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ABSTRACT This article focuses on the modeling and controlling of Unmanned Aerial Manipula-
tors (UAMs) in a leader/follower configuration performing a cooperative manipulation task. Each UAM
consists of an Unmanned Aerial Vehicle (UAV) with an attached serial-link robotic manipulator. The
Recursive Newton-Euler dynamics formulation is employed to account for the interaction between the UAV
and its manipulator. The overall system consists of a couple UAMs with a carrying load. The coupling
between these systems is due to the exerted forces by their manipulators through the object characterized
by its stiffness matrix. A leader/follower control scheme is employed with a stability-analysis tailored to
the UAM-pair. The leader UAM defines the trajectory of the moving object while the follower acts so as
to reduce the system’s internal reaction forces. Simulation studies are employed to validate the controller’s
performance while comparing the system’s response against that derived from a classical nonlinear tracking

controller.

INDEX TERMS Aerial manipulation, cooperation, control, manipulator, robotics, unmanned aerial systems.

I. INTRODUCTION

The adoption of Unmanned Aerial Vehicles (UAVs) has
expanded the research applications in several fields, span-
ning from surveillance and filming to aerial manipulation,
in which UAVs equipped with manipulators interact with
the infrastructure. The UAVs’ physical interaction with their
environment has led to the funding of several projects [1]-[3]
and many interesting studies on aerial manipulation [4].

In [5], a tiltrotor is used to generate a forward-pushing
force to translate an obstacle. In [6], a UAV uses an elastic tool
to interact with the objects positioned higher than the UAV’s
body, whereas in [7], a UAV cooperates with a ground robot
in order to manipulate an object. In [8], the coupled model
of a UAV with a manipulator is examined. The movement,
though, of the manipulator significantly affects the aerial
system’s center of mass (CoM), and, thus, in [9], [10] parallel
structure manipulators are used in order to minimize the reac-
tion forces/torques and improve the overall stiffness. In [11],
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a new manipulation system is proposed where a continuum
robotic arm is used for cluttered environments.

Aerial manipulators expand their range of applications by
using grippers in their end-effector [12], [13]. A dual-arm
aerial manipulator system grasps and turns a valve in [14],
while dynamic controllers [15] are designed to improve the
system’s performance. A hexacopter and a 7-Degree of Free-
dom (DoF) manipulator are utilized to grasp a moving target
in [16], while the effect of external disturbances is accounted
in [17]. In [18], the authors developed a 5-DoF aerial manip-
ulator for inspection by contact, which is enhanced with a
rolling base for moving on a horizontal surface.

Rather than relying on a single Unmanned Aerial Manip-
ulator (UAM), multiple aerial manipulators can cooper-
ate to overcome the constraint of the payload limitation.
In [19]-[24], a load is transferred with cables, while in [25],
UAVs are tethered to an object, trying to manipulate it under
environmental disturbances. In [26], multiple flying vehi-
cles were used to carry a flexible payload, while in [27] an
adaptive controller was used to calculate the inputs in each
UAM to equally contribute to transport a point-mass load.
In [28], several UAMs interact with their environment, using,
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though, passive spherical joints for the manipulation. Passive
spherical joints are used in their tethering method since this
reduces the reaction torque caused by the load translation
at the expense of precise maneuvering offered by a robotic
manipulator.

In most cases, a centralized method is deployed to control
the group of the aerial manipulators. Centralized methods
demand all the state information of all subsystems, in order to
send the appropriate commands to every aerial system. All the
information has to travel back and forth, adding an extra delay
in the controllers of the UAMs. Moreover, each new UAM
that is going to contribute to the system’s objective, adds
communication burden, resulting in a nonscaleable system.
However, in decentralized methods, each controller of the
UAMs uses only its state vector and the information gathered
by its sensors [29]. In [30], the authors proposed a decentral-
ized controller for UAVs attached to an object given that each
UAV knows its fixed relative position and orientation with
respect to the transported item.

Unlike schemes that interact with a slung-load using a
tethered configuration [19], [21], [31] which is equivalent
of using moving spherical joints and a passive force con-
trol, or using sliding mode controllers for a UAV-pair on a
two-dimensional plane [32], this article deals with the cooper-
ation problem between two UAMs in a leader/follower forma-
tion while exercising forces and torques in an object carried
by their manipulators, as shown in Fig. 1. These UAMs can
be considered mechanically coupled, since there are reac-
tion forces and torques transferred from their manipulators
in a similar manner as in [30]. However our model-based
controller relies on the complete dynamic model rather than
assuming a rigidly attached aerial manipulator array. The
interaction between the UAMs due to the carried object,
instability can occur because of the transmitted forces/torques
from the base of the manipulators to their UAV-base; the
principle is bio-inspired [33], where the follower indirectly
detects the forces that the leader exert on the object.

FIGURE 1. Cooperating UAMs carrying an object.

The purpose of this work is to derive the dynamic equations
that describe two UAMs while they are cooperating for a
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load transportation. The equations should include, not only,
the interaction between each UAM, but also the interaction
in each UAV with its manipulator. Hence, the Recursive
Newton-Euler (RNE) formulation is employed to compute
the generalized forces from the tip of each manipulator to
the base of UAV. Afterwards, the interconnection between
these UAMs is achieved by the object’s stiffness proper-
ties, that is used to compute the forces that account for
the interaction between the UAMs. Moreover, in this work
we propose a decentralized controller on leader/follower
formation that utilizes the derived model of the system.
Despite the fact that the UAMs could not have any com-
munication between them, they should estimate the object’s
direction of movement based only on their onboard sen-
sors. The knowledge of the dynamics of the entire system
is necessary when the design of a model-based controller is
considered.

The remainder of this article is organized as follows:
In Section II, the detailed dynamic model is derived.
In Section 111, a decentralized control scheme for each UAM
is employed, where the leader selects its trajectory and the
follower measures the exerted forces and follows the leader.
In Section IV, simulation studies are presented, verifying the
model and validating the suggested control scheme, followed
by concluding remarks.

Throughout the paper, the symbols c- and s- correspond
to the cosine and sine of the ‘-’-parameter, respectively. The
symbols I;,; and O@;y; stand for the identity and the zero
matrix in R, respectively, while the orthogonal matrix that
rotates a vector from A-frame to B-frame is noted as BR4 €
R3*3 satisfying (BRA)71 = (BRA)—r =4Rp.

Il. SYSTEM MODELING

As shown in Fig. 1, we consider two UAVs with their manipu-
lators carrying an object. The interconnection between these
two cooperating UAMs is through the object’s 6 x 6 stiff-
ness K matrix, characterized by the Young’s modulus E,
and the associated damping Cg-matrix. It should be noted
that no spherical joints are employed at the manipulators’
tips to assist in reducing the disturbances of the transmitted
forces. In the sequel, we first present the dynamic model of
a single UAM, followed by the model that is derived by the
interconnection of two UAMs using the stiffness property of
the object.

A. SINGLE UAM DYNAMICS

To derive the UAM’s dynamic model, the dynamics of the
UAV and the dynamic of the n-DoF manipulator should be
combined. The Newton-Euler formulation is used to obtain
the former dynamics, whilst the RNE approach is employed
to extract the later dynamics. The UAV’s velocities and accel-
erations are used in the forward RNE equations of the manip-
ulator followed by the transmitted forces/torques in the base
from the reversed RNE equations. In this manner the coupled
UAV/manipulator dynamics is computed.
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FIGURE 2. Quadrotor with an attached 2 DoF RR-robotic manipulator.

1) UAV-QUADROTOR DYNAMICS

We assume that UAV’s CoM coincides with the aerodynamic
point of pressure, its propellers are rigid and the thrust and
drag forces are proportional to the square of the angular
speed of the rotors. In order to describe the UAV’s dynamics,
we introduce the following coordinate frames: a) the B-frame,
or Body-Fixed Frame located on the UAV’s CoM, and b)
the E-frame, or Earth-Fixed Frame located at the inertial
coordinate system origin, as shown in Fig. 2.

The UAV’s nonlinear model is derived through the
Newton-Euler (N-E) formulation, which describes the com-
bined translational and rotational dynamics of a rigid body.
According to this method, the dynamics of a rigid body under
the application of external forces and torques, expressed in
the B-frame, can be written as

mslzxs O3xz ||V Lfexv Z[F
O3x3 1 @ oxlo| |t

where my is the total mass and / is the 3 x 3 moment of
inertia about the CoM. The parameters v, w, correspond to the
translational and angular velocity of the CoM, respectively,
while F and 7 are force and torque vectors acting on the CoM,
respectively.

The rotation matrix that allow us to rotate a vector from
B-frame to E-frame is

cOcyr spsOcyr — cpsy cpsOcyr + spsyr
ERB: cOsyr spsOsyr 4+ cpcyr cpsOsyr — spcyr |, (1)
—s0 s¢pco cpch

where ¢, 6 and Y are the rotation around x, y and z axes of
B-frame, respectively.

Utilizing the N-E method and omitting the friction
forces and the disturbances [34], the differential equations
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describing the UAV’s motion are

_ U _
Uy —
e U
o e "
E Ze ’
[@3} T | et (C¢69)Z—i : 2)
4 0vrar + by Uy
v dyrar + by Us
| O¢az + b3 Us

where VE = [X¢, Ve, %.]7 is the translational acceleration of
the UAV’s CoM expressed in the E-frame, wp = [¢ ] , &]T
is the angular acceleration expressed in the B-frame and g
is the gravitational acceleration. The parameters u, and u,
indicate the direction of the thrust vector along the x and y
axes in the E-frame and are defined as:

Uy = cPpsocy +sopsyr,  uy = cPpsOsy —spcy.  (3)

The parameters a;, b;, i = 1, 2, 3, are:

ay = by Iz _IZZ, by = l—a
IXX IXJC
a = Izz - Ixx bz — l_a
I)’y , Iyy 7
Ly — Iy 1
a3 =2 by=—, )
IZZ IZZ

where [, is the arm length of the UAV, Iy, I,y and I, is
the moment of inertia of the UAV about the x, y and z axes,
respectively.

The control inputs Uy, U,, U3, Us € R are defined to make
our model independent of the shape and the number of the
UAV’s rotors. The input U is the total thrust in B, axis, while
the inputs U, Uz and Uy are related to the torques on the UAV
around By,By and B; axes, respectively.

2) ROBOTIC MANIPULATOR DYNAMICS
Let the Base-Fixed Frame (O-frame) be located at the base of
the manipulator; while the UAV is moving, the position and
the orientation of the O-frame change over time following
that of the UAV. Rather than using the Euler-Lagrange equa-
tions in [35] or the Gibbs-Appell formulation in [36] to derive
the dynamics of a robotic manipulator, the N-E equations [37]
will be employed. This recursive force-based method is typ-
ically used for floating-base manipulators, where the veloci-
ties and accelerations of the base link correspond to a nonzero
value. These velocities and accelerations are in turn transmit-
ted from one link to another by a forward recursion and would
result in additional resultant forces and torques computed
by a backward recursion. Most manipulators are not using
translational joints, therefore we will present the RNE for
manipulators with rotational, only, type of joints, instead of a
generic manipulator.

Forward Recursion: In this first stage, the linear and angu-
lar velocities and accelerations of each link are calculated
recursively in terms of its preceding link, starting from the

VOLUME 9, 2021



K. Gkountas, A. Tzes: Leader/Follower Force Control of Aerial Manipulators

IEEE Access

base to the end-effector. The initial conditions for the base
link are vg, vop and wg, wg. With this initialization the forward
Recursion equations are calculated fori =1, ...,n as

Rowi = 'Ri—1 <i_1R0wi—l +zai]i> ,
Rowi = "Ri— <[_1R0d)i—l + 204; + (i_lROwi—l) X Zofii) ,
Rov; = (iROd)i) X (iROPT> + Ri_y

()« () () (i)

iRod; = ("Rod),») x ("Ro:v,-) +Row

()« ()  (05).

where §; is the position of the CoM i from the origin of the
i-th local coordinate system and p is the origin of the i-th
coordinate frame with respect to the (i — 1)-th coordinate
system. The parameters w; and v; are the angular and lin-
ear velocity of the CoM of link i, respectively. The linear
acceleration of the CoM of link i is the a; and the parameter
gi denotes the rotational parameter (angle) of link i. Finally,
20 =10, 0, 177

Backward Recursion: Having computed the velocities and
accelerations of all links, the second stage of the RNE starts
by computing the joint forces/torques for each link starting
from the end-effector towards the base. The required back-
ward Recursion equations are calculated fori =n, ..., 1 as

Rofi = Revr (" Rofis1 ) +mi'Rodi, 5)
‘Roni = 'Ris1 (i+1R0?7i+1 + (iHRoP?‘) X (iHRinH))
+ (iRop;k n iRgE,) x (iRoFi>
+ (iROIiORi) (iRchi)

+ (iRoa)i) x ((iROIiORi> (iRoa)i)>, )
T = (il'eorli)T (iRi7110> , @)

where m; is the mass of link i, F; = m;a; is the total external
force exerted on link i at its CoM, /; is the inertia matrix of
link i about its CoM with reference to the (i)-th frame, f; is
the force exerted on link i by link i — 1 at the (i — 1)-th local
coordinate frame to support link i and the following links to
it and »; is the moment exerted on link i by link i — 1 at the
(i — 1)-th local coordinate frame. The initial conditions for
the backward recursion are defined by the load affecting the
end-effector of the robotic manipulator. Aggregating (7) in a
symbolic manner leads to the classical model

DR(@)g + C®q, pq + GR(g) = ¥, ®)

where ¢ € R" is the vector of joint variables, DR(g) € R"™"
is the generalized inertia matrix, CR(g) € R”" is the Coriolis
matrix, GR(q) =[g1(q), ..., gn(q)]—r is the gravity vector and
R = [t1, 70, ..., r,,]T is the vector of torques.
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3) MODELING OF THE COUPLED

UAV/MANIPULATOR SYSTEM

Assuming that the manipulator is placed on the UAV’s CoM
the initial conditions are:

vo = °Re Vg, vo = %Rg (VE +[0 0 g]T) ,
wo = °Rpwp, do = °Rpwp, ©)

where vg, vo, (wo, wp) are the translational (angular) veloci-
ties and accelerations of the UAV with respect to the O-frame,
while the matrices °Rg and Rp are

010
001 |,
100

The RNE allow the computation of the force and torque
applied on the center of mass of the UAV due to the inter-
connection with the manipulator in terms of (5)-(6). Hence,
the reaction forces and torques to the manipulator’s base with
respect to the O-frame can be obtained as

fo="Rifi, no="Rin. (11)

Expressing the force (torque) vector in the E (B)-frame yields

fo=(Re) oo ms=("Rs) . 2

ORp = ORp = °RPRg. (10)

where
T
fe = [fexs fey fE.2]
n8 = [nB,x» 1By g2l
These reaction forces/torques affect the dynamic

equations (2) as

- [a]- %] @
wp wp ns |’

The computation of the RNE provides us with the forces
and torques that are applied to the UAV due to the inter-
connection with the manipulator. Thus, combining (7) which
describes the dynamic model of the floating manipulator,
with (13) that describes a UAV subject to the forces from
the interconnected manipulator, can yield the model of the
coupled system. Rather than relying on the recursive nature
of the dynamic equations, the derived equations can be com-
bined using a symbolic manipulation package [38], yielding a
system with a 6-+n vector and its derivative (total of 2 x (6+n)
states). Let x = [x¢, Y, 2, 9,0, Y, q1, - ., qn]T; then the
dynamic equations can be written as

DX)¥ + G(x) + C(x, X)x = 7o + J " (X)F., (14)

where D(x) is UAM’s symmetric inertial matrix, G(x) the
gravitational vector, the Coriolis vector C(x, X)X, 7. the (6-+n)
input vector, F, the external applied forces and J(x) the
Jacobian matrix of the system.

The structure of the matrix D(g45)x (6-+1)(*) 18

Dgo(@ |D%, )

D(x) = . ) (15)
[DR(x)] " |DR, ()
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In matrix D(x), the submatrix D% depends, not only, on the
mass and the moment of inertia of the UAYV, but also on the
configuration of the attached manipulator. The submatrix DX
is the inertial matrix of a fixed based manipulator, whereas
the submatrix DRC expresses the interaction between the
manipulator and the UAV.

Assuming that the gravity vector is along the negative z-
axis, we can write G = g[01¢, G7, ...,G6+n]T, where
Gi(x) with i € {3,4,...,6+ n} depends on the config-
uration of both the UAV and the manipulator. The matrix
C(6+n)x(6+n) encapsulates the Coriolis and centrifugal gen-
eralized forces and it accommodates the terms related with
the linear and the angular velocities of the system.

Finally, we have the t. = Bu, where the (6 + n) x (4 + n)
actuator assignment matrix B is

[ cocy st +spsy 0 0 0
cosysd —spcy 0 0 0
co cv 000 0
B($.6,v) = 0 1, 0 0|90 |
0 0140
0 001
L @nx4 ]Inxn _

while the vector u, containing the systems inputs, consists of:
a) the four UAV-aerodynamic induced parameters Uy, Us, U3,
Uy, and b) the n-torques, applied to the manipulator’s joints.
Therefore,

R T
= I:U1,U2»U3,U4,T ]
= [U19 U2a U3s U47 Tls T27 "'91"]’!]—'—-

The UAM interacts with the environment through the term
Fo=1[Fx, Fy, F;, 1, 7y, rZ]T, where Fy, Fy, F; (tx, Ty, T;)
are the applied forces (torques) along (around) the x, y and z
axes of the last coordinate system of the robot manipulator.
The Jacobian matrix J can be decomposed as

B
[ R, @3“}1’?@6”] .6

—|ye
/ [J (o O3x3] "Rn 6x(6+n)

where the matrix J2(x) describes the interaction of the
applied forces at the robot’s end-effector to the UAV’s base,
while J&(g) is the Jacobian matrix of a fixed based manipu-
lator under the assumption that the UAV hovers.

B. LEADER/FOLLOWER UAM DYNAMICS

In a leader/follower UAM formation, as shown in Fig. 3,
concatenation of the individual member equations yields the
overall model, while the carried object is acting as a coupling
between this pair of UAMs.

The leader/follower system dynamic model is an exten-
sion from (14) resulting in a state vector composed of the
states of the leader and follower UAMs. Hence, the state
of the combined system is x = [x xf] , Where the
superscrlpt Iy refers to the leader (follower) and x! =
[xc,yc, Ze ¢l, 91, 1//1, qi,--- ,qn] followed by a similar
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FIGURE 3. Leader/Follower UAM formation.

notation for x/. The resulting system dynamics is

D'xh| O il G' (x!)
25 o] v+ [6]
N c'ahih|  © il
0 |/, xf) Ea

T Jieh' F!
R e v [

where O = O 1n)x(6+n) and O" = Qg x (64n)-

The leader UAM applies a force to the object that can cause
small translation and rotation around its center of mass. The
follower UAM attempts to follow the leader UAM resulting
in a reaction force applied to it. Under the assumption of a
grabbed object by both robots’ grippers, the exercised forces
F! and F7 are related to the object’s stiffness.

Let a coordinate system be assigned at the object’s center
of mass with its orientation aligned along the principal axes
of the object. The rotational transformation that aligns the
axes of the leader’s end effector coordinate system to the
assigned one is "Rf). Assume the object has a homogeneous
mass density and let its stiffness matrix be K, and a diagonal
damping matrix C, = dlag(c c c .)T. The applied force
by the follower is

= [5)-[mf%e ) e ] < 2]}

where the vector [)_cl |7]T = [dx!,ay', d'|d¢!, db', dt/fl]T
corresponds to the differential translation and rotation of the
carried object under tension/compression and torsion.

Similarly, the generalized force applied at the follower end
effector is

el

Essentially, the carried objects act as the coupler in the
leader/follower formation.

IIl. SYSTEM CONTROL

A decentralized control scheme was employed relying on the
leader-follower formation, as shown in Fig. 4. The leader
moves along a predefined trajectory, while the follower is
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FIGURE 4. Control strategy for the entire system.

attempting to maintain a desired pose with respect to the
leader [39]. Hence, the leader UAM is responsible for the
load transportation trajectory, while the follower is trying to
reduce the internal forces of the system by complying with
the trajectory planned by the leader. The only information
indirectly passed between the leader and follower is through
the exercised forces via the carried object.

A. LEADER CONTROLLER DESIGN

Model-dependent controllers [40] are capable of maintaining
the pose of the UAM despite the force exerted by the manipu-
lator. The carried manipulator is controlled using a feedback
linearization scheme to track the reference trajectory, while a
modified Proportional-Derivative (PD) controller accounting
for the total mass mﬁ of the leader UAM and its applied forces
is employed for the leader UAV.

1) LEADER UAV CONTROLLER

The leader UAV generates the necessary thrust to elim-
inate the external generalized forces acting on it, other-
wise the leader UAV will either push or pull the follower
UAV. Given the following quantities for the leader UAV:
a) the desired altitude zii, the desired orientation angles

qbd(é’d ‘/fd] roll(pltch)[yaw] and the desired angular veloci-

tles oLOHIYh, b) the inertial moment of the UAV I, I)ly and
z, ¢) the mass mt of the UAM, and d) the measured altitude
? , orientation angles ¢!, 0" and ¢! and angular velocities
¢>l 6! and ¥, the controller initially computes

1

Ut = e (8 =k (¥ = 20) =5, (= 24))

0 = (i (8= 0) = (0 1)),

0) 4, (1)
(94 ()

The aforementioned equations concern a feedback lin-
earization controller for a UAV without manipulator, where
it should be noted that we used the superscript / to denote the
leader UAV parameters. Therefore, to account for the reaction
forces from the manipulator to the UAV (13), the equations

Ul =2 (_quw'laé — K, (9‘1 _

vy =1L (~¢'6'}
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must be modified as:

I _ g7l
Ul_Ul’
1

Ly
U = U2+ ll nB’xv
Il
U = U3+l—1 B,y

Ul=Ul+1 (18)

zz Bz
It can be shown that the resulting closed loop system is
stable. Hence, we define the Lyapunov candidate function,
which is positive defined, if ké » kll/, » > 0.
Lo o I 2,0 2 Lo 5. »
= E(k¢!p€¢ =+ k@,peﬂ + k‘//’PeW) + 5(645 + €y + elp),
where
ep = — ', ey =da — ¢!, & = ¢} — ¢,
ep = 05— 0, e};:@d—él by =0l — 1,
ey = Yh— !, i, éx/f—lﬂd vl

The first derivative of the Lyapunov function V is:

e'//_wd

V= ké)’peq;e}p + ké’pege'g + kil/,’pewe;/,
+epéy + epép + eyey
Vo= —kjy 4(€5)* — kp 4(€0)* — ki 4(ey),

which is negative defined, if K}, 4, kg 4. kj, ; > 0. Thus,
the system is stable in the sense of Lyapunov.

2) LEADER MANIPULATOR CONTROLLER
A classical feedback linearization scheme, relying on com-
puted torque controller is employed for the manipulator

o = DR [+ kY (4 — ) + K5 (4 =)
T T
— (PRI™@GH) F' +g[Ghal) . Gy,
+ [Oas|Lana ] €' (i) £, (19)

where qﬁl corresponds to the desired angle vector of the
attached manipulator and K, K, positively defined matrices.
It should be noted that when the leader-UAV hovers (¢! =
ol = wl = 0) and has a large mass(inertia) compared to its
attached manipulator, then (19) degenerates to

o = DM [~ + Ky (4 —dly) + 5, (4~ )
~ (PRIMGH) g [  Bhh]
[ Out[Tuen | <ql’ql> i, (20)

where the ~ quantities correspond to those of a rigidly attached
manipulator. The qb, ‘.1517 qfl desired trajectories are selected
according to the specifications.
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Follower
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Leader
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FIGURE 5. Leader/Follower Controller Gazebo-snapshots.

B. FOLLOWER UAM CONTROLLER

1) FOLLOWER UAV CONTROLLER

Rather than communicating with the leader-UAV for receiv-
ing information about its state vector x! and F!, the follower-
UAV’s control relies solely on the measured force F/. In a
static configuration, where both leader and follower hover
while carrying the object, Fl+ F = [0, 0, m;g, 0,0, 017,
where m; is the object’s mass since both contribute to carry
the object.

If the leader moves, then the elements of this vector will
change and the follower’s controller will attempt to reduce
this variation by moving in a direction that compensates
against this change. In the general case, the follower com-
putes the following desired altitude and attitude velocities

E2 0
?Z 0
i =" Fr— "] @n
9'5 0
[V | "

where 8 > (is a parameter affecting the speed of the system’s
transient response. To generate the proper attitude inputs for
the UAM, we used the geometric tracking control in [41] for
the desired trajectory defined in (21).

The inputs for the controller of the follower UAV can be

written as
) (),
¢.p <¢f_¢2)) ’

vl =

g— d(zf
O AR

cpf c6f
i

Ul = ( —0 yf o, —
i
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This algorithm can easily navigate the follower UAV in an
obstacle free environment, otherwise due to the interconnect-
ing object the path planning algorithm needs to be modified
to account for the finite size of the leader/follower.

2) FOLLOWER MANIPULATOR CONTROLLER

The controller for the manipulator of the follower UAM is
identical in structure to the controller of the manipulator of
the leader UAM, excluding the term referring to the elimina-
tion of the forces on its gripper.

DR i 1) 1] (4]
+g [G];(qf), . 6+n(q )]T

+ [ Onxo|[Tnsn | € (qf, if) q, (23)

where the parameters qZ, é]z, é]"; are the desired trajectories.
The UAM-leader’s controllers are defined in (18) and (19),
while the ones for the follower appear in (21), (22) and (23).

IV. SIMULATION STUDIES

In the following simulations, we study the leader/follower
UAM-formation illustrated in Fig. 6. Each quadrotor UAM
has a two DoF rotational manipulator (n = 2) attached to its
center and both UAMs carry an object almost parallel to the
ground. The leader’s first link reference angle is perpendic-
ular (qu,l = 90°) to its aerodynamic plane, while its second
link reference angle is adjusted so that it points perpendicular
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FIGURE 6. Leader/Follower UAM formation carrying a beam.

to the ground. The follower’s manipulator reference angles
follow the same guidelines as those of the leader’s manipu-
lator, with the objective to keep the object (beam) parallel to

the ground.
The propellers’ rotational speeds €2;, i = 1,...,4 are
mapped to the inputs U;, i =1, ..., 4, using
Ui b b b b|[Q
UL | 0 =b 0 b||9Q3
Us| | » 0 —=b 0 SZ% ’ 24
Us —-d d —d d Qi

where the parameters b and d correspond to the UAV’s thrust
and drag coefficient, respectively.

These UAMs carry a simple beam with the following stiff-
ness and damping matrices

121 7
— 0 0 0 06/
L

0 AL 0 0 0 O

E 121
K”:ﬁ 0 OT6IOO
0 0 6 400
0 0 0 040

6/ 0 0 0 04|

l r r _r
z° Cx’ cya CZ) )

C, = diag (ci, c;, c

where E is the Young’s modulus of elasticity, L is the length
of the beam, A is the area of the cross-section perpendicular to
the applied force and / is the beam’s area moment of inertia.
The parameter cf(c{ ), i = x,Y,zis the load’s linear (rota-
tional) damping along the i-axis.

The main platform for the simulation studies relies on
the “RotorS” simulator [42], which is a micro air vehicle
Gazebo physics engine simulator, that has embedded several
multirotor UAVs. Each used UAM consists of a “Pelican”
quadrotor [43] and a two-link serial manipulator, as shown
in Fig. 2. Comparisons between the Gazebo engine and the
dynamic equations implemented in Matlab were also investi-
gated. The UAM parameters for the simulation are provided
in Table 1.

Snapshots of the simulation are shown in Fig. 5. In snap-
shot #1, the system is in equilibrium waiting for the desti-
nation position. In snapshot #2, the leader UAM moves and
attempts to pull the follower UAM. The follower UAM moves
in snapshot #3 and attempts to self-stabilize itself. In the 4th
snapshot, the leader UAM has arrived at its destination and
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TABLE 1. UAM parameters.

UAV moment of inertia I, | 0.01 [kg-m?]
UAV moment of inertia I, | 0.01 [kg-m?]
UAV moment of inertia I, | 0.02 [kg-m?]
UAV mass ms | 1 [kg]

UAV arm length lo 1021 [m]

UAV thrust coefficient b | 85 [N -s?]
UAV drag coefficient d | le-6 [N-m-s?
Ist Link mass my | 0.1 [kg]

Ist Link length Lol [m]

Ist Link inertia L | 002 [kg-m?
2nd Link mass ma | 0.1 [kg]

2nd Link length Iy ] 0.1 [m]

2nd Link inertia I, | 002 [kg-m?]
Load’s Young’s modulus E | 1el0 [N/m?]
Load’s mass my | 0.8 [kg]

Load damping ¢ | 2e-1  [N-s/m]
Rotational damping ¢ | 2e-1  [N-m-s/rad]

provides an indirect command, through the forces applied to
the object, to the follower UAM to stop its motion.

A. SIMULATION STUDY I

The overall leader/follower UAM system has 32 states and
partial results from the study appear in Fig. 7. The reference
movement consists of translation on all axes and changes in
both angles of the manipulator for both UAMs. The UAV
was asked to move from its hovering state with a 1 m step
command (at r = 0) applied along the y-axis, followed by
1 m step along the x (at + = 5 s) and, finally, a 1 m step
backwards in y-axis (at t = 10 s).

The attached manipulators point perpendicular to the
ground for both leader and follower while their first joint
angle is perpendicular to its aerodynamic plane of pressure.
Each system uses the same PD-parameters in (19) and (23)
and attempts to carry the beam-object almost parallel to
the ground. The parameters for the PD of the manipula-
tor are Kj = K = diag(0.1,0.01) and K = K} =
diag(0.01, 0.001), while the parameters for the UAV can be
found in [42].

In the simulation comparison, between the Gazebo physics
engine and Matlab, shown in Fig. 7, it can be seen that the
deviation is negligible, with a maximum error of 0.04m indi-
cating a close match. Hence, having used the same inputs with
the same parameters in both simulations, we consider that
the model presented in this work is a valid description of the
system’s dynamics. Similarly, the applied forces/torques from
the leader appear in Fig. 10, for the simulation case, shown
in Fig. 7. As anticipated, at t = 5 and ¢+ = 10 seconds due to
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Position and Error of UAMs
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FIGURE 7. Model comparison between Gazebo (red) and Matlab (blue) simulators. The first (second) column refers to the leader (follower) UAV. The
relative error between the simulator engines is shown in the third column. The leader (follower) UAM error is shown in cyan (orange).
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FIGURE 8. Leader UAM Controllers Comparison: The response from the model based controller is in the first column. The reference (response) trajectory
is depicted in the black dotted (solid red) line. The response (solid blue) from a tuned PD controller for both the leader UAV and its manipulator is shown
in the second column. In the third column, the error between the model based controller (red) and that of the PD-controller (blue) are shown.

the applied step changes in the reference trajectory, the robot
leader robot compensates by adjusting its applied forces and
torques, while throughout the trajectory, the applied force F,
is close to half of the object’s weight 0.8 x 9.81 N, shared
between the leader and follower UAMs.
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B. SIMULATION STUDY 11

The comparison of our controller against the classical non-
linear tracking controller [41] embedded in the ‘RotorS’ sim-
ulator, followed by a PD controller for the manipulator is
exemplified in Fig. 8. In this simulation study, the reference
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FIGURE 9. 3D-UAM trajectory. The leader (follower) UAM-trajectory is depicted with cyan (magenta).

r
F_ NI

./ Mwwr MW\\WW

FIGURE 10. Exercised forces from the leader’'s manipulator.

trajectory for the leader UAV is a sinusoidal function on
X and Y axes, while maintaining its height at 2 meters.
The attached manipulators have the same objectives as the
previous simulation; they point perpendicular to the ground
for both leader and follower while their first joint angle is
perpendicular to the aerodynamic plane of pressure of the
UAV. It is apparent, from the error shown in the third column,
that our model based controller outperforms the suggested
nonlinear PD-controller.

C. SIMULATION STUDY Il

The system’s response against different S-values in (21) is
shown in Fig. 9, where the system exhibits oscillations for
larger values of 8 = 2. Indirectly this amounts to an increase
of the Fy-generalized force vector resulting in a larger track-
ing error. The UAV was asked to move from its hovering
state with a 0.5 m step command (at ¢+ = 0) applied along
the z-axis, followed by two successive 0.5 m steps along the
x- and y-axes (att = 5 s and ¢ = 10 s), respectively. The last
part of the commanded trajectory consists of a yaw command
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FIGURE 11. Exercised forces/torques from the leader and follower
manipulators.

starting at ¢+ = 15 s, along the z-axis of the leader UAV.
It should be noted that this is a rather demanding trajectory
given the nature of the step inputs and the need to rotate the
follower UAV around the leader one, during the yaw motion.

Fig. 11 presents the exercised torques and forces from the
leader and follower manipulators, shown in red and black
color respectively. During the trajectory F i ~ —Ff ~ 0N
and Fyl ~ —Ff ~ 0 N and le, + F{ = myg N. This is
anticipated due to the maneuvers’ nature and the need to have
both manipulators facing downwards, with a need to carry the
payload. Similarly at t = 15 s, there are two large opposite
torques 7/ ~ —r,}: due to the need to have the follower

X
rotating around the z-axis of the leader.

V. CONCLUSION

This article concerns the modeling and controlling of two
UAM-systems in a leader/follower formation. Each UAM
has an attached manipulator and collectively transports a
load with given stiffness parameters using a suggested model
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based controller. A leader/follower based controller strat-
egy is employed. The stability of the individual tailored
leader/follower controller is examined analytically. Extensive
comparative simulation studies for this complicated sys-
tem using the Gazebo physics engine and standard pack-
ages (Matlab) show practically no difference in the provided
response, indicating the validity of the suggested model. It is
shown that a model-based controller can provide satisfactory
results using this leader/follower formation and outperforms
classical nonlinear tracking controllers.
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