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ABSTRACT

DESIGN AND CONTROL OF NEXT-GENERATION UAVS FOR
EFFECTIVELY INTERACTING WITH ENVIRONMENTS

by
Caiwu Ding

In this dissertation, the design and control of a novel multirotor for aerial manipulation
is studied, with the aim of endowing the aerial vehicle with more degrees of freedom of
motion and stability when interacting with the environments. Firstly, it presents an
energy-efficient adaptive robust tracking control method for a class of fully actuated,
thrust vectoring unmanned aerial vehicles (UAVs) with parametric uncertainties
including unknown moment of inertia, mass and center of mass, which would occur in
aerial maneuvering and manipulation. The effectiveness of this method is demonstrated
through simulation. Secondly, a humanoid robot arm is adopted to serve as a
6-degree-of-freedom (DOF) automated flight testing platform for emulating the free
flight environment of UAVs while ensuring safety. Another novel multirotor in a
tilt-rotor architecture is studied and tested for coping with parametric uncertainties
in aerial maneuvering and manipulation. Two pairs of rotors are mounted on two
independently-controlled tilting arms placed at two sides of the vehicle in a "H"
configuration to enhance its maneuverability and stability through an adaptive robust
control method. In addition, an impedance control algorithm is deployed in the out
loop that modifies the trajectory to achieve a compliant behavior in the end-effector

space for aerial drilling and screwing tasks.
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"Man first of all exists, encounters himself, surges up in
the world—and defines himself afterwards.”

—Jean-Paul Sartre
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CHAPTER 1

INTRODUCTION

1.1 Background and Motivation

The last decade has seen dramatic growth of the Unmanned Aerial Vehicles(UAVs)
research, both for civilian and military applications such as remote surveillance,
photography, inspection, search and rescue operations. It shows that multirotors
have arisen as an mature platform with great adoption for implementing tasks where
aerial mobility and aerial perspective are needed. Additionally, aerial interaction and
manipulation using multirotor vehicles as shown in Figure 1.1 are recently receiving
increasing attention due to its goal of enabling multirotors to actively interact with
external environments, instead of just being the under-actuated passive sensing
platforms. The design and control of standard multirotor UAVs including tricopters,
quadcopters and hexrotors are well studied, however, they have limited mobility
and controllability due to their inherent underactuation nature. Thus, the standard
multirotors are not capable of tracking arbitrary position and orientation trajectories
in 3D space [1]. Such capability, however, is required for UAVs to execute complex
interactive tasks such as aerial manipulation [2, 3, 4].

Theoretically, a fully actuated UAV should be configured to track any desired
trajectory of body position and orientation, and is therefore an ideal choice for
applications involving aerial locomotion, and dexterous manipulation in a constrained
environment. In recent years, many different fully actuated UAVs have been designed,
which include the ones with at least six rotors with propellers facing different directions
[5, 6, 4], as demonstrated in Figure 1.2, and the ones with tilting rotors/propellers
[7, 1, 8, 9], as shown in Figure 1.3. The latter type is structurally more complicated,
but more efficient in terms of energy consumption since it is possible to minimize

the inefficient mutual force cancellation between propellers by properly tilting each



Figure 1.1 Application scenarios in which aerial manipulation may be helpful. From
left to right: bridge, power line, wind turbine inspection and repair.

propeller. In particular, in [8, 10|, the authors proposed fully actuated multirotors,
of which each propeller can tilt about two axes. The control system design is in
combination with preflight setup of tilting angle @ and B depending on the needs
of a particular trajectory, to attain non-linear trajectory tracking. However, the
optimization scheme for redundancy resolution imposes some artificial constraints
on the tilting angles @ and g for each propeller, which does not guarantee global

optimality of the solution and compromises performance.

Figure 1.2 Multirotors with at least six rotors with propellers facing different
directions.



Figure 1.3 Multirotors with tilting rotors/propellers.

As mentioned before, one of the applications of the fully actuated UAVs is
the aerial manipulation and maneuvering in constrained environments. The vehicle
may pick up an unknown payload, change its body orientation, fly around obstacles,
and drop the payload. During this process, the inertial parameters including the
moment of inertia, the mass and center of mass are subject to abrupt changes. The
unknown inertial parameters will significantly affect the flight performance especially
when the fully actuated UAV flies at a non-horizontal posture. Thus, the online
adaptation of these parameters is necessary to maintain a stable and desired flight.
Adaptive control has been used in the previous studies to address this issue in aerial
manipulation [11, 12|, as shown in Figure 1.4. However, the object being grasped was
assumed to be a point mass at the end-effector, resulting in only two parameters to be
estimated. When grasping a large object with unknown inertia and center of mass, this
simplified approach will fail to establish. Furthermore, how the uncertain nonlinearities
not captured by the parametric model of the system affect the closed-loop control

performance was not studied.

1.2 Aims and Objectives
Firstly, this dissertation studies an energy-efficient adaptive robust control framework
for a class of fully actuated vector thrust multirotor UAVs, to generate the 6 — DOF

force/torque wrench such that an accurate position/orientation trajectory tracking is
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Figure 1.4 Aerial Manipulation and Parametric Uncertainties.

achieved in the presence of parametric uncertainties as well as uncertain nonlinearities
of the system. To resolve actuation redundancy of the fully actuated UAVs, a thrust
force optimization problem minimizing power consumption while achieving the desired
body force/torque wrench is formulated.

Secondly, after a new vehicle and its control law are designed, an initial flight
testing is necessary to validate the functionality and performance of the vehicle under
an emulated free flight environment. In the next chapter, this dissertation studies a
new method of flight testing of VTOL UAVs by using an articulated humanoid robot
arm with a 6-axis force/torque sensor as the test platform. Specifically, the vehicle is
mounted to the end-effector of the robot arm through the force/torque sensor. The
robot arm carries the vehicle and follows its movement quickly and precisely during
the flight testing. To test the performance of the designed vehicle controller in an
emulated free flight environment while ensuring safety, we develop a dual-module
control approach to control the robot arm so that the 6 — DOF free flight emulation
and safety can be ensured simultaneously, which has not been achieved before.

In the next chapter, this dissertation investigates the design and control of a
novel multirotor UAV that is capable of achieving the follow advantages, which are

required for the next-generation UAVs for effectively interacting with environments.



1. More motion DOFs than traditional UAVs, which is characterized by the ability
of the vehicle to change one or two of its attitude angles independently from the
translational motions.

2. Simple mechanical structure, which is to avoid stability, robustness, and high
weight issues arising from over-complicated designs.

3. Avoidance of thrust force cancellation (through both the design and control) to
achieve high power efficiency.

4. High motion control precision and the ability to adapt to changing parameters
during locomotion and manipulation in unknown environments.

With such a design, the vehicle has one more DOF of motion than the traditional
quadcopters, allowing it to have independent roll angle regulation at the expense of
only two additional servo motors with minimum transmission needed.

Finally, a human-guided semi-automated aerial drilling/screwing platform based
on our developed novel tilting-rotor aerial manipulator is presented. The developed
drilling /screwing platform can achieve omnidirectional drilling/screwing. Based on
the dynamics of the proposed UAV design, a dual-level control law is designed. The
low-level attitude controller uses an adaptive robust control (ARC) to accurately
regulate the attitude angles in the presence of force/torque uncertainties that may
occur during the drilling and screwing process, while a selective impedance controller
is implemented at high level to indirectly control the contact force commanded by
the user. In addition, a vision-based guidance scheme is developed to identify and
track the target feature on the workpiece. For verification, we conduct various indoor
hole drilling and bolt screwing experiments on a vertical wood plate to show the

applicability of our approach.



CHAPTER 2

FULLY-ACTUATED VECTOR THRUST MULTIROTORS

2.1 Introduction
A hierarchical(multi-loops) architecture is currently the most widely used controller
strategy tackling with the stabilization problem of underactuated multirotors. It resorts
to |13, 14| an inner loop of high frequency and an outer loop of comparatively low
frequency for angular and linear dynamics respectively, as shown in Figure 2.1. In this
case, the position and the yaw angle of the multirotor UAV can be set as final outputs
[15, 16]. Therefore, it is possible to track any position and yaw angle trajectory in the
Cartesian space with a desired heading angle stemming from its desired trajectory.
Thus, the underactuation issue is solved, as tracking of the desired position and yaw
angle (low frequency outer loop) generates the references of heading angles for the
high frequency inner loop controller. There exist other worthy approaches including
impedance [17], backstepping [18] and optical flow [19] techniques, as demonstrated
by Figure 2.2.
Dy Position :g ~
Control ) &; Pd

ba Attitude |7
Control

UE w’ 4
L pt, v, n UAV /E y

.

Figure 2.1 Inner-outer loop controller structure.
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Figure 2.2 Multirotors controller strategy.

Another issue is derived from the factor that the aerodynamic model of the
multirotor vehicle is very complicated, and in order to derive its dynamic model several
assumptions need to be made. Thus, different robust control laws are proposed for
control of UAVs. And an integral controller is wildly adopted in most of them to resist
against external disturbances and tackle with unknown and time-varying parameters
[20, 21, 22, 23, 24, 25|.

Current aerial manipulation vehicles are all based on traditional multirotor
platforms, and the proper tools are equipped to accomplish manipulation tasks in
the air. According to the tools attached on the vehicles, there are two most adopted
solutions: to mount a gripper or a multi-fingered hand directly on the aerial vehicle,
e.g., called a flying hand (FH) or to equip the UAV with one or more robotic arms,
e.g., which is named as unmanned aerial manipulator (UAM) as shown in Figure 2.3.
In the first case, the FH can only grasp and locally manipulate an object, and usually
the control of this manipulation can’t be independent from the motion of the aerial
platform. Moreover, the single gripper does not have enough DOF to complete complex
tasks which require dexterous manipulation. Thus, to equip the aerial vehicles with
more mechanical structures are essential to perform more complex actions. Examples

to be referred of this scenario can be taken from research about mobile ground



platforms [26], underwater [27], and space robots [28|. It turns out that a UAM could
be an efficient solution endowing an aerial manipulation vehicle with the capability of

performing dexterous tasks.

Figure 2.3 A flying hand (left) and an unmanned arial manipulator (right).

2.2 System Structure and Coordinate Systems
The UAV considered in this section contains n arms (n > 3) stretching outward
from the main body, as shown in the top view of Figure 2.4. The arms are equally
distributed around the body. An arc-shaped fork is attached to the outer end of each
arm, and a propelling rotor is mounted to the fork. Two servos are equipped to change
the directions of the thrust force generated by each rotor, as shown in the side views of
Figure 2.4. One servo rotates about the axisl, changing the relative angle between the
arm and the fork, denoted as a;, i = 1,--- ,n. The other servo rotates about the axis2,
changing the relative angle between the fork and rotor, denoted as B;, i = 1,--- ,n.
We assume that all the arms, forks, rotors and propellers have the same geometric
and inertial parameters. The length from the actuation point to the center of the
UAV body is [, and the propeller radius is r. The entire system has 3n degrees of
actuation, higher than the degrees of freedom of the UAV body which is six. Thus, by

properly varying the thrust force vector of each rotor, arbitrary position/orientation

trajectory of the vehicle body can be achieved, while the rest of the degrees of freedom



can be used for optimizing power consumption. A prototype of the such UAV with

four rotors is shown in Figure 2.5.

rotor 1

rotor n

Figure 2.4 The structure of the proposed dual-axis tilting vector thrust UAV.

To develop the dynamic model of the UAV, we consider the following right-hand

coordinate systems as shown in Figure 2.6.

{e} : The earth (inertial) frame with axes X¢;Y¢; Z¢.

{b} : The body-fixed coordinate system in which the origin coincides with the
geometric center of the UAV. The axes of frame b are denoted by X?;Y?: z?.

{I;} : The frame fixed to the i’th propeller with axes X'; Y¥:
Zi and i =1,---,n. These coordinate frames are termed as local propeller
frames. The origin of each frame {[;} coincides with the center point of the
propeller. Y% is along the line connecting the two ends of the i’th fork, and Z%
is perpendicular to the plane of i’th propeller rotation.

The rotational matrices [7] between the defined coordinate systems are denoted
by:

R;: the rotational matrix from frame {e} to frame {b}.



Figure 2.5 A prototype of the proposed dual-axis tilting vec-tor thrust UAV.

Figure 2.6 The illustration of the coordinate systems used.
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CQC(// SQC¢S¢ - S¢,C¢ S9C¢C¢ + S¢,S¢
RZ = CgSlp SQS¢S¢ + C¢,C¢ SQS¢C¢ - C¢S¢
—Sg CoSy CoCy

where ¢, 6,and ¢ are the Euler angles of the UAV body.

R? : the rotational matrix from frame {b} to frame {;} ,i=1,--- ,n.

C%'Cﬁi - S')’iS(YiSﬁi _S%-Cai C)’iSﬁi + CﬁiS%tSai
Rz = S%'C,Bi + C}’iSdiS,Bi C%'Cai S%'S,Bi - C%'Saicﬁi

_Ca'i S,Bi Sai Cﬂi C(Zi

where C = cos and § = sin. And v;, @;, B; are the series of rotation angles from {b}
to {[;} around Z, X and Y axes, respectively. Among them, a; and B; can be freely
tuned by the servos, and y; = @ is the fixed spacing angle of the i’th arm.
2.3 Modeling of the Fully-actuated Vector Thrust UAVs

In order to develop the equations of motion of the vector thrust UAV, we need to
model the forces and torques acting on the vehicle. There are two main forces acting
on the UAV: the thrust force and the gravitational force. Also, the main torques
acting on the UAV are the thrust torque and the drag torque, as well as the torque

caused by gravitational force acting on the center of mass.

2.3.1 The thrust force

The individual thrust force [29] expressed in local propeller frame {I;} is:

T
=1, ,n (2.1)

Fll;i = [0 0 Krw;?

where K is the force to speed constant of the propeller. w; is the rotational speed of

11



the i’th rotor. The thrust force of the i’th rotor expressed in body frame is thus

SyiSai + €5, 5y, Co,

ng = RZFIéii = KFwiZ _CViSai + S)’iSﬁiji

2.2
C,Bi Cdi ( )

T
— b b b i=1.---.n
[Fpix Fpiy Fpiz]’ ’ ’

where F ll,’ix, F Il;iy and F Il;iz are the X, Y and Z components of the i’th thrust force vector
to be optimized later. The total thrust force which equals to the sum of all individual
n
thrust forces generated from the propellers is F [l,’ = Z F [’,’i.
i=1
2.3.2 The gravitational force

The gravitational force expressed in the body frame is expressed as

T T
Fél,) = RZT [0 0 —mg] = [mgSg —mgC9S¢ —mgC9C¢] (23)

where m is the total mass of the UAV, g is the gravitational acceleration.
Now, the total force acting on the UAV and expressed in the body coordinate

system is described as :

T
b _ b b b _
F’=F)+F,+F) = [Ff Ff sz] (2.4)
where F i’ € R? is the force uncertainty term represented in body frame.

2.3.3 The thrust torque
Each individual thrust torque, which is the torque resulting from the thrust force with

respect to the center of geometry of the UAV, expressed in body frame is

T
X

bi i ix "iy "iz

b b
0 =7 X F? = |0 ;b ;b
i ! p [r Fiy ¥ Pix = Piy ~ Piz

T
Fb F? Fb] Ji=1,---.,n (2.5)
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where rf’ is the vector pointing from the center of geometry of the UAV to the center
of the i’th propeller, represented in body frame.

The total thrust torque which equals to the sum of all individual thrust torques
n

generated from the propellers is Tf,’ = T;)?i.

i=1

2.3.4 The drag torque
The drag torque of each rotor is generated from the drag force that ambient air applies
on a rotating propeller. In our study, the drag torque applied on the i’th propeller

[29] expressed in local frame can be approximated by

T
Ttliit. = [0 0 DZKMU)12] ’i = ]-’ Tt ’n (26)

where D; is a constant equal to 1 when the i’th propeller rotates in clockwise direction,
and equal to —1 when it rotates in counterclockwise direction; K, is the drag torque
to speed constant of the propeller.

It is easy to see that the drag torque and thrust force represented in body frame

satisfy the following relationship:

T[?[ :leFgl’lzla » 1 (27)

where k = Ky /KF.

The total drag torque which equals the sum of all individual drag torques
n

generated from the propellers is 72 = Z Té’i.

i=1

2.3.5 The gravitational torque
Usually, the center of mass of the UAV is different from its geometric center, especially

when the UAV is picking up objects and tilting its body. The gravitational force then

13



generates an additional torque acting on the UAV with respect to its geometric center:

T

b _ b _
Tg —I’gXFg = |Fgx Tgy Tgz X

T
mgSe —mgCqSy —mgC9C¢] (2.8)

T
where r, = [rgx Foy ng] is the location of the center of mass in body frame.

Now, the total torque acting on the UAV and expressed in the body frame is
T
S R VR [Tf L5 sz] (2.9)

where Tg € R? is the torque uncertainty term represented in body frame.

2.3.6 Dynamic model

Most literatures treat the vehicle as a rigid body with geometric center and center
of mass at the same location, which does not apply to most of the real scenarios.
We assume that the vector thrust UAV is a rigid body of unknown mass with its
geometric center differing from the center of mass, which captures the scenario of
aerial manipulation of an object with unknown weight. The total force and torque
applied to the vehicle are related to the vehicle’s motion through the following dynamic
equations:

1) Translational motion:

Ff =mlu+qw —rv+qrg; —Frgy

+(C]’”gy + rrgz)p - (CIQ + 7’2)rgx]

Fyb =m[V+ru—pw+7rg — pry;
(2.10)

2 2
+(rrgz+prgx)q —-(r"+p )rgy]
FP =m[W+pv —qu+prg, — Grex

<

+H(prox + qrey)r — (p* + q)re]
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T
where v? = [u v w] is the velocity of the geometric center of the vehicle in

T
body frame, w? = [ pq r] is the rotational velocity of the vehicle in body frame.
2) Rotational motion:
b _ . . . 2 2
T = Lyp + Liyg + L7 + (I - Iyy)rq + Iyz(q .
+1.pq — Lypr + m[rgy(W+ pv — qu) = re:(V +ru — pw)]
T)l;) =lyp+1yyg+1,,7+ (I — I-)pr + Ixz,(r2 - p2)
(2.11)
+hoyqr — Iy pg + mlrg (it + qw —1v) — rox (W + pv — qu)]
Tzl,) =1p+ Izyq + 17+ (Iyy —I)pg + Ixy(p2 - 612)

+lyopr — Liqr + m{ree(V+ru — pw) —rgy (i + qw = rv)]

Ly Ixy Ixz

where I? = is the inertial tensor matrix of the vehicle with respect

Iyx Iyy I)’Z

IZX Izy IZZ
to the body frame. )

3) By combining the dynamic equations (2.10), (2.11), and utilizing the
force/torque expressions (2.4), (2.9), we obtain the lumped system dynamics in
matrix form:

Mv=N+AU+A (2.12)

T
where v = [u vWwpg r] is a vector of the linear and rotational velocities of the

T
vehicle in body frame, U = [Fb F?b le;1 ... b pb b is the vector of x,

Pix Py Pnx Pny = DPnz
y, z elements of the thrust forces of the propellers expressed in body frame. Since
the tilting angles @; and B; can be uniquely determined once the value of each F 11;)1'

is known, we can simply treat U as the control input to the dynamic system to be

synthesized. M € R0 is the lumped inertial matrix, N € R%! is the vector of lumped
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nonlinear items, A € R is a lumped input gain matrix, A = [FKT, TZT]T is the

lumped uncertainty vector. The expressions of M, N and A are shown below:

m 0 0 0  mrg, —mrg,

0 m 0 -mrg;, 0 mrg,

M= 0 0 m  mrgy —mrg; 0
0 —mrg; mroy Ly Ly Iy

mrg; 0  -—mrge Iy, Iy, Iy,
—Mrgy Mgy 0 I Iy I,

m(—qw +rv —(qrgy +1rg)p + (¢* + r2)rgx)

m(—ru+pw — (rrg; + proc)q + (r’ + p2)rgy)

m(=pv +qu = (prec + qrey)r + (p* +¢*)rge)
~(Ipz = Lyy)rq = Iy (q* = 1) = Lepq + Lypr = m|rg,

~(Ley = I)rp = Ixz(”2 - p2) - Ixyqr + IszC[ - m[rgz

—(lyy = L) pq — Ixy(P2 - q2) — Ly pr + Liqr —m|rg,

+mgSy
-mgCqSy
-mgCqCy
(pv —qu) —rg;(ru — pw)] + mgCqoSyre; —mgCyCyrgy

(qw = rv) = ree(pv = qu)] + mgCoCor e +mgSor:

(ru —pw) —rgy(gw —rv)] —mgSergy, — mgCoSyrgx

1 0 0 1 0 O 1 0 O
0 1 0 0 1 0 0 1 0
0 0 1 0 0 1 0 0 1
A=
D1k —r1; r1y Dok —ro; roy -+ Dyk —ry; Iy
r1z D1k —rix ro; Dok —roy <+ ruz Dpk —rpy
—TIily Fix le —r2y Fox ng st TFpy Tpx an
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2.3.7 Overall system model including kinematics and dynamics
Since the objective is to control the vehicle’s position and orientation in inertial frame,
we need to relate the position and orientation variables to the body frame velocity

vector v. The relationship is given by the following two kinematic equations:

A= ROV, ¢ = Wb (2.13)

T
where A¢ = [x y Z] is the position of the geometric center of the vehicle in inertial

T
frame, ¢ = [¢ 6 lp] is the attitude vector of the vehicle expressed in inertial frame,

1 84Ty CyTy
Y=o Csy —So is the transformation matrix at kinematic level.
Sg  Co
0z o

"Combining the kinematics and dynamics, the overall equations of motion of the

system are described by:

X =Av
(2.14)
My =N+AU+A

T
where y = [,16’ ;76] is the position and orientation variables in inertial frame, A =

R 0
0¥

2.4 Adaptive Robust Control of the Fully-actuated Vector Thrust UAVs
For control design, we consider the 6 — DOF motion tracking problem in this paper,
i.e., the objective is to synthesize a control input U such that the x(¢) — yq(t) as
accurately as possible despite the presence of the uncertain nonlinearity A as well
as the unknown parameters in M and N. Since 3n > 6, the system has actuator

redundancy. Thus, we develop the following two-step strategy to solve the problem.
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e Step 1. Defining B = AU as the virtual control input, which is also recognized as
the six-axis force/torque wrench in body frame generated by all the propellers,
we design an adaptive robust control law for B such that y(z) tracks y;(7).

e Step 2. A constrained optimization problem is solved to obtain U such that
B = AU is satisfied while the power consumption of the vehicle is minimized.

2.4.1 Adaptive robust control for UAVs
Design Models and Assumption To fully capture the effect of the inertial
parametric uncertainties on the system when the vehicle grabs an unknown

object, we define a vector ® consisting of 10 unknown inertial variables: ® =
T

M Mmrgx Mrgy Mrg; Ly Ly Iy Iy Iy, I,

From the expressions of M and N, it is seen that each entry of M and N is
linear in terms of @, i.e., it can be represented as the dot product of ® and a known
regressor function ¢, which can be easily derived from the expressions of M and N in
the dynamic model section. Thus, M and N can be expressed as:

M'(®) = [%1@ ¢TM6®], N(x,v,0) = ¢\ (x,7)0,
where @p; € R0 and ¢y € R10X6,

For simplicity, the following notations are used: e; for the ith component of the
vector e, e,,;, for the minimum value of e, and e,,,, for the maximum value of e. The
operation < for two vectors is performed in terms of the corresponding elements of
the vectors. The following practical assumption is made on ® and A [30].
Assumption 1: The extent of the parametric uncertainties and uncertain nonlinearities

are known, i.e.,

@€ Q2 {0: O <O < Ol
(2.15)

AeQy2{A:|A] <6a)

— T _ T
where ©in = [O1min,* *+ » Ot0minl” s Omax = [O1maxs "+ » O10max]”, and da are known.
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Let © denote the estimate of @ and @ the estimation error (i.e., ® = © - ©). In
view of (5.8), the following adaptation law with discontinuous projection modification
is used:

© = Projg(Tor) (2.16)

where I' > 0 is a diagonal matrix, o is an adaptation function to be synthesized later.
The projection mapping
]T

Projg(e) = | P”Ofc:)l(') Pr0j®2(o) "'PI’OJ'(:)N(') is defined as

0, if ®; = Oiax and o; > 0

Proj(:)i(.i) =10, if éi = O;pin and o; < 0 (217)

i otherwise
It can be shown that for the adaptation function ®, the projection mapping

used in (2.16) guarantees

P1 C’:) € Qp é {C’:) D Opin < (:) < Opax}
)} (2.18)
P2 O'(I'Projg(To)—o) <0, Vo

ARC Controller Design To develop the adaptive robust control law, a switching-

function-like quantity is defined as

s=AYeé+kie)=v—Ays+ A ke (2.19)

where e = y — x4 is the output tracking error, k1 > 0 is a diagonal feedback gain
matrix. Clearly, if s is small or converges to zero exponentially, then the output

tracking error e will be small or converge to zero exponentially. So the rest of the
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design is to make s — 0. Differentiating (2.19) generates
Ms
= Mv—M[A s+ A, — A ke = Ak (Ay = ya)]

. (2.20)
=N+B+A—-M[A (¥ —kie) + A (¥y — kiAv + k1x4)]

Let Z = A'—l()('d — kie) + AN (¥a — k1Av + k1 xq), using the parametric expressions of

M and N, the above equation can be presented as

Ms=B+®'®+A (2.21)

where @ = —[py1Z - - - pueZ] + ¢n. Noting the structure of (2.21), the following

ARC control law is proposed:

B=B,+B,, B, = -®'® (2.22)

where B, is the adjustable model compensation needed for achieving perfect tracking,
and By is a robust control law to be synthesized later. Substituting (2.22) into (2.21),

and then simplifying the resulting expression, one obtains

Ms=B;-®'0+A (2.23)

The robust control function By consists of two terms given by

Bs = le + BSQ, le = —kQS (2.24)

where By is used to stabilize the nominal system, which is a simple proportional
feedback with ko > 0 being the diagonal feedback gain matrix in this case; Byo is a
robust feedback used to attenuate the effect of model uncertainties. Noting Assumption

1 and P1 of (2.18), there always exists a Bsy such that the following two conditions
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are satisfied:

1 s{Bp-®'O+A} <€
' (2.25)
2 sByp <0

where € is a design parameter which can be arbitrarily small and By can be chosen
according to the previous research [30].

Theorem 1: If the adaptation function in (2.16) is chosen as

o =ds (2.26)

then the ARC control law (2.22) guarantees the following. 1) In general, all signals

are bounded. Furthermore, the positive definite function Vg defined by

L2

Vo= Ms (2.27)

is bounded above by

Vy < exp(=A1)V(0) + %[1 —exp(=A1)] (2.28)

where A = 2komin/Amax (M), komin is the minimum value of all the entries in ko, A4 (M)
is the maximum eigenvalue of matrix M .

2) If after a finite time #(, there exist parametric uncertainties only(i.e., A = 0, V¢ > tg),
then, in addition to results in 1), zero final tracking error is also achieved, i.e., ¢ — 0
and s = 0 as t — oo.

The proof of the above theorem can be worked out in a similar way as in [30]. It is
noted that, in order to enhance the performance of parameter adaptation, an Indirect
Adaptive Robust Control (IARC) could also be used in which the unknown parameters

are estimated through the recursive least squares algorithm [31].
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2.4.2 Constrained optimization

The optimization problem has individual thrust vectors as the variables, and the
instantaneous power consumption as the objective function. From the Step 1 of ARC
design, in order to achieve the desired six-dimensional force wrench generated from

the control design step, the following linear constraint must be satisfied:

AU =B (2.29)

Furthermore, the objective function is the instantaneous total power consumption of

a UAV with n rotors, is expressed as

F(U) = JU + U2+ U(3)?

(2.30)
4ot JUGBR =22+ UG- 1)2+ U(3n)?,

which is a convex function of U. Thus, the optimization problem can be formulated as
i U
min £ (U)

s.t. (2.31)

AU = B.

This problem has a convex objective function and all the constraints are linear. A
variety of iterative algorithms may be applied to obtain the global minima [32].
After obtaining the individual thrust force vectors in the body frame, we can

solve for w;, tilting angles «;, B; as
w; = \IIFEII/ks
Bi = arcsin[(F Cy, + ngysyi) /IFEN (2.32)

a; = arctan[(F},’ixSyi — F[[finyi)/F[l,’iz],i =1,---,n

2.5 Simulation Results
In the simulation, a model of a Vector Thrust Tricopter UAV with three thrust

vectoring propellers is constructed. The proposed ARC controller and thrust force
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optimization algorithm are applied to make the vehicle optimally track the desired
time-varying position and orientation trajectories while the power consumption of
the vehicle is minimized. The parameters used in simulation are: m = 0.51kg;[ =
0.33m;x(0) = 0.5m;y(0) = 0.5m;z(0) = 0.5m; ¢(0) = 0.5rad; 6(0) = 0.5rad;y(0) =
0.5rad;rg, = 0.03676m;rgy, = 0.03676m;rg, = 0; I, = 0.0083kg - m?;

Iy = 0.0083kg - m?; I,; = 0.0166kg - m%; I,y = —=0.00093kg - m?; I; = 0; I, = 0; Iy, =
—0.00093kg - m?; I, = 0;1,y,=0;D1=1;Dy =-1;D3 =1,k = 0.016; k, = 1.

The desired time-varying position trajectory vector in inertial frame for this
simulation is A4 = (sin(0.5¢), cos(0.5¢),0.1f)m. The desired time-varying attitude
vector in inertial frame is ¢ = (sin(0.5¢), sin(0.5¢), sin(0.5¢))rad. The simulation and
the real-time tracking results for position and attitude tracking are illustrated in
Figure 2.7. In addition, the parameter estimates shown in Figure 2.8 and 2.9 generally
converge to the actual values despite the presence of uncertainties in the system.

In order to demonstrate the advantage of power consumption of the proposed
design with the force optimization algorithm, we compare our proposed method (E1)
with the traditional one-axis tilting tricopter, where all the propellers can only be
tilted about each arm’s axis (E2). In this case, there are six actuation variables,
which equal to the number of DOFs of the vehicle’s body. Thus, the thrust force and
tilting angle for each propeller can be uniquely calculated without any optimization.
A power consumption rate factor E = k,f(X) is calculated to indicate the power
consumption rate during the same trajectory tracking process for both E1 and E2,
where k, is a constant representing the relation between sum of thrust forces and
power consumption rate, as can be seen from Figure 2.10, our proposed design with
force optimization (E1) achieves much small power consumption compared to E2,

especially when the roll or pitch angle of the vehicle body is large.
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Figure 2.7 3D space tracking and the real-time tracking results for the x,y,z positions
and the altitude angles.

2.6 Conclusions
In this study, we proposed an energy-efficient adaptive robust tracking control for a

class of novel vector thrust UAVs. The mechanical structure of the vector thrust UAV
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Figure 2.9 The estimates of the moment of inertia.
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Figure 2.10 Power consumption rates when tracking the spiral trajectory: Red
dashed line - the vector thrust tricopter UAV. Black dotted line - a tricopter with
rotors tilting only about the arm axial directions. Blue solid line - benchmark power
consumption when the vehicle is hovering (equals to the gravity multiplied by the
factor k).

with all propellers able to tilt about two perpendicular axes was first presented. Based
on this design, we formulated the dynamic model of the vehicle with arbitrary number
of such propellers in the presence of parametric uncertainties including unknown
moment of inertia, mass and center of mass, which previous literature have hardly
dealt with. Next, an adaptive robust control was designed for accurate trajectory
tracking in the presence of various types of uncertainties. A thrust force optimization
problem minimizing the instantaneous power consumption while achieving the desired
body force wrench was then solved to obtain the individual thrust force vectors of the
rotors. From the simulations, the resulting controller achieved a guaranteed transient
performance and final tracking accuracy in the presence of uncertainties. In addition,

a higher efficiency of energy utilization can be achieved with the proposed thrust force

optimization strategy.
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CHAPTER 3

6-DOF AUTOMATED FLIGHT TESTING

3.1 Introduction

After a new vehicle is designed and prototyped, an initial flight testing is necessary to
validate the functionality and performance of the vehicle under an emulated free flight
environment. A safe and realistic flight testing can effectively guide the redesign of the
UAV for performance improvement, reduce the labor cost, and is thus critical in the
success of the product development. Unfortunately, the study of flight testing strategy
has often been overlooked. Due to possible flaws in the control design, uncertainties
in the aerodynamics, external disturbances, and failure of the onboard electronics
and communication, the vehicle could become unstable at any time, making the
initial flight testing a risky task. In most of the UAV research, the flight testing was
conducted by letting the vehicle fly freely in an enclosed area prohibited to humans
[33, 34, 35]. However, the crash of the vehicle in an unstable run may lead to damage
of the equipment and infrastructures.

To ensure safety and reduce sensor cost in initial flight testing, a few studies
focused on the design of test benches on which the vehicle is mounted during the flight.
In [36], an indoor micro quadrotor was developed and tested on an OS4 test bench
using a universal joint as shown in Figure 3.1(a), which can only be rotated about
three axes. The spherical joint rig has also been used as the platform for various UAV
flight testing, as shown in Figure 3.1(c), for instance the quadrotor design and control
in [37, 38|, and the modeling and implementation of a tri-rotor flying robot in [39].
A quadcopter test bench was designed to test up-and-down movement as shown in
Figure 3.1(b). However, the movement of the vehicle on certain degrees of freedom
is constrained, making the 6-DOF flight testing impossible. Moreover, the inertia

and gravity forces of the platform are not compensated during the flight testing due

27



to the passive nature of the platform. In this chapter, we study a new method of

6 axes
force/torque
sensor

Sphere joint

Figure 3.1 Existing test benches developed for initial flight testing: (a) The OS4
test bench using a universal joint; (b) The vertical motion test bench which constrains
all other DOFs; (c) The flight test platform using a spherical joint rig.

flight testing of VI'OL UAVs by using an articulated humanoid robot arm with a
6-axis force/torque sensor as the test platform. Specifically, the vehicle is mounted
to the end-effector of the robot arm through the force/torque sensor. The robot arm
carries the vehicle and follows its movement quickly and precisely during the flight
testing. To test the performance of the vehicle controller in an emulated free flight
environment while ensuring safety, we develop a dual-module control approach to
control the robot arm so that the 6-DOF free flight emulation and safety can be
ensured simultaneously, which has not been achieved before. Furthermore, with such
a platform, the robot end-effector position/orientation can be used to localize the

vehicle for its controller implementation, avoiding the use of multi-camera motion
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capture systems which are expensive and complicated to set up. A set of experimental
verifications show that our system can indeed achieve 6-DOF free flight emulation and

guarantee safety simultaneously.

3.2 System Architecture
The system we develop in this research for 6-DOF flight testing automation consists of
an articulated humanoid robot arm, a UAV with onboard flight controller to be tested,
a six-axis force/torque sensor, and a controller, as shown in Figure 3.2. The vehicle is
mounted onto the end-effector through a 6-axis force/torque sensor. During the flight
testing, the vehicle flies within the range of motion of the robot arm, while the robot
arm closely follows the movement of the vehicle such that the measured interaction
force/torque in six dimensions is maintained around zero. In order to achieve the
coordinated movement between the robot arm and the vehicle, a host computer runs
the robot control algorithm and synchronizes it with the onboard flight controller of

the vehicle through wireless communication.

()
— 4—l— —
| vav | _‘_ - ‘ Wireless

Ny Communicati

on

6-axis
Force/Torque
Sensor

.. | Controller |

~ Humanoid | 1
Robotic Arm

Figure 3.2 The proposed system for 6-DOF flight testing automation.
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3.3 System Dynamics and Control Design

3.3.1 System dynamics
In the developed flight testing system, the vehicle is assumed to be a rigid body in the
3D Euclidean space. The humanoid robot arm is assumed to be a serial manipulator
with rigid joints. The connection between the vehicle and the end-effector of the robot
(including the force/torque sensor and the mounting fixture) is modeled by a 6-DOF
spring.

Specifically, the translational and rotational equations of motion of the vehicle

are:

mi, = F, — Fs—mg+A,;

ny = ¥Y(m)wy (3.1)
Lo, =1 -1, — RﬁT‘rse + A,

T
where x, € R? is the position vector. n, = [qﬁv 6, l//v] is the attitude vector of the

1 84,1y, Cy,Th,

vehicle. ¥(n,) = |0 Cs, =Sy, |18 the kinematic transformation matrix. m is the

0 S¢y C¢v
Co, Co,

mass of the vehicle. g € R3 is the vector of the gravitational acceleration. I} € R¥?
is the moment of inertia matrix. F, € R3 is the input force acting on the vehicle,
Fy € R3 is the spring force measured by the force sensor. ¥ € R? is the input torque
acting on the vehicle represented in the vehicle’s body frame. 7, € R? is the nonlinear
Coriolis force. ¢ € R? is the spring torque measured by the force sensor represented
in the vehicle’s body frame. Rj. € R¥3 is the rotation matrix from frame {i} to frame
{j}, where “e” indicates the robot end-effector frame, “v” indicates the vehicle’s body
frame, and “0” indicates the inertia frame. A,;, A,, € R? are the lumped translational

and rotational uncertainties which are assumed to be bounded. For simplicity and
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easy illustration, we assume that the force/torque sensor connects to the vehicle at its
center of mass.
According to [40], the spring force Fy and the spring torque 7¢ in the robot

N

end-effector frame can be represented as
Fy = Ko (xy = x.),

Tf = T(nev)_lernev» (32)

~
~

srnev

where Ky, Ky € R33 are diagonal matrices representing translational and rotational
stiffnesses. 1., is the relative attitude vector of the vehicle w.r.t. the robot end-effector
which is a function of the relative rotation matrix, i.e., 7., = 7., (RS). As explained in
[40], for small angular displacement 7,, as a result of high stiffness Kj,, ¥(7,,) can be
treated as the identity matrix 1.

In this chapter, we assume that the robot is operating in the velocity control
mode, i.e., the joint velocities ¢ € R" of the robot can be directly set and treated as the
control input. Most of the industrial robot manipulators available in the market have
their torque-level control algorithm embedded in the firmware, while the end-users are
provided with the velocity command interface that is sufficiently fast. By commanding
the joint velocities, the complicated robot dynamics can be bypassed (which is actually
taken into account in the embeded torque-level control). The control law is thus much
simpler, safer and less prone to programming mistakes.

The kinematic relationship between the control input ¢ and the end-effector

velocity is governed by the following equation:

=Jg=| |4 (3.3)

where J € R6*" is the Jacobian matrix of the robot end-effector. %, € R3 and w, € R?

are the linear and angular velocities of the end-effector represented in inertia frame.
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When n > 6 and the robot arm is not at singular poses, the joint velocities can be

determined from the end-effector velocity via the following inverse kinematics formula:

g=J"H" . (3.4)

We

Thus, to synthesize the joint velocity input, we only need to design x, and w,.

3.3.2 Control design

In this section, we propose a dual-module control structure to achieve an emulated
free flight environment while ensuring safety. The control architecture is illustrated in
Figure 3.3. Specifically, there are two modules in the control loop. The regular force
control module implements a damping force control with feedforward compensation to
regulate the interaction force between the robot end-effector and the vehicle towards
zero, so that the vehicle flies freely in the air as if it is not attached to the robot.
The safety module keeps the vehicle within a predefined safety region by stopping the
motion of the robot arm immediately when the vehicle is about to out of the safety

boundary. The details regarding the design of each module are presented below.

!

Damping Force Control
With Feedforward Xe, We
Compensation

Closed-loop System
Dynamics (Including the —
Vehicle Controller)

%, =0

we =0 /

Safety Fs, 75, %e,Me

Algorithm

Figure 3.3 The architecture of the proposed control strategy.
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Regular force control module In order to regulate the interaction force and
torque towards zero, the dynamics of the Fy and 7, need to be obtained and related

to the end-effector velocity variables x, and w,, and subsequently the control input ¢:

Fs :Kst(xv_xe) (3 5)

e _ . ~ v e
Ty = Kgtey = Ksr(wv - a)e)-

Again, the assumption that 7,, is small is used, which leads to R? ~ RY.
A well-known choice of X, and w, to minimize F; and 7¢ is the so-called

"generalized damper" or "damping control" [41]:

Xe =k F
e tt's (3.6>

WS = k,T¢,
where k; and k, are the control gains or "the artificial damping coefficients" in the
translational and rotational directions, respectively. With the damping control, the

closed-loop force dynamics becomes

Fs + Kstkth = Kstxv (3 7)

LNz e __ \%
T¢ + Ko k78 = Krw,).

The closed loop force/torque dynamics has %, and w), as the external uncertainty input,
which may result in a large force/torque residual when the vehicle is controlled to
track a changing velocity command. To further minimize the interaction force/torque,

we propose a direct force control law with feedforward compensation:

)'Ce = k[Fs +xvd

(3.8)
wy = k75w,
under which the closed-loop force/torque dynamics becomes
Fs + Ky ki Fy = Kst(xv - xvd) (39)

75 + Kk, 70 = Ky (wy — V).
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In the above, X, and w} ; are the "desired" velocity profiles the vehicle is commanded
to follow. Such type of method appeared before in a similar fashion in control
theory, and was termed as “desired compensation” [42]. Compared to using actual
measurements or estimated variables from an observer, the desired compensation
method is less sensitive to system uncertainties, and is able to generate a smoother
response and smaller steady-state tracking error.

To obtain the desired velocity profiles x,4 and w} ;, we need to know the desired

trajectory the vehicle is controlled to move along. Let the vehicle controller be

FV :FV('XV’XV’ T’\szat) (310)

T, =T, (Xy, Xy, Ny, W), 1), (3.11)

The desired signals x,4 and w], are obtained by solving the following “desired"
closed-loop dynamics excluding all the uncertainties and spring force/torque in real

time:

mi,q = Fv(xvda Xvds Nvds (J)“jd, t) —mg
hva = Y(a)w?, (3.12)

de)xd = TJd(xvdaxvda ﬂvd’w\‘jd’ 1) - Ti:d'

In the experiment, since (3.12) is free of disturbance terms, it can be implemented
exactly in the host computer, and provides the desired velocity signals x,4(f) and
w, ,(7) at any time instance 7.

The justification of the closed-loop stability requires non-trivial work, because
that the entire closed-loop flight testing system consists of two components: the
closed-loop vehicle dynamics under the vehicle flight control law (3.10), and the
closed-loop spring force/torque dynamics (3.9) under the proposed force control
law (3.8) for the robot end-effector. The first component has (—Fy, —7¢) and other
uncertainties as the input and (X, — %,4, w; — @) ) as the output, while the second

component has (X, — X4, wy — @) ) as the input and (Fy, 75) as the output. The two
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components form a negative feedback structure, as shown in Figure 3.4. It is clear

Ave, Aur Closed-loop UAV L
+ ¥ Dynamics
xv - xvd.r
. Wy — Wyg
BT Closed-loop Spring ||

Force/Torque Dynamics

Figure 3.4 The feedback connection of the vehicle subsystem and the spring
force/torque subsystem after the controllers for both have been designed.

that for such type of system with feedback connected subcomponents, the stability
requires more than the individual stability of both subcomponents. To proceed, we

introduce a long-existing yet important concept - passivity [43]: A dynamic system

X = f(x,u) (3.13)

y = h(x,u) (3.14)

where u € RP is the input, x € R" is the state, and y € R?, is said to be passive if

there exists a continuously differentiable function V(x) such that

uly >V = Z—V, V(x,u) € R" X R?. (3.15)
X

Furthermore, it is d-output strictly passive if

uly >V+6yly, yip(y) >0, Vy #0, (3.16)

where 6 > 0 is a constant. Intuitively, a system being passive is always dissipating
energy internally since the rate of energy increase V is always no greater than the

external power input u”y. The definition of §-output strictly passive specifies a special
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class of passive systems that possesses more useful properties. The following theorem
is a direct result from Lemma 6.8 in [43]: For the feedback connected structure in
Figure 3.4, if both the closed-loop vehicle dynamics under the vehicle control law
(3.10) and the closed-loop spring force/torque dynamics (3.9) under the proposed force

control law are d-output strictly passive, then we have the following two results:

1. If the external uncertainties (A,;, A,,) are zero, then Fy,7¢ — 0 as t — co.

2. The entire closed-loop system from the uncertainty input (A, A,,) to the output
force/torque (Fj, 7€) is finite-gain Ly stable.

The above theorem gives the stability and robustness conditions of the entire
closed-loop flight testing system. Specifically, both subcomponents need to be §-output
strictly passive. It is easy to see that the closed-loop force/torque dynamics (3.9) is
o-output strictly passive since the Lyapunov function V can be chosen as V = %F s2+%7's62.
For the vehicle subsystem, although we can not claim that every stable flight controller
that minimizes the tracking error also makes the closed-loop dynamics d-output strictly
passive, this is often true for most types of flight control designs commonly seen,

especially those using Lyapunov method. A simple analysis is presented below to

justify this fact. Specifically, define the velocity tracking error variables

€xy = Xy — Xypq
(3.17)
ey = Wy — W, .
For a particular control law (3.10) that asymptotically stabilizes the velocity tracking
error of the vehicle to the equilibrium (0, 0) in the absence of uncertainties, there always
exists a Lyapunov function V(éy,, e,) such that V < (e, ew), where Y (éyy, e,y) is
a positive definite function. Usually, both functions V and  contain quadratic terms

of the velocity error variables. When the uncertainty terms Fy and 7{ are present,

we take the time derivative of V, and it can be verified that V will be smaller than a
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negative quadratic term of é,, and e,y in ¥, plus two additional terms —e'){VF o and

T

—e, ,7¢ according to the vehicle dynamics (3.1). From Definition 1, the closed-loop

vehicle dynamics from (—Fj, —7) to (€, eyy) is 0-output strictly passive.

Safety Module One of the prominent features of our proposed flight testing system
is the ability to ensure safety of the experiment. Due to the possible existence of strong
aerodynamic uncertainties, flaws in control design, and incorrect setup or failure of
the onboard electronics and communication, the vehicle may become unstable at any
time during the initial flight testing. By mounting the vehicle on the end-effector of
a humanoid robotic arm, we can confine the physical motion of the vehicle within a
predefined safety region.

Specifically, let €, and €, be two closed sets in R? denoting the safety region
for the position and attitude variables of the vehicle. To ensure x, € Q, and n, € Q,

for all the time, we develop the following safety envelop algorithm:

0 ifx, € 0Q, and &7 vy (x.) >0
Xqn Otherwise,
0 ifp, €09, and (3.18)

We = 9 (‘P(ne)Rga)en)Tyn(ne) >0,

Wen Otherwise,

where X, and w,, are the regular control law synthesized in (3.8). yy(x.) and y,(n,)
are vectors orthogonal to 0Q, and d€2, and pointing outward. With the above safety
algorithm, once the position or the attitude angles of the robot end-effector hit the
boundary and the regular velocity command X, or w,, still contains an outward
component relative to the boundary of the safety region, the motion of the end-effector

will be set to still.
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3.4 Experimental Results
In this section, we present experimental results to validate the proposed flight testing
system with the dual-module coordinated control algorithm. Sawyer, a 7-DOF
humanoid robotic manipulator by Rethink Robotics, is mounted to a heavy base. For
illustration purpose, we develop a quadcopter which is structurally simple and easy to
control, and use it as the UAV test subject of the platform. More advanced VTOL
vehicles could also be designed and tested in this platform. The quadcopter is mounted
to the end-effector of Sawyer through a 6-axis force/torque sensor by ATI. The robot
arm control algorithm is implemented in a host computer running MATLAB. The
host computer communicates with the onboard vehicle controller through XBee radio

signal. The entire system is pictured in Figure 3.5.

Figure 3.5 The experimental platform of our flight testing system.

A couple of experiments are conducted on this platform to verify the ability of our
proposed algorithm to maintain a minimum interaction force to achieve an emulated
free flight environment while ensuring safety. First, we design a PID controller for the
vehicle to let its z (up-down) coordinate track a filtered ramp command followed by a
sinusoidal desired trajectory 0.1sin(%7rt). Two different robot arm control algorithms

are used for comparison:
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(A) The damping control law (3.6) with the force feedback term alone, where
k; =0.035 and k, = 6.

(B) The proposed control law (3.8) with both the force feedback term and the desired
feedforward compensation. The gains k, and k, are the same as (A).

The desired and actual positions as well as the interaction force measured by
the force/torque sensor along z-axis for both (A) and (B) are plotted in Figure 3.6.
As shown in the figure, for the damping control (A), both the z-axis tracking error of
the vehicle and the interaction force between the vehicle and the end-effector are large.
This is because the force error dynamics of (A) has x, as the external uncertainty
input. In comparison, our proposed algorithm (B) has a much smaller vehicle position
tracking error and the interaction force (except for the first two seconds when the
vehicle just starts to take off) due to the addition of the desired velocity compensation
term. The residual force is within 0.7N and the position tracking error of the vehicle
is almost not visible. This result shows that our algorithm is capable of maintaining
a minimum level of interaction force between the vehicle and the robot end-effector
during the flight testing, and ensuring a small tracking error of the vehicle if the
vehicle controller itself is well designed.

Next, we perform a 6-DOF flight testing experiment on the platform using the
proposed control strategy. A human operator uses an XBOX controller to control the
movement of the vehicle in the 3D space. The two joysticks on the XBOX controller
provide four input signals, which are specified as the desired z-axis (up-down) velocity,
angular velocity about z-axis (¢,), roll angle (¢,), and pitch angle (6,), as shown in
Figure 3.7. The tilting of the roll and pitch angles indirectly controls the movement
of the vehicle along the x and y axes, which is the usual way commercial quadcopters
are controlled. With such a control strategy, the vehicle can achieve 6-DOF motion in
the 3D space. The position trajectory of the vehicle is shown in Figure 3.8, and the

interaction force/torque wrench in 6 directions is plotted in Figure 3.9. The interaction
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Figure 3.6 The positions and interaction forces along z-axis for (A) and (B).

force/torque wrench is very small, which is almost the same as the noise level of the

force/torque sensor.

Z -axis speed Z | ™

LV
‘Yawspeed "" ® © @ e
’. Pitch angle ange

RoII angle
Figure 3.7 The Xbox controller used in the 6-DOF flight testing experiment.

Finally, we demonstrate the safety feature of our proposed algorithm by running

another experiment. In the 6-DOF flight testing, the safety region is set to be as

40



0.75
End point
0.7

0.65

0.6

(m)

& 055
0.5

0.45

0.4
0.4

0>\ Starting point
0-6 \// ) OIG
0.2
0.7 0
Ty (M) -0.2

0.8 0.4 x,,(m)

Figure 3.8 The trajectory of the vehicle in the 3D space for the 6-DOF flight testing
experiment.

follows:
Q, = {x,|x,, € [0.4,0.85]m, x,, € [-0.6,0.7]m,
Xy, € [0.39,1.05]m}
h (3.19)
Q, = {m|¢, € [-0.057,0.057]rad,

0, € [-0.057,0.05x|rad, ¢, € [-0.5x,0.5x]rad}.

When the human operator tries to drive the vehicle out of the region, or the vehicle
becomes unstable due to unexpected reasons, the safety algorithm will be activated.
The motion of the robot will be stopped to ensure safety. Now, we let the vehicle
hover at the initial position for two seconds, and then make the RPM commands sent
to the two motors on one side half of their desired values, so as to mimic the sudden

failure or malfunction of the vehicle drive system. The x, y, z positions and the roll,

41



.. 05¢ — 0.02
= 5
<0 Z 0
“ 05] +0.02
0 10 20 0 10 20
. 05¢
—= 0
= -0.5¢}
0 10 20
_. 057} — 0.02
= E
= 0 Z 0
= 05  0.02
0 10 20 0 10 20
t(sec) t(sec)

Figure 3.9 The 6-axis force/torque for the 6-DOF flight testing experiment.

pitch, yaw angles are plotted in Figure 3.10. When the safety algorithm detects that
the y coordinate of the vehicle exceeds 0.7m, it stops the motion of the robot and
shuts down the motors of the vehicle.

All the three experiments have been recorded and the video can be found online
at the link below:

https:/ /youtu.be/L3608cB04Vw.

3.5 Conclusions
In this research, we developed a novel 6-DOF automated flight testing strategy for
VTOL UAVs by mounting the vehicle to the end-effector of an articulated humanoid
robot arm through a 6-axis force/torque sensor. During the flight testing process, a
dual-module control law was executed. In the regular control module, a damping force

control with feedforward compensation was implemented to minimize the interaction
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Figure 3.10 The 6-axis positions and attitude angles of the vehicle during the
experiment in which two motors are assumed to be malfunctioned after 2 seconds.

force between the vehicle and the robot end-effector regardless of the constantly-
changing motion of the vehicle. In the safety module, a safety algorithm was activated
to constrain the range of the motion of the vehicle in case of emergency. The proposed
strategy was verified to be capable of emulating a realistic free flight environment while

ensuring safety through both theoretical justification and experimental validation,
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making it an ideal choice for initial flight testings.
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CHAPTER 4

A TILTING-ROTOR UNMANNED AERIAL VEHICLE FOR
ENHANCED AERIAL LOCOMOTION AND MANIPULATION
CAPABILITIES: DESIGN, CONTROL, AND APPLICATIONS

4.1 Introduction
The past decade has seen a dramatic growth of research efforts on multirotor Unmanned
Aerial Vehicles(UAVs), both for civilian and military applications such as remote
surveillance, photography, inspection, search and rescue operations [44, 45, 46].
Nevertheless, the study of new designs and controls of multirotor UAVs never stops,
as more and more frontier applications require the vehicles to actively interact with
external environments, instead of just being the under-actuated passive sensing
platforms. Due to the complexity and possibly unstructured nature of external
environments, tasks such as navigation in clustered and tight spaces [47], manipulation
of objects in the environment [48, 49|, and interaction/collaboration with humans
[50] (as illustrated in Figure 4.1) require superior locomotion and manipulation
capabilities from UAVs. Such stringent requirements demand that the next generation

of multirotors should possess improved mobility, stability, motion accuracy and energy

efficiency compared to traditional ones.

Figure 4.1 Application scenarios in which aerial locomotion in constrained and
clustered spaces or fine aerial manipulation is required. From left to right: underground
exploration, aerial power maintenance, pipeline system inspection and repair.
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Standard coplanar multirotor UAVs such as quadcopters have been well developed
in terms of mechatronic design and motion control, which makes them stable platforms
for conventional aerial locomotion and sensing tasks. The rotors of these multirotor
UAVs are fixed to the body frame and aligned in a same plane, with all the thrust
vectors pointing along a single direction for most of the vehicles. This kind of design
avoids complex mechanical control linkage, and thus can achieve a more stable, more
robust, and safer flight compared to traditional vertical-take-off-and-landing (VTOL)
helicopters [51, 52|. However, the mobility and controllability of these coplanar
multirotor vehicles are limited due to their inherent underactuation nature, i.e., if
the vehicle needs to move forward, it has to rotate its body to generate a forward
thrust. As a result, the dynamics of rotational and translational motions are coupled,
making these standard UAVs incapable of tracking arbitrary position and orientation
trajectories [1], and in addition, not able to generate arbitrary force and torque wrench.
Thus, these UAVs may run into problems when the specific application demands a
change of the hovering attitude or generation of force and torque wrench in a particular
direction while maintaining motion accuracy, good stability, and energy efficiency [53].
These applications may include obstacle avoidance in clustered environments, and
object manipulation such as opening a valve on the wall.

From the above analyses on the pros and cons of existing UAV structures, it
is clear that the next generation of multirotor UAVs needs to have the following
important characteristics in order to meet the challenging goals of enhanced aerial

locomotion and manipulation in unstructured environments:

1. More motion DOFs than traditional UAVs, which is characterized by the ability
of the vehicle to change one or two of its attitude angles independently from the
translational motions.

2. Simple mechanical structure, which is to avoid stability, robustness, and high
weight issues arising from over-complicated designs.
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3. Avoidance of thrust force cancellation (through both the design and control) to
achieve high power efficiency.

4. High motion control precision and the ability to adapt to changing parameters
during locomotion and manipulation in unknown environments.

In this chapter, we propose the design and control of a novel multirotor UAV
that is capable of achieving the above-mentioned capabilities for enhanced aerial
locomotion and manipulation performances. The vehicle has a tilting-rotor architecture.
Specifically, two independently-controlled tilting arms are placed at both sides of
the vehicle in an “H” configuration. With such a design, the vehicle has one more
DOF of motion than the traditional quadcopters, allowing it to have independent roll
angle regulation at the expense of only two additional servo motors with minimum
transmission needed. Based on the dynamics of the proposed UAV design, a dual-
level adaptive robust control (ARC) method is formulated to cope with parametric
uncertainties and uncertain nonlinearities that may occur during aerial maneuvering
and manipulation. Additionally, a thrust force optimization problem minimizing power
consumption while achieving the desired body force wrench is solved precisely and
efficiently to resolve the redundancy in actuation. For potential applications of the
proposed novel UAV design with control, we conduct four challenging experiments
to show the advantage of our innovation in real aerial locomotion and manipulation
tasks: circular trajectory tracking, passing through a narrow tunnel, picking up an

object from a cluttered shelf, and aerial hole drilling.

4.2 System Architecture and Mechanical Design
As discussed in the previous section, a tilting-rotor structure is necessary for the vehicle
to avoid ineffective thrust force cancellation while achieving decoupled rotational and
translational motions. The fully-actuated (6-DOF) design and the 5-DOF actuation
design can both achieve higher DOFs than traditional quadcopters. It is noted,

however, that the fully-actuated version requires each rotor to be tiltable around at
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least two axes to make full use of the thrust forces while avoiding ineffective thrust
force cancellation. This makes the design extremely complicated with very high
weight introduced by a large number of servos. The 5-DOF version, although not
fully actuated, can provide an independent roll angle regulation decoupled from the
translational motion control, which is sufficient for most applications as the vehicle
can fly almost "vertically" with this design.

Existing 5-DOF designs published in recent years used either one single servo to
control the tilt angles of all four rotors [54], or four servos to independently control the
tilt angle of each rotor [55]. The former requires a complicated transmission system
which may introduce extra backlash and uncertainties, while the latter weights much
higher and may have motion accuracy issue caused by the slight difference of the
four servo angles of the four rotors. In view of this, we propose a novel tilting-rotor
architecture which uses two servo motors. Specifically, two pairs of rotors are mounted
on two independently-controlled rotating arms placed at both sides of the vehicle in an
"H" configuration, as shown in Figure 4.2. In other words, each arm is tilted by a single
servo motor, and carries two rotors attached to its two ends. Hence, the direction
of thrust forces generated by the two rotors on each arm can be simultaneously
switched, eliminating any possible tilt angle mismatches for each pair of rotors on
the same arm. Furthermore, only two additional servos are needed compared to
traditional quadcopters, leading to a less total weight and smaller probability of fault
occurrence than designs with too many servos. In the mechanical design, we 3D print
two "Q"-shaped connectors, one for each arm, to link the tilting motions of the two
rotors together, which avoids additional backlash and flexibility issue in a complicated
transmission system. A prototype of this UAV made in the Assistive and Intelligent
Robotics Laboratory at the Mechanical & Industrial Engineering Department at NJI'T

is shown in Figure 4.3.
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Figure 4.2 Top view and front view of the proposed tilting multirotor UAV. Tilting
angles a and B are the rotating angles about axis1 and axis2 of the two arms respectively.
The zero-angle position (shown in dash lines) of each arm is where the rotor’s rotation
plane is parallel to the main body.
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Figure 4.3 A prototype of the proposed multirotor UAV, and the detailed view of
one of its tilting-rotor arms.
4.3 System Modeling
4.3.1 Coordinate systems
To develop the dynamic model of the UAV, we consider the following right-hand

coordinate systems as shown in Figure 4.2.
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{e} : The earth (inertial) frame with axes X¢;Y¢; Z¢.

{b} : The body-fixed frame with axes X?:Y?; z?.

For convenience of mathematical derivation, the X? — Y? plane is defined to be
parallel to the plane formed by the two tilting axes, and X? is parallel to the two
tilting axes, as shown in Figure 4.2 (right).

The rotational matrix [7] between the defined coordinate systems is denoted by:
Ry: the rotational matrix from frame {e} to frame {b}.

CoCy SoCySp —SyCys SeCyCsp+SySy
Ry = (CySy SoSySs+CyCps SeSyCy — CySy

—Sg CoSy CoCy
where ¢, 6, and ¢ are the Euler angles (roll, pitch, yaw angles) of the UAV body, and

“C” and “S” are shorthand notations for cos and sin, respectively.

4.3.2 Forces and torques
The total force The total force acting on the UAV and expressed in the body

coordinate system is described as :

F' =[F}F},F'1" = F) + F} + F}, (4.1)

4
where F Il)’ = Z F ,})’i is the total thrust force which equals to the sum of all individual
thrust force;:éxpressed in body frame {b}. Fé’ = mRZTG is the gravitational force
expressed in the body frame, m is the total mass of the UAV, G = [0,0, —g]7 is the
gravitational acceleration vector in inertia frame. F Ab € R3 is the force uncertainty
term represented in body frame. F i’ € R3 and the torque uncertainty Ti’ to appear in
(4.3) may incorporate unmodeled aerodynamic effects, imbalances caused by batteries

and/or on-board sensors, motion of a robotic arm placed for aerial manipulations,

interactions with the environment, wind and so on.
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It is noted that since the propeller cannot turn around Y?, the projection of the
thrust force onto X? is equal to zero, i.e., F;,’ [0, F[l,’y,Fb 17. Defining Fy, Fo, F3, F,4
as the absolute values of the thrust forces of the four propellers and a, B as the front

and rear tilting angles, as shown in Figure 4.2, the F ll;y and Fé’z can be expressed as:

b
pr (Fl + F4)S01 + (F2 + F3)Sﬁ’ (42)

b
Fy.

(F1+ F4)Cq + (Fo + Fg)Cﬁ.

The total torque The total torque acting on the UAV and expressed in the body

frame is

b = [7), T)l}a,Tb]T _ le; + 1, (4.3)

4 4
where T;,’ = Z rf’ X F ll,’i + Z D;kF 11771‘ is the total torque generated by the propellers,
i=1 1—1

including the thrust torque Z rb X Fy b and drag torque Z DikF,, b in which rb is the
coordinate vector of the center of the i-th propeller in body frame, k is a constant
ratio of drag torque to thrust force, and D; is a constant equal to 1 when the i-th
propeller rotates in clockwise direction, and —1 when it rotates in counterclockwise
direction. TAb € R? is the torque uncertainty term represented in body frame.
Defining /7 as the half distance between the two rotors on each tilting axis, I as
the half distance between the two tilting axes, the x, y, z components of TIZ; can be

expressed as

L7 (F1+ Fy)l2Cy — (F2 + F3)12Cg,

px
th = (Fi = F1)(Cal1 + Sak) + (Fy = F3)(Cgly — Sgh), (4.4)
b = (Fi— F1)(Selt — Cok) + (F3 — F2)(Sgly + Cgk).

4.3.3 Dynamic model
The total force and torque applied to the vehicle are related to the vehicle’s motion

through the following dynamic equations:
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1) Translational motion:
FC=F)+F)+ F=m- (" + 0" x "), (4.5)

where v? = [vf,v;’, vlg]T and w? = [wf,w’y’,w’;]T are the vehicle’s translational and
rotational velocities respectively expressed in body frame.

2) Rotational motion:

Tb=T§+T§:Ibcbb+(lbwb)><wb, (4.6)

where I? € R¥3 is the body frame inertial tensor matrix of the vehicle.

In this chapter, we assume that the center of mass of the vehicle is close enough
to body frame center, while the discrepancy during the aerial manipulation process
when payload changes are lumped to the uncertainty term F i’. The reason we make
this assumption is because explicitly considering the effect of unknown center of mass
shift on the body frame acceleration for such an underactuated vehicle will make the
dynamic system in a non-strict feedback form, whose internal state stability is hard
to guarantee without making very restrictive assumptions and sacrificing the tracking
performance [56]. Up to now, there has been no rigorous study on stabilizing an
underactuated UAV with unknown center of mass location (works such as [57, 58, 59|
have been shown to be flawed as the control laws were simply designed in 6 dimensions
with the underactuation constraint ignored [60]). In fact, as long as the unknown
center of mass displacement is not too significant, it can be effectively dealt with by
the guaranteed robustness of the controller, as can be seen from the experimental
results to be shown later as well as many commercially successful quadcopters that

add and drop payload frequently.
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4.3.4 Kinematic relationship

Let A = [x,y,z]7 be the vehicle’s position (the coordinate of the origin of the body
frame {b}) expressed in inertia frame {e}, 7 = [¢,6,¥]" be the attitude vector of the
vehicle. The kinematic relationship between the position/attitude of the vehicle and

the body frame velocities is given by the following two equations:

=R, 17=Yob, (4.7)
1 S¢Ty CyTy
where ¥ = |( Cy —Sp is the transformation matrix at kinematic level.
S¢ Cy
0 & @

4.4 Control Design
Defining y = [x,y,2, ¢, w]T as the vector of vehicle states to be controlled, which
consists of the vehicle’s position, and the roll, yaw angles, the control objective is
to synthesize a control input U = [F1, Fa, F3, F4, @, 8]7 including four rotors’ thrust
forces and two tilting angles, such that y(r) tracks its desired trajectory y,(7) as

accurately as possible despite the presence of uncertain nonlinearities F i’, TZ as well as

the unknown inertia parameters m, Iy, Iyy, 15z, iy, Iy, I,;. We develop the following

two-stage control strategy:

e Stage 1. Dual-level adaptive robust tracking control
Defining B = [Flé’y,Flﬁ’Z,Tgx,Tgy,Tll,’Z]T as the 5-DOF body force wrench input
to the system, we develop a novel dual-level adaptive robust control (ARC)

structure to achieve trajectory tracking.

e Stage 2. Constrained optimization for redundancy resolution
At the second stage, the actual input U consisting of two tiling angles as well as
four thrust forces are calculated based on the desired 5-DOF body force wrench
B. To solve the actuation redundancy issue, a thrust force optimization problem
minimizing power consumption while achieving the desired body force wrench
will be formulated and solved efficiently online.

52



4.4.1 Dual-level adaptive robust control design
A closer look at the system dynamics leads to an interesting discovery: although the
input variables F [’,’y and F ,’,’Z can directly affect the translational acceleration of the
vehicle, they lack one DOF to fully stabilize the vehicle’s 3D position (x,y, z). With
the given desired trajectory of the roll angle ¢ and yaw angle ¢, the vehicle has to
utilize the extra pitch angle 6 to indirectly compensate for the lack of F [’,’x in the
translational dynamics. Thus, the highest relative order from the input variables to
the output variables is equal to 4.

For this high-order cascaded system with parameter uncertainties, instead of
using backstepping ARC [61] which is theoretically complicated and non-intuitive for
gain tuning in real implementations, we propose a dual-level ARC which decouples

the control of attitude angles and the control of linear position variables:

o Low-level attitude tracking controller:
A low-level attitude controller is first designed using ARC to achieve accurate
tracking for the roll, pitch, and yaw angles with respect to their desired
trajectories.

e High-level position tracking controller:
A high-level position controller is then designed to generate the virtual (ideal)
translational force vector in inertia frame using another ARC, such that the
vehicle’s position tracks its desired trajectory as accurately as possible.

e Connection between high-level and low-level controllers:
In the final step, the actual body force inputs F 1?)” F [l,’z and the desired low-level
pitch angle trajectory are generated from the virtual control law obtained from
high-level position controller.

Similar two-level architectures have already been used for robot and quadcopter
control [62, 63, 64]. However, the dual-level ARC we develop here is the first one to
be applied to this unique UAV with 5-DOF actuation and 6-DOF motion. In addition,
the effect of low-level tracking error on the high-level control performance is explicitly
taken care of in the design, making the algorithm more theoretically rigorous than the

previous two-level control methods.
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Figure 4.4 Schematic diagram of the proposed dual-level ARC design.

To begin with, let us define the uncertainty variables as:

O, = [Ixx,Iyy’lzz,lxy»lyz»lxz»db db dql?z]T,

Tx° %1y
b

b b
Oy = [l dix _dFy @]T
H = U "m > m > m

(4.8)

b

b _ b b ~b _ b b
FA = FA—dF, TA—TA—dT,

where ®; and Oy are the vectors of low-level and high-level unknown parameters,
respectively. d7., d}., d}., d2., d,, d7, are constant portions of the uncertainty
terms F g and TK . F i’ and f'g are time-varying portions of the uncertainties. The
following practical assumption is made on the uncertainties [30]:

The extent of the parametric uncertainties and uncertain nonlinearities are

known, i.e.,

A
O € Qo, ={Or : OLmin < O < Oprmax},
A
On € Qo,, = {On : Onmin < O < Onmax},
~ A ~ ~
F) e Qpp = {F? : |F?| < 6r},

~b A b . =b
Ty € Qo = {7y ¢ |75l < 60},
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where ®min = [OLimin, -+ » OLomin]”, OLmax = [
OLimaxs > OLomax)”, Otimin = [OH1mins -+ » OHdmin
17, Otimax = [Or1mars -+ » Oamarl’, 67, and 8 are the known upper and lower bounds
of the uncertainties.

Let (:)L, (:)H denote the estimate of @;, Oy and (:)L7 C:)H the estimation errors
(ie., Op = ©,-0,, 0y =0y — Op). The following adaptation law with discontinuous

projection modification is used:

OL = Projo, (TLoL), On=Projg (Tuon), (4.10)

where I'y, T'y > 0 are diagonal matrices of adaptation gains, o, oy are

adaptation functions to be synthesized later. The projection mapping Proj;(e) =

[+, Projz,(e;), ---]17 s defined as
0, if >T<i = #*imax and e; > 0,
Proji,-(.i) =10, if ’T‘i = #;,i;m and e; < 0, (411)
o, otherwise.

It can be shown that for any adaptation functions o7 and op, the projection

mappings used in (4.11) guarantee

P1 (:)L € Q@L, (:)H € 'QGH,
P2 O!(I;'Projo (Npoy) —op) <0, (4.12)

(:)Z(F;Proj@H (T'goy) —og) <0.

Low-level attitude tracking controller Let n4(t) = [¢a(),04(1), ¥a(t)]T be the
desired attitude angle trajectory, and e, =17 —n4 be the attitude tracking error. We

define the following switching-function-like quantity for the attitude tracking error as

sp=Wle, +kyiep) = 0 =¥+ W kg e, (4.13)
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where k;1 > 0 is a diagonal gain matrix. Clearly, if s, is small or converges to zero
exponentially, then the attitude tracking error e, will be small or converge to zero
exponentially. So the rest of the design is to make s, — 0. Differentiating (4.13) and
using (4.6):
15, = 1°0P = I°[¥ " Yjg + ¥~ Yijg — Pk ey
—¥ k1 (Wb = 174)] (4.14)

= 10+ Ny(, 0", ey, 4. 11, 1i0)OL + 72,

where N, is the regressor matrix depending upon the system states, tracking error,
and desired trajectory.

The following ARC control law is proposed:

b . e N A
=T 410 Thy =Ny, ", e 04,14, 11a)OL, (4.15)

where 72

»a 18 the adjustable model compensation term, TI’;S is the robust feedback term

synthesized as

Tb b

_ b
pS_ pS]. +T

ps2? T;li)sl = _k’]2s77’ (416>

where 72

sl is a proportional feedback term with k,2 > 0 being the diagonal gain matrix.

Té’sQ is a robust feedback to attenuate the effect of nonlinear model uncertainties caused

by parameter estimation error, which satisfies the following two conditions:

1. sg(‘r;;s2 - N,®r + f'g) < &, (4.17)

T b
2. S Tps2 <0,

where €, is a design parameter which can be arbitrarily small and 7,52 can be found in

the following way [30]. Let h, be any smooth function satisfying A, > ||G)LM||||N,,|| +6,

where Oy = Opmax — OLmin. Then, T;jsz can be chosen as
b L h? 4.1
Tp = I, ST (4.18)
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If the control law (4.15) is used, with the adaptation function in (4.10) chosen
as o = N; sy, then the following results are guaranteed:

1) In general, all signals are bounded. Furthermore, the positive definite function
V, defined by V, = %s%lbsn is bounded above by V, < exp(—g,1)V;(0) + Z—:’][l -
exp(—eyt)], where g, = 2k,72mi,,//1max(lb), kyomin is the minimum value of all the
entries in kps, ﬁmax(lb) is the maximum eigenvalue of matrix I° .

2) If after a finite time #g, there exist parametric uncertainties only(i.e., f'g =
0,V > tg), then, in addition to results in 1), zero final tracking error is also achieved,
ie.,e; > 0and s, —» 0ast — oo.

The proof of the above theorem can be worked out in a similar way as in [30].
From part 1) of the above theorem, it is clear that at steady state, the attitude
tracking error e, is upper bounded in magnitude. Let us denote the infinity norm
of e, (the maximum absolute value among its three elements) at steady state as &y,
ie., eyl < 0y It is easy to see that the bound 6, can be set arbitrarily small by
increasing the gains kj; and k;2. Later on, the attitude tracking error e, will be
explicitly considered and suppressed in the high-level position controller with the

known bound 6.

High-level position tracking controller Let A4(f) = [x4(2), ya(2),za(¢)]T be the
desired position trajectory in inertia frame, and e, = 4 — A4 be the position tracking
error. We define the following switching-function-like quantity for the position tracking
error as

sp=(é+kpey) = szb - /id +keq, (4.19)
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where k1 > 0 is a diagonal gain matrix. Then according to (4.5), the dynamics of s,

18

§1 = Rva +RZ'b —/'l'd+k/11é,1
= Op1F5+G — dg+kuéa+ R;[Op2, O3, 0n4]" (4.20)
ab
+R,F),

where F) = RZFII,’ is the vector of thrust forces projected to the X¢, Y¢, Z¢ axes in
inertia frame, known as the “translational force vector”.
Let F; s =Ri(ma)F 5 denote the “desired” translational force vector, in which the

actual attitude angles are replaced by the desired ones. Then, F; = I?ZF 5 ,» Where

R; = RZRZ(TM)T is the error on the rotation matrix caused by low-level controller. It
is noted that by choosing the low-level attitude control gains to be high enough, the
error matrix Ié; can be made arbitrarily close to identity matrix I3x3. Substituting £y

with ﬁ;F 117’ ;> the dynamics of s, is represented by

Sy = G)HlRZFIl;d"'G_/'id‘Fk/llé/l

} (4.21)
+R¢ [On2, Op3, Ona]” + REFY.
The desired virtual control input law for F; ;4 is designed as follows:
U= fs+ Has
e - (4.22)
Ha = —(;)LM(G — da+ kaéa+ RS [Op2, 03, 0m]"),

where u, is the model compensation term, ug is the robust feedback term synthesized

as

ka2

Hs = Hs1+ M52, Ms1 = — SAs (4.23)

@Hlmin

where kj o > 0 is a constant gain matrix, ug is a robust feedback to attenuate the

effect of nonlinear model uncertainties caused by parameter estimation error, which
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satisfies the following two conditions:

1. sT[@mRs e — (I3x — RSN1Oy — NaOp + RYF)]
< €, (424)
2' S§RZ#S2 S O’
where N, = [ﬂa, RZ] is the regressor matrix, €, is a design parameter which can be
arbitrarily small. Clearly, for Iéz sufficiently close to identify matrix Isxs, s can be
chosen in a similar way as 7,2. Specifically, let h; be any smooth function satisfying

hy = (Yall®um1IINAll +1®wpm [IINall + 67)/Oritmin, Where

®HM = G')Hmax _®Hmin’

[max(|®w1maxls OH1minl)s -+, (4.25)

Oumi

maX(|®H4max | ) |®H4min |)]T’

and 7y, is a small positive constant to suppress the effect of Iéz when it is close to but

not equal to identity matrix. Then, uso can be chosen as

1+’)/,1

77 s, 4.26
4®HlminE/l >4 ( )

Hs2 =

It F; , in the dynamic equation (4.21) is replaced by the virtual control law
(4.22), with the adaptation function in (4.10) chosen as oy = Njs,, then:

1) In general, all signals are bounded. Furthermore, the positive definite function
V) defined by V, = %sisl is bounded above by V;(c0) < ;—j at steady state, where
1 = 2k 19min, ki2min 1s the minimum value of all the entries in k9.

2) If after a finite time 7, there exist parametric uncertainties only(i.e., F g =
0,Vt > tg), and the low-level attitude controller achieves perfect tracking, i.e., 1?; = I343,

then, in addition to results in 1), zero final tracking error is also achieved, i.e., e; — 0

and s; — 0 as t — oo.
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The proof can be worked out in the same way as Theorem 4.4.1.

Connection between high-level and low-level controllers The high level
controller designed above generates the virtual control law u for position tracking. If the
desired translational force vector F; ;4 18 directly taken as g, then assuming pre-specified
desired roll and yaw angle trajectories, the three other unknown variables F é’y, F ;,’Z, and
8, can be determined from solving the equations F;d = Ry (pa,04,¥a) 0, F[l,’y, FIZ,’Z]T.
And then 0, obtained is fed into the low-level attitude controller.

This type of method has been used extensively in UAV controls, even the most
recent research such as [65]. However, it cannot generate 8, and 6§, instantaneously,

which are required for low-level trajectory tracking besides 8,;. We present two ways

to avoid this problem:

e Method 1 (Using a 2" order filter for derivative generation)
Let us first define the “reference” trajectory of pitch as 6,. We solve the equations
R} (¢a,0r,¥a) |0, F? Fll,’z]T = 1 to obtain F? | F?_ and 6, in terms of known ¢4,

Py’ py> pz
Va, p
lea)y = (uxCy, + ﬂySl//d)QS¢d + /JES%
+(UxSyq = HyCyy)Coy»
le;z = (UxCyy + 1ySy,)*Co, + 17Cy, (4.27)
+(txSyy = 1yCyy)Coy»
6, = atan %

Then, we use a fast 2" order filter to generate 6,4, 64 and d, from 6,

2

_ -1 Wn
= ! k
0 $2420 Wy s+w2 Or,
2
: -1 w;S
= -5 | *
0 L $2420 Wy s+w? Or, (4'28)
2.2
s -1 w5
= -5 | *
0 L $2420 Wy s+W?2 Or,

where £ denotes the inverse Laplace transform, * denotes the convolution
operator. The damping ratio ¢ is often selected as 0.707 and the natural
frequency is chosen sufficiently high to ensure a close following of 6, with respect
to 6,. In practice, this method is very easy to implement. Although theoretically
F? , # p using this method, they are very close with a sufficiently fast filter, and

P . .
thus the performance is excellent, as can be seen from our experimental results.
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e Method 2 (Using backstepping design for derivative generation)
A more theoretically rigorous method is to treat F; ;4 as the actual input instead

of F; 4> and extends the high-level position control dynamics to 4" order. The

additional dynamic equations from F; 4 o F; , to be appended to (4.21) is thus

Ay _ pe
dt - T pd

d(Fe,) P (4.29)
dt - T pd

Then, two additional backstepping steps, same as [61], can be worked out to

generate F; , from the virtual input u in (4.22). Finally, the variables F [l,’y, F I’fz, 04

are obtained by solving the expression of F; 4 in terms the three desired attitude

angles, F [l,’y, F },’Z and their 1% and 2"-order derivatives. This backstepping

method is the rigorous way to address the problem in terms of control theory.
But due to its mathematical complication and non-intuitive gain tuning process,
it is not practically farorable as Method 1.

4.4.2 Constrained optimization for redundancy resolution

The goal of the second stage is to generate the individual thrust forces Fy, Fa, F3, F4 in
positive scalars as well as two tilting angles @ and g, such that the 5-DOF body force
wrench generated by the ARC design is satisfied and certain objectives such as power
consumption is minimized. Since each propeller thrust force F; is proportional to the
square of the rotating speed of the corresponding rotor, the total power consumption
is roughly equal to F1 + Fo + F3+ F4. Thus, we aim at solving the following constrained

optimization problem:

min Fi+Fo+ F3+ Fy,
F1,F2,F3,Fy,0.8

subject to
Fi>0,i=1,23,4,
b = (F1 + Fy)12Cy — (F2 + F3)15Cg, (430)
Ty = (Fi = F1)(Caly + Sok) + (Fa = F3)(Cgh — Sgk)
th. = (Fi = F1)(Saly = Cok) + (F3 = F2) (Sl + Cgk).
Fb = (F1+ Fy)Sq + (Fy + F3)Sp,

F};Z = (F1 + F4)Ca + (F2 + Fg)CIB.
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The above nonlinear constrained optimization problem seems very computa-
tionally challenging and difficult to be solved online. However, we have discovered that
it is feasible to use the Lagrange multiplier method to find out a simple relationship
between the two tilting angles @ and 8, which eliminates the redundancy, and then use
this relationship to precisely solve the 5 constrained equations in a very efficient way.
Specifically, defining the objective function as f(Fi, Fs, F3, F4), and the constrained
equations as g;(Fy, Fo, F3, Fy,a,B),1=1,2,3,4,5. The Lagrangia of the constrained

optimization problem is

L(Fl,...,F4,oz,ﬁ,/11,...,/15) =

(4.31)
f (Fl, . ,F4) + Zi:l Ar8k (Fl, . ,F4,a,ﬁ) .

At the local minimum point, the following first-order equalities must be satisfied:
Ve Faapir.as L (Fls. .o, Fo,a, B, A1, ..., 45) =0,
(4.32)

Vf(Fla’F4)+Z%:1/lngk (Fl’--'aF4’a’ﬁ) :03

g1 (Fl,...,F4,a’,ﬁ) :"'285(F15'~-’F49a'5ﬁ) =0.

By solving equation (4.32) the following simple relationship between @ and g

can be found:

So=8p & a=p or a+p=m. (4.33)

It means that the optimal tilting angles @ and g are either the same, or sum up
to m. In the former case, the thrust forces generated by the four propellers point to
the same direction, while in the latter case the direction of the two front thrust forces
and the direction of the two rear thrust forces are symmetric about the rotor’s plane.
The former case is usual for most of the hovering situations, and the latter case may
occur when a large amount of torque in the roll direction needs to be generated, which

usually happens when the vehicle is interacting with external environments (such as
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screwing, valve opening, etc). In our algorithm, we plug in the two relationships to
the five constrained equations, eliminating 8, and solve for Fy, Fs, F3, F4, @ with
F1, Fa, F3,Fy > 0. The solution with the smallest objective function value will be

taken as the final optimal solution.

4.5 Applications to Aerial Locomotion and Manipulation

4.5.1 System Setup

In this section, we present experimental results on several challenging applications
to validate the proposed new design and control for performing aerial locomotion
and manipulation in unstructured environments. The newly designed multirotor is
equipped with two tilting arms driven by two individual servo motors, which have
well-controlled 180 deg rotation. The low-level attitude tracking control algorithm
runs at 300Hz in a Lynxmotion MCU board on the aerial vehicle, with the roll and
pitch angles and three angular velocities estimated at 300Hz using a PX4 Pixhawk
module which communicates with the MCU through an UART port. An OptiTrack
motion capture system is set up around the flight testing area to acquire attitude and
position measurement of the vehicle at 120Hz. The attitude and position information
is sent back to a host computer running MATLAB code for high-level position control.
The host computer communicates with the onboard flight controller via XBee modules

at 120Hz. The flight testing area is pictured in Figure 4.5.

4.5.2 Controller parameter selection

The controller parameters, including the low-level and high-level feedback gains
and the parameter adaptation gains, are selected as follows: k;1 = diag{10, 10, 10},
kyo = diag{0.8,1.3,4}, ka1 = diag{1.5,1.5,1.5}, k2 = diag{0.5,

0.5,0.5}, 'L = diag{0.1,0.5,0.5,0.1,0.1,01,5,5,5}, I'y = diag{0.1,5,5,5}. The tuning

of feedback and adaptation gains at each level starts with estimating the initial
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Figure 4.5 Overall system architecture of the novel UAV experiment, showing the
key components of the system, and the data flow between onboard and off-board
components.

values from a conservative prespecified closed-loop bandwidth [30]. These values
are increased gradually during real flight testing until the tracking and parameter
adaptation performance cannot be further improved without sacrificing system stability.
The filter parameters for pitch angle trajectory generation are selected as ¢ = 0.707
and w, = 100rad/sec to guarantee a sufficiently high bandwidth under the sampling

rate constraint.
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4.5.3 Applications with experimental results
We conduct four challenging experiments to demonstrate the novel multirotor vehicle’s
capability of performing enhanced maneuvering and manipulation in real applications.

The video of the experiments is available at: https://youtu.be/jOAlprsPI9k.

Circular trajectory tracking In the first experiment, the vehicle is commanded
to track a circular trajectory, where the desired position, roll angle and yaw angle are
xq = 0.4sin(t) m, yq = 0.4cos(t) m, zg = 1.15 m, ¢4 = 32 deg and ¥, = 10sin(t) deg.
The actual x-y-z position and roll/yaw angle versus the desired values are plotted
in Figure 4.6. From the figure, it is seen that the vehicle achieves sufficiently high
tracking accuracy for both position and orientation. To validate the effectiveness of
the optimization of thrust force, the graph of thrust forces delivered by the rotors is

presented in Figure 4.7.

Passing through a narrow tunnel In the second experiment, we command the
vehicle to pass through a narrow tunnel. The width of the tunnel is smaller than the
length /width of the vehicle plus the propeller diameter. Thus, a traditional quadcopter
of the same size is not able to complete the task. Thanks to our tilting-rotor design,
we set the desired roll angle to 60 deg to shrink the horizontal body width, and
increase the x-direction trajectory to let the vehicle slowly pass through the tunnel,
as shown in Figure 4.8. The tracking performance is demonstrated in Figure 4.9. It
can be seen that the proposed tilting-rotor UAV can adapt to the narrow tunnel by
flipping up its body while maintaining a stable flight and accurate tracking, showing
its enhanced capability of aerial locomotion in a constrained and possibly unstructured

environment.

Picking up an object from a cluttered shelf Using UAV to pick up an object

is the simplest yet one of the most frequently performed tasks of aerial manipulation.
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Figure 4.6 The circular trajectory tracking results, showing the X, Y, Z positions
and the roll, yaw angles.
Existing research studies and commercial applications only focus on picking up objects
from underneath the vehicle. However, in many situations, the object to be picked up
is placed in a cluttered environment with obstacles around or above it. In this case,
traditional methods fail to apply. In the third experiment, we command our novel
vehicle to pick up a box on a shelf, on which there exist other objects and bars as

constraints. To complete the task, we mount a small 1-DOF manipulator underneath
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Figure 4.7 The thrust forces delivered by the rotors during circular trajectory
tracking.

Figure 4.8 The proposed tilting-rotor UAV with a width of 0.6m flies through a
narrow tunnel that is 0.45m wide by increasing its roll angle and maintaining a steep
orientation.

the vehicle for reaching out to the object. The pickup process is simply illustrated by
adding a small magnet to the tip of the manipulator to attract the other magnet on
the box to achieve the pickup (which could be replaced by a parallel-jaw gripper in
the future). Since the focus of this chapter is not on the automatic vision recognition
and tracking of objects in a cluttered environment, we perform this experiment in a
tele-operated manner, i.e., a human operator remotely commands the desired trajectory
of the vehicle through an Xbox controller, as shown in Figure 4.10.

After the experiment starts, the vehicle first "flips up" its body (changing the

roll angle to 50 deg), then approaches to the shelf and lifts up the manipulator,
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Figure 4.9 The tracking results of passing through a narrow tunnel, showing the X,
Y, Z positions and the roll, yaw angles.

and finally picks up the object, retreats, and flips back to normal orientation. The
snapshots of different stages of the experiment are shown in Figure 4.11, and the
parameter adaptation results are shown in Figure 4.12 and 4.13. It can be seen that
the vehicle can successfully pick up the object from a highly constrained environment
by effectively coordinating its linear position, roll angle, and manipulator movement.
After the payload jumps up, the estimated mass immediately converges to the true

value. Although the estimates of moment of inertia parameters do not converge as
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Figure 4.10 The joysticks and buttons of the Xbox controller used to remotely
command the desired trajectory in experiment 3.
nicely as the mass due to minimum angular acceleration during the course of the
experiment, the estimated uncertainty components do stand out, trying to compensate

for the unmodeled effect caused by the change of center of mass.

Human-guided aerial hole drilling Hole drilling is a practically meaningful
yet challenging task which demands complex hybrid motion-force control. Using
UAV to perform aerial hole drilling has not been done before. One major difficulty
is the coupling between translational and rotational motions for the traditional
quadcopter design, which prevents the independent contact force regulation. Another
main problem is the ineffective thrust force cancellation in various existing aerial
manipulation platforms (as mentioned in the introduction), which makes it difficult
to exert a sufficient force along the feeding direction to push the drill bit against
the workpiece and penetrate its surface. These challenges can all be overcome by
employing the proposed novel UAV design. A human-guided aerial hole drilling
experiment is conducted in the lab to validate the enhanced aerial manipulation ability
of the system, as shown in Figure 4.14. In the experiment, instead of designing more
advanced controller such as impedance control along the feeding direction Y¢, we

simply do a slight modification to the existing high-level ARC controller to show the
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Figure 4.11 Different stages of the object picking-up experiment (experiment 3):
1. the vehicle starts from hovering in the air; 2. the vehicle changes its roll angle to
50 deg and approaches to the shelf; 3. the vehicle picks up the object and retreats; 4.
the vehicle changes its roll angle back to 0.

proof-of-concept hole-drilling process. Specifically, after the drill bit touches the wood
board, the desired thrust force F ; , dlong Y* direction is set to be directly commanded
by human instead of synthesized through the ARC position control law. This is to let
the human operator directly tune the desired contact force during the drilling process.
The feeding rate and position of the aerial manipulator are plotted in Figure 4.15,
along with the corresponding force command. After less than 15sec, the 12mm thick

wood board is drilled through, showing the effectiveness of our approach in hole-drilling

applications.
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Figure 4.14 The human-guided aerial hole drilling experiment on a 12mm thick
wood panel board. A custom-designed drill with a 1mm drill bit is mounted to the
end-effector for this experiment.

(N)

e
Py

t(sec)

Figure 4.15 The position, velocity, and the corresponding force command along the
Y¢ direction in the aerial hole drilling experiment.

4.6 Conclusions
In this study, we proposed the design, control and applications of a novel multirotor

UAV for enhanced aerial locomotion and manipulation performances. The aerial vehicle
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employs a tilting-rotor architecture, and was designed to be in an "H" configuration.
With such a design, the UAV has independent roll angle regulation to be able to
perform challenging aerial locomotion and manipulation tasks, at the expense of
only two additional servo motors with minimum transmission needed. Based on the
dynamics of the proposed UAV, we formulated a dual-level adaptive robust control
(ARC) method to cope with parametric uncertainties and uncertain nonlinearities that
may occur during aerial maneuvering and manipulation. Additionally, we proposed and
precisely solved a thrust force optimization problem minimizing power consumption
while achieving the desired body force wrench to efficiently resolve the redundancy
in actuation. Finally, we validated the applicability of the complete system through
four challenging experiments: tracking a circular trajectory, passing through a narrow
tunnel, picking up an object from a cluttered shelf, and human-guided hole drilling.
Experimental results showed the superior performance of the design and control when
performing real demanding aerial locomotion and manipulation tasks in unstructured

environments.
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CHAPTER 5

DESIGN, SENSING, AND CONTROL OF A NOVEL UAV
PLATFORM FOR AERIAL DRILLING AND SCREWING

5.1 Introduction

As Unmanned Aerial Vehicles (UAVs) are technologically maturing, novel applications
of UAVs have sprung forth that exploit and extend their inherent aerial capabilities.
In particular, an increasing number of applications require UAVs to actively interact
with environment rather than simply serving as a passive sensing platform. Among
them, aerial manipulation tasks, such as grasping [66], fetching [67], writing [68],
peg-in-hole [69], and object transporting are of particular interest to researchers, as
they can potentially replace human workers in a variety of construction, maintenance,
and transportation tasks to be performed at hard-to-reach or dangerous locations.
However, these tasks are at an entry level and require only very basic interaction
between UAV and environment. Many practically meaningful applications that involve
sophisticated contact and force control remain hardly achievable under the traditional
design and control of aerial manipulators. Particularly, hole drilling and screwing
tasks, as two of the most common and essential operations to be conducted together
in engineering, have only been touched in the aerial manipulation scenario to a very
limited extent, e.g., vertical drilling down to the ground or a workpiece |70, 71, 72, 73].

The frequently performed drilling and screwing operations share some features
in common. Specifically, there are two forces (torques) present in both operations.
One is the pushing (pressing) force normal to the surface of the workpiece, and the
other is the torque around the normal axis. To achieve a successful drilling/screwing
operation, a strong pushing force must be exerted, while the other degrees of freedom
of the end-effector should be accurately position-controlled despite the reaction normal

force and torque. Such a feature makes it problematic for traditional quadcopter
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platforms to implement drilling and screwing on a vertical wall no matter how the
onboard manipulator is designed. This is because traditional quadcopters are highly
underactuated, with the translational motion on the horizontal plane tightly coupled
with rotational motion. In order to compensate for the strong contact force along
the horizontal drilling/screwing direction, the body of the quadcopter has to rotate,
letting the propellers face sideways to generate sufficient propulsion force. Whereas,
frequently tilting UAV’s body to match the desired contact force will make the system
highly unstable. Therefore, accurate position-level control along other degrees of
freedom is impossible.

Thus, it is clear that the translation and rotation of the UAV body need to be
independently controlled at least along a certain horizontal direction for a successful
drilling /screwing. This requires the UAV body to have a degree of freedom of actuation
higher than four. Various fully-actuated (6-DOF) UAVs and 5-DOF actuated UAVs
have been proposed up to date. Depending on the designs, they can be classified into
two categories. The first one uses multiple fixed rotors facing different directions to
achieve higher-DOF actuation [5, 6, 74, 69]. This type of design is structurally simple.
But since the rotors point to different directions, ineffective internal force cancellation
will inevitably occur, lowering the power efficiency and load capacity of the vehicles.
The second type of design employs a tilting-rotor structure, i.e., the introduction of
one/two extra servo motors for each rotor to empower it with one/two-axis tilting
ability|7, 1, 8, 75]. With the additional tilting capability of the rotor axes, this type
of design can partially or completely avoid ineffective force cancellation. However, the
inclusion of a large number of movable servo parts makes the designs mechanically
more complicated, with other potential problems such as higher weight and backlash
from the intricate transmission system.

Besides the issue of the architecture and design, there still exist other challenges

unique to the aerial drilling and screwing. For example, how to identify and
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precisely track the target for drilling/screwing, how to smoothly incorporate human
users’ command into the system, and how to achieve contact force regulation while
maintaining accurate position-level control in other DOFs, remain to be solved. In this
chapter, we present a human-guided semi-automated aerial drilling/screwing platform
based on a novel tilting-rotor aerial manipulator design. The design features a novel
quadrotor UAV with each pair of rotors independently tilted by a servo, forming
an “H” configuration, on which a simple 1-DOF manipulator carrying a motorized
drill or screw driver is mounted, moving on the longitudinal plane. With only three
additional servos needed (two for UAV body and one for manipulator) compared to the
traditional coplanar quadcopters, the controls of the body’s translational and rotational
motions on the longitudinal plane are completely decoupled, and the end-effector
can face any direction to apply a strong contact force for drilling and screwing on
the longitudinal plane without the need of changing the vehicle body’s orientation.
Thus, the proposed platform can achieve omnidirectional drilling/screwing. Based
on the dynamics of the proposed UAV design, a dual-level control law is proposed.
The low-level attitude controller uses an adaptive robust control (ARC) to accurately
regulate the attitude angles in the presence of force/torque uncertainties that may
occur during the drilling and screwing process, while a selective impedance controller
is implemented at high level to indirectly control the contact force commanded by
the user. In addition, a vision-based guidance scheme is developed to identify and
track the target feature on the workpiece. For verification, we conduct various indoor
hole drilling and bolt screwing experiments on a vertical wood plate to show the

applicability of our approach.

5.2 System Architecture And Mechanical Design
From the previous discussion, it is clear that the key to successfully implementing

ominidirectional aerial drilling/screwing is to allow the end-effector face any desired
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feeding direction and exert a sufficiently large force while maintaining a stable UAV
posture. To solve this challenge, we develop a novel quadrotor with two tiltable arms
as the UAV body, on which a 1-DOF manipulator carrying a motorized drill or screw
driver is mounted, as shown in Figure 5.1. Specifically, the UAV platform consists of
two pairs of rotors mounted on two independently-actuated arms placed at both sides
of the vehicle in an “H” configuration, similar to |76, 77]. Each arm is tilted by a single
servomotor, allowing independent adjustment of the thrust force direction of the pair
of rotors it carries. Then, a 1-DOF lightweight manipulator carrying a self-designed
drilling /screwing end-effector is mounted. The joint of the manipulator rotates on
the longitudinal plane and is driven by a servo to align the drill /screwdriver with the
desired feeding direction. To generate the spinning motion for the drilling/screwing
process, we use a micro DC motor with 5V /2.5A power input to carry the tool and fix
it to the end-effector. Additionally, a vision camera is installed on the manipulator.
This eye-in-hand configuration is used to position and track a target point on an
object of interest to complete aerial hole drilling and screwing tasks.

Such a configuration has the following advantages which make it a perfect choice

for aerial drilling/screwing platform:

1. By changing the two tilting angles @ and 8 and the manipulator angle y, the
vehicle body can be actuated in 5 DOFs independently, while the end-effector
can face any direction on the longitudinal plane (Y?Z? plane) and independently
exert a large enough contact force. This feature is particularly useful when
conducting drilling/screwing on a vertical wall.

2. Ineffective internal propeller force cancellation can be avoided by setting @ = 3,
making the design energy efficient.

3. Only three additional servos (two for UAV body and one for manipulator) are
used compared to traditional quadcopters with no extra transmission mechanism
needed, leading to a less total weight and less probability of fault occurrence
than other designs with too many servos.
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axis1| axis2

Workpiece

Figure 5.1 The top view and front view of the proposed aerial drilling/screwing
platform. @ and g are the tilting angles of the two left motors and two right motors
about axisl and axis2 respectively. ¢ is the roll angle of the vehicle’s body. 7y is the
rotating angle of the 1-DOF onboard manipulator.

5.3 System Modeling
5.3.1 Coordinate systems and assumptions

The following right-hand coordinate systems will be used throughout the rest of the

chapter, as shown in Figure 5.1.

{e} : The earth (inertial) frame {O, — X¢Y¢Z*}.
{b} : The UAV body-fixed frame {0}, — X?Y?Zb}.
{c} : The camera frame {O, — XY“Z}.

{t} : The target frame {O, — X'Y'Z'}.

It is assumed that the origin of the body frame O, is located at the center of
mass of the UAV. The origin of the target frame O; is located at the target point on the
workpiece to drill or screw in, and the axis Z’ is perpendicular to the workpiece surface.
Furthermore, since the 1-DOF onboard manipulator weights much less compared to
the UAV body and its servomotor has very quick response and high tracking accuracy,

we can safely ignore the dynamics of the manipulator and simply set the manipulator
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angle y = ¢+ £(Z', X°Y?), where ¢ is the roll angle of the UAV body, and Z(Z', X°Y?)
is the angle between the drill /screw direction Z" and the X°Y¢ plane of the inertia
frame. This choice of y allows the end-effector to be aligned with the drilling/screwing

direction.

5.3.2 Forces and torques
Since the dynamics of the manipulator is ignored, all the contact forces and torques
during the drilling /screwing process are directly transmitted to the UAV body. The

total force acting on the UAV expressed in the body coordinate system is described as :

T
Fh:[Ff F? sz] =F)+F)+F., (5.1)

4

where F 11,7 = Z F Il,’i is the total thrust force which equals to the sum of all individual
thrust force;:éxpressed in body frame {b}. ng = mRZTG is the gravitational force
expressed in the body frame, m is the total mass of the UAV, G = [0 0 —g]7 is the
gravitational acceleration vector in inertia frame. F? € R? is the lumped contact force
between end-effector tool and the workpiece represented in body frame.

It is noted that since the propeller cannot rotate around Y?, the projection of
the thrust force onto X? is equal to zero, i.e., Fll,’ =[0 Ff,’y Fé’z]T. Defining Fy, Fa, F3,

Fy as the absolute values of the thrust forces of the four propellers and a, B as the

front and rear tilting angles, as shown in Figure 5.1, the F [i’y and F [’jz can be expressed

as:
F), = (F1+Fy)Sq + (Fa + F3)Sp, 52)
F). = (F1+Fy)Cq+ (Fy + F3)Cp.
The total torque acting on the UAV expressed in the body frame is
T
el o of i
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where T}f = P x F Il,’i + Z D;kF ]l;i is the total torque generated by the propellers,

1

4 4
i=1 i=1
4 4

including the thrust torque Z rf’ X F ;’i and drag torque Z DkF zl;ﬂ in which rf is the
coordinate vector of the centigr1 of the i-th propeller in bodi}:flframe, k is a constant ratio
of drag torque to thrust force, and D; is a constant equal to 1 when the i-th propeller
rotates in clockwise direction, and —1 when it rotates in counterclockwise direction.
TK € R? is the torque uncertainty incorporating the uncertain reaction torque between
end-effector tool and the workpiece, and the torque caused by the contact force.

Defining /; as the half distance between the two rotors on each tilting axis, I as

the half distance between the two tilting axes, the x, y, z components of T;,’ can be

expressed as

-~]
Il

b (F1 + Fy)l2Cy — (Fa + F3)[2Cp,

px
. = (F1 = F3)(Coly + Sok) + (Fy — F3)(Cply — Sgk), (5.4)
Ty, = (F1=F1)(Seli = Cok) + (F3 = F2)(Spl + Cpk).

5.3.3 Dynamic model

The system dynamics are derived in the Newton-Euler form as

Fb M 0]]|v? w? x Mvb
= + , (5.5)
b 0 I°| | w? x 1P "
T T
where V0 = [vf; vf V?] and w? = a)fz wly’ wé’ are the vectors of vehicle’s

translational and angular velocities represented in body frame. I? is the moment of

inertia about the center of mass. M = m - I3 is the mass matrix.

5.3.4 Kinematic relationship

T
Let 4 = [x y Z] be the vehicle’s position (the coordinate of the body frame origin

T
O)) expressed in inertia frame {e}, n = [¢ ] lp] be the attitude vector of the vehicle.
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The kinematic relationship between the position/attitude of the vehicle and the body

frame velocity is given by the following two equations:

A= Rva, n= Yo?, (5.6)
1 S¢Ty CyTy
where ¥ = |( Cy Sy is the transformation matrix at kinematic level.
S¢ Cy
0 & @

5.4 Control Design
Based on the dynamics, a dual-level control architecture is proposed as illustrated
in Figure 5.2. The low-level attitude controller uses an adaptive robust control
(ARC) to accurately regulate the attitude angles in the presence of force/torque
uncertainties that may occur during the drilling and screwing process, while a selective
impedance controller is implemented at high level to indirectly control the contact
force commanded by the user and track the target position in XY’ plane. Finally,
the five body-frame force and torque inputs will be used to generate the propeller
thrust force commands and the tilt angle set points to be fed into the rotors and
servos. It is noted that since the system has 5-DOF independent actuation (one
more DOF than traditional fix-rotor quadcopters), only the desired pitch angle 6, is
indirectly determined inside the control loop, while the desired setpoints for all the
other DOFs are either determined from the target position/orientation or specified by
the user. Specifically, x, = y!, = 0 to let the UAV follow the target position in X'Y’
plane, z’d comes from the user-specified contact force setpoint to be discussed later in
the impedance control design, the desired roll angle ¢, is specified by the user, and
Wa = L(proj(Z',X°Y?), X¢) guarantees the manipulator side of the vehicle is facing

the target.
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Figure 5.2 The schematics of the proposed dual-level control strategy.

5.4.1 Low-level attitude control

The adaptive robust control (ARC) has demonstrated its powerfulness in many
industrial applications that require precision motion control [30, 78, 79|. Specifically,
ARC can effectively deal with both parametric uncertainties and uncertain nonlin-
earities in the system and accurate motion tracking. Thus, ARC is a perfect choice of
controller for the low-level attitude angle control of the drilling/screwing operation
in which a high tracking accuracy is required even in the presence of strong contact

force/torque uncertainties. To proceed with the proposed ARC design, we first define

© = [dy, dry, dr],
v (5.7)
o= b -ab=1b—[db, db, d’.]",

where 0 is the vector of constant portion of the lumped torque uncertainties to be
adapted, and f'g is the time-varying portion. The following practical assumption is
made on the uncertainties [30]:

The extent of the parametric uncertainties and uncertain nonlinearities are

known, i.e.,

OcQp2{0: O <0 < Opul,
(5.8)

- A b~
Ti’ € fo = {Tg ; |T§| < d:},
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where O, = [®lmin, O2min, ®3min]Ta Omax = [®1max, O2maxs ®3max]T7 and 6, are the
known bounds of the uncertainties.
Let © denote the estimate of ®, and © the estimation error (i.e., © = © — ©).

The following adaptation law with discontinuous projection modification is used:

0= Projgo(I'o), (5.9)

where I' > 0 is the diagonal matrix of adaptation gains, o is the adaptation function to

be synthesized later. The projection mapping Proji(e) =[--- Proj:,(e;) 17
is defined as
0, if %; = *jpar and o; > 0,
Proj;, (e;) =40, if %; = #;,;, and o; < 0, (5.10)
., otherwise.

It can be shown that for any adaptation functions o7 and o, the projection

mappings used in (5.10) guarantees

P1 (:3 € Qp, (5 11)

P2 OI(I['Projg(To) - o) < 0.

Let n4(1) = [¢a(2) 04(t) Ya(1)]T be the desired attitude angle trajectory, and e, =
n — ng be the attitude tracking error. We define the following switching-function-like

quantity for the attitude tracking error as

Sy = ‘P_l(é,, +kyie,) = W’ =P, + ‘P_lk,ﬂen, (5.12)

where k;1 > 0 is a diagonal gain matrix. Clearly, if s, is small or converges to zero
exponentially, then the attitude tracking error e, will be small or converge to zero

exponentially. So the rest of the design is to make s, — 0. Differentiating (5.12) and
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using (5.5):
%5, = 1°0% = I°[¥~Yi0 + ¥~ Yijg — P ke,
¥y (Pl — 1) (5.13)

b ~b
7, +0+B+71,,

where B = —(I’w?) x w? = I°[¥ Y4 + ¥~ ljy — ‘i"lk,lle,] - ‘P'lk,ﬂ (Pw’ —1j4)] is the
known nonlinear term to be compensated directly.

The following control law is proposed:

b b b b o
T, =Ty +Tpe Tpa=—0—B, (5.14)

where Tll,’a is the adjustable disturbance compensation term, TSS is the robust feedback

term synthesized as

Tb_ b +Tb

b
ps — ‘psl ps2’ T

b= —knasy, (5.15)

where 72

sl is a proportional feedback term with k,2 > 0 being the diagonal gain matrix.

T;l;)sQ is a robust feedback to attenuate the effect of nonlinear model uncertainties caused

by parameter estimation error, which satisfies the following two conditions:

1. sT(zl, -0 +70) <e,,

T b
2. SnTps2 <0,

where ¢, is a design parameter which can be arbitrarily small and 7,52 can be chosen
according to the previous research [30]. Similar to [30], theoretical results on the
robust performance and asymptotic tracking can be obtained, which are omitted here

due to page limit.
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5.4.2 High-level selective impedance control
In the high level, the 3-DOF translation of the vehicle’s body is controlled such
that the end-effector applies the user-specified desired contact force F.; normal to
the workpiece surface, while the coordinates along the two other DOFs closely track
the point to drill or screw in. To achieve this goal, we first transform the position
coordinates of the vehicle from inertia frame to the target frame whose origin coincides
with the point to drill/screw and Z' axis is perpendicular to the workpiece surface,
then derive the decoupled system dynamics along X', Y*, Z' directions of the target
frame. Based on this dynamics, a selective impedance control is designed such that
the user can specify different impedance parameters to achieve different force-position
characteristics along different axes of the target frame.

To begin with, let us define A = [x’ y' z']” as the coordinate vector of vehicle’s
position Oj expressed in the target frame. A coordinate transformation leads to the

following relationship:

A'=RL(A-2), (5.17)

where R’ is the rotation matrix from target frame to inertia frame. A, is the coordinate
of the target frame origin O, expressed in inertia frame. Both R’ and A, are constants
for a particular drilling/screwing operation. Differentiating the above equation twice,

and applying (5.5), (5.6), we have

MA'=F +F. +F, (5.18)

where F),, Fy, F; are the total thrust force, gravity force, and contact force represented
in target frame, respectively.

The selective impedance controller is designed as

F,=-Fy—F.+ M}, - Cé" - Ke,, (5.19)
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where e/, = A'=A!, is the position tracking error in target frame, A’ is the desired position,
C = diag(C,,C,,C;) and K = diag(K,,K,,K;) are diagonal matrices consisting of
all the virtual damping and spring parameters along X', Y*, Z'. With the proposed
design, it is clear that the following impedance model relating the position tracking

error to the contact force holds true:

Mé'\ +Cé' + Ke', = F. (5.20)

The damping and spring parameters for different axes can be selected
differently to achieve the hybrid motion/force control objective. For the proposed
drilling/screwing application, K, and K, are chosen to be big enough to ensure an
accurate target point tracking on the tangential plane if 2/, and /lij are both set as
zero. Since the tangential contact force is normally very small, the position tracking
error e’ ~and efly will exponentially converge to zero. In comparison, K, is selected
to be relatively small to make the impedance model more flexible along the normal
direction, allowing an efficient indirect normal contact force regulation by properly
tuning the desired position. It can be seen that at steady state, the contact force
along Z' converges to its desired setpoint F), if the desired position along Z' is set
to be z’d =z - ;—‘Z After all the spring constants for the impedance model are set,
the damping constants will be selected to maximize the transient performance. For
example, C can be chosen as 1.414VKM so that the closed-loop damping ratio of each
axis is 0.707, which gives the maximum bandwidth without any resonant peak in the
bode magnitude plot.

After synthesizing the target frame thrust force F It,, the inertia frame thrust
force can be calculated as Fj, = Ry F},. To achieve this required thrust force in inertia

frame, the body-frame thrust components F' Il,’y, F I’,’Z as well as the desired pitch angle
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0, fed into the low-level controller are calculated as follows

F;;y = (F5,Cy+ F;ySl/,)zS¢ + F;ZQS¢
+(Fp Sy — F.Cy)Cy,
F;;Z = (F5.Cy+ F;yS¢)2C¢ + F;fcqj (5.21)

+(F;xS¢ - F;yC¢)C¢,
Fp CytFp .Sy

Hd = atan (F—zz) .
Finally, by setting @ = B8 and solving the five equations in (5.2) and (5.4), the individual
rotor thrust forces and the tilt angle can be obtained as:

b
FI’}
b

a =B = atan( pz'

F
Fo = Fb klylo+klyth +Ca?lo (kb +11 78 )+CaSala(l1 75, —k7h,)
1= AC k1o
b b 2 b b b b
Fy = Fp klla—klitp +Co”la (kT —l17),)—CaSala(l17,y+kT) ) (522)
A4C kil 12
Fa = Fb klyla—kiy T8, —Ca?la(kth, ~1175.)+CaSala (1175 +k75,)
3= 4C, ki1 12
F = Fb klilo+klyth —Co?ly(kth +1175,)~CaSala(l1h —kth,)
4= AC k1o :

5.5 Vision-based Target Identification and Tracking
During the aerial drilling/screwing operation, the end-effector needs to be aligned
with the target point. This process could be extremely time consuming and inaccurate
if conducted by a human operator who takes action based on the visual feedback
information sent from the onboard camera. To overcome this challenge, a real-time
vision-based target identification and tracking method is proposed, and is integrated
with our human-guided manipulation to help improve positioning accuracy and
efficiency for drilling and screwing. Under the proposed control framework, the
vision-based target identification and tracking system aims at obtaining the relative
position and orientation of the target frame w.r.t camera frame (A5 and RY) first, and
subsequently the tracking error e/, to be used in the high-level impedance controller.

The vision system consists of the following three steps.
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5.5.1 Target identification using a YOLO v3 object detector

The YOLO v3 detector eliminates the Rol extraction stage, and adopts a unified
architecture that directly extracts feature maps from input images, then it regards the
whole feature maps as candidate regions to predict bounding boxes and categories|80,
81]. Its characteristics of realtime object identification and high detection precision,
make it a perfect solution for our object detection task in unstructured environments.
Additionally, the target workpiece to be operated in real-world conditions may be in
different sizes or trimmed to fit different environments, a more general and robust
detector can be trained with more labeled images taken from different applications
and environments. Each detector model utilized in this study is trained before the
task based on a set of 600 images of the target taken from different distances and
angles, and labeled by ourselves. This object detector will search for the target in the
view of camera and predict a bounding box to indicate the position of the target in

the image.

5.5.2 Target tracking using a Kanade-Lucas-Tomasi (KLT) tracker
Although YOLO is a robust and powerful object detector, the outcoming bounding box
does not estimate the rotation of object caused by the change of UAV’s pitch angle 6.
Besides, the DNN-based YOLO object detector is computationally expensive since it
extracts feature maps from the entire input image. Thus, to track the target position
and orientation in real time, we use the computationally efficient Kanade-Lucas-Tomasi
(KLT) algorithm that can estimate and track all basic 2D transformations of the target
in a small local region of the input image [82].

Following the first step, once the target workpiece is located by YOLO v3 object
detector, a bounding box is inserted around the workpiece to indicate a small template
image for tracking, the next step is to extract feature points within the bounding box

that can be reliably tracked, using the proposed method from [83]. The type of 2D
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transformation to be tracked in this work is called similarity including translation,

rotation and scaling, which can be expressed as

x' =

SR t ]f (5.23)

where x” is the point coordinate in image plane after transformation, x is the
homogenous coordinate before transformation, s is an arbitrary scale factor, R is an
orthonormal rotation matrix, ¢ = [t,, ty]T is the translation vector.

To better parameterize the transformation for tracking, the warping function is

defined as
X
a -b t,
W(x;p) = y | (5.24)
b a t
1
T

is the vector of transformation parameters.

where x = [x, y]?, and p = [ ty.ty,a,b
At every time instance, the optimal parameter increase Ap is calculated by solving the
following the problem minimizing the feature point difference between the template

image and warped-back image [84]:
min » " [I(W(x;p + Ap)) - T(x)]%, (5.25)
Ap 3

where T(x) is template image. I(W(x;p + Ap)) is input image warped back onto the
coordinate frame of the template.
The parameters p will be updated iteratively according to Ap, and transformation

is then applied to the bounding box around the target feature for real-time tracking.

5.5.3 Morphological image processing to obtain the target coordinate
The objective in the final step is to acquire the camera-frame coordinate of the point

of interest for drilling/screwing on the target feature. This goal can be achieved by

89



investigating the structure of the feature and extracting geometrical elements from the
structure. However, numerous noises and errors would be introduced into the image
by disturbances from the unstructured environments. Thus, the morphological image
processing method [85] is applied to remove the noises and enhance image quality by
accounting for the form and structure of the image, furthermore, to generate accurate
coordinate information of the point of interest in camera frame.

Customized morphological structuring elements can be defined to locate the
specific geometry element and the point for drilling and screwing on the target feature.

T

After that, the position of target point expressed in camera frame can

C C C
Xi Vi %

be derived from the pixel coordinate(u;, v;) of it in image plane through the follow

relation: ) 1.
xy axf sf px| |ui
yel=2z| 0 ayf py vil > (5.26)
z5 0 0 1 1

where f is the focal length, ay, @, are pixel scaling factors, (py, py) is the principle
point (where optical axis hits image plane) , s is the slant factor when the image plane

is not normal to the optical axis.

5.6 Experiments
In this section, the proposed novel UAV platform for aerial drilling and screwing
are experimentally validated at the Assistive and Intelligent Robotics Lab of NJIT.
Experimental setup is first illustrated, then followed by experimental results and

discussions. The video of the experiments is available at https://youtu.be/ uw6Aw78jlgY.

5.6.1 Experimental setup
The newly designed aerial manipulator used in the experiment is equipped with an

ARM Cortex based PX4 Pixhawk2 flight controller for computing the control input
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Figure 5.3 The overall system architecture of the experiment, showing the key
components and the data flow.

and communicating with ground host computer through an XBee module, as shown in
Figure 5.3. To detect the target object, a zero-latency all-in-one camera (including an
FPV camera, a transmitter and an antenna) is installed with eye-in-hand configuration.
The camera has about 120° FOV and the resolution of the image is 640 x 480 with 30
fps. An OptiTrack motion capture system is set up around the flight testing area to
acquire attitude and position measurement of the vehicle at 120Hz, and send it to the
host computer. The host computer also receives video from the onboard camera in
realtime through a 5.8G 150CH UVC receiver. Based on received video and motion
capture information, the proposed vision-based identification and tracking algorithm

is running on the host computer, and commands are sent to the UAV through Xbee.

5.6.2 Experimental results and discussions
First, to verify the vehicle’s decoupled motion and force control performances on the
longitudinal plane, which are regulated by the low-level ARC attitude control and the

high-level selective impedance control respectively, we carry out a contact force test
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Figure 5.4 Experimental characterizations of the impedance controller and the
attitude controller. Touch point is where the arm begins touching the wood board.
by pushing the manipulator arm (with end-effector removed) against a wood board
attached to a 6-axis ATI F/T sensor while maintaining a stable body hovering. As
shown in Figure 5.4, before the end-effector touches the board, the forward motion is
well controlled with z’ close to z/,. After contact is established, z' stays constant, while
ZZI =7 - % penetrates into the board to generate the required contact force. The
corresponding force command F);, = K, (z' - z};) matches the real measured force F;
very well. The independent rotational motion (¢) keeps stationary during the whole
test, even as the manipulator arm is in contact with the board, showing the reliability
of the controller.

Next, we conduct three tests for both the aerial hole drilling and the bolt
screwing tasks, as shown in Figure 5.5 and illustrated in the video file attached. A

12mm thick wood board is used as the workpiece and is placed vertically in the lab

zone. For demonstration purpose, we simply draw cross-shaped center marks on
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Figure 5.5 Aerial hole drilling and screwing with the proposed human-guided
semi-automated aerial drilling/screwing platform

the board to represent the target locations for drilling/screwing operations. After
the aerial manipulator is guided close to the board, and a proper view of the cross
marker is obtained, the vision-based identification and tracking system is activated
and successfully implemented, as shown in Figure 5.6. The position tracking error
between the target point and the end-effector, captured by the vision guidance system,
expressed in the target frame is shown in Figure 5.7. The plots demonstrate that
the vision-based guidance system can successfully capture the position of the target
and output smooth tracking error, enabling accurate and fast target tracking for
drilling/screwing.

After the drill /screwdriver is aligned with the target point, a human operator
guides the aerial manipulator to conduct feeding operation by tuning the contact
force command. The selective impedance control law running on host computer takes
the contact force command as input and automatically generates desired position
commands to indirectly regulate the contact force between the end-effector and wood
board along the feeding direction. As can be seen in Figure 5.8, to approach to the
wood board, very light and short-time force commands are given to gradually drive
the aerial manipulator forward. After contact is established, strong and continuous
contact force is exerted to execute and accelerate the drilling/screwing operation. It

can be found that the drilling requires a stronger contact force to penetrate wood
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Figure 5.6 The three steps of vision-based positioning and tracking method: the
first step is target object detection by a YOLO v3 detector, the second step is feature
points extraction and 2D transformation tracking using KLT tracker, the third step is
to capture the point of interest for drilling/screwing.

board surface compared with the screwing process. Overall, the experimental results
show the effectiveness of the proposed platform with design, control and sensing in

aerial hole drilling and bolt screwing. The accuracy over all the three drilling tests is

within +2.5mm, as shown in Figure 5.9.

5.7 Conclusions
This chapter presented the design, sensing, and control of a novel UAV platform
for omnidirectional aerial drilling and screwing. To solve the coupling between
translational and rotational motions of aerial manipulators based on traditional
multirotors, a novel 5-DOF actuated energy efficient aerial manipulator was designed
with the capability of independently exerting strong drilling/screwing force to the

workpiece along any direction on the longitudinal plane. A dual-level control
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Figure 5.7 Position of the target point with respect to end-effector estimated by
the vision guidance system and expressed in the target frame. At the trigger point,
command is sent to align the end-effector tool with the target point.

architecture was proposed, with a low-level adaptive robust control (ARC) to accurately
track the attitude angles in the presence of force/torque uncertainties, and a high
level selective impedance control to indirectly control the contact force commanded
by the user and track the target position. A vision-based identification and tracking
scheme was developed by integrating a robust YOLO v3 object detector with feature
tracking and morphological techniques, achieving automatically alignment between
the drill/screwdriver and target point. Experimental results conducted indoor under
the motion capture system were presented to verify the proposed aerial manipulation
platform. In the future, we expect to use onboard sensors for localization and apply
the platform to various challenging outdoor applications in construction, decoration,

transportation, or maintenance at hard-to-reach locations.
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Figure 5.8 The force command F}, along Z' for drilling (left) and screwing (right).
Touch point is where the end-effector begins touching the wood board.

Figure 5.9 The drilling accuracy over all the three aerial drilling tests.
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CHAPTER 6

CONCLUSIONS

In this dissertation, firstly we studied an energy-efficient adaptive robust tracking
control for a class of novel vector thrust UAVs. The mechanical structure of the
vector thrust UAV with all propellers able to tilt about two perpendicular axes
was first presented. Based on this design, we formulated the dynamic model of
the vehicle with arbitrary number of such propellers in the presence of parametric
uncertainties including unknown moment of inertia, mass and center of mass, which
previous literature have hardly dealt with. Additionally, an adaptive robust control
was designed for accurate trajectory tracking in the presence of various types of
uncertainties. A thrust force optimization problem minimizing the instantaneous
power consumption while achieving the desired body force wrench was then solved
to obtain the individual thrust force vectors of the rotors. From the simulations, the
resulting controller achieved a guaranteed transient performance and final tracking
accuracy in the presence of uncertainties. In addition, a higher efficiency of energy
utilization can be achieved with the proposed thrust force optimization strategy.
Next, we developed a novel 6-DOF automated flight testing strategy for VIOL
UAVs by mounting the vehicle to the end-effector of an articulated humanoid robot arm
through a 6-axis force/torque sensor. During the flight testing process, a dual-module
control law was executed. In the regular control module, a damping force control with
feedforward compensation was implemented to minimize the interaction force between
the vehicle and the robot end-effector regardless of the constantly-changing motion of
the vehicle. In the safety module, a safety algorithm was activated to constrain the
range of the motion of the vehicle in case of emergency. The proposed strategy was

verified to be capable of emulating a realistic free flight environment while ensuring
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safety through both theoretical justification and experimental validation, making it
an ideal choice for initial flight testings.

With the help of the developed 6-DOF automated flight testing platform, we
studied the design, control and applications of a novel multirotor UAV for enhanced
aerial locomotion and manipulation performances. The aerial vehicle employs a
tilting-rotor architecture, and was designed to be in an "H” configuration. With
such a design, the UAV has independent roll angle regulation to be able to perform
challenging aerial locomotion and manipulation tasks, at the expense of only two
additional servo motors with minimum transmission needed. Based on the dynamics
of the proposed UAV, we formulated a dual-level adaptive robust control (ARC)
method to cope with parametric uncertainties and uncertain nonlinearities that may
occur during aerial maneuvering and manipulation. Additionally, we studied and
precisely solved a thrust force optimization problem minimizing power consumption
while achieving the desired body force wrench to efficiently resolve the redundancy in
actuation. At the end, we validated the applicability of the complete system through
four challenging experiments: tracking a circular trajectory, passing through a narrow
tunnel, picking up an object from a cluttered shelf, and human-guided hole drilling.
Experimental results showed the superior performance of the design and control when
performing real demanding aerial locomotion and manipulation tasks in unstructured
environments.

Finally, a human-guided semi-automated aerial drilling/screwing platform based
on our developed novel tilting-rotor aerial manipulator was presented. To solve the
coupling between translational and rotational motions of aerial manipulators, the
novel 5-DOF actuated aerial manipulator was employed because of its capability
of independently exerting strong drilling/screwing force to the workpiece along any
direction on the longitudinal plane. A dual-level control architecture was studied,

with a low-level adaptive robust control (ARC) to accurately track the attitude angles
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in the presence of force/torque uncertainties, and a high level selective impedance
control to indirectly control the contact force commanded by the user and track the
target position. A vision-based identification and tracking scheme was developed by
integrating a robust YOLO v3 object detector with feature tracking and morphological
techniques, achieving automatically alignment between the drill /screwdriver and target
point. Experimental results conducted indoor under the motion capture system were
presented to verify the proposed aerial manipulation platform. In the future, we expect
to use onboard sensors for localization and apply the platform to various challenging
outdoor applications in construction, decoration, transportation, or maintenance at

hard-to-reach locations.
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