
D
el

ft
U

ni
ve

rs
it

y
of

Te
ch

no
lo

gy

Sensorless Impedance
Control for Curved
Surface Inspections
Using the Omni-Drone
Aerial Manipulator
Hani Abu-Jurji





Sensorless
Impedance Control
for Curved Surface
Inspections Using
the Omni-Drone

Aerial Manipulator
by

Hani Abu-Jurji
to obtain the degree of Master of Science

in the profile of Control & Simulation at the Faculty of Aerospace Engineering
at the Delft University of Technology,

to be defended publicly on Monday September 19, 2022 at 10:00.

Student number: 5284872
Project duration: October 1, 2021 – September 19, 2022
Thesis committee: Prof. dr. F. Scarano, TU Delft, committe chair & external examiner

Asst. Prof. S. Hamaza, TU Delft, supervisor
Asst. Prof. E.J.J. Smeur, TU Delft, internal examiner

An electronic version of this thesis is available at http://repository.tudelft.nl/.

http://repository.tudelft.nl/




Preface

The following thesis was written to obtain my Master degree in the profile of Control & Simulation at the
Faculty of Aerospace Engineering at Delft University of Technology. The subject of the following work
pertains to the design, implementation, and control of a novel aerial manipulator, named Omni-Drone.
The inspiration comes from an earlier work by my supervisor, Asst. Prof. Salua Hamaza, along with
Prof. Mirko Kovac of Imperial College London. There they had proposed the concept of an unmanned
aerial vehicle (UAV) equipped with a rotating parallel manipulator for the purpose of contact-based
inspection tasks. The work of this thesis expands on this concept by constructing the Omni-Drone
aerial manipulator and implementing a control strategy based on onboard force estimation for a sen-
sorless impedance controller. The goal is to demonstrate the capability of the novel aerial manipulator
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Nomenclature

Abbreviations

Abbreviation Definition

CoM Centre of Mass
DoF Degree of Freedom
NDT Non-Destructive Testing
UAV Unmanned Aerial Vehicle

Symbols

Symbol Definition Unit

C Manipulator Coriolis & centripetal torque matrix [kg · m2 / s]
D Damping matrix [kg/s]
F Force vector [N]
g Gravitational acceleration [m/s2]
G Manipulator gravity torque vector [N · m]
h Wrench vector [N ; N · m]
i Current [A]
I Moment of inertia [kg · m2]
J Jacobian matrix [m]
K Stiffness matrix [N/m]
Kτ Motor torque constant [N · m / A]
l Link length [m]
L Lagrangian [J]
m Mass [kg]
M Manipulator inertia matrix [kg · m2]
p Generalized momentum [kg · m / s]
P Power [W]
q Joint angle [rad]
T Kinetic energy [J]
v Cartesian velocity vector [m/s]
V Potential energy [J]
W Work [J]
x Cartesian position vector [m]

α End-effector angle from centre-line [rad]
ϵ Minimization cost function [-]
θ Pitch angle [deg]
κ Condition number [-]
τ Torque [N · m]
ϕ Roll angle [deg]
ψ Yaw angle [deg]





1
Introduction

1.1. Background
Unmanned aerial vehicles (UAVs) have become increasingly more prevalent in society over recent
years as they provide the ability to take to the skies without the need of a human pilot. Since the
first quadrotor, many advancements have been made to make these UAVs stronger, faster, and more
agile, thus making them potentially more useful in commercial and industrial markets. Despite their
rapid development, most modern UAVs are typically designed for traditional applications such as vi-
sual surveillance. Until more recently, UAVs have rarely been made to interact with their surrounding
environments, thus limiting their potential.

A new line of development has begun to pave the way for a subset of UAVs, named aerial ma-
nipulators which are designed and controlled specifically for the purpose of robotically interacting with
objects and surfaces. These aerial manipulators employ actuators, such as grippers or robotic arms,
that work in conjunction with the vehicle to perform specific tasks while in flight. They can prove to be
quite useful, especially for some industrial interaction tasks, such as autonomous drilling, hammering,
and sensor placement. One more field which is of particular interest is that of non-destructive testing
(NDT). The purpose of NDT is to perform routine analysis and evaluation of structures and materials
without deforming or causing damage to the piece being examined. This process is critical for ensur-
ing the integrity of various structures. These inspections are typically done by human operators which
is not always an easy feat, especially when the structure is difficult to reach, such as a wind turbine
blade. By sending in aerial manipulators, rather than human operators, these critical tasks can then
be completed autonomously, thus ensuring the safety of the structure as well as the workers can be
better assured.

Various designs of these aerial manipulators have been presented throughout different research
contributions, some even delving specifically into the field of NDT. For example, Bodie et al. demon-
strated the potential for aerial inspections by proposing an aerial manipulator composed of a tilt-rotor
UAV for tracing the contours of arches [1]. Trujillo et al. developed a similar aerial manipulator equipped
with an ultrasonic sensor for the specific purpose of performing aerial inspections of oil & gas pipes [2].
In both cases, the systems are capable of interacting with complex, curved structures, however they
rely heavily upon complex flight controllers and tilt-rotor configurations.

In contrast to these two examples, Hamaza & Kovac propose an alternative approach to aerial
interactions [3]. In their work, they present the concept of a quadrotor equipped with a parrallel manip-
ulator which is capable of rotating about the vehicle’s body. This concept named Omni-Drone is the
inspiration for this thesis. The following expands on the work by Hamaza & Kovac by developing the
Omni-Drone system and implementing an interaction controller so as to demonstrate its potential for
performing contact-based inspection tasks.
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Figure 1.1: Example scenario of the Omni-Drone concept demonstrting the potential for NDT inspections of pipe walls. Image
source: Hamaza & Kovac [3]. Background photo credit: noomcpk/Shutterstock.com

1.2. Research Goal
The thesis presented herein aims to demonstrate how well an omni-directional aerial manipulator can
employ a decentralized control architecture to trace unknown curved surfaces while tracking desired
forces through the end-effector. To answer this, we must answer the following sub-questions:

1. How accurately can the applied force at the end-effector be estimated using only the torque feed-
back of the manipulator’s servo motors.

(a) What is the mean error in the estimate during the duration of the experiment?
(b) How quickly does the force estimator converge after a sudden change in the applied force?

2. Howwell can themanipulator trace an unknown curved surface while implementing an impedance
controller in flight?

3. How accurately can the drone platform maintain its pose when disturbed by the manipulator?

(a) What deviations from position and attitude are incurred when themanipulator is rotated about
the drone body?

(b) What deviations from position and attitude are incurred when the manipulator traces along
the unknown curved surfaces?

1.3. Report Outline
This thesis is divided into three primary chapters. The first chapter presented here has gone over
background information regarding aerial manipulators and their interactions with environment surfaces.
It has also presented the research goal along with the relevant sub-questions. Chapter 2 will present a
scientific paper regarding the omni-drone aerial manipulator to answer the research questions. Finally,
Chapter 3 will delve into the literature review covering the various applications of aerial manipulators. In
doing so, it will also cover the methodologies used in the literature for manipulator force estimation and
impedance control. As is discussed in the literature review, the methods have each been researched
individually in specific use cases, such as on conventional robotic manipulators, and a gap has been
identified which shows the potential to integrate force estimation with impedance control on the omni-
drone.
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Sensorless Impedance Control for Curved Surface
Inspections Using the Omni-Drone Aerial

Manipulator

Abstract—In this work, we develop a novel aerial manipulator
system with an omni-directional workspace. The system com-
prises of a quadrotor platform equipped with a rotating five-
bar linkage, and serves the purpose of contour tracing tasks
on complex shapes, whilst airborne. In order to remove the
dependency on additional force sensors and keep the design
lightweight, onboard force estimation is implemented based on
the generalized momentum of the system, using the torque
feedback from the manipulator’s actuators. The computed force
estimate feeds in a position-based impedance controller with the
purpose of maintaining continuous contact through the manip-
ulator’s end-effector as the system traces contours of unknown
curved geometry. Results demonstrate the estimator’s ability to
track the applied forces, while the impedance controller shows
adequate contour following capabilities. The preliminary results
obtained on both stationary and flight experiments validate this
approach and show potential for aerial contact inspections of
more complex structures.

I. INTRODUCTION

Robotic manipulation is widely used across various in-
dustries to automated interaction tasks which could often
be too laborious, tedious or hazardous for humans. Various
control methodologies have been developed over the years
to perform these tasks, but the systems that on which they
have been implemented are typically rigidly fixed to the
ground. Recent advancements in drone technology have made
it possible to develop aerial manipulators which are unmanned
aerial vehicles (UAVs) capable of physically interacting with
the environment [1]. This is typically achieved through the
integration of specific tools on the vehicle’s body that allow
it to autonomously perform tasks such as scanning, grasping,
and transportation of other objects. One of the most promising
use cases for these aerial manipulators is the contact-based
inspection of industrial areas, especially when dealing with
high-rise or difficult-to-reach structures.

A particular field of contact-based inspections is referred to
as non-destructive testing (NDT). As described by Gholizadeh,
NDT involves the analysis of existing structures and compo-
nents without causing damage or permanent change to the
piece [2]. These inspections normally involve sensors that are
capable of obtaining eddy current, magnetic, or electromag-
netic measurements and thus the corresponding sensor must be
kept consistently in good contact with the inspected material
surface in order to ensure that the obtained data is reliable.
For this to be done using aerial systems, consistent contact
needs to be achieved without disrupting or destabilizing the
flight control.

Various designs of these aerial manipulators have been
proposed throughout the literature as their potential becomes

Fig. 1: Omni-Drone in flight

more apparent. Works by Hamaza et al. [3] and Meng et al. [4]
show aerial systems capable of performing surface interactions
while traversing tangentially with the surface. Aerial NDT
inspections have been accomplished by Zang et al. [5]. The
system is autonomously guided toward a 2D aluminum sample
and takes measurements while maintaining contact. To do this,
the UAV follows a predefined trajectory based on accurate
knowledge of the vehicle’s and target surface’s respective
positions. This would not be ideal in a true setting as it would
require a full accurate model of every structure that is to be
inspected by the system.

Advancements have been made to this end by Nguyen and
Lee where they present the design of a quadrotor with a static
tool attached either to the top or the bottom of the vehicle
[6]. By relating the vehicle’s dynamics to the tool’s end-
effector frame, the flight controller becomes capable of driving
the tool’s position to desired locations along the environment
while maintaining desired forces. The issue that arises with
this is that quadrotors are inherently under-actuated, and thus
its operational space is drastically limited, especially in the
pitch and roll directions. Improving upon this, work by Bodie
et al., has pursued research into three dimensional interactions
in two complementing works [7], [8]. In both cases, a fully-
actuated UAV is fitted with a rigid boom for interactions with
3D contours. Similarly, Trujillo et al. developed an eight tilted-
rotor UAV with an active robotic manipulator for the specific
purpose of performing NDT in the Oil & Gas industry [9].

The addition of active robotic arms with varying Degrees
of Freedom (DoFs) has also been explored and reduce the
extent of the motion requireed by the UAV to reach different
workspaces [10]. A single-DoF linear manipulator mounted to
the top of a UAV has been devleoped by Hamaza et al. [3] to
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Fig. 2: CAD drawing of Omni-Drone concept from work by
Hamaza & Kovac [11]. Figure includes five-bar linkage with
rotating flange along with counter-balance.

exert forces of known value and profile to front-facing targets
without relying on the UAV’s flight controller to compensate
for disturbances, but rather using the active manipulator to
achieve robust and stable interaction.

So far, aerial manipulation systems have for the most part
been designed to aid with tasks executed either below or to the
side of the UAV. A design that widens the reachable workspace
of the system and thus makes it more versatile was formerly
introduced by Hamaza and Kovac [11]. In the work, the design
was conceptualized to perform contact-based inspection tasks
of tunnels, caves, and other complex geometries and it serves
as the basis of the design of the aerial manipulator used in the
following research. It consists of a conventional quad-rotor
equipped with an active five-bar manipulator attached to the
vehicle’s centre of mass capable of pivoting about the vehicle
and offering an omni-directional workspace. Radial extension
and retraction is attained through the actuation of the two base
joints of the manipulator. Planar azimuthal motion is done
by pivoting the entire manipulator linkage around the vehicle
body. The final out-of-plane motion is then lastly achieved
through the yaw-motion of the UAV. A CAD drawing of the
concept is presented in Figure 2.

In this paper we present further design and kinematics de-
velopment along with the implementation of a control strategy
based on onboard force estimation for a sensorless impedance
controller to perform contour following tasks along a curved
surface. The goal is to demonstrate the capability of the novel
aerial manipulator, with omni-directional reachability. We wish
to demonstrate that a position-based impedance controller can
be implemented without the need for additional force sensors,
but rather by using an estimation scheme based purely on the
torque feedback of the motors. By showing adequate contour
tracing, it would be possible to extend this work to curved
surface-based inspection tasks.

The outline of this paper will be as follows. Firstly, we
delve into related works regarding control architectures, inter-
action control, and force estimation of robotic manipulators.
Secondly, the system description is discussed, looking into
the manipulator and vehicle subsystems of the Omni-Drone.
Following this, the mathematical model of the system defining
both the kinematics and dynamics is derived. This leads to

the development the control architecture, consisting of the
force estimator and impedance controller. This then leads to a
presentation of the results of both the validation of the force
estimator followed by the results of the force tracking task in
flight. Finally, we will present an outlook to future works.

II. RELATED LITERATURE

We intend to employ the Omni-Drone aerial manipulator to
perform contour tracing tasks of curved surfaces without the
need for additional force/torque sensors. To do so, we must
consider three key aspects of the aerial manipulator:

• Control architecture
• Interaction controller
• Force estimation

The following section reviews various publications regarding
each of these topics. We draw from the methods presented in
the literature to develop the the Omni-Drone for its intended
task.

A. Control Architecture

It is possible to develop control architectures where the con-
trol of the end-effector is done through coordination of both
the flight control and the manipulator control. This concept
is referred to as centralized control as seen in the works of
Kim et al. [12] and by Heredia et al. [13]. In these cases
a single integrated controller addresses both the flight states
(attitude, position, velocity) as well as the manipulator states
(joint angles, velocities, torques). Alternatively, a decentralized
control method treats the aerial platform and the manipulator
as two separate entities. Works by Tognon et al. [14] and
Thomas et al. [15] use this method on systems comprised
of a quadrotor and 2-DoF manipulator, where the position
and torque control of the manipulator remains completely
independent of the attitude and position control of the vehicle.
By separating the manipulator control from the flight control,
the aerial vehicle could be designed to simply hover near a
target and allow the manipulator to work independently. The
aerial vehicle would then effectively treat the resulting effects
of the manipulator as external disturbances.

B. Interaction Control Methods

When performing contact-related tasks with unknown envi-
ronments, inherently imposed constraints must be supervised.
As explained by Villani and De Schutter [16], pure motion
control in these situations may lead to potential damage
of the manipulator and/or the environment. Therefore, the
manipulator control in these constrained environments must
account for a level of compliance, in either passive and/or
active manners. Some passive methods could employ the use
of spring elements such as in the work by Bartelds et al.
[17] where mechanical compliance is achieved by means of
an elastic band. In contrast, active compliance methodologies
achieve their purpose through programmed control systems,
which afford the ability to tune the behaviour and achieve
more suitable compliance.
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A popular method of active compliant control is through
impedance control where the end-effector’s deviation from a
defined desired motion is directly related to the experienced
contact wrench with the environment [16]. This relationship
is defined by a virtual mechanical impedance of the system
and is obtained by modelling the system as a mass-spring-
damper. Suarez et al. [18] have used this methodology to
perform the control of a dual-arm aerial manipulator for pipe
inspections. Extensions of the classical impedance controller
have also been developed, mainly on industrial robots, where
the impedance parameters of the controller are dynamically
adjusted such as in the works by Car et al. [19] and Marković
et al. [20]. In the latter paper, the authors develop an adaptation
law which is dependent on the force error, its derivative, and
an additional auxiliary parameter. Simpler works, which are
less susceptible to noise have been accomplished by the likes
of Lee and Buss [21], Lu et al. [22], and finally by Roveda and
Piga [23], where both the stiffness and damping parameters of
the control system are increasingly adapted as the force error
tends to zero. This idea of an adaptive impedance controller
has also been implemented on an underwater vehicle with
robotic arm in the work of Cieślak and Ridao [24].

C. Force Estimation

Knowledge of the applied force is critical when implement-
ing impedance control and research involving manipulators
typically employ sensors to measure the contact wrench. For
example, a UAV with a bottom-mounted robotic arm designed
by Buzzatto et al. [25] relies on a six-axis force/torque
sensor which feeds the measurements directly to the vehicle’s
controller. The issue with this approach is that these sensors
may physically interfere with other equipment, such as NDT
sensors. They also introduce additional weight and costs to the
system.

Rather than directly measuring these forces, one could
also estimate them from other observable states. Ruggiero et
al. [1] utilize the generalized momentum, derived from the
linear and angular momenta of the system. With this, a linear
relationship can be derived to construct an external observer
for estimating the wrench. This method has been implemented
within two different contributions by Bodie et al. [7], [8]
where the external wrench estimator yields estimates of the
forces and torques experienced at the end-effector using only
measurements of the linear and angular velocities.

An alternative approach presented by Roveda and Piga
[23] where they have implemented a sensorless Extended
Kalman Filter (EKF) [26] to estimate the contact force of the
manipulator’s end-effector. A similar implementation has also
been seen in the work by Fakoorian et al. [27] where they
estimate the ground reaction forces of prosthetic legs. It is
possible to combine the concept of generalized momentum
from above with the Kalman filter approach to develop a
linear estimator for the external force. This method has been
presented by Wahrburg et al. [28] where the force vector
applied at the end-effector of a serial, industrial manipulator
is estimated using the generalized momenta of the joints. The
benefit of this method, is that the system of equations defining

the dynamics of the manipulator may be set up in such a way
that a linear Kalman filter could be employed. This greatly
simplifies the algorithm and guarantees optimality of the the
estimation.

III. SYSTEM

The aerial manipulator system is composed of two distinct
subsystems which act independently to perform the interaction
tasks. They are described as follows.

A. Manipulator

The robotic manipulator is designed as a parallel five-bar
linkage consisting of carbon fibre tubes for the four main links
and an aluminum flange that makes up the fifth, base link.
This flange includes a ball bearing sleeve with a 50mm inner
diameter that affords the ability to rotate entirely around the
drone body. This rotation is driven by a spur gear interface
where the exterior of the bearing housing acts as the driven
gear. Mounted on the flange itself are three Dynamixel MX-
64A servo motors. Two of these motors actuate the active
joints of the five-bar linkage while the third drives a rack and
pinion counter-balance. For clarity throughout this paper, we
will refer to the two motors for the active joints as Motor 1
and Motor 2, while the rack and pinion motor will be referred
to as Motor 3.

B. Platform

The aerial platform is a conventional H-configuration
quadrotor equipped with T-Motor MN501-S KV360 motors
and 18-inch propellers. The onboard flight controller is a
Pixhawk PX4 providing PID control of the drone in position
mode. Also mounted to the frame of the quadrotor is a
Dynamixel XM-540WR servo motor equipped with a spur
gear. This gear interfaces with the manipulator’s rotating flange
to give the system its pivoting capability.

IV. MODELLING

A. Reference Frames

The modelling and control of the Omni-Drone system
utilizes several different frames of reference. This brief sub-
section will provide an overview of each of these frames and
describe their importance for the work presented in this paper.

1) World Frame: The world frame will be defined as the
static frame of reference in which we will define the position,
velocity, and acceleration of the UAV. Its origin will be fixed,
with the Z axis pointing upward from the ground and the X
and Y axes being set arbitrarily such that X , Y , and Z are
orthogonal. This frame may be perceived as inertial as it will
only consider the local environment of the UAV.

2) UAV Body Frame: The UAV body frame will be used
to define the kinematics and dynamics of the quadrotor itself.
For this, the origin of the frame is fixed at the centre of mass
of the UAV. The X axis points directly forward through the
centre-line of the UAV, the Y axis points to the left, and the
Z axis initially points directly upward, taken from when the
UAV is in a steady, stable hover.
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(a) Conventional (b) With pivot joint

Fig. 3: Depiction of both the five bar parallel linkage and
the five-bar parallel linkage with pivot joint with relevant
parameters.

3) Manipulator Body Frame: The manipulator body frame
will be useful in defining the kinematics and dynamics of the
manipulator. It is defined by having the origin fixed at the
manipulator’s pivot joint where the X axis points to the right,
the Y axis points up, and the Z axis points outward. In this
frame, the rotation angle of the manipulator is not considered.
To transform from the manipulator body frame to the UAV
body frame, a single-axis rotation is applied equal to the pivot
angle q5.

B. Parameters

In order to model our system, we must first present the
parameters and variables which will define the configuration of
the manipulator. Figure 3 depicts schematics of both a conven-
tional five-bar parallel linkage (left) and the one proposed with
the active pivot joint included (right). There are a total of three
active joints. The first two, defined as q1 and q2, connect the
left and right legs of the manipulator to the rotating flange. The
third is the pivot joint, q5, about which the whole manipulator
rotates around the UAV body. There are two passive joints,
q3 and q4, that hinge the two segments together in each leg.
As passive joints, they are not directly controlled by actuators,
however their angles and angular velocities can be computed
directly from joints q1 and q2.

C. Manipulator Kinematics

When dealing with interaction tasks, our primary concern is
in the motion of the end-effector of the parallel manipulator.
In other words, we are concerned in the polar coordinate
representation of the end-effector’s position and velocity with
respect to the UAV’s centre of mass. Though the point of
interest is the end-effector, the control of the manipulator is
driven through the two active joints at the base of the five-bar
linkage, namely Motor 1 and Motor 2. Thus, this introduces
two key coordinate spaces when controlling and observing the
manipulator. These spaces are the Joint Space, defining the
angular positions, velocities and accelerations of the joints,
and the Task Space, defining the Cartesian/polar representation
of the position, velocity and acceleration of the end-effector.
The transformation from the joint space to the task space is
defined as the Forward Kinematics, while the transformation

from the task space to the joint space is defined as the inverse
kinematics. These two transformations will subsequently be
derived for the five-bar parallel linkage, both of which will be
required to perform the control and sensing tasks of the aerial
interaction.

1) Forward Kinematics: The purpose of the forward kine-
matics is to derive the position and velocity of the end-effector
from knowledge of the angular positions and velocities of
the manipulator’s active joints. We treat the manipulator as
a conventional, non-rotating five-bar parallel linkage. Noting
the dependent relationships between the four joints. These
constraints can be expressed through the following equations:

−l5
2

+ l1 cos q1 + l3 cos q3 =
l5
2
+ l2 cos q2 + l4 cos q4

l1 sin q1 + l3 sin q3 = l2 sin q2 + l4 sin q4

(1)

Equations (1) denote the geometric relationships for the x
and y end-effector coordinates respectively by equating the
left and right halves of the manipulator. We can rearrange
equations (1) to define x1 = l1 cos q1 + l3 cos q3 and x2 =
l5 + l2 cos q2 + l4 cos q4. The joint angles q3 and q4 can then
be obtained as follows:

num = 2l3x2 ±

√√√√√√− l43 + 2l23l
2
4 + 2l23x

2
1 + 2l23x

2
2

− l44 + 2l24x
2
1 + 2l24x

2
2 − x4

1−
2x2

1x
2
2 − x4

2

den = l23 + 2l3x1 − l24 + x2
1 + x2

2

q3 = 2 tan−1 num

den
(2)

num = 2l4x2 ±

√
(−l23 + 2l23l

2
4 − l44 + x2

1 + x2
2)(l

2
3

+ 2l3l4 + l24 − x2
1 − x2

2)

den = −l23 − 2l3x1 + l24 + x2
1 + x2

2

q4 = −2 tan−1 num

den
(3)

The angular velocities q3 and q4 can be computed from the
time derivatives equations (1), written in matrix form:[

y1
y2

]
=

[
a b
c d

] [
q̇3
q̇4

]
(4)

where y1 = −l1q̇1 sin q1 + l2q̇2 sin q2, y2 = −l1q̇1 cos q1 +
l2q̇2 cos q2, a = l3 sin q3, b = −l4 sin q4, c = l3 cos q3, and
d = −l4 cos q4.

These results can then easily be substituted into either side
of equations (1) to obtain the position and velocity of the end-
effector.

2) Inverse Kinematics: Contrary to the forward kinematics,
the inverse kinematics define the joint angular positions and
velocities in terms of the end-effector position and velocity.
This will prove to be a useful result as it makes it possible
to command the motors to control the end-effector. The
procedure for deriving the inverse kinematics of the rotating
five-bar parallel linkage has been presented by Hamaza &
Kovac [11], briefly reviewed here.
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Given a desired end-effector position χ = [xee yee]
T , the

angle which this position makes with respect to the centre-line
of the manipulator’s pivot point can be computed as:

α = tan−1

(
yee
xee

)
(5)

Let A and B denote the Cartesian positions of joints 1 and 2
respectively, then we can get:

A =

[
l5
2 cos

(
α+ π

2

)
l5
2 sin

(
α+ π

2

)] (6a)

B =

[
l5
2 cos

(
α+ 3π

2

)
l5
2 sin

(
α+ 3π

2

)] (6b)

With A and B known, we can then compute the positions
of joints 3 and 4. We denote these positions as M1 and
M2 respectively, which can each be solved for independently,
given an end-effector position and knowledge of A and B
from above. The position of M1 can be computed as the
intersection of two circles, one centred at A and the other
at the end-effector, with radii l1 and l3 respectively. The
position of M2 can similarly be computed using point B
instead of A. This computation will result in two distinct points
of circle-circle intersection for each side of the manipulator.
The correct intersection points must be selected, which can
be selected as the two points that maximize the distance
between them. To visualize, Figure 4 demonstrates the circle-
circle intersection with all four intersection points shown. The
two points coloured green are selected as they make up the
symmetric configuration with the maximum distance between
them. Trigonometric relationships can then be used to easily
determine the desired joint angles, q1 and q2, as follows:

q1 = tan−1

(
M1y −Ay

M1x −Ax

)
(7a)

q2 = tan−1

(
M2y −By

M2x −Bx

)
(7b)

With these results, we are left with the task of computing
the pivot angle of the manipulator. It is important to note that
its computation is dependent on the roll angle of the UAV as
the difference of the pivot angle and the roll angle yield the
angular position of the end-effector with respect to the inertial
frame. Taking the local horizon as reference, the pivot angle
can be computed as:

q3 = α− ϕ− π

2
(8)

D. Jacobian Matrix

One important attribute of the system is the Jacobian matrix
which relates the system velocities between the task and joint
spaces. To derive the Jacobian matrix of the Omni-Drone’s
manipulator, we first split the linkage into a right-half and a
left-half. The x- and y-coordinates of the end-effector can then
be expressed using the left hand sides and right hand sides of
equations (1) respectively. In brief, this yields the following
four equations:

Fig. 4: Circle intersection points to determine points M1 and
M2. The green intersection points are selected.

xLHS =
−l5
2

+ l1 cos q1 + l3 cos q3

yLHS = l1 sin q1 + l3 sin q3

xRHS =
l5
2
+ l2 cos q2 + l4 cos q4

yRHS = l2 sin q2 + l4 sin q4

(9)

The time derivatives of the equations above can easily be
taken to express the Cartesian velocity of the end-effector in
terms of the angular velocities of the four manipulator joints.
This is expressed as:

ẋLHS = −l1 sin q1q̇1 − l3 sin q3q̇3

ẏLHS = l1 cos q1q̇1 + l3 cos q3q̇3

ẋRHS = −l2 sin q2q̇2 − l4 sin q4q̇4

ẏRHS = l2 cos q2q̇2 + l4 cos q4q̇4

(10)

Transcribing the above to linear systems of equations and
remembering that the left and right hand sides must always be
equal due to the geometric constraint, we get the following:

[
ẋ
ẏ

]
=

[
−l1 sin q1 −l3 sin q3
l1 cos q1 l3 cos q3

] [
q̇1
q̇3

]
= J1(q)

[
q̇1
q̇3

]
[
ẋ
ẏ

]
=

[
−l2 sin q2 −l4 sin q4
l2 cos q2 l4 cos q4

] [
q̇2
q̇4

]
= J2(q)

[
q̇2
q̇4

] (11)

The Jacobian matrix allows us to determine the end-effector
velocity from the known joint angular velocities..

The Jacobian can also be used to relate the forces at the end-
effector to the torques experienced at the manipulator joints.
This will prove to be a important result as it means that the
interaction force of the manipulator can be known directly
from the torques measured at the actuating motors. We can
use the the principle of virtual work to derive this relationship.
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First we note the definitions of work (W ) and power measured
at the end-effector (PEE) with respect to the force and velocity
of the end-effector in the task space:

W =

∫
F T ẋdt = F Tx (12)

PEE =
W

t
=

F Td

t
= F T ẋ (13)

In parallel, we can also define the power of each motor as the
product of their torques and angular velocities:

Pjoint = τT q̇ (14)

The conservation of power at the end-effector equates to the
power at the joints, yielding:

PEE = Pjoint

F T ẋ = τT q̇

F TJ(q)q̇ = τT q̇

(15)

Rearranging the result from above yields the representation of
the force at the end-effector with respect to the torques of the
joints:

F = J−T (q)τ (16)

Using this general relationship, it is important to recall that we
previously defined the Jacobian for the left and right hand sides
of the manipulator independently. The total force experienced
at the end-effector is thus the sum of the two individual
transformations (i.e. Ftotal = FLHS + FRHS). We also note
that the torques of the passive joints (i.e. joints 3 and 4) are
zero; thus the columns corresponding to these joints may be
omitted. Summing the relationships for the two legs of the
manipulator gives the following definition of the total force
with respect to the joint torques:

F =

[
−l1 sin q1 −l2 sin q2
l1 cos q1 l2 cos q2

] [
τ1
τ2

]
(17)

E. Manipulator Dynamics
In order to model the manipulator’s dynamics, system’s

equations of motion need to be derived. For any generic
manipulator, the motion is described as:

M(q)q̈ +C(q, q̇)q̇ +G(q) = τm − τext (18)

where M(q) and C(q, q̇) denote the system’s inertia and
Coriolis & Centrifugal matrices. The torque due to gravity is
represented by G(q) while τm denotes the torque at the joints
and τext denotes the torques due to external disturbances to
the system.

The derivation of these can be done using the Lagrangian
formulation:

L = T − V (19)

where T and V denote the kinetic and potential energies of
the system respectively. The equations of motion can then be
computed as:

d

dt

∂L

∂q̇
− ∂L

∂q
= τm − τext (20)

The following presents the kinetic and potential energy
terms of the system which will subsequently be differentiated
in order to apply equation 20.

1) Kinetic Energy: We can break down the kinetic energy
of the system into the individual components, denoting respec-
tive masses and moment of inertia of each link i as mi and
Ii. Since we are only concerned with rotations about the out-
of-plane z-axis of the manipulator body frame, the moments
of inertia reduce to scalar quantities, Izzi , yielding:

T1 =
1

2
Izz1 q̇

2
1 (21)

T2 =
1

2
Izz2 q̇

2
2 (22)

To compute the kinetic energies of the links 3 and 4, we first
need to compute the position and velocity vectors of their
respective centres of mass.

rc3 =

[
l1 cos q1 + lc3 cos q3
l1 sin q1 + lc3 sin q3

]
rc4 =

[
l2 cos q2 + lc4 cos q4
l2 sin q2 + lc4 sin q4

]
vc3 =

[
−l1 sin q1q̇1 − lc3 sin q3q̇3
l1 cos q1q̇1 + lc3 cos q3q̇3

]
vc4 =

[
−l2 sin q2q̇2 − lc4 sin q4q̇4
l2 cos q2q̇2 + lc4 cos q4q̇4

]
(23)

The kinetic energies of the two links can then be expressed
as:

T3 =
1

2
I3q̇

2
3 +

1

2
m3∥vc3∥2 (24)

T4 =
1

2
I4q̇

2
4 +

1

2
m4∥vc4∥2 (25)

A similar computation can be made for the end-effector’s
kinetic and potential energies, however we will compute it
using the left and right links of the manipulator and take the
average of the two. The reason for this is to ensure that the
resulting equations of motion contain contributions from all
four joints when describing the dynamics of the end-effector.
For this, we use equations (10) to define the end-effector’s
velocity as vEE1 = [ẋ1 ẏ1]

T and vEE2 = [ẋ2 ẏ2]
T . The

kinetic energy can then be expressed as:

TEE =
1

2
mEE

(
1

2
∥vEE1∥2 +

1

2
∥vEE2∥2

)
(26)

2) Potential Energy: The gravitational potential (i.e. Vg =
mgy, where g = 9.81 m/s2 is computed about pivot joint,
coinciding with the Centre of Mass (CoM) of the aerial system.
The potential energy terms of the four links can then be
computed as:

V1 = m1glc1 sin (q1 + q5)

V2 = m2glc2 sin (q2 + q5)

V3 = m3glc3 sin (q3 + q5)

V4 = m4glc4 sin (q4 + q5)

(27)

In a similar manner to the kinetic energy derivation, the
potential energy of the end-effector can be computed by
averaging the left and right hand sides of the manipulator:

VEE =
1

2
mEE g(l1 sin (q1 + q5) + l3 sin (q3 + q5)

+l2 sin (q2 + q5) + l4 sin (q4 + q5))
(28)
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To obtain the equations of motion in the form of (18), the
results above are substituted into (19). M(q) and C(q, q̇) are
obtained by arranging the resulting equations based on the
terms that pre-multiply q̈ and q̇ respectively. The remaining
terms make up G(q).

V. TASK SPACE OPTIMIZATION

One of the design decisions required for the robotic ma-
nipulator regards the lengths of each of the links that make
up the five-bar parallel manipulator. Three variables define
the geometry of the manipulator: lc, l1, and l2, denoting the
lengths of the base, bottom, and top links respectively. The
rotating flange imposes a mechanical constraint to the base
length lc and as such, this parameter is defined.

This optimization problem aims to maximize the reachable
workspace of the manipulator, which in the case of a five-
bar parallel linkage, does not necessarily grow continuously
as the lengths of the links increase. As explained by Hamaza
and Kovac [11], the workspace of the manipulator is defined
as the set of all reachable spatial points for a given geom-
etry. For an arbitrary rotating five-bar linkage geometry, this
workspace results in an ring around the pivot point of the
manipulator. In addition to simply reaching the space, we
must also consider the existence of singularities which result
from particular configurations. These singularities are defined
when the Jacobian of the system is ill-conditioned, typically
due to the passive joints being in a fully-extended position.
Lastly, by increasing the extendable reach of the manipulator,
we inherently increase the system’s moment of inertia, which
again is dependent on the configuration. Thus, we end up with
an optimization problem where we wish to:

1) maximize the area of the workspace
2) minimize the number of singularities
3) minimize the maximum possible moment of inertia

caused by the given geometry
Before performing the optimization, we must first develop

the three sub-objective functions which are to be minimized.

A. Reachable Workspace

To maximize the reachable workspace of the manipulator,
we can set up a search space around the vehicle’s CoM. By
solving the inverse kinematics problem, we can derive the set
of reachable coordinates in space for a given geometry. In
doing so, we also derive the unreachable positions resulting
from singularities. Mathematically, we can define this as:

ϵ1 =
n(S)

n(A)
(29)

where n(S) denotes the quantity of singularities and n(A)
denotes the number of points in the search space.

B. Condition Number

It is important to also minimize the ill-conditioned config-
urations resulting from the geometry. The metric for this is
the Jacobian matrix’s condition number. It is a measure of
how much the output of the system will change for a small

given change in the input. We sum over all of the Jacobian
condition numbers corresponding to reachable positions. After
this, the goal is to find the geometry which minimizes this
total condition number. This cost function can be represented
as follows:

ϵ2 = Σiκ(Xi) (30)

where κ(Xi) denotes the condition number for an end-effector
position Xi in the search space.

C. Moment of Inertia

The final contributing factor to be considered is the resulting
moment of inertia. The manipulator is expected to induce a
large moment arm, which could impact the flight mechanics
of the vehicle as well as the actuator driving the pivot motion.
It can easily be seen that for any given geometry, there are two
possible configurations which are candidates for the maximum
moment of inertia: 1) Fully extended (where the end-effector is
located far from the CoM of the UAV); and 2) Fully retracted
(where the two passive joints of the manipulator are furthest
apart). We compute the maximum moment of inertia in these
two configurations for each geometry with the intention of
minimizing this value. This is done by computing the 2x2
moment of inertia matrices, Ii, for each of the rod links of
the manipulator and apply the parallel axis theorem to obtain
the total moment of inertia matrix of the manipulator in a given
configuration. We can then take the maximum element from
all possible moment of inertia matrices for a given geometry
in all configurations:

ϵ3 = max(Ii) (31)

Taking these three factors into account, the intention is to
minimize the cumulative, weighted objective function, consist-
ing of all three of the above sub-objectives to determine the
optimal link lengths λ = [lc l1 l2]:

λ = argmin
λ

w1ϵ1 + w2ϵ2 + w3ϵ3

s.t. lc = lcfixed

(32)

where w1, w2, and w3 denote the weights attributed to each
sub-objective and lcf ixed represents the mechanical constraint
on the base link. Here, an equal weight distribution was given
across the three sub-objectives.

We can then formulate a genetic algorithm (ga) to minimize
the cost function. The algorithm stochastically finds the opti-
mal state by iterating over a population of candidate solutions.
It then updates or discards these candidate solutions based on
their fitness (i.e. the objective function). In short, the algorithm
works as follows:

1) Initialize population with random candidate solutions.
2) Evaluate the objective function for each candidate solu-

tion.
3) Stochastically discard a portion of the candidate solu-

tions, where the the solutions with a worse objective
function are more likely to be discarded.

4) Select pairs of "parent" candidate solutions and regen-
erate the population where each "child" retains some
solution traits from each "parent".
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Fig. 5: Results of the genetic algorithm optimiser over 20
generations. First plot depicts the average state-space distance
of each population member. Plots two depicts the average,
maximum, and minimum cost function evaluation for each
generation.

Fig. 6: Control System Block Diagram

5) Repeat from step 2, until a termination condition is met.

The termination condition occurs when either the average
fitness function does not significantly change over the course
of a few generations, or a maximum time condition is met.

Figure 5 presents the results of the GA optimizer over the
course of 20 generations. We can see that after 9 generations,
the algorithm converged to its optimum. The optimal geometry
is lc = 19.76 cm, l1 = 47 cm and l2 = 71.5 cm.

VI. CONTROL ARCHITECTURE

A. Counter-Balance Control

One of the three motors on the manipulator’s flange is used
to drive a rack and pinion counter-balance. Effectively, the
counter-balance is driven to a distance from the pivot point
such that the new moment around the pivot point remains
zero at all times. This can simply be done by first finding
the resulting moment induced by the manipulator at a given
configuration. To do this, the positions of the centres of mass
of each link, as well as the end-effector, are first computed
from the joint angles q1 and q2 through forward kinematics.
Denoting the masses of the four links and the end effector as

m1, m2, m3, m4 and mEE , then the total moment induced
by the manipulator can be computed as:

Mtotal = m1yc1+m2yc2+m3yc3+m4yc4+mEEyEE (33)

where yci denotes the y-distance in the body frame of the
cCoM of link i and yEE denotes the y-distance in the body
frame of the end-effector. Note that due to the symmetry of
the manipulator, only the moment in the y-direction needs to
be offset.

We can now compute the required distance for the counter-
balance, however one must take care as counterbalance mech-
anism itself increasingly contributes to the counter-moment as
it protrudes out. The moment induced by the counter-balance:

MCB = mmassymass + ρrackπr
2
racky

2
rack (34)

where mmass and lrack denote the mass and y-distance of the
CoM of the coutner-weight respectively. The parameters ρrack,
rrack and yrack each denote the density, radius, and y-distance
of the aluminum rack respectively. The CoM of the counter-
weight does not sit directly at the end of the rack, but rather at
a distance d from the end. Thus we can express the distance
of this counter-weight as ymass = yrack−d. Substituting (34)
yields:

MCB = ρrackπr
2
racky

2
rack +mmassyrack −mmassd (35)

Equation (35) is quadratic in terms of yrack, and thus can
be solved to determine the position for the extension of
the counter-balance rack. In summary, the total moment of
the manipulator system is nullified by continuously reading
the values of q1 and q2, computing the induced manipulator
moment through forward kinematics, computing the required
extension of the counter-balance rack. This extension can
easily be converted to a motor command through the arc length
equation, noting the pitch circle diameter (PCD) of the gear.

B. Current Limit Control
Motor 1 and Motor 2 of the parallel manipulator are set

to the current-based position control mode. The reason for
this is to provide a level of compliance by greatly limiting
the current while the motor positions are near the desired
positions. Simply using the PD control of the motors in
position control mode leads to one of two scenarios: either
the gains are too low such that the motors are unable to
reach the desired position goal due to external torques such as
gravity acting on the manipulator, or the gains are so large that
the motors are too stiff and that loads at the end-effector of
the manipulator induce enormous current draws to maintain
the position. Due to this, the current-based position control
mode is used to provide mechanical compliance and protect
the motors and other electronics from current wind-up. An
additional proportional controller is implemented to current
commands to the current-based position controller. The open
loop control law of this method can simply be expressed as:

ic = iinit + Pi(qd − q) (36)

where iinit is a nominal current value which is commanded
at zero position error, qd and q are the desired and mea-
sured angular positions. In this manner, the parallel linkage
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behaves with linearly increasing stiffness as the position error
increases.

C. External Force Estimator
As previously mentioned, we can directly relate forces ap-

plied at the end-effector to the resulting torques at the motors
through the Jacobian of the system. In theory, this means
that the force applied at the end-effector (or equivalently, the
force which the end-effector applies to the environment) can
be computed directly from measurements of the motor torque
after factoring in the inertial, Coriolis & centrifugal, and grav-
itational contributions stemming from the dynamic equations
of motion. The motors only provide measured current, thus
the torque at the actuator is:

τm = Kτ (i− i0) (37)

where Kτ is the torque constant from the manufacturer, while
i and i0 represent the measured and idle motor currents
respectively. Unfortunately, the measured motor current can
be quite noisy, thus directly resulting in noisy torque values.
Inaccuracies in the torque constant would also lead to erro-
neous torque values, for which a Kalman filter is implemented.
The methodology incorporated here follows that of Wahrburg
et al. [28], in which the concept of generalized momentum is
used:

p = Mq̇ (38)

where M is the inertia matrix computed in Section IV-E.
By using this formulation, it can easily be seen that the
derivative of the generalized momentum, ṗ, simply equates
to the equations of motion of the system:

ṗ = Mq̈ = τm − τext −C(q, q̇)q̇ −G(q) (39)

For the state estimation task, we define a state vector
consisting of the generalized momenta and the force vector
at the end-effector, i.e. x = [p F ]T . We can also define the
input vector to the system as the compound torque consisting
of the measured motor torque and contributions due to the
gravity vector and Coriolis & Centrifugal term. For brevity,
we will denote this term as τ̄ such that:

u = τ̄ = τm −C(q, q̇)q̇ −G(q) (40)

Using the system’s Jacobian which we defined earlier, this
gives us the following equation for the generalized momen-
tum’s time derivative:

ṗ = −JTF + τ̄ (41)

Looking at the other component of the state vector, namely
the applied force, we can simply equate its time derivative to
zero (ḟ = 0) as the force will remain unaffected by the states.

Using the full state vector, this can easily be written in the
form of a linear state equation:

ẋ = Φx+ Γu (42)

where:
Φ =

[
0 −JT

0 0

]
Γ =

[
I
0

] (43)

Using the computed inertia matrix, we can directly measure
the generalized momentum, yielding the following measure-
ment equation:

z = p = Hx (44)

where

H =
[
I 0

]
(45)

With this formulation, it is clear that the system can be
expressed as a linear system of equations, enabling the use
of a linear Kalman filter to estimate the applied force at the
end-effector.

D. Position-Based Impedance Controller

A position-based impedance controller aims to indirectly
control the force applied by a manipulator on its environment
by adjusting the commanded position. This is done by virtually
modelling the system as a mass-spring-damper such that we
can control the mechanical impedance of the system.

In the task space formulation of the dynamics, we can
express the mechanical impedance relationship as:

M(ẍ− ẍ0) +D(ẋ− ẋ0) +K(x− x0) = h (46)

where M , B, and K denote the system’s inertia, damping,
and stiffness matrices respectively. Here in the general case, h
denotes the external wrench acting at the end-effector which
comprises of the three force elements and the three torque
elements (i.e. h = [F τ ]T ). In the case of the Omni-
Drone aerial manipulator, we have a single point of contact,
thus there are no torques acting through the end-effector.
Further, due to the planar design of the manipulator, we
do not have control of the manipulator in the out-of-plane
direction. Thus, we can simplify the wrench to a 2D force
vector consisting of the radial (pointing outward from the
point of contact) and tangential (pointing orthogonally to the
right) force components at the end-effector. In equation (46)
above, we note the inclusion of x0 and its time derivatives.
These variables denote the desired reference values of the end-
effector’s position which would be tracked in the case of no
interaction force. For the case of a static interaction, we can
set the desired accelerations and velocities to zero and set
the reference position to the desired position in the case of
no interaction. Lets call this xd such that x0 = xd. Using
position feedback, we can then compute the position error as
xe = x − xd. After some rearranging, we can then get the
following control law:

ẍc = M−1(F +Kxe −Dẋe) (47)

Finally, equation (47) can be twice integrated to obtain the
commanded position xc. Note that xc is a deviated position
from the desired position xd. We can then apply inverse
kinematics on this commanded position to obtain the motor
position commands.
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Fig. 7: Impedance Control Block

Fig. 8: Bench test setup

VII. STATIONARY EXPERIMENTS

A. Setup

Prior to implementing the impedance controller, the force
estimator is validated without the need for the drone platform.
The manipulator is set up for stationary experiments by
mounting it between two surfaces with sufficient space for it
to rotate. The motors are connected in series to a 12V power
supply from one end. The other end connects to a PC through
the Dynamixel U2D2 converter. Also mounted between the
two surfaces is a load cell that is to be used to measure the
the true force being applied through the manipulator’s end-
effector. The load cell is wired to an HX711 load cell amplifier,
which is in turn wired to a RaspberryPi 3b to record the data.
Figure 8 shows the setup of the bench test with the manipulator
extended out laterally, making contact with the load cell.

The manipulator is first commanded to incremental posi-
tions beyond the surface of the sensor. The sensor plate acts
as the environment surface and restricts the manipulator from
truly reaching its desired position. Because of this, as the
manipulator attempts to reach further beyond the surface of the
sensor plate, it will apply higher loads. A second experiment
is then conducted where the manipulator is commanded to
a constant reference position, similar to how it would be
kept in flight. The sensor plate is then dynamically loaded
by manually pushed against the end-effector such that is is
loaded and unloaded periodically.

B. Results

Here we present the results of the two stationary experi-
ments. Figure 9(a) shows both the measured ground truth (in
black) and estimated force (in red) values. As can be seen

(a) Step response

(b) Dynamic loading

Fig. 9: Stationary experiment validation of the onboard force
state estimator capabilities through step response (a) and
dynamic loading (b).

from the force measurement, the force experienced at the end-
effector incrementally grows with each step command as the
manipulator attempts to reach further into the plate. From a
preliminary glance, it can be seen that the force estimate is
capable of tracking various values of applied force during the
first half of the experiment.

The manipulator was then commanded to incrementally
retract, back from the sensor plate, thus alleviating the applied
force. Interestingly, as can be seen in the data plot, the
applied force as measured by the load cell does not seem
to decrease during the first retraction step. The torque in
the motors decreases, thus the estimate decreases accordingly,
however the actual applied force stays relatively the same.
This behaviour was experienced repetitively. It is hypothesized
that this behaviour could be due to friction in the Dynamixel
motors, where the current is decreased correctly to account
for the reduced position error, however the reduction in motor
torque is compensated by a frictional torque.

This inaccuracy is alleviated in the dynamic loading ex-
periment. Figure 9(b) presents the results of this validation



11

test with the measured force in black and the estimated
force in red. We see that the performance of the estimator
here is greatly ameliorated as it is able to closely track the
dynamically changing load. This scenario is more closely
related to what would be experienced in flight as change in
the applied load is typically expected to be due to the change
in the environment surface relative to the end-effector.

VIII. FLIGHT EXPERIMENTS

A. Setup & Outline

For performing the aerial interaction task, a concave surface,
similar to a quarter-pipe, was constructed using Plexiglas
mounted to a wooden frame and given an arbitrary, unknown
curvature. Knowledge of the curvature is unnecessary as the
manipulator’s impedance controller is intended to maintain the
contact force regardless of the surface geometry.

The UAV is equipped with a Pixhawk PX4 autopilot which
communicates with an onboard RaspberryPi 4. The Raspber-
ryPi in turn communicates with a Vicon motion capture system
via MAVROS to provide feedback of the drone states. Control
of the UAV’s flight is performed manually through a remote
controller in position-hold mode.

The vehicle is commanded to a given position by the opera-
tor. After contact is established with the contoured surface, the
end-effector’s motion is commanded such that the manipulator
rotates in the direction of the curved surface, while maintaining
the contact force through extension/retraction.

B. Results

We now present the results obtained from the aerial interac-
tion task. Our interest lies in how well the controller is capable
of tracking a constant applied force, and thus maintaining
contact on the surface, as the manipulator is commanded to
rotate along the surface of the contour. Figure 11 presents
the aerial interaction data measured in the flight experiments.
The figure shows the estimated force, obtained from the
generalized momentum Kalman filter and the angular position
profile of the pivot joint over time. Here, we can see that the
manipulator was initially commanded to −90o to begin the
interaction. It is then rotated down to roughly −150o before
being commanded back to its initial position at −90o.

Observing the results of the force tracking, we see that the
system is initially able to maintain a roughly steady force
tracking, around 5N . During this time, the attitude of the drone
is relatively stable, with some oscillation in the yaw angle as
can be seen in Figure 12. It is important to note that the roll
angle ϕ is non-zero, holding steady around 2o. The reason for
this is due to the fact that the UAV must counteract the force
being applied through the manipulator and therefore must tilt
toward to the surface to provide an equal reaction force. This is
maintained as the manipulator rotates downward, following the
contour, until q5 is about 125o. At this point, we see the force
decrease rapidly before increasing again and overshooting. We
can get a hint of what may be going on by looking at the flight
data of the drone platform.

Looking at the roll angle, we see that it quickly drops to
zero at this stage. The reason for this is likely due to the

fact that as the manipulator rotates below the UAV, the lateral
force which it had previously imposed quickly diminishes. As
such, the UAV suddenly corrects for this absence of force, but
in this process, pulls the manipulator away from the surface.
The manipulator impedance controller attempts to correct for
this loss, but overshoots in doing so until it finally corrects
itself. At this stage, we also note an increase in the yaw angle
oscillation as the UAV struggles to cope with the varying
applied force through this pivot point.

IX. FUTURE WORK

The work of this paper aimed at developing a sensorless
force estimator for a drone-mounted five-bar parallel manipu-
lator. As shown, this force estimator could then be integrated
with an impedance controller to perform aerial interaction
tasks on unknown curved surfaces. The controller was used to
autonomously contour follow in one direction so as to maintain
contact with an unknown surface and track a constant force. To
further develop the Omni-Drone platform to conduct contact-
based inspection tasks, various stages of the operation can be
automated. The force estimator can itself be used as a trigger
to detect contact by setting a minimum force threshold. With
this in place, it would be possible to automate the sweeping
motion of the manipulator such that it traverses along the
surface automatically, then have the drone subsequently move
laterally along the surface along a path trajectory to explore
larger regions.

From a controller perspective, it would be possible to aug-
ment the impedance controller to include adaptability so as to
optimize the manipulator’s behaviour in various environments.
Various works have developed different adaptation strategies
for the impedance parameters, effectively changing the dynam-
ics of the system to behave either more stiffly or compliantly
depending on the force being applied on the manipulator. An
interesting implementation of this is presented by Roveda and
Piga [29] on an industrial manipulator where the stiffness and
damping parameters of the control system are increasingly
adapted as the force error tends to zero. This allows the
manipulator to act rather compliantly prior to contact and
progressively become stiffer as the applied force approaches its
desired magnitude. This same methodology could potentially
be applied to the Omni-Drone aerial manipulator, using the
force estimate, rather than a direct force measurement, for the
adaptation laws.

X. CONCLUSION

In this thesis, we developed an omni-directional aerial
manipulator based on the concept design by Hamaza & Kovac
[11]. The system equipped a quadrotor with a rotating five-
bar parallel manipulator to perform contact-based inspection
tasks. To avoid the need for additional force sensors at the end-
effector, we have employed a force estimation scheme based
on the generalized momentum of the system and the torque
feedback of the actuating motors. This force estimation scheme
was validated by means of stationary test and has been shown
to reliably track the true force applied at the end-effector.
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Fig. 10: Aerial interaction over time

Fig. 11: Results of aerial interaction. Plot 1 presents the
estimated normal force. Plot 2 presents the joint angle q5 as
the manipulator rotates down along the surface and back up.

Fig. 12: Drone attitude data during the interaction task.

Using this force estimation in place of force feedback, we
have implemented a position-based impedance controller to
command the position of the manipulator’s end-effector. The
purpose of this controller was to maintain contact of the end-
effector with unknown contoured surfaces while ensuring that

a constant force is applied. It was shown that in flight, the
system was able to hold a relatively stable contact with the
surface, however the vehicle platform would become unstable
especially when the end-effector is located below the UAV due
to the sudden change in direction of the resulting force being
applied to the vehicle’s body.

Further development into this system can potentially lead
to its implementation for surface inspection tasks of complex
surfaces. Its mechanical design affords it the ability to work
within various task spaces and the controller implementation,
with further work, could be used to maintain sensor contact
without a-priori knowledge of the environment.
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3.1. Introduction
The term aerial manipulator is given to an unmanned aerial vehicle (UAV) that is capable of physi-
cally interacting with its environment [4]. This achieved through the integration of specific tools with
a drone body that allow the vehicle to autonomously perform tasks such as scanning, grasping, and
transportation of other objects. Though the field is premature, the ability to have these vehicles work au-
tonomously around various structures paves the way to pursue implementations of drones for various
tasks that would otherwise put humans in dangerous situations. Such tasks can include the inspections
of industrial areas which could ideally be done in much safer and more efficient manners with aerial
manipulators, especially when dealing with high-rise or difficult-to-reach structures. There is also the
possibility to rely on these systems to perform tactile-based navigation to explore unknown regions in
which visual cues may not be an option; for example if there is inadequate lighting.

3.1.1. Brief Overview of Non-Destructive Testing
As described by Gholizadeh, the field of non-destructive testing (NDT) involves the analysis of existing
structures and components without causing damage or permanent change to the piece [5]. Many
industrial lines of work, such as automotive, aerospace, and energy rely on NDT to inspect material
properties and detect defects [6]. This field of NDT could see a significant contribution from the use
of aerial manipulators. Since many of the scenarios regarding NDT are involved with large, complex
structures, such as wind turbines, the risk to human operators could be greatly reduced by sending up
an autonomous vehicle in their place.

The equipment needed to perform most NDT involves sensors that are capable of obtaining eddy
current, magnetic, electromagnetic, and penetrant testing measurements [5]. For all of these listed
methods, the corresponding sensor must be kept consistently in good contact with the inspected ma-
terial surface in order to ensure that the obtained data is reliable. Though most NDT tasks are still
being done by human operators, some advancements have been made to automate these tasks us-
ing systems such as wheeled robots, as described by Bogue [7]. The article goes into an extensive
review of various types of robotic NDT systems for different applications, including the testing of oil &
gas equipment, power generation utilities, and aerospace/nautical equipment. Though these robotic
systems are capable of detecting defects in the above-mentioned structures, each robot is specially
designed for a particular task, making them quite expensive, and thus not typically abundant in most
industries.

In order to perform these tasks using aerial vehicles, the systems would need to be able to maintain
consistent contact with the environment without disrupting or destabilizing the its own flight control. As
will be discussed further on, there exists a limited number of works regarding the application of UAVs for
NDT, such as by Car et al. [8], Zhang et al. [9], and Trujillo et al. [2], however they each possess limiting
factors which could be greatly improved. By meeting the objectives set out in the following subsection,
the proposed research will attempt to demonstrate the potential for future aerial NDT systems.

3.1.2. Recent Applications of Aerial Manipulators
Multiple implementations of aerial manipulators have been popping up in the research community as
their potential becomes more apparent. Work by Hamaza et al. have proposed an aerial system that
can perform surface interactions on a 2D environment [10]. The intention of the work is to demonstrate
the potential to later perform NDT and/or tactile-based navigation. This is done by showcasing system’s
capability of maintaining contact with the environment surface while moving along tangentially. Similar
work has also been accomplished by Meng et al. on an aerial vehicle fitted with a manipulator that is
capable of performing both static and dynamic interaction with planar glass surfaces [11].

Expanding on this, NDT has been accomplished in a 2D setting, albeit to a limiting extent, using an
aerial manipulator in the work by Zhang et al. [9]. They present a UAV that is fitted with an ultrasonic
sensor. The system is autonomously guided toward a 2D aluminum sample and takes measurements
while maintaining contact. To do this however, the UAV follows a predefined trajectory based on accu-
rate knowledge of the vehicle’s and aluminum surface’s respective positions. This would not be ideal
in a true setting as it would require a full accurate model of every structure that is to be inspected by
the system.

In progression from 2D, Bodie et al., have pursued research into three dimensional interactions
in two complementing works [1], [12]. In the first, a fully-actuated drone is fitted with a manipulator
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arm equipped with a wheel at its end-effector. The system is validated by tracing 3D contours of
concrete surfaces, such as arch ways, while maintaining steady contact with tracking of a desired
force. The second work performs similar tasks using a force-sensing rigid boom to better maintain the
force tracking requirement. It is also integrated with an NDT sensor that measures electrical potential
and electrical resistance. The authors present preliminary results of an inspection of a small concrete
sample.

Continuing with fully-actuated aerial vehicles, Trujillo et al. developed an eight tilted-rotor drone
with an active robotic manipulator for the specific purpose of performing NDT in the Oil & Gas industry
[2]. The authors claim the system can operate with an omni-directional workspace thanks to its tilt-
rotor design and was used to collect NDT measurements of industrial pipes. The system still requires a
human operator to control its flight in free-space as well as during the inspection however; the on-board
controller is only tasked with maintaining contact with the environment.

As will be later discussed in this report, aerial manipulation techniques have been tending toward
systems with flight control systems with increasing complexity. Flight dynamics are generally non-
intuitive and thus a desire exists to keep the control of the drone body as simple as possible.

In an effort to introduce an aerial manipulator with a general workspace, but with relatively simple
flight control, Hamaza and Kovac have proposed a new system conceptual design [3]. This system,
named Omni-Drone, consists of a conventional quad-rotor drone equipped with an active parallel five-
bar manipulator attached to the vehicle’s Centre of Mass (CoM). The paper claims that the system offers
an omnidirectional workspace about the drone’s body. To achieve this, radial extension and retraction is
first attained through the actuation of the two base joints of the manipulator. Planar azimuthal motion is
done by pivoting the entire manipulator linkage around the drone body. The final out-of-plane motion is
then lastly achieved through the yaw-motion of the drone. Therefore, unlike the other works described
above, this Omni-Drone is conceptually capable of performing aerial manipulation from any position
relative to the environment, while depending on the vehicle motion for only a single Degrees of Freedom
(DoF).

The research that is being proposed through this literature review will set out to implement the con-
ceptual design proposed by Hamaza and Kovac. This intends to demonstrate the ability of applying
desired forces while moving tangentially along general surfaces. Using the OmniDrone’s pivoting ma-
nipulator, it is expected that it will be possible to perform these contact interaction tasks along surfaces
of any orientation. As the following subsection will establish, the research intends to measure the the
extent of the system’s capabilities to perform these tasks.

3.1.3. Research Question
We wish to expand on the currently available research regarding aerial manipulation with the intention
of consistently applying desired forces while traversing along arbitrary surfaces. To achieve this, we will
attempt to answer the following question. How accurately can a desired wrench be applied at the
end-effector of an aerial manipulator without prior knowledge of the environment which it will
be interacting with and without using a direct wrench sensor at the end-effector while traversing
along the contour of the environment’s surface? To properly develop a system that answers this
question, we must first look into how the aerial vehicle and the robotic manipulator can be integrated
together and how smoothly the control allocation between the two can be transitioned. Further, before
the force-tracking controller can be employed, validation of the system’s force estimator will need to be
conducted. To do so, it will be important to measure how closely the system can estimate the forces
applied by the robotic manipulator and compare these estimates to true measured values. This will
need to be validated against both smoothly changing inputs as well as step-inputs. This is because
step-changes of the applied force will be experienced at the moments when contact is initiated and
terminated. In parallel, it will be necessary to measure how well the flight controller will be able to
maintain its desired trajectory amid the applied forces and torques due to the on-board manipulator’s
interaction with the environment. Answering each of these sub-questions will in conjunction formulate
the necessary results to answer the primary research question stated above.

3.1.4. Literature Review Outline
The following will provide a review on the research regarding aerial manipulation within existing litera-
ture. It will be subdivided into four primary sections that each discuss an important aspect of designing
an aerial manipulator for contact-based inspections. The first section provides an analysis of the sys-
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tem architectures of existing aerial manipulators. Here, the various designs can fall under different
classifications depending on the type of manipulator attached to the drone. This classification can
then be further distinguished based on the setup of the system integration. This will lead into the
second section where the differences between centralized and decentralized control architectures are
discussed. Following this, the review examines the various control methodologies implemented for con-
tact force-tracking tasks. In this section, not only will aerial manipulators be considered, but inspiration
is also taken from other systems such as fixed-base manipulators. Here, focus will be put on the differ-
ences between direct and indirect force control strategies. This will then lead into deeper analyses of
impedance control along with corresponding adaptation laws to account for unknown environment pa-
rameters. Finally, the report discusses the preference to avoid the use of external force/torque sensors
at the end-effector of the manipulator. Because of this, force estimation techniques are then explored.

In concluding the review, the findings found in the various sections will be consolidated and a re-
search gap is identified. The idea will be to drawmethodologies from various sources, each contributing
to a portion of the aerial manipulation design that will be pursued by the proposed research.
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3.2. Aerial Manipulation
Research and development of UAVs has seen rapid growth in recent years as industries are beginning
to realize the extent of their potential [13]. Up until recently, these UAVs were primarily used for pas-
sive tasks using visual systems (such as surveillance) and were incapable of performing environment
interactions like their ground-constrained robotic counterparts. More recently however, the research
community has begun to explore the idea of equipping these UAVs with tools to perform manipulation
tasks while flying. As discussed by Ruggiero et al. [4], there are typically two contrasting approaches
to accomplishing this: 1) attaching a rigid tool to the drone body; and 2) integrating an active robotic
arm on the drone, which can have varying amounts of DoF.

3.2.1. Rigid Tools
In the case of rigid tools, a gripper or boom is attached to the UAV and the manipulation of objects is
done solely through the flight control of the vehicle. An early example of this is presented by Mellinger
et al. where the design of two types of grippers are proposed for the attachment to the bottom of a quad-
rotor drone [14]. The idea presented within the article is for the grippers to be used to either actively
perch the drone for the benefit of endurance or to pick up and transport payloads through the air. The
quad-rotor design is selected for its simplicity; however, it is noted in the paper that the inclusion of the
gripper and additional payloads significantly changes critical flight parameters which then need to be
estimated and compensated for. In order to account for this, the authors implemented a least squares
parameter estimator to estimate the new mass and CoM of the drone (i.e. with added payload). These
estimates were then fed to a flight controller which internally compensated for these changes. The
drone was commanded to fly along a sine wave flight path and comparisons were made against a
controller which did not include these compensating terms. Through this, significant improvements
were achieved with the compensated controller, especially during instances where there are changing
thrust commands.

In contrast to grippers, research has also gone into the interaction of aerial vehicles with environ-
mental surfaces. The accomplishment of this kind of interaction paves the way for NDT using drones
as autonomous tools capable of performing the inspections. Work by Smrcka et al. implemented an
admittance controller based on the measured interaction force with a wall in order to stabilize their UAV
on a lateral surface [15]. The purpose of this system is to perform visual documentation and inspec-
tion of poorly-lit historical buildings in cases where light sources need to be pressed up against the
surface being inspected. The benefit afforded by this work is that they are capable of automatically
approaching, contacting, and stabilizing with a surface in an environment which may not have access
to Global Navigation Satellite System (GNSS) signals. The admittance controller allows the vehicle
to safely make contact and maintain its position without tremendous impacts to the hardware or the
environment.

A similar system structure has also been investigated for applications involving the dynamic inter-
action of an aerial vehicle with an environment structure. Nguyen and Lee present the design of a
quadrotor drone with a static tool attached either to the top or the bottom of the vehicle [16]. By trans-
forming the drone’s dynamics to the tool’s end-effector frame, the flight controller becomes capable of
driving the tool’s position to desired locations along the environment while maintaining desired forces.
The issue that arises with this however is that quadrotors are inherently under-actuated and thus its
operational space is drastically limited, especially in the pitch and roll directions. As will be discussed,
this can be improved by either increasing the actuation capabilities of the vehicle or by introducing
various levels of actuation on the manipulation tool itself.

This type of work has also been pursued using drones with greater manoeuvrability which has led
to the potential of employing them in contact-based operations for NDT. As previously introduced, the
work by Bodie et al. employs a fully actuated tilt-rotor system with a rigid boom mounted to the drone
body [12]. The paper presents a control scheme for accurate interaction of the boom’s end-effector
over the surface of concrete infrastructure. Since the end-effector remains in a static position relative
to the drone body, the kinematics become entirely coupled to the drone’s flight control and thus could
complicate the control system, hence the need for a fully actuated system. The control methodology
used aboard this system will be later discussed in further detail in Section 4, however it is worth noting
that the dexterity of the aerial manipulator can be improved by allowing the manipulator to move relative
to the vehicle body and could potentially simplify the architecture of the entire system.
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3.2.2. Active Robotic Manipulators
In contrast to the previously mentioned systems, the addition of active robotic arms could greatly in-
crease the effectiveness of aerial manipulators. These robotic arms can have varying DoF. In these
cases, the level of DoF can greatly influence the complexity of the flight control required to accomplish
the manipulation task with adequate stability. By increasing the DoF, the manipulator’s influence on
the aerial vehicle can be reduced [17]. The downside to this however, as explained by Hamaza et al.,
is that this increase in the DoF introduces additional weight to the system, thus limiting the battery life
and manoeuvrability [10]. For this reason, the system introduced in their work utilizes a single-DoF
linear manipulator mounted to the top of their UAV. Through this, a desired interaction force can be
applied onto a surface in front of the drone, without having to entirely rely on the drone’s flight motion
to make/remove contact nor adjust the normal force on the surface. Because of its limited DoF how-
ever, lateral and vertical motions relative to the surface must still be accomplished entirely by the flight
controller.

The single-DoF linear manipulator approach can be augmented while still maintaining structural
simplicity, by introducing an additional DoF. This can be seen through the work of Bartelds et al. where
a similar structure incorporates a linear manipulator is mounted to the top of the drone, but now includes
an active rotational joint near the attachment point [13]. This additional DoF allows the manipulator to
compensate for the drone’s pitch motion. The other DoF, in the linear direction, again allows the system
to apply the desired normal forces on the surface while providing a certain level of compliance when in
contact with the environment. Just like the previous work however, the system is still entirely reliant on
the drone’s flight control for motion of the end-effector in the lateral and vertical directions.

To achieve higher levels of dexterity, the DoF of the manipulator arm can be increased such as in
the work of Kim et al. [18]. The paper introduces a quad-rotor drone equipped with a 2-DoF robotic arm,
mounted to the belly of the vehicle, and with a mechanical gripper at the end-effector. The purpose
of the system is to perform tasks involving the pick-up, delivery, and placing of small objects. Due to
its design, the mechanical arm can be adjusted through the control of two active joints that allow the
end-effector to be positioned through planar motion relative to the drone body. The design still has its
limitations however, as lateral motions as well as roll and yaw of the end-effector still need to be entirely
controlled by the drone’s flight. Further, since the manipulator is mounted to the bottom of the vehicle,
the drone is only able to interact with objects which it can approach from above.

A similar design methodology has been implemented by Huber et al. on-board an autonomous
helicopter [17]. Like the work presented by Kim et al., the manipulator is again mounted to the bottom
of the vehicle with a gripper at the end-effector. The intention of the system is for applications involving
tasks such as aerial inspections, sampling, and delivery of supplies. Despite being attached from
below, the manipulator consists of 7-DoF for the sake of achieving all 6-DoF of motion for the end-
effector with redundancy. Though the manipulator is effectively unconstrained in terms of the motion
directions afforded by the active joints, mechanical limitations are inherently imposed by the system’s
design. Once again, the fact that the manipulator is mounted from belowmeans that the helicopter must
approach the interaction environment from above. Further, the landing struts of the helicopter introduce
physical boundaries which the robotic arm risks colliding with. Because of this, the implemented control
system limits the motion of the manipulator withing a virtual cage between these struts, and so the
manipulator’s true operation space is smaller than it would otherwise be.

Tognon et al. demonstrate the implementation of a light-weight manipulator arm mounted to the
bottom of a quadrotor drone [19]. The manipulator has 2-DoF with a gripper mounted to its end-effector.
The design is based on another work by Thomas et al. that develops an underside gripper for high-
speed grasping tasks [20]. Both works are bio-inspired by the approach taken by birds-of-prey, such as
eagles, and try to mimic their grasping motions during flight. The design of Tognon et al. is particularly
interesting as the two motors that control the manipulator arm are directly mounted near the CoM of
the drone. The first motor is directly attached to the joint regarding the first DoF, but the second motor
is connected to the other joint via a metal-reinforced plastic belt. The reason for this is that the inertia
of the manipulator arm is kept to be very low, meaning a relatively small quadrotor can be utilized for
the application.

Peng et al. take this concept of a bottom-mounted manipulator even further and attempt to decouple
the arm’s motion from the drone’s flight dynamics [21]. The system consists of a quad-rotor drone with
a four-bar mechanical linkage attached to its underside. The main difference from the other works
however is that this attachment is made via a gimballed mechanism. As described by the paper, the
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purpose of this arises from the fact that with most aerial manipulators, the motion of the UAV platform
will often affect the positioning of the manipulator’s end-effector, and vice-versa. The introduction of the
gimbal is intended to allow the manipulator to stay still relative to inertial space even when the vehicle
platform experiences disturbances to its intended position/motion.

These aerial vehicle designs with bottom-mounted robotic manipulators tend to be the most promi-
nent in aerial manipulation as they provide the benefit of picking up and placing objects easily. An
example of this includes the work of Heredia et al. where the robotic manipualtor is equipped with a
gripper and visual camera at the end-effector [22]. A similar design is presented by Cataldi et al. [23]
with the intention of demonstrating its potential to be used for assembly and construction of structures.
Thirdly, this concept of bottom-mounted manipulators is extended in the paper by Suarez et al. where a
dual-arm system is integrated with an aerial vehicle to achieve more human-like control behaviour [24].
In all of these cases however, the task space of the system is limited to the region below the drone.
This makes it difficult to perform interactions with structures like bridges, where it may be neccessary
to access them from below.

The physical limitations attributed to the previous works can be overcome through manipulator
and/or vehicle design, depending on the intended application of the system. As touched upon in the in-
troduction, this is observed through the development by Trujillo et al. [2] of an octo-rotor drone, named
AeroX, for the sake of NDT inspections. The tool has been designed for specific inspections of struc-
tures in the oil and gas industry, using either eddy-current or ultrasonic sensors. The work claims that
the system is capable of performing contact inspections in all directions and orientations. It does this
by using a fully-actuated tilt-rotor drone equipped with an active parallel manipulator. The manipulator
is capable of both extension/retraction motions as well as limited planar rotations about the drone body.
This design means that general motion of the end-effector is controlled through the flight control of
the drone, while precise fine-tuning of the end-effector’s position for the sake of maintaining surface
contact is done through the manipulator’s motion. This introduces high-levels of complexity however,
which may not be preferred in application settings. Furthermore, the use of AeroX requires remote-
control of a fully-actuated tilt-rotor vehicle, introducing the need for a highly skilled operator. Here, the
implemented control scheme simply maintains contact of the end-effector with the environment while
the operator commands the drone to move along the surface. Thus, it is not an entirely automated
system.

A similar inspection tool is also presented by Tognon et al. for NDT inspections of pipes [25]. The
system consists of a hexarotor drone with tilted rotor arrangement that provides multidirectional thrust.
Through its underside, the drone is equipped with a 2-DoF robotic manipulator. Together, the paper
claims that the system achieves 8-DoF motion, thus yielding control of both the end-effector’s position
and orientation in all directions with some redundancy. The lengths of the manipulator’s linkages are
long enough to allow for upward interaction with the environment, despite its underside mounting. The
work demonstrates the tool’s ability to perform accurate eddy-current testing of metallic pipes. Despite
its ability to perform interactions in upward directions, the system is still limited as the drone body must
remain above the inspected object.
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3.3. Centralized vs. Decentralized Control
When discussing aerial manipulators where the manipulator arm is actively controlled, the system can
be characterized as either centralized or decentralized control. In the case of centralized methods,
the UAV and the robotic arm are treated as a single coupled system. Due to this, the dynamics typi-
cally need to be computed specifically for the system in question, with dependencies on manipulator
configurations, resulting in higher complexities from a control standpoint. In contrast, decentralized
control schemes treat the robot manipulator independently from the UAV. Here, the resulting forces
and moments due to the manipulator’s motion and interaction with the environment are treated as ex-
ternal factors to the UAV’s flight control; and vice versa. This allows the design of the aerial manipulator
to be thought of in terms of two parts: 1) the flight control of the UAV; and 2) the control of a robotic
manipulator.

3.3.1. Centralized Control
The previously introduced work by Kim et al. is a prime example of this centralized system [18]. The
control system proposed for their design defines a state space of generalized coordinates including the
position and attitude of the drone as well as the two joint angles attributed to the robotic manipulator.
By doing so, the centralized dynamics are derived using the Lagrangian-D’Alembert equation.

Further, a more complex centralized control scheme is implemented on an aerial manipulator and
is presented in the work of Heredia et al. [22]. The work focuses on the development of an octoquad
UAV with a 7-DoF manipultor arm attached to the bottom of the vehicle frame. The dynamics of the
system are formulated with a generalized state vector which includes the position and attitude of the
UAV, along with the seven joint angles of the robotic arm. This leads to the forces and torques applied
by the arm being directly included in the full system dynamics.

3.3.2. Decentralized Control
Referring back to the aerial manipulator of Tognon et al., a decentralized control scheme is defined
between the quadrotor drone and its 2-DoF manipulator arm [25]. Here, given desired positions and
attitudes for the drone and desired positions and torques for the manipulator’s end-effector, the two
systems are controlled completely independently. The attitude and position controllers work together
to convert the desired attitudes and positions to thrust inputs to the drone. Simultaneously, the arm
controller converts the end-effector’s desired positions and torques to commanded joint positions and
velocities. Their results demonstrate good tracking of the desired values, however the control of the
aerial manipulator is done in free-space, without contact with the environment.

Though the transformations of desired reference signals to command signals are done indepen-
dently, the system dynamics that compute these desired values are still coupled between the two
systems. The authors employ a method called differential flatness to simultaneously compute both
the reference signals for the drone as well as for the manipulator. This same strategy is pursued by
Thomas et al. [20]. This method exhibits benefits when aerial manipulator must perform tasks where
the drone body is undergoing high dynamic motion, however it introduces additional dependency on
the flight controller. This is unnecessary especially in slow-moving tasks, such as inspections, where
the drone’s body is expected to traverse gradually if at all. In these cases, the drone body can be
treated as a floating platform to which the manipulator is attached to.

The issue that arises with this decentralized school of thought is the introduction of the manipulator’s
singularities. A robotic manipulator will inherently have configurations which are either unreachable or
inescapable due to its geometry. Compensations would need to be made to avoid these configurations.
Looking at the system design of the aerial manipulator by Marković et al. one can see an interesting
implementation of a decentralized system [26]. The authors acknowledge the physical limitations of the
on-board manipulator attributed to its singularities at fully-extended and fully-retracted states. Due to
this, the proposed system is capable of controlling the end-effector position either through the motion
of the drone (i.e. moving the end-effector along with the drone body frame) or through the motion of the
manipulator itself (i.e. moving the end-effector relative to the drone body frame). The choice methods
is done through a binary selection parameter that is dependent on the Euclidian norm of the joint error
from a predefined optimal joint position. When this norm exceeds a defined threshold, the control of
the end-effector switches from being manipulator-controlled to being flight-controlled. There is room
for improvement on this methodology however as it results in an on/off behaviour. One could possibly
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employ a way to smoothly transition between the two states where control of the end-effector could be
shared between the flight controller and manipulator controller during this transition period.
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3.4. Control Methods
The following section outlines the various control methodologies that are presented in the literature
for manipulation tasks. Assuming that preference is given to decentralized control architectures, the
control of the vehicle itself (including the necessary disturbance rejection) will need to be considered in
addition to control of the robotic manipulator. The following section will thus be broken into two parts.
Firstly, direct and indirect force control methodologies will be explored, with further exploration into
adaptive concepts for indirect force control. Secondly, a brief overview of control strategies of floating
platforms will be presented. This section primarily explores how other similar design structures handle
the influences of external manipulation on their vehicle control.

3.4.1. Manipulator Control
Manipulator Compliance
As previously mentioned, the proposed research will need to apply maintained contact through the
aerial manipulator’s end-effector on the environment surface. Further, it may be required that a speci-
fied reference force vector is tracked. As described by Villani and De Schutter, this kind of interaction
introduces kinematic constraints to the workspace and because of this, pure motion control (i.e. posi-
tion, velocity, and/or acceleration control) will be insufficient [27]. In fact, the implementation of motion
control in these situations may lead to potential damage of the manipulator and/or the environment.
The authors continue to explain that control of a manipulator in these constrained environments must
be accomplished with some sort of compliance. This compliance effectively allows the manipulator to
conform to the imposing constraints to a certain extent and can be achieved through either passive or
active interaction control methodologies.

When discussing passive interaction control, the compliance of the system is attained directly through
the flexibility/admittance of the structure [27]. An example of this mechanical compliance is given in
the work by Bartelds et al. [13]. As already previously introduced, the system consists of a single-
DoF manipulator which allows the system to apply interaction forces laterally. Mechanical compliance
is achieved by means of an elastic band that acts as a spring and stores kinetic energy induced by
impacts with the environment into potential energy. A mechanical locking mechanism restricts this
compliant motion in a single direction so that the energy is stored permanently in the band until a
release lever is triggered manually. The authors perform experimental compensation between this
compliant manipulator and an entirely rigid manipulator to demonstrate the effects of the impact with
a planar surface in both cases. As expected, the compliant behaviour afforded by the elastic band
allows the drone to make steady, consistent contact with the wall, with negligible bounce and pitch er-
ror. Though this design successfully demonstrates its intended use, it would be insufficient for general
interactions. The use of the elastic band on the linear manipulator only provides compliance along the
normal force direction. It would not yield to forces along the tangential directions of the interaction nor
to torques applied at the end-effector. Therefore, the proposed design would not be able to properly
deal with push-and-slide tasks where the end-effector would need to trace the contour of a surface
while maintaining contact.

In contrast to passive interaction control, active control methodologies can also be implemented
where the compliance of the system is achieved through a programmed control system. As explained
by Villani and De Schutter, this often requiresmeasurement of the contact wrench which is then fed back
to the controller [27]. This can be done through either direct or indirect force control. The differences
between these two methods will subsequently be explained along with examples of their application
throughout the literature. For this, not only applications in aerial manipulation will be explored, but also
works done in the fields of industrial robotics and underwater autonomous vehicles.

Direct Force Control / Hybrid Position-Force Control
Direct force control methods, as the name implies, attempt to apply a desired wrench by adjusting the
forces and torques at the end-effector through the relationship between the end-effector and the joint
torques. When this force needs to be applied along a surface while moving through space, the task
must be explicitly and accurately defined. This is because both the force and the motion reference
signals are independently fed to the control algorithm. The most prominent method for these kinds
of applications was developed by Raibert and Craig and is named Hybrid Position/Force Control [28].
The method effectively divides the task space into the constrained (force control) directions and the
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unconstrained (motion control) directions. Doing so allows for the simultaneous control of both force
application and motion.

The work by Nguyen and Lee demonstrates the implementation of a hybrid position/force controller
on a quadrotor aerial manipulator equipped with a rigid tool [16]. The intent of their research is to have
the aerial manipulator trace a path along a given surface while maintaining 1N of contact force. The
authors identify one limiting constraint of the hybrid position/force control method which stems from
the requirement that the end-effector must always be in contact with the surface. This is clearly an
undesirable constraint since the drone must be able to take off and approach the wall before contact
can be established. To work around this issue, the work utilizes a technique called passive decomposi-
tion which effectively decomposes the dynamics into tangential and normal components relative to the
surface. Accurate force and position tracking is demonstrated through simulation, however it is shown
that stability of the system is only guaranteed when the tool is mounted to the top of the drone; thus
limiting its reachable space.

An example of a hybrid position/force controller is presented in the work by Dong et al. where
the controller is implemented on an industrial robotic polishing tool [29]. In the motioncontrolled sub-
space, the controller attempts to track desired position, velocity, and acceleration using a proportional-
derivative (PD) control law. Conversely, the force-control subspace tracks a defined normal force ref-
erence signal using a proportional-integral (PI) controller. The authors explain their choice of PD and
PI control due to the need for a fast dynamic response in motion, but a smooth and accurate tracking
of force respectively. The resulting commanded acceleration and force signals are then converted to
desired joint torques and passed to the motor controllers for execution.

The control method has also been implemented on a continuum robot by Xu et al. [30]. Like with
other hybrid position/force control methods, the interaction space is divided into the constrained force
space and the unconstrained motion space. The authors present a new modification to the control
scheme where the commanded position signal is adjusted based on the deformations of both the en-
vironment and the robot itself due to their own respective compliance. This is done by treating both
the environment and the robot as ideal elastic bodies with their own spring constants. The force error
signal is then split and multiplied by the environment stiffness and the robot stiffness to obtain the re-
sulting deformations. The environment deformation is then added to the desired position signal while
the robot deformation is subtracted. Though their results show accurate tracking of the desired force,
the position error tends to diverge, especially with higher applied forces. Further, the way the control
scheme is set up would require accurate knowledge of both the environment’s and robot’s stiffness.
Though this may be feasible for the robot, the environment stiffness would be case-specific and may
not always be accurately known.

As previously mentioned, the use of hybrid position/force control requires accurate knowledge of
the task space since the end-effector’s motion through space must be explicitly commanded. Jatta et
al. propose a modification that allows the method to better be used for tracing unknown contours [31].
Rather than commanding the end-effector’s position in Cartesian space, a desired tangential velocity
is given directly as reference to the controller. The controller is implemented on an industrial robotic
manipulator with 2-DoF. The proposed scheme on the motion-control side takes a desired tangential
velocity and implements a proportional-integral-derivative (PID) controller on the error signal. The de-
sired tangential velocity is also provided as a feed-forward signal (with proportional gain) that is then
summed with the PID output. On the force-control side, the normal force error is supplied to a PI con-
troller and the reference signal is again fedforward (with proportional gain) to be summed with the PI
controller’s output. The resulting control signals are then fed through inverse kinematics to yield the
commanded joint torques. The results showed high oscillations in the resulting applied force. In an ef-
fort to attenuate this, a modification to the controller was made which introduced a feedback loop on the
normal velocity with the intention to drive it to zero. Though it successfully attenuates the oscillations
to an extent, it does not completely eliminate them.

Indirect Force Control / Impedance (Admittance) Control
Contrary to the hybrid position/force control method discussed above, indirect force control does not
contain an explicit feedback loop for the contact force. The most popular method of achieving this is
through impedance control (or equivalently, admittance control). As explained by Villani and De Schut-
ter, the end-effector’s deviation from the defined desired motion is directly related to the experienced
contact wrench with the environment [27]. This relationship is defined by the mechanical impedance
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of the system and is obtained by modelling the system as a mass-spring-damper. Like in the previous
section, impedance control has been widely implemented throughout multiple fields of robotics, includ-
ing aerial manipulation. The following will outline several of these implementations, highlighting their
similarities and differences, leading to the gaps left by the existing literature.

As mentioned earlier, one of the critical aspects of aerial manipulation is the compliance of the
end-effector. Recall that without compliance, the manipulator would be too rigid and could possibly
cause damage to the hardware and/or the environment upon contact. Suarez et al. have developed
a dual-arm aerial manipulator for pipe inspections that includes both passive and active compliance
methods [24]. The passive compliance is simply achieved through a pair of standard springs at each
of the manipulator joints. More interestingly however is the active compliance induced by the variable
impedance controller applied to the system. To do this, the controller defines the joint torque signals as
a function of the end-effector position and velocity errors with respect to stiffness, damping, and inertia
matrices that make up themechanical impedancemodel. Several validation experiments are performed
using the manipulator with this control scheme including contact force control and grasping tasks. In all
cases, the stiffness and damping matrices had to be experimentally tuned for the application. Though
the force tracking is done relatively well, this standard impedance controller would be insufficient in
unknown environments where the controller parameters cannot be experimentally tuned beforehand.
For this, self-tuning control methods will be required.

Adaptive Impedance Control
In these cases where the interacting environment is unknown, the parameters of an impedance con-
troller need to be adjusted according to measurements that are fed back to the controller. This draws
the requirement for so-called adaptive impedance controllers. The work by Car et al. demonstrates the
improvements afforded by adaptive impedance control over its non-adaptive counterpart in the case
of aerial manipulation [32]. The control method is established in the one-dimensional case where the
aerial manipulator’s end-effector is commanded to push down on a planar surface below the drone with
a contact force of 2N. By first implementing a classical impedance controller, the authors numerically
show that the steady-state force error can only be driven to zero with perfect knowledge of the envi-
ronment stiffness and position; and that even small errors in either of these values can lead to large
steady-state errors. To fix this, the work introduces an adaptation law that uses the measured force er-
ror to compute the reference position which is then fed to the impedance controller. This is done using
time-varying proportional and derivative gains on force error along with an additional auxiliary signal
that compensates for the steady-state error. These gains are then computed by relating the reference
position signal to the actuator dynamics and deriving the necessary gain values to achieve a desired
performance. This is based on a second-order dynamic model with user-defined damping and natural
frequency. Simulations are conducted for both the non-adaptive and adaptive impedance controllers
for the application of both constant reference forces as well as reference forces with step-changes over
time. As expected, the adaptive impedance controller outperforms the classical controller, especially
when the required force is changing. Two major concerns do arrive with this methodology, however.
Firstly, since the adaptive laws are modelled about a second-order dynamic model, it will inherently
yield oscillatory behaviour around the desired applied force value. Secondly, the derivation of the pro-
portional and derivative gains presented by the authors yield parameterized equations, for which these
parameters must still be experimentally tuned.

The impedance controller employed by Markovi´c et al. introduces an adaptive parameter which
regulates the reference position signal with the intention of driving the resulting steady-state force error
to zero [26]. The function definition of this adaptive parameter is based on the force error, its derivative,
and an additional auxiliary term which compensates for the impedance behaviour of the interaction.
This definition is set up in such a way that when the adaptive parameter converges, it is inversely
equal to the environment stiffness value; thus numerically validating the ideal force-tracking behaviour
at steady state. Though the adaptation law presented in the paper yields an ideal-case adaptation
law, it requires the solution of a third-order differential equation. These high derivatives are numerically
expensive and can easily lead to large errors in the presence of noise.

Cieslak and Ridao pursue a similar train of thought with the adaptive admittance controller em-
ployed on their autonomous underwater vehicle equipped with a 4-DoF manipulator arm [33]. The
system takes a desired end-effector position and contact wrench as input to the admittance controller
and outputs a modified end-effector position signal based on a virtual mass-spring-damper model. As
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discussed before, this mass-spring-damper model consists of mass, damping, and stiffness matrices
that define the dynamic behaviour of the system. Since this method on its own does not provide direct
control over the contact wrench which could suffer from significant errors due to unknown environment
characteristics. To account for this, the work proposes to adapt the virtual stiffness matrix over time
as an integral term of the wrench error with an appropriate gain applied. Through experiment on an
underwater pipe, this simplified adaptation model demonstrated rapid response to a step change in the
desired force signal, however the resulting applied force through the end-effector exhibited extremely
high oscillatory behaviour.

Similar work was done by Lee and Buss to adapt the virtual stiffness of a force-tracking impedance
controller applied to a 7-DoF robotic manipulator [34]. The stiffness of the impedance model is varied
over time as a function of both the end-effector’s contact position and the measured force error signal.
The influence stemming from the measured force error is computed as a proportional-derivative (PD)
term with tunable gains. The authors numerically show that this proposed method is theoretically capa-
ble of keeping the steady-state force tracking errors below practical measurement resolutions despite
cases of unknown environment parameters. Through simulations, the control scheme is demonstrated
to to track the desired applied force while traversing along the tangential direction of various walls. Multi-
ple circumstances were analyzed including sharp changes in both wall geometry and wall stiffness. The
controller demonstrates very rapid convergence, however it suffers from extremely high spike errors
whenever the system experiences one of the sharp changes in the environment, such as a corner.

The limitations of the work by Lee and Buss were examined by Lu et al. where they employ a similar
technique on a 2-DoF industrial manipulator [35]. As explained by the authors, the large instantaneous
force errors experienced by Lee and Buss are due to the dependency of their adaptation law on the
derivative of the force error. Though the implementation works very well with smooth interactions, it
suffers greatly any time their is a rapid change in the error signal. For this reason, Lu et al. havemodified
the adaptation law to adjust the impedance stiffness matrix based on a differential-less method. Rather
than looking at the force error itself, themodification presented in the paper defines the variable stiffness
as the ratio of the desired force and the difference between the desired and commanded end-effector
positions. The limitation of the paper is two-fold. Firstly, only simulation results are presented. And
secondly, the stability of the adaptation law for the stiffness is only guaranteed under the assumption
that the desired force and environment location are constant. This could be a limiting factor in the case
of needing to initiate contact prior to tracing along the environment’s surface.

As already seen, the adaptation of impedance control parameters can be accomplished in a number
of ways. However, the performance of these methods can potentially be dependent on the noise experi-
enced by the system, especially in cases where derivative terms are employed. Roveda and Piga have
employed a way to vary both the stiffness and damping properties of an impedance controller so as to
achieve different dynamic responses depending on how well the reference force is tracked [36]. Firstly,
the variable stiffness is defined in such a way that it increases as the applied force approaches the de-
sired reference signal. This is done by equating the stiffness to a nominal value minus the normalized
force tracking error multiplied by a proportional gain. The reason for this variable stiffness definition
is so that when the applied contact force is much different from that of the desired force (i.e. prior to
contact, when the applied force is zero), the system is highly compliant. This allows the manipulator to
more freely adjust as needed. As the force error approaches zero however, the system becomes stiffer,
ensuring that the manipulator does not shift from its position. A similar approach is taken when defining
the variable damping parameter. Like the stiffness, the system’s behaviour is made to be such that it is
less damp when the force error is large, meaning that the force tracking can be achieved much more
rapidly. This is highly desirable especially when contact is first initiated. As the force error approaches
zero, the damping ratio will increase in an effort to eliminate undesirable overshoots and oscillations.
Simulations of this control methodology have shown its ability to rapidly converge to the desired contact
force while resulting in low steady-state errors and no overshoot.

3.4.2. Vehicle Control
As it has been briefly touched upon already, the use of a decentralized control architecture would require
methods to account for the influence of the robotic manipulator and its interaction with the environment.
Since the vehicle’s controller would have effectively no intended control of the end-effector control, the
resulting external wrench can be treated as a disturbance to the vehicle body. Works in other fields
have dealt with this concept and can be looked at for reference.
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Simple vehicle control methods usually employ PID schemes to maintain tracking of positions and/or
velocities. As described by Cieslak and Ridao however, this can become difficult when a floating plat-
form attempts to apply significant forces to the environment as it becomes susceptible to noise, non-
linearities and time delays in the navigation control [33]. This can be greatly improved however if a priori
knowledge of the wrench is available, as demonstrated by the authors on their work involving their au-
tonomous underwater vehicle. The system is similar to the aerial manipulators discussed herein, where
a robotic manipulator is integrated with the vehicle body, however its use case is for underwater pipe
inspection. The authors explain that, even if the manipulator is performing the contact and controlling
the wrench applied, in the steady-state, the resulting force must be counteracted by the vehicle thrust
to keep the floating base steady. In the work, the desired wrench signal is passed directly to the vehicle
body’s thrust controller using feed-forward control. By doing so, the system is capable of anticipating
the reaction forces which it would need to counter in order to keep the platform in a stable constant
position.

An attempt to tackle this force/torque disturbance on the vehicle body is also analyzed by Giordano
et al. on their design of a floating-base space robotic manipulator [37]. In their paper, they set require-
ments on the control architecture so that the vehicle’s thrusters do not initiate contact and are only used
to maintain the vehicle’s body in place during the interaction. They do this by incorporating a so-called
external/internal actuator allocation method. This allows them to compute the momentum of the system
based on measured motion of the manipulator and vehicle body motion. This whole-body momentum
is then fed back along with an estimate of the CoM and measure of the contact wrench to the external
vehicle controller. It is worth noting that the feedback of the CoM allows the system to track a desired
configuration of the robotic manipulator relative to the vehicle body, where the extent of this control
can be tuned through a complimentary control gain. Results presented in the paper demonstrate that
the vehicle is capable of floating freely through space just until contact is initiated, which is when the
thrusters activate to accurately stabilize the vehicle.
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3.5. Force Estimation
In order to implement an impedance control technique for contact-based interaction tasks, sufficient
knowledge of the applied force is required. Many works involving manipulators typically employ sensors
to measure the contact wrench. For example, a UAV with bottom-mounted robotic arm designed by
Buzzatto et al. relies on a six-axis force/torque sensor which feeds the measurements directly to the
vehicle’s controller [38]. The issue with this approach though is that these sensors may physically
interfere with other equipment, such as NDT sensors. Force/torque sensors also add additional weight
to the drone, which may be unnecessary and should be avoided if possible. For these reasons, the
following section will investigate force estimation techniques that have been employed throughout the
literature for manipulation type tasks.

3.5.1. Momentum-Based External Force Estimator
The work by Ruggiero et al. discusses an interesting technique that aims to estimate the externally act-
ing forces on a UAV [39]. This method is referred to as a momentum-based external generalized force
estimator. It begins by introducing a generalized momentum vector which accounts for both the linear
and angular momenta of the drone system. Using the system equations of motion, the time derivative
of this generalized momentum vector can be computed. As discussed by the authors, the purpose
of the estimator is to achieve a linear relationship between the estimated forces and their true values
through a second-order Laplace function with desired natural frequency and damping parameter. The
expression of this relationship in the time domain then calls on the use of the generalized momentum
vector and its derivative that were previously introduced. Using this, an estimate of the external wrench
can theoretically be computed through knowledge of the system dynamics.

Two different contributions by Bodie et al. implement this approach for the sake of contact-based
inspections by aerial manipulators [1], [12]. In both works, the external wrench estimator is capable of
yielding estimates of both the forces and torques experienced at the end-effectors of the manipulators
using only measurements of the linear and angular velocities; no knowledge of the accelerations are
required, meaning that the estimator is less susceptible to noise.

In [1] linear forces are estimated and validated against sensor measurements during omnidirectional
contact of the end-effector with an arch. Large errors are seen in the estimation during initial contact with
the surface due to the response of the estimator to a step input. These errors do reduce in magnitude,
but still make up for a significant difference from the true applied forces. Estimation of the applied
torques are not performed and it is noted that the estimator is not capable of differentiating between
applied forces and ground/wall effects.

This work is extended in [12] where a six-axis force/torque sensor is added to the design. The
system still utilizes the external wrench estimator, however here it is used only for the sake of estimating
forces and torques that are unrelated to the interaction with the contact surface. The authors indicate
that the method is not accurate enough to properly be used for the sake of intentional interaction control.
Further, even if this method were to be used for interaction force tracking, the papers mentioned here
have only applied it to the control of the vehicle’s flight dynamics. There is clearly a need to implement
a force tracking method for a decentralized manipulator which would be used directly for the interaction
task.

3.5.2. Kalman Filtering
The Kalman filter, named after one of its developers, is an algorithm that using observations of noise-
corrupted measurements along with the dynamics of a system model can accurately predict unknown
variables of the system [40]. It does this by estimating a joint probability density of the system variables
and by using this, can perform an update of the estimate based on a weighted dependency between the
system dynamics and the measurements. This can prove to be quite useful for the sake of estimating
the applied wrench at the end-effector of a manipulator. Most servo motors are capable of providing
feedback of the measured joint torques experienced by the motors themselves. Using this along with
the dynamics of the system could theoretically allow for the implementation of a Kalman filter to estimate
the interaction forces and torques of the manipulator with the environment.

Along with their proposed adaptive impedance controller, Roveda and Piga have implemented a
sensorless Extended Kalman Filter (EKF) to estimate the contact force at the manipilator’s end-effector
[36]. The estimator defines an augmented state vector consisting of both the end-effector’s position and
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velocity as well as the interaction force. The filter update dynamics are based upon the mass-spring-
damper impedance model. The observer of the system transforms the joint positions and velocities
to task-space values. Using this along with a noise vector to account for uncertainties attributed to
each of the states, the authors could define the EKF algorithm to estimate the augmented state values,
most importantly that of the interaction force. Validating this approach through simulation demonstrated
that the estimated force nearly tracked the true applied force, with an error of about 6%. The major
shortcoming of the work is that the method is only capable of estimating translational forces; there
is room to expand the technique to obtain and estimate of the full wrench (i.e. including the torques
applied at the end-effector).

A similar implementation can be seen in the work by Fakoorian et al. where they attempt to estimate
the ground reaction forces of prosthetic legs [41]. The validity of the work can be easily related to that
of aerial manipulators by considering the legs itself as the robotic manipulator making contact with the
ground (rather than a wall) while being connected to a moving body. The system is even modelled
using the mass-spring-damper equation for general robot dynamics. An augmented state vector is
introduced that includes the angular position and angular velocities of each of the leg joints as well as
the four reaction forces acting on the toe and heel. Using only measurements of the angular positions
of the legs joints, an EKF is set up and is demonstrated to quickly converge to the true state values;
thus correctly estimating the applied forces. As noted by the authors however, this approach requires
the robot to be acting in a controlled setting where the environment parameters are sufficiently known.
Further, convergence of the estimator is only guaranteed if the initial error is sufficiently small.

3.5.3. Other Methods
An alternative method to the EKF for estimating the applied wrench at the end-effector of a robotic
manipulator is presented by Phong et al. [42]. Their work simultaneously employs a Time Delay Esti-
mator (TDE) with a Simultaneous Input and State Estimator (SISE) to estimate the applied force without
accurate knowledge of the interacting environment. The TDE portion of their algorithm works on the
basis of modelling the dynamics of the system over a discrete time step with the external force as an
unknown input to the system. The SISE algorithm employed is based on minimum unbiased variance
estimation [43] that allows for the estimation of both the system states and unknown inputs even under
the influence of non-Gaussian disturbances. The need for dealing with non-Gaussian disturbances is
acknowledged by the authors for the reason that expected friction and backlash influences cannot be
assumed to be Gaussian. Through both simulation and experimentation, the system is validated as
it accurately tracks the applied force where a 4-DoF manipulator performs tasks involving the contact
and wiping of a planar surface. Further work still needs to be done with this algorithm however to deal
with non-planar surfaces as well as dynamically changing applied forces.

Alternatively, the robotic manipulation technique employed by Dong et al. utilizes the benefit of
joint torque measurements to estimate the contact wrench at the end-effector [29]. From the general
dynamic model of an n-DoF robot manipulator, the external joint torques can be expressed as a function
of the measured internal joint torques and the general coordinates defining the joint motion. From these
computed external joint torques, forward kinematics can be employed to determine the wrench applied
at the end-effector. As noted by the authors however, the accelerations of the joints are often heavily
corrupted by noise, making it difficult to directly compute the interaction wrench. For this reason, they
have employed a third-order extended state observer (ESO) where the external applied joint torques
are implicitly included in the augmented state and the only measurable states are the joint angular
positions. Experimental validation of this method was performed where the estimate obtained from the
ESO is compared with measurements made by an additional force sensor. The results show that over
a range of applied force values from −50N to 50N, the ESO accurately tracks the true applied force
with a mean error of about 0.48N. This method has only been implemented through simulation of a
fixed-base industrial manipulator. Further research would be required to demonstrate its functionality
in real-world experiments as well as on a floating base, such as an aerial manipulator.
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3.6. Research Opportunity
This literature review has analyzed the different methods employed on various manipulation systems
based on their potential contributions to a novel aerial manipulator for contact-based inspections. Each
provides way to tackle a particular aspect of an aerial manipulation system, however there are clearly
still some gaps which can be addressed. The following section will address the limitations of different
contributions as a whole and aims to identify an opportunity for the proposed research.

On the topic of aerial manipulation, various physical designs were analyzed with differing implemen-
tations of manipulators on aerial vehicles. It was demonstrated that aerial manipulators could be cate-
gorized as either with or without active robotic manipulators. It was seen that even with the improved
dexterity that is afforded by active manipulators, the reachable workspaces of most aerial manipulators
are still quite limited due to physical limitations. Many bottom-mounted manipulators, such as the ones
presented by Heredia et al. [22], Cataldi et al. [23], and Suarez et al. [24] introduce the requirement
that drone approaches the target from above. In contrast, other works such as the system proposed
by Markovic [26], have their manipulators mounted from above, but cannot interact with environments
below them.

It was shown that there are available works pertaining to systems that claim omni-directional work
spaces, however they tend to involve centralized control architecture with complex flight dynamics.
Two such examples of this were presented in the works by Bodie et al. [1], [12] where fully-actuated
UAV’s were equipped with rigid booms and the reachability of the system stemmed purely from the
motion control of the vehicle. Trujillo et al. [2] hinted at the possibility of attaining omni-directionality
through the robotic manipulator as they centred their system around the CoM of the drone body with
the ability to partially pivot about that point. Their system however lacks the capability to rotate the
robotic manipulator entirely about the drone body, and hence relies heavily on the fully-actuated flight
control of their tilt-rotor vehicle.

Based on this, it is evident that there is an opportunity to develop an aerial manipulator that offers an
omni-directional workspace without needing to rely on extensive control of the vehicle’s flight path and
attitude. As discussed in the introduction, the proposed research will look to implement the conceptual
design of Hamaza and Kovac [3] to accomplish this.

Along with this physical design, comes the need to establish control schemes that will allow the
system to govern both the robotic manipulator and the aerial vehicle. It was demonstrated that decen-
tralized control schemes allow the two controllers (one being for the robotic manipulator and the other
being the flight controller) to be treated completely independently. Doing so however introduces the
cases where the manipulator may reach its physical limitations, such as the maximum length which
it can possibly extend, and so the system needs some method to account for this. As was shown
in the work by Markovic et al. [26], control of the end-effector in inertial space can be allocated to
the flight controller of a decoupled system when the robotic manipulator approaches these limitations.
There is room to expand their methodology to be implemented on a robotic manipulator that offers full
reachability around the entire drone body.

Continuing with this trend, gaps in the manipulator control methodologies can be identified next.
As was discussed, the absence of knowledge around the intended task space, such as the contours
which the end-effector would essentially need to follow, results in the preference toward impedance
control schemes. Furthermore, if absolutely no knowledge of the environment parameters is available,
then the implemented control scheme would effectively need to adjust in real time so that its dynamic
response accounts for uncertainties. Adaptive impedance controllers have been implemented on both
aerial and ground-fixed manipulators. Cieslak and Ridao [33] proposed adaptation laws based on the
time integral of the wrench error for adjusting the stiffness matrix of the controller of their underwater
manipulator, however it suffered from oscillatory behaviour when it attempted to apply desired forces on
the environment. The adaptation laws by Lee and Buss [34] were implemented on a fixed-base indus-
trial manipulator, however they were dependent on derivatives of the measured applied forces and thus
suffered from inaccuracies when dealing with sharp changes in the environment. The method to adjust
both the stiffness and damping properties of the impedance controller by Roveda and Piga [43] proved
to be both intuitive and effective at maintaining desired contact forces with the environment while also
dealing with the initiation and termination of contact. The method was developed for industrial manipu-
lators however, and so there is an opportunity to expand its applicability to floating-base platforms such
as an aerial manipulator. In doing so, inspiration can be pulled from the likes of Cieslak Ridao [33] or
Giordano et al. [37] for methods to stabilize the aerial platform during contact of its end-effector with
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the environment by treating the induced reactionary wrench as an external disturbance. The methods
have been proven for underwater vehicles and spacecraft respectively. The implementation of either
one, either using an external wrench feed-forward signal or using external/internal actuator allocation,
would be essential to ensuring stability of the decentralized system during environment interaction.

Finally, wrench estimation techniques presented in the literature were analyzed as there is a desire
to avoid the use of additional force/torque sensors at the end-effector. For this, different approaches
were looked at. These included the momentum-based estimators by Bodie et al. [1], [12], the extended
Kalman filters by Roveda & Piga [36] and Fakoorian et al. [41], the time delay estimator by Phong
et al. [42], and the extended state observer based on measure joint torques by Dong et al. [29].
Of all the cases presented, only the work by Bodie et al. was implemented on an omni-directional
aerial manipulator; the others were implemented on static-base industrial manipulators. Further, the
momentum-based estimator by Bodie et al. was shown to be inadequate for estimating contact forces
through the manipulator. As such, there is an opportunity to implement something along the lines of
the extended state observer with joint torque feedback directly on an aerial manipulator.

To summarize the research gaps presented herein, one could look at two general areas. Firstly, to
the extent of what could be found for this literature review, there is currently no aerial manipulator with
an omni-directional workspace that does not rely directly on flight control to achieve this reachability.
As discussed earlier on, only a concept design has been put forth by Hamaza and Kovac [3]; and it is
intended that this concept be pursued for this proposed research. Secondly, though each of the system
aspects discussed throughout this report have been researched to varying extents, there is currently no
implementation that consolidates them all into one system. To be specific, there does not seem to be
an aerial manipulator with a decentralized control architecture which implements sensorless adaptive
impedance control using force estimation.
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3.7. Conclusion
To conclude this report, the research question that was posed in the introduction is revisited along
with the corresponding sub-questions. Recalling, the proposed research aims to determine how ac-
curately an aerial manipulator could apply a desired wrench on an environment’s surface through its
end-effector while traversing the contour of this surface. Two qualifying conditions were also imposed
on this research question. Firstly, the system is expected to have no knowledge of the environment,
both in terms of shape and surface properties. Secondly, the system is expected not to rely on direct
force/torque measurements through the use of a sensor at the end-effector. In order for the proposed
research to properly answer this question, a number of sub-questions were laid out to break down the
low-level objectives which the research must pursue.

The first question aimed to look into the integration of the two subsystems, the aerial vehicle and the
robotic manipulator, along with how control allocation could be efficiently shared between the two. The
review delved into works regarding both centralized and decentralized approaches, demonstrating the
ability through the latter to completely decouple end-effector control from the vehicle flight control. Along
with this decoupled system architecture, it was noted that the issue of singularities in the manipulator
configuration could be experienced. To account for this, methodology was reviewed that yields control
to the vehicle controller so that the manipulator does not reach these singularities.

Secondly, since the research question ponders the effectiveness of interaction control without direct
force/torque sensors, it was noted that it is critical to measure how accurately the system could estimate
the applied wrench. Multiple approaches to force estimation were discussed and it was noted that
though most could accurately estimate the applied forces and torques, the implementations in the
literature were employed on static-base manipulators. A research gap was identified pertaining to
the lack of accurate force estimation schemes employed on aerial manipulators that are capable of
estimating the force induced by environment interaction.

The final sub-question that was defined pertained to the vehicle’s motion amid interaction with the
environment. To recall, we wish to measure how well the intended flight trajectory could be maintained
while applying contact forces. Under a decentralized system, these forces would effectively act as
disturbances which would need to be counteracted. Methodologies that pertained to providing the
flight controller with information regarding these contact forces and torques were analyzed. It was
noted however that though they have been implemented on other floating-base platforms, little work
has gone into using these methods aboard aerial manipulators.

With each of these research areas analyzed, the general opportunity for a research contribution was
then finally provided. It was found that though there exists extensive research for each of the primary
sub-tasks discussed, there is no evidence of a system that integrates each of these sub-tasks to achieve
a truly decentralized, omni-directional aerial manipulator. Thus tying back to the initial discussion on
NDT, the goal of the proposed research will be to prove that consistent contact-based force tracking
can be achieved without knowledge of the environment nor the use of force/torque sensors. This will
effectively pave the way for a system which could be deployed to various infrastructures to perform
tests, which would otherwise place human operators in dangerous and/or difficult to reach areas.
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