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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 2kg),
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
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Body Frame

Inertial Frame

Fig. 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 {} 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

Inertial 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

l Limited

rotation

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.

¢ 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.



Un. Sys. Downloaded from www.worldscientific.com
by 85.56.133.213 on 03/23/25. Re-use and distribution is strictly not permitted, except for Open Access articles.

8 M. S. A Isaac et al.

Identify and
Update
Control

Parameters

Determine
Objectives

Prototypes

FAN HOPPER,
DUTY HOPPER,
WILD HOPPER

Review and
Reevaluation

Development
Control Plan
Verification
and
Validation

Plan the Next

Development
Iteration Release

and Testing

Fig. 4. Methodology approach model followed in this paper, accord-
ing to the “SIM.ILAR” [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 = [uv ],
Wp = [p q r}Ta
I, 0 0
L=|0 1, 0],
0 0 1, )

Fb = Fgrav + Ffuse + Fprop + quct + Fedf + Ffva
M, = ngro + Mprop + Mayer + Megs + My,

. 1
Vp = —Wp X Vp +_(Fb+Fgrav)»
my

wp =1, (M, — wp x I X wp),

it is 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.p): 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 (Fg,.): 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=kyz’,
=160,
C dwwnc%@ggicwmww>wwmw
e s()s(6)s
2= Lsweo) R sw)s0)e() - clw)s0)
) c(0)s(0) c(0)c(0)
Ve =[xy 2" = Cepvp,
L S@K6)  c@)e(s)

a=10 <o) —s(¢) | wp,
0 s(¢)/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(), ¢(), and t() 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

Fy =Ry Fy BT,
M, =M, My M,]",
Fyp, = my(i+gs(0) +qw—rv),

Fp, = my(v—gc(0)c(¢) +ru—pw),
Fy, = Fy—my(w—gc(f)c(¢)+ pv — qu),
My = ILp+ (I, —1,)qr — l,wyq,
My, =1+ (I, = L)rp+ l,wyp,
My, =L+ (I, —L)pq +I,&, - Q, (3)
—wp = [pqgr”
(I, — L)qr + Lwy,q + My ) /1,
= | ((L—IJrp—Lwp+My)/l, |,

(L = L)pq — Lw, + My, + Q) /1,

— vy = [uvw]”

Fy /my, —gs(0) +rv —qw
= Fby/mb +gC(9)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 @ 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, «, V, and A4, 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:

T
aizao+ki(5—ao),
T
Qe = Oéo"‘ke(E—Oéo), (4‘)
Qoo = O + Ky ( ag)

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,

Vo, Ao * J== Vi, A

Servo -
Flap -
— e
-
— Veos o B | I{?iina Visin g
e T TS s
_________ Ve #
- e
~~~e
~
S
Ve, Ae VAo

Fig. 5. 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 = Vycos(ay)i — Vg sin(ay)j,

V; = Vycos(a;)i — (Vg sin(ey) + v;)j,

Ve = VO cos(ae)i - (VO Sin(ae) + Ve)ja

Voo = Vo cos(as )i — (Vg sin(ase) + Voo )j,

(5)

Using “Eqgs. (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:

quct, = Dyi + Tj,

6
T:Fprop + Fauct :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 = pAiVi7

(7)

(
—— T = m(sin(ay,) — sin(o))Vy + Voo,
D,,, = m(cos(ag) — cos(a,)) Vo,

Simplifying

|

D,,, = m(cos(ay) — cos(ay,)) V.

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, = o, and V, = V. Fi-
nally, the whole force generated by the duct system is
determined as follows:

1 ) .
Fauer, = 2p4; <1—|—7k (Vo sin(e;) +v;) — Vg sm(ao)))

aug

\/Vg + 2V, sin(q;) + vZ. (8)

The total force denoted as Fyy, 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
Fgay = | mgcosfsing |,
mg cos 6 cos 6
CDX ub‘ub|Aside
Fryse = —O-SP CDy Vblvb |Aside )
CDZ Wblwb |At0p7
Cp,, Sin ay; sin Oy
Forop = 0.5pApQ% | —Cp,, sinayy sinfy |,

Cy,, €OS aup COS By 9)
A uoluy
quct =D, + Kaungrop = O-SPCde AeV0|V0| )
AiKaug Vl| Vl|
—-q
ngro =Nw| D |,
0
quctyr
Mduct = quctxr
quctz Id

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, A4
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 a4, which in hover flight conditions,
both 6, and «ay, 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 €, are the drag
and lift coefficients of the propeller blades. The parameter Cj,
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, I, 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
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Flexible
Joint

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
/i, and two longitudinal flap vanes, labeled as fvj,,. 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)”,
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. 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 «;, «,, and o, as depicted
in “Fig. 5”. This entails:

! VO Sin(a,-) + Vi ’
V
€, = arctan <(.]C05(a9)>, (10)
Vo sin(a,) + v,

I3 :arctan< Vo cos() )

Vo sin(a,) + Ve

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:

M

prop (1 1)

Wswirl = 1 A1 .2 -
2 pAi Virprop

In “Eq. (11)", Mpop represents the propeller torque, and
I'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 = Ve = O . (12)
We V, cos(c,)

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 Vg, we arrive at the
following set of equations:

VfV = [Llﬁ/ va va]T,

0 0 —17[cos(és) —sin(és) O
Vpy=1-1 0 0 sin(6g) —cos(és) O
0 1 0 0 0 1
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Fig. 7. Schematic of a duct with two pairs of flap vanes rotating, illustrating generated forces and reaction force.

u, cos(d5,) 0
X lugsin(és) |+ 0,
-w, FWayirl
u, sin(6g,)
— Vpy = | —u, cos(6p) (13)

IFWswirl — 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 65, 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 = —
my,
Ny = _7dxj| . quct/(pﬂrz((vi - Vz)z + V)%))
g = -
L Vd, F/(prr?((vi — v,)% +v}))
ugs Ug,  Up, Up,
Vie=|Va | = | V%, Y& VYA |»
L Wh Wh, Wk, W,
Qfy
(sfv = ﬂﬁ/

&

b, + arctan 2(—ugp, — Vi, Iy, vi — Wp, )
—Ya, — O +arctan 2(—vg, — ug, Iy, v;
W) g,
b + arctan 2(—vyg, Iy, vi — wp,)
(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), (35, (lateral di-
rection), and ¢5 (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 I, 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 ({},), roll ({}5,), 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 Ly, and Dy, signifying the
creation of Lift and Drag forces for each set of vane pairs. An
important consideration is the azimuthal angle, 6ﬁ,, 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 . 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+ L, j = Lg cos(65, )i + Ly, sin(65)j,

Dy, = Dy, i+ D, j = —Dp sin(ép )i + Dy, cos(8s) ),
Ty =Ly, i— Dy j=Lg sin(6s,) — Dgy cos(6p),

Fr, = Ly, i+ Dy j = Lgy cos(ép) + Dyy sin(y).

(15)

Equation (15) presents the breakdown of the lift force
into distinct lateral and vertical components, denoted as Llfv
and Ly, 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 Tf,, 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.

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 t,; 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

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=[xxyyzzpp 00y,
Xae =[uvwpqrooy, (16)
U = [u, uy up uy)”.

In “Eq. (16)", X, 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 (=1 d (n—1)
(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 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 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=e+de=%—x3+Ax—xy). (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=%—Xg+Ax—%g),

T 5= 0 = g = Xy — N

(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.q, 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 — s5 < —puls|

knowing that : s(x" = Ax + Bu + §(x)) (21)
= s(—dbtanh(s) + 6(x))

— —dbls| + |s6(x)| = —dbls| + |s||6(x)| =

Is|(—db + |6(x)]) < —ps]
— —db+k<—pu—d>(u+k)/b.

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 = (05, — k1&4) — ky tanh(k3S),

Upiten = Iy (0, — ko) — ki tanh(ksS),  (22)
Uyaw = 1,(8 5, — k3&,) — k tanh(k;S).

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

Parameter Value
kq 1.236
ko 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
Lix 411.62 Kg.m?
1, 411.62 Kg.m?
1, 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 Kgs

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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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

Controller Data

Roll Roll Rate
20
~ 57 ! I & @ p
I ], : a % 0 L ———Pa| |
< sl I ! ——=¢ 2 ——=p
<53 = -20F I 1
-]0 L 1 1 1 = 1 1 1 1
0 5 10 15 20 25 0 5 10 15 20 25
Time (min) Time (min)
Roll Servo Flaps
100 T T T T
_ I Roll Servo Position
S
2 0 =
=%}
%]
-100= | | | | .
0 5 10 15 20 25
: Time (min) .
Pitch Pitch Rate
—~ > 20
g 8 |
2 g 0
® ! S 20t
-10 : . \ \ |
5 10 15 20 25 0 5
Time (min) Time (min)
Pitch Servo Flaps
100 | | : |
= I Pitch Servo Position
S 50 -
%
o
& 0 _
w
_50 I I I I
0 5 10 15 20 25
Time (min)
¥ @
d 20
3 2 J
=
| S50k . ! . . E|
0 5 10 15 20 25 0 5 10 15 20 25
Time (min) Time (min)
Yaw Servo Flaps
100 | |
_ I Yaw Servo Position
=
2 0 T .
= !
%]
-100 ' I | I
5 10 15 20 25
Time (min)

Fig. 13. Real Flight: Attitude controller performance during a cruise flight with a rectangular trajectory, enhanced by TVC utilizing flap
vanes to stabilize the system against uncertainty applied on the roll and pitch loops.



Un. Sys. Downloaded from www.worldscientific.com
by 85.56.133.213 on 03/23/25. Re-use and distribution is strictly not permitted, except for Open Access articles.

20 M. S. A. Isaac et al.

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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