geometry with a set of vanes positioned at the
duct exits. This arrangement consists of 12 pairs of vanes
strategically configured for optimal control and effective



Un. Sys. Downloaded from www.worldscientific.com
by 89.128.24.90 on 06/22/24. Re-use and distribution is strictly not permitted, except for Open Access articles.

Sensing and Control Integration for Thrust Vectoring in Heavy UAVs 11

\
A

ervo Flap

Fig. 6. Top-Down view schematic of 12 pairs of flap vanes on the “WILD HOPPER” prototype, strategically positioned at the duct outlets
to generate specific moments: (a) Rolling moment, (b) Yawing moment, (c) Pitching moment. In (d), a detailed view of a single duct

featuring two pairs of vanes is depicted.

functionality in influencing a sizeable payload. The term “pair”
signifies that each duo of flap vanes is linked by a shaft and
managed by a singular servo flap, efficiently rotating both
vanes. This configuration offers several advantages: reduced
mechanical complexity, simplified control and computation,
error prevention, and enhanced moment generation. In this
configuration, each duct has two lateral flap vanes, denoted as
fViar, and two longitudinal flap vanes, labeled as fv,,. In this
context, the term fv signifies a flap vane, while Fy, symbolizes
the force exerted by a flap vane oriented in the opposite di-
rection of its corresponding azimuthal angle. This phenome-
non is also clearly depicted in “Fig. 7”. Additionally, the
arrangement of each servo flap is illustrated in “Fig. 6(d)”,
showecasing the asymmetrical layout of the servo installations.
The decision to employ two servo flaps instead of four is driven
by efficiency, as it eliminates the need for disparate angle
production and yields more harmonized force generation. This
advantageous design choice is further emphasized in the
magnified circle adjacent to the duct. A flexible joint is con-
nected to the duct’s wall at the other end of the servo bar,
facilitating smooth rotation of the flaps bar under the influence
of servo-generated moments.

Explicitly, considering the Wake Skew Angle (WSA) of
the airflow, which correlates with «;, a,, and «a,, as depicted
in “Fig. 5”. This entails:

Vy cos(a;)
. — arct _ 0PN\
& = arctan (VO sin(oy) + v,-)’
V
&, = arctan L(ae) ) (10)
Vo sin(ca,) + v,

¢ :arctan( Vo cos() >

Vo sin(a,) + Voo

In “Egs. (10)”, the symbol ¢ denotes the WSA, repre-
senting the angle that characterizes the skewness of the
wake airflow. This angle quantifies the misalignment be-
tween the direction of the wake and the flight path of the
drone. On the other hand, the high spinning of the propeller
induces a drag force, resulting in a swirling motion of the
flow. This effect introduces a swirl velocity into the flow,
which can be described as follows:

MPI’OP

—brob_ (11)
%pAiVir;ZJmp

Wswirl =

In “Eq. (11)", Mp.op represents the propeller torque, and

T'prop 1S the radius of the propeller. The swirl velocity has a

direct influence on the vertical component of the flap vanes’

velocity. Taking into account the previously mentioned V, in
both horizontal and vertical directions, it yields:

U, Ve Sin(ae)
Ve=1|v, | = 0 (12)
We V, cos(a)

In “Egs. (12)”, u, and w, represent the two components
of the total outlet velocity, corresponding to the x and z
axes, respectively. Introducing the flap vane velocity com-
ponents in all three dimensions as Vﬁ,, we arrive at the
following set of equations:

va = [Uﬁ, va va}T,

0 0 —17[cos(és) —sin(és) O
Vpp=1|-1 0 0 sin(6s) —cos(és) O
0 1 0 0 0 1
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I'Weywirl — We

Equation (13) introduces three crucial variables: ug, vg,
and Wy, signifying the chordwise, spanwise, and normal
constituents of the flap vane velocity. These variables derive
their values from the influence of the outlet airstream ex-
haust emanating from the duct. The parameter ép, equiva-
lent to the vane’s deflection angle or the widely
acknowledged azimuthal angle ¢, constitutes a pivotal as-
pect. This angle delineates the divergence between the
vertical axis and the projection of the COP of the vane upon
the horizontal plane. For an intricate depiction of the uti-
lized flap vanes, refer to “Fig. 6”. This illustrative diagram
aptly showcases the three principal rotations imperative for
generating roll, pitch, and yaw moments in the pursuit of
optimal functionality.

Furthermore, the downwash angle induced by the duct is
presented, which is usually negative due to the propeller
that creates an airflow that is directed downward. It is
also related to the lift force of the duct by the following
expression:

_ quct
Ya = >
mv,
(74, ] | Fauet/ (prr2((vi = v,)2 4+ v5))
Ta = A4 | TR 2((v. — v )2 4 y2
ly x/(pﬂ'r ((VI Vz) +Vy))
gy U, U,  Up,
va = va = Vpr Ver Vﬁ/y R
L Wrv Wi, Wh, Wp,
fy
5fv = ﬁﬁ/

—~—
-
—~
-

Incoming airflow at the duct inlet
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Schematic of a duct with two pairs of flap vanes rotating, illustrating generated forces and reaction force.

6 + arctan 2(—ug, — Vg, [y, vi — wg)
— Y4, — b5 + arctan 2(—vg, — ug, I, v;
—Wp,) — Yd,
o, + arctan 2(—vy, I, v; — Wy, )
(14)

In “Eq. (14)”, the downwash angle (v4) is calculated
based on the total duct thrust (as defined in “Eq. (8)”, the
mass airflow passing through the duct (refer to “Eq. (7)),
and the exit velocity. This equation unveils the significant
impact of the downwash angle on the final azimuthal angle
of the flap vanes. In practical scenarios, such as the “WILD
HOPPER” platform with a wide-diameter exhaust, the
downwash angle deviates from the ideal conditions con-
sidered during the design process. This deviation carries
implications, particularly for large-scale systems. Consid-
ering the three rotational angle axes for the vane azimuthal
angle, we have oy, (longitudinal direction), 3y, (lateral di-
rection), and ¢4 (vertical direction). To account for the en-
tire body’s angular velocity, induced velocity (v;) at the flap
vane neighborhood is factored in. Additionally, the distance
between the Center of Gravity (COG) of the MDF and the
Center of Pressure (COP) of the flap vane (or their aero-
dynamic center), represented as Iy, plays a crucial role in
these calculations. For a more detailed discussion on these
aspects, refer to [44]. The velocity of the flap vanes is
expressed in “Egs. (14)” as a 3 x 3 matrix, delineating each
element corresponding to pitch ({}4,), roll ({}4,), and yaw
({}s,) flap vanes.

As depicted in “Fig. 7”, the incoming airflow is directed
into a duct as the MDF moves along the longitudinal X-axis.
Positioned near the duct’s outlet, the two servo flaps exert
control on the exhaust airflow, prompting a reactive re-
sponse from the flap vanes to the exiting airflow. In this
dynamic, a pair of forces emerge Ls, and Dy, signifying the
creation of Lift and Drag forces for each set of vane pairs. An
important consideration is the azimuthal angle, ¢4, which is
restricted within the +£15° range to prevent interference
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with adjacent cross-linked vanes. This precaution safe-
guards against potential disruptions. Furthermore, “Fig. 7”
demonstrates two potential deflections of the single duct.
The deflection corresponding to longitudinal movement is
denoted as «, while the angle associated with lateral
movement is designated as (3. Moreover, the derived force
acting on the flap is central to defining the flap force
equation set, which can be expressed as follows:

Ly = Ly, i+ Ly j = L cos(ép )i + Ly sin(65)j,

Dg, = Dy i+ Dy j = —Dy, sin(é5, )i + Dy, cos(6))J,
Ty =Ly, i — Dy j =Ly sin(ég,) — Dgy cos(d5),

Fr, = Ly,i + Dy j = Lg, cos(8) + Dy, sin(éy).

(15)

Equation (15) presents the breakdown of the lift force
into distinct lateral and vertical components, denoted as Llfv
and L, , respectively. Similarly, the drag force is divided
into lateral and vertical components, represented by Dy,
and D,, for a flap vane. The aggregate thrust force produced
by the flap vane, denoted as Ty, results from combining the
vertical components of both lift and drag forces. In contrast,
the lateral force generated by the flap, marked as Fj, arises
from the summation of both lateral components of lift and
drag forces. This interesting observation reveals that the
lateral components of the decomposed lift and drag forces
act in parallel, enhancing the MDF’s forward momentum
with increased force.

4.2. Advanced attitude controller

Having thoroughly examined the dynamics and mathemat-
ical modeling of the MDF platform, this section, alongside
the subsequent one, succinctly encapsulates the essence of
the control algorithm put forth in previous publications.
The aim is to provide a comprehensive overview of the
equations presented in the publications while grasping the
underlying hypotheses. The overall control schematic for
both methods is depicted in “Fig. 8”, encompassing several
distinct packages as reference values presented x,, y,, z.,
and 1),; position controller, vertical controller, attitude
controller, Electric Control Unit (ECU), Servo Flap Dynamics
(SFD), EDF Motor Dynamics (EDF-MD), secondary attitude
dynamics, attitude dynamics, position dynamics, and dis-
turbances. In this paper, we delve into the intricacies of the
attitude controller, a crucial component responsible for
stabilizing the UAV during flight maneuvers, including
rotations and turns that induce transitional movements.
The control of these movements is achieved through dedi-
cated controller surfaces strategically positioned at the duct
exits. These surfaces modulate the exhaust air to generate
the requisite lift force, thereby influencing the UAV’s azi-
muthal angle. Furthermore, the vertical controller, while
constituting a segment of the position controller, operates
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Sensor Feedback

Secondary

Sensor Feedback
Disturbance Disturbance
(Dap) (Dpp)

Fig. 8. Diagram illustrating the overarching control scheme
implemented for precisely regulating the heavy hexa MDF system
known as the “WILD HOPPER.

independently of attitude angles. Termed the “vertical con-
troller,” it plays a pivotal role in regulating the UAV’s vertical
movements. This section holds particular significance,
representing a focal point in the authors’ prior works, where
it is expounded upon in greater detail in [8, 9].

Defining the state and input vectors, two approaches are
evident: one based on the state values as followed in pre-
vious research, and the other aligned with state values
utilized in studies concerning conventional DFs. In all sce-
narios, the input matrix remains consistent, as outlined
below:

X=[xxyyzz¢¢p00ypy,
Xae =[uvwpaqreoy,
U= [u, uy ug uy) ™.

(16)

In “Eq. (16)”, Xaix corresponds to an alternative state
matrix formulation as defined in other research works. In
this section, the second model is considered to align the
control framework with established DF standards in
[40-42, 45] to present an ASMC strategy against an array of
external disturbances, such as wind gusts, fluctuations in
payload weight, and uncertainties in dynamics, which
makes it particularly appealing. In the context of a state-
space representation involving an nth-order derivative of
the system’s state vector, the determination of the sliding
surface is expressed as

xM = Ax+ Bu+ 6(x) — x" = f(x) +u
d (n-1) d (n-1)
—>S:(dt+/\> (x—xd)—>5:<dt+)\> e.
(17)

In “Eq. (17)", the symbol §(x) denotes system uncertain-
ties and nonlinearities encapsulated within the disturbance
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function. It is assumed that ¢ remains within the bounds
6(x) < k, where k is a positive constant representing the
maximum anticipated disturbance magnitude. Additionally,
the symbol ) represents the sliding surface gain or slope
coefficient, determined based on the weighting of the
uncertainties. The introduction of the sliding variable S

serves to quantify the tracking error, e, that emerges be-
tween the desired trajectory X; and the actual trajectory X of
the system. The overarching objective is to drive the sliding
variable S towards zero, thereby aligning the actual state
values with the desired state. In this specific scenario where
n = 2 and it corresponds to a straightforward MDF system,
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Fig. 9. Simulation: Attitude controller performance during a cruise flight, controlled by a cascade PID and utilizing flap vanes.
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the formulation of the sliding surface is elaborated as
follows:

S=é+Xe=x—%;+ AMx—xg). (18)
Indeed, a significant challenge within the SMC method

lies in the careful definition of the sliding surface. However,
one can assert that the sliding surface ideally mirrors the
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system’s error. This error signifies the disparity that
necessitates a reduction to zero within the intended system.
S=x%—Xg+ \Nx—xg),

m>ueq:5‘:0—>ueq:X,j—)\é

(19)

In “Egs. (19)", the u.q stands for the equivalent control
input, which is a part of the total control input specifically
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designed to drive the system onto the sliding surface and
maintains sliding mode behavior. As seen, the control input
has appeared in the first derivative of the sliding variable.
Therefore, the relative degree of the system is equal to 1.
Moreover, the complete control input is defined, encompass-
ing both the equivalent control input, denoted as u.,, and the
uncertain term of the system. This can be expressed as follows:
U = Ugq — d X sign(s), (20)
In “Eq. (20)”, the term sign(s) embodies the switching or
uncertainty component within the control law. This term
accommodates system uncertainties, external disturbances,
or any unaccounted dynamics that could influence the
system'’s behavior. Its purpose is to enhance the robustness
of the control system when confronted with uncertain fac-
tors that might impact the system’s performance. To de-
termine the unknown parameter d, a Lyapunov candidate is
introduced. This candidate is not only Positive-Definite (PD)
itself but also has a Negative-Definite (ND) derivative, as
shown in what follows. To mitigate the chattering phe-
nomenon, which can cause undesirable high-frequency
oscillations, the tanhs function is employed instead of the
abrupt sign(s) function. Additionally, for improved and
swifter stability convergence, it is assumed that the deriv-
ative of the Lyapunov candidate is not only ND but also
significantly more negative than a predefined positive value,
w. This choice ensures stability within a finite timeframe.

updating : u = u.q — d x tanh(s),
V(x) =S%/2 — dV(x)/dt = ss,
necessitates that : V(x) < —u — s§ < —pls|
knowing that : s(x™) = Ax + Bu + 6(x))

= s(—db tanh(s) 4 6(x))
— —dbls| + |sé(x)| = —db|s| + |s||6(x)| =

[s|(—=db +[6(x)[) < —pls]

— —db+k<—p—d>(u+k)/b.

(21)

Hence, by adhering to the condition d > (u + k)/b, the
stability of the system can be effectively ensured. This
condition plays a pivotal role in bolstering the control
system’s ability to resiliently counter uncertainties and
disturbances, thereby facilitating the achievement of both
stability and precise tracking of the intended trajectory.
Thus, in the context of the control law, the reformulation of
the attitude controller concerning the azimuthal angle of the
flap vanes can be expressed as

Uron = I(8 5, — k1&,) — ky tanh(ksS),
Upiteh = 1,(8 5, — ka&g) — ky tanh(ksS),
Uyaw = I,(0 5, — ks&y) — k, tanh(k; S).

(22)

Table 1. Controller parameters fine-
tuned for practical flight scenarios.

Parameter Value
ky 1.236
k, 0.911
ks 1.568
b 0.88
d 4.01

Table 2. Specification of the final Duty Hopper prototype.
Component Parameter Value Dimension
Fuselage Mass 350 Kg

Height 163 cm
Width 311 cm
L 411.62 Kg.m?
1, 411.62 Kg.m?
I, 536.31 Kg.m?
Propeller Number 4 —
Blade Number 5 —
Blade Radii 67 cm
Blade Tip Chord 10 cm
Blade Tip Angle 7.5 deg
Nominal Rotor Rev. 1200 rpm
Thrust Factor 2.16e-2 N.m?
Propeller Duct Length 37 cm
Outer Diameter 151 cm
Inner Diameter 155 cm
Arc Radii at Tip 7 cm
Avg. Inlet air Velocity 135 m/s
Avg. Exit air Velocity 63.56 m/s
Flap Vane Number 8 —
Number per Prop 8 —
Height 27 cm
Length 53 cm
Avg. Width 8 cm
Max Azimuthal Angle +15 deg
Servo Flap Number 4 —
Avg. Speed 0.35 s/60°
Input Signal 200 Hz
Rated Torque 150 Kg.s

By using “Egs. (22)”, the constants k; with i € {1, 2,3}
will be determined through trial and error during the im-
plementation phase. Ultimately, as a result of applying the
control law, the attitude controller interfaces with the po-
sition controller.

5. Results

In previous works [8, 9, 30], simulation results of different
adaptive and robust approaches were presented, compared
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to a well-tuned PID controller and discussed that contrib-
uted to the enhancement of the dynamic model and con-
troller solutions. This paper exclusively presents simulation
results comparing the optimized SMC with a fine-tuned
cascade PID system, thereby presenting a series of real-
world results. These results focus on five of the most
successful missions performed by the redesigned and
fine-tuned Duty Hopper prototype. Previously, the initial
schematic of this prototype was explored in detail in [30].
Through successive iterations and improvements, this
model has recently reached Technology Readiness Level 7
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(TRL-7), signifying its readiness for practical deployment.
The specification of the final model is summarized in
“Table 2”. During the tests, the final configuration, which
includes the payload weighing 350 Kg, features each duct
equipped with a single primary propeller comprising five
blades (as discussed in aerodynamics enhancements in [9]).
Additionally, the flap vanes installed per duct are inter-
connected in pairs, as illustrated in “Fig. 6”. Each flap series
is actuated by a servo high-torque metal steering gear ca-
pable of applying moments of up to 400 kg.s. Consequently,
for the desired quad DF configuration, eight sets of flap
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Real Flight: Attitude controller performance during a hover flight, enhanced by TVC utilizing flap vanes to stabilize the system
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vanes and four sets of servo flaps are deemed optimal for
achieving peak performance.

5.1. Simulation results

Building upon previous research [9], the simulation process
is conducted within the dynamic space of Gazebo on Ubuntu
18.04. The flap vanes joints were modeled as cylindrical
bars connected to servo-simulated springs, incorporating
presumed bandwidth and amplitude gain margins. Further

details about the codified components models are available
in [8, 9]. In the subsequent analysis, two figures illustrate
the outcomes of two cruise flights conducted by the heavy
Wild Hopper model over approximately 40 minutes for
comparison. Figure 9 showcases the controller performance
of a finely tuned PID controller. The top part depicts the
altitude compared to the desired altitude, revealing a no-
ticeable but manageable error. On the right, the total thrust
of all propellers is presented, while the 3D plot illustrates
the drone’s trajectory throughout the flight. Zooming in on
the movements, a five-line polygon of waypoints was
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defined to observe attitude performance at turning points.
Over time, trajectory errors accumulate in the integrator,
especially at turning points. However, these errors dimin-
ished thanks to the cascade loop compensating for the de-
viated lines. Notably, some errors emerged during ascents
since the waypoints were not horizontally aligned. This
indicates that the PID controller struggled to stabilize ef-
fectively when altitude changes occurred simultaneously.
Nevertheless, it demonstrated merely acceptable results
during hover and cruise flights.
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The second simulation flight utilized the robust method
introduced in this paper. As depicted in “Fig. 10”, the overall
flight trajectory mirrors that of the PID controller. In this
simulation, a rectangular flight plan was initially executed.
However, halfway through the flight, the rectangle under-
went a 20-degree horizontal rotation to assess potential
controller parameter accumulation. Remarkably, the con-
troller effectively stabilized the flight, showcasing minimal
attitude errors in the roll, pitch, and yaw loops. In contrast
to the PID controller, this time the ascending phase was
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more intense, and unexpectedly, moments of instability
occurred during ascent that were beyond the controller’s
immediate control. However, the drone’s swift movements
effectively compensated for the instability, ensuring a safe
landing.

5.2. Real-world flight experiments

Crucially, the practical tests incorporated the utilization of
fine-tuned SMC parameters. These parameters were

meticulously adjusted to guarantee precise control and
steadfast stability in real-world flight scenarios, as defined
in “Egs. (22)” and detailed in “Table 1”.

Hence, the parameter values presented in “Table 1” align
with the AP employed during the flights, known as the
Micropilot with dual CPU capabilities. Prior to the flights,
rigorous examinations of the attitude controller applied to
the AP were performed under stationary conditions. To
facilitate the integration of these parameters into the AP’s
primary control loop, special Extender licenses were
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acquired, enabling the configuration of the firmware code
and parameter adjustments through the Horizon user inter-
face. Additionally, a simple plugin was developed within the
application to facilitate parameter modification and tuning.

All the presented results share a common timeframe,
with flight durations ranging from 11 to 27 min. These
experiments primarily assess the efficiency of the attitude
controller, with the position loop intentionally excluded
from consideration. To aid clarity and ease of interpreta-
tion, we also include the rates of the Euler angles in our
results, with a specific focus on the changes in roll, pitch,
and yaw servo flap positions, presented in an comprehen-
sive diagrams. Furthermore, it is important to note that the
random noise equation employed for all flights remains
consistent, as previously discussed in [9], and is consis-
tently applied in the context of this research.

The first result illustrated in “Fig. 11", pertains to a brief
hovering flight sequence. During this flight, we intentionally
introduced random noise into the yaw controller loop for
60 ms, occurring in both the second and fourth minutes of
the flight. The impact of this noise propagation is evident
between the sixth and eighth minutes. However, as our
diagrams vividly illustrate, the controller effectively man-
aged this uncertainty, demonstrating its capability to sta-
bilize the attitude even in the face of unexpected challenges.

The second flight, as shown in “Fig. 12" lasting approx-
imately 19 min, featured two instances of random nonlin-
earity application during an almost hover flight, coupled
with a few angle-turning trajectories. These nonlinearities
were introduced once in the roll loop and once in the pitch
loop. Notably, the overall system promptly re-established
regulation. However, in the yaw loop, some interference
became apparent due to accumulated errors introduced
during the extended duration of the flight. In this instance,
the adaptive parameters struggled to fine-tune the loop.
Importantly, it is worth noting that the interference, while
observable, remained within predefined limits as the yaw
angle remained saturated.

The third flight, illustrated in “Fig. 13", comprised a 22-
min cruise phase during which random noise was deliber-
ately introduced into both the roll and pitch control loops.
These uncertainties manifested as brief, 50-ms dis-
turbances, with one occurring in the roll loop during
the tenth minute and another in the pitch loop during the
fifteenth minute of the flight. The results of this flight
demonstrate the system’s impressive recovery and adapt-
ability, with adaptive parameters promptly adjusted before
and during the flight to restore stability. This flight was
extended to observe the assessment of accumulated errors
in the yaw control loop. As depicted in the figure, the yaw
rate effectively compensated for the nonlinearity, leading to
a rapid decrease in yaw loop disturbances, highlighting the
effectiveness of the system’s adaptive capabilities.
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The last flight, depicted in “Fig. 14", lasted for 27 min,
following a rectangular trajectory. During the flight, a high
noise was applied to the yaw loop precisely at the moment
when the aircraft was making a turn within the rectangular
path to evaluate the controller’s performance under chal-
lenging conditions. As evident from the plots, the noise
disturbance was applied at the 20th minute, leading to a
response from the system that involved the coordinated use
of both roll and pitch servo flaps. This cooperative action
was necessary to counteract the nonlinearity observed in
the system’s behavior. Remarkably, the system successfully
recovered within a minute, allowing the flight to continue
without further issues.

6. Conclusions and Future Work

This paper consolidates three previous research efforts by the
authors, introducing a novel controller state vector tailored for
Multi-Ducted Fan (MDF) systems. The primary objective is to
evaluate the effectiveness of an ARAC when applied to this
specific system, employing a Thrust Vector Control (TVC)
strategy through flap vanes and servo flaps at the duct’s ex-
haust to regulate MDF attitude behavior. Brief dynamic
equations are formulated to understand airflow dynamics,
duct interaction, and the aerodynamic forces and moments
involved in controller actuators. The controller’s key concepts
are outlined, and multiple flight tests assess its performance
amid random disturbances, encompassing hover flights with
roll, pitch, and yaw loop disturbances and cruise flights with
attitude loop and servo flap disturbances. Outcomes demon-
strate a satisfactory controller response in real flight scenarios,
with the potential for further enhancements in industrial
applications and varying temperature conditions. It is worth
mentioning that TVC’s adaptability and precise control make it
an invaluable asset for heavy UAVs in various industrial set-
tings to enhance maneuverability, improve stability, and the
capability to counteract disturbances encountered during
missions effectively. In future work, a focus will be placed on
the enhancement of flap vane efficiency, with particular at-
tention given to the optimization of their geometric profiles.
The aim is to reduce drag and eliminate the need for auxiliary
vanes, achieved through the integration of both lateral and
longitudinal vane components, enabling the generation of yaw
moments via diagonal vane rotation.
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B Industrial Projects

The section presents the main projects executed using the proposed approaches presented in
this thesis.

FASTER Project (First responder Advanced technologies for Safe and effi-
cient Emergency Response) - H2020 International Project (Grant Agreement ID:
833507): The thesis contributed to this project by providing a suitable firefighting
solution with a liquid heavy payload. Link: FASTER Project Details

WILDHOPPER - Long Autonomy Solution for Heavy Payloads (Grant Agreement
ID: 880642): The primary objective of the thesis was to offer a long autonomy solution
for heavy payloads. Link: WILDHOPPER Project Details

C Data Availability

This section provides the link to the data repository and video demonstrations of all the
algorithms and approaches presented in this thesis.
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Appendix . Annexes

Data 1
Data 2

D Technology Readiness Level (TRL)

This section provides a brief table of the general terms, definitions, and descriptions for TRLs
used in the engineering process of the doctoral project.
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Table 1: TRL definitions and descriptions.

TRL Definition Hardware Description Software Description Exit Criteria
Basic principles Scientific knowledge generated Scientific knowledge generated under- Peer.rev.leWEd
- S - ; publication of research
1 observed and underpinning hardware technology pinning basic properties of software .
- . . . underlying the proposed
reported. concepts/applications. architecture and mathematical formulation. T
concept/application.
Technology Invermo_n be.g'.ns’ pr gctlcal . Basic properties of algorithms, Documented description
application is identified but is . L
concept and/or ] " representations, and concepts defined. of the application/concept
2 B speculative, and no experimental . . I
application - S Basic principles coded. Experiments that addresses feasibility
proof or detailed analysis is . .
formulated. - . performed with synthetic data. and benefit.
available to support the conjecture.
Anal){tlcal and Analytical s.tudles place the o o Documented analytical or
experimental technology in an appropriate context ~ Development of limited functionality to .
n . . . . . - experimental results
3 critical function and lab-oratory demonstrations, validate critical properties and predictions o o
- . ) ] ) - validating predictions of
proof-of- modeling and simulation validate using non-integrated software components.
- . key parameters.
concept. analytical prediction.
A low f|de|{ty sy_stem/component Key, functionally critical, software Documented test
Component breadboard is built and operated to f .
X - . components are integrated, and functionally ~ performance
and/or demonstrate basic functionality and . Y L .
L X validated, to establish interoperability and demonstrating agreement
4 breadboard critical test environments, and . . . X
RS . . begin architecture development. Relevant with analytical
validation in a associated performance predictions - . s .
. . Environments de-fined and performance in predictions and definition
lab environment. are defined relative to the final . . X .
. R this environment predicted. of relevant environment.
operating environment.
A medium fidelity . End-to-end software elements implemented
system/component brass board is . . s
. and interfaced with existing
built and operated to demonstrate ) . . Documented test
R . systems/simulations conforming to the
Component overall performance in a simulated - performance
R . - - target environment. The end-to-end )
validation in a operational environment with . demonstrating agreement
5 L software system, tested in a relevant . .
relevant realistic support elements that . : ; with analytical
. . environment, meeting predicted . o
environment. demonstrates overall performance in ; : predictions and definition
" performance. Operational environment - -
critical areas. Performance . of scaling requirements.
o performance predicted. Prototype
predictions are made for subsequent ; .
implementations developed.
development phases.
System/subsyste A high fidelity system/component Prototype implementations of t.h e.software
demonstrated on full-scale realistic Documented test
m model or prototype that adequately addresses ! ] . -
et I - problems. Partially integrated with existing performance
prototype all critical scaling issues is built and . .
6 . . . hardware/software systems. Limited demonstrating agreement
demonstrated in operated in a relevant environment L . . .
R documentation is available, and with analytical
a relevant to demonstrate operations under . . IR -
h . - L engineering feasibility is fully predictions.
environment. critical environmental conditions.
demonstrated.
A high fidelity engineering unit that o 6 cofiare exists having all key
adequately addresses all critical . N ] N
System L o functionality available for demonstration Documented test
scaling issues is built and operated . R X
prototype . . and testing. Well integrated with performance
A in a relevant environment to . .
7 demonstration in . operational hardware/software systems demonstrating agreement
. demonstrate performance in the . . e ] .
an operational : . demonstrating operational feasibility. Most with analytical
. actual operational environment and s -
environment. . software bugs are removed. Limited predictions.
platform (ground, air-borne, or A .
documentation is available.
space).
All software has been thoroughly debugged
The actual . and fully integrated with all operational
. The final product in its final Y integ P
system is Lo hardware and software systems. All user
configuration is successfully . L . Documented test
completed and documentation, training documentation, e
8 Te demonstrated through test and X . performance verifying
qualified through . . - and maintenance documentation are . .
analysis for its intended operational T analytical predictions.
tests and . completed. All functionality is successfully
. environment and platform. L .
demonstrations. demonstrated in simulated operational
scenarios. V&V completed.
All software has been thoroughly debugged
The actual and fully integrated with all operational
system has been The final product is successfully hardware/sqftware systems. All Documented mission
9 proven through documentation has been completed.

successful
operations.

operated in an actual mission.

Sustaining software engineering support is
in place. The system has been successfully
operated in the operational environment.

operational results.
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