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Abstract

Cooperative Control and Planning

for Safe Aerial Transportation in Unknown Environments

Hyeonbeom Lee
Department of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

Recently, aerial manipulators using unmanned aerial vehicles (UAVs) are receiving atten-
tion due to their superior mobility in three-dimensional space. It can be applied to a wide
range of applications such as inspection of hard-to-reach structure or aerial transportation.
This dissertation presents a viable approach to safe aerial transportation in unknown envi-
ronments by using multiple aerial manipulators. Unlike existing approaches for cooperative
manipulation based on force decomposition or impedance-based control that often requ-
ire heavy or expensive force/torque sensors, this dissertation suggests a method without
such sensors, by exploiting the decoupled dynamics to develop estimation and control alg-
orithms. With the decoupled dynamics and the assumption of rigid grasp, an online estima-
tor is designed initially to estimate the mass and inertial properties of an unknown payload
using the states of the aerial manipulator only. Stable adaptive controller based on the on-
line estimated parameter is then designed using Lyapunov methods. Through simulations,
the performance of the proposed controller is compared with conventional passivity-based
adaptive algorithms.

This dissertation also proposes a motion generation algorithm for cooperative manipu-
lators to transport a payload safely. If the payload is excessively heavy in comparison with
the transportation ability of an aerial robot, an aerial robot may crash because of actuation

limits on the motors. As a first step, the allowable flight envelope is analyzed with respect

Vl I = -i!



to the position of the end-effector. In order to keep the end-effector in the allowable fight
region, kinematic coordination between a payload and cooperative aerial manipulators is
first studied. A two-layer framework, in which the first layer computes the motion reference
of the end-effectors and the second layer calculates the joint motion of the corresponding
manipulator, is then developed in a task-prioritized fashion. When generating aerial manip-
ulator trajectories, the desired trajectory is calculated to satisfy the unilateral constraints
obtained by the allowable flight envelope.

This work also considers the obstacle avoidance of cooperative aerial manipulators in
unknown environments. Using the relative distance between an aerial robot and an obstacle
as measured by an RGB-D camera and point cloud library (PCL), dynamic movement
primitives (DMPs) modify the desired trajectory. By having the leader robot detect an
obstacle and the follower robots maintain a given relative distance with the leader, improved
efficiency of obstacle avoidance for cooperative robots can be achieved.

Finally, the proposed synthesis of estimation, control, and planning algorithms are vali-
dated with experiments using custom-made aerial manipulators combined with a two-DOF
(Degree Of Freedom) robotic arm. The proposed method is validated with trajectory track-
ing using two types of payloads. Cooperative aerial transportation in unknown environments
is also performed with an unknown obstacle. Both experimental results suggest that the
proposed approach can be utilized for safe cooperative aerial transportation.

Keywords: Cooperative manipulation, aerial robots, obstacle avoidance, unknown pay-
load, consensus.

Student Number: 2013-30209
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Nomenclature

I,, : identity matrix in RF**

0 : zero matrix in RF**

l; - length of the i-th robotic link

Okxm : zero vector in RFX™

S(-) : mapping a vector into a skew-symmetric matrix
T : the pseudo-inverse

e; : unit vector ez = [0, 0, 1]7

¢, : shorthand of cos *

S, : shorthand of sin *

% : the vector or matrix which includes the estimated parameters
%¥; = % — x : the matrix between % and *

||*|| : induced 2 norm of a matrix

Y7 : inertial frame

3 : the body frame of the hexacopter

Y. : the body frame of the end effector

Ry ; : the rotation matrix of ¥, w.r.t Xz

R, : the rotation matrix of >, w.r.t 3;

N,, : the total number of aerial manipulators

n : DoF (Degree-of-Freedom) of the robotic arm

Defined in chapter 2

Pbi = [Tbi, Ybi, 204)" : the position of 3y in 3
®; = [¢;, 0;,1;]": euler angles of the hexacopter
1 = [1m:1, 2] : joint angles of the manipulator
qi = [ ijZ. &7 nf ! : generalized coordinate

my : mass of a hexacopter

T
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M (q;) € R6+)*6E+0) -+ the inertia matrix of an aerial manipulator
Q(q;, q;) € ROETM*6+n) js the Coriolis matrix of an aerial manipulator
W(q;) € RO6+M*1 . 3 vector for gravitational effect of an aerial manipulator

D(q;) € R6+m*E+n) + the inertia matrix of combined model

(

C(as, q;) € REFI*EFn) - the Coriolis matrix of combined model
G(q;) € ROEFMX1: 4 vector for gravitational effect of combined model
T; : the control input for i-th aerial manipulator

Tp,; © the control input in 3,

f; = [f1,..., f6|" : the input force command of the hexacopter

Ty © the command for the robotic arm

Jo : mapping the time derivative of ® into angular velocity expressed in 3,
M, : motor mapping matrix

r : arm length of the hexacopter

k., : the drag coefficient

k¢ : the motor thrust coefficient

Cm = km/ky : ratio between k,,, and ky

w; : the rotational velocities of j-th rotor

w;-i : the desired rotational velocities of j-th rotor

A; € R%%1” the resulting force exerted at X,

Ji(q;) € R®® : the Jacobian matrix from %;; to .,

m, : the mass of a payload

J, : the inertia of a payload

H,=diag(m,I3,J,) : inertial matrix with the mass of a payload m, and inertia J,
o : the Coriolis matrix of a payload

G, : a vector for gravitational effect of a payload

E; : the grasp matrix

r; : a vector between Y.; and X,

¢; : a constant weight for the resultant force \;
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w, : angular rate of a payload

Y. : the k-th task for the i-th aerial manipulator

vir = [P} mi]" : the vector consisting of the position of ¥; and joint angles
T, ;. : the transformation matrix between v; ; and 4,

P=1I - TZTkT,k : a projector in the null space of the transformation matrix
VZA,Q : the homogeneous solution of TZ-JCJDI'/{’\,,{J =0

Tiﬁc : the augmented Jacobian matrix of the k-th task

Pﬁ€ : the projector in null space of k-th task in recursive expression

m;j, : dimension of the task

o; : singular value

B : the additional factor for o;

€ : the width of singular region

Defined in chapter 3

M, : estimated mass of a payload by ¢-th aerial manipulator
joﬂ- . estimated inertia of a payload by i-th aerial manipulator
H, : the matrices with known physical parameters

U;(t) = 7 — M;q; — Q:q; — W, : the forcing command for i-th aerial manipulator
C* : user-defined gain matrices for a state estimator

K* : user-defined gain matrices for a state estimator

I'; : the learning rates

I'; : the consensus rates

e; = q; — q; : state estimation error

O, € RO+ . 3 bounded disturbance vector

py > 0 : upper bound of ©;

e.; = q; — q : error between current and desired state

q? : desired state of q;

q’ = qf — Ase., : reference trajectory
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s; : sliding surface variable

A; : a diagonal gain matrix

& = C"e;, + K*e; : a vector including state estimation error
Elf . a first-order filtered value of &;

a. : a time constant for &/

d; : the auxiliary control input

A, : uncertainty of i-th aerial manipulator

KA : a user-defined diagonal matrix

&

pe + a upper bound value for
p . a positive constant

xi = &/ — & : error between &/ and ¢&;

Defined in chapter 4
*(1,:) : the first row vector of
21 max : maximum speed of the rotor 1

max
0,1

mo* . maximum allowable payload for i-th aerial manipulator
xy : the length between Y, ; and X ; in z direction
Témax . Maximum roll torque command

Ty, - maximum pitch torque command

Tmax - INAXimum yaw torque command

Pe,; : the position of the end effector in 3;

p¢ : the augmented desired position of the end effector
pii : the desired trajectory for p.;

qt; = [p?, ®Y]: the desired trajectory of the object

R, : transforming a vector from frame 3, to frame X;
J, + Jacobian matrix which satisfies p2; = J,m;

Je,i + Jacobian matrix between X, ; and X.; without attitude effect

B(®;) : a transformation matrix for the attitude between ¥, ; and 3. ;
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v, = [prﬂ-, n!]7 : the vector consisting of the position of ¥;; and joint angles
v;(5)™ : maximum joint limit of v;

vi(7)™ : minimum joint limit of v;

Y1 = [Pesi cos(nig + mi2)]” : a task variable for the i-th aerial manipulator
v : a desired value of v;

b, : a deactivation buffer

h; : the smooth activation function for i-th task

Defined in chapter 5

Z.,; : the position of the end effector in x direction
Ye,i : the position of the end effector in y direction
X; = [Tei, Yes]' : a vector for the i-th aerial manipulator

0 : x — y position of the unknown obstacle in ¥

g; : goal position of i-th end effector

Cti : leader-follower relation for i-th aerial manipulator

f; : the forcing vector for DMPs

w;, € R?X! : the weight of the k-th basis function

«; : the phase variable for i-th aerial manipulator

d;s : the desired distance between the leader and the follower
rs : the size of the boundary for the potential function

d, : the size of aerial manipulator

d; : velocity command for formation control

(X, 0) : velocity command for obstacle avoidance
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Introduction

1.1 Background and Motivations

Simple hardware structure and affordability of multirotors have promoted the rapidly grow-
ing interests as an easy-to-work-with platform [11]. Cooperative aerial transportation as ap-
peared in Fig. 1.1, which is one of key potential applications of multirotors, is aimed at trans-
porting a heavier or bulkier object that cannot be handled by a single vehicle [1-5,12-16].

Aerial transportation with cable-suspended load is a well-known method to carry an
object [2,12]. In these methods, however, the possible pose of a payload is limited due
to the towed cables. In addition, to transport an object, human pilots should have tied
the common object with cables by their own hands, so this method cannot be applied for
disaster area or the place where a human cannot enter.

Another type of aerial manipulation is grasping and moving the object by using a
robotic arm [17-19]. A custom-made aerial manipulator with a 2-DoF robotic arm was
made in [17,18]. An aerial robot with a parallel manipulator was developed for remote safety

inspection of industrial plants in [19]. However, cooperation involves complexity associated



Figure 1.1: Examples of cooperative aerial manipulation and theire method. (a) cooperative aerial
manipulation with aerial robots and grippers [1]. (b) aerial manipulation with towed cables [2].
(¢) cooperative impedance control for multiple UAVs [3]. (d) cooperative aerial transportation by
optimization-based force decomposition [4]. (e) coordinated motion of aerial robotic manipulators

[5]-

with multiple robots in comparison with a single robot [17-19]. Many researchers have
tried to solve coordination problems for multiple aerial robotic manipulators as discussed in
[3-5,13]. Cooperative impedance control for multiple UAVs with a robotic arm was proposed
to handle the coordination problems in [3,13]. In [4], they addressed cooperative aerial
transportation by using optimization-based force decomposition method. Although these
methods [3,4,13] show satisfactory simulation results, they require a multi-axis force/torque
sensor to solve coordination and uncertainty problems. Force/torque sensors can be often
used to estimate the unknown physical parameters of an object, but the availability of these
sensors in small aerial robots could be limited because multi-axis force/torque sensors are
often heavy and expensive. So, it is also impractical to assume full knowledge of physical
parameters of a payload. In [5], they propose a coordinated motion algorithm for aerial
robotic manipulators by only using inverse kinematics and show satisfactory experimental

results. However, since this method does not handle an unknown payload, it cannot be



Figure 1.2: An aerial manipulator delivers an object to the shelf by exploiting the robotic arm [6].

applied for the aerial transportations in unknown environments.

Therefore, this dissertation is interested in resolving these problems: (i) coordination,
(1) uncertainty, and (7i¢) internal stability during avoiding an obstacle. First, the motion
of the aerial manipulators has to be coordinated to transport an object. Second, a desired
path is generated by considering actuation limits of each motor when aerial manipulators
deliver an unknown object as shown in Fig. 1.2. Finally, to handle the interaction stability,
aerial manipulators maintain the desired distance between aerial robots while avoiding an
unknown obstacle.

Sine the aforementioned topic of cooperative aerial transportation is important and
contributes to its own area, this dissertation is categorized into three detailed part: (i)
control algorithm for cooperative manipulation, (i) handling an unknown object, and (4i7)

obstacle avoidance of cooperative robots.



Figure 1.3: Examples of cooperative manipulation and theire method. (a) Dual arm manipulation
with impedance control [7]. (b) The leader-follower approach [8]. (c¢) Path planning with RRT*
(Rapidly exploring Random Tree star) [9].

1.2 Literature Survey

This section offers the survey results of scholarly articles, book, and other sources relevant

to this research.

1.2.1 Cooperative Manipulation

Cooperative manipulation can be applied to a wide range of applications in construction
sites, production lines or various remote operations. Many researchers try to achieve this
goal by using ground manipulators [20,21] or aerial robots [1,4,12] as shown in Fig. 1.3
These cooperative manipulations can be divided into three categories based on a task
vector with respect to the target frame (or workspace in Fig. 1.4). In object level, a hybrid
position and force controller based on the centralized multi-fingered dynamics is presented
in [20]. A suboptimal iterative LQR-like controller based on impedance control is proposed
in [21] for cooperative manipulators to carry a common object in a centralized manner.
In [22,23], they present the set of feasible cable tensions for redundantly actuated cable-
driven parallel robots. For multiple quadrotors with a gripper, a centralized controller is
addressed in [1] to stabilize a payload along three-dimensional trajectories in a centralized
manner. Unlike these fully centralized approaches, to facilitate the faster local feedback in

each robot, each end-effector controller runs locally while the optimization for task planning

1 TR s T



is performed centrally [4,12,21]. For aerial robots, in [12], they show control and planning
of multiple aerial robots carrying an object by towed cables. The feasible solution for an
equilibrium of a payload is numerically determined for the special case of a triangular
payload. For aerial manipulators, a hierarchical control framework for multiple quadrotors
with a 2-DoF robotic arm is simulated in [4]. In this method, force distribution among
the end-effectors is obtained by solving constrained quadratic optimization problem. The
constrained optimization [4,12] may need a relatively higher computational and communi-
cational load.

Unlike the optimization approach, a task-oriented formulation with a kinematic coordi-
nation does not require numerical methods [24,25]. Based on the kinematic coordination,
a two-layer framework, in which the first layer computes the motion reference of the end-
effectors and the second layer calculates the joint motion of the corresponding manipulator,
is proposed for a ground mobile manipulator with a dual arm [7]. For cooperative quadrotor
manipulators, an impedance control architecture with the two-layer framework is developed
to handle the contact forces at the end-effectors [13]. However, these methods [7,13] depend
on multi-axis force/torque sensors to estimate and carry an unknown common object. Since
the aerial robots are hard to equip heavy multi-axis force/torque sensor, they verified their
algorithm only by simulation.

In order to resolve these practical difficulties associated with force/torque sensing of
multiple manipulators, a coordinated motion controller based on leader-follower structure
is addressed for two mobile manipulators [8]. For aerial manipulators to enable the faster
attitude feedback in each aerial robot, the desired trajectories for multiple aerial manipula-
tors are obtained by using RRT* (Rapidly-exploring Random Tree star) [14,16]. In [14], the
effect of a common object was compensated based on the closed-chain dynamics in joint

level. However, these methods [8,14,16] require exact knowledge of a common object.
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1.2.2 Handling an Unknown Object

Research on handling uncertainty such as an unknown or inaccurate model has begun with
early work on single manipulator [26-28]. For cooperative manipulators, there are researches
to handle an inaccurate kinematic model of an object such as inaccurate orientation and
length at grasp points [29,30], but they assume that physical parameters of the object such
as mass or moment of inertia were known. In [31], the physical parameters of a common
object and robots arms are estimated based on a distributed adaptive coordinated control
method. Furthermore, consensus algorithm for an agreement on certain quantities of group
interest have been studied to handle the uncertainty in [32] or synchronization of networked
mobile manipulators [33]. For multiple ground mobile manipulators, in [34], a consensus
for the estimation of kinematic and inertial parameters of an unknown common object is
simulated by receiving the measurements of velocity and the contact force applied to the
object. However, unlike these algorithms applied to ground manipulators [31,32,34], aerial
manipulators need to consider the actuation limit such as speed of motors also, for stable
flights.

The transportation capability of an aerial manipulator is a crucial factor in carrying
a heavy load safely. In order to determine such capability of cooperative aerial manipu-
lators, this work deals with the problems of uncertain parameters and actuation limits
simultaneously, which is difficult because of the interactions between robots. Although the
least-square method to estimate unknown mass attached under a multirotor [35] or robust
control for parameter uncertainty of a multirotor [36] is already proposed, actuation limits
of aerial robots still remain a problem. The effect of a dynamic load in a single helicopter
with a gripper is considered in [37], but they do not take account of actuation limits. To
avoid this issue and to operate the robots safely, in [38,39], they obtain the desired paths
between a predefined initial and final configuration of a quadrotor are generated by using
quadratic programming solver with constraints such as joint limits. In [40], the trajectory

planning with dynamic programming is presented for a single ground mobile manipulator



to satisfy the maximum carrying capacity. However, since these algorithms solve numerical
optimization problems of a single robot, complexity between multiple robots cannot be

dealt with in real time.

1.2.3 Obstacle Avoidance for Cooperative Robots

For the motion planning of mobile robots, Rapidly-exploring Random Tree (RRT) is a well-
known planning algorithm to generate a path in unstructured environments. Since RRT
does not depend on an explicit representation of obstacles, it is popular for various applica-
tions such as obstacles avoidance [41] or motion planning of cooperative manipulators [9].
Although the fluid motion planner proposed by [42] can consider kinematic constraints
such as maximum velocities, RRT can be a effective solution for high DoF robots. In [9],
they experimentally validate a sampling-based planning algorithm using a dual-arm robot.
They also achieve the asymptotic optimality provided by the RRT*, which is an extended
version of RRT. RRT-based path planning also can be applied to aerial robots [43-45].
RRT™ is used to generate the obstacle-free path for inspection operation in [43]. For aerial
robots which had limited turning rates, RRT* with path smoothing method is presented
based on controllable linear dynamics [44] or Bezier curve in two-dimensional plane [45].
However, since cooperative aerial manipulators have more complicate dynamics, these al-
gorithms [44,45] are only applicable for single robots only. In addition, obstacle avoidance
with RRT-based algorithms [43-45] requires a relatively heavy computer to calculate the
desired path in real time, so it is hard for aerial manipulators to avoid unknown or moving
obstacles in real time.

Although there exists a research to reduce the computational load [46], RRT* still
needs to be improved to avoid unknown obstacles in real time. Another method for real-
time obstacle avoidance, Dynamic Movement Primitives (DMPs), which represents discrete
or periodic trajectories, has been exploited by re-generating smooth movements in given
obstacle configuration [47-50]. For this reason, it is often used for a single robotic arm [48]

to avoid a static or moving obstacle. In [49], real-time obstacle avoidance have been investi-
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Figure 1.5: Two aerial manipulators, each consisting of hexcopters and a robotic arm, transport
an unknown common object while avoiding an unknown obstacle.

gated in a bimanual task with force feedback and DMPs. In [50], cooperative manipulation
and movement synchronization in the disturbance have been performed using a dual-arm
manipulator. In their method, it is able to consider more than two DMPs based on forma-
tion and impedance control, but they did not consider the size of robots and an object.
Since aerial robots are weak to a crash, it is more important to consider the size of robots

and object unlike mobile manipulations [49,50].

1.3 Research Objectives and Contributions

This dissertation is interested in resolving the aforementioned problems for cooperative
aerial manipulators in unknown environments as described in Fig. 1.5. To achieve this
goal, this work concentrates on three parts: (i) estimation and control of cooperative aerial
manipulators, (#4) motion planning within the allowable flight envelope, and (ii7) real-time

obstacle avoidance using an RGB-D camera.



1.3.1 Estimation and Control Algorithm

Objectives

The objective of the estimator and controller is to enable the aerial manipulator to handle
unknown payloads without using force/torque sensors. The controller is designed by using
the estimated mass to track the desired trajectory of each aerial manipulator.
Contributions

Due to the interaction with a common object, the dynamics of cooperative aerial manipu-
lators is more complicated than that of a single robot or cable-suspended robots. For this
reason, many researchers designed the controller for cooperative manipulators based on
centralized approach. However, the attitude stabilizer of an aerial robot should run fast
(over 100 Hz), which is out of measurement update rate in the position. Therefore, the cen-
tralized approach for aerial manipulators is not recommendable. To resolve this problem,
this work derives the decoupled dynamics of cooperative aerial manipulators. Based on the
rigid grasp assumption, the decoupled dynamics can be represented not by the states of a
payload but by the states of the aerial manipulator only.

The decoupled dynamics in the joint space facilitate faster attitude stabilizer and state
estimation of the aerial manipulator. Based on state estimation in decoupled dynamics,
this work proposes an on-line parameter estimator for handling an unknown payload. Since
the state estimators run in a decentralized manner, the estimated parameter can differ
from each other. To handle this issue, following the preliminary research of this work [6,51],
cooperative aerial manipulators share the estimated physical parameters of the common
object. Utilization of the consensus algorithm with such information exchange improves
the estimation performance. Although decoupled dynamics makes the controller run on the
joint space, the stability issues remain a problem. By using Lyapunov convergence analysis,

this work proves that the controller with estimated parameter is stable.
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1.3.2 Motion Planning within the Allowable Flight Envelope

Objectives

Second, the planning algorithm is proposed to efficiently generate the desired path of each
aerial manipulator. By using the planning algorithm, the end-effector should remain in the
allowable fight region where the aerial manipulators can avoid the excess of the actuation
limits.

Contributions

Unlike ground manipulators, aerial manipulators are prone to crash because of actuation
limits of each motor. So, when carrying a heavy payload, the safety should be considered.
To handle this issue, this dissertation proposes a safe motion generation algorithms de-
pending on the physical properties of an unknown payload such as unknown mass. The
desired trajectory for each aerial manipulator is generated by a two-layer framework for
the motion generation, in which the first layer computes the desired trajectory of the end-
effectors and the second layer calculates the joint motion of the corresponding manipulator
as same with [7]. However, unlike the research in [7], this work considers the actuation
limits when calculating the desired path of aerial manipulators. By exploiting the proposed
on-line parameter estimator, the desired trajectory of the aerial manipulator is adjusted
automatically based on the estimated parameters.

In order to adjust the desired path in real time, the allowable flight envelope of aerial
manipulator is investigated. Considering the maximum speed of each motor and the con-
figuration of the robotic arm, the flight envelope was given with respect to the location of
the end-effector. By using the flight envelope, this work does not depend on any numerical

optimization, so the computational loads can decrease.

1.3.3 Real-time Obstacle Avoidance using an RGB-D Camera

Objectives

Third, cooperative aerial manipulators can also avoid unknown obstacles such as other
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drones or buildings by exploiting DMPs. The more detailed research objectives and contri-
butions of each part are described as follows.

Contributions

If one aerial robot avoid an obstacle and other robots want to follow its own desired trajec-
tory without modifying the trajectory, the internal force between each other may increase.
Since the internal force can interrupt the stability of the whole system, so is is important
to solve the aforementioned issue. For this reason, obstacle avoidance of the cooperative
robots is more complicated than a single robot. To resolve this issue, this dissertation pro-
poses obstacle avoidance algorithms for cooperative aerial manipulators by using DMPs
and RGB-D camera.

By exploiting DMPs, aerial manipulators calculate the safety boundary based on the
size of robots and modify the desired trajectories of each end-effector. Since DMPs does not
change the target position while avoiding unknown obstacles, the final position is guaran-
teed to be preserved. In the aspect of efficiency, virtual leader-follower structure is employed
while avoiding an unknown obstacle. This structure can reduce the communication load
when multiple aerial manipulators need to avoid flying obstacles. In order to detect an
unknown obstacle, this work uses RGB-D camera based on point cloud library [52] with-
out assuming the known position of an obstacle. By using a voxel-grid filter in PCL [53],
outliers of depth data are efficiently removed. Thanks to an onboard camera and DMPs,
the proposed avoidance algorithm can be easily adapted for various cooperative robots, not

limited to cooperative aerial manipulators.

1.4 Thesis Organization

The rest of this dissertation is organized as follows. Chapter 2 describes the necessary mate-
rials for this dissertation including decoupled dynamics of cooperative aerial manipulators,
task priority, and DMPs. Chapter 3 proposes on-line parameter estimator and the controller

for handling an unknown payload. A motion generator to carry a common object and the
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algorithm for obstacle avoidance are shown in chapter 4 and 5. Chapter 6 shows the exper-
imental results using custom-made aerial manipulator to verify our proposed synthesis in
real environments. Chapter 7 summarizes the considered issues and concluding remarks in

this dissertation.

13 - A _' L}



Background

In this section, the necessary backgrounds were presented including dynamics of aerial

manipulators, task priority and DMPs (Dynamic Movement Primitives).

2.1 Dynamics for Cooperative Aerial Manipulator

This work considers that each aerial manipulator consists of a hexacopter and a 2-DoF
arm. The coordinated frames 7, 33, ¥, represent the inertial frame, the body frame of the
hexacopter and the body frame of the end-effector, respectively as shown in Fig. 2.1. 3,
means the body frame of the object.

For the ¢-th manipulator, using the position of center of mass of the hexcopter in the
inertial frame py; = [Ty, Yo, 264)", Euler angles of the hexacopter ®; = [¢;, 60;,1;]" and

joint angles of the manipulator n; = [n;1, 7i2)”
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Figure 2.1: Coordination of two cooperative multirotors with a common payload.

2.1.1 Rigid Body Statics

In the following, this work refers the general case in which each aerial manipulator can
apply forces and torques to the common payload. The force and torque applied by the ¢-th
end-effector are concatenated to the wrench denoted A; € R®. The effective wrench acting
on the origin of the common payload ¥, is denoted A, and is determined by the end-effector

wrench as

Nm
A=) EX. (2.1)

Here, N,, is the total number of aerial manipulators and Ej; is the grasp matrix [54] which

depends on the kinematic parameters r; as

I; 0
=] > 7. (2.2)

S(r;) I3

S(x) denotes the skew symmetric matrix.
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In addition, since this work considers the three-dimentional space, basic materials such
as se(3) and twist are provied based on the formulation described in [55]. First, for a matrix

R € R3*3 or a vector w € R3, the definition of SO(3) and so(3) is given as

SO(3) ={ReR”?® : RR" = I3.3,det R =+1}
so(3) = {S(w) e R¥”?® : S(w)" = -S(w)}, (2.3)

where [543 is the 3 x 3 identity matrix. The notation of SO abbreviates special, orthogonal.
Note that given a skew-symmetric matrix S(w) € so(3) and 6 € R, exp(S(w)f) € SO(3).
Also, it is well known that any rotation matrix R € SO(3) is equivalent to a rotation about
a fixed axis w € R? through an angle 6 € (0, 27].

From the definition of SO(3) and so(3), special Euclidean group SE(3) and se(3) are
defined as

SEB)={(p,R) :pe R’ Re SO3)} =R’ x SO(3) (2.4)
se(3) = {(v,S(w)) : v € R?, S(w) € s0(3)} =R’ x s0(3).

Here, in general, v means the velocity of a joint, i.e., p(t) = v.

An eclement of se(3) is referred to as a twist, or a (infinitesimal) generator of the
Euclidean group. So, £ := (v,S(w)) is called twist coordinates of S(§). Note that given
S(€) € se(3) and 0 € R, exp(S(£)0) € SE(3).

2.1.2 Dynamics for Single Aerial Manipulator
The kinematic model can be described based on the following system state,

T
G@=|pi; ® o | . (2.5)
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for : = 1,..., N,,. Although we use two aerial manipulators in experiments, the proposed
algorithm can be easily extended to multiple aerial manipulators. In general, we will use
bold letters (e.g., q;, ®;) to indicate vector quantities.

The Euler-Lagrange formulations for obtaining the dynamics of the combined system

can be written as

d 0L oL
i = 2.
dtodq;  oq (2:6)

where the contorl input 7; consists of six-dimensional force/torque of the multirotor and
two joint torque components of the arm. Here, L = K(q;,q;) — P(q;) with kinetic energy
K = %qTM (q;)q; and potential energy P(q;). With the mass of hexacopter m, and the
total mass of the robotic arm, following the results of [56], the dynamics of the combined

system can be written as
M (qi)d; + Q(qs, qi)di + W(as) = 75, (2.7)

where M(q;) € RO6+*6+0) s the inertia matrix, Q(qy, ¢;) € RO+*6+1) g the Coriolis
matrix, W(q;) € ROF*L is the gravity term and n is DoF (Degree-of-Freedom) of the
robotic arm.

In the case of the multirotor as shown in Fig. 2.1, the control input 7; can be converted

into the actuation command as

T = Rch,i = RCNChi = Ehl (28)

where 7,; is the control input in the body frame %, h; = [f7,7.],]7 consists of f; =

i > T
[f1, -, f6]" for the input force command of the hexacopter and 7, ; for the command to the
arm. R.=diag(Ry;, JL,1,) is RO+M*E+1) matrix including the rotation matrix Ry; of X,
with respect to X;, n X n identity matrix [, and the matrix Jg which maps the time deriva-
tive of @ into angular velocity expressed in ;. The R(ETM*6E+n) matrix N =diag(M,,1,)

3 o i
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includes the matrix M, which can be defined as

0 0 0 0 0 0
0 0 0 0 0 0
1 1 1 1 1 1
Mo = )
S30°T T S30°T —S300°T —-Tr —S300°T
—C30°T 0 C3peT C30°T 0 —C30°T
—Cm Cm —Cm Cm —Cm Cm

where 7 is arm length of the hexacopter and ¢, = k,,/k; with k,, the drag coefficient and
k¢ the motor thrust coefficient. The coefficients k; and k,,, are obtained from motor test

7= is always invertible except when

data using a six-axis force-torque sensor. Here, since =
0 = k% with k = 1,3,5, ... [57], we can obtain the desired thrust for each motor and the

robotic arm as

where T is the Moore-Penrose pseudo-inverse. In this case, since fi = kf(w;i)Q with the

rotational velocities of j-th rotor w?, we can give the speed command for each motor as

s
wif =/ filkr [58].

From (2.9), we can consider the control input as 7; only in the remainder of the paper.
In addition, to satisfy the relationship in (2.9), two elements of 7, i.e. 7;(1) and 7;(2),
are used to generate the desired roll ¢¢ and pitch angle §¢. From (2.8), we can obtain
(1 : 3) = R[0,0, Z?:l hi]" for the control input in z, y and z direction. Using the fact
that the sum of the forces generated by individual motors is the same as the altitude control

input, i.e., 25:1 h; = 7,;(3), the following equation should be satisfied:

T;(1 Cpd SgdCypd + Syd S
(1) = my(3) | TR (2.10)

7i(2) Cpd SpdSopd — S Copd
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Figure 2.2: The resultant force A; applied at ¥.;.

where ¢, is cos(x), s, is sin(x) and the superscript d means the desired value (See [59] more

detail). For this reason, the desired roll and pitch angles are computed as

64 1 Cyd Sy 7i(1)
¢d Tbri(?)) Swd —de TZ(2)

(2.11)

This derivation is derived based on the small angle assumption in roll and pitch angles, i.e.,

¢ ~ 1 and s, ~ *.

2.1.3 Decoupled Dynamics

When the aerial manipulator and the object interact, the resulting force A; € R6*! is
exerted at the end-effector in X ; of the i-th aerial manipulator (See Fig. 2.2). In this case,
the dynamics of aerial manipulator is different from the single aerial manipulator alone.
Considering the resulting force A; and the state q;, the equation of motion of the i-th the

aerial manipulator can be represented as
M;i(qi)@ + Qi(qs, @) + Wilas) = 7 — J] (@) A, (2.12)

where J;(q;) € R%*® means the Jacobian matrix from %,; to ..
To obtain the dynamics of the rigid object, we define the twist g, = [pl, w!l]’ € se(3) as

a six-dimensional vector composed of translational velocity p, € R? and rotational velocity
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of the object w, € R? in ;.
Using H,=diag(m,[3,J,) with the mass of object m, and inertia J,, the dynamics of

rigid object can be written:
Hodo + Noqo + Go = )\07 (213>

where p, and G, can be written as

03 03 —meges
/"LO = 3 GO -
03 S (wo)J 0 03><1
Here, e3 = [0,0,1]7, I3 and 03 are 3 x 3 identity and zero matrices, respectively.
In our configuration, with the assumption of rigid grasp, all positions and orientations

of the common object and the end-effectors coordinates can be expressed relative to a

common reference frame. In this case, we can obtain the relationship between q; and q, as
A = E; 7. (2.14)

Using eq. (2.14), we can combine the dynamics of the i-th aerial manipulator and the object

with the force distribution solution [60]. Then we obtain the resultant force A; as
i = GEN(H,Go + f1oGo + Go), (2.15)

where Ej can be obtained by the Moore-Penrose pseudo-inverse solution [60] as

Bl = : (2.16)
03 CiH_l
where IT = I5 + S, ¢;S(r;,)S” (r;). Here, if Ef = [, El, ..., exEL)T and E = [E}, ..., Ex]7,

it also satisfies EET = I. Note that a simpler way of load distribution solution can be found

e "
"':I'H-_E _'H.I.- i '|_i
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in [61]. However, the torque solution in this method shows a larger value than the solution
of the method in [60] (see the more detail in [60,61]). Since large torques cannot be well
maintained by the multirotors, we used different distribution solution to reduce amount of
torque. We can use unequal values for ¢; as long as Zi]\ilci = 1. However, for simplicity, we
assume that all torques at the center of the object in ¥, are equally distributed among the
aerial manipulators, so we set ¢; = 1/N.

To compute r;, we need the geometric configuration of the end-effector and the object. In
order not to use force/torque sensors, we use the assumption of uniform mass distribution,

so that the geometric centroid coincides with the center of mass of the object.
Assumption 1. The payload object is rigid with uniform mass distributtion.

Then, the equation of motion of the i-th aerial manipulator with the object can be

rewritten as
Di(q:)a; + Ci(as, qi)ai + Gi(ai) = 3. (2.17)
Here, the matrices are computed as

D; = M;(q;) + c;M,(q;)
Ci = Qilai, &) + Qo &) + i (BN H,E;T) J,

Gi =W+ e;Wo(aqi) (2.18)

where the following representation can be taken from the results in the preliminary work

of this research [14]

MO(QZ') = JZT(EJHOE;T)JZ'
Qoldi, &) = J (Bl poE; ") J; (2.19)
W,(q;) = JIElG,.

Joan . (5
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E';r can be obtained by the Moore-Penrose pseudo-inverse in [60] as

Ci] —CZ'S r; H_l
oEf = . ’ ;)1 , (2.20)
3 Ci

where ¢; is a constant weight such that M ¢; = 1 and T = Iy + S0 ;5 (1;) 7 (ry).

Remark 1. With any arbitrary vector s € R¥!, we observe

sT(D; — 2C))s =sT[M; — 2Q; + ¢;(M, — 2Q,) — 2¢;:(JF (ETH,E7T) ;)]s
—¢;s" [JTEN(H, — 2p)E; T Jj)s. (2.21)

In this case, applying the fact that J, = S(we)do — JoS(wo), H, — 2u, can be rewritten as

. 0 0
(H,—2u)" =] " ’ . (2.22)
03 —S(wo)do — JoS(wy)

Since —S(w,)Jo — JoS(w,) is a skew symmetric matriz, so is (H, — 2p,)" in (2.22) (See
[62] for more detail). However, because Ej # B, the term D; — 2C; may not satisfy
the skew-symmetric property. Nevertheless, the term —S(w,)Jo — JoS(w,) in (2.22) can be

easily computed using the angular velocity of the end-effector, which is the same as wy due

to the rigid grasp arm assumption.

2.2 Task Priority

We employ the formulation of task priority [63,64] to generate trajectories satisfying uni-
lateral constraints or maintaining the safety envelope of the end-effector, which are referred
to as tasks. The description in this section is based on [63,64], and the details can be found
therein.

Consider the k-th task for the i-th aerial manipulator with the differential kinematic

3 o i
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equation:
Yik =TiwVig, t =1,..., Nip (2.23)

where ~;, € R™* is the task vector representing the Cartesian coordinate of the end-
effector for the task k and v;), = [pj,;,m/]" € R is the vector consisting of the position
and joint angles of the aerial manipulator. 7} is the transformation matrix between v,
and 4; ;. Note that the dimension of the vector 4, ; can vary depending on the specific task
defined by user.

In order to obtain the trajectory in the space of v, ,, we can use the following equation
as

Vi = J;Tkm,k + P, =N+ TTk(%,k — T, %) (2.24)

(2

where { is the pseudo-inverse, P = [5 — T:lek is a projector in the null space of the
transformation matrix and I, is 5 X 5 identity matrix. I/Z/\]/C is the homogeneous solution
of Tiykpl'/;% = 0. In general, singular value decomposition (SVD) is used to calculate the
pseudo-inverse of 7T} ;. In this case, (2.24) can be computed when the Jacobian matrix 7}y is
full rank. However, the pseudo-inverse of the Jacobian matrix may not exist at singularities
or in their neighbourhood. To resolve this issue, we use Jacobian Damping (JD) as described

in [65]. For the singular value of the Jacobian matrix T, i.e., 0; > 0(j = 1,...,m;y), the

singular value can be approximated as

iyt A— 2.25
0j 0']2- + /32 ( )
Here, the factor 8 can be computed as
0, if Opin > €
5 = , (2.26)
(1 — (Owmin/€)*) 2., otherwise
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where the parameter € > 0 the width of singular region, o, is the smallest singular value
and .y is the maximum damping factor allowed.

In the standard task priority framework [63], the k-th task is performed along the
direction of ‘not disturbing’ the k-1-th higher priority task. The hierarchy of multiple tasks
is computed by projecting the k-th task in the null space of all the higher priority tasks as

Vi = Vi1 + (Tin P ) (i — Tinlig—1), (2.27)

initialized with the zero matrix i.e., ¥, ; = O5x1. Pﬁc is the projector in the null space of

the augmented Jacobian matrix of the k-th task as
" T
=1, - T (2.28)

Note that the projector in null space of k-th task can be calculated by using recursive
expression [64] as
P’i - P'Akfl - (ﬂﬁf)ﬁk*l)tﬂﬁf)’fk*l? (2'29)

1y

initialized with the identity matrix i.e., P, o = I,,.

2.3 DMPs

DMPs can represent complex movements with incorporating sensory feedback in real time
[47]. Details about DMPs are described in [66]. Here, basic information for DMPs are
addressed only based on the formulation used in [48].

DMPs can be defined based on the following attractor dynamics as

Uy = Kp(g: — w¢) — Byvg + K fy() (2.30)

Ty = Uy,

3 1] ;
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where z; and v; are trajectory and velocity for one DoF of the system. g; means the goal
of attractor dynamics. K; corresponds to the spring constant and B; is the damping gain.
Subscript t means the state by DMPs. Here, f;(«) is a forcing term to describe the nonlinear

motion as

Zf\iﬂl Wz‘\ljz‘(a)a (2.31)

o) = Sy

with w; is the weight of each basis function. The exponential basis function ¥;(«) (i =

1,...,Ny) can be defined as

(a0 — b;)*

2
20;

\Ijl(a) = eXp<_ )7

where b; and o; are constants that determine the width and center of the basis function,
respectively.
As shown in (2.30), fi;(«) does not depend on time. Instead it depends on a phase

variable «, which varies from 1 to 0 during a movement. The phase variable « is defined as
&= —vya, v >0, (2.32)

where 7, is a predefined gain.
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Estimator and Controller Design

In this section, on-line parameter estimator for an unknown payload is designed. Based on
the estimated parameter, the controller for each aerial manipulator is proposed. The total
control structure is described in Fig. 3.1. The reference trajectories of the end-effectors
are generated by kinematic coordination. In this case, since this work assumed that the
geometry of the payload is known, the trajectory can be calculated in on-line framework
or even in off-line framework. The trajectory of the each end-effector is learned by DMPs,
then the trajectory is regenerated in onboard computer on the aerial manipulator. Then,
each aerial manipulator follows its own trajectory calculated by the trajectory of the corre-
sponding end-effector, while estimating the parameter of an unknown payload in real time
and avoiding an unknown obstacle. To improve the estimation performance, the estimation
result is communicated to other aerial manipulator(s). One of the biggest advantages of
this structure is that the controller does not require any other measurement except the

states of its own aerial manipulator.
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Figure 3.1: Overall structure for the proposed synthesis.
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3.1 Payload Mass and Inertia Parameter Estimation

When the end-effector of the robotic arm carries an unknown object, the physical parame-
ters of the combined dynamics in (2.17) are changed because of the unknown mass m, and
inertia J,. To compensate these unknown effects, this work develops the on-line parameter

estimator and designed the controller with the estimated parameters.

3.1.1 System Parametrization

Before achieving aforementioned goal, this work first represents the combined dynamics

with estimated parameters as

D; = M; + ¢ J(E'H,E7T) J,
Ci = Qi+ e J (Bl BT + e JE (BT H,EST) J,
G =W+ JIEG,, (3.1)

where % is the vector or matrix which includes the estimated parameters on the object of
the i-th aerial manipulator (i.e., m,,; and jm)

In order to derive the parameter estimator, this disseration considers the unknown
parameter J 0,i first. By using proper vision algorithms such as appreared in [67], the target
object can be detected based on the 3D CAD model of the object. After matching the
unknown object to the CAD model, multiple aerial manipulators can detect and grasp the
unknown object by using a proper vision algorithm. This work considers the scenarios after
grasping the object, so this is beyond the scope of this paper. Therefore, the following

assumption is used.
Assumption 2. The geometric dimension of the common object is known.

Based on the assumption 2, for example, the common object is a cylinder with the

radius r. and length h., then the unknown inertia J 0 can be expressed with respect to the
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unknown mass 1M, ; as

(3.2)

where I, = I, = 55(3r2+h?2), L, = 372 and R, is the rotation matrix of the object.
Therefore, the parameterized equation in (3.1) can be rewritten with respect to m,; as

D

M; + m, i Hy

éi = Qi + 1, Hy

Gi = Wi+, Hs, (3.3)

where Hq, Hy and Hj are the matrices with known physical parameters and calculated from
(3.1). Finally, by using (3.3), the dynamics in (2.17) can be rewritten as

Mo i(H1G; + Hoqy + Hs) = Ui (1),

by introducing the forcing term including control input 7; in:

Ui<t) =1, — Mq, — Qiq; — W,
3.1.2 On-line Parameter Estimator

Now, this work designs the parameter estimator based on the parameterized dynamics in
(3.4).

C*di + K*q; + mo,i(qui + Hyq; + Hj)

=U;(t)+ C"q; + K'q;,
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where C* € R®*® and K* € R3*® are user-defined gain matrices and q; is the estimated state
of the i-th aerial manipulator. For initial parameter update, q;(0) # q;(0) is recommended.

If the state estimation error is defined as
e =q; — q, (3.7)

then the parameter update rule for 7, can be obtained as

Nm
Mo = Ive] (Hié; + Hadty + Hz) + T Y (105 — 1i0,), (3.8)
j=1
where I'y and I'y are the learning and consensus rates, respectively. Using (2.17) and (3.6),

the error dynamics can be written as
C*é; + Ke; + Dié; + Cye; + G; = 0, (3.9)

where Dz = Dz — Du éz = éz — Cl and éz = GAZ - Gz
If the controller for each aerial manipulator is designed properly (to be discussed in Sec.

3.2), then the state variables will remain bounded.

Lemma 1. If the state variables q;, ¢; and §; are bounded by the forcing term U,(t), then

the error dynamics in (3.9) is asymptotically stable.

Proof. In order to prove the convergence of the error dynamics (3.9), this work first defines

the Lyapunov candidate function for all agents as

Nm
V=>"V, (3.10)
=1
where
Vi = LeTCre; + —in? (3.11)
tog oo, o '

¥ [, -1 =1
- I-'l__ll (=],
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where m,; = M,; — m,,; is the estimation error. The time derivative of V; is given as

) 1 )
‘/i = e,LTC’*eZ + F—Thoﬂ-mw (312)
1

1 .
= —e/ K*e; — o €] (H1q; + Hyq; + Hs) + F_mo,imo,i7
1
where moz = mo, Now, substituting the update rule (3.8) into (3.12), V; can be rewritten

as

. r "
V= el et oo Y (1o = o) (3.13)

where (M, j — Mo;) = (o j — My,,;). Using the fact that

> g > (g — 1) = —52 > (M0j = Mo0i), (3.14)
i=1 J=1 i=1 j=1

eq. (3.10) can be rewritten as

Nm F Nm Nm
V =— ZG?K*ei - 2—11212 Z (mo’j - T?Loﬂ')Z S 0. (315)
=1 i=1 j=1

This proves the boundedness of e;, m,;. We can also say that €; and fﬁo,i are bounded,
because §; and ¢, are bounded in (3.8) and (3.9). Then V is also bounded, which guarantees
that the state estimation error (i.e., €;) and consensus error (i.e., |1, — M, ;| When i # j)

go to 0 asymptotically by applying Barbalat’s lemma. O

Here, parameter convergence, i.e., m,; — 0, follows from [26] when the persistence of

excitation i1s assumed.
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3.1.3 Robust Analysis for Measurement Noise

In order to show the robustness of the proposed state estimator, this work considers the

dynamics as the following:
D;q; + Ciq; + G = 1+ Oy,

where ©; € Rt is a bounded disturbance vector such as measurement noise, which

satisfies ||©;|| < pe and py > 0. Then, the error dynamics can be rewritten as
C*éi + K*ei + quz + C’ql + éz - @Z =0

From the analysis of the Lyapunov candiate function in (3.10), the derivative of V' in

(3.13) can be rewritten as

. r N,
Vi = —el K*e; + F_imo’i ijl(ﬁ"bo,j — M) + e/ ©;. (3.16)

From the same relationship in (3.14), V can be rewritten as

Nm Nm Nm

r
_ T 7% 2 ~ 2 T
V=-— E €; K e, — 2_F1 E E (mo,] moz) + E €; @Z
=1 =1 j=1 =1
Nm F Nm Nm N’m
* 2 ~ ~
<= A () [ledl|* — o= (05 — 1120,0)* + D _ lleil[1©4]], (3.17)
2T
=1 =1 j=1 =1

where A (K*) is the smallest eigenvalue of the matrix K*. By applying Young’s inequality,

i.e., a’b < [lal|[[b] < %[a||? + L|b||? for two vectors a and b, V in (3.17) can be simplified
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as
. Non N, 1 om 1
VS - /\min(K* z 2 ZZ mog moz +§Z||ez||2+52||®z”2
- 1 i—1 i=1
<= OuinlK7) = el - ZZ Fiay — 10)" + = Z jo2 (318

At this point, the upper bound of V' should be analyzed. From the Lemma 1 of the bound-
edness of m,,;, this work defines p,,, which satisfies the following equation: Efi"{ mgl < Pm.
Note that the upper bound p,, goes zero when the persistence of excitation is satisfied.

Then, the following equation can be given as

N,
* - 1 ~
V= E —eTC’ e, + ;:1 o m?
N’IYL

N,
<3 Z/\max (C)|les]|? + me =V, (3.19)
=1

From (3.18), (3.19), and Z 0] < ZZ | Po := px, the time derivative of V' can be

yielded as
m m 1
V< 2/{1V—|——Z m— Z (Mo j — Moi) +2p2
i=1 j=1
<—2/<;V—|—ﬂzm:p —|—1p22 (3.20)
= 1 Fl - m 2 .
where Kk, = % Therefore, the upper bound, 4 can be set as
/flpmNm 1 2 _
—_— = < A. 3.21
T tpre =7 (3.21)
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Then, the eq. (3.20) can be simplified as
V < =2,V +7. (3.22)

For any positive constant p, if k; > 2%, then it can be shown that V < 0on V = 2p. Thus,

the inequality (3.22) can be solved as

0< V() < T et vt >0, (3.23)

.
- 251
The eq. (3.23) implies that V(¢) is finally bounded by % Since the size of the compact
set, % depends on the size of 4 and the eigenvalue of C* and K*, the upper bound, 57;—1

can be made arbitrarily small by adjusting the ratio of C* and K*. For detailed analysis,

this work includes the simulation results in the end of this section.

3.2 Controller Design

The aerial manipulators are subject to from inevitable external uncertainties such as ground
effects or winds from other manipulators. To handle this problem, an adaptive sliding mode

controller is designed for each aerial manipulator. The control error is defined as

e..=q —qf, (3.24)

where q; is the actual state and q¢ is the desired state of the i-th aerial manipulator. Then,

the sliding surface variable s; can be written as

S; = qz — q: = éc,i + Aiecﬂ-, (325)

3 11 3
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where 7 = q¢ — Aje.; and A; is a diagonal gain matrix. Based on (3.25), the control input

T; is designed as
T = Did} + Cidl} + G — (K, + 8)si + & + A, (3.26)

where K is a diagonal gain matrix and A, is uncertainty estimated by the ¢-th aerial

manipulator. For simplicity, &; is defined as
Si = C*ez + K*ei € RSXI. (327)
Then, fzf passes through a first-order filter with time constant a. as

atl + ¢ =&, €(0) = €(0). (3.28)

To compensate the skew-symmetricity as described in Remark 1, the auxiliary control

input d; is defined to handle properties in (2.22) as
3, = %J}E}(ﬁo o BT, (3.29)

where H, and i1 include estimated value. The update rule for the uncertainty can be given

as
Ai = —KASZ‘, (330)

where KA a user-defined diagonal matrix.

Lemma 2. Ife;, &, € Lo and q;, 4;,4,9; € Lo, then EZ 1s bounded as follows:

( & < pe (3.31)

where pe is a positive constant.

3 11 3
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Proof. Consider the following compact sets:

A . ,
D, = {(e,-,ei) | |ei|2 + |ei|2 < ,01}

A C e e . .
D, = {(ai, @i, 4, 9) | il + [éul” + [éu]” + [4]* < P2}
where p; and ps are positive constants. From (3.9), &; can be rewritten as
C*é = —K*é&; + D;4; + D;i; + Ci; + Ciq; + G (3.32)

where D;, lL?i, C,, C’z and @1 can be computed by (3.3) and (3.8). The right hand side of
(3.32) can be seen as a function of e;, &;, q;, q; and d;, which are all bounded. Therefore,
we can say that €; is bounded. Since €; and €; are bounded, El is bounded on the compact

set Dl X DQ. ]

Now, this work proves the stability of closed-loop dynamics. For simplicity of procedure,

the following assumption is used.

Assumption 3. The desired trajectory is bounded as

| + Ja!| + [a| + || < .

where p s a positive constant.

Theorem 1. Consider decoupled dynamics of cooperative aerial manipulators in (2.17) with
the parameter estimator (3.6). Then, the sliding surface variable for i-th aerial manipulator,
s; in (3.25), can be made arbitrarily small under the control input ; in (3.26) with the
estimated parameters. If, in addition, the state estimation error goes to zero, i.e., (&;,€;) —

0 or changes very slowly, then s; goes to zero asymptotically.

Proof. Based on (3.26), the closed-loop dynamics is rewritten as

D;s; + Cis; + (K + 6;)s; = quf + @qf +Gi+ ﬁlf + Az‘, (3.33)

3 11 3
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where A, is the uncertainty estimation error. The stability of the closed dynamics in (3.33)
can be achieved by using the following Lyapunov candidate function:

1, - 1 1
Vi = ESzTDiSi + éA?KglAi + §X?Xi, (3.34)

7

where x; = Ef — &;. The time derivative of V¢ can be obtained as

(2

. 1 ... ~ 1 .=

+ ATKA + X% (3.35)

where D; = D; — D; and A; = A, — A,;. From (3.9), we can obtain G, = & — Diqi — C’lqz
Then we can rewrite (3.35) as

Ve =81 [-Cisi — (K, + 8;)s; + Di@ — Dy + Cifl

7

= X ~. 1 7
— City + & — &+ Al +s"Dis; + §SiTDiSi

1 X ~ i3
+ isiTDisi + ATK A+ xExa (3.36)

In this case, since %s;f(f)l —2C;)s; —sTd;s; = 0, from (3.29) and (3.30), we can simplify V¢

as

: 1 :
Ve = —SiTXZ- —8; K8 — aX?Xi - X?fz‘a (3.37)

)

1 .
< =Amin(Ko)llsill” = ~all” + lsillllxll + allll€|

In the derivation, we use the fact that x; := ng —& =X —&. Amin (K) is smallest eigenvalue

of the matrix K. By using Lemma 2 and Young’s inequality, i.e., a’b < [Ja||||b]| < 3||a]*+

3 11 3
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2|b||? for two vectors a and b, the eq. (3.37) is rewritten as

. 1 1 1 1 iy 1
Ve < = Xin (K || 84]” — a||Xz‘||2 + §||3i||2 + §||Xz‘||2 + §||Xz‘||2||5z‘||2 + =

: 2

1 1 1 1 €2 1

< —(Amin(Ks) — DIsill? = (= = 509 Ixll” — 5 (1 — = elxill? + 5

< —(Amin(K5) 2)|I8 | (a 2P§)||X | 2( p; )oe x| t3
1

< —ralxill® = mallsll* + (3.38)

57
2
where Ky = (é — %) > 0 and K3 := (Apin(Ks) — %) > 0. At this point, let us consider

Lyapunov candidate function V5:

1 A 1- ~ 1
Vi = §S¢T(D)isi + §AiTK£1Ai + §X1~TX1'
1 2 IKA & 1 F¢
< 5)\maa:(Dz')||Si||2 + QA 1A]* + §||Xz‘||2 =V (3.39)

From (3.38) and (3.39), the time derivative of V5 is bounded as

. 1
Ve < —ro|lxill* — rallsill® + =

2
A 1
< —BlIxill? = BAmaz(Di)|lsil|* + 3
. . 1
< —2/@‘GC+/@||KA1||||AiI|2+§ (3.40)
where
. K3
0<fB <ming kg, ———— ;.
ﬁ { ? /\ma:c(D>z}
From (3.40) and V5 < V3, (3.40) yields
. _ _ 1
Ve < =28V + BA; + 5
< =28V + v, (3.41)
SEask
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where | Kx'[[[A]* < A; and 5 = BA; + 3.
If § > 55, then it can be shown that V¢ <0 on V¢ = 2p. Therefore, V¢ < 2p represents

an invariant set. Thus, the inequality equation (3.41) implies

0 < V() < =2 + (VE(0) — -1 ) exp=2%, Wt > 0. (3.42)

25 23

This proves the boundedness of sliding surface s;, estimation error of lumped uncertainty A;
and filtered error x;. By adjusting v and /3, the upper bound 7/2f can be made arbitrarily
small. Consequently, sliding surface s; can be made arbitrarily small.

If estimation error goes zero, i.e., (e;,€;) — 0, or changes very slowly, we can say that
flf ~ &, i.e., x; = 0. In this case, the derivative of Lyapunov candidate function V;c in

(3.35) can be rewritten as

As same with (3.15), we can show asymptotic stability of the proposed controller by appli-
cation of Barbalat’s lemma [68]. In this situation, sliding surface s; goes zero asymptotically.
It also means that (e.;, é.;) — 0 asymptotically.

In addition, we can say that §; is bounded by the derivative of the error dynamics in
(3.33) and the assumption 3. It also means that ¢©® is also bounded, which is relaxation of

Lemma 1. O

For the total number of aerial manipulators as same with (3.10), new Lyapunov function

is defined as

Nm
Vi=> v (3.44)
=1
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From the fact that
. Nm .
Vi=Y Ve <o, (3.45)
i=1

Theorem 1 can be applied for the whole system.

3.3 Simulation Results

In order to verify the performance of the proposed estimator and controller, this work
presents simulation results of two aerial manipulators. The simulation includes the fol-
lowing resutls: (i) the effect of the noise and x; and (i7) the comparison results between
the proposed controller and conventional passivity-based adaptive control with parameter
estimation appeared in [56].

In simulation, the parameters are set as m; = 1.1 kg, mass of each link of the robotic
arm as 0.1 kg and the length of each link as 0.2 m. The moment of inertia of the aerial
robot is taken from [58] as [,=diag[0.013;0.013;0.021]. The mass of an unknown payload
is set as 1.5 kg and the length of the object is 0.8 m.

Gains for the estimator are set as I'y = 0.8, I'y; = 20.0 in (3.8). The gains for the

proposed controller law are set as

K, = diag[2.0,2.0,2.0,2.0,2.0,2.0,0.5,0.8] in (3.26)
A; = diag[1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0] in (3.25)

Ka = diag[0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5] in (3.26).

In the conventional adaptive controller, the gains are set as same with the proposed con-

troller. However, the update rate is set as 'y = 0.1 because the larger update rate is set,
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Figure 3.2: Simulation environments

the higher oscillations occur. The desired trajectory for the common object is

ql = [l sin(1 ), 2 cos(lt), 1 cos(lt)] '

3.46
2 10 775 10 7 2 10 ( )

For simplicity, in this simulation in Fig. 3.2, the conventional inverse kinematics and
kinemactic coordinations are applied to generate the trajectory of each aerial manipulator
as appeared in [7,25].

To analyze the effects of noise and the size of the compact set % in (3.23), this work
performs Monte Carlo simulations consisting of 100 sample runs. Table 3.1 shows the root-
mean-square (RMS) performance with respect to the noise level. In this table, noise level

means the value of standard deviations of Gaussian noise which is applied to q; and 0.1

i . H k: 1_'_” (&)



for q;. From this table, this work can conclude that the size of compact set % increases
as the measurement noise increases. Table 3.2 shows the RMS performance with respect to
the k1. From this table, this work also conclude that the size of compact set 57;—1 decreases
as the value of x; increase.

To analyze the performance of the proposed method compared with the conventional
direct adaptive control, Monte Carlo simulations was performed with 100 sample runs.
Table 3.3 shows the RMS performance with respect to the noise level. As appeared in this
table, the proposed method shows more precise estimation results compared with the direct
adaptive method. Fig. 3.3 presents the estimation results of a first trial by the proposed
method and conventional passivity-based adaptive controller. In Fig. 3.3, the solid line
means the estimation of the first aerial manipulator and dash-dotted line is the results by
the second aerial manipulator. From this figure, the proposed estimator shows more clear
and faster convergence rate. Thanks to the consensus rule, the difference of parameter
estimation is almost zero, while the conventional method shows relatively larger estimation
error between two aerial manipulators.

Fig. 3.4 shows the tracking errors of Fig. 3.3 between the actual state and the desired
state. In this figure, the tracking performance of the conventional passivity-based adaptive
controller shows worse performance than the proposed method. This is mainly because
the oscillated estimation results by the conventional method affect the tracking errors,

especially in the direction of altitude (i.e., z,).

Table 3.1: The RMS performance for the estimation with respect to the change of the noise
level

Noise level | K1 || Mo1 [kg] | o2 [kg] | € [m] | e, [m] | e, [m]
0.10 4.75 || 0.0027 0.0028 | 0.0270 | 0.0546 | 0.0083
0.25 4.75 || 0.0102 0.0108 | 0.0610 | 0.1260 | 0.0230
0.50 4.75 0.0335 0.0450 | 0.1665 | 0.4299 | 0.1048
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Estimation results by the proposed method

Estimation results by the conventional method

0 ‘
0 4 8
times(s)

Figure 3.3: Comparison results of the parameter estimation. (Blue line: by the proposed method,
Red line: by the conventional method)

Proposed — - - Conventional
0.15 T
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-0.15 :
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-0.025 :

times (s)

Figure 3.4: Tracking error of the common object.(Blue line: by the proposed method, Red line:
by the conventional method)
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Table 3.2: The RMS performance for the estimation with respect to the change of x4

Noise level | k1 || Mo [kg] | Moz [kg] | €2 [m] | e, [m] | e, [m]
0.50 1.75 0.0348 0.0484 | 0.2723 | 0.9145 | 0.1162
0.50 4.75 0.0335 0.0450 | 0.1665 | 0.4299 | 0.1048

0.50 14.75 || 0.0334 0.0356 | 0.1153 | 0.2135 | 0.0619

Table 3.3: Comparison results of the RMS performance

Noise level Method Mo [kg] | Moo [kg] | |M01 — Mosl| [kg]
0.10 Proposed method 0.0027 0.0028 0.0018
0.10 Direct adaptive control || 0.1465 0.1207 0.0313
0.25 Proposed method 0.0102 0.0108 0.0050
0.25 Direct adaptive control 0.6319 0.6176 0.0972
0.50 Proposed method 0.0335 0.0450 0.0238
0.50 Direct adaptive control 9.8300 9.9466 0.6615
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Path Planning

In this section, the desired path generation for cooperative aerial manipulators is addressed.
First, the allowable payload is investigated for safe aerial manipulation to consider the
maximum thrust of aerial robots. Second, based on the kinematics of the common object
and the end-effectors, the desired trajectory of each aerial manipulator is generated by

using kinematic coordination and the predefined allowable flight envelope.

4.1 Allowable Payload for Each Aerial Manipulator

Here, this disseration analyzes the capability of the aerial manipulator with multi-DOF
arm with respect to the position of the end-effector. Unlike the preliminary reseach in [14],
this work considers an allowable payload of the aerial manipulator regardless of the DOF of
robotic arm. For this, the aerial robot and unknown payload are considered first, in which
the torque generated by the robotic arm will be combined later.

In order to operate the hexacopter, the control input 73,; in body frame J;; from first

to sixth elements (i.e., 7,(1 : 6)) should be converted into the actuation command from
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Figure 4.1: Configuration of an aerial manipulator.

(2.9) as
’Tbﬂ'(l : 6) = Mofi- (41)

Recalling that f; = [f1, ..., fg] is the force of the each motor and f; = k;Q? with the thrust
coefficient ky and the desired speed of the rotor €2;. M, is the motor mapping matrix.
In our configuration, since the robotic arm swings with respect to the y axis in X,

the lager torque can be applied to motor 1 or 6 as shown in Fig. 4.1. Therefore, when

max

s 1s acting on the end-

the gravitational force due to the maximum allowable payload m
effector, the motor command can be calculated as

k2

1,max

= M, (1, )Ty, (4.2)

where M,1(1,:) is the first row vector of M,!. By using (4.1), the desired speed of motor 1

can be expressed with the mass of a payload (m2%*) and the length between 3, and 3 ;

0,1

46

;H "‘._; 1_'_” 'aj}

n’



in = direction (zf) as

6 T
(19 + M2 gag) + -2, (4.3)

Ta 2 \/§ Ta Cm

6k:fQ2 =(myp + mglfx)g + 7o +

1,max

where ¢,, is the ratio between the thrust and drag coefficient, g is the gravitational constant
and 7, is the arm length of the hexacopter (i.e., r, = 0.2 m in our configuration). 2 .y is
set to 9,200, because the possible range of revolutions per minute (RPM) of the motor is
from 1,200 to 9,200. In addition, if the attitude error of the aerial manipulator is bounded

by the maximum roll torque, the following equation is satisfied:

|K¢(€¢ + A¢e¢)| S K¢(¢max + A(bgbmax) = T¢max7 (44)

where K, and A, are user-defined gains in the ¢ direction. 75, and 7, can be expressed

similarly. Here, ¢max = 5 deg and dmax = 14 deg /s are set. Finally, eq. (4.3) can be rewritten
as
9 6 r

mgnfxz T6k Q max—m — T — — Tmax — Tbmax Ta"’ :L,C ) 45
2 = POk e = 709) = e = i~ Tome| fr + 1] (1)

m

From the user-defined gains used in the experiments, i.e., K, = 1.0 and Ay = 3.2, the

maximum allowable payload can be calculated by (4.5). Because eq. (4.5) does not consider

max

the disturbances or efficiency of electric motor, 20 % additional margin on mg}

are given.
As a result, the maximum allowable payload can vary from 0.16 kg to 0.36 kg with respect
to the relative position of the object as shown in Fig. 4.2.

However, the above result in Fig. 4.2 does not consider the effect of the robotic arm.
Since the torque generated due to the movement of the robotic arm can reduce the allowable
payload, this torque should be compensated to obtain the allowable payload for the aerial

manipulator. If the torque generated by the robotic arm without a payload is 74y, Which

is applied in the pitch direction of the hexacopter, then the maximum payload with this
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Figure 4.2: Allowable payload with respect to the relative position of an object.

effect can be computed from (4.5) as

max __ act 6 | Tm‘m,& |

my; = 0,1 c
’ 2\/59(711 + |zg])

(4.6)

where mgff is the actual allowable payload of the hexacopter. For example, if the arm is in
the straight forward position (i.e., z§ = 0.25 m) and 74,0 = 0.184 Nm, the virtual payload
due to the robotic arm is about 0.096 kg. So, the final allowable payload range varies from
0.096 kg to 0.36 kg for each aerial manipulator. Based on (4.6), the unilateral constraints
can be determined by the total mass that is computed by adding the virtual mass due to

the robotic arm to the estimated mass.
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4.2 Trajectory Generation with Unilateral Constraints

This section addresses the trajectory generation of each aerial manipulator with unilateral

constraints by the allowable flight envelope.

4.2.1 End-effector Trajectory Generation

The trajectory generation for each aerial manipulator consists of two layers : 1) kinematic
coordination to generate the trajectory of each end-effector and 2) motion generation with
task priority solution. In the first layer, the desired trajectory of each end-effector are
computed (i.e., p¢;) from the desired trajectory of the object (i.e, qf; = [pZ, ®¢]). From
the rigid grasp assumption, it is known that the relative distance from 3, and X ;, which
this work denotes as r;, is constant. Then, the desired trajectory of the each end-effector

can be computed as

pg,i = p?+ Ry(®)r;

Pl = P) + S(wo)r;, (4.7)
where R, transforms a vector from frame 3, to frame ;.

4.2.2 Inverse Kinematics with Null Space Approach

Before describing the task priority solution, this work first addresses the trajectory genera-
tion based on conventional inverse kinematics [54,69]. In this section, a trajectory generation
based on inverse kinematics are applied to the aerial manipulator. To restrict the movement
of the robotic arm, null space approach is used. Finally, by showing simple experimental
result with a aerial manipulator, this work will address the issue of inverse kinematics with
null space approach.

A main task of inverse kinematics is to generate the trajectory in joint space q; by using

the position of the end-effector. To do so, this work considers the kinematic relationship
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between the end-effector and the aerial robot. The position of the end-effector (i.e, p.;) can
be obtained by using the Cartesian position of the hexacopter (i.e., py;) and the position
of the end-effector with respect to Xp; (i.e., pgl) The kinematic equation between p.; and

Py can be written as

Pei = P + Ryl (4.8)

where R;; transforms a vector from frame X, to frame X, p’e’l = Jpmn;, and J, is the
Jacobian matrix. In addition, to control the attitude of the object, the orientation of each
end-effector should be considered. Finally, a forward kinematic solution can be established

between p.; and q; as

pe,i = [3><3 _(Rbysz7Z)AJq>z Rbﬂ"’ﬁ ] qZ

= Jol; + B((I)i)(i)i (4.9)
where Jg, converts &, into the angular velocity in b, and A is the operator that converts

a vector into a skew-symmetric matrix. From the definition &; = [p},,n/]" € R®, finally,

the augmented desired position of the end-effector (i.e., p{) is calculated as

p? = pg,i + R(Pg,i — Peji) — B((I)z)q)z (4.10)

where pg,i is the desired state of p.;, k > 0 is a diagonal gain matrix. To obtain v/¢, inverse

kinematics are used for redundant manipulators as
o = J o + Pa,, (4.11)

where v{ is the desired state of v, J;i =TJL(J,LJL) ™, and T € RP is a weight matrix
and ¢, is the homogeneous solution of J.;Pq, = 0, where P = (I — Jg,iJeyi) is a projector

in the null space of J ;.
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In (4.11) to restrict the motion of the robotic arm, the internal motion, (I — J;Z-Jw-)qo

can be addressed as follows:

4o = Ho(al(,;i’:i>>T, (4.12)

where k, > 0 is a constant and D(q.) is a secondary objective function of joint variables

defined as

L k) —mG)
Dw)=-5-=> (vi(j)M—ui(j)m) , (4.13)

where v;(j) is j th element of the vector v;. v;(5)* and v;(j)™ denote the maximum and
minimum joint limit respectively. 7;(j) = (:(5)™ +v4;(j)™)/2. If we maximize this distance
function, redundancy can be exploited to keep the joint variables near ;(j). In this paper,
vi(j)M and v;(j)™ are determined automatically based on the allowable flight region by
saving the contour information of Fig. 4.3. This figure is calculated based on almost same
procedure in (4.5), but the figure is represented with respect to angles of 2-DOF robotic
arm. From this figure, if the estimated mass is 0.7 kg, the process for obtaining v;(j)™

and v;(j)™ can be shown in Fig. 4.4. In the contour map, the purple region means the

unreachable area due to the arm configuration of the robotic arm.

51 ¥ -I_



Figure 4.3: The maximum allowable payload according to the arm joint angles. 7; : the joint
angle of the link 1.

52



Unreachable
Area

0.5

nZ,cur_

0
-1.5 T, max -1 -0.5 0

7, (rad)

Figure 4.4: Process for computing v;(5)* and v;(j)™ (Red line : selected flight envelope, i, maz
: maximum joint angle of link ¢, and 7; c,,» : measured joint angle of link 7).
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Figure 4.5: Flight with or without return.

In order to validate the aforementioned approach, this work considers the situation when
the aerial manipulator delivers a payload to the shelf as shown in Fig. 4.5. To achieve this
task, it is desirable to have its arm in almost straight-forward position to avoid the collision
with the shelf by adjusting I" in (4.11). However, when carrying a heavy payload, the aerial
robot may collide with the shelf as shown in Fig. 4.5 because of actuation limits. To resolve
this problem, this work makes the aerial manipulator come back to the base when the joint
angle exceeds the limit as marked with the dotted circle in Fig. 4.6. During the delivery,
the aerial manipulator automatically recognizes the potential failure of delivering mission
in the phase @) and returns to the base in phase 3). By using our proposed method, the
aerial manipulator can return safely to the base.

Despite the satisfactory result, this method is only applicable for the aerial manipulator
with 2-DOF robotic arm. It is mainly because the flight envelope with respect to the angle of
the robotic arm in Fig. 4.3 is hard to obtain for the robotic arm with higher DOF. To apply
the safe transportation method to the robotic arm with higher DOF, unilateral constraints
can be a simpler method. In addition, the null space approach does not guarantee that
the inequality constraints are always satisfied. Although an aerial manipulator is safe by
returning from the mission as shown in Fig. 4.5, the inequality constraints should be satisfied
in any circumstances for higher safety for aerial transportation. For these two reasons, this
work uses the task priority solution with unilateral constraints, not using the conventional

inverse kinematics with the null space approach.
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Figure 4.6: Transportation and recovery flight ((D: estimation phase, @): delivery, (3): return to
base after mission failure) .
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Figure 4.7: Multiple factors for safe aerial transportation. (Task 1: trajectory for transportation,
Task 2: unilateral constraints due to the allowable flight envelope, Task 3: unilateral constraints
on z axis for the propeller protection.)

4.2.3 Task Prioritization with Unilateral Constraints

The objective of the task priority is to generate the desired trajectory of each aerial ma-
nipulator (i.e., q¢) and to track the desired trajectory of the end-effector (i.e., pg,i). The
end-effector of each aerial manipulator should remain in allowable region as shown in Fig.
4.2, while following the desired trajectory of the object. To achieve this goal, task priority
solution are used, which composes of three types of task as shown in Fig. 4.7.

As same with the previous result with inverse kinematics in (4.11), the first priority task
is the trajectory generation task for v; ;. However, in the task priority solution, this work
additionally considers that the pitch angle of the object and the pitch of the end-effector
should be aligned in the rigid payload, so 7,1 + 1;2 = 0, are set. Therefore, following
the result of [69], this work defines a new task variable for the i-th aerial manipulator

as Yy = [Pes;cos(mi1 + mi2)]" in (2.27). Finally, a forward kinematic solution can be
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Figure 4.8: Structure for the augmented desired position of the end-effector

established between 4, and q; as

;Yz,l = 2
O1><3 O1><3 Js
. B(®) | .
= ,I‘i,lyi,l + (I)Z (414)
01x3

where Jg = [—sin(n;1 + 1i2), —sin(n;1 + 1i2)], Je, converts &, into the angular velocity in
2., and A is the operator that converts a vector into a skew-symmetric matrix. Finally,

the augmented desired position of the end-effector (i.e., 7; 1) is calculated as

: ca,d a,d a B((PZ) ¥
Yi1 =Yiqp + “('Ym - 'Yi,l) - D, (4.15)
01x3

where 'y;f ’1d is the desired state of v{;, k > 0 is a diagonal gain matrix (See Fig. 4.8). To

obtain v; ;, inverse kinematics are used for redundant manipulators [69] as
v = le')’zl (4.16)

However, the solution in (4.16) cannot guarantee the safe aerial transportation. To
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satisfy the unilateral constraint, task priority solution are used as described in [70]. Based
on the allowable flight envelope, the end-effector should not violate the unilateral constraints
Z.,; which can vary depending on the estimated mass. The second task can be obtained

based on (2.27) and (4.16) as
Vio =V + hl(ﬂ,zﬂﬁy("ﬁz —Tiov;1) (4.17)

Here, T;, is the transformation matrix of the second task and Pﬁ = Iyy5 — 7?,1Tz‘,1~ In
(4.17), the discontinuity near boundary of Z.,; can be occur, which may cause degradation
of tracking performance (See more detail in [70,71]). To resolve this problem, the smooth ac-
tivation function in hy are used. The smooth activation function about boundary condition

can be defined as

0 Te < Ze — by
hiq g(f=gtte) 7, —b, <w < T (4.18)
1 Te < T,

where b, is a deactivation buffer and g(a) = 6a® — 15a* + 10a® is a quintic polynomial
function which satisfies g(0) = 0 and ¢(1) = 1.

If the end-effector exceeds the z axis limit (i.e., Z. ), the collision between the end-effector
and propellers can be occurred. For this reason, the third task considers the unilateral
constraints on the z axis of the end-effector. Following the same process as (4.17), ©; 3 can

be computed as
Uiz =V + hz(Ti,:aPi,Az)T(’%,?, — T30 0), (4.19)

where T} 5 is the Jacobian matrix of the third task and P/ = P/} —(T; 2P/})'T; 2 P/}. The ac-

tivation function hy can be computed same as (4.18). Finally, using 2; 3, q¢ is reconstructed
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as

ql = [vi3(1:3), da, 0a,Va, viz(4:5))". (4.20)

In the rigid grasp, yaw angles of object and aerial manipulators are aligned also, i.e.,
; = 1, 50 14 is set to be same with the desired yaw angle of the object.

Note that if the second or third task is near singularity, the damped solution can deform
the original task such as v; ;. To resolve issue, the reverse priority approach can be applied
[64]. However, in our configuration, since h; and hy are set to be zero near the corresponding
singularity of the robotic arm, the task deformation does not affect the transportation
performance. Therefore, although this work uses standard task priority solution in [63],

there will be no deformation of the high priority task.
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Obstacle Avoidance in Unknown

Environments

In this section, obstacle detection and avoidance algorithm for cooperative aerial manip-
ulators are described. For obstacle detection, this work uses RGB-D camera. To avoid an

unknown obstacle, DMPs are employed for cooperative robots.

5.1 Obstacle Detection

In this work, an RGB-D camera is used to detect an unknown obstacle. This work uses
Intel RealSense RGB-D camera. The detailed information for RGB-D cameras is described
in table 5.1. From the research in [72], it is known that Intel RealSense camera is very light
but noisier. This camera has more missing values than other RGB-D cameras. Nevertheless,
since aerial robots do not have enough capability for carrying a heavy camera, RealSense
camera is a appropriate solution for obstacle avoidance of aerial robots. For noise in depth
measurement, to overcome this problem, this work uses voxel-grid filter and statistical filter

from Point Cloud Library (PCL) as described in [52].
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(a) Color image
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(b) Depth image aligned to the color image

Figure 5.1: Images from RGB-D camera.
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(a) 3D reconstruction without the outlier removal filters

(b) 3D reconstruction with the outlier removal filters

Figure 5.2: Outlier rejection by using voxel-grid and statistical filters. (Red circle means the
outliers.)
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Table 5.1: List of RGB-D Camera

Realsense Xtion Kinect V2
Weight (kg) 0.03 0.23 2.0
power 2.5W USB 2.5W USB 115W

depth resolution | 640x480 (60 fps) | 640x480 (30 fps) | 512x424 (30 fps)
color resolution | 1920x1080 (30 fps) | 640x480 (30 fps) | 1920x1080 (30 fps)
price (3) 99 Not for sale 99

A voxel grid represents a set of tiny 3D boxes in space. By using a voxel grid, the point
clouds can be downsampled with a grid size of 5 mm to speed up the computations. To
remove the outliers of the depth measurement completely, this work uses the statistical
filter which computes the mean distance of specific point with all neighbors. By assuming
that the distribution is Gaussian with a mean and a standard deviation, all points whose
mean distances are outside an interval defined by the global distances mean and standard
deviation can be treated as outliers and trimmed from the true data.

The results are shown in Fig. 5.1 and Fig. 5.2. Fig. 5.1 shows images obtained from
RealSense RGB-D camera. In order to reconstruct 3D point cloud from depth measurement,
this work uses depth data aligned to the color image. So, in order to reconstruct 3D point
cloud, intrinsic parameters of the camera is used. Fig. 5.2 presents the comparison results
with or without the outlier removal filter. In this figure, the blue rod means the coordinate
with respect to the camera. From these figures, this work can conclude that outliers of depth
measurement are completely removed. Finally, the aerial manipulator detects an unknown
obstacle in reconstructed 3D point cloud based on the relative distance from the camera

and an unknown obstacle.
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5.2 Movement Primitives for Cooperative Aerial Manipu-

lators

In this section, DMPs for cooperative aerial manipulators are developed to avoid an un-
known obstacle during transportation. Before doing so, DMPs will learn the predefined
trajectory of each end-effector generated by the kinematic coordination.

If two drones avoid each other in z direction, for example, the flight performance can be
worse because of downwash from other aerial robots. For this reasons, in this dissertation,
two dimensional spaces in horizontal plane are considered simply as x; = [xe,i,yevi]T for
the i-th aerial manipulator. Here z.; and y.,; are the position of the end-effector in z
and y direction, respectively. Although this work uses two dimensional space for obstacle
avoidance, the proposed algorithms can be easily extended for avoiding a vertically long
obstacle or more generalized obstacle such as other drone or moving birds.

To maintain the distance between two robots, this work uses the leader-follower struc-
ture for cooperative DMPs,; which is commonly used in multiple mobile robots [8,49]. In
aerial robots, the oscillated actual states can cause performance degradation of formation
rigidity when all robots want to maintain their desired distance. To handle this problem, we
employ the leader-follower structure for cooperative aerial manipulators to avoid oscillated
desired trajectory.

Finally, the equation for cooperative DMPs can be written as

vi =Ki(gi — Xi) — Bivi + Kifi(a;) + (1 — (ri)di(x) + (ripi(Xc, 0) (5.1)
Xi =V;
(jéi = — YQy,

where 0 is x — y position of the unknown obstacle in ¥X; detected by RGB-D camera and
3D point cloud, g; is goal position of each end-effector and (y; is the relation parameter

between leader and follower. This means that the leader avoids the unknown obstacle and
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the follower maintains the rigidity constraint with the leader. For example, if an obstacle
is nearby the agent No. 1, then the relation parameters are set as (y; = 1 and (52 = 0.
The opposite applies as well. If cooperative aerial manipulators finish avoiding an unknown
obstacle, the parameters are set as (y; = 1 for all aerial robots. In this case, all robots follow
their own desired trajectory only, because ¢;(x.,0) ~ 0 when away from the unknown

obstacle. In eq. (5.1), the forcing vector f; for the i-th aerial manipulator can be defined as

e W) wy

fi Q;) =
( ) ]kv;u1 \Pk(az)

, (5.2)

with wy, € R**! is the weight of the k-th basis function.

From the initial phase to final phase, the weight matrix is obtained as W, = [wy, ..., wy, |7 €

RM»*2 ysing a least-square sense applying [49]. By discretizing the desired trajectory of each
end-effector, the phase variable for i-th aerial manipulator (i.e., ;) can be calculated.

In the rigid grasp assumption, if multiple robots did not maintain the distance between
robots, higher internal forces could be applied to the objects [50]. In addition, if the follower
robot follows its own desired trajectory with rigidity constraint, the leader could not avoid
unknown obstacle because of repulsive force generated by the follower. This situation will
be shown in the experimental results in section 5. To resolve this problem, this work will
use simple gradient solution for computational simplicity. To do so, we define the following

cost function
a 1 2
Vi G xi) = 5 (1 = x| = diy) (5.3)

where x; and x; are the horizontal state of the leader and the i-th follower, respectively.

d;r is the desired distance between the leader and the follower aerial robots. Then, we can
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compute d; for the i — th follower robots by the negative gradient solution as

A%
dZ<X) = — zlfa—xzf
X — X;
= — a— X _Xi _d 9 54
lfHXl _XzH(H l H lf) ( )

where 4} is the rigidity gain matrix.

In DMPs for moving obstacle avoidance as presented in [48,49], the end-effectors are
considered as a point-mass model. However, since aerial manipulator has propellers that
can be easily broken in crash, it is important to take the size of aerial robots and object

into account. To do so, the size of the boundary r, is defined first as
rs = ||ri|| + koda, (5.5)

where ||r;|| is the radius of common object, d, is the size of aerial manipulator and k, is
the safety margin parameter. In general, since it is difficult to estimate the size of unknown
flying obstacles, k, is set to be larger than 1. Using this value r,, we define the potential

function between center point of multiple aerial manipulators and the unknown object as

B it < ke —of < 2n

U(x.,0) = lxc — o : (5.6)
0, otherwise

When r; = 1, the potential function can be shown as Fig. 5.3. By the negative gradient for

U(X¢, 0), we obtain ¢(X.,0) as

oU (x.,
Pl 0) = 0] 5.7
HXT’%OHS(XC_O% if’f’s S ||XC—O|| SQTS
0, otherwise
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Figure 5.3: Potential Function considering size of robots.
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By DMPs  Imaginary Boundary

Virtual Leader

Trajectory of Unknown Obstacle

Center Point
Virtual Follower

Initial Desired Trajectory
Negative Gradients of the end effector

Rigidity
Maintenance

Figure 5.4: Virtual leader and follower structure to avoid unknown obstacles.

Finally, since the attracting systems (5.1) are modified by d; and ¢(x.,0), we should
investigate the equilibria of the attracting system. In general, the unknown obstacle moves
away from the leader as time goes infinity, i.e., ¢p(X.,0) & 0. The leader will converge to the
target position as same with [48]. Then, the follower also converges to the target position
since the follower modifies the trajectory only using d;, not using ¢(x., 0).

Using d; and ¢(x.,0), cooperative aerial manipulators avoid the unknown obstacle
considering the size of object and robots using the proposed DMPs as shown in Fig. 5.4.
The leader robot computes repulsive force between the imaginary boundary of the unknown
obstacle (rs) and center point x.. Then, the follower maintains the distance of the leader
by receiving the modified trajectory of the leader. With the proposed algorithm, finally,
the aerial manipulators avoid the unknown obstacle.

Simulation results for two and three agents are shown in Fig. 5.5-5.6. The blue, red,
and green dashed line mean the previously planned trajectory and the blue, red, and green

solid line mean the modified trajectory by DMPs to avoid unknown obstacles. As shown
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Figure 5.5: Leader-Follower relation for cooperative manipulators (No of agents: 2).

in these figures, this work can conclude that agents can avoid unknown obstacle effectively

by adjusting the leader-follower relations.
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Experimental Validation and Results

In this section, the experimental results are described with two custom-made aerial manip-
ulators to carry an unknown payload. In the experiment, each aerial manipulator consists
of a hexacopter and a 2-DOF arm. Two experimental results with two different types of
payloads suggest that the proposed approach can be utilized for safe cooperative aerial

transportation.

6.1 Simulation Validation for Moving Obstacle

Before validating the proposed method through experiments, simulation results are shown
to analyze the effect of moving obstacles. Fig. 6.1 shows snapshot of the simulation during
10 seconds. Two aerial manipulator sytstems (AMS) are used. Here, the cyan and magenta
solid line means the travelled trajectory of unknown obstacles. Fig. 6.2 presents position
and attitude histories of the end-effector and the origin of the object. Fig. 6.3 addresses
the estimated mass during flights. From the simulation results in Fig. 6.1-6.3, the proposed
algorithm shows satisfactory tracking and estimation performance while transporting an

unknown payload in unknown environments with moving obstacles.
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Figure 6.1: Snapshot of the simulation during 10 seconds. Two aerial manipulator sytstems (AMS)
are used.
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Figure 6.2: Position and attitude histories of the end-effector (a) and the object (b).
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Figure 6.3: Estimated mass.

6.2 Experimental Setup

The platforms used in this dissertation are the Ascending Technologies Firefly hexacopters
and each equipped with the 2 DOF robotic arm and RealSense RGB-D camera that provides
640 x 480 depth images. The robotic arms are customized with Dynamixel servomotors.
The total length of each arm is 0.25 meter (i.e., [; = Iy = 0.125). The total weight of the
robotic arm is about 300 gram including the gripper before picking up the payload. The
unknown payloads used in the experiment are a wooden rod of ‘I’ shape (1.8 meter, 280
gram) and a wooden rod of ‘L’ shape(0.9 meter for each side, 350 gram).

For the experiment, we use Vicon, an indoor GPS system, which measures the posi-
tion information with 100 Hz as shown in Fig. 6.4. The implementation of the obstacle
detection and the computation of the control inputs has been performed using Robot Op-
erating Systems (ROS) [73], OpenCV and PCL. The OpenCV and PCL library include all
the necessary functions for the image processing and point cloud, whereas ROS simplifies
communication and synchronization issues that appear when working with multiple robots.

The depth reprojection and cooperative control calculation execute in a loop 50 Hz using
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Figure 6.4: Experimental setup.
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Figure 6.5: Joule compute module [10].

an Intel Joule PC equipped with an Intel Atom T5700 of four cores and 4 GB of RAM (see
Fig. 6.5). In this experiment, to reduce the computational load for depth processing, depth
images are downsampled as 160 x 120. The desired trajectory of the aerial manipulator
and actual states of hexacopters with respect to the inertial frame are transmitted to the
hexacopter with Wifi. The proposed estimator and controller run at 1 kHz in the HL (High
Level) processor of the hexacopters. The data between PC and HL processor are transmit-
ted by serial communication. Note that communication delay between multiple robots or
packet drop has not been considered in this experiment. The more details about time delay
of networked robots can be found in [33].

The gain matrices are set as

K, = diag[9.5,9.5,5.5,1.0,1.0,1.0,0.5,0.5]
A; = diag[0.35,0.35,4.0,3.2,3.2,3.2,1.0, 1.0]

Ka = diag[2.0,2.0,3.0,0.5,0.5,0.5, 0.0, 0.0]

For the parameter update, we set I'y = 0.05 x Igyxg, I's = 0.05 X Igyg, C* = 10 x Igxg and
K* = 20 x Igxg. The deactivation buffer is set to be b, = 0.05 m. In addition for simplicity,
we have assumed that translational and angular velocities are small, which means that their
product is negligible, i.e., C'(q;, ¢;)q; ~ 0.

For the desired trajectory, since the behavior of the end-effector of the aerial manipulator

is highly affected by the attitude of the hexacopter, the desired trajectory can be oscillated
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due to disturbances, which causes the performance degradation. To prevent this problem,
we performed smoothing by applying the low-pass filter to the generated task solution v 3

as appeared in (4.19).

6.3 Experiment for Cooperative Aerial Transportation

In this section, the results of autonomous transportation of two payloads are shown. This
work performs two experiment: 1) path following with two types of payload and 2) aerial
transportation in unknown environments. Through the experiments, this work validates
the performance of the proposed algorithm on custom-made aerial manipulators with two

types of unknown payloads.

6.3.1 Path Following with Two Types of Payloads

For the first experiment, cooperative aerial manipulators carry two type of wooden rods
(i.e., ‘L’ shape and ‘I’ shape). For the rod of ‘L.’ shape, cooperative aerial manipulators follow
a straight line for the payload, while the rod of ‘I’ shape follows the circular trajectory.

The wooden rod of ‘L’ shape is carried by cooperative aerial manipulators. Fig. 6.6
shows the picture taken during the experiment. When cooperative aerial manipulators take
off with the payload before tracking the straight line, they cannot determine the allowable
flight region because they do not know the mass of the payload. For this reason, at first,
they estimate the unknown mass in hover flight during the first 25 seconds. Then, they
follow the desired trajectory of the end-effector during the next 25 seconds. Fig. 6.7 shows
the time histories of q,. In this figure, the red line is the desired trajectory for the payload
and blue line means the actual states. As demonstrated in our experiment, the proposed
algorithm shows satisfactory tracking performance when handling an unknown payload.
The parameter estimation results are shown in Fig. 6.8. By exploiting consensus algorithm,
the parameter estimation error between each robot decreases as time goes by.

Fig. 6.9 shows the picture taken during the experiment for the rod of ‘I’ shape. Co-
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operative aerial manipulators estimate the unknown mass in hover flight during the first
25 seconds. Then, they follow the circular trajectory for the payload during the next 37
seconds. Fig. 6.10a shows the time histories of q, for ‘I’-shape payload. The RMS (Root
Mean Square) errors in x,, y, and z, directions are described in table 6.1. Fig. 6.10b shows
parameter estimation results with or with consensus algorithm. From these figures, this
work prove that our proposed algorithm with consensus shows more satisfactory estima-
tion results, while the estimation result without consensus has a clear error for the mass of
the unknown common payload. In addition, since the consensus algorithm makes the es-
timation result of two manipulators identical, two aerial manipulators can share the same

flight envelope, which results in the synchronized the motion of the robotic arms.

Table 6.1: The RMS errors of the ‘I’ type payload for circular trajectory tracking

Zo Yo 2o

[m] | 0.1475 | 0.2448 | 0.01917

6.3.2 Aerial Transportations in Unknown Environments

For the second experiment, cooperative aerial manipulators transport the wooden rod of
‘I’ shape in unknown environments. In the environments, there is one obstacle near the
desired path of an aerial manipulator as shown in Fig. 1.4.

In order to illustrate the performance in more detail, we prepare flight scenarios to
transport the object. The desired trajectory of the object is set to be:

(cos(Z5t) — 1) 0.45 |

d _
po—[O.lxt 30

N

q>§=[o 25 sin( Lt) — 25 o], (6.1)

where the unit of ®¢ is degree. In this experiment, we focus on the tracking performance

of the proposed method while avoiding an unknown obstacle. To do so, this work shows

78

3 y 1 |
"':I'H-_E _'H.I.-_ ] |I ;-



(a) Estimation phase (t = 20 s)

(b) Transporting an object (t = 50 s)

Figure 6.6: Pictures taken from the experiment for cooperative aerial transportation (‘L’ shape).
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(a) Estimation phase (t = 20 s)

(b) Transporting an object (t = 50 s)

Figure 6.9: Pictures taken from the experiment for cooperative aerial transportation (‘I’ shape).
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the results in two aspects: 1) trajectory tracking performance in the task and joint spaces
and 2) the tracking error with or with rigidity maintenance algorithm by DMPs. First, for
the tracking performance, this dissertation shows estimation results and the time histories
of the desired and actual states. Second, the tracking performance with or with rigidity
maintenance is compared. If not handling the rigidity between robots, the internal stability
may cause a problem during avoiding an obstacle. Therefore, this work considers that the
avoidance algorithm with or without the maintenance. In the case of ‘without rigidity
maintenance’, the follower robot just tracks the original trajectory because the follower
does not know the actual states of the leader robot.

Fig. 6.11 shows pictures taken during the flight experiment. As same with the previous
experiments in Figs. 6.6 and 6.9, the cooperative aerial manipulators first estimate the
physical properties of the payload and transport the payload. Fig. 6.12 shows time histories
of q,. In this figure, the red dashed line means the desired state and blue line means the
actual state of the cooperative robots. The RMS errors of the payload during trajectory
tracking are appeared in table 6.2.

Table 6.2: The RMS errors for the payload tracking performance

Ty yo Zo wo
[m, °] | 0.1292 | 0.0902 | 0.0118 | 3.5383

Fig. 6.13 shows the results of parameter estimation. In this figure, the red dashed line
means the unknown mass of the payload, the blue line means the parameter estimated by
the first aerial manipulator and blue dashed line means the parameter estimated by the
second aerial manipulator. Recalling that the true mass of the payload is 0.25 kg, the esti-
mated parameter converged to the true value satisfactorily without using any force/torque
sensors. In addition, exploiting the consensus rule, the difference between two estimated
parameters also converges to zero almost.

Fig. 6.14 represents the relative distance with respect to the base frame Y, ; and time
histories of the common payload while avoiding an unknown obstacle. Fig. 6.15 shows
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(a) Flight with the proposed method
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Figure 6.17: Configuration of the cooperative aerial manipulators while avoiding an obstacle.
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Table 6.3: The RMS errors with or without rigidity maintenance algorithm

T Y1 21 U T2 Y2 22 o

with [m, °] 0.1552 | 0.1365 | 0.0261 | 2.7472 | 0.1281 | 0.1085 | 0.0147 | 2.9883

without [m, °] | 0.0838 | 0.3250 | 0.0256 | 5.4369 | 0.1492 | 0.3511 | 0.0114 | 6.4076

time histories of each end-effector without rigidity maintenance. In these figures, the black
dotted line means the starting point to track the desired trajectory after finishing the esti-
mation. The magenta dotted line means the previously designed trajectory before avoiding
an obstacle. The results in Figs. 6.14 and 6.15 show that the leader robot which detects
an obstacle suitably modifies the desired trajectory to avoid an obstacle and the follower
robot also modifies the trajectory. Fig. 6.16 show the time histories of q; and qs to track
the corresponding trajectory of the end-effector without rigidity maintenance. From this
figure, the roll and yaw angles are unambiguously larger than the result in Fig. 6.19. So, it
is possible to say that the proposed method can reduce the internal forces while avoiding
an obstacle as described in Fig. 6.17. Therefore, the proposed method presents more stable
than the method without the rigidity maintenance algorithm. In fig. 6.18, tracking errors
are shown with or without cases. In this experiment, since the desired yaw is zero while
moving forward and transporting a payload, the tracking errors can be larger in y and yaw
direction than in x, z direction. The RMS errors is appeared in table 6.3. This table verifies
that the tracking errors without rigidity maintenance are much larger than the errors with
the proposed method. This means that the system without maintenance algorithm is more
unstable than the system with the maintenance.

Fig. 6.19 shows the time histories of q; and q; for the proposed method by using the
task priority solution. In fig. 6.20, attitude tracking of q, and constraints for q; are shown.
The magenta dashed lines in this figure mean the unilateral constraints for the end-effector
to satisfy the allowable flight envelope. Although the constraints can vary depending on
the estimated mass, both constraints Z.; and Z. o are set to be almost the same thanks to

the consensus algorithm. Based on our proposed synthesis, it can be said that the aerial
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manipulators are possible to transport the unknown payload safely while satisfying the

unilateral constraints in Z.; and Z .
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Conclusions

This dissertation studies on estimation, control and planning synthesis for cooperative aerial
transportation while avoiding an unknown obstacle. The whole study is divided into three
topics: (i) estimation and control of cooperative aerial manipulators, (i) motion planning
within the allowable flight envelope and (iii) real-time obstacle avoidance by using RGB-D
camera and DMPs. By exploiting three topics, this work shows two experimental results:
(1) trajectory tracking with two different types of the payload and (i) obstacle avoidance

in the unknown environments.

e Fist topic was the estimation and control synthesis. In order to design the parameter
estimator and the controller, this work addressed dynamics of the cooperative aerial
manipulators. A closed-chain dynamics consisting of multiple aerial manipulators and
a common payload was presented with the rigid gripper. In addition, from the as-
sumption that the common object is rigid and the mass is uniformly distributed over
the whole object, the decoupled dynamics for the combined system of the ¢ th aerial
manipulator was obtained in joint space q;. Based on the parameterized model of the
decoupled dynamics, this work designed an on-line parameter estimator only using

3 o i
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the measurement of states of the system, not using heavy or expensive force/torque
sensors. An augmented adaptive sliding mode controller was designed to handle mod-
eling uncertainties or grasp error. To handle the none-skew-symmetric property of
the decoupled dynamics, the proposed controller contained the feed-forward terms to
make the system stable. Finally, by exploiting Lyapunov stability theorem, this work

proved that the proposed estimation and control synthesis is stable.

In the second part, this work studied a motion planning algorithm for the cooper-
ative aerial manipulators. To perform the transportation mission, this dissertation
proposed a trajectory generation by using the task priority solution. For the safe
aerial transportation, the allowable flight envelope was proposed in the consideration
of the position of the end-effector and the limit of motors on the aerial robot. From
the allowable flight envelope, the unilateral constraints were obtained for the stable
flight. To satisfy the unilateral constraints, the task priority solution was used for
each aerial manipulator. The main trajectory for transportation was derived based
on the analysis of the kinematic relationship between an aerial robot and the cor-
responding end-effector. From the experiment with a single aerial manipulator, this
work addressed that the proposed trajectory generation method could be more ap-
plicable for an aerial manipulator with higher DOF of the robotic arm in comparison

with the conventional null space approach.

The third topic was the detection and avoidance of an unknown obstacle. In order to
avoid an unknown obstacle for the cooperative aerial manipulator, this dissertation
proposed the avoidance algorithm with DMPs and RGB-D camera. To increase the
performance of obstacle detection, the voxel-grid filter and statistical filter were used.
These filters could remove the measurement noise in the depth image. After recon-
structing 3D point cloud map, an obstacle was recognized by the closest point. To
avoid an unknown obstacle, DMPs was employed for the cooperative aerial manipu-

lators with the leader-follower approach. The leader robot, which detects an obstacle

3 11 3
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first, modified its original trajectory by using a potential function. The other follower
robots also modified their trajectory to maintain the rigidity constraints with the

leader.

Finally, this dissertation showed two experimental results by using custom-made aerial
manipulators. The aerial manipulator consisted of an onboard computer and an RGB-
D camera. To validate the proposed method, this work presented two experimental
results. In the first experiment, trajectory tracking experiment with two different
types of payloads was shown. In the second experiment, the cooperative aerial ma-
nipulators avoided an unknown obstacle while transporting a payload. From these
two experiments, this work suggested that the proposed approach could be utilized

for safe cooperative aerial transportation.
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