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Abstract
This thesis focuses on a novel aerial robot system composed of an unmanned aerial
vehicle (UAV) and one or more robotic arms, which is employed for aerial ma-
nipulation tasks. In particular, this research tries to transform UAVs from a
predominantly data gathering platform into a flying robot, frequently called as
unmanned aerial manipulators (UAMs), that can physically interact with the ob-
ject or surrounding environment. This is challenging due to the existing design
limitations imposed by the attachment of robotic arms to floating platforms. Fur-
thermore, adding on to the cross-coupled dynamics of the UAV platform and arms,
the presence of strong nonlinearities, external disturbances (e.g., wind), and pa-
rameter variations further complicates the deployment of UAMs in day-to-day life.
Moreover, having such redundant aerial robots, especially when employing two ma-
nipulators, imposes additional challenges to successfully perform UAM missions.
Motivated by these challenges, the main contributions of this thesis are threefold.

Firstly, we propose a novel design of the dual-arm manipulator specifically devel-
oped for UAM missions. The dual-arm system is designed such that it can be
attached to different multirotors with minimum design modifications. In addition,
the proposed dual-arm design employs prismatic joints to introduce three distinc-
tive features: 1) ability of each arm to dynamically adjust its COG for better flight
performance; 2) extended workspace and reach of the arms for enhancing opera-
tional capability and improving safety during UAM missions; 3) fully independent
control of each arm for performing different tasks simultaneously.

Secondly, we present a learning-based intelligent control approach, the fusion of
artificial neural networks and type-2 fuzzy logic controllers, namely type-2 fuzzy
neural networks, for the control of UAMs under time-varying working conditions.
The proposed control strategy eliminates the need for precise tuning of conventional
controllers, and it can compensate for the internal and external disturbances caused
by the motion of the arms and unforeseen environmental changes, opening the door
for the widespread use of UAMs in daily life.

xv



xvi

Thirdly, we propose two different trajectory generation with redundancy resolu-
tion strategies for UAMs. The first strategy is based on a weighted damped least-
squares method, while the second approach employs a nonlinear model predictive
control-based technique. The proposed approaches are capable to exploit the sys-
tem redundancy by modifying the UAM configuration and simultaneously generate
the feasible trajectories during the execution of the assigned tasks while enforcing
the system constraints.

The contributions mentioned above are evaluated throughout extensive simulation
studies and experimental flight tests with real UAM platforms. Overall, these
contributions aim for extending the autonomous functionalities and operational
capabilities of UAMs in the transportation and assembly type of scenarios, with the
ambition to assist lessening the current gaps that hinder the widespread deployment
of aerial robotic workers in real-world applications.
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ṙLi , ωLi linear and angular velocity of the link i in CW
ωbb angular velocity of UAV in body frame
Q mapping matrix that relates Φ̇b with ωbb
Rb
Li

rotation matrix between the link i and Cb
τ ∗ joint torque vector



List of Acronyms

ABS Acrylonitrile Butadiene Styrene
ACADO Automatic Control and Dynamic Optimization
ANN Artificial Neural Network
COG Center Of Gravity
DH Denavit-Hartenberg
DOF Degree Of Freedom
FEL Feedback-error-learning
FEM Finite Element Method
FLC Fuzzy Logic Control
FNN Fuzzy Neural Network
GA Genetic Algorithms
GD Gradient Descent
GPS Global Positioning System
IMU Inertial Measurement Unit
JLA Joint Limit Avoidance
LF Linear Function
MF Membership Function
MPC Model Predictive Control
MRAC Model Reference Adaptive Control
MVEE Minimum Volume Enclosing Ellipsoid
NMPC Nonlinear MPC
NSB Null-Space-based Behavioral
OA Obstacle Avoidance
PD Proportional-Derivative
PETG Polyethylene Terephthalate Glycol
PID Proportional-Integral-Derivative
PLA Polylactic Acid

xxix



xxx LIST OF ACRONYMS

RMSE Root Mean-Square Error
ROS Robot Operating System
RRT Rapidly exploring Random Tree
SITL Software-In-The-Loop
SMC Sliding Mode Control
T1FNN Type-1 FNN
T2FNN Type-2 FNN
TSK Takagi-Sugeno-Kang
UAM Unmanned Aerial Manipulator
UAV Unmanned Aerial Vehicle
UWB Ultra-WideBand
VTOL Vertical Take-Off and Landing



Chapter 1

Introduction

1.1 Motivation and Objectives

In recent years, many exciting developments in the area of unmanned aerial vehicles
(UAVs) have appeared, resulting in the widespread usage of UAVs in day-to-day
life. They have been utilized in performing a wide variety of tasks in both military
and civilian applications such as search and rescue [1], surveillance [2], and damage
evaluation after natural disasters [3] as shown in Fig. 1.1. In particular, vertical
take-off and landing (VTOL) UAVs have been the main interest of active research
among the class of versatile aerial robots due to their remarkable maneuverability,
relatively low cost and small size as well as their ability to hover and work in
cluttered environments. However, previous research on UAVs has typically been
focused on the applications where UAVs act as flying cameras without any direct
physical interaction or manipulation with the surrounding environment. This trend
has recently changed after advancement in electronics and materials, which made
VTOL UAVs the promising candidate to perform aerial manipulation tasks leading
to the paradigm shift from flying camera to flying hand concept [4, 5]. Unlike
ground vehicles, aerial vehicles equipped with dexterous robotic arm(s) can clearly
expand the applicability of mobile manipulation to the three-dimensional space and
open the door to new applications such as construction or assembly [6], inspection
and maintenance of bridges [7], industrial plants [8] and the regions out of the reach
for the ground-based systems [9–11] as shown in Fig. 1.2. In this work, such aerial
manipulations systems are referred to as unmanned aerial manipulators (UAMs).

1
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(a) Search and rescue [12] (b) Surveillance [13] (c) Damage evaluation [14]

Figure 1.1: Examples of UAV applications.

The successful implementation of the above missions is usually affected by the
dexterity of arms integrated into UAV platforms. Thus, many research groups have
worked on the development of manipulators ranging from a single degree of freedom
(DOF) gripper [15] to multi-DOFs robotic arm [16–20]. The aforementioned works
mostly concentrate on the development of aerial robots with a single manipulator.
However, integrating a dual-arm manipulator with aerial vehicles further extends
the capability and range of tasks of the aerial manipulation systems compared
to the single-arm case. Specifically, the dual-arm manipulator allows performing
certain tasks such as simultaneous manipulation with two objects, grasping bulky
items and some actions that cannot be done with a single-arm, such as opening
a vane in an offshore oil industrial plant. Nevertheless, only a few works have
considered the design and development of the dual-arm manipulators specifically
designed for aerial manipulation missions with UAV platforms [21–23]. Therefore,
currently, the development of the dual-arm aerial manipulators is quite an active
research area with several unresolved issues. In particular, in the existing designs
of the dual-arm aerial manipulators, the shoulder joints of two arms are fixed and
coupled to each other. This considerably decreases the dexterity and the range
of tasks done by the dual-arm aerial manipulators. In fact, if the shoulders of
the dual-arm manipulator are separated from each other, then fully independent
control of each arm can be achieved to perform different tasks simultaneously. In
addition, in the current designs, the dual-arm manipulator does not have the ability
to dynamically align its center of gravity (COG). It is known that such ability can
lead to better flight performance during the transportation and assembly type of
scenarios [24]. Therefore, the first objective of this thesis is the development of a
novel dual-arm manipulator specifically designed for aerial manipulation missions,
which addresses the aforementioned abilities.
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(a) Wind turbine maintenance [11] (b) Power plant inspection [11]

Figure 1.2: Examples of UAM applications.

The control of aerial robots performing the complex interaction and manipulation
tasks with the environment is also quite challenging because UAVs themselves are
inherently unstable, and their dynamics are highly nonlinear and underactuated
[25]. Thus, the ability of UAVs to directly manipulate or interact with the ex-
ternal environment further increases the complexity of the controller design. In
addition, the coupled dynamics of the UAV platform and the interaction tool, es-
pecially when employing the robotic arm(s), is another essential factor that should
be carefully considered during the design of the controller. Furthermore, such aerial
vehicles need to tolerate the reaction forces from the interaction with the objects
or surrounding environment. Moreover, the case of having unforeseen working
conditions (e.g., external disturbances like wind gusts), lack of modeling (i.e., in-
ternal uncertainties), and the parameter variations caused by adding/releasing the
payload impose additional difficulties in the design of overall control architecture.
Therefore, it is crucial to design efficient, robust and advanced control methods
that can address these issues and improve the control performance and stability
during the flight.

In this regard, the existing control approaches can be categorized into three major
groups: (1) linear flight control methods, (2) model-based nonlinear approaches,
and (3) model-free or intelligent control techniques [26]. Although the first two
control approaches can provide a decent balance between control performance, im-
plementation cost and operational complexities, linear control methods are usually
restricted by operating regions where non-linearity is negligible, while in the case of
model-based approaches, the precision of the representative mathematical models
is important. Moreover, they can be quite sensitive to external disturbances and
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modeling errors. Therefore, the performance of these methods tends to deteriorate
when they are operating under uncertain working conditions. On the other hand,
model-free methods have caught proper attention from the research community
since they do not require a precise model of the system to be controlled. They
have also yielded promising results to deal with uncertainties in the system [27].
Furthermore, they have become popular solutions to control the systems with non-
trivial dynamics [28], which is the case for UAVs equipped with the robotic arm(s).
In addition, over the last few years, intelligent control techniques endowed with
learning capabilities have been developed to further improve the control perfor-
mance [29]. Hence, the need for the learning-based intelligent control approaches to
achieve the robust and stable control of UAM under uncertain working conditions
is perceptible. Therefore, the second objective of this thesis is the development
of the learning-based intelligent control strategy for UAMs that can compensate
for both internal and external disturbances generated during time-varying working
conditions.

Due to the structure of UAMs, they can provide a remarkable level of dexterity
on performing complex tasks thanks to their high number of DOFs. Having such
redundant aerial robots, especially when employing dual-arm aerial manipulators,
imposes additional challenges to successfully perform UAM missions. In particular,
exploiting the entire system redundancy and simultaneously generating the feasible
trajectories for the UAV platform and robotic arm(s) are essential in performing
aerial manipulation tasks and achieving dexterous behavior. In the literature,
there are several proposed methods (e.g., [30]), which have addressed this issue.
Nevertheless, this topic is still an active research area with a promising future.
Therefore, the third objective of this thesis is the development of the trajectory
generation with redundancy resolution strategy that can successfully guide UAMs
by taking advantage of their redundancy.

1.2 Contributions of the Thesis

This thesis focuses on resolving the aforementioned challenges and achieving the
objectives given in Section 1.1. The following contributions are realized and re-
flected in this work:
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• The development of the novel dual-arm manipulator for UAMs.

The design, fabrication, and experimental validation of a lightweight, low
inertia dual-arm manipulator are proposed with the following distinctive fea-
tures: (1) ability of each arm to dynamically adjust its COG for better flight
performance; (2) extended workspace and reach of the arms for enhancing
operational capability and improving safety during aerial manipulation mis-
sions; (3) fully independent control of each arm for performing different tasks
simultaneously. The proposed design considerably improves the flight perfor-
mance and operational capabilities of UAM.

• The development of the learning-based intelligent control strategy

for UAMs. The artificial intelligence-based control approach, the fusion of
artificial neural networks and type-2 fuzzy logic controllers, namely type-2
fuzzy neural networks, is developed for the control of UAMs under time-
varying working conditions. The proposed strategy eliminates the need for
precise tuning of conventional controllers, and it is capable to compensate
the disturbances caused by the robotic arm motion and wind gust, and thus,
opening the door for the wider implementation of aerial manipulation tasks
in daily life. Due to the adaptive learning capabilities of type-2 fuzzy neural
networks, the developed control approach can be employed by both single
and dual-arm aerial manipulators.

• The development of two trajectory generation with redundancy

resolution strategies for UAMs. Two different trajectory generation with
redundancy resolution strategies are proposed for UAMs. The first strategy
is based on the weighted damped least-squares method, and its performance
is evaluated with the single-arm aerial manipulator. The second approach
employs the nonlinear model predictive control-based technique, and it is
tested with the dual-arm aerial manipulator. The proposed methods are
capable of modifying the UAM configuration to perform the assigned tasks
by exploiting the system redundancy and satisfying several constraints such
as self-collision and obstacle avoidance.

• The real-time implementations of the proposed contributions. The
extensive simulation studies and experimental flight tests are performed to
validate the proposed approaches.
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1.3 Thesis Outline

This thesis is composed of six chapters, and it is structured according to the objec-
tives defined in Section 1.1. The motivation of the research, the thesis objectives,
and the main contributions are described in Chapter 1. The remainder of this
thesis is organized as follows:

• Chapter 2 consists of a comprehensive literature review on the current state-
of-the-art in aerial manipulation. First, it starts with describing four ma-
jor research developments in aerial manipulation, namely contact inspection,
slung load transportation, aerial single-DOF grippers and multi-DOF ma-
nipulators. Second, by categorizing the current control methods into conven-
tional, contemporary and intelligent ones, a rigorous review of the control
approaches is presented. Then, a general overview of guidance approaches
for UAMs is provided. Finally, a brief overview of state estimation for UAMs
is discussed.

• Chapter 3 describes the design, fabrication, and experimental validation of
the proposed novel dual-arm manipulator. This chapter discusses specific de-
sign consideration and requirements which are important to address during
the design of UAMs. After that, the detailed explanation and advantages of
the proposed design of the dual-arm manipulator are presented. The devel-
oped single-arm manipulator is also briefly described since it will be employed
in the next chapters. Finally, extensive experimental studies are conducted
to validate the performance of the proposed dual-arm design with a hexarotor
platform equipped with a standard autopilot.

• Chapter 4 presents the adaptive fuzzy-neuro control approach for the control
of UAMs. First, the structure of type-2 fuzzy neural networks and slid-
ing mode control theory-based learning algorithm are thoroughly discussed.
Then, extensive simulations and experimental flight tests are performed to
evaluate and verify the performance of the proposed controller under time-
varying working conditions. Finally, the performance comparison of the de-
veloped controller with the conventional controllers and with its type-1 coun-
terpart is presented to further validate the proposed approach.
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• Chapter 5 discusses two different trajectory generation with redundancy res-
olution strategies specially developed for UAMs. This chapter provides a
description of the UAM states for the trajectory generation strategies. As
the first strategy, the multi-task velocity-based redundancy resolution frame-
work is described. It is then followed by simulation studies that evaluate and
verify the performance of this framework with the single-arm aerial manipu-
lator. As the second strategy, the nonlinear model predictive control-based
technique is presented, and it is tested with the dual-arm aerial manipulator
both in simulations and in real flights.

• Chapter 6 concludes the thesis by summarizing and discussing the main con-
tributions, the remaining challenges, and future research directions arising
from this work.

In addition, the derivation of the UAM model is reported in Appendix A.





Chapter 2

Literature Review

This chapter is organized as follows. In Section 2.1, the literature review and
current development in aerial manipulation are presented. By categorizing the
current control methods into conventional, contemporary and intelligent ones, a
comprehensive review of the control approaches is given in Section 2.2. A general
overview of guidance approaches for UAMs is presented in Section 2.3. It should be
noted that discussions and research gaps are provided at the end of each mentioned
section. Finally, a brief overview of state estimation for UAMs is discussed in
Section 2.4.

2.1 Overview of the Current Development in Aerial

Manipulation

Over the past decades, mobile manipulation of the robotic systems has become
highly active field of research and had tremendous significance for the development
of military and civilian applications due to their capability to physically interact
with the surrounding environment. Historically, the focus of mobile manipulation
was concentrated on developing ground vehicles due to the essential stability of
ground platforms during the manipulation tasks. However, the ground vehicles are
limited to move in particular terrains and environments as well as they are con-
strained to interact with objects located in sites accessible only from the ground. In

9
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this regard, aerial vehicles are considered as a potential approach to overcome these
limitations by accessing the sites that are inaccessible to ground-based systems.

There are two broad classifications of aerial vehicles, namely rotary-wing and fixed-
wing UAVs. The former one has the crucial features such as VTOL capability,
remarkable maneuverability, low cost, and small size, which allow the rotary-wing
UAVs to be used in various civilian applications. However, previous research on
rotary-wing UAVs has typically been concentrated on surveillance and monitoring
applications where UAVs act as flying camera without any direct physical inter-
action with the surrounding environment. This trend has changed after advances
in electronics and materials, which made the rotary-wing UAVs a candidate to
perform aerial manipulation in hard-to-reach and dangerous regions. In particu-
lar, recent EU funded projects such as AIRobot [31], ARCAS [9], AEROBI [32],
AEROWORKS [11] and AEROARMS [10] are examples of the fast-growing re-
search areas in aerial manipulation, which have the goal to develop aerial robots
with enhanced manipulation abilities for autonomous inspection and maintenance
operations. In general, the current state-of-the-art in aerial manipulation has fo-
cused mostly on the following areas:

• Contact inspection;

• Slung load transportation;

• Aerial single-DOF grippers;

• Aerial multi-DOF manipulators.

2.1.1 Contact Inspection

In the literature, there are different forms of aerial manipulation. One of the ap-
proaches is the inspection by contact. In recent years, several research groups have
investigated the usage of UAVs in contact inspections (see Fig. 2.1). The main is-
sue during contact inspection of UAVs is achieving a stable motion while remaining
in contact with the environment. In order to address this issue, the wrench (i.e.,
force/torque) control is introduced in [33]. In this approach, a proposed hybrid
pose/wrench framework can switch between pure pose and pose/wrench control,
although the switching is done by a human operator. Besides, to avoid utilizing
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(a) Quadrotor executing pose/wrench
control [33]

(b) Ducted fan inspecting a structure by
contact (the AIRobot prototype) [34]

(c) Quadrotor equipped with a mecha-
nism based on the delta structure and
Cardan gimbal [38]

(d) Multi-directional thrust octorotor
with the inspection tool [10]

Figure 2.1: Examples of contact inspection with aerial robots.

additional force and torque sensors, the wrench estimator is implemented by us-
ing pose measurements and inputs of UAV. In [34], a state feedback based hybrid
force/position control concept is proposed to accomplish a wall inspection task by
employing a ducted fan system, while in [35, 36], a typical quadrotor is utilized to
achieve the physical interaction with non-planar surfaces by using prediction control
paradigm. Another approach in contact inspection is presented in [37, 38], where
the authors equip the UAV platform with a mechanism based on the delta structure
and Cardan gimbal as shown in Fig. 2.1c, while in [10], the multi-directional thrust
octorotor with the inspection tool (see Fig. 2.1d) is developed for the contact-based
inspections. However, in general, the aforementioned works are limited to use only
in contact inspection without performing complex interaction tasks such as actual
grasping, assembling objects, and removing obstacles. Furthermore, in order to
achieve stable motion during contact inspection, UAVs are constrained to perform
non-agile movements which may limit the usage of aerial robots.
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(a) Illustration of a quadrotor carrying a
payload via a cable [39]

(b) Quadrotor with suspended load per-
forming a swing-free trajectory tracking [41]

Figure 2.2: Examples of the slung load transportation.

2.1.2 Slung Load Transportation

In order to maintain the agility of UAVs during the transportation of external
objects, another approach in aerial manipulation is to transport the object by
suspending it via a cable (see Fig. 2.2). Considerable research is conducted to
improve the performance of cable-suspended load transportation. For example, the
problem of lifting the object with unknown mass, which is suspended through the
cable, is investigated in [39], while in [40], its experimental validation is presented.
In [41] and [42], the trajectory optimization techniques are employed to suppress
the movement of the suspended load, while in [43] and [44], the swing excitation is
reduced by utilizing adaptive controllers. In addition, the problem of collaborative
manipulation and transportation of the object through cables is studied in [45–
48]. Nevertheless, aerial manipulation via cable suspension is still inefficient and
limited, in the sense that the direct regulation of the motion of the suspended load
cannot be usually achieved due to the nature of cable which cannot fully drive the
motion of the payload as desired.

2.1.3 Aerial Single-DOF Grippers

Another approach is inspired from aerial hunting by birds of prey, where a gripper
is installed at the bottom of the UAV platform to grasp and hold the object [15, 49–
51] as shown in Fig. 2.3. Especially in [51], the problem of high-speed grasping and
transportation of objects is investigated to imitate the aerial hunting by raptors.
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(a) Yale Aerial Manipulator grasping a 1.5
kg object in hover [52]

(b) Four quadrotors lifting a payload with a
non-trivial shape [53]

Figure 2.3: Examples of UAV(s) carrying a payload via a gripper.

The analysis of hover control, load stability, and grasping by utilizing single DOF
gripper, which is fixed to a helicopter UAV, is described in [15]. In that paper, the
relationship between the stability of UAV, added weight of the payload and the
amount of offset from the COG of UAV is determined. This relationship shows that
the available offset region decreases for the payloads with the large mass. In addi-
tion, the authors show that for certain offsets and weights the perturbation from
grasped payload can be coped with the classical proportional-integral-derivative
(PID) flight controller [52]. In [50], the stability of quadrotor UAV in the presence
of load with unknown mass is studied. In particular, the algorithm is developed to
improve trajectory tracking performance by estimating unknown payload parame-
ters such as inertia and mass of the payload as well as the location of its center of
mass. In addition, a group of quadcopter UAVs with a similar gripper is used for
collaboratively picking up a relatively large load in [53]. Furthermore, the exper-
imental results of a team of quadrotors accomplishing automated construction of
cubic type structures are presented in [54]. On the other side, there exists a consid-
erable limitation. Specifically, the available grasping range is usually constrained
due to the fixed configuration of the gripper related to the UAV blades and body.
Therefore, dexterous manipulation and complex interaction with the environment
are challenging to achieve by using this approach.

2.1.4 Aerial Multi-DOF Manipulators

The above limitation can be surmounted by introducing a multi-DOF robotic arm
or manipulator which can dynamically interact with the environment as a result
of actuated joints. In this way, the efficiency of mobile manipulation is increased
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Figure 2.4: Examples of UAMs: coaxial quadrotors equipped with commer-
cially available 7-DOF manipulator [56] (right) and specifically designed 6-DOF
robotic arm [24] (left).

by integrating the flexibility of the robotic manipulator and the maneuverability
of UAVs. In addition, the presence of multiple joints can compensate for the
positioning error and oscillations that usually occur during hovering of the UAV
platform, which, in its turn, can keep the end-effector on the target point. For
instance, the test platform consisting of two 4-DOF robotic manipulators and 6-
DOF gantry crane simulating the motion of UAV is presented in [55]. In general,
two main approaches in the development of multi-DOF aerial manipulators can
be found in the literature, namely utilizing commercially available manipulators
[56–58] and designing robotic arms explicitly developed for aerial vehicles [16–20].
Many research groups have worked on the development of the latter approach to
satisfy different design requirements imposed by aerial manipulation applications.
For instance, the mechanical design of the 6-DOF robotic arm is described in [16],
which includes a mechanism to compensate for the COG displacement by moving
the battery [24]. However, since the motors are directly integrated into the arm
joints, the variation of the inertia terms during the arm motion can negatively affect
the UAV stability. In order to decrease this variation, in [17] and [18], the authors
propose the arm design where its actuators are placed near the UAV platform by
employing a timing belt-based transmission mechanism. Nevertheless, in [17] and
[18], the COG compensation mechanism is not considered. Therefore, when there
is a grasped object, the COG displacement caused by the arm motion can adversely
affect the UAV stability. In addition to serial manipulators, the 6-DOF and 3-DOF
parallel manipulators are developed in [19] and [20], respectively. However, parallel
manipulators have usually a smaller workspace volume [59], which can limit the
application range of the aerial manipulation systems. Figure 2.4 shows examples of
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(a) Prototype of the commercial dual-arm
setup (Prodrone PD6B-AW-ARM) [21]

(b) Research prototype of the dual-arm sys-
tem incorporated in the DJI Matrice 600 [22]

Figure 2.5: Examples of dual-arm setups for aerial manipulation.

UAMs where coaxial quadrotors are equipped with commercially available 7-DOF
manipulator [56] and specifically designed 6-DOF robotic arm [24].

The aforementioned works mostly concentrate on the development of aerial robots
with a single manipulator. However, integrating the dual-arm manipulator with
aerial vehicles further extends the capability and range of tasks of the aerial ma-
nipulation systems compared to the single-arm case. Specifically, the dual-arm
manipulator allows to perform certain tasks such as simultaneous manipulation
with two objects, grasping bulky items and also some actions that cannot be done
with a single-arm, such as opening a vane in an offshore oil industrial plant. There
are several successful applications of dual-arm for aerial manipulation [21–23, 60].
Particularly in [60], the dual-arm aerial manipulator is used for the valve-turning
task during the flight, while in [21], the first commercial implementation of the
dual-arm manipulator with UAV is presented for the transportation/grasping pur-
poses. In [22], two 5-DOF human-size arms are developed for aerial manipulation
tasks, whereas in [23], mechanical joint compliance for the dual-arm case is ad-
dressed. In both works, the estimation of the arms torque is considered to mitigate
the influence of the motion of the arms. However, the torque estimation requires a
precise dynamic model of the system, which is tedious to obtain. In [61], the dual-
arm setup developed in [22] is mounted at the tip of a long flexible link instead of
directly attaching it under the UAV platform to increase the reach of the dual-arm
manipulator. Nevertheless, it can be noted that the oscillation of the flexible link
requires special consideration, which, in its turn, complicates the overall control
problem. In addition, mounting the dual-arm at the tip of the long flexible link can
hinder the deployment of dual-arm aerial manipulators in confined environments.
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It is noteworthy that apart from the aforementioned designs, there are also research
works in the development of hybrid aerial vehicle (e.g., HYFLIERS [62]), which can
fly and move through another medium, and re-configurable aerial platforms, which
can behave as a gripper themselves by transforming their configuration [63, 64].
However, in the former case, employing hybrid robots in aerial manipulation may
lead to the reduction of the payload and overall flight time due to the increased mass
and power consumption caused by the additional mechanisms in design, which are
needed to travel in various mediums. As for the re-configurable aerial platforms,
they are usually application-dependent. For more examples in aerial manipulation,
interested readers can refer to the recent survey papers [5, 65–67].

2.1.5 Discussions and Research Gaps

The review on the interaction modalities reveals that it is preferred to equip the
UAV platforms with the multi-DOF robotic arm(s) in order to achieve dexterous
manipulation and complex interaction with the environment. Such systems have
two possible configurations for the robotic arms. The first one is the employment
of industrial manipulators. In this way, all the benefits coming from commer-
cially available manipulators can be exploited during aerial manipulation missions.
However, at the same time, such configuration may lead to the reduction of the
final payload of the UAV platforms due to the excessive weight and overall flight
time due to increased power consumption. The second configuration is employing
robotic arms that are explicitly developed for aerial vehicles. In this way, specific
design considerations and requirements for aerial manipulation can be addressed
during the development stage. In this regard, it is decided to focus on designing
the robotic arms instead of utilizing commercially available examples. In addi-
tion, as reviewed in the previous subsection, many research groups have worked
on the development of the single-arm aerial manipulators, while only a few works
have considered the design and development of the dual-arm aerial manipulators.
Therefore, currently, the development of the dual-arm aerial manipulators is quite
an active research area with several unresolved issues. In particular, the existing
dual-arm aerial manipulators only rely on revolute joints in their designs. As a re-
sult, the workspace and reach of the arms are limited and cannot be modified after
attaching them to the UAV platform. Another limitation in the current designs
of the dual-arm aerial manipulators is that the shoulder joints of two arms are
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fixed and coupled to each other. Consequently, fully independent control of each
arm cannot be achieved to perform different tasks simultaneously at opposite sides
of UAM. Furthermore, the dual-arm aerial manipulators found in the literature
do not have the ability to dynamically align their COG. Having such ability can
considerably enhance the flight stability and performance of UAMs. Therefore, in
an attempt to close the possible research gaps, the first focus in this thesis is the
development of the novel dual-arm manipulator designed explicitly for aerial ma-
nipulation missions with multirotor platforms that addresses the aforementioned
unresolved issues. The proposed design is investigated in Chapter 3.

2.2 Overview of Control Approaches

The control of aerial robots performing the advanced manipulation and interac-
tion tasks with the environment is quite challenging because multirotor platforms
themselves are inherently unstable and have strong nonlinearities [25]. Further-
more, they are quite sensitive to parameter variations caused by adding/releasing
the payload and the reaction forces from the interaction/manipulation with the
object or surrounding environment. In addition, one should not forget about the
external disturbances like wind gusts and the internal uncertainties like a lack of
modeling. Also, the coupled dynamics of the UAV platform and the interaction tool
is another essential factor that should be considered during the design of the con-
troller. In general, there are two control strategies found in the literature that focus
on alleviating the aforementioned issues, namely decentralized and centralized con-
trol strategies [5]. The former considers the UAV body and robotic manipulator(s)
as separate modules and treats coupling between them as disturbances, while in
the latter case, the UAV body and robotic manipulator(s) are considered as a com-
bined system, and thus the complete dynamics of the system is taken into account
during the controller design. By categorizing the above-mentioned control strate-
gies, the current control methods are presented as conventional, contemporary and
intelligent approaches, and they are discussed below.
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2.2.1 Conventional Approaches

In this subsection, conventional approaches, which are mainly based on the classical
PID and proportional-derivative (PD) controllers, are reviewed. Due to their well
matured and examined structure, the PID-based controllers are the most common
among the existed conventional approaches. The proportional kp, integral ki and
derivative kd terms are the PID controller parameters, which are used to calculate
the control input by utilizing the error value between the reference and feedback
signal.

As being a simple and practical controller, PID controllers have been used in var-
ious types of aerial manipulation tasks, which are summarized in Table 2.1. As
can be seen from this table, there are examples when the PID/PD controllers
are successfully implemented for the aerial manipulation systems. However, in the
mentioned examples, the design of conventional controllers is mostly based on nom-
inal conditions without explicitly considering external disturbances, coupling, and
nonlinearities caused by an interaction tool. In addition, the performance of the
PID/PD controllers is constrained by operating regions where nonlinearities are
negligible, and thus internal uncertainties or external disturbances can violate the
approximated linearity, leading to the destabilization of the overall system. Finally,
it is evident that the conventional controllers can be tuned more aggressively to
obtain better results in each specific scenario. Nevertheless, this may not be prac-
tical since aggressive tuning tends to be case dependent, and hence, it cannot give
a comparable performance in different conditions. Therefore, advanced methods
such as contemporary and intelligent approaches can be more preferable to achieve
better flight performance.

2.2.2 Contemporary Approaches

Instead of using conventional control methods such as the PID controllers, more
sophisticated control techniques can be employed to increase the overall stability of
the system as well as to enhance the performance of the aerial manipulation tasks.
Improved flight stability and performance can be obtained by using nonlinear con-
trol techniques [72]. For instance, a feedback linearization is considered as a good
example of nonlinear control methods, which is capable to expand the flight enve-
lope over linear counterparts [73]. However, in order to find the inverse dynamics
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Table 2.1: Examples of aerial manipulation applications performed by conven-
tional methods.

UAV platform
& Ref

Interaction
Tool

Purpose
Controller

Type

Quadrotor [68] Rigid arm
Push and pull
the object

PD

Quadrotor [54] Gripper Construction PID

Helicopter [15, 52] Gripper
Grasp and

move objects
PID

Quadrotor [69]
Two 4-DOF
robotic arms

Grasp manipulation PID

Tri-TiltRotor [70] Rod Push the object PID

Quadrotor [48] Cable
Collaborative
transportation

PD

Quadrotor [71]
2-DOF

robotic arm
Grasp manipulation PD

of the system, it is assumed that the precise knowledge of the model is available,
while it is not usually true for real-time applications. In addition, due to the dif-
ferentiation in dynamic equations, the feedback linearization-based controllers are
vulnerable to sensor noise and internal/external uncertainties [74]. Sliding mode
control (SMC) [75, 76] is another example of nonlinear control methods which
can overcome the mentioned problems due to its high robustness to uncertainties
such as external disturbance, sensor noise, and modeling errors. On the other
hand, due to the compensation of uncertainties, SMC theory-based methods have
the inclination to induce large input gains, which, in its turn, can be dangerous
for real-world applications. Moreover, SMC theory-based controllers suffer from
a chattering phenomenon [77]. Nevertheless, adaptive [79, 80] and second-order
[81] SMC techniques can be utilized to alleviate the above-mentioned issues. Simi-
larly, advanced control methods like a model predictive control (MPC) [84, 85] can
be utilized to improve the control performance during aerial manipulation tasks.
However, in general, model-based control methods require precise knowledge of the
system, which is tedious to obtain.

So far, in the aforementioned control methods, the use of force is generally not con-
sidered during the controller design. As a result, these methods may not be suffi-
cient to handle undesired effects which are caused by the reaction forces. Therefore,
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Table 2.2: Examples of aerial manipulation applications performed by contem-
porary methods.

UAV platform
& Ref

Interaction
Tool

Purpose
Controller

Type

Quadrotor [78]
Two 4-DOF
robotic arms

Grasp
manipulation

MRAC

Quadrotor [79]
Hexacopter [80]

2-DOF
robotic arm

Pick and place
Adaptive
SMC

Quadrotor
team [81]

Gripper
Grasp

manipulation
Second-order

SMC

Quadrotor [82] Cable
Suspended payload

transportation
Passivity-based

control

Quadrotor [83] Delta arm
Contact
inspection

Passivity-based
control

Quadrotor [84]
2-DOF

robotic arm
Pick and place

Nonlinear
MPC

Tri-TiltRotor [85]
4-contact-point

surface
Force

exertion
Explicit
MPC

Quadrotor [86] Delta arm
Contact
inspection

Impedance
control

Quadrotor [87]
3-DOF

robotic arm
Force exertion

Cartesian
impedance control

Quadrotor
team [88]

Rod
Aerial

tele-manipulation
Force

stiffness control

Quadrotor [89]
Contact-point

surface
Force

exertion
Variable

impedance control

the inclusion of force information in the control loop can be essential to increase the
performance of aerial manipulation tasks. In particular, it may prevent the destruc-
tion of the object/environment during the physical interaction. Impedance/admit-
tance control is one of the control techniques which allow us to impose a desired
dynamic relation between the interaction force and position [90]. For instance, in
[86, 87, 89], different variations of impedance control are employed for the force
exertion and contact inspections with aerial robots, while in [88], the force stiff-
ness control is investigated for cooperative aerial tele-manipulation. Nevertheless,
it should be noted that the explicit/implicit inclusion of force information in the
control loop requires the measurement and/or estimation of the interaction forces
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and/or torques. Although the force and torque sensors can be used to obtain these
measurements, it is usually not practical due to the payload limitations of the UAV
platform and the high cost of sensors. In the case of force estimation, advanced
and robust methods are required to get the precise values, which can be difficult
to achieve considering the existing internal uncertainties and unforeseen external
disturbances. Overall, examples of aerial manipulation applications performed by
contemporary methods are presented in Table 2.2.

2.2.3 Intelligent Control Approaches

Although the aforementioned control methods deliver a balance between imple-
mentation cost, control performance and operational complexities, they are usually
constrained by the precision of the representative mathematical models. However,
in many UAV applications, a priori knowledge about the process is generally ap-
proximated. Therefore, the performance of these methods can notably deteriorate
in the presence of internal uncertainties caused by a lack of modeling. Furthermore,
the above-mentioned controllers can be sensitive to sensor noise and external distur-
bances such as wind gusts. Moreover, obtaining the precise model of the nonlinear
systems like UAVs is a time-consuming and challenging task. Therefore, as an
alternative approach, model-free or intelligent control methods can be considered
which provide an intelligent control scheme. Unlike the model-based controllers,
the model-free group does not require precise information either about the vehi-
cle dynamics or about the changing environmental conditions because they usually
have adaptive learning capabilities and/or intelligent structure. Among the existing
model-free approaches, the control methods including different kinds of intelligence
are considered to be prominent. For instance, fuzzy logic has an exceptional ability
to handle uncertainties in the system [27]. Therefore, fuzzy logic controllers (FLCs)
have become popular solutions to control the nonlinear systems when their precise
mathematical model is challenging to obtain [28, 91, 92]. FLCs have been success-
fully designed and implemented to control mobile robots [93–96], especially UAVs
[97, 98]. However, in order to cope with uncertainties, FLCs usually require manual
tuning which is a time-consuming and troublesome task. To handle this weakness
of FLCs, they have been combined together with artificial neural networks (ANNs),
which have exceptional ability to learn from input-output data [29, 99]. As a result,
the combination of FLC and ANN, called fuzzy neural networks (FNNs), fuses the
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reasoning ability of FLC to handle uncertain information with the training capabil-
ity of ANN to learn from the controlled process [100]. Therefore, over the last few
years, FNN has been successfully applied for control [101, 102] and identification
purposes [103, 104]. In addition, in order to further improve the noise handling
capabilities of FNN, type-2 fuzzy neural networks (T2FNNs) have been extensively
developed over the last two decades [105–107]. In contrast to conventional type-1
fuzzy systems, the membership functions (MFs) of type-2 counterparts are them-
selves fuzzy, which can provide an extra degree of freedom to deal with uncertainty
[107]. Therefore, at higher noise level the structure of T2FNN demonstrates better
noise handling capabilities compared to its type-1 counterpart (T1FNN) [108, 109].

The performance of FNN highly depends on training methods. There are two main
classes of learning/training algorithms for tuning the FNN parameters, namely
derivative-based (computational approaches) and derivative-free (heuristic tech-
niques) methods. The former utilize the derivative information of the objective
function to update the parameters of FNN, while the latter do not require func-
tional derivative information to tune the parameters of FNN. Among the existing
derivative-based and derivative-free methods, gradient descent (GD) [110] and ge-
netic algorithms (GAs) [111] are one of the most widely used techniques. How-
ever, since GD learning algorithms are based on the first order derivatives, it has
mediocre efficacy and low learning speed [112]. In particular, the performance of
GD based learning algorithms notably deteriorates when the solution is near to the
local minimum or when the search space is complex. In addition, since GAs are
based on a random search, they are non-deterministic, computationally intensive
and slow-converging as well as they do not guarantee to find global maxima. There-
fore, GA and GD based learning algorithms are not the best options when it comes
to UAM applications due to the aforementioned reasons. Hence, more advanced
techniques are needed in order to obtain better performance. Among such tech-
niques, SMC theory-based algorithm has demonstrated faster convergence speed
and higher robustness to uncertainties [113, 114]. Furthermore, FNNs trained with
SMC theory-based learning algorithms have been successfully applied in robotics
such as controlling spherical rolling robot [115], robotic arm [116] and the control
of agricultural vehicles [117–119].
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2.2.4 Discussions and Research Gaps

Although some of the aerial manipulation tasks can be fairly performed even with
the PID/PD-based conventional controllers, the review on control approaches re-
veals that there is a tendency towards having the nonlinear and intelligent control
methods for the control of aerial robots. The nonlinear control methods can provide
satisfactory control performance, but they are usually constrained by the precision
of the representative mathematical models and the sensitivity to modeling errors,
noisy measurements as well as external disturbances. Therefore, in the presence
of the aforementioned conditions, the intelligent control methods may be preferred
over nonlinear control approaches, especially when the uncertainty is high. In par-
ticular, they have become popular solutions to control the vehicles with nontrivial
dynamics, which is the case for UAVs equipped with robotic manipulators. In
addition, the intelligent control approaches for aerial manipulation are still at an
early stage. As can be seen in [120], there is a recent attempt in this research
direction. Thus, more effort should be put in this area, in order to fully exploit
the advantages of intelligent control methods, especially the ones endowed with
learning capabilities. Hence, the need for the learning-based intelligent control ap-
proaches to achieve the robust and stable control of UAMs under uncertain working
conditions is perceptible. Therefore, in an attempt to close the possible research
gaps, the second focus in this thesis is the development of the learning-based intel-
ligent control strategy for UAMs. In fact, the proposed control strategy addresses
the following challenges that hinder the wider implementation of aerial manipula-
tion tasks in daily life. Firstly, since obtaining the accurate model of the nonlinear
systems like UAMs is a time-consuming and difficult task, the proposed approach
does not require a precise model of the system to be controlled. Moreover, unlike
conventional model-based controllers, the developed control strategy performs well
in the presence of internal/external uncertainties and under time-varying working
conditions due to the learning capabilities of its structure. Finally, since the struc-
ture of the proposed method is endowed with learning capabilities, it eliminates
the need for precise tuning of conventional controllers, allowing it to be employed
by both single and dual-arm aerial manipulators. The proposed control strategy is
investigated in Chapter 4.
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2.3 Overview of Guidance Approaches

The guidance approaches can be considered as one of the most important factors
in achieving a high autonomy level in the performance of aerial robots. According
to [26], the guidance system for aerial robots consists of several main components,
namely trajectory generation, path planning, mission planning and high-level de-
cision making. Depending on the required autonomy level of aerial vehicles, these
components can be combined together or they can be performed separately. How-
ever, regardless of active research on the guidance systems for UAVs, current re-
search mostly concentrates on guidance systems (e.g., trajectory generation and
path planning), which are usually restricted with waypoint navigation. In this
context, the trajectory generation algorithms are at an even more immature stage
for UAMs which are characterized by exceptional kinematic redundancy. Hence,
the current development in the trajectory generation-based guidance approaches
for the single and dual-arm aerial manipulators is discussed below.

2.3.1 Guidance Approaches for UAMs

Over the last few years, the trajectory generation and redundancy resolution strate-
gies have been studied for single-arm aerial manipulators in [30, 121, 122]. Specifi-
cally, in [30], the trajectory generation approach for UAM via quadratic program-
ming is considered. In [121], a null-space based behavioral (NSB) controller is pre-
sented, while a task priority controller combined with visual servoing is developed
in [122] to perform multiple tasks during aerial manipulation missions. Neverthe-
less, very few works consider the trajectory generation strategies for UAMs with
more than one arm like dual-arm aerial manipulators [123, 124]. For instance,
in [123], motion planning strategy based on the RRT* algorithm is proposed for
the aerial long-reach manipulator with two arms, while in [124], set-based inverse
kinematics algorithm is developed for the dual-arm aerial manipulator.

In comparison to the aforementioned trajectory generation approaches, utilizing
MPC-based methods for UAMs may lead to a better long-term motion strategy
due to the fact that MPC considers a longer horizon for the evolution of states
during the optimization. However, it should be noted that this approach is known
to be computationally demanding because of its iterative nature. There are several
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MPC implementations for the UAM missions in the literature. In [125], a direct
multiple shooting method-based MPC approach is considered for a pick-and-place
task with UAM. However, the results are only presented in simulations and real-
time implementation is left for future work. In [84], a pick-and-place operation is
achieved by nonlinear MPC (NMPC) with a real robot, but both in [125] and [84],
the trajectory generation is performed in an offline manner and no obstacles are
considered to simplify the problem. In addition, both works do not aim to exploit
the redundancy of the system to perform multi-task missions. Finally, in [126],
NMPC based trajectory generation and redundancy resolution strategy for UAM
is described to accomplish multiple tasks. Nevertheless, due to the representation
of the system in the velocity domain, the generated trajectory values can present
discontinuities in the velocity profile with unbounded accelerations. Besides, ob-
stacle avoidance is not considered in the above work. It should be noted that MPC
approaches mentioned above only consider the cases when UAVs are equipped with
a single-arm.

2.3.2 Discussions and Research Gaps

The literature review on the trajectory generation-based guidance approaches for
UAMs has shown that it is still at the young stage, especially this is true for UAMs
with more than one arm. In particular, in the case of dual-arm aerial manipulators,
very few works consider the redundancy resolution strategies to perform multi-task
missions. In addition, obstacles are not considered in most of the works to simplify
the problem. Such simplifications can hinder the deployment of aerial robots in
real-world applications, where the presence of obstacles is inevitable. Furthermore,
during aerial manipulation missions, there are cases when the redundancy of UAM
cannot be fully exploited due to antagonistic tasks. In such cases, it is important
to have the task relaxation approach that helps to satisfy the robot’s physical con-
straints and ensure the motion smoothness. Therefore, in an attempt to close the
possible research gaps, the third focus in this thesis is the development of trajec-
tory generation-based guidance approaches with redundancy resolution strategies
for the single and dual-arm aerial manipulators that address the aforementioned
cases. The proposed approaches are investigated in Chapter 5.
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2.4 Overview of State Estimation

The accurate estimation of the UAM state is usually challenging due to the ex-
isting power and weight restrictions of aerial robots. In addition, considering the
application requirements and deployment area, the correct choice of sensors and
corresponding fusion algorithms can be a difficult task. For instance, sensing sys-
tems designed for outdoor localization may not be applicable in an indoor environ-
ment. Furthermore, the cost of sensors is an additional constraint that should be
carefully considered during the selection process. Therefore, this section covers a
brief discussion on the existing sensing systems which are used to acquire system
states. Then, it is worth to specify the complete state of the aerial manipulator as
follows σ = [rTb ΦT

b q
T ]T ,

σ̇ = [ṙTb Φ̇
T

b q̇
T ]T .

(2.1)

in which rb = [xb yb zb]
T ∈ R3 is the position of the UAV platform, Φb = [φ

θ ψ]T ∈ R3 is the UAV orientation represented by the Euler angles, and q =

[q1, . . . , qn]T ∈ Rn is the joint position vector of the arm. It should be noted that
the state estimation methods for single and dual-arm cases are the same. Therefore,
only single-arm case is considered in this section.

In general, various types of sensors can be utilized to acquire reliable system states.
In Table 2.3, examples of sensing systems for the state estimation of UAM are pre-
sented. As can be seen from this table, among the system states the arm joint
values and velocities are the easiest to obtain, since most of the existing motors

Table 2.3: Examples of sensing systems for the state estimation of UAM
(adopted from [127]).

Sensor Type States

GPS, Optical flow, IMU, Sonar, Wireless localization
techniques, Motion capture systems, Vision/Lidar-based methods

rb, ṙb

Motion capture systems, IMU, Wireless
localization techniques, Vision/Lidar-based methods

Φb

IMU Φ̇b

Motor encoders q, q̇
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come with embedded encoders. In contrast, acquiring reliable system states cor-
responding to the UAV platform requires more attention. In particular, although
an Inertial Measurement Unit (IMU) and Global Positioning System (GPS) can
be used to measure the UAV states, they are usually noisy, and their accuracy
is dependent on the deployment area. In addition, GPS sensors cannot be em-
ployed in an indoor environment. It should be noted that it is assumed that IMUs
are equipped with magnetometers. As for optical flow and sonars, depending on
the deployment area, they can provide some system states with satisfactory ac-
curacy. However, they have similar limitations as previously mentioned GPS and
IMU sensors. Therefore, other approaches can be utilized in combination with the
aforementioned sensing systems or standalone to acquire reliable system states.
For instance, from Table 2.3, three classes of sensing systems can be mentioned,
namely motion capture systems, wireless localization techniques, and vision/lidar-
based methods. Motion capture systems are characterized by the highest accuracy
and rate among them. However, they are usually restricted to the indoor environ-
ment with the fixed deployment area. In addition, the cost of equipment is high
compared to other sensing systems. As for wireless localization techniques (e.g.,
ultra-wideband (UWB)), they are generally treated as a less expensive approach
compared to the motion capture systems [127]. However, due to the lower cost of
implementation, its accuracy may not be sufficient for aerial manipulation tasks. In
the case of vision/lidar-based methods, they are the most versatile option that can
be employed both in the indoor and outdoor environments. Nevertheless, due to
the existing computational power, battery, and weight restrictions of aerial robots,
the full potential of this approach is still not realized. Besides, the cost of the
sensors that can provide reliable system states is still high. It should be noted that
the state estimation is not the scope of this thesis, and therefore, in this work, the
motion capture system is utilized to obtain reliable system states.





Chapter 3

Design and Manufacturing of

Unmanned Aerial Manipulators

3.1 Introduction

As reviewed in the previous chapter, many research groups have worked on the
development of the single-arm aerial manipulators, while only a few works have
considered the design and development of the dual-arm aerial manipulators. There-
fore, in an attempt to close the possible research gaps, this chapter presents the
design, fabrication, and experimental validation of a lightweight, low inertia dual-
arm manipulator with the COG balancing mechanism, specifically developed for
aerial manipulation missions.

Unlike previously developed dual-arm aerial manipulators that rely only on revolute
joints in their designs, the proposed dual-arm design employs the prismatic joint
as the first DOF in each arm to introduce the linear sliding motion that results in
several distinctive features as shown in Fig. 3.1. In particular, each arm has the
ability to dynamically align its COG with the symmetry line of the UAV platform
(see Fig. 3.1 (left)), and thus the arms can be configured to compensate for the
COG displacement of the overall system, allowing to mitigate the influence of the
arms motion over the multirotor stability. Furthermore, employing the prismatic
joints increases the operation volume and reach of the arms whose workspace is
usually restrained by the landing gear and propellers. Thus, the presented novel
design allows the UAV platform to be kept at a safer distance from the interacted
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Line of symmetry 
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joint
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Payload

Multirotor
Robotic 

arms

Wall

Figure 3.1: Three distinctive features of the proposed design: ability to dynam-
ically adjust its COG (left), extended workspace and reach of the arms (middle),
decoupled configuration of the arms (right).

objects or environment such as walls as shown in Fig. 3.1 (middle), improving safety
during aerial manipulation missions. Moreover, while dual-arm aerial manipulators
found in the literature have the fixed and coupled shoulders, the proposed novel
design enables to achieve fully independent control of each arm by decoupling the
shoulders as shown in Figs. 3.1 (right) and 3.2 (right), allowing to perform different
tasks at the same time. In Table 3.1, the proposed design and existed dual-arm
manipulators are compared. It can be noted that the developed design has the
maximum reach and payload as well as the largest number of DOFs.

In addition to the above features, the timing belt-based transmission mechanism
is employed to place the actuators near the UAV base, allowing to decrease the
inertia of the arms. In order to save the actuators from the excessive axial and
radial loads, thrust and roller bearings are used. To ensure the robustness of the
mechanical structure, the FEM analysis of the main frame parts is conducted.
Finally, extensive experimental flight tests are performed to evaluate the proposed
dual-arm design with a hexarotor platform equipped with a standard autopilot. To
the best of the author’s knowledge, this is the first time when the COG balancing
mechanism and decoupled shoulders are proposed in the design of dual-arm aerial
manipulators. The video of the experimental flight tests can be accessed via this
link (https://youtu.be/1cUYWqkMCIM). It should be noted that for the sake of
completeness, the developed single-arm manipulator is also briefly discussed in this
chapter.

Table 3.1: Comparison of different dual-arm manipulators.

DOF Reach [m]
Weight & Max
payload [kg]

COG balancing
mechanism

Decoupled
shoulders

Ref

12 0.67 2.5/1.0 Yes Yes Proposed
4 NA NA/NA No No [60]
NA NA NA/NA No No [21]
10 0.5 1.8/0.75 No No [22]
8 0.5 1.3/0.2 No No [23]

https://youtu.be/1cUYWqkMCIM
https://youtu.be/1cUYWqkMCIM
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Figure 3.2: Developed dual-arm manipulator mounted on a hexarotor platform:
the shoulders of dual-arm in the coupled (left) and decoupled (right) configura-
tions.

The remainder of this chapter is organized as follows. In Section 3.2, specific design
considerations and requirements for aerial manipulation are discussed. In Section
3.3, the developed novel dual-arm system is explained in detail. In Section 3.4, the
single-arm manipulator is briefly described. In Section 3.5, experimental studies are
conducted in order to validate the performance of the proposed dual-arm design.
Lastly, conclusions and a summary of this chapter are provided in Section 3.6.

3.2 Design Requirements and Considerations

In general, the successful performance of aerial manipulation missions is condi-
tioned by the fulfillment of several design requirements. In the context of aerial
manipulation, some of these requirements are specific due to the attachment to
floating platforms, while others are generic, which are common for any type of
robotic arms. In addition, some of the design requirements and considerations can
be motivated by specific applications or tasks that could be performed by these
type of aerial robots. For instance, for aerial manipulation missions like aerial ham-
mering and throwing, the elastic-joint types are more suitable to obtain high-speed
link velocities compared to the rigid-joint types [128]. The advantage of the elastic
joint is that potential energy stored in the elastic elements can be released in the
form of kinetic energy to perform explosive/fast motions by boosting the speed
of the actuated joints. On the other hand, for aerial manipulation missions like
aerial grasping, high-speed link velocities are not crucial. Therefore, the rigid-joint
types are more favorable for such kind of applications. Besides, the utilization of
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the elastic joints imposes additional design and control challenges arising from the
employment of the elastic elements [128]. Thus, the scope of this work is focused on
designing the dual-arm aerial manipulator with the rigid-joint type that is aimed
to perform the assembling task in a cyclic manner, while advanced UAM missions
like aerial hammering, which require the elastic-joint types, will be considered in
future work. It should be noted that the aforementioned assembling task generally
consists of three phases, namely grasping, transporting, and placing an object at
the assigned location [16]. Each phase can impose further design requirements.
In particular, during grasping and placing the object, it is important that robotic
arms have a wide workspace beyond the area delimited by the propellers to ensure
the safety of UAMs during interactions with the environment. As for the trans-
porting phase, adding the ability to compensate for the COG displacement caused
by the grasped object is beneficial to lessen the control burden and improve overall
flight behavior. These and other specific design considerations and requirements
for aerial manipulation are discussed below [16, 23].

3.2.1 Weight, Inertia, and Reach Considerations of the

Robotic arms

The design of the robotic arms specifically developed for aerial manipulation pur-
poses is quite challenging considering the design requirements imposed by multiro-
tor UAVs in terms of weight, inertia, and the reach of the arms. Firstly, due to the
nature of multirotor UAVs, their maximum payload capacity is restricted. This ca-
pacity is further decreased when the mass of the object is located far from the COG
of the UAV base. In addition, if the multirotor is overloaded, its motors may un-
dergo overheating, resulting in the poor response to the control signals. Therefore,
it is crucial to design a lightweight dual-arm manipulator for aerial manipulation
tasks. Regarding the inertia of the arms, in order to decrease the influence of the
motion of the arms over the UAV stability, it is beneficial to have dual-arm with
low inertia feature. This can be achieved by placing the actuators near the UAV
base employing various transmission mechanisms. In this work, the timing belt-
based transmission mechanism is employed for this purpose. Finally, the reach of
the arms should be long enough in order to have a wide workspace beyond the
area delimited by the propellers. This will ensure that the robotic arms will have
an appropriate operation volume and reach, improving the safety of UAMs during
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interactions with the environment. In order to satisfy this criterion, in this work,
not only are the arms designed to be sufficiently long but also the prismatic joints
are introduced to further increase the range of the arms.

3.2.2 Motors and Materials

The critical factors during the selection of motors are their weight, size, torque,
and power consumption. Other important aspects are the high accuracy, con-
trol modes, available feedback and communications. In this regard, actuators like
Dynamixel and Herkulex can be considered among the existing motors for con-
structing lightweight robotic arms since they are relatively lightweight, small and
have a good balance between provided torque and power consumption. Neverthe-
less, these actuators are constrained by their embedded controller and control rate,
which is typically less than 100Hz [22]. In addition, it should be noted that the stall
torque values of the selected motors should be at least two or three times larger
than the required dynamic torque values. By considering all the aspects mentioned
above, we have chosen the latest version of actuator modules from Robotis, namely
Dynamixel X-series, since they can provide various control modes with improved
torque to weight ratio and size.

The materials for constructing the frame structure should be selected in a way
that the final design can have a good combination between cost, mechanical ro-
bustness, and weight. Therefore, material property charts presented in [129] can
be employed to quickly exclude large numbers of materials and to determine the
possible candidates that satisfy the required properties. Figure 3.3 illustrates two
material property charts, namely strength against density and Young’s modulus
against relative cost per unit volume. Based on this figure, most of the materials
can be eliminated from consideration. For instance, most of the metal alloys are
heavy and expensive, and thus they cannot be considered for designing lightweight
manipulators. Similarly, foams and elastomers are not suitable due to their weak
and flexible structure. Carbon fiber and aluminium can be considered for design-
ing manipulators. Still, the material and fabrication cost is higher compared to
natural materials (e.g., wood) and polymers, especially when the frame parts with
complex geometry are required. Therefore, in this work, the combination of the
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Figure 3.3: Examples of material property charts (Ashby plots): Strength -
Density (left) and Young’s modulus - Relative cost per unit volume (right) [129].

materials is considered to obtain the best possible design in terms of weight, me-
chanical structure, and cost. In particular, for our application, we prefer to use
birch plywood for the simple frame parts over aluminium and polyethylene tereph-
thalate glycol (PETG) plastics for the complex parts over polylactic acid (PLA)
and acrylonitrile butadiene styrene (ABS) plastics due to its high flexural strength
and better elongation before breaking. The main reason for choosing birch plywood
over aluminium is the weight and cost advantages. In addition, it is characterized
by decent stiffness and strength properties [130], and thus, birch plywood behaves
sufficiently in the applications demanding high rigidity and strength. Finally, car-
bon fiber tubes/rods are used for the parts subjected to maximum stress.

3.2.3 Kinematic Configuration of the Robotic Arms

The selection of the joint types and the number of DOFs of the robotic arms is
usually dictated by the tasks to perform during aerial manipulation missions. In
general, it is preferable to have at least 3 DOFs per each arm to improve the dexter-
ity and applicability of UAMs for various scenarios. In the case of the assembling
task, the choice of joint type and its sequence can be motivated by the three phases
mentioned above (grasping, transporting, and placing). In particular, the proposed
design provides 6 DOFs for the end-effector positioning and orientation in each
arm where the first joint is prismatic followed by five revolute joints with the yaw-
pitch-pitch-pitch-roll sequence as illustrated in Fig. 3.5. Drawing inspiration from
[16], the details of the identification process are discussed below. During grasping
and placing the object, in order to have accurate linear movements and decrease
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power consumption, it is desirable to move robotic arms instead of moving the UAV
platform. Therefore, the third, fourth, and fifth joints of each arm are selected to
be a pitch-type. Besides, having these joints as the pitch-type enables the arms to
achieve compact configuration by folding onto themselves. Such configuration can
protect the arms from the unexpected collision with obstacles during the contact-
less flight or the transportation of objects. Furthermore, the compact configuration
achieved by folding the arms onto themselves allows the UAM to take-off and land
without the need for additional design solutions enabling easier integration of dual-
arm with the aerial platforms. Moreover, sometimes it is required to change the
orientation of the end-effector due to the shape/state of the object. This can be
achieved by employing a roll-type joint. In order to avoid reorientation of the other
links of the robotic arm, this joint should be the closest one to the end-effector.
Hence, the sixth joint is selected as the roll-type joint. As for the second joint,
it is selected as the yaw-type joint to increase the operation volume and have the
redundancy in the yaw motion while positioning the end-effectors. Finally, the first
joint is selected to be the prismatic-type joint. Employing the prismatic joint at
the beginning of the kinematic chain not only allows increasing the range of the
arms but also it can be used to compensate for the COG displacement caused by
the grasped object, which will be discussed in more detail in the next section.

3.2.4 Compensation of the COG Displacement

When the UAV platform is internally balanced, it is assumed that the line of
symmetry goes through the geometric center of the UAV platform. When the
dual-arm COG is aligned with the line of symmetry, the multirotor maintains its
attitude and position as shown in Fig. 3.4a (left). However, the motion of the
robotic arms causes the displacement in COG, dx, which, in its turn, produces
a reaction torque at the UAV base. As a result, this generates the inclination
of the propellers plane leading to the pose variation of the whole aerial robot as
shown in Fig. 3.4a (top right). Especially, it is evident in the presence of the
arms payload. In order to avoid these perturbations in the UAV platform, it is
desirable to keep the dual-arm COG as close as possible to the line of symmetry,
i.e., dx = 0. This can be achieved by employing several approaches. For instance,
in [16] and [24], the linear sliding mechanism is designed to compensate for the
COG displacement by moving the battery as a counterweight, while, in [131], the
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Figure 3.4: Displacement and dynamic alignment of the dual-arm COG.

linear sliding motion, which adjusts the arm COG, is obtained by adding additional
DOF to the arm. In this work, the latter approach is adopted for the dual-arm
case where the prismatic joint is implemented as the first DOF in each arm to
dynamically align the dual-arm COG with the line of symmetry as shown in Fig.
3.4a (bottom right). It is worth noting that although both approaches aim to
compensate for the COG displacement of the overall system, moving the battery
as a counterweight is usually considered as a passive approach because it is only
utilized during the compensation of the COG displacement. On the other hand,
in the proposed design, the prismatic joints are not only used to perform COG
balancing, but they also can be used to increase the operation volume and reach of
the arms by moving them to the forward or backward direction. This can enhance
safety during aerial manipulation missions by keeping the UAV platform at a safer
distance from the interacted objects. Moreover, employing the prismatic joints
allows achieving fully independent control of each arm and performing different
tasks at the opposite sides of UAM by decoupling the shoulders of the dual-arm.
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Besides, the ability to decouple the shoulders of the dual-arm can be employed for
further COG compensation. This can be explained by examining Fig. 3.4b. When
the shoulders of the arms are in the coupled configuration, their linear motion
causes the inclination and pose variation of the UAV platform as shown in Fig. 3.4b
(top right). In this case, the decoupled configuration of the proposed design can be
exploited by moving one of the arms in the opposite direction to align the dual-arm
COG with the line of symmetry as depicted in Fig. 3.4b (bottom right), especially
if only one arm is required to perform a given task. The aforementioned cases
show that introducing the prismatic joints at the beginning of the kinematic chain
of each arm significantly increases the range of tasks and operational capabilities of
the dual-arm aerial manipulator compared to the case when only battery movement
is utilized as the compensation for the COG displacement. It should be noted that
the inclination of UAV in the roll direction is not considered in this work.

The above-mentioned COG balancing mechanisms are mainly focused on the static
compensation of the overall system. However, the fast motion of the arms can pro-
duce further reaction forces/torques that create the additional dynamic impact on
the UAV platform. There are several approaches that attempt to address this case.
In [131], the reduction of the dynamic effects of the robotic arm is considered from
the design perspective, where the authors focus on keeping the sum of the angular
momentum of the rotating parts to zero. On the other side, such design solution
requires an increased number of parts and complex transmission systems, which de-
crease the payload capability of the UAV platform, especially when employing the
robotic arms with more than 3 DOFs. Another approach is using the force/torque
sensors to measure reaction forces acting on the UAV platform. This approach
can also be beneficial to measure interaction forces during contact with the envi-
ronment [128]. However, utilizing such sensors is usually not practical due to the
payload limitations of the UAV platform and the high cost of sensors. Instead of
employing the force/torque sensors, the forces acting on the UAV platform can be
estimated and fed back to the control algorithm [24]. Nevertheless, the precise es-
timation can be difficult to achieve, considering the existing internal uncertainties
and unforeseen external disturbances. Finally, intelligent control approaches can
be used to compensate for the internal disturbances caused by the motion of the
arm(s) and reduce the dynamic impact on the UAV platform. This work focuses
on the last approach, and it will be discussed in more detail in Chapter 4.
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Figure 3.5: 3D model of the developed dual-arm system.

3.3 Dual-Arm Aerial Manipulator

3.3.1 Developed Dual-Arm System

Based on the aforementioned design requirements and considerations, a 3D model
of the dual-arm system is developed as can be seen in Fig. 3.5, consisting of
the dual-arm base and two human-size arms. Each arm provides 6 DOFs for the
end-effector positioning and orientation with the following joint types: shoulder
prismatic, shoulder yaw, shoulder pitch, elbow pitch, wrist pitch, and wrist roll.
A DC motor with an encoder from DFRobot is employed for the shoulder pris-
matic joint, while Dynamixel X-series actuators are utilized for the rest of the
joints. The main motor parameters and specifications associated with each joint
are shown in Table 3.2. The total mass of the dual-arm system is 2.5 kg with the
maximum payload per arm of 1.0 kg, which is obtained when the arm is in fully
horizontally stretched configuration. In order to decrease the effect of the motion
of the arms over the UAV stability, most of the actuators are placed as close as
possible to the dual-arm base by employing 2GT 6 mm wide timing belts for the
motion transmission. The belts are made from high tensile steel cord and wear-
resistant polyurethane to provide durability and strength. The gear ratio between
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the driving gear and the driven one is kept as 1.5 to increase joint torque at elbow
pitch and wrist pitch joints. In addition, employing timing belts rather than other
motion transmission mechanisms allows us to achieve the compact configuration
by folding the arms onto themselves. In the developed design, thrust and roller
bearings are used for reducing the axial and radial loads exerted over shoulder yaw
and wrist roll actuators by distributing the loads over the frame parts and isolating
the actuators from overloads. Due to the space limitations, such mechanisms are
not considered for other joints.

The shoulder prismatic joints are actuated by DC motors, which are fixed to the
wooden part of the dual-arm base. A geared pulley is attached to the DC motors,
which rotate 2GT 6 mm wide timing belt to obtain the rotary to linear motion
transmission. The timing belt goes to the other side of the dual-arm base and
passes over the idler pulley to complete the loop. In order to adjust the tension
of the belt, the position of the idler pulleys can be easily changed by using the
nut and bolt mechanism. In addition, micro switches are used to implement the
initializing and homing procedure for prismatic joints. In general, thanks to the
shoulder prismatic joints, the shoulders of the arms can be separated from each
other to achieve decoupled configuration. Thus, the arms can move to two extremes
of the dual-arm base as shown in Fig. 3.5 and simultaneously perform different
tasks, which is not possible with the coupled configuration.

Table 3.2: Main parameters of the arm joints.

Joint Motion
range Motor model Stall torque Motor

weight [g]
Shoulder
prismatic [-17cm, 17cm] 6V DC Motor

w/Encoder 10.0 [kg · cm] 96

Shoulder yaw [-180◦, 180◦] Dynamixel
XM430-W350-R 4.1 [N ·m] 82

Shoulder
pitch [-90◦, 90◦] Dynamixel

XM540-W270-R 10.6 [N ·m] 165

Elbow pitch [-80◦, 160◦] Dynamixel
XM430-W350-R 4.1 [N ·m] 82

Wrist pitch [-120◦, 120◦] Dynamixel
XM430-W350-R 4.1 [N ·m] 82

Wrist roll [-180◦, 180◦] Dynamixel
XL430-W250-T 1.5 [N ·m] 57.2
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The topmost part of the developed system is the dual-arm base, which is attached
to the multirotor platform by using two � 8 mm carbon fiber rods. Odroid XU4
and Arduino Mega 2560 are both supported by these carbon fiber rods, and they
are placed at the rear part of the dual-arm base. During the flight, batteries for
the dual-arm system can be placed at the front part to balance the dual-arm base
internally. There are four � 8 mm carbon fiber tubes that are used for attaching
the arms (two per arms) to the dual-arm base. These tubes are kept tilted because
of the space constraint imposed by the landing gear. In order to slide along these
tubes, the polymer linear bearings are used. All carbon fiber tubes and rods are
fixed at both ends with two 6 mm thickness birch plywood parts, which are obtained
by laser cutting. Since most of the hardware is attached to the dual-arm base, the
proposed dual-arm design is not peculiar to a specific multirotor. Therefore, such
a design makes our system more versatile as the dual-arm system can be attached
to different multirotors without making major modifications in the design.

The design of the frame parts is developed in such a way that the best possible
design can be obtained in terms of weight, mechanical structure, fabrication cost,
and complexity. For our application, we prefer to use birch plywood for the simple
frame parts and PETG plastics for the parts with complex geometries. Hence, the
arm links in this design are made of 6 mm thick birch plywood.

3.3.1.1 FEM analysis of the main frame parts

In order to check the robustness of the mechanical structure, the FEM analysis of
the main frame parts has been carried out as shown in Fig. 3.6. In particular, two
FEM analyses have been performed. The former considers the main parts of the
robotic arm as depicted in Fig. 3.6a. These main parts include the upper arm link
(from shoulder to elbow), the forearm link (from elbow to wrist), and the carbon
fiber rod connecting these links. These parts support the load originating from
the payload carried by the end-effector and their own weight. The latter (see Fig.
3.6b) has been executed for the cuboid-shaped frame part and the shaft, which
connects the shoulder yaw actuator with the rest of the arm. These parts carry the
weight of the payload and the arm itself. Due to the symmetry of the dual-arm
system, the FEM analysis has only been done for the left arm.
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(a) FEM analysis of the arm

(b) FEM analysis of the cuboid-shaped frame part and shaft

Figure 3.6: FEM analysis of the main frame parts.

Figure 3.6 describes the results in terms of stress and displacement. In Fig. 3.6a,
a vertical-down load of 1 kg is applied at the end of the forearm link near the
wrist joint. It represents the load coming from the maximum payload of the arm.
The maximum displacement (0.28 mm) originates at the end of the forearm link
near the wrist joint, and it can be considered as negligible, taking into account
the forearm link size. Regarding the stresses, the maximum occurred stress is
9.49 MPa, which is less than the bending strength of the 6 mm birch plywood
(50 MPa). In Fig. 3.6b, a vertical-down load of 2 kg is applied to the shaft. The
thrust bearing placed in between the shaft and the cuboid-shaped frame distributes
the load over the frame. The maximum displacement is 0.036 mm, which is again
negligible compared to the size of the structure. The maximum occurred stress is
3.64 MPa, which is well below the bending strength of PETG plastics (45 MPa).
Based on the above discussions, the system has a safety factor of 5:1. With these
results, the robustness of the mechanical structure is ensured.
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Figure 3.7: Workspace of the developed dual-arm manipulator. Due to the
propeller constraints, workspace only covers the region under the dual-arm base.

3.3.1.2 Workspace of the Dual-Arm Manipulator

The workspace of the developed dual-arm manipulator is depicted in Fig. 3.7.
In the proposed design, the prismatic joints considerably increase the operation
volume and reach of the arms as shown in Figs. 3.7a and 3.7b compared with
the existing designs of the dual-arm manipulators, where the shoulder joints of
two arms are fixed and coupled to each other. In particular, from the section
view of the workspace in xz-plane depicted in Fig. 3.7a, it can be seen that the
reach of the arms is increased from 0.5 m to 0.67 m, while the area covered by
each arm motion represents a semi-stadium geometric shape (blue colored region)
in xz-plane. Consequently, the rotation around the shoulder yaw axis produces
the semi-capsule shaped workspace for each arm with the operation volume of
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Figure 3.8: Workspace of the developed dual-arm manipulator beyond the area
delimited by the propellers.

Va = 0.395 m3. Figure 3.7c presents the overall workspace for both arms with the
operation volume of V = 0.507 m3, considering the common operation region. In
contrast, when the shoulder joints of two arms are fixed like in the existing designs,
the workspace of each arm resembles a hollow semi-sphere (red colored region) with
the volume of V f

a = 0.262 m3, while the volume of the overall workspace for both
arms is V f = 0.339 m3. Hence, it can be noted that around 67% increase in
the volume of the workspace is achieved with the proposed design. This, in its
turn, allows the UAV platform to be kept at a safer distance from the interacted
environment such as walls, improving safety during aerial manipulation missions.
Specifically, in Fig. 3.8, the workspace of the dual-arm manipulator beyond the
area delimited by the propellers is shown. As can be seen from Fig. 3.8a, if one of
the arms is equipped with a tool to operate in front of a wall, the longitudinal and
lateral distances between the tip of the closest propeller and the wall are 0.27 m

and 0.16 m, respectively. The overall operation volume of the workspace depicted
in Fig. 3.8b is equal to Vw = 0.247 m3.

It should be noted that the workspace shown in Figs. 3.7 and 3.8 represents the case
when the multirotor is on flight with the retracted landing gear. When the landing
gear is not retracted, the linear motion by the prismatic joints is restricted and
the workspace of the arms is considerably limited. Therefore, before the take-off
and landing phases, the arms are commanded to have the compact configuration
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Figure 3.9: Architecture and components of the proposed dual-arm system.

by folding onto themselves to avoid collision with the ground. In addition, the
motion of the arms during the flight should be carefully planned in order to avoid
self-collisions of the arms. In general, the trajectory generation and redundancy
resolution strategies developed in Chapter 5 can be utilized to cope with the prob-
lem above.

3.3.2 Hardware/Software Architecture

The block diagram of the architecture and components related to the developed
dual-arm system is shown in Fig. 3.9. Dynamixel X-series actuators are connected
in daisy chain on each arm. They are further connected to 6 Port Dynamixel Power
Hub, which connects them to the Odroid XU4 single board computer via U2D2
communication adapter. Dual VNH5019 motor driver shield from Pololu together
with Arduino Mega 2560 are used to control the rotation direction and speed of
the DC motors based on the encoder readings. Arduino Mega 2560 is programmed
in C using the Arduino IDE and it is connected to the Odroid XU4 via USB cable.
The Dynamixel X-series actuators are powered from 3S LiPo battery by connecting
them to 6 Port Dynamixel Power Hub. 6V 8A voltage regulator is used to transfer
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Figure 3.10: Developed dual-arm system mounted on the hexarotor platform.

required power from 3S LiPo battery to the dual VNH5019 motor driver shield
and DC motors, while Odroid XU4 computer is powered through 5V 5A voltage
regulator.

All control programs running on the Odroid XU4 single board computer (with
Ubuntu 16.04OS) are developed in C/C++ using robot operating system (ROS)
environment for software portability between different onboard computers. The
operation manager can be considered as the high-level supervisor that performs the
tasks chosen by the user from the ground control station. It collects the arms state
and provides the desired goal to the dual-arm controller. The dual-arm controller
generates the motion references and sends them back to the Dynamixel actuators
and DC motor controller. The DC motor controller derives the desired speed and
direction of the motors for the dual VNH5019 motor driver that produces required
PWM signals to control DC motors.

3.3.3 Incorporating with Aerial Platform

In Fig. 3.10, the developed dual-arm system is mounted on the hexarotor platform,
which was designed and fabricated by ourselves in the Flight Mechanics and Control
Laboratory at Nanyang Technological University, Singapore. The dual-arm base is
fixed between the landing gear legs right under the central hub to align the line of
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Figure 3.11: Sequence of images depicting the state change of the robotic arms
from compact configuration (left) to the operational state (right). Landing gear
down (left) and landing gear up (middle and right).

symmetry of the dual-arm system with the COG of the hexarotor platform. In order
to internally balance the whole system, the position of the shoulder prismatic joints
are moved forward as shown in Fig. 3.10. As it can be seen from Fig. 3.10, the arms
are commanded to have the compact configuration by folding onto themselves to
decrease the occupied space and avoid collision with the ground during the take-off
and landing operations. The retractable landing gear is employed to increase the
workspace of the arms during the flight. In Fig. 3.11, the sequence of images is
shown where the robotic arms undergo the state change from compact configuration
to the operational state. In order to evaluate the low weight and inertia design
of the proposed dual-arm system, the common off-the-shelf autopilot (Pixhawk) is
used to control the hexarotor platform, and no feedback from the robotic arms is
provided to the autopilot.

3.3.4 Kinematic Parameters

3.3.4.1 Reference frames and kinematic coupling

The kinematic parameters and reference frames for the dual-arm system are shown
in Fig. 3.12. The position of the joints is described as the vector qk = [qk1 , . . . , q

k
6 ]T ,

with k = {1, 2} for the right and left arms, respectively. The reference frames of the
arm joints are assigned according to the Denavit-Hartenberg (DH) convention as
illustrated in Fig. 3.12b, in which the motion of the joints is shown in the positive
direction. The DH parameters are presented in Table 3.3, in which l1 = 16.5 cm,
l2 = 20 cm, l3 = 18.5 cm, l4 = 11.5 cm, and l5 = 1.5 cm. The reference frame
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Figure 3.12: Kinematic parameters and reference frames for the dual-arm sys-
tem.

Ck
a is fixed to the base of the kth arm, while the reference frame Cb is the body-

fixed frame with origin at the hexarotor COG. Due to the motion transmission
mechanism and placement of the motors, there is a kinematic coupling among the
arm joints that can be defined as follows:

qkm =



1 0 0 0 0 0

0 1 0 0 0 0

0 0 −1 0 0 0

0 0 (−1)k (−1)kgr 0 0

0 0 (−1)k+1 (−1)k+1gr (−1)k+1gr 0

0 0 0 0 0 1


qk = Bkqk, (3.1)

in which qkm ∈ R6 describes the joint values in the motor space, gr = 1.5 is the
gear ratio and Bk is the matrix that maps the joint values from the joint space to
the motor space. The above relation is always invertible, since det(Bk) = g2

r > 0.
It should be noted that since the DC motors are used to actuate the first joints on
both arms, qkm1

represents the linear position that these motors need to achieve.
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3.3.4.2 Forward and inverse kinematics

The forward kinematic model of the kth arm, which specifies the position and
orientation of the end-effector, can be presented by the following transformation
matrix:

a
eT

k(qk) = a
0T

k

( 6∏
i=1

i−1
i T k(qki )

)
=

[
a
eR

k(qk) rke(q
k)

0 1

]
, (3.2)

in which a
eR

k(qk) ∈ R3×3 and rke(qk) ∈ R3 describe the rotation matrix and the
position vector of the end-effector of the kth arm with respect to the Ck

a frame,
i−1
i T k ∈ R4×4 is the transformation matrix corresponding to each joint and a

0T
k ∈

R4×4 is the transformation matrix that defines the frame {0} of the kth arm relative
to the frame Ck

a .

The closed-form analytical solution to the inverse kinematics is utilized to obtain
the position of the joints of the kth arm, given the desired position of the end-
effector, rke = [xk, yk, zk]

T , within the workspace of the arm, and the end-effector
orientation, ϕk, which describes the angle with respect to the plane parallel to the
ground plane. It should be noted that the position of the shoulder prismatic joint
is considered as the parameter, qk1 = ρ, which would be defined depending on the
task. For instance, if the COG compensation is required as indicated in Section
3.2.4, the position of the shoulder prismatic joint can be selected in such a way
that the dual-arm COG is aligned with the line of symmetry, while if it is required
to increase the reach of the arm, this value can be selected to slide the arm in the
forward or backward direction. In addition, since the wrist roll joint of the arm is
only used to reorient the end-effector, it is kept zero throughout all experiments
for simplicity, i.e., qk6 = 0. The shoulder yaw joint defines the pointing direction of

Table 3.3: DH parameters of the arm.

i αi−1 ai−1 di θi

1 0 0 q1 0
2 π/2 0 −l1 q2 + π/2

3 π/2 0 0 q3 − π/2
4 0 l2 0 q4

5 0 l3 0 q5 + π/2

6 π/2 l5 l4 q6
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the arm, and it is equal to

qk2 = atan2(yk, xk − qk1), (3.3)

The elbow pitch joint can be obtained by considering the following equations

cos(qk4) =
∆x2 + ∆z2 − l22 − l23

2l2l3
,

sin(qk4) = ±
√

1− cos2(qk4),

(3.4)

in which

∆x = R− l4 cos(ϕk) + l5 sin(ϕk),

∆z = |zk| − l1 + l4 sin(ϕk) + l5 cos(ϕk),

R =
√

(xk − qk1)2 + y2
k,

and selecting qk4 ≥ 0, we can find the angle of the elbow pitch joint as follows

qk4 = atan2(sin(qk4), cos(qk4)). (3.5)

Knowing qk4 , we can obtain the shoulder pitch joint in the following way

qk3 = π/2− (γ + β). (3.6)

where

γ = atan2(l3 sin(qk4), l2 + l3 cos(qk4)),

β = atan2(∆z,∆x).

Finally, the wrist pitch joint angle is defined as follows

qk5 = ϕk − (qk3 + qk4) + π/2. (3.7)

3.4 Single-Arm Aerial Manipulator

Since the single-arm aerial manipulator will be employed in Chapters 4 and 5 during
simulation and experimental studies, it was decided to provide the brief description
of the developed single-arm manipulator in this section.
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3.4.1 Developed Single-Arm System

The schematic design of the single-arm aerial manipulator consists of three parts:
a UAV, 4-DOF robotic arm, and an end-effector as displayed in Fig. 3.13a. As
can be seen, Y6 coaxial tricopter is chosen as the UAV platform due to its payload
capability (750g) and lightweight/customizable structure. As for manipulator, 4-
DOF robotic arm is selected such that it can perform basic pick and place tasks.
The robotic arm has four revolute joints with the yaw-pitch-pitch-roll sequence as
illustrated in Fig. 3.13b. As for the end-effector, two jaws are combined together
by a set of spur gears on each jaw which can be operated by a standard micro-
servo motor. Such design can provide reliable strength and actuation as well as
the capability to grasp the objects with basic shape.

3.4.1.1 Evaluation of Required Motorization

In this section, the assessment of motorization of the single-arm is presented. The
provided analysis of motors is the simplified evaluation of motorization, but at
the same time, it can be considered as a useful initial approach during the design
process.

As mentioned earlier, the main critical factors during the selection of motors are
their weight, size, torque, and power consumption. Hence, similarly as in the dual-
arm case, Dynamixel servo actuators are employed for the single-arm. Dynamixel
MX-64T and MX-106T are selected as the motors for the first and second joint,
respectively. Although the combined mass of this two motors is around 55% of the
entire mass of robotic arm, these two motors are selected to ensure that provided

UAV 

Arm 

End 

effector 

(a) The main components of the single-arm aerial ma-
nipulator.

𝜃1 

𝜃2 

𝜃3 

𝜃4 

(b) Robotic arm and yaw-pitch-
pitch-roll joint sequence.

Figure 3.13: Develop single-arm aerial manipulator.
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torques are enough to safely activate the manipulator. As for the third and fourth
joint, the lighter versions of Dynamixel motors are chosen, namely MX-28T and
AX-18A respectively. Selected motors should be able to provide required torques
to each joint in the most unfavorable configuration of the robotic arm, e.g. the
horizontally extended configuration. This can be written in the following form

τmotor ≥ τdyn + τgrav + τoth, (3.8)

where τmotor is the motor torques, τdyn is the dynamic torques caused by accelera-
tions of the manipulator and Coriolis effects, τgrav is the torques originating with
regard to the gravitational force caused by both mass of the arm and maximum
payload, and τoth denotes the torques generated by contact forces, friction and
other disturbances. Generally, the influences of τdyn and τoth are relatively smaller
compared to τgrav when the speeds involved are small. In addition, τdyn and τoth

usually quite difficult to estimate, and therefore, it is assumed that if the operating
torque of the motor is two times larger than τgrav, then such motor is suitable for
the proposed design. The parameters of motors can be seen in Table 3.4. The
combined mass of the single-arm with all components, motors and the end-effector
is 600g which is below the payload limitation of the UAV platform. The length
of robotic arm from the first joint to the end-effector is 260mm when it is fully
stretched. In addition, the first joint of the arm is fastened about 110mm far from
the center of the UAV platform, and thus, increasing the total reach of the arm up
to 370mm.

3.4.2 Experimental Setup

The architecture and components related to the single-arm system is shown in
Fig. 3.14. Dynamixel actuators are connected in daisy chain. They are further

Table 3.4: Parameters of the manipulator motors.

Joint Type Stall torque Motor
Motor

weight [g]

1 Yaw 6.0 [N ·m] MX-64T 165
2 Pitch 8.4 [N ·m] MX-106T 165
3 Pitch 2.5 [N ·m] MX-28T 72
4 Roll 1.8 [N ·m] AX-18A 55.9
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Robot arm
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Ref.

Ref.
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Figure 3.14: Architecture and components of the developed single-arm system.

connected to ArbotiX-M robocontroller, which is an Arduino compatible micro-
controller. The communication between ground computer and ArbotiX-M robo-
controller is realized via XBee wireless modules. The Dynamixel actuators and
ArbotiX-M are powered from 3S LiPo battery. In Fig. 3.15, the real-time imple-
mentation of the single-arm aerial manipulator is shown. The coaxial tricopter is
equipped with a Pixhawk autopilot that serves as the low-level controller, while
the robotic arm is actuated by four Dynamixel servomotors, which are controlled
by an ArbotiX-M robocontroller. The performance of the developed single-arm
manipulator will be displayed during the experimental flight tests in Chapter 4.

Figure 3.15: Single-arm aerial manipulator.
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3.5 Experimental Validation

Extensive experimental studies are performed in an indoor environment and eval-
uated in the OptiTrack motion capture system laboratory to validate the perfor-
mance of the proposed dual-arm system. Four scenarios are considered for the
experimental tests. In the first scenario, in order to evaluate the low weight and
inertia design of the proposed dual-arm system, the hexarotor platform is com-
manded to remain in hover (at x = 0 m, y = 0 m, z = 2 m), while the robotic arms
are performing different motion sequences. The main goal of the first scenario is to
show that the impact from the motion of the arms on the UAV stability is minor
in contactless situation due to the low inertia and weight design. On the other
hand, this influence is more evident when there is a grasped object that increases
the variation of COG and inertia during the arms motion. Therefore, in the second
scenario, the ability of the proposed design to dynamically align the dual-arm COG
with the symmetry line of the UAV platform is validated. In this scenario, 0.25
kg aluminium rod is attached to the end-effectors, which are commanded to move
forward and backward in the xz-plane by 25 cm three times, while the hexarotor
platform is required to hover at the same position as in the first scenario. Note
that the shoulders of the arm are kept in the coupled configuration in this scenario.
In the third scenario, the positioning stability of UAM is evaluated when the arms
are extended in the coupled and decoupled configurations (i.e., when the shoulder
prismatic joints of the arms are coupled and decoupled, respectively). As we men-
tioned before, utilizing the prismatic joints can increase the reach of the arms by
moving them to the front or back of the dual-arm base. However, when the arms
are in the coupled configuration, their linear motion can result in the inclination of
the UAV platform as indicated in Section 3.2.4 leading to the deterioration of the
positioning stability. In particular, this can be the case when the arms are extended
to operate in front of the wall. In order to address this case, the decoupled config-
uration of the proposed design can be exploited by moving one of the arms in the
opposite direction to align the dual-arm COG with the line of symmetry, especially
if only one arm is required to perform a task. Finally, the positioning accuracy of
the developed dual-arm itself is discussed in the fourth scenario. The end-effectors
of both arms are commanded to track the eight-shaped trajectory in the yz-plane,
while their positions in the x-axis are kept constant. In order to evaluate accuracy
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Figure 3.16: Block diagram of the control architecture.

and repeatability in the positioning of the end-effectors, the eight-shaped trajec-
tory is performed three times by both arms. The following eight-shaped time-based
trajectory is defined to coordinate the motion of the end-effectors:

x(t) = 0.29 m, ϕ = 0,

y(t) =

√
2 cos(t/4 + π/2)

5(3− cos(t/2 + π))
∓ 0.1 m,

z(t) =
sin(−(t/2 + π))

4(3− cos(t/2 + π))
− 0.35 m,

(3.9)

where ∓0.1 term is added to have the separate trajectory for each end-effector. The
aforementioned trajectory is defined with respect to the body-fixed reference frame
Cb. The block diagram of the overall control architecture during experimental
studies is shown in Fig. 3.16. The video of the experimental flight tests can be
accessed via this link (https://youtu.be/1cUYWqkMCIM).

3.5.1 Experimental Results

3.5.1.1 First scenario

In order to qualitatively assess the influence of the arms motion over the hexarotor
stability, two cases are considered in this scenario. In the first case, the arms are
fixed and kept in the operational state as shown in Fig. 3.17 (frame 1), while in
the second case, the arms are moving and performing different motion sequences as
depicted in Fig. 3.17 (frames 2-8). The experimental results corresponding to the
first scenario are summarized in Fig. 3.18. In Fig. 3.18a and 3.18b, the hovering

https://youtu.be/1cUYWqkMCIM
https://youtu.be/1cUYWqkMCIM
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1 2 3 4 

5 6 7 8 

Figure 3.17: Sequence of images during the indoor experiments corresponding
to the first scenario. Arms in the operational state (1), performing different
motion trajectories (2-8).

performance of the hexarotor is illustrated, while the position (x, y, and z) response
of the hexarotor COG is shown in Fig. 3.18c. It can be seen that the impact from
the motion of the arms on the hexarotor stability is minor in contactless flight due
to the low inertia and weight of the proposed dual-arm design. In particular, the
motion of the arms does not cause significant pose variations of the hexarotor as
depicted in Fig. 3.18c, since most of the dual-arm mass is concentrated near the
hexarotor base. This can be also seen from the Euclidean error values presented
in Fig. 3.18d and Table 3.5, which shows the root-mean-square error (RMSE)
values. It is observed that the Euclidean error and RMSE values for both cases are
similar, which validates the low weight and inertia features of the proposed dual-
arm design. In addition, it can be seen that the well-tuned standard autopilot is
capable to control the hexarotor in contactless situations regardless of the change
in the COG and inertia terms caused by the motion of the arms. Finally, it should
be noted that the effect of the arms motion over the hexarotor stability depends
on the arms speed. Thus, this effect can be reduced at the expense of increasing
the execution time of aerial manipulation missions.

Table 3.5: Euclidean RMSE for the first scenario (unit: cm).

Case Fixed arms Moving arms
RMSE 8.67 11.55
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Figure 3.18: Experimental results for the first scenario.

3.5.1.2 Second scenario

In the first scenario, we have shown that the influence of the motion of the arms
over the hexarotor stability in contactless situations is not significant due to the
employed design. However, when the end-effectors grasp the object, the variation
of the COG and inertia terms during the arms motion can cause notable deviations
in the position of the hexarotor. Hence, in the second scenario, 0.25 kg aluminium
rod is attached to the end-effectors to increase the variation of the COG and inertia
terms during the arms motion. The sequence of images corresponding to the second
scenario is shown in Fig. 3.19. The left column (t = 0s) of Fig. 3.19 displays the
initial configuration of the robotic arms. The end-effectors are moved forward in
the xz-plane by 25 cm as depicted in the middle column (t = 3s) of Fig. 3.19.
Finally, the end-effectors are moved back to the initial position as shown in the
right column (t = 8s) of Fig. 3.19. The above sequence is repeated two more times.
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𝑡 = 0𝑠 𝑡 = 3𝑠 𝑡 = 8𝑠 

aluminium rod 

(a) Without COG compensation

𝑡 = 0𝑠 𝑡 = 3𝑠 𝑡 = 8𝑠 

aluminium rod 

(b) With COG compensation

Figure 3.19: Sequence of images during the experiments corresponding to the
second scenario.

There is also 2s waiting time between forward and backward motion of the end-
effectors. Two cases are considered for this scenario as illustrated in Fig. 3.19. In
particular, Fig. 3.19a shows the first case when the COG compensation mechanism
of the proposed design is not activated, while the second case with the active COG
compensation mechanism is presented in Fig. 3.19b. The experimental results
corresponding to the second scenario are summarized in Fig. 3.20. The hovering
performance of the hexarotor for the aforementioned cases is shown in Figs. 3.20a
and 3.20b. It can be observed that the COG compensation mechanism of the
proposed design yields better hovering performance compared to the case when
the COG compensation mechanism is not activated. It is clearly visible from x-
axis response of the hexarotor COG in Fig. 3.20c that the ability of the proposed
design to dynamically align the dual-arm COG with the symmetry line of the
hexarotor notably decreases the pose variation of the aerial robot. This can be
also noted from Fig. 3.20d, which shows the Euclidean error. Finally, it is found
that the RMSE value (see Table 3.6) is decreased by around 64% for the case when
the COG compensation mechanism is active.
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Figure 3.20: Experimental results for the second scenario.

3.5.1.3 Third scenario

The sequence of images corresponding to the third scenario is shown in Fig. 3.21.
The top row (Fig. 3.21a) corresponds to the case when the arms are kept in the

Table 3.6: Euclidean RMSE for the second and third scenario (unit: cm).

Scenario Case RMSE

Second
Without COG
compensation 17.74

With COG
compensation 6.40

Third
Coupled

configuration 18.59

Decoupled
configuration 7.40
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𝑡 = 0𝑠 𝑡 = 3𝑠 𝑡 = 7𝑠 

(a) Coupled configuration

𝑡 = 0𝑠 𝑡 = 3𝑠 𝑡 = 7𝑠 

(b) Decoupled configuration

Figure 3.21: Sequence of images during the experiments corresponding to the
third scenario.

coupled configuration, while the bottom row (Fig. 3.21b) displays the arms in the
decoupled configuration. From the visual inspection of the images, it can be seen
that when the arms are kept in the coupled configuration, their forward motion
causes the pose variation of the hexarotor (see Fig. 3.21a). On the other hand, as
depicted in Fig. 3.21b, the decoupled configuration of the proposed design allows
to compensate the COG displacement by moving one of the arms in the opposite
direction. The experimental results corresponding to the third scenario are sum-
marized in Fig. 3.22. In Fig. 3.22a and 3.22b, the hovering performance of the
hexarotor is presented, while Fig. 3.22c shows the position (x, y, and z) response
of the hexarotor COG. It can be noted that the deviation in the position of the
hexarotor is significantly reduced when the left arm is used to compensate the
COG displacement caused by the motion of the right arm. This can be also seen
from Fig. 3.22d and Table 3.6, which show the Euclidean error and RMSE values,
respectively. It is observed that the RMSE value is decreased by around 60% when
the decoupled configuration is used. In general, this scenario resembles the case
when the arms are extended to operate in front of the wall. The results show that
when only one arm is required to perform the given task, the decoupled configu-
ration of the proposed design allows to use the second arm as the counterweight
to align the dual-arm COG with the line of symmetry improving the positioning
stability of UAM.
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Figure 3.22: Experimental results for the third scenario.

3.5.1.4 Fourth scenario

The main goal of the fourth scenario is verifying the accuracy and repeatability
in the positioning of the end-effectors of the developed dual-arm setup. As we
mentioned before, the end-effectors of both arms are commanded to track the
eight-shaped time-based trajectory defined in equation (3.9). The position of the
end-effectors is obtained by utilizing the OptiTrack motion capture system as shown
in Fig. 3.23. The reflective markers are attached to the dual-arm setup such that
the obtained results can be presented with respect to the body-fixed reference frame
Cb. The experimental results corresponding to the fourth scenario are summarized
in Fig. 3.24. The trajectory tracking performance of the end-effectors in the yz-
plane and xz-plane is presented in Figs. 3.24a and 3.24b, respectively, while the
position (x, y, and z) responses of the end-effectors are given in Fig. 3.24c. It can
be observed that the deviation is within 0.01 m. This is clearly visible from the
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Markers

Dual-arm

Markers

Figure 3.23: Developed dual-arm system during execution of the eight-shaped
trajectory by the end-effectors in the fourth scenario. Notice that reflective mark-
ers are attached to the end-effectors and Cb frame to provide visual feedback to
the OptiTrack system.

x-axis response in Fig. 3.24b and from the position error values depicted in Fig.
3.24d. Hence, it can be noted that the developed dual-arm setup has satisfactory
positioning accuracy itself.

3.6 Summary

In this chapter, we have presented the design, fabrication and experimental vali-
dation of the novel, lightweight, low inertia dual-arm manipulator with the COG
balancing mechanism specifically designed for aerial manipulation missions. The
main goal of this study is to design the dual-arm manipulator that can be easily in-
tegrated with the multirotors, which utilize standard autopilots, opening the door
for the widespread use of dual-arm manipulators with the commercially available
UAV platforms. The developed system consists of two arms with 6 DOFs each and
weighs 2.5 kg in total with a maximum payload of 1.0 kg per arm. The timing
belt-based transmission mechanism is utilized to decrease the inertia of the arms
by placing the actuators near the UAV base. The proposed design of the dual-arm
system employs the shoulder prismatic joints to introduce the linear sliding motion
that produces several distinctive features. In particular, each arm has the ability
to adjust its COG that allows to notably mitigate the influence of the arm mo-
tions over the multirotor stability. Furthermore, introducing the prismatic joints
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Figure 3.24: Experimental results for the fourth scenario.

increases the operation volume and reach of the arms. Moreover, the decoupled con-
figuration of the arms enables to simultaneously perform different tasks. Extensive
experimental flight tests have been performed to evaluate the proposed dual-arm
design with the hexarotor equipped with the off-the-shelf autopilot. The results
have illustrated that the influence of the motion of the arms over the hexarotor
stability is minor in contactless flight due to the low inertia and weight of the pro-
posed dual-arm design. In addition, the COG compensation mechanism has been
validated to reduce the influence of the arms motion even when there is a grasped
object, which increases the variation of COG and inertia during the arms motion.

Although the results demonstrate the efficacy of the proposed dual-arm design,
it is essential to provide the limitation of the design. In particular, the proposed
COG balancing mechanism does not address the complete stabilization of UAM,
since the mechanical limits of the proposed design during COG compensation can
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be reached depending on the desired configuration of the arms and grasped load,
making infeasible to fully compensate the COG displacement. Moreover, there is
the velocity limitation of utilized DC motors, which hinders the COG compensa-
tion during the fast motion of the arms. Therefore, in addition to the proposed
COG balancing mechanism, a control approach that can compensate the internal
disturbances caused by the motion of the arm(s) and external disturbances such as
wind gust is desired. Hence, such control strategy will be proposed and discussed
in the next chapter.





Chapter 4

Learning Control Strategy for

Unmanned Aerial Manipulators

4.1 Introduction

This chapter presents an artificial intelligence-based control approach, the fusion
of artificial neural networks and type-2 fuzzy logic controllers, namely type-2 fuzzy
neural networks, for the outer adaptive position controller of UAMs. In particular,
T2FNN with novel elliptic type-2 MFs, which is trained by the SMC theory-based
learning algorithm, is developed for the control of UAMs under time-varying work-
ing conditions. The feedback-error-learning (FEL) scheme [132] is employed in
which the proposed T2FNN controller works in parallel with a conventional PD
controller. In this scheme, the PD controller’s output is utilized as a learning error
to train T2FNN so that it can become a nonlinear regulator which assists a con-
ventional parallel controller (in our case the PD controller) to obtain the desired
system response. The presented strategy eliminates the need for precise tuning of
conventional controllers by learning from system dynamics and compensating dis-
turbances online. The proposed control approach can be employed by both single
and dual-arm aerial manipulators due to the adaptive learning capabilities of the
T2FNN structure, which does not require the precise model of the system under
control. In this work, the developed control strategy is tested for the control of
the coaxial tricopter equipped with the 4-DOF robotic arm in the absence and
presence of wind gust conditions.

65
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Extensive simulations in ROS and Gazebo environment are conducted to evaluate
and verify the performance of the proposed controller with the conventional PD
controller as well as with its type-1 counterpart (T1FNN). In addition, in order to
further validate the proposed controller, the experimental flight tests are performed
in the indoor environment, and the performance comparison of the developed con-
troller with PD/PID controllers is presented. The results demonstrate the efficacy
and efficiency of the proposed control strategy to compensate for the disturbances
caused by the robotic arm motion and wind gust, and thus leading to better flight
behavior. The video of the experimental flight tests can be accessed via this link
(https://youtu.be/qTdNbmOXy44).

The remainder of this chapter is organized as follows. In Section 4.2, the learning
control strategy for UAMs is described. Section 4.3 contains simulation results that
evaluate and verify the performance of the proposed control solution. In Section
4.4, experimental flight tests are presented to validate the proposed controller.
Lastly, conclusions and a summary of this chapter are provided in Section 4.5.

4.2 Fuzzy-Neuro Control Approach

4.2.1 Control Architecture

The overall structure of the control scheme for the UAM is depicted in Fig. 4.1. It
is based on two interconnected control loops which track the corresponding motion
references. The outer loop (position and manipulator control) is responsible for
the position control of UAV platform and manipulator joints, respectively, while
the inner loop (velocity-attitude control) is in charge of the velocity tracking and
attitude stabilization of UAV platform. In this work, the desired position of UAV
r∗b = [x∗ y∗ z∗]T and the manipulator joints Θ∗ = [θ∗1 θ

∗
2 θ
∗
3 θ
∗
4]T are selected as

the reference to control the overall system as shown in Fig. 4.1. The explicit
representation of the PD+FNN block in Fig. 4.1 is shown in Fig. 4.2.

The position control block incorporates three independent sub-controllers to track
the position reference of the coaxial tricopter on x, y, and z axes. The input to
this control block is the position error measurements ep = [ex ey ez]

T which are

https://youtu.be/qTdNbmOXy44
https://youtu.be/qTdNbmOXy44
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Figure 4.1: Block diagram of the control scheme.

defined as 
ex = x∗ − x

ey = y∗ − y

ez = z∗ − z,

(4.1)

while the output of this block is the desired linear velocity v∗ = [v∗x v∗y v∗z ]
T .

Intelligent control approach based on T2FNN for position control of the aerial robot
will be described in detail in the Section 4.2.2. It should be noted that the proposed
intelligent controller treats the couplings between the axes as a disturbance, and
tries to compensate them without knowing the interaction model.

Manipulator control consists of four independent joint control loops based on the
conventional PID controller. The desired angular displacement θ∗i (i = 1, 2, 3, 4)
for each joint is used as reference signals for deriving the torques acting on the
manipulator joints.

For the velocity-attitude control, the nonlinear geometric controller on the special
Euclidean group SE(3) can be used [133]. The input to this control block is the
desired velocity v∗ and the output of this block is the control variables [Fz τφ τθ

τψ]T .
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Figure 4.2: Structure of the PD+FNN block.

4.2.2 Fuzzy Neural Network Structure

In the proposed method which is shown in Fig. 4.2, the conventional PD controller
is working in parallel with the FNN controller (FNN block on Fig. 4.2), which
can represent T2FNN or T1FNN. In this work, the structure of the FNN block
implements a Takagi–Sugeno–Kang (TSK) fuzzy model for the T2FNN case as
illustrated in Fig. 4.3. The PD controller is utilized as an ordinary feedback
controller to guarantee the stability of the system and provide enough time for the
initialization of the learning process of T2FNN without going into the unstable
working region. In this way, T2FNN is supposed to learn online from the system
dynamics and take over the control responsibilities of the system. The PD control
law can be described in the following form

uc = kpe+ kdė. (4.2)

in which kd and kp are some positive constants corresponding the PD controller
gains, while e is the feedback error. It is to be noted that the output of the PD
controller uc is used as the learning error to train T2FNN.

4.2.2.1 Fuzzy-Neuro Inference System

In this work, the proposed structure of T2FNN includes two inputs, x1 = e and
x2 = ė, and one output uf . TSK A2-C0 fuzzy model is utilized in which the an-
tecedent/premise part is the type-2 fuzzy set and the consequent part is composed
of only crisp numbers [134]. Representing the consequent part as crisp numbers
notably reduces the computational burden of type-2 fuzzy systems. The structure
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Figure 4.3: Structure of T2FNN with two inputs.

of A2-C0 fuzzy system is shown in Fig. 4.3. The rij rule of a first-order TSK model
with x1 and x2 input variables can be described in the following way (i = 1, ..., I

and j = 1, ..., J)

rij Rule: IF x1 is M̃1i and x2 is M̃2j, THEN fij = lix1 +mjx2 + gij,

where fij is a linear function (LF ) of the input variables representing the con-
sequent part with J and I corresponding to the number of MFs for x2 and x1,
respectively. The parameters li, mj, and gij are the coefficients of the linear func-
tion in the consequent part for rij rule, while M̃1i and M̃2j are type-2 fuzzy sets.
For the first input, we have upper and lower MFs represented as µ1i and µ

1i
, re-

spectively. Likewise, for the second input, upper and lower MFs are defined as µ2j

and µ
2j
, respectively. In this study, the coefficients li and mj in the rij rule are

assumed to be equal to zero, which is a widely-utilized simplification that leads to
a zeroth-order TSK model, i.e., fij = gij.

The firing strength of the rij rule is determined by using the T -norm (multiplica-
tion) of the MFs in the antecedent/premise partW ij = µ1i

(x1)µ2j
(x2)

W ij = µ
1i

(x1)µ
2j

(x2),
(4.3)

in which elliptic type-2 fuzzy MFs are employed and will be described in detail
in the Section 4.2.2.2. In addition, the main reason that the T-norm is chosen
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as multiplication is to ensure that the mathematical model is derivable, which is
required by the majority of neural network learning algorithms [135].

Finally, the inference engine proposed in [134] is employed to acquire a crisp output
for a practical implementation. Hence, the output signal uf is computed by utilizing
the normalized values of the firing strength, W̃ ij and W̃ ij, in the following form

uf = %
I∑
i=1

J∑
j=1

fijW̃ ij + (1− %)
I∑
i=1

J∑
j=1

fijW̃ ij, (4.4)

where % is the parameter that defines the sharing contribution of the lower and
upper MFs [134], and it is selected to be equal to 0.5, while W̃ ij and W̃ ij are
expressed as follows

W̃ ij =
W ij∑I

i=1

∑J
j=1 W ij

, W̃ ij =
W ij∑I

i=1

∑J
j=1W ij

. (4.5)

Thus, the control input u to the system to be controlled is determined as follows

u = uc − uf , (4.6)

where uf and uc are the control signals produced by the T2FNN controller and the
PD controller, respectively.

4.2.2.2 Elliptic Type-2 Fuzzy MFs

In this study, novel elliptic type-2 fuzzy MFs are selected to obtain better control
performance and noise handling capability. These type-2 MFs have already demon-
strated satisfactory results for identification [112] and control [136] purposes. The
upper and lower MFs are computed in the similar manner as the triangular MFs
and they are expressed as follows

µ(x) =


(
1− |x−c

d
|a1
)1/a1 if c− d < x < c+ d

0 otherwise
(4.7)

µ(x) =


(
1− |x−c

d
|a2
)1/a2 if c− d < x < c+ d

0 otherwise
(4.8)
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Figure 4.4: Shapes of elliptic type-2 MFs with different values for a1 and a2.

in which x is the input variable, d and c are the width and the center of the MF.
The uncertainty width of the elliptic MFs are determined by a1 and a2, which
should be chosen in the following waya1 > 1,

0 < a2 < 1.
(4.9)

In Fig. 4.4 the different shapes of the proposed MFs are shown. When the parame-
ters of the MFs are chosen as (a1, a2) = (1, 1) the shape of type-2 MF is transformed
to a type-1 triangular MF as shown in Fig. 4.4(a). In addition to (4.9), in [29],
it is advised to select a1 and a2 as a1 < 2 and a2 > 0.5. The above mentioned
parameters c, d, a1 and a2 can be tuned in an adaptive manner or they can be
chosen as some constants.

In order to explain the uncertainty representation of elliptic MFs, let us consider
Fig. 4.4b. It can be seen that the expert, who decides the center values of the MFs,
is very certain that the particular input around the center belongs to the particular
fuzzy set. This is something that can be expected from the expert since he/she is
the person who selects the center values of the MFs. However, as we are moving
from center towards the right (c+ d) or left (c− d) end of support, the uncertainty
in the expert’s viewpoint increases. It should be noted that after the halfway, the
experts again starts to be more certain that a particular input does not belong to
this fuzzy set. The main reason for such modeling is that we believe that this way
of uncertainty representation is closer to the human way of thinking compared to
triangular or Gaussian MFs.

According to the control scheme in Fig. 4.2, where the PD controller is responsible
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to ensure stability of the system in compact space, it is assumed that the two input
signals, x1 and x2, and their respective time derivatives, ẋ1 and ẋ2, cannot have
infinite values [136]. Hence, they can be considered bounded as follows

|x1| < Bx, |x2| < Bx, |ẋ1| < Bẋ, |ẋ2| < Bẋ, (4.10)

where Bx, Bẋ > 0 are assumed to be some real constants.

Based on the same arguments, the parameters c and d of the elliptic type-2 fuzzy
MFs are considered bounded too

Bd,min < ‖d1‖ , Bd,min < ‖d2‖ , ‖c1‖ < Bc, ‖c2‖ < Bc, (4.11)

where d1 = [d11, ..., d1i]
T , d2 = [d21, ..., d2j]

T , c1 = [c11, ..., c1i]
T and c2 =

[c21, ..., c2j]
T , and Bd,min, Bc > 0 are some real constants. Similarly, due to physical

constraints, the value of the linear function of the input variables representing the
consequent part, fij, can be considered bounded as well

|fij| < Bf (4.12)

for some real constant Bf > 0.

In addition, it should be noted that 0 < W̃ ij ≤ 1 and 0 < W̃ ij ≤ 1. It is also evident

that
∑I

i=1

∑J
j=1 W̃ ij = 1 and

∑I
i=1

∑J
j=1 W̃ ij = 1. Finally, it is also considered

that u and u̇ will also be bounded signals

|u| < Bu, |u̇| < Bu̇, (4.13)

where Bu, Bu̇ > 0 are some real constants.

4.2.3 Sliding Mode Control Theory-Based Learning Algo-

rithm

In this section, the SMC theory-based parameter update rules for T2FNN with
elliptic type-2 fuzzy MFs are considered. The SMC theory-based approaches can
ensure the robustness of the system to external disturbances and parameter un-
certainties, and thus they are widely-utilized for nonlinear systems applications
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[137]. Moreover, apart from making the system more robust, the SMC theory-
based learning algorithms can also provide faster convergence speed than the con-
ventional learning techniques (e.g., the gradient-based methods) in online training
of FNNs [29, 138]. The SMC theory-based framework is designed by choosing a
suitable sliding manifold and restricting the motion of the system on it so that de-
sired system response can be obtained [137]. Hence, by employing the principles of
the SMC theory [139], the zero value of the learning error uc (t) can be represented
as a time-varying sliding surface Sc in the following way

Sc (uf , u) = uc (t) = uf (t) + u (t) = 0. (4.14)

The above equation represents the sliding manifold, which acts as a guideline to
train the T2FNN parameters. In particular, it works as the condition that the
T2FNN structure is trained to become the nonlinear regulator which assists the
PD controller so that desired performance of the system can be obtained. Hence,
the sliding surface for the nonlinear system under control is given by

Sp (e, ė) = ė+ λe, (4.15)

where λ is a parameter which defines the slope of the sliding surface.

In order to obtain the sliding motion on the sliding surface Sc (uf , u) = uc (t) = 0

after a finite time th, the condition Sc(t)Ṡc(t) = uc (t) u̇c (t) < 0 should be fulfilled
for all t in some nontrivial semi-open sub-interval of time [t, th) ⊂ (0, th) [138].
Therefore, it is desirable to employ the online learning algorithm or adaptation law
for consequent and premise parts of T2FNN to enforce the aforementioned sliding
mode condition. It should be noted that in different tests, it is observed that the
relative improvement in the performance for the case where both consequent and
premise parts of T2FNN are updated is small, while the corresponding computation
time is considerably larger than the case when only consequent part of T2FNN is
updated [140]. In addition, in [29], it is noticed that the output of FNN is quite
sensitive to the changes in the parameters of the consequent part. Therefore,
in this work, it is decided to update only the consequent part of T2FNN. Hence,
similarly as in [29], the following adaptation law is used to update the time-varying
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parameter of the consequent part fij

ḟij = −
%W̃ ij + (1− %)W̃ ij∏T ∏ αsgn(uc), (4.16)

where ∏
=

( I∑
i=1

J∑
j=1

(%W̃ ij + (1− %)W̃ ij)

)
. (4.17)

In the above, the adaptive learning rate α > 0 is updated as follows

α̇ = 2γ|uc| − νγα, (4.18)

where γ and ν need to be selected as positive. As a result, the considered learning
algorithm creates a sliding motion in terms of the T2FNN parameters, driving the
learning error to zero. The stability proof of the above adaptation law can be
found in [29]. It should be noted that the parameter γ can be considered as the
learning rate for α, while ν can be interpreted as the parameter that helps to avoid
a possible bursting in α. Note that the parameter ν should be carefully selected
to prevent it from interrupting the training process. In order to prevent division
by zero in the above equations, the denominator is set to be equal to 0.001 when
its computed value is smaller than this number. In addition, it is known that
SMC theory-based methods may suffer from high-frequency oscillations, which are
commonly called chattering. Although high-order SMC techniques can be used to
decrease the chattering effect, there are generally simpler approaches to alleviate
this problem [138]. In particular, the sigmoid or saturation function can be used
to replace the sgn function. Therefore, the following equation is utilized instead of
the signum function in (4.16)

sgn(uc) :=
uc

|uc|+ 0.001
. (4.19)

Finally, in (4.15), if the parameter λ is selected as λ = kp
kd
, then there exists a

relation between the sliding manifold Sp and uc in the following form

Sp = ė+ λe = ė+
kp
kd
e =

1

kd
(kdė+ kpe) =

uc
kd

=
Sc
kd
. (4.20)

This relation shows that the convergence of Sc to zero ensures the convergence of
Sp to zero and there is a sliding motion in the system states.
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1 2 

3 4 

Figure 4.5: A sequence of snapshots during the unfolding of the robotic arm:
(1) joint angles at {0, 0, 0, 0} radians; (2)-(3) intermediate state; (4) joint angles
at {0, −π, π, 0} radians.

4.3 Simulation Studies

Typical aerial manipulation tasks such as performing assembly, inspection or main-
tenance operations require constant hover of the aerial robot while simultaneously
manipulating the object which involves dexterous arm motion. Such arm motion
results in the COG displacement and the change of the moments of inertia of the
overall system, which, in its turn, creates additional torques and forces on UAV
body causing the displacement of the UAV and losing the hover state. Hence, in
our scenario, SMC theory based intelligent T2FNN controller is used to maintain
a constant hover (at x = 0 m, y = 0 m, z = 1.5 m) and stabilize the UAV plat-
form when the motion of the robotic arm is commanded in the xz-plane. The
two motions that are considered for our scenario are unfolding and folding of the
robotic arm. The former is commanded starting from initial joint angles {0, 0, 0,
0} radians to final joint angles {0, −π, π, 0} radians, as shown in Fig. 4.5, while
the latter is the motion of the arm in opposite direction. The simulation scenario
can be summarized as follows:

• UAV hovers with the folded arm for the first 10 s;

• The robotic arm is unfolded in the next 10 s followed by the folding of the
arm for another 10 s;

• The above two steps are repeated one more time;

• Finally, UAV hovers with the folded arm for the final 10 s.
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Two different cases are considered for the aforementioned scenario. In the first case,
the performance of the proposed T2FNN controller is investigated when there are
no external disturbances in the control system. In the second case, in order to show
the superior noise reduction property of T2FNN compared to its type-1 counterpart
(a1 = 1 and a2 = 1) and the conventional PD controller at higher noise level, the
wind is added to our simulation scenario. For generating the wind with different
speeds vw, we use the Gaussian distribution

vw = N (µv, σ
2
v), (4.21)

where σv and µv are the standard deviation and the mean value of the wind speed,
respectively. The wind gust begins to blow with a speed vw and a constant direction
[0, 1, 0] (along y-axis) from t = 0 s. In this case, the efficacy of the proposed control
strategy is evaluated not only in the presence of internal uncertainties caused by
arm motion, but also in the presence of external disturbances such as wind gust.
Throughout the simulation, the maximum operating speed of the end-effector is
restricted to 100.0 mm/s. The mean value of the wind speed is selected as µv = 2.5

m/s. In addition, in order to produce different noise levels, five different standard
deviation of the wind speed are selected as σv = {0, 0.1, 0.3, 0.5, 1.0} [m/s].

4.3.1 Intrinsic Parameters of the System and Control Vari-

ables

For the dynamical simulations, the coaxial tricopter equipped with the 4-DOF ma-
nipulator with all revolute joints is implemented in Gazebo simulator as shown
in Fig. 4.5. In order to achieve the realistic behavior of aerial robots during the
flight, the software-in-the-loop (SITL) configuration of the PX4 autopilot is uti-
lized. The PX4 flight controller is responsible for the low-level control and attitude
stabilization of the UAV platform. High-level commands (e.g., position/velocity
set-points) should be sent to the PX4 flight controller to control the UAV platform.
In addition, the Gazebo simulator provides the simulated sensor data to the PX4
flight controller, which utilizes this information together with set-points to com-
pute actuator commands. The communication between all components is handled
by the ROS environment. This ensures the software portability and integration of
the developed codes with the real UAV platform. The coaxial tricopter intrinsic
parameters are listed in Table 4.1. For the link masses (including the mass of
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motors), the following values have been considered mL1 = 170 g, mL2 = 125 g,
mL3 = 80 g and mL4 = 64 g. Note that since the position of the first motor is
static, its mass is contributed to the UAV body mass. The inertia moments, which
are measured at the center of gravity of their corresponding rigid bodies, are given
in Table 4.2. While parameters such as mass (mb, mL1 , mL2 , mL3 , mL4) and the
UAV arm length (l) can be directly measured, the moment of inertia values can be
obtained from their SolidWorks CAD model. In addition, the drag-moment (kd)
and thrust (kt) coefficients can be evaluated based on a simple experimentation,
details of which are given in [141], or by analyzing the motor-propeller combination
using RCbenchmark test setup. The joint positions have been obtained by using
Gazebo API. It should be noted, while masses and the UAV arm length can be
directly measured from the real UAM, the certain intrinsic properties like moments
of inertia, drag and thrust coefficients are always a close approximation of the real
UAM due to the estimation accuracy in the existing experimental and analytical
methods.

The control gains for the PD controller are selected as follows

kp = 1.5, kd = 0.1

while PID gains for each joint are as follows

kp1 = 10, ki1 = 0.05, kd1 = 0.1

kp2 = 10, ki2 = 0.05, kd2 = 0.5

kp3 = 1.0, ki3 = 0.05, kd1 = 0.005

kp4 = 0.08, ki4 = 0.05, kd4 = 0.003

Table 4.1: Coaxial tricopter intrinsic parameters.

Parameter Value Unit

mb 2.0 [kg]
l 0.285 [m]
kt 8.55× 10−6 [N · s2]
kd 1.66× 10−7 [N ·m · s2]
Ixx 1.8977× 10−2 [kg ·m2]
Iyy 2.1915× 10−2 [kg ·m2]
Izz 3.6685× 10−2 [kg ·m2]



78 4.3. Simulation Studies

In order to address the well-known issue with the PID controllers, i.e., integral
windup [142], the integral upper (imax) and lower (imin) limits are set to be imax =

0.1 and imin = −0.1. As for the antecedent parameters of the T2FNN, they are set
to (subindexes x, y and z correspond to position channels x, y, z)

c1x = c1y = c1z = [−0.15, 0.0, 0.15]T

c2x = c2y = c2z = [−0.25, 0.0, 0.25]T

d1x = d1y = d1z = [0.15, 0.15, 0.15]T

d2x = d2y = d2z = [0.25, 0.25, 0.25]T

The initial condition for time-varying weight coefficient, fij(0), is chosen to be a
sufficiently small positive number, i.e., fij(0) ∈ [0, 0.001], while the initial values
for learning rate α(0) are also selected to be a small positive number, i.e., αx = αy

= αz = 0.001. The elliptic MF parameters are set to be a1 = 1.25 and a2 = 0.8.
The adaptive learning parameters for the consequent part of FNN are chosen as

γx = 0.1 γy = 0.045 γz = 0.5

νx = 0.08 νy = 0.005 νz = 0.045

The total simulation time is equal to 70s, with the time step of dt = 0.01s. Trial-
and-error method is used to select the gains for the PD controller. The width (d),
the center (c) and the uncertainty width (a1, a2) values of the MF are selected
by using expert knowledge. In addition, the MFs are equally placed on the uni-
verse of discourse. The initial values for time-varying weight coefficient fij(0) and
the learning rate α(0) are selected randomly, although they are selected to be a
sufficiently small positive number, i.e., fij(0) and α(0) ∈ [0, 0.001]. Finally, the
adaptive learning parameters (γ and ν) for the consequent part of FNN are chosen
by using trial-and-error method.

Table 4.2: Moments of inertia of each link of the robotic arm.

Link Ixx Iyy Izz Unit

1 4.4563× 10−5 6.2332× 10−5 7.6670× 10−5 [kg ·m2]
2 6.2812× 10−5 1.2517× 10−4 1.4761× 10−4 [kg ·m2]
3 1.7075× 10−5 1.8862× 10−5 1.6000× 10−5 [kg ·m2]
4 7.8370× 10−6 0.8868× 10−5 0.9909× 10−5 [kg ·m2]
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(a) Position response of the UAV center of gravity.

(b) Control signals on the x, y, and z axes in the case when the PD controller is working
in parallel with the T2FNN controller.

(c) Euclidean error for different controllers. (d) Evolution of adaptive learning rate (α)
over time.

Figure 4.6: Performance of the proposed controller in the absence of wind,
where the grey shaded regions represent the time periods during the unfolding
and folding the arm.

4.3.2 Simulation Results

The simulation results are summarized in Figs. 4.6 and 4.7. In Fig. 4.6a, the
position (x, y, and z) response of the UAV center of gravity is shown during
the arm motion for the PD controller only and T2FNN working in parallel with
the PD controller for the case when there are no external disturbances, i.e., no
wind. It can be seen that when the PD controller is working alone, it cannot deal
with the disturbances caused by the arm motion. Furthermore, it can be noticed
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that the PD controller has a significant steady-state error occurred from internal
uncertainties such as lack of modeling. Moreover, when the PD controller works
alone, it cannot compensate the induced torque caused by the arm motion, and
therefore, the existed error persists during the whole simulation. However, in case
of the proposed T2FNN controller, the steady-state error is notably decreased with
the help of its adaptive learning capabilities. Hence, it can be seen that the T2FNN
controller achieves better tracking performance in x, y, and z axes of the UAV
center of gravity. It is evident that the PD controller can be tuned more aggressively
to obtain better results in each specific scenario, although this is not practical due
to the lack of modeling and the existed uncertainties in the environment such as
wind gust. In addition, aggressive tuning tends to be case dependent, and hence, it
cannot give a comparable performance in different conditions. On the other hand,
adaptive learning capabilities of T2FNN structure do not have such limitations,
and therefore, they are more suitable for real-time applications.

The control signals on x, y and z axes in the case when the PD controller is working
in parallel with the T2FNN controller are shown in Fig. 4.6b. It can be observed
that the intelligent compensator, the T2FNN controller, is taking over the control
responsibilities from PD, and hence, it gradually substitutes the PD controller.
This causes the output control signal from the PD controller to approach to zero
neighborhood after some time, and then, only T2FNN dominates the system. It
should be noted that the T2FNN controller cannot completely replace the PD
controller since when the trajectory sequence of arm motion changes the output
control signal from the PD controller becomes nonzero. In such cases, T2FNN
restarts the learning process and takes over control responsibility of the system
again as illustrated in Fig. 4.6b. In addition, the evolution of the adaptive learning
rate (α) over time is shown in Fig. 4.6d.

Figure 4.6c presents the Euclidean error values for both controllers. It is observed
that the combination of PD and T2FNN controller (PD+T2FNN) results in a
superior performance than that of the conventional PD controller when it works

Table 4.3: Euclidean RMSE for different controllers in the absence of wind
(unit: cm).

Controller Types PD PD+T2FNN
RMSE 6.08 2.70
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(a) Position response of the UAV center of gravity.

(b) Control signals on the x, y, and z axes in the case when the PD controller is working
in parallel with the T2FNN controller.
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(c) Euclidean error for different controllers. (d) Evolution of adaptive learning rate (α)
over time.

Figure 4.7: Performance of the proposed controller in the presence of wind (for
σv = 0 m/s), where the grey shaded regions represent the time periods during
the unfolding and folding the arm.

alone. It should be noted that the error of proposed controller is higher than the
PD controller at the beginning of the arm motion. However, once it tunes its
parameters, it yields a significantly smaller error than the PD controller. This
can be also seen from Table 4.3 which shows the root-mean-square error (RMSE)
values. It can be noticed that T2FNN controller decreases the PD controller RMSE
value by around 56%. As a result, hovering performance of coaxial tricopter which
uses intelligent T2FNN structure becomes significantly better compared to the case
when the PD controller is only utilized.
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Figure 4.8: Performance of the proposed controller in the presence of wind.

For the second case, where the wind is present, the performance of the different
controllers when σv = 0 m/s is shown in Fig. 4.7. It is evident that the intelligent
T2FNN and T1FNN structures yield the superior performance compared to the
PD controller when it is operating alone. On the other hand, the performances
of T2FNN and T1FNN are more or less the same when σv = 0 m/s as shown
in Figs. 4.7a and 4.7c. It is observed that the benefit of the use of T2FNN is
more apparent at higher noise level. In order to make a quantitative comparison
between T2FNN and T1FNN structures, let us consider Fig. 4.8 and Table 4.4. It
is seen that at higher noise level, e.g., σv = 0.5 m/s and σv = 1.0 m/s, the T2FNN
controller demonstrates better noise handling capability compared to its type-1
counterpart. It can be explained by noting that type-2 MFs are themselves fuzzy,
which, in its turn, provides an extra degree of freedom to deal with uncertainty.

Table 4.4: Euclidean RMSE for different controllers in the presence of wind.

RMSE, [cm]
σv, [m/s]Controller Types

0 0.1 0.3 0.5 1.0

PD 6.67 6.82 7.08 7.36 7.53

PD+T1FNN
(a1, a2) = (1,1)

4.32 4.49 4.82 5.02 5.34

PD+T2FNN
(a1, a2) = (1.25,0.8)

4.20 4.31 4.55 4.63 4.76
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Motion Capture Cameras 

Markers 

UAM 

Figure 4.9: Indoor experimental setup.

In addition, it is observed that in the presence of wind, T2FNN controller again
decreases the PD controller RMSE errors by more than 35% for all σv values as
illustrated in Fig. 4.8a. Moreover, due to the structure of T2FNN, it can further
reduce noise effects by around 3% to 11% as compared to the T1FNN controller
as shown in Fig. 4.8b.

4.4 Experimental Tests

The experimental flight tests to validate the superior control performance of the
proposed controller were conducted in the indoor environment and evaluated by
the motion capture system, consisting of eight OptiTrack Prime 13 cameras, which
provides the real-time pose (position and attitude) measurements with an update
rate of 100Hz and accuracy around 0.5mm. The indoor experimental setup includ-
ing UAM and cameras is depicted in Fig. 4.9. Reflective markers were fixed on the
UAM’s frame in a unique pattern to provide visual feedback of UAM to the Op-
tiTrack cameras. The aerial robot used for experiments consists of the Y6 coaxial
tricopter from 3D Robotics and the 4-DOF robotic arm. The coaxial tricopter is
equipped with a Pixhawk autopilot that serves as the low-level controller, while the
robotic arm is actuated by four Dynamixel servomotors (MX series) with internal
PID position control loop and controlled by an ArbotiX-M robocontroller.
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Figure 4.10: Real-time implementation of the overall control scheme.

The proposed control strategy presented in Sec. 4.2, implemented in ROS and
C++ environment, runs on Linux based ground computer and computes the re-
quired control commands which are fed to the low-level controller (Pixhawk) over
a wireless network at 50Hz. The communication between ground computer and
ArbotiX-M robocontroller is realized via XBee which transmits the desired joint
angles of the robotic arm. The real-time implementation of the overall control
scheme is shown in Fig. 4.10.

In order to evaluate the efficacy of the proposed control strategy, two scenarios are
considered for the experimental tests. The first scenario for the experimental tests is
chosen to be the same as in the simulation studies (no wind case) in order to verify
the results obtained in Section 4.3. In particular, SMC theory based intelligent
T2FNN controller is used to maintain a constant hover (at x = 0 m, y = 0 m,
z = 1.5 m) and stabilize Y6 coaxial tricopter when the motion of the robotic arm
is commanded in the xz-plane to perform unfolding and folding motions. In the
second scenario, in order to resemble the actual UAV flight, Y6 coaxial tricopter
is commanded to track the figure-eight shaped time based trajectory twice for 50
seconds. While Y6 coaxial tricopter tracks the given trajectory, the robotic arm is
configured to move in particular sequence. The motion of the robotic arm is shown
in Fig. 4.11. Due to the space limitation of our Motion Capture Lab, the maximum
speed of UAV along trajectory is kept to be 1m/s. In addition, the proposed
controller is compared not only with PD, but with PID controller as well, where PID
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Figure 4.11: Joint angles of the robotic arm during the trajectory tracking
flight.

gains are equal to kp = 1.5, ki = 0.2 and kd = 0.1. The video of the experimental
flight tests can be seen via this link (https://youtu.be/qTdNbmOXy44).

4.4.1 Experimental Results

The experimental results for the first scenario (hover case) are summarized in Fig.
4.12. In Fig. 4.12a, the hovering performance of the UAV platform is shown for
the PD and PID controllers only and T2FNN working in parallel with the PD
controller. In addition, the position (x, y, and z) response of the UAV center of
gravity is depicted in Fig. 4.12c. It is evident that the PD and PID controllers have
a significant error occurred from internal uncertainties such as lack of modeling,
although the performance of the PID controller is slightly better compared to
the PD controller. In addition, both controllers cannot compensate the induced
torque caused by the arm motion when they work alone. As a result, the existed
error persists, and it increases during the arm motion. It is clearly visible from x

response of the UAV center of gravity as shown in Fig 4.12c. The performance of
the PD and PID controllers can be improved by precisely tuning their parameters,
although this may yield the substandard results due to the unforeseen working
conditions. On the other hand, the proposed T2FNN-based controller eliminates
the need for precise tuning of the conventional controller by learning from system
dynamics and compensating disturbances online. Hence, it can be seen that the
T2FNN controller achieves better tracking performance in x, y, and z axes of the
UAV center of gravity.

https://youtu.be/qTdNbmOXy44
https://youtu.be/qTdNbmOXy44
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(a) Hovering performance of UAV base in
3D view.

(b) Euclidean error for different controllers.

(c) Position response of the UAV center of gravity.

(d) Control signals on the x, y, and z axes in the case when the PD controller is working
in parallel with the T2FNN controller.

Figure 4.12: Experimental results of the proposed controller for the hover case,
where the grey shaded regions represent the time periods during the unfolding
and folding the arm.

Figure 4.12d presents the control signals on x, y and z axes in the case when the
PD controller is working in parallel with the T2FNN controller. It is observed that
the T2FNN controller takes over the control responsibilities from PD and gradually
substitutes the PD controller. This results in the output control signal from the PD
controller to approach to zero neighborhood after some time. It should be noted
that when the trajectory sequence of the arm motion changes, the output control
signal from the PD controller becomes nonzero. In such cases, T2FNN restarts the
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(a) Trajectory tracking performance of UAV
base in 3D view.
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(b) Euclidean error for different controllers.

(c) Position response of the UAV center of gravity.

(d) Control signals on the x, y, and z axes in the case when the PD controller is working
in parallel with the T2FNN controller.

Figure 4.13: Experimental results of the proposed controller for the trajectory
tracking case.

learning process and takes over control responsibility of the system again.

The Euclidean error values for different controllers are shown in Fig. 4.12b. It can
be seen that the combination of PD and T2FNN controller (PD+T2FNN) yields a
superior performance than that of the conventional PD and PID controllers when
they work alone. This can be also seen from Table 4.5 and Fig. 4.14 which show
the RMSE values. It is observed that the T2FNN controller decreases the PD and
PID controllers RMSE error by around 54% and 48%, respectively. Finally, as
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Figure 4.14: Euclidean RMSE for different controllers for the hover and tra-
jectory tracking case.

in simulation studies the error of proposed controller is higher than the PD and
PID controllers at the beginning of the arm motion (see Fig. 4.12b). However,
once it tunes its parameters, the proposed controller gives the significantly better
performance than the case when the conventional controllers act alone during the
second time of the unfolding and folding of the arm.

The experimental results for the second scenario, where the Y6 coaxial tricopter
tracks the figure-eight shaped time based trajectory twice while the robotic arm is
in continuous motion, are shown in Fig. 4.13. The trajectory tracking performance
of the UAV platform for the different controllers is depicted in Fig. 4.13a. It can
be seen that the proposed controller yields the notably better trajectory tracking
performance compared to the case when the PD and PID controllers are only
utilized. This can be also seen from Fig. 4.13c which shows the position (x, y,
and z) responses of the UAV center of gravity. In addition, it can be noticed that
the conventional controllers cannot deal with the disturbances caused by the arm
motion. Therefore, as shown in Fig. 4.13b the Euclidean error of the proposed

Table 4.5: Euclidean RMSE for different controllers (unit: cm).

Scenario Controller Types RMSE

Hover
PD 7.63
PID 6.76

PD+T2FNN 3.49

Eight shaped
trajectory

PD 19.07
PID 18.71

PD+T2FNN 8.82
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controller is a significantly smaller than that of the conventional controllers due
to the adaptive learning capabilities of T2FNN structure. Finally, Table 4.5 and
Fig. 4.14 shows the performance difference between the proposed and conventional
controllers. It is observed that the T2FNN controller decreases the conventional
controllers RMSE error by around 53%.

As for the control signals, Fig. 4.13d presents the control signals on the x, y, and
z axes for the case when the PD and T2FNN controllers are working in parallel. It
is seen that at the beginning, the dominating control signal is the one coming from
the PD controller. However, after some time, the T2FNN controller takes over the
control responsibilities from PD and gradually becomes the leading controller.

4.5 Summary

In this chapter, the SMC theory-based intelligent T2FNN controller has been pro-
posed for the control of the coaxial tricopter equipped with the 4-DOF robotic
arm in the absence and presence of wind gust conditions. The main goal has
been to develop the control approach that can learn and compensate for the dis-
turbances caused by the robotic arm motion and wind gust, and thus can open
the door for the wider implementation of aerial manipulation tasks in daily life.
Extensive simulations in ROS and Gazebo environment have been performed to
evaluate the efficacy of this learning-based framework. The experimental flight
tests to further validate the performance of the proposed control approach have
been also conducted by using OptiTrack Motion Capture System. Both simulation
and experimental results have illustrated that the proposed controller, thanks to
its learning capability, is capable to significantly reduce the steady state-error and
overcome the disturbances caused by the arm motion and wind gust as compared
to the conventional PD and PID controllers working alone. On account of learning,
the Euclidean RMSE improvements of around 56% and 52% have been observed
for the simulation and real-time tests, respectively. Moreover, for the case, where
the wind is present, the T2FNN controller has demonstrated better noise handling
capability compared to its type-1 counterpart due to the implementation of elliptic
type-2 MFs.





Chapter 5

Trajectory Generation-based

Guidance Approach for Unmanned

Aerial Manipulators

5.1 Introduction

UAMs provide a remarkable level of dexterity on performing complex aerial ma-
nipulation tasks thanks to their high number of DOFs. Having such redundant
aerial robots, especially when employing dual-arm aerial manipulators, imposes
additional challenges to successfully perform UAM missions. In particular, ex-
ploiting the entire system redundancy and simultaneously generating the feasible
trajectories for the UAV platform and robotic arm(s) are essential in performing
complex tasks and achieving dexterous behavior. In this regard, in this chapter,
two different approaches are proposed to address these challenges. In both cases,
redundancy resolution and trajectory generation methods are incorporated into
one framework.

In the first approach, a trajectory generation with a multi-task redundancy res-
olution strategy is proposed to accomplish multiple UAM tasks, while satisfying
additional constraints such as joint angle limit and obstacle avoidance. This strat-
egy is based on the weighted damped least-squares method [143], which works at
a velocity level. Although this method is well-known for robotic arms, its im-
plementation for aerial manipulation tasks is novel. The proposed approach is
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computationally inexpensive to run online, allowing UAM to dynamically react
to unforeseen events by modifying its configuration during the execution of the
primary task (e.g., end-effector positioning). In addition, in order to avoid the
singular configurations of the robot arm, the maximization of the manipulability
measure is considered. Specifically, the strategy for integration of the manipulabil-
ity measure into the objective function of the redundancy resolution framework by
using the approximated derivatives is described. Furthermore, in the cases when
the redundancy of UAM cannot be fully exploited due to antagonistic tasks, the
task relaxation approach for aerial manipulation is presented to satisfy the robot
physical constraints and ensure the motion smoothness. Extensive simulation stud-
ies in ROS-Gazebo environment are performed to validate the performance of the
proposed approach with the single-arm aerial manipulator. To the best of the
author’s knowledge, this is the first work where the task relaxation framework
and the maximization of the manipulability measure represented by the first-order
approximation are implemented for UAMs while satisfying other constraints.

In the second approach, the nonlinear model predictive control-based trajectory
generation with redundancy resolution strategy is developed for the dual-arm aerial
manipulator. The proposed approach continuously re-plans the aerial robot motion
to perform the assigned task (e.g., 3D trajectory tracking with the end-effectors of
dual-arm), while satisfying several constraints such as avoiding the obstacles and
limits of the motion variables, i.e. the position and yaw angle of a multirotor as well
as the dual-arm joint variables. In addition, the minimum manipulability measure
is imposed to ensure a smooth motion and avoid singular configurations. Fur-
thermore, by defining the MPC problem in the acceleration domain, velocity and
position profiles without discontinuities can be obtained to have a smooth behav-
ior of the aerial robot. The performance of the developed framework is shown via
simulations in ROS-Gazebo environment and real-time experimental flight tests, in-
volving the dual-arm aerial manipulator performing non-trivial multi-task missions
(e.g., the transportation of the long bar), which require the coordination of both
arms, while keeping the configuration of the aerial robot within imposed bounds
and preventing collisions with obstacles. To the best of the author’s knowledge,
this is the first work where the NMPC-based trajectory generation with redun-
dancy resolution strategy is implemented for the dual-arm aerial manipulator with
all computations done online and onboard. The video of the experimental flight
tests can be accessed via this link (https://youtu.be/8n-Vz4ECr2U).

https://youtu.be/8n-Vz4ECr2U
https://youtu.be/8n-Vz4ECr2U
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The remainder of this chapter is organized as follows. In Section 5.2, UAM state
is presented. In Section 5.3, the multi-task velocity-based redundancy resolution
framework is described, while Section 5.3.3 contains simulation results that evaluate
and verify the performance of this framework. In Section 5.4, NMPC-based trajec-
tory generation method is explained, while simulation and experimental studies are
presented in Section 5.4.3 to validate the proposed method. Lastly, the compari-
son between two proposed methods and a summary of this chapter are provided in
Section 5.5.

5.2 UAM State

Multirotor UAVs are generally under-actuated systems since they have only 4 in-
dependent controllable variables for the 6 DOFs system, i.e., the position and
yaw angle of UAV, while the roll and pitch angles are considered as the non-
controllable variables. Hence, attaching multi-DOFs robotic arm(s) to multirotor
UAVs leads to the whole new systems with exceptional redundancy. Then, it is
worth to specify the complete state of the aerial manipulator which includes the
position (rb = [xb yb zb]

T ∈ R3) and UAV orientation represented by the Euler
angles (Φb = [φ θ ψ]T ∈ R3) with respect to the world-fixed reference frame CW ,
and joint position vectors of the single-arm Θ = [θ1 θ2 θ3 θ4]T ∈ R4 or dual-arm
qm = [qm1 , . . . , q

m
6 ]T ∈ R6, with m = {1, 2} for the right and left arms, respectively

(see Fig. 5.1). Thus, the complete states of the aerial manipulators can be defined
as follows σs = [rTb ΦT

b ΘT ]T ∈ R10,

σd = [rTb ΦT
b q

1,T q2,T ]T ∈ R18.
(5.1)

where σs and σd correspond to the single-arm and dual-arm aerial manipulator,
respectively.

In general, aerial robots employed for aerial manipulation tasks are not intended
for aggressive and agile maneuvers. Therefore, the multirotor tilt values (roll (φ)
and pitch (θ) angles are assumed to be negligible) are not considered in the pro-
posed trajectory generation algorithms. Moreover, having such high-dimensional
states, especially in the case of the dual-arm aerial manipulator, increase the com-
putational burden, which, in its turn, can hinder the real-time implementation of
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Figure 5.1: UAM state and reference frames.

the proposed trajectory generation algorithms, considering the available onboard
computational power. Hence, it was decided to exclude q1

1, q1
6 and q2

1, q2
6 from

consideration in the proposed framework, in order to decrease the computational
load. Then, by considering all the aspects mentioned above, the final configuration
states of the aerial manipulators for the trajectory generation algorithms can be
re-written in the following wayζs = [rTb ψ θ1 θ2 θ3 θ4]T ∈ Rns ,

ζd = [rTb ψ q1
2 q

1
3 q

1
4 q

1
5 q

2
2 q

2
3 q

2
4 q

2
5]T ∈ Rnd .

(5.2)

where ζs and ζd correspond to the single-arm and dual-arm aerial manipulator,
respectively, while ns = 8 and nd = 12.

It should be noted that the disturbances on the UAV platform caused by the mo-
tion of the robotic arm(s) are assumed to be negligible due to the slow arm(s)
movements, and they are mostly compensated by the inner loop controller. This
assumption can be further justified by preventing high configuration rates in tra-
jectory generation stage, and by employing controllers with adaptive learning capa-
bilities, such as the one presented in Chapter 4, that can compensate disturbances
caused by the motion of the arm(s). With the assistance of such controller and by
considering the slow arm(s) movements, the UAV platform can be considered as a
nominal multirotor, regardless of the motion of the arm(s) [144].



Chapter 5. Trajectory Generation-based Guidance Approach for UAMs 95

5.3 Multi-task Velocity-based Redundancy Reso-

lution Framework

5.3.1 General Approach

In typical aerial manipulation missions the main interaction with the environment
is performed by the end-effector of the robotic arm, thus it is crucial to precisely
position the end-effector on the desired trajectory (r∗e ∈ R3). The configuration
vector ζs of the single-arm aerial manipulator describes the position of the end-
effector re by the forward kinematics model as follows

re = f(ζs), (5.3)

and by the differential kinematics relation as

ṙe = J eζ̇s, (5.4)

where J e ∈ R3×ns is the end-effector Jacobian matrix. The pseudo-inverse tech-
niques [145] can be used to find the desired ζ̇

∗
s which reconstructs the desired

end-effector velocity ṙ∗e. However, when the UAM configuration is near to a singu-
lar posture, the pseudo-inverse techniques can suffer from high velocity components
which can exceed the physical limits of the aerial robot. In order to avoid such
situations, in this study, the weighted damped least-squares method [143] is em-
ployed. Specifically, with the given desired end-effector velocity ṙ∗e as the primary
task, the redundancy resolution strategy can be formulated as finding the desired
ζ̇
∗
s that approximates (5.4) by minimizing the following cost function [143]

C = ||J eζ̇s − ṙ∗e||2 + ||νζ̇s||2, (5.5)

where ν > 0 is the damping factor which prevents the system from reaching singular
postures by penalizing high configuration rates. In order to perform additional
tasks (e.g., obstacle avoidance), (5.5) can be modified to account the additional
tasks in the following way [143]

C = ||J eζ̇s − ṙ∗e||2W e
+

M∑
j=1

||Jηj ζ̇s − η̇∗j ||2W ηj
+ ||ζ̇s||2W ν

, (5.6)

where η̇∗j is the desired additional task velocity for j = 1, 2, ...,M in which M

is the number of additional tasks. Jηj is the Jacobian matrix associated with
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the additional task. W e, W ηj , and W ν are diagonal positive-definite weighting
matrices which assign the importance between the tasks. The cost function (5.6)
can be expanded as follows

C = (J eζ̇s − ṙ∗e)TW e(J eζ̇s − ṙ∗e) +

M∑
j=1

(Jηj ζ̇s − η̇∗j)TW ηj(Jηj ζ̇s − η̇∗j) + ζ̇s
TW ν ζ̇s.

(5.7)

Then, the desired ζ̇
∗
s which minimizes the cost function (5.7) can be derived by

differentiating C with respect to ζ̇s and equating it to zero [143]

ζ̇
d

= [JTeW eJ e +
M∑
j=1

JTηjW ηjJηj +W ν ]
−1(JTeW eṙ

∗
e +

M∑
j=1

JTηjW ηj η̇
∗
j).

(5.8)

The UAM configuration vector ζ∗s is computed by integrating the velocities ob-
tained from (5.8) for every time step.

5.3.2 UAM Tasks

This section presents and discusses a number of additional tasks, which will be
included in (5.7) to improve flight performance during UAM missions.

5.3.2.1 Incorporating Joint Limit Avoidance

In order to incorporate joint limit avoidance (JLA) into the redundancy resolu-
tion framework, we define it as the additional task by using part-time constraints,
meaning that the JLA task is only activated when the joint position is close to the
actual joint limit of the robotic arm. The advantage of implementing JLA as a
part-time task is that when the joint positions are far from their limits, the JLA
task is deactivated allowing to utilize the redundancy of the system for other tasks.
The task function for JLA can be defined as a one-to-one mapping of the UAM
configuration vector ηJL = ζs [146]. Then, the first-order differential relation can
be used to find the Jacobian matrix for the JLA task, JJL ∈ Rns×ns

JJL = Jη =
∂ηJL
∂ζs

= Ins×ns , (5.9)
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where Ins×ns is a (ns×ns) identity matrix. When the JLA task is active the desired
JLA task velocities should be zero, i.e., η̇∗JL = 0, as the joint velocities have to
vanish when the system approaches the joint limit. Then, equation (5.7) can be
rewritten as follows

C = (J eζ̇s − ṙ∗e)TW e(J eζ̇s − ṙ∗e) +

ζ̇s
TW JLζ̇s + ζ̇s

TW ν ζ̇s.
(5.10)

Solving the derivative of (5.10) for the unknown ζ̇s gives

ζ̇
∗
s = [JTeW eJ e +W JL +W ν ]

−1JTeW eṙ
∗
e, (5.11)

where W JL ∈ Rns×ns is the weighting matrix which activates and deactivates the
JLA task. In addition, in order to have smooth joint trajectories, W JL should be
selected as follows

W JL =



O4×4 O4×4

O4×4


w1 0 0 0

0 w2 0 0

0 0 w3 0

0 0 0 0




, (5.12)

in which Oa×b is (a × b) zero matrix and wi (i = 1, ..., 3) corresponds to the first
three joints of the robotic arm and it is defined as [146]

wi =



wjl if θi < θ−i
wjl
2

[1 + cos(π
θi−θ−i
τi

)] if θ−i ≤ θi ≤ θ−i + τi

0 if θ−i + τi < θi < θ+
i − τi

wjl
2

[1 + cos(π
θ+
i −θi
τi

)] if θ+
i − τi ≤ θi ≤ θ+

i

wjl if θi > θ+
i ,

(5.13)

where θ−i and θ+
i are the lower and upper limit of the joint, τi is the influence

region, and wjl is a user-defined constant representing the weighting importance.
It should be noted that when the joint value enters the influence region, the JLA
task will be activated, preventing self-collision.
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5.3.2.2 Obstacle Avoidance

Another important constraint, while performing aerial manipulation tasks, is the
obstacle avoidance (OA). Similar to JLA, the OA task can be implemented as a
part-time task, meaning that it is only activated in the vicinity of the obstacle
allowing UAM to fly around the obstacle without collision. Given the position of
the obstacle rob ∈ R3 and the position of the UAV platform rb ∈ R3 the OA task
function can be defined as

ηOB = d = ||rb − rob||, (5.14)

where d is the distance between the center of the obstacle and UAM. The Jacobian
matrix for the OA task is defined as JOA = (rb−rob)T

d
[I3×3 O3×5] ∈ R1×ns .

Similar to the JLA task, when the OA task is activated, the desired OA task
velocities should vanish to prevent collision between UAM and the obstacle, i.e.,
η̇∗OB = 0. Then, equation (5.10) is modified to accommodate the OA task

C = (J eζ̇s − ṙ∗e)TW e(J eζ̇s − ṙ∗e) + ζ̇s
TW JLζ̇s +

(JOAζ̇s)
TWOA(JOAζ̇s) + ζ̇s

TW ν ζ̇s,
(5.15)

resulting to
ζ̇
∗
s = [JTeW eJ e +W JL + JTOAWOAJOA +

W ν ]
−1JTeW eṙ

∗
e,

(5.16)

where WOA ∈ R1 is the weighting constant which activates and deactivates the OA
task. In order to have a smooth flight behavior near the obstacle, the weighting
constant is defined as follows

WOA =


wobs if d < dsaf

wobs
2

[1 + cos(π
d−dsaf
din−dsaf

)] if dsaf ≤ d ≤ din

0 if d > din,

(5.17)

where wobs is a user-defined constant representing the weighting importance, while
dsaf and din are the safety and influence distances, respectively. It is decided that
the obstacle and aerial robot are enclosed in spheres with the following radii robs and
rrob, respectively. Hence, the safety distance dsaf is selected as dsaf = robs + rrob to
prevent collision, while din is defined such that it increases the safety factor during
the OA task.
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5.3.2.3 Manipulability Maximization

Manipulability is an important feature which describes the dexterity of the robotic
arm at the given posture, and it is defined as follows [145]

w(ζs) =

√
det(JaJ

T
a ), (5.18)

where Ja ∈ R3×4 is the Jacobian matrix corresponding to the robotic arm. The ma-
nipulability of the system is close to zero near singular configurations. Therefore, it
is desirable to have high manipulability so that the system can have enough admis-
sible motions in case of unforeseen events. In order to maximize the manipulability
measure, the cost function (5.15) is modified as follows

C = (J eζ̇s − ṙ∗e)TW e(J eζ̇s − ṙ∗e) + ζ̇s
TW JLζ̇s +

(JOAζ̇s)
TWOA(JOAζ̇s) + ζ̇s

TW ν ζ̇s − µw(ζs),
(5.19)

where µ > 0 is the weighting importance, preceded by a negative sign to maximize
w(ζs). However, since the manipulability w(ζs) is a nonlinear and complex func-
tion, finding its derivative is a tedious and difficult task. Therefore, w(ζs) can be
linearized by the first-order approximation as follows [147]

w(ζs,t) = w(ζs,t−1) + δt∇wT ζ̇s, (5.20)

where δt is the time step and ∇w is the gradient of w(ζs). Similarly as in [147],
the ith entry of vector ∇w can be approximated numerically in the following way

(∇w)i =
∂w

∂ζi
=
w(ζs + δζimi)− w(ζs − δζimi)

2δζi
, (5.21)

wheremi ∈ Rn is a vector whose entries are zero except the ith entry which equals
to one, while δζi is a small posture displacement. Substituting (5.20) into (5.19)
and differentiating it with respect to ζ̇s, we can find ζ̇

∗
s

ζ̇
∗
s = [JTeW eJ e +W JL + JTOAWOAJOA +

W ν ]
−1(JTeW eṙ

∗
e +

µ

2
δt∇w).

(5.22)
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5.3.2.4 Relaxed Task Formulation

In cases when the redundancy of UAM cannot be fully exploited due to antagonis-
tic tasks, the relaxation of the task (e.g., end-effector positioning) is important to
satisfy the robot physical constraints and ensure the motion smoothness. Specifi-
cally, it is appealing to let the end-effector to deviate from the desired trajectory
for a period of time when multiple opposing tasks are present. In this way, it is
possible to enhance the flight behavior while satisfying the antagonistic tasks in a
more efficient way. For instance, in case of a pick-and-place task, it is beneficial to
slightly deviate from the planned trajectory near the obstacle for a period of time,
and then recover to the desired goal afterward.

Similarly as in [148], the trajectory relaxation can be implemented by introducing
the slack variable β ∈ R3 into the primary task of the redundancy resolution
strategy. Specifically, (5.4) can be modified in the following way, ṙe = J eζ̇s + β.
Hence, (5.4) can be rewritten as follows

ṙe = Jχeχ, (5.23)

where χ = [ζ̇s
T βT ]T and Jχe = [J e I3×3]. Then, the end-effector performs the

modified trajectory which is defined in the velocity terms ṙe − β, where β is the
deviation from the desired trajectory in the velocity domain. Through similar
procedures as in the previous subsections, (5.22) can be modified to account for
the trajectory relaxation

χ∗ = [(Jχe )TW eJ
χ
e + (JχOA)TWOAJ

χ
OA +

(JχJL)TW JLJ
χ
JL +W χ

ν ]−1((Jχe )TW eṙ
∗
e +

µ

2
Wm),

(5.24)

where Wm = [(δt∇w)T O1×3]T ∈ R(ns+3), JχOA = [JOA O1×3] ∈ R1×(ns+3), JχJL =

[Ins×ns Ons×3] ∈ Rns×(ns+3) and W χ
v =

[
W v Ons×3

O3×ns W β

]
∈ R(ns+3)×(ns+3).
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Figure 5.2: Constraint stiffness profile example for ge(t).

The weighting matrixW β ∈ R3×3 modifies the stiffness of the task relaxation, and
it is defined as W β = ge(t)I3×3, where ge(t) is described in the following way [148]

ge(t) =


g1(t) if 0 ≤ t ≤ ts

Wsoft if ts ≤ t ≤ tf − ts

g2(t) if tf − ts ≤ t ≤ tf ,

(5.25)

in which g1(t) and g2(t) are time-varying continuous functions which ensure a
continuous and smooth transition for the slack variable β which leads to the smooth
behavior for ζ̇s during the operation. It should be noted that ge(t) varies between
Wsoft (in the middle of the task) and Whard (at the beginning and the end of
the task) allowing to start and recover to the desired trajectory, while deviating
from the desired trajectory in the middle of the task (see Fig. 5.2). In this work,
derivative hyperbolic tangent transition [149] is used to define the g1(t) and g2(t)

functions in the following wayg1(t) = −(Whard −Wsoft) tanh2
(
Q

t2−t1 (t− t1)
)

+Whard

g2(t) = −(Whard −Wsoft) tanh2
(
Q

t4−t3 (t− t3)−Q
)

+Whard

(5.26)

where t1 = 0, t2 = ts, t3 = tf − ts, t4 = tf and Q = 4.15. Please kindly refer to
[149] for the detailed explanation of choosing the g1(t) and g2(t) functions.
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5.3.3 Simulation Studies

Two scenarios are considered to validate the performance of the proposed approach.
In the first scenario, the primary task consists of positioning the end-effector along
the straight line trajectory while performing the additional tasks such as joint
angle limit and obstacle avoidance. In addition to the aforementioned tasks, the
maximization of the manipulability measure is also considered in this scenario.
Finally, the mission is considered accomplished when the end-effector reaches the
goal position [3.0 0.0 1.37]Tm. The second scenario is similar as the first scenario
with an addition of the task relaxation. In the second scenario, it is demonstrated
that the task relaxation approach can increase the manipulability measure when the
redundancy of the system cannot be fully exploited due to the physical constraints
of UAM.

For the dynamical simulations, the coaxial tricopter equipped with the 4-DOF
manipulator with all revolute joints is implemented in ROS-Gazebo environment.
The intrinsic parameters and link masses are the same as in Section 4.3.1. In the
beginning of the simulation, the aerial robot is hovering with the following initial
configuration, ζs = [0 0 1.5 0 0 −2π

3
π
4

0]T . The obstacle is located at the position
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Figure 5.3: Position and yaw angle of the UAV platform during scenario 1.
The gray shaded regions represent the time period when the OA task is active.
Notice how the y position (blue line) is increased to satisfy the OA task.
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Figure 5.4: Arm joint values during scenario 1. The gray shaded regions rep-
resent the time period when the OA task is active. The cyan and magenta
horizontal dashed lines indicate the start of influence region and joint limits,
respectively.

rob = [1.2 −0.2 1.5]Tm. Trial-and-error method is used to select the parameters
for the simulations and they are equal to: W e = 500I3×3, wobs = 150, wjl = 100,
W v = 0.3I8×8, Whard = 106 and Wsoft = 10. It should be noted that the JLA task
is considered for all cases, and it is only activated when the joint values enter the
corresponding influence regions. The total simulation time is equal to 60s, with
the time step of dt = 0.02s.

The simulation results for scenario 1 are summarized in Figs. 5.3-5.5. In Fig. 5.3,
the position (x, y, and z) and yaw angle (ψ) of the UAV platform are shown,
while Fig. 5.4 shows the robotic arm joint values during scenario 1. It can be
seen that the proposed algorithm generates the feasible UAM configuration vector
ζ to achieve the primary task while satisfying the additional task requirements. In
particular, as can be seen in Fig. 5.3, when the OA task is active, the y position
of UAV increases to avoid the obstacle, while the yaw angle changes to continue
performing the primary task of the end-effector. In addition, from the evolution of
θ2 in Fig. 5.4, it can be noted that the JLA task is activated when θ2 enters the
influence region. The JLA task successfully keeps the joint angle away from the
joint limit, preventing self-collision.



104 5.3. Multi-task Velocity-based Redundancy Resolution Framework

Time [s]
0 10 20 30 40 50 60

D
is
ta
n
ce

to
O
b
st
ac
le

[m
]

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 With OA task, µ = 1000
Without OA task, µ = 0

Influence distance

Safety distance

(a) Distance to the obstacle.

Time [s]
0 10 20 30 40 50 60

N
or

m
al

iz
ed

M
an

ip
u
la

b
il
it
y

0

0.2

0.4

0.6

0.8

1

With OA task, 7 = 1000
With OA task, 7 = 0

(b) Normalized manipulability.

Figure 5.5: Distance to the obstacle and normalized manipulability measure
evolution during scenario 1. The gray shaded region represents the time period
when the OA task is active in scenario 1.

The distance between UAM and the obstacle is presented in Fig. 5.5a for various
cases. It can be seen that when the OA task is incorporated as the additional task
to the redundancy resolution framework, UAM can successfully avoid the obstacle
and does not go beyond the safety distance while performing the primary task.
When the OA task is not included in the redundancy resolution framework, UAM
crosses the safety distance and cannot avoid collision as shown in Fig. 5.5a by the
dashed-dot black line. The evolution of the manipulability measure during scenario
1 is shown in Fig. 5.5b. When the maximization of the manipulability measure is
considered (µ = 1000), the manipulability of the arm is improved compared to the
case when the maximization of the manipulability measure is neglected (µ = 0)
as can be seen in Fig. 5.5b. In addition, Fig. 5.5b shows that the manipulability
measure maximization and the OA task are counteracting tasks when UAM is in the
vicinity of the obstacle. During that time the manipulability measure approaches to
the similar value as the non-maximized case. In this case, the enhancement of the
manipulability measure is constrained due to the exploitation of the redundancy
and the physical limits of the aerial robot. Nevertheless, this can be overcome by
implementing the trajectory relaxation as described in scenario 2.

In the second scenario, the trajectory relaxation for the end-effector’s primary
task is considered with the same requirements as in scenario 1. In Fig. 5.6a, the
distance between UAM and the obstacle is shown. It can be seen that the trajectory
relaxation for the primary task does not negatively affect the OA task, allowing
UAM to successfully avoid the obstacle. In addition, Fig. 5.6b presents a significant
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Figure 5.6: Distance to the obstacle and normalized manipulability measure
evolution during scenario 2. The gray shaded region represents the time period
when the OA task is active in scenario 2.

improvement of the manipulability thanks to the trajectory relaxation. Figure 5.7
shows the influence of the trajectory relaxation on the end-effector trajectory. It can
be seen that the trajectory relaxation causes the reasonable deviations in the end-
effector trajectory in order to increase the manipulability measure in the vicinity
of the obstacle. However, after passing the obstacle the end-effector resumes the
task and recovers towards the desired goal.

Figure 5.8 shows a sequence of snapshots of the UAM motion during scenario 2. In
frame 1, UAM starts its motion towards the goal position represented by a small
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Figure 5.7: Trajectory of the end-effector while implementing the trajectory
relaxation in scenario 2. The gray regions represent the activation of the OA
task in scenario 2.
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1 2 

3 4 

Figure 5.8: A sequence of snapshots of the UAM motion in scenario 2: (1)
UAM starts its motion; (2)-(3) intermediate states; (4) UAM reaches the goal.

green sphere. When UAM approaches to the obstacle (big green sphere) as shown
in frame 2, it is pushed sideway to fulfill the OA task as shown in frame 3. Finally,
the mission is accomplished as the end-effector reaches the goal position (frame 4).

5.4 NMPC-based Trajectory Generation

MPC is a control method which solves optimization problem numerically over a fi-
nite window, commonly called as the prediction horizon (Np), while satisfying some
constraints. Nonlinear MPC (NMPC) corresponds to particular MPC cases where
a nonlinear process model, non-quadratic cost functions or nonlinear constraints
are utilized during the formulation of MPC problem.

In comparison to the previous approach, NMPC-based method allows to handle
system constraints explicitly without defining additional tasks as it was done in
Section 5.3. In addition, utilizing NMPC-based trajectory generation for UAMs
may lead to a better long-term motion strategy due to the fact that MPC has the
ability to predict the future state evolution within the prediction horizon. However,
it should be noted that this approach is known to be computationally demanding
because of its iterative nature. Therefore, in order to account for the real-time im-
plementation of this approach, especially for UAMs, the prediction horizon length
should be wisely selected, considering the available onboard computational power.
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5.4.1 General Formulation

NMPC minimizes the cost function over the prediction horizon ti ≤ t ≤ ti+Np ,
where Np is a horizon length, at each sampling instant (ti) and finds optimal
control inputs for each time interval. In this work, the NMPC cost function is
formulated as follows

min
Λk,uk

NΓ∑
j=1

Γj +

i+Np−1∑
k=i

||uk||2Qu (5.27a)

subj. to Λk+1 = f(Λk,uk) (5.27b)

Λmin ≤ Λk ≤ Λmax (5.27c)

umin ≤ uk ≤ umax (5.27d)

ymin ≤ g(Λk,uk) ≤ ymax (5.27e)

where Λk = [ζd,k, ζ̇d,k]
T ∈ R24 is the differential state vector, and it is bounded by

Λmin and Λmax as defined in (5.27c), while uk ∈ R12 is the control input, which is
bounded by umin and umax as defined in (5.27d), Qu ∈ R12×12 is the weight matrix
on control actions. The robot’s state-space dynamics is represented by f(Λk,uk)

as shown in (5.27b). Γj is the cost function corresponding to a generic task, and
NΓ is the number of tasks. As for (5.27e), it specifies bounds of a generic constraint
g(Λk,uk). Notice that the cost function of NMPC (5.27) includes the term ||uk||2Qu

which penalizes control actions. By selecting appropriate Qu, one can favor either
UAV base or arms’ motion depending on the task.

5.4.2 UAM Tasks and Constraints

This sections presents and discusses several cost functions, which correspond to the
tasks done by UAMs. In addition, unlike in Section 5.3.2, system constraints are
explicitly imposed without defining them as additional tasks.

5.4.2.1 End-effector tracking

As we mentioned earlier in Section 5.3.1, the main interaction during UAMmissions
is performed by the end-effectors of the aerial manipulator, and thus it is essential
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to be able to follow the desired end-effector trajectories. Hence, we define two main
tasks Γ1 and Γ2. The goal of these tasks is to track desired trajectories r1

∗(t) and
r2
∗(t) for both arms. Then, the cost function, Γ1, can be formulated as follows

Γ1 =

i+Np−1∑
k=i

||r1
e(ζd,k)− r1

∗(tk)||2Q1
(5.28a)

+ ||r1
e(ζd,i+Np)− r

1
∗(ti+Np)||2W 1

, (5.28b)

where the first term (5.28a) minimizes the tracking error within prediction horizon
length Np, while the second term (5.28b) optimizes the terminal cost at the end
of prediction horizon. Q1 and W 1 are weight matrices for the task and terminal
cost. Analogously, the cost function Γ2 for the second arm is defined as

Γ2 =

i+Np−1∑
k=i

||r2
e(ζd,k)− r2

∗(tk)||2Q2
(5.29a)

+ ||r2
e(ζd,i+Np)− r

2
∗(ti+Np)||2W 2

. (5.29b)

whereQ2 andW 2 are weight matrices for the task and terminal cost corresponding
to the second arm. Notice that having separate cost functions allows to obtain
independent movement for each arm, thus increasing the dexterity of the overall
system.

5.4.2.2 Velocity minimization

In order to achieve a smooth flight behavior, reduce energy consumption and wear
of the mechanical components, it is important to keep velocities low, when it is
possible. This can be achieved by formulating the cost function Γ3 in the following
form

Γ3 =

i+Np−1∑
k=i

||ζ̇d,k||2Q3
+ ||ζ̇d,i+Np ||

2
W 3

, (5.30)

where Q3 andW 3 are weight matrices for velocity minimization task and terminal
cost.
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5.4.2.3 Minimization of the COG displacement

As we mentioned earlier, the motion of the robotic arms causes the displacement
in COG, which, in its turn, can lead to the pose variation of the whole aerial
robot. Therefore, the minimization of the COG displacement can be implemented
to improve the flight behavior. Similarly as in [126], this can be achieved by
formulating the cost function Γ4 in the following form

Γ4 =

i+Np−1∑
k=i

||rbCOG(ζd,k)||2Q4
+ ||rbCOG(ζd,i+Np)||

2
W 4

, (5.31)

where Q4 and W 4 are weight matrices for the COG displacement minimization
task and terminal cost, while rbCOG represents the projection of the dual-arm COG
on xy-plane defined in the body-fixed frame Cb.

5.4.2.4 Singularity-free motion

The singularity-free regions can be achieved by considering the manipulability mea-
sure. The manipulability measures for both arms, ω1 and ω2, are defined as

ωm(qm) =
√

det(J(qm)J(qm)T ), (5.32)

where J(qm) is Jacobian matrix of the m-th arm. Having higher manipulability
yields better maneuverability for the robotic arm so that the arm can have enough
admissible motions in case of unforeseen events, while when the manipulability
measure is very small, the arm can be near singular configuration. Therefore, it
is desirable to have high manipulability. However, in Section 5.3, we learned that
the manipulability measure maximization and the OA task can be antagonistic
tasks when UAM is in the vicinity of the obstacle. Therefore, instead of directly
maximizing the manipulability measure, the singularity-free motion is imposed by
specifying a minimum value of manipulability measure (ω̄) via following constraint

ωm(qm) ≥ ω̄ (5.33)

This can decrease the occurrence of sudden peaks in joint velocities and accelera-
tions.
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5.4.2.5 Collision avoidance

In this section, we define the collision avoidance constraints for the aerial robot
during trajectory generation.

Self-collision avoidance: To prevent self-collision of the aerial robot, two meth-
ods are implemented. The first method is explicitly imposing the constraints on
joint limits of q1 and q2 as defined in (5.27c), while the second method is to create
the virtual walls between the arms and UAV base as well as between the arms
themselves to delimit their working regions. The virtual wall between the UAV
base and arms can be created by imposing a safety distance between the position
of the dual-arm end-effectors and UAV base in z-axiszb − z1

e ≥ z̄,

zb − z2
e ≥ z̄

(5.34)

where z1
e and z2

e are the position of the end-effectors in the z-direction of the
world-fixed reference frame, while z̄ is a imposed safety distance. The virtual wall
between the arms can be imposed by separating the working spaces of the arms
along the y-direction of the body-fixed frame Cby1,b

e ≤ 0, y1,b
elb ≤ 0

y2,b
e ≥ 0, y2,b

elb ≥ 0
(5.35)

where y1,2,b
e and y1,2,b

elb are the position of the end-effectors and elbow joints in the
y-direction, respectively, defined in the body-fixed frame Cb. Hence, considering
the aforementioned conditions, it is ensured that the self-collision will never occur.

Obstacle avoidance: In order to implement obstacle avoidance, the obstacles are
modeled as ellipsoids using minimum volume enclosing ellipsoid (MVEE) technique
[150]. In addition, we represent the aerial robot as the union of the different
ellipsoids El with centers at cl, l = 1, ..., 5, as showin in Fig. 5.9. Since El

ellipsoids fully enclose the aerial robot, these ellipsoids and ellipsoids representing
the obstacles should not intersect. Similarly as in [151], this can be achieved by
imposing the following constraints

νd,l(cl) ≥ 1 (5.36)
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Figure 5.9: Graphical representation of the aerial robot enclosed by 5 ellipsoids,
El, with centers at cl, l = 1, ..., 5.

where νd,l(cl) is defined as

νd,l(cl) = (cl − od)TAd(cl − od) (5.37)

in which od is center of MVEE for d-th obstacle, d = 1, ..., Nd (Nd is the number
of obstacles). The diagonal matrix Ad defines ellipsoid’s radii, and it composes of
radii of MVEE of d-th obstacle and corresponding El ellipsoid. A safety margin
is added to the radii of obstacle’s ellipsoid, so that the slight violations of the
constraints are considered.

After defining aforementioned constraints, the final form of NMPC cost function
is formulated as follows

min
Λk,uk

NΓ∑
j=1

Γj +

i+Np−1∑
k=i

||uk||2Qu (5.38)

subj. to Λk+1 = f(Λk,uk)

Λmin ≤ Λk ≤ Λmax, umin ≤ uk ≤ umax
ωm(qm) ≥ ω̄, zb − z1,2

e ≥ z̄, νd,l(cl) ≥ 1

y1,b
e ≤ 0, y1,b

elb ≤ 0, y2,b
e ≥ 0, y2,b

elb ≥ 0

The values of Λ and u at time ti is obtained as the solution to the above MPC
problem. As indicated in Chapter 3, the dual-arm system has the pre-configured
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internal controllers for each Dynamixel actuators, while the hexarotor employs
Pixhawk as the low-level controller. These controllers are relatively fast and can
be used to track the positional set-points, allowing us to place the NMPC-based
trajectory generator at the top level as a high-level controller, which generates the
desired configuration state (ζ∗d) for UAM as shown in Fig. 5.10.

5.4.3 Simulation and Experimental Studies

To validate the performance of the proposed NMPC-based approach presented in
the previous subsections, two scenarios are considered. In both scenarios, the dual-
arm end-defectors are commanded to track the desired straight line trajectories
while considering tasks and constraints introduced in Section 5.4.2. For scenario 1,
tasks defined in (5.28)–(5.30) and constraints defined in (5.33), (5.34), and (5.36)
are considered. Instead of creating the virtual wall between the arms (5.35), we
set q1,2

2 = 0 to prevent the self-collision between the arms. Besides, only one
obstacle is considered for this scenario, and it is located at o1 = [0 0 0.75]Tm. For
scenario 2, tasks defined in (5.28)–(5.30) and all constraints defined in (5.33)-(5.36)
are considered. This time the virtual wall between the arms is explicitly imposed
without constraining q1,2

2 . In addition, two obstacles are considered for scenario
2. The first obstacle is located at o1 = [0 -0.5 0.9]Tm, while the second obstacle
is located at o2 = [0 0.5 0.9]Tm. In both scenarios, the following constraints
are imposed for motion variables: zb ≤ 1.6 m, |q1,2

3 | ≤ π
2
and q1,2

4,5 ∈ [0, π]. The
manipubality threshold is set to ω̄ = 10−8 for both arms, while the safety distance
is set to z̄ = 0.2 m. The elliptic radii of ellipsoid E1 are set to be [0.45 0.45

0.35] m, while the radii of other ellipsoids are equal, and they are set to be 0.1 m.
Extensive simulation and experimental studies have been performed to evaluate
the performance of the proposed framework. In particular, for the simulation
studies, the hexarotor equipped with the dual-arm system is implemented in ROS-
Gazebo environment as shown in Fig. 5.11, while the experimental flight tests are
performed in the OptiTrack motion capture system laboratory, which provides the
real-time pose measurements of UAV with 100Hz and accuracy around 0.5 mm.
The UAV’s velocities are obtained via numerical differentiation, which is based
on the moving average with 10 samples. The joint positions and velocities are
provided by the actuators. The end-effector positions are derived from the forward
kinematics. Trial-and-error method is used to select the parameters for trajectory
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generation algorithm, and they are equal to: Q1,2 = 10I3×3, W 1,2 = 10−1I3×3,
Q3 = Qu = 10−5I12×12, and W 3 = 10−1I12×12, where I∗×∗ is the identity matrix.
The discrete solutions of NMPC problem are solved by a direct multiple-shooting
approach with number of integrator steps 20. The prediction horizon is set to Np =

10 and it divides the horizon time, T = 1 s, into equal time intervals with length
of 100 ms. The choice of T and Np comes from trade off between computational
complexity and ability to predict future evolution of states. Since the low-level
controllers work in higher rates, the NMPC update time 100 ms is enough for high-
level control. The formulated NMPC given in (5.38) is solved using ACADO Toolkit
[152] which solves through sequential quadratic programming. The solution at each
time comes from solving qpOASES 5 times [153] with Gauss-Newton approximation
of Hessian matrix.

The block diagram of the dual-arm aerial manipulator architecture for the exper-
imental flight tests is shown in Fig. 5.10. The onboard computer (Intel NUC)
performs four main software programs to control the aerial robot: Operation Man-
ager, NMPC-based Trajectory Generator, Dual-Arm and UAV Controllers. The
Operation Manager can be considered as the high-level supervisor that helps to ex-
ecute the tasks chosen by the user from the ground control station. It collects the
robot states and provides the motion commands for the dual-arm system (e.g., go
to rest and operation positions) and the aerial platform (e.g., take-off and landing
commands). In addition, it provides the desired goal (e.g., the desired trajectory
for the dual-arm end-effectors) for the NMPC-based Trajectory Generator mod-
ule, in which the feasible motion variables are generated to perform the assigned
task while satisfying different constraints. The Dual-Arm and UAV Controller
command the joints and hexarotor to move to the reference values received from
Trajectory Generator and Operation Manager, while simultaneously sending back
their current states. An off-the-shelf Pixhawk autopilot with PX4 flight stack is uti-
lized as the low-level controller of the aerial platform. As for the dual-arm motors,
internal controller of each Dynamixel actuator manages the joint operations, while
Dual VNH5019 motor driver shield together with Arduino Mega 2560 are used to
control the rotation direction and speed of the DC motors based on the encoder
readings and references. All control programs running on the Intel NUC (with
Ubuntu 16.04 OS) are developed in C/C++ using ROS environment for the better
software portability between different onboard computers. The video of the exper-
imental flight tests can be seen via this link (https://youtu.be/8n-Vz4ECr2U).

https://youtu.be/8n-Vz4ECr2U
https://youtu.be/8n-Vz4ECr2U
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Figure 5.10: Block diagram of the dual-arm aerial manipulator architecture for
the experimental flight tests.

5.4.3.1 Simulations Results

The simulation results for scenario 1 are summarized in Figs. 5.11-5.15. It can
be seen that the presented method generates the feasible configuration state ζd
to perform the assigned tasks while ensuring the constraints satisfaction. In Fig.
5.11, a sequence of images of the dual-arm aerial manipulator motion during the
simulations is shown. As can be seen, the dual-arm aerial manipulator starts
its motion by tracking the desired trajectories for both end-effectors. When it
approaches to the obstacle (orange box enclosed by white ellipsoid) as shown in
frame 2, instead of just flying away, the aerial robot exploits its redundancy and
squeezes the arms to avoid the collision with the obstacle (frame 3). It should
be noted that this behavior is achieved by constraining the z-axis motion of the
UAV platform (zb ≤ 1.6 m). After passing the obstacle, the algorithm resumes the
tracking the end-effector trajectories (frame 4), and the aerial robot reaches the
final destination as shown in frame 5.

𝑡 = 0𝑠 𝑡 = 30𝑠 

1 2 3 4 5 

Figure 5.11: A sequence of images of the dual-arm aerial manipulator motion
during the simulations in scenario 1. The orange box represents the obstacle,
which is enclosed by white ellipsoid.
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Figure 5.12: Reference and executed trajectories of the left (left column) and
right (right column) end-effectors in scenario 1.

In Fig. 5.12, the tracking performance of the end-effector trajectories is presented.
As we previously mentioned, in the vicinity of the obstacle, the proposed algorithm
allows increasing of the tracking error for both end-effectors (this is mainly visible
for z1,2

e and x1,2
e ), in order to achieve the best tracking performance while fulfilling

the existed constraints. This can be also seen from Fig. 5.13, where 3D view of
the position of the UAV platform and dual-arm end-effectors are shown. As it can
be seen, the obstacle is modeled as the ellipsoid which fully encloses it.
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Figure 5.13: Position of the UAV platform and dual-arm end-effectors dur-
ing the simulations in scenario 1. Notice that the end-effectors modified their
trajectories to avoid the obstacle.



116 5.4. NMPC-based Trajectory Generation

0 5 10 15 20 25 30

-1.5

-0.5

 0.5

 1.5

q
1
,2

3
[r
a
d
] q

1
3

q
2
3

0 5 10 15 20 25 30

0.0

1.0

2.0

3.0
q
1
,2

4
[r
ad

]

q
1
4

q
2
4

Time [s]
0 5 10 15 20 25 30

0.0

1.0

2.0

3.0

q
1
,2

5
[r
a
d
]

q
1
5

q
2
5

Figure 5.14: Joint angles of the dual-arm during the simulations in scenario
1. The corresponding upper and lower bounds of the joint limit constraints are
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and close to zero, they are not shown in this figure.

Figure 5.14 presents the joint angles of the dual-arm with corresponding bounds.
It is shown that the joint angles are kept within the imposed limits, preventing
self-collision. In Fig. 5.15, the measured time evolution of the constraint variables
are shown. In Fig. 5.15 (top left), the manipulability measures for both arms are
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dual-arm end-effectors (top right), and value of ν related to the avoidance of
obstacle (bottom). The corresponding bounds are represented as solid magenta
lines.
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𝑡 = 0𝑠 𝑡 = 30𝑠

Figure 5.16: A sequence of images of the dual-arm aerial manipulator motion
during simulations in scenario 2. The orange boxes represent the obstacles, which
are enclosed by white ellipsoids.

displayed, and they are always above the imposed threshold. In Fig. 5.15 (top
right), the time evolution of the safety distances between the UAV base and dual-
arm end-effectors is presented. It is clearly visible that the safety distances are kept
above the corresponding threshold. Therefore, considering the bounded joint angles
and safety distances, it is ensured that the self-collision will never occur. Finally,
values of νd,l (defined in (5.37)) related to the avoidance of obstacle are shown in
Fig. 5.15 (bottom). As it can be seen, ν1,1, ν1,2 and ν1,4, which correspond to the
UAV body and elbow joints of the dual-arm, never violate the imposed threshold.
As for ν1,3 and ν1,5, which represent the dual-arm end-effectors, they are on the
threshold and slightly below it during some time intervals. However, the presence
of the safety margins during the definition of the ellipsoids ensures that the slight
violation will not cause the collisions.

The simulation results for scenario 2 are summarized in Figs. 5.16-5.20. As it can
be seen from Fig. 5.16, the initial configuration of the arms is different compared
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Figure 5.17: Reference and executed trajectories of the left (left column) and
right (right column) end-effectors in scenario 2

.
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.

to the previous scenario (frame 1). Besides, this time there are two obstacles along
the way of UAM. Therefore, when the aerial robot approaches to the obstacles
(frame 2), the proposed approach allows the robot to slide in between them (frame
3), thus successfully avoiding the collision (frame 4 and Fig. 5.18). It should be
noted that this behavior can be quite useful when aerial robots work in a confined
environment. In Fig. 5.17, we can see that there are still slight deviations between
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Figure 5.19: Joint angles of the dual-arm during the simulations in scenario
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the reference and executed trajectories of the end-effectors. This is mainly because
the proposed method tries to find the trade-off between the tracking performance
and fulfilling the constraints. From Fig. 5.19, it can be noticed that not only
the configurations of the arms are modified, but also the proposed method takes
advantage of the yaw motion of UAV to obtain the best trade-off mentioned above.
Fig. 5.20 shows the measured time evolution of the constraint variables. It can be
seen that the performance is similar to the previous scenario. The only difference
is the inclusion of the virtual wall between the arms. In Fig. 5.20 (top right), it
can be observed that the proposed approach keeps the right arm in its working
region, preventing the collision with the left arm.

5.4.3.2 Experimental Flight Tests

In order to verify the real-time implementation of the proposed approach, only
scenario 1 is considered for experimental flight tests. The experimental results are
summarized in Figs. 5.21-5.25. The obtained results are similar with simulation
case studies. In Fig. 5.21, a sequence of images of the dual-arm aerial manipulator
motion during the experimental flight tests is displayed. Similarly as in Section
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𝑡 = 0𝑠 𝑡 = 30𝑠 

1 2 3 4 5 

Figure 5.21: A sequence of images of the dual-arm aerial manipulator motion
during the experimental flight tests in scenario 1. The metal frame represents
the obstacle, which is also enclosed by imaginary ellipsoid. 0.35 m long bar is
attached to the end-effectors.

5.4.3.1, the actual robot takes advantage of its redundancy, and it is able to avoid
the obstacle by squeezing the arms as illustrated in frame 3. After avoiding the
obstacle, the aerial robot returns to track the end-effector trajectories (frame 4)
and continues its flight towards the final destination as shown in frame 5.

Trajectory tracking performance of the end-effectors shown in Fig. 5.22 demon-
strates the similar behavior as in simulations. However, there are oscillations in
y-axis response, which show that the finer tuning in Pixhawk low-level controller
is required. The offset in x-axis response towards the end of trajectory was caused
by the disturbance generated from tethered cable. 3D view of the position of the
UAV platform and dual-arm end-effectors are shown ins Fig. 5.23.

The joint angles and measured time evolution of the constraint variables during the
experimental flight tests are shown in Figs. 5.24 and 5.25, respectively. Similarly as
in simulations, the joint angles, manipulability measures and the safety distances
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Figure 5.22: Reference and executed trajectories of the left (left column) and
right (right column) end-effectors in scenario 1.
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Figure 5.23: Position of the UAV platform and dual-arm end-effectors during
the experimental flight tests in scenario 1. Notice that the end-effectors modified
their trajectories to avoid the obstacle.

are kept within the imposed limits. Hence, it is ensured that the self-collision
is avoided. As for values of νd,l, it can be seen that ν1,1 corresponding to the
UAV body never violates the imposed threshold, while the rest of νd,l are slightly
below the threshold during some time intervals, which are common for the practical
applications. However, as we indicated previously, the safety margins will ensure
that no collisions occur.
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Figure 5.24: Joint angles of the dual-arm during the experimental flight tests
in scenario 1. The corresponding upper and lower bounds of the joint limit
constraints are represented as solid magenta lines.
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Figure 5.25: Constraint variables during the experimental flight tests in sce-
nario 1: singularity-free motion (top left), safety distances between the UAV base
and dual-arm end-effectors (top right), and value of ν related to the avoidance of
obstacle (bottom). The corresponding bounds are represented as solid magenta
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5.5 Summary

In this chapter, two different trajectory generation with redundancy resolution
strategies have been proposed for UAMs to take advantage of the entire system
redundancy and simultaneously generate the feasible trajectories during aerial ma-
nipulation missions. Specifically, the first strategy is based on the weighted damped
least-squares method, and its performance is evaluated with the single-arm aerial
manipulator. The second approach employs the NMPC-based technique, and it is
tested with the dual-arm aerial manipulator. Extensive simulation studies in ROS-
Gazebo environment and real-time experimental flight tests have been performed
to validate the proposed trajectory generation strategies. Both simulation and ex-
perimental results have shown that the proposed approaches are capable to exploit
the system redundancy by modifying the UAM configuration during the execution
of the assigned tasks while satisfying several constraints such as self-collision and
obstacle avoidance.

Although the results demonstrate the efficacy and efficiency of the proposed meth-
ods, it is essential to provide a comparison between two approaches. There are
several advantages of the NMPC-based method. Firstly, it allows to handle sys-
tem constraints explicitly without defining them as additional tasks. Secondly,
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a better long-term motion strategy can be obtained due to the fact that MPC
has the ability to predict the future state evolution within the prediction horizon.
Thirdly, due to the nature of MPC, the formulation of cost functions is not re-
stricted to have the derivation of Jacobian matrices representing UAM tasks, while
in the first strategy the derivation of these matrices is usually required. Finally,
by defining the MPC problem in the acceleration domain, smooth velocity and
position profiles can be obtained compared with the first strategy. However, the
main drawback of the NMPC-based method is that this approach is known to be
computationally demanding, while the first strategy does not have such restriction
due to its structure. Therefore, this may hinder the real-time implementation of
the second strategy with UAMs which do not have required onboard computational
power. Nevertheless, advance onboard computers such as Intel NUC can be used
to increase available computational power as we did in our flight tests, where the
NMPC-based method has been implemented with a rate of 10 Hz.





Chapter 6

Conclusions

This thesis has focused on the novel aerial robot system composed of the UAV
platform and one or more robotic arms. In particular, the performed research
work has tried to extend the typical functionality of UAVs from passive observation
and sensing to dynamic interaction with the object or surrounding environment.
Therefore, three main contributions have been proposed, and they are summarized
in Section 6.1, which also includes the limitations that shed light on potential future
research directions discussed in Section 6.2.

6.1 Conclusions

In Chapter 3, we have presented the design, fabrication and experimental validation
of the novel, lightweight, low inertia dual-arm manipulator specifically developed
for UAM missions. The developed system consists of two arms with 6 DOFs each
and weighs 2.5 kg in total with the maximum payload of 1.0 kg per arm. Unlike in
the existing designs, the proposed dual-arm manipulator is endowed with the COG
balancing mechanism and decoupled shoulders, which have notably improved the
flight performance and operational capabilities of UAM. In particular, since the
shoulder prismatic joints are introduced in the dual-arm design, each arm can
adjust its configuration to compensate for the COG displacement, improving the
aerial robot stability during the flight. In addition, the presence of the prismatic
joints considerably increases the workspace and reach of the arms, while having
decoupled shoulders enables to simultaneously execute several tasks, enhancing
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the operational capability of the developed UAM. Extensive experimental studies
have been conducted to validate the proposed dual-arm design with the hexarotor
equipped with the off-the-shelf autopilot. The results have demonstrated that the
influence of the arms motion over the hexarotor stability is minor in contactless
flight due to the low weight and inertia features of the design. Furthermore, better
hovering performance has been achieved by exploiting the ability of the proposed
design to compensate its COG displacement. Nevertheless, it should be noted
that the proposed COG balancing mechanism does not address the complete sta-
bilization of UAM due to the hardware limitations of utilized DC motors and the
mechanical limits, which can be reached depending on the desired configuration of
the arms and grasped load. Therefore, in addition to the proposed COG balancing
mechanism, the learning-based intelligent control approach has been developed in
Chapter 4 to further improve the flight performance of UAMs.

In Chapter 4, the SMC theory-based intelligent T2FNN controller has been pro-
posed for the control of UAMs under time-varying working conditions. The main
goal has been to develop the control approach that can learn and compensate both
internal and external disturbances caused by the robotic arm(s) motion and wind
gust, and thus, leading to the wider implementation of aerial manipulation tasks
in daily life. Due to the adaptive learning capabilities of the T2FNN structure, the
developed control approach can be employed by both single and dual-arm aerial
manipulators. Extensive simulation studies in ROS-Gazebo environment have been
conducted to evaluate the efficiency of this learning-based framework by verifying
its performance with the conventional controllers and with its type-1 counterpart
in the absence and presence of wind gust conditions. Moreover, experimental stud-
ies have also been performed in the indoor environment to further validate the
proposed control strategy. Both simulation and experimental results have demon-
strated that the proposed controller, thanks to its learning capability, is capable to
significantly reduce the steady state-error and overcome the disturbances caused
by the arm motion and wind gust as compared to the conventional PD and PID
controllers working alone, and thus leading to better flight behavior. On account
of learning, the Euclidean RMSE improvements of around 56% and 52% have been
observed for the simulation and real-time tests, respectively.

In Chapter 5, two different trajectory generation with redundancy resolution strate-
gies have been proposed to take advantage of the entire system redundancy and
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simultaneously generate the feasible trajectories during aerial manipulation mis-
sions. The first approach is based on the weighted damped least-squares method,
which works at a velocity domain. Although this method is well-known for robotic
arms, its implementation for aerial manipulation missions is novel. This approach
is computationally inexpensive to run online, and it is flexible enough to incorpo-
rate different UAM tasks and constraints into its objective function. Specifically,
the task relaxation framework and the maximization of the manipulability mea-
sure represented by the first-order approximation have been implemented along
with other constraints to ensure the motion smoothness and improve flight behav-
ior. Extensive simulation studies in ROS-Gazebo environment are conducted to
evaluate the performance of this approach with the single-arm aerial manipulator.
The results have shown that UAM can modify its configuration during the flight
to satisfy imposed constraints. The second approach employs the NMPC-based
technique, which is defined in the acceleration domain, resulting in smooth veloc-
ity and position profiles compared with the first approach. In addition, unlike the
first method, it can explicitly handle the system constraints without defining them
as additional tasks. Moreover, a better long-term motion strategy can be obtained
with this approach since it has the ability to predict the future state evolution
within the prediction horizon. Furthermore, due to the nature of the second ap-
proach, the formulation of cost functions is not constrained with the derivation of
Jacobian matrices, which are usually required in the first approach. However, the
major disadvantage of the NMPC-based method is that this approach is known
to be computationally demanding. As a result, the real-time implementation of
the second approach with UAMs, which do not have required onboard computa-
tional power, can be problematic to achieve. Nevertheless, with recent advances in
technology, onboard computers like Intel NUC can be utilized to increase available
computational power. In particular, the performance of the second approach has
been illustrated via simulations and experimental flight tests where all computa-
tions are done online with Intel NUC onboard computer. Both simulation and
experimental results have shown that the dual-arm aerial manipulator can per-
form non-trivial tasks while keeping its configuration within imposed bounds and
avoiding collisions with obstacles.
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6.1.1 Limitations

The experimental evaluations of the proposed contributions are conducted in a
motion capture environment. This is a laboratory setting with the presence of an
accurate localization. However, a practical test might require the system to work
in an indoor and/or outdoor environment with an onboard localization system.
These conditions bring additional noise and time-varying drift for the feedback. In
this context, the validity of the proposed approaches might need to be reassessed
under the absence of perfect positioning information.

In the proposed dual-arm design, the focus has been given to rigid extensions for
the UAV body. However, in nature, most of the interactions are based on soft
mechanisms. While the developed system might be damaged due to a sudden im-
pact, a soft mechanism may compensate and absorb the additional forces for this
case. As an intermediate solution, a compliant mechanism based on the elastic
components (e.g., springs) can be integrated into the proposed system to avoid
potential damages during physical interaction. This may require a thorough in-
vestigation to consider additional design and control challenges arising from the
employment of the elastic elements.

Finally, one aspect of the proposed control strategy is that it is configured for the
position control of aerial robots, where all disturbances are treated in a coupled
manner. However, during the interaction with the environment, it could be ben-
eficial to explicitly consider the interaction wrenches (i.e., forces and torques) to
increase the robustness and flight performance of the aerial robot. In particular,
adding the interaction force and torque information in the control loop can further
extend the capability of the proposed control strategy and transform it into the hy-
brid force/position control of the aerial robot. Therefore, a thorough investigation
of such an approach will be considered for future research.

6.2 Future Work

The aforementioned limitations shed light on potential future studies, which are
discussed below:
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• Outdoor realization of the proposed contributions integrating onboard local-
ization. So far, the presented results have been based on a laboratory envi-
ronment. However, onboard localization can validate the practical aspects of
the proposed approaches. Therefore, integrated with the onboard localization
system, the proposed methods can be used for various applications, including
risky places where it is beyond the safety limitations of human workers.

• Variable-stiffness compliant mechanism for aerial manipulation. The elastic
elements like springs can be utilized not only to obtain compliance behavior
but also to perform explosive/fast motions by boosting the speed of the actu-
ated joints. This can be achieved by controlling or varying the stiffness of the
elastic element. In particular, this ability can notably increase the range of
tasks and operational capabilities of UAMs, resulting in potentially advanced
aerial manipulation missions like aerial repairing and hammering.

• Collaborative aerial manipulation. As mentioned in previous chapters, one
of the main challenges in aerial manipulation is the limited payload of the
UAV platform. Furthermore, some objects can be awkwardly shaped or not
graspable close to their center of mass, and thus it is quite challenging to
handle them only with one UAM. To address these issues, the collaborative
work-task execution can be performed by employing several UAMs. Besides,
the utilization of several UAMs instead of a single powerful one delivers ad-
ditional advantages such as increased reliability and enhanced manipulation
capability.

• Inclusion of wrench information in the control loop. The implementation of
collaborative aerial manipulation comes with a set of issues such as reciprocal
interaction caused by multiple UAMs. This creates additional disturbances to
each UAM, making the control of aerial robots even more challenging. Hence,
wrench/impedance-based control paradigms can be investigated to improve
the interactive behavior between UAMs by including the knowledge of the in-
teractive wrenches in the control loop. This will also significantly expand the
operational capability of UAMs during the interaction with the environment,
particularly for the low impedance cases with a fragile surface/sensor.

• Exploiting the differential flatness and exact linearizability of the system. The
possibility to exploit the differential flatness properties of the aerial platform
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for the control of UAM could be an exciting research direction. In particu-
lar, a differentially flat system is represented by the flat outputs that can be
exactly linearizable via dynamic feedback. In this case, the flatness property
of the system can be exploited to implement widely-used linear control ap-
proaches (e.g., dynamic feedback linearization) for aerial manipulation. This
may further allow for the wider implementation of aerial manipulation tasks
in daily life.

• Whole-body control of UAMs by utilizing the dual-quaternions. Another po-
tential extension of the work is a whole-body motion control of the dual-arm
aerial manipulators by utilizing the dual-quaternion representation that takes
into consideration floating-base and underactuated features of the system. In
particular, the cooperative dual task-space can be employed through dual-
quaternions in order to exploit the full potential of bi-manual manipulation
for aerial robots. In addition, by representing the dual pose, twist, and
wrench in dual-quaternion space, a full description of two-arm coordination
can be generated. This can allow performing advanced UAM applications
that require complex two-arm coordination, such as opening a vane in an
offshore oil industrial plant.



Appendix A

Derivation of the UAM model

In this Appendix, dynamic model of UAM is derived. In particular, two cases are
considered. For the first case, the manual derivation of the dynamic model for the
planar UAM (i.e., in 2D space) equipped with the single-joint arm is presented in
A.1. The derivation of the dynamic model for the planar case is considerably more
concise compared to the full three-dimensional version. In addition, the study of
the planar case can clearly show the coupling between the different parameters and
their effect on each other. In contrast, the complete derivation of a dynamic model
for UAM equipped with the multi-DOFs arm in 3D space is a cumbersome process,
which results in intricate dynamics equations. Therefore, the manual derivation
of the complete model could be error-prone and impractical for understanding
the relationship between the different parameters. Thus, for the second case, the
generic analysis of the dynamic model in 3D space is presented in A.2.

A.1 Dynamic model of UAM in 2D

The derivation of the dynamic model for the planar UAM is covered in this section.
The planar UAM consists of two dimensional UAV platform and single-joint arm
as illustrated in Fig. A.1. With reference to the system shown in Fig. A.1, we have
the world-fixed reference frame CW , the body-fixed frame Cb with origin at the
center of mass of the planar UAV. The position of the planar UAV with respect to
CW is described by the vector rb = [xb zb]

T , its attitude is denoted by the pitch
angle θ, while the joint angle is defined as θ1. Hence, similarly as in [154], the
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Figure A.1: Planar UAM system with relevant frames.

generalized coordinate variables can be expressed by the vector σ = [xb zb θ θ1]T .
The absolute joint angle of the arm is represented by θa = θ + θ1 [128]. It should
be noted that in order to simplify the equations, it is assumed that the single-joint
arm is directly attached at the center of mass of the planar UAV (i.e., l0 = 0).
Thus, the position of the center of mass of the arm link rL with respect to CW can
be defined as follows

rL = rb +

[
−L sin(θa)

−L cos(θa)

]
. (A.1)

The velocity of the arm link are obtained by the differentiation of (A.1)

ṙL = ṙb +

[
−L cos(θa)θ̇a

L sin(θa)θ̇a

]
. (A.2)

Then, the dynamics of the overall system can be derived by applying the well-
known Euler-Lagrange formulation [145], in which the Lagrange equation can be
expressed as follows

d

dt

∂L
∂σ̇
− ∂L
∂σ

= ξ, (A.3)

where ξ is the generalized input forces and L = K − U is the Lagrangian. The
total kinetic energy K and potential energy U of the system are defined as [154]K = Kb +KL = 1

2
mbṙ

T
b ṙb + 1

2
Ibθ̇

2 + 1
2
mLṙ

T
LṙL + 1

2
ILθ̇

2
a,

U = Ub + UL = mbge
T
2 rb +mLge

T
2 rL,

(A.4)
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where e2 = [0 1]T , g is the gravity, mb, Ib and mL, IL are the mass and moment
of inertia of the planar UAV and the arm link, respectively. Then, similarly as
in [154], the equation of motion of the planar UAM can be derived by evaluating
(A.3) under the generalized coordinate vector σ in the following way

d

dt

∂L
∂ẋb
− ∂L
∂xb

= Fz sin(θ),
d

dt

∂L
∂θ̇
− ∂L
∂θ

= τθ,

d

dt

∂L
∂żb
− ∂L
∂zb

= Fz cos(θ),
d

dt

∂L
∂θ̇1

− ∂L
∂θ1

= τ1,
(A.5)

where Fz is the total thrust directed along the axis ~zb, τθ is the pitch torque of the
planar UAV and τ1 is the joint torque. Then, the dynamics of the system can be
rewritten in a compact form as follows

M (σ)σ̈ +C(σ, σ̇)σ̇ +G(σ) = ξ, (A.6)

whereM (σ) ∈ R4×4 is the inertia matrix of the system, G(σ) ∈ R4 is the vector of
gravity effects and C(σ, σ̇) ∈ R4×4 is the Coriolis/centrifugal matrix. The detailed
expressions of the above matrices/vectors are defined as

M =


mb +mL 0 −mLL cos(θa) −mLL cos(θa)

0 mb +mL mLL sin(θa) mLL sin(θa)

−mLL cos(θa) mLL sin(θa) Ib + IL +mLL
2 IL +mLL

2

−mLL cos(θa) mLL sin(θa) IL +mLL
2 IL +mLL

2

 , (A.7)

C =


0 0 mLL sin(θa)θ̇a mLL sin(θa)θ̇a

0 0 mLL cos(θa)θ̇a mLL cos(θa)θ̇a

0 0 0 0

0 0 0 0

 , (A.8)

G =
[
0 (mb +mL)g mLLg sin(θa) mLLg sin(θa)

]T
, (A.9)

ξ =
[
Fz sin(θ) Fz cos(θ) τθ τ1

]T
. (A.10)

From the above expressions, it can be concluded that the dynamic equations of the
UAV-arm system are coupled and nonlinear. It should be noted that interested
readers might refer to [128] for the derivation of the dynamic model in the case
when l0 6= 0 and when the planar UAM is equipped with multi-joint arms.
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Figure A.2: Dual-arm aerial manipulator with relevant frames.

A.2 Dynamic model of UAM in 3D

The generic analysis of the dynamic model of UAM in 3D space is presented in this
section. UAM consists of the hexarotor platform equipped with two 6-DOF robotic
arms as shown in Fig. A.2. Similarly as in the previous section, the dynamics of
UAM is derived by applying the Euler-Lagrange formulation with d

dt
∂L
∂σ̇
− ∂L

∂σ
= ξ,

where L = K−U . The total kinetic energy K and potential energy U are given byK = Kb +
∑2

m=1

∑6
i=1KmLi ,

U = Ub +
∑2

m=1

∑6
i=1 UmLi ,

(A.11)

in which m = {1, 2} corresponds to the right and left arms, respectively, Kb and Ub
denote the kinetic and potential energy associated with the hexarotor, while KmLi
and UmLi represent the kinetic and potential energy of each link of m-th arm. The
aforementioned values are computed as follows [155]

Kb = 1
2
mb(ṙb)

T ṙb + 1
2
(Φ̇b)

TQTIbQΦ̇b,

Ub = mbge
T
3 rb,

KmLi = 1
2
mm
Li

(ṙmLi)
T ṙmLi + 1

2
(ωmLi)

T (RbR
b,m
Li

)ImLi(RbR
b,m
Li

)TωmLi ,

UmLi = mm
Li
geT3 (rb +Rbr

b,m
Li

),

(A.12)
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where rb = [xb yb zb]
T ∈ R3 is the position of the hexarotor with respect to CW ,

its attitude is denoted by the Euler angles Φb = [φ θ ψ]T ∈ R3, Rb is the rotation
matrix describing the orientation of Cb relative to CW , Q is the mapping matrix
that relates the Euler angle rates Φ̇b with the hexarotor angular velocity described
in the body-fixed frame Cb. The vectors ṙmLi and ωmLi represent the linear and
angular velocity of the link i of m-th arm with respect to CW , respectively, while
Rb,m
Li

is the rotation matrix between the frame associated to the link i of m-th arm
and Cb. As for m∗ and I∗, they represent the corresponding mass and moment of
inertia, respectively, g is the gravity and e3 = [0 0 1]T , while rb,mLi is the position of
the center of mass of the link i ofm-th arm described in Cb. Finally, the generalized
coordinate variables are expressed by the vector σ = [rTb ΦT

b q
1,T q2,T ]T ∈ R18, in

which qm = [qm1 , . . . , q
m
6 ]T ∈ R6 is the joint position vector of the dual-arm. Then,

the dynamics of the dual-arm aerial manipulator can be defined as follows

M (σ)σ̈ +C(σ, σ̇)σ̇ +G(σ) = ξ, (A.13)

where M(σ) ∈ R18×18 is the inertia matrix, G(σ) ∈ R18 is the gravity component
and C(σ, σ̇) ∈ R18×18 is the Coriolis/centrifugal matrix. The generalized input
vector ξ can be defined as follows [155]

ξ =


Rbf

b
b

QTτ bb

τ 1

τ 2

 , (A.14)

where τm ∈ R6 is the joint torques vector of the robotic arms, τ bb and f
b
b are the

torques and forces applied on the hexarotor, described in Cb, and they are defined
as in [156]

f bb =


0

0

Fz

 , τ bb =


τφ

τθ

τψ

 , (A.15)

in which Fz is the total thrust directed along the axis ~zb, whereas τψ, τθ and τφ are
the three rotational torques acting around ~zb, ~yb and ~xb axes, respectively.





Video Links

• Experimental flight tests in Chapter 3: https://youtu.be/1cUYWqkMCIM

• Experimental flight tests in Chapter 4: https://youtu.be/qTdNbmOXy44

• Experimental flight tests in Chapter 5: https://youtu.be/8n-Vz4ECr2U
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