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Abstract This work presents the nonlinear dynami-
cal model and motion controller of a system consisting
of an unmanned aerial vehicle (UAV) that is tethered
to a floating buoy in the three-dimensional (3D) space.
Detailed models of the UAV, buoy, and the coupled
tethered system dynamics are presented in a marine
environment that includes surface water currents and
oscillating gravity waves, in addition to wind gusts.
This work extends the previously modeled planar (ver-
tical) motion of this novel robotic system to allow its
free motion in all three dimensions. Furthermore, a
directional surge velocity control system (DSVCS) is
proposed to allow both the free movement of the UAV
around the buoy when the cable is slack, and the manip-
ulation of the buoy’s surge velocity when the cable is
taut. Using a spherical coordinates system centered at
the buoy, the control system commands the UAV to
apply forces on the buoy at specific azimuth and eleva-
tion angles via the tether, which yields a more appro-
priate realization of the control problem as compared
to the Cartesian coordinates, where the traditional x-
, ¥-, and z-coordinates do not intuitively describe the
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tether’s tension and orientation. The proposed robotic
system and controller offer a new method of interac-
tion and collaboration between UAVs and marine sys-
tems from a locomotion perspective, and offers a low-
cost and low-logistics alternative to crewed vessels for
marine missions. It has potential applications in search-
and-rescue missions, monitoring and sensing opera-
tions, and floating objects manipulation and retrieval.
The system is validated in a virtual high-fidelity simu-
lation environment, which was specifically developed
for this work, while considering various settings, oper-
ating conditions, and wave scenarios.

Keywords Marine robotics - Tethered UAVs - Motion
control - Floating object manipulation

1 Introduction

Teams of unmanned aerial vehicles (UAVs) and
unmanned surface vehicles (USVs) harness the advan-
tages of each vehicle to form a superior robotic sys-
tem. To face challenges brought by flood disasters
[32], marine oil spill events [11,24], search and res-
cue [5,23], monitoring and patrol [10], and water sur-
face cleanup [12], heterogeneous UAV-USV systems
have been employed, albeit with limited or no physical
interaction.

The advantages of combining UAVs and USVs have
been explored in the literature [16,32] based on their
complementary abilities. UAVs are advantageous given
their wide field of vision and bird’s-eye view, higher
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maneuverability, flexibility, and ease of deployment; on
the other hand, USVs are advantageous in their dura-
bility, extended running time, and large load-carrying
capacity. For instance, to deal with flooding disasters,
the advantage of a UAV’s wide-angle view of the envi-
ronment, including the visual horizon, was combined
with the long cruising ability of a USV to overcome
their individual shortcomings, thus allowing the cre-
ation of a system with higher efficiency and lower risk
in search-and-rescue (SAR) operations [32]. However,
there are numerous uncovered possibilities to harness
the benefits of both systems.

UAVs and USVs can form a dexterous robotic team
in the marine environment, as evidenced by the various
applications considered in the literature. A heteroge-
neous robotic swarm was considered in [23], where
UAVs are used to generate and transmit path-planning
information in addition to full area maps for USV
agents to perform rescue missions. However, this sys-
tem suffers from limited UAV flight time and no USV-
based landing pads for the UAV, which results in lim-
ited overall mission time. Further cooperation between
the two vehicle systems can be achieved via additional
sensing and control schemes, among which is the aerial
visual tracking of the USV. One control solution for
robust visual tracking was proposed in [10], and going
further, even visual pose estimation of the USV is made
possible using the UAV’s onboard camera as proposed
in [5]. If they get within close proximity, UAVs can
perform coordinated trajectory tracking of USVs as in
[29], and they can target-track them to prioritize the
camera tilt over the UAV’s motion while maintaining
continuous monitoring of the USV [19]. Physical inter-
action is another aspect of the heterogeneous UAV-
USV system. For instance, the USV can serve as a
landing platform for the UAV [25], power transmis-
sion from a USV to a UAV can be achieved through
an umbilical power cable [26], and even floating object
manipulation can be made through a tethered UAV sys-
tem [16]. The majority of these attempts were in the
development phase and did not provide complete solu-
tions to the UAV-USV interaction problem in a real
marine environment.

In addition to using robotic manipulators, a UAV
can interact with its environment via a tether [21,22],
as it is flexible, extendable, lightweight, and can trans-
mit tensile forces. Recently, there have been several
advances and studies on the tethered UAV problem.
A tethered power system for UAVs was proposed in
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[3] and is now commercially available [8], but they
assume stationary activities, and thus are not designed
for dynamic maneuvers and load transmission. Such a
system can be optimized to suit the special case of a
continuously oscillating marine power station as stud-
iedin [26]. A tethered UAV is also useful in information
transmission. For instance, it plays a keys role in the
emergency marine communication network proposed
in [31], where it takes off from the communication
support ship to secure a wide network coverage, while
being fed with bandwidth and power to sustain its loca-
tion. To address the challenge presented by wind gusts
in the open marine environment, which can affect the
stability of tethered systems, few works can be found
on the effect of wind disturbances on the tether and the
UAV’s stability [21], but limited to the taut case, and on
the tether vibration [30]. The analytical modeling and
analysis of the elastic tether are complex tasks; thus,
for simplification purposes, the system was modeled
as a multi-element body in [4].

Beyond the use of a tether for power or information
transmission, it can transmit tensile forces whereby a
UAV can control the magnitude and direction of the
link/tether force, which was proved to be a set of dif-
ferentially flat outputs of tethered UAV systems in [27].
A practical example of force transmission is found in
[20], where the transportation of a payload is coopera-
tive performed by a team of UAVs, which was made
possible through calculation of the required wrench
set. The clever use of a tether even allowed a single
UAV to lift a heavy object after hooking itself at high
ground and then activating its onboard winch [13], but
this method only works in constrained environments
and provides limited and predetermined manipulation.
Furthermore, a UAV was employed in [16] to manipu-
late a floating object’s surge velocity by means of tether
in a 2D space (vertical plane), even in the presence of
waves and water currents.

Among the various applications on a force-
transmitting tethered UAV, the emerging marine loco-
motive tethered UAV-buoy system introduced in [16]
offers a new type of interaction between a UAV and
floating objects including USVs, which provides a
force interconnection between the elements of the sys-
tem in addition to power and information transmis-
sion. The potential of this marine robotic system is
yet to be fully discovered and features a wide range
of applications such as search and rescue, floating sen-
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sors manipulation, water surface cleanup, and building
and inspecting marine structure, to only name a few.

The 2D planar model of the tethered UAV-buoy
system that was proposed in [16] presented a thor-
ough analysis of the system’s motivation, its poten-
tial application, the subsystem’s dynamics and the sys-
tems’ stability, the effect of waves, the proposed work-
ing bounds, steady-state values of the system states,
and several practical considerations for implementing
the system. However, the 2D tethered UAV-buoy model
does not capture the complete dynamics of the real sys-
tem. For instance, the 2D model has limited representa-
tions of the Euler angles of both the UAV and the buoy, it
does not encompass composite waves and currents with
varying directions, and it does not allow the system to
follow trajectories that are in the 3D space. In addition,
the orientation of the buoy is not captured in the 2D pla-
nar model, which can deviate from the actual direction
of the tether. Finally, the designed surge velocity con-
trol system (SVCS) in [16] does not include the tether’s
azimuth angle within its controlled state variables; thus,
the controller is unable to provide directional manipu-
lation of the buoy in the horizontal plane if deployed on
a 3D model. Therefore, for real-world application, it is
necessary to extend the 2D planar model of the tethered
UAV-buoy system to the 3D space, so that it includes
all position and orientation states of the UAV, the buoy,
and the tether, as well as the surface water model.

The contributions of this paper are presented next.
First, we extend the model of the 2D planar tethered
UAV-buoy system dynamics to the 3D space by incor-
porating the full six-degree-of-freedom (6-DOF) rigid-
body model for each of the UAV and buoy, and a 2-
DOF model of the tether, to arrive at a 1 1-DOF dynam-
ical model that allows for a more realistic represen-
tation of the system’s physics. Second, the ocean/sea
environment is modeled to include not only the sur-
face water current, but also the full effect of oscillating
gravity waves, even in the vertical direction, all in the
3D space. Third, a rigorous mathematical derivation of
the new 3D composite system is presented through the
Lagrangian formulation, while extending the required
conditions and constraints from the 2D case to the 3D
case to regulate the system’s motion. Forth, a spherical
coordinates-based dual controller is designed to allow
the free movement of the UAV around the buoy in the
3D space while the tether is slack, and to manipulate the
buoy’s surge velocity in the 3D space while the tether
is taut. This controller allows the UAV to apply direc-

tional tension through the tether on the buoy so that it
can trigger motion in all directions of the water surface.

The remainder of this paper is organized as follows.
Section 2 presents a multi-physics description of the 3D
tethered UAV-buoy system components and the water
environment. Section 3 introduces the control system
design for controlling the relative UAV-buoy position
and the buoy’s surge velocity. Comprehensive numer-
ical co-simulation results of the derived system model
and designed control system are presented in Sect. 4.
Section 5 closes the paper with a conclusion and iden-
tifies future development tracks.

2 Tethered UAV-buoy system dynamical model

The heterogeneous marine robotic system of a teth-
ered UAV-buoy system has multi-physics elements,
which must be integrated with a proper definition of
the marine environment that it operates in. This section
defines the system components and their interconnec-
tion including the water environment, the USV/buoy,
the tether, and the UAV, and it finally culminates with
the coupled dynamical model of the tethered UAV-
buoy system.

We here note that while more mature systems can
benefit from software-based multi-body representa-
tions as in [2,28], the systematic derivation of the
dynamic model of the newly proposed system allows
a fundamental understanding of its modes of opera-
tion, conditions and limitations, and suitable control
approaches.

2.1 Preliminaries

Before defining the problem, we briefly specify general
notations to support the model derivation process. For
some angle (o), we let co, Se, and to, respectively, be
the cosine, sine, and tangent functions. Also, we define
R- ¢ to be the set of positive real numbers such that
{x e R | x > 0}, and R> to be the set of nonnegative
real numbers such that {x € R | x > 0}.

2.2 Problem definition

Consider the 3D space above the water surface in
which the problem is defined as shown in Fig. 1. Let
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Ir and the rotational velocity transformation matrix from
. W to any body frame be described as:
Wave proﬂle\ 0
Co, Coy S0,

Fig. 1 Three-dimensional model of a tethered quadrotor UAV-
buoy system with tensile force interaction in a marine environ-
ment

Or be the origin of the inertial frame of reference,
W = {x, y, z}, located at the horizontal plane of the
local mean sea level. Let ry = {xy, Yu,2u} € R3
and ry = {xp, b, 2b} € R3 be the coordinates of the
quadrotor UAV’s center of mass, (O,), and that of the
buoy, (Oy), in W, respectively. Let B, and By be the
body-fixed reference frames of the UAV at O, and
of the buoy at Oy, respectively. The UAV is physi-
cally connected to the buoy by means of an inextensible
massless cable of length [ € R. ¢, and the connections
to the cable are modeled as two frictionless revolute
joints. The quadrotor UAV has a mass m,, and a moment
of inertia tensor Jy = diag(Jy xx, Ju,yy, Ju,zz) € Rio
in By. Let the floating buoy have a volume Yy € R,
a bounded mass mp € (0, pwYyp), with py being
the water density, and a moment of inertia tensor
Jo = diag(Jo.xx, Jo,yys Jozz) € R in By. Also,
let the orientation of B, and By with respect to W
be described by the Euler angles E, = [¢y, Ou, YulT
and Ey, = [¢p, Op, Yp]T € (—m, 73, respectively. Let
Vi = [uy, v, wy]T € R3 and Qy = [pu, qu.ru]T €
R3 be the UAV’s linear and angular velocities in By,
respectively; and let Vy, = [up, vp, wp]T € R3 and
2y = [pb, gb, 61T € R3be the buoy’s linear and angu-
lar velocities in By, respectively. Furthermore, let the
translational velocity transformation matrix from any
body frame, B,, to WV be described as:

Rl,o =

CO.Cre — 500505We —CohaStha  S0.Cra T SpaCOLSYrs (1)
COSYs T 50050.Ce CouCihs S0.5Ys — SpaCO.Cys | 5
—Cpy S0, S¢. CpaCos
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R2’. = 0 1 Soe . (2)
S0, 0 C¢.C@.

We also define the rotation matrix about the vertical
z-axis only (yaw) from one body frame, B., to W as:

Cll,. —SI/,. 0
RZ. = SI/,. C,p. 0f. (3)
0 0 1

Both the UAV and the buoy are subject to cable
tension, 7" € R, and to gravitational acceleration,
2. The tensile force is applied on the tether hinge in
each platform located at distances, rgm,y and rGg.b,
for the UAV and the buoy, measured in their individ-
ual body frames, respectively. Moreover, the UAV’s
propulsion is described by the input vector uy =
[ur, uz, uz, wa]T € R? including the thrust force vec-
tor fy = [0,0,u]T € Rio, and three torques that
induce a rotational motion about each of the body frame
axessuchthat Ty = [up, uz, ug]7 € R3. The dynamics
of the UAV actuators (motor propellers) are neglected
in the modeling given that their response time is consid-
erably smaller than that of the UAV (> 10X). Finally,
the buoy is subjected to hydrodynamic and hydrostatic
forces that are subsequently described.

2.3 Spherical coordinates

The spherical coordinates system for the tethered UAV-
buoy system, W, is illustrated in Fig. 2. The Cartesian
position of the UAV in W with respect to W' is defined
as: Trel = [Xrel, Yrel, Zrel]T = Py — 1y € R?, where the
subscript (rel) denotes ‘relative.” We let its spherical
coordinates in W/, r = [r, 0, 0]T, be represented by
the triplet {r, o, ¢} with unit vectors {&, &, €,}, such
that the elevation angle « € [—m/2, /2] is defined
between r and the horizontal plane, and the azimuth
angle ¢ € (—m, ] is defined between the projection
of r on the {x, y} plane and the positive x-axis, which
is mathematically represented as:

— /y2 2 472
o = atan(Zrel/m)’ @

¢ = atan2(yrel, Xrel)-
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Fig. 2 Unit vectors in spherical coordinates system: {r, «, ¢}.
The system is left-handed, withr > 0, o € (—%, %], and ¢ €
(=m, 7]

To transform vectors from spherical to Cartesian
coordinates, two consecutive rotations are needed such
that:

CaCyp —SaCy —Sg
Rsoc = RyRy = | ¢Sy —SuSp o | ®))
Sa Co 0
where Ry, and R,, are defined in C4 and C5, by which
the Cartesian coordinates can be retrieved from the
spherical coordinates such that:
rrel = Rsacr, (6)
which expands to:
ICyCy
Irel = | ICaSp | - @)
ISy
Conversely, the spherical coordinates can be retrieved
from the Cartesian coordinates such that:
r = Reosrrel, 3

where RCQS = R.SI-ZC'

Hence, the UAV’s inertial coordinates can be obtained

from the buoy’s inertial coordinates and the relative
spherical coordinates as follows:

ry =1, + Rsoer. )

Similarly, the UAV’s velocity and acceleration vectors
are calculated via:

Iy = Iy + Reocr, (10a)

Fy = Iy + Rsocf, (10b)

where I and ¥ are explicitly given in C7.

2.4 Water medium model

Consider the water medium of an ocean/sea environ-
ment, as visually depicted in Fig. 3, with two main ele-
ments that are detailed next: the water surface current
and gravity waves.

2.4.1 Gravity wave model

Assuming a large water depth compared to the wave-
length of gravity waves, at time ¢ and horizontal posi-
tion {x, y}, the water elevation variation, ¢, due to grav-
ity waves is described statistically as [6]:

N
(x.y. 1) =Y Aysin (= kyx cos . ()
n

- kny sin wn,w + wut + On),

where A,, k,, w, € R>g, ¥n.w, and o, € (—m, ] are,
respectively, the wave amplitude, wave number, circu-
lar frequency, wave propagation angle with respect to
the inertial frame’s x-axis, and random phase angle of
wave component number n € S, with S, = {l <
n <N | N € N}, and N being the total number of
active wave components. Furthermore, referring to the
dispersion relation in deep water, the wave number is
givenask, = a)ﬁ /g, which is a nonnegative entity. The
wave-induced velocity vector of the fluid particles in
W, Uy = [uy, vy, wy]T € R3, has its components
described as [6]:

N
uw(x,y,z,1) = Za),,Anek"Z sin(—ku X coS Yy, w
n

— kpy siny, w + wpt + 0y) COS Yy v,

N
vw(x,y,2,1) = Z Wy A€ sin(—ky,x cOS Yy,

n

— kyy sin Yn,w + opt + 0p) sin Y, wo

(12)

N
Wy (X, y,2, 1) = Z Wy Ane ¥ cos(—kyx cOS Yy w

n
— ky,y sin Yuw + wpt 4+ 0y),

where w,, relates to the wave period, T,, via w, =
27 /T,. Note that (12) shows how the wave-induced

@ Springer
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Fig.3 Water medium
model elements and
description, including: wave
characteristics, wave
velocity, floating object
orientation, immersed
height, Stokes drift current,
and lumped water surface
current

(30

Mean sea
level

water velocity components are affected by the wave
characteristics and the distance from the water surface.

Finally, the water surface plane at point {x, y, ¢} has
tilt angles in roll and pitch with respect to the inertial
frame, which are calculated by differentiating (11) with
respect to x and y, respectively:

N

dw(x, vy, t) = atan (Z — A,k sin Yy, w cos(wpt

n

—kpx cos Yy w — kyy sin iy, w + Un)) s

N
Ow(x,y,t) = atan (Z — Ak, cos Y, w cos(wpt

n

—kpx cos Yyw — kpy sin gy, w + an)) .
(13)

2.4.2 Water current

The water surface current acts in the {x, y} (horizontal)
plane of W, such that U. = [uc, vc, 0]T € R3, and is
given as:

U. =Us + Uy, (14)
where U = [us, v, 0] € R3is generated from Stokes

drift [7], with its components in the inertial frame, WV,

defined as:
N

us(z) =Y cos Yy w Anankne®
n

N 15)

vs(z) = Z sin Wn,wAﬁwnknezknz»
n

and U; = [uy, v, 0]7 € R is the resulting sum of other
water current components, determined as follows:

u; = Ujcos Y,

16
v; = Uy sin y, (16)
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where Uj and v are the average velocity and direction
of the current in W, respectively.

2.5 Buoy’s dynamic model

Various types of forces affect the buoy’s motion, with a
major contribution from restoration, damping, and radi-
ation forces. These forces substantially depend on the
immersed volume of the buoy, Yin € [0, Y], which
is a function of the buoy’s elevation, defined as Ah =
¢ (xp, Yb, t) — zp. Let the vector from the buoy’s center
of gravity to its center of buoyancy in WV be defined
as rgs = [xGB, YGB, zGB]T € R3, where the buoy-
ancy force is applied such that Fg = [0; 0; pwgYim].
Additionally, let the tether hinge location with respect
to the buoy’s center of gravity be defined in By, as
IGH,b = [XGH.b> YGH.b> ZGH,b]T € R3, asseen inFig. 1,
where the cable tension is applied to the buoy in W/,
such that T} = [T, 0, 0]T.

Assumption 1 The water—buoy friction dominates the
air-buoy friction; thus, we neglect the air drag on the
buoy.

Consider the buoy dynamics in By, and let its state vec-
tor be v, = [v1p; v2b], Where vip, = Vpand vy p =
®p. Applying Newton’s second law of motion gives:

M{)bb+Cgvb+D{,ﬁb+G{) = T{), 17

where My, Dy, and C| € R®*6 are, respectively,
the buoy’s inertia, damping, and Coriolis matrices
expressed in By; vy, = [V1.p; V2,b] is the relative veloc-
ity vector, with 91 p = v1p — (Uy + RbebUS + RLbUl),
and vy, = vy p; the gravitational forces and moments
vector are included in G{) S RG; and the external forces
and moments are captured in T} € RS. The iner-
tia matrix expands as My = [M’l,b, 03; 03,M/2’b],
where 03 € R3*3 is the null matrix, M/l,b =
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mpdiag(l, 1, 1)4+ayp, M/2 p = Jot+asp, witha; p = We also define:
diag(ai1, axn, a3z3) and ayp, = diag(as, ass, ags) € M, = RyM/R ",
R3*3 being the generalized added mass matrices. The R
Coriolis matrix, which depends on My, is calculated as Dy = RpDyR; -, (23)
C]’3 =[03, C/12,b; C/Zl,b’ C/z,b]’ where: Chilp = %be?b,
12 = Con = where R [Riy, 03 03, R; 1, M N
_ b = l,b’ 3, 3, 2,b ’ b = b
0 (o +0“33)wb (my + a22)v (9My/d1y) [7]. Finally, we let Mpi/, C.i;, and Dy,
—(mp + az3)wp (mp + arup i, j = {1, ..., 6} beelements of My, Cy, and Dy, respec-
(mp + ax)ve —(mp + aiup 0 .
tively.
0 (J22,0)7p _(-]yy,b)CIb
Cop= |~z 0 (Jxx.b) Pb

(Jyy,p)gp —(Jxx,b) Pb 0

(18)
The buoy’s total damping in By, is expressed as:
D; = Ds + Dp + Dy, (19)
where the generalized radiation-induced potential damp-
ing matrix is expanded as Dp = [by p, O3; O3, b2 ] €
RO, with by, = diag(bi1, by, bsz) and byp =
diag(baa, bss, bee), and Ds = diag(Ds 1, ..., Ds¢) €
R®%0 is the skin friction matrix, calculated as:

| S )
Ds;i = CS,iAwtzpw|V1,b,i|s i={1,2,3}, (20)

where Cs; € R. is the drag coefficient, Ay € R>g
is the wetted area of the buoy, and Ds 4_¢ € R>0 can
be approximated by considering the moments effect
of Ds 1—3 over the buoy’s surface. The effect of the
wave drift damping matrix, Dy € R3*3, is already
included in the Stokes drift velocity in (15); thus, it
will be dropped from (19).

The buoy dynamics in (17) are expressed in VV with
the state vector, 5y, = [ p; #2,p] Where 5, , = rp and
b = Eb, as:

Mijy, + Coily, + Doy + Gb = b @1
where My, Dy, and C, € R®*® are the buoy’s
inertia, damping, and Coriolis matrices, respectively,
expressed in W iy, = [0 ,: 92, is the relative veloc-
ity vector, with 7, , 1= [Xp, Yy, 2617 = 1y p — (Uw +
Uc); Gy, and Ty, are, respectively, the vectors of the
gravitational and external forces and moments on the
buoy in W given by:

Gb = [07 07 mbg? 01 07 O]T7

Th = [T1,b; T2,b],
71 = RsocTy + Fp (22)

= [Tcocy, TcaSp, Tsq + pwgYimlT,

72 =GB X FB + (R prcup) X (RsacTy).

2.6 UAV’s dynamic model

We let the UAV’s thrust vector in the Cartesian frame,
Su.c = [ux,uy,u]T, be calculated as:

fu,C = Rl,ufu’ (24)

with its elements being explicitly represented as:

Uy = ul(saucl/fu + S¢u Ceusl‘”u)’
Uy = U1 (50,50, — S¢yCouCiha) (25)
u; = uy(cg,co,)-

In the spherical frame, the UAV’s thrust vector, f, g =
[ur, ug, uylT, is expressed as:

Sfus =Recasfucs (26)

with the element u;, uy, and u, being explicitly repre-
sented in C8.

The tether’s tension on the UAV expressed in W,
T, = [-T,0,0]7, is applied at location rggy =
[XGH,u» YGH.u> 2GH.ulT € R3 in By, representing the
distance from the UAV’s center of gravity to its
tether hinge. Finally, the local wind speed that dis-
turbs the UAV’s motion is defined in W as Uyg =
[twd, Vwa, O]T .

The quadrotor UAV system dynamics in WV are
obtained from Newton’s second law of motion with
the state vector i, =[5} ; 72,41, Wwhere 7, , = ry and
Ny = Ey, yields:

Ml,uﬁl,u + C],u7.71,u + Dl.u7771,u +Gru=T1u+81,
M2,uﬁ2.u + C2,ui72,u + D2,ui72,u + G2,u =121 + 62,u,
27

where:

Ml,u =mydiag(1,1,1), Dl,u = Rl,uD/l R/

,u—lu
Cl,u”l,u = 037 G],U = [07 O’ mug]T7
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and

M2,u = JuRZ,uy D2,u = D/z uR2 us G2u =[0,0, O]Ts

Couty = Ru x (JuS) + Ju(522du + 55260 )i -

D’LLl = diag(Dy,1, Dy2, Dy 3) and D/Z,u = diag
(Dy4, Dys, Dug) € R;’fﬁ are the UAV’’s translational
and rotational damping friction matrices, respectively.
The relatlve velocity vectors of the UAV are 171 u =
[xu, yu, zu]T = 1],y — Uwaq in translation and 1, ,, :=
[qbu, Qu, I/fu]T = 1), in rotation. 71, and 73, € R3
are vectors of other external forces in YV and moments
in B, of the UAV, respectively, and they include the
rotors’ thrust and tether tension effects, expressed as:

’
Tiu = fu,C + RSZCTu

uy — Teqcy

= |uy —Tcesy |,
u; — T'sy
Tou = Tu + (tgHw) X (R RsacTy). (28)
The damping matrix elements, D, ;,i € {1, ..., 3}, are
approximated as:
o 1
Dy, = CuzACS,2Pa|Vu1| (29)
where Cy; € R. is a drag coefficient, Au ; €Rxp s

the UAV’s cross-sectional area in the respective plane,
pa is the air density and ﬂu, ; 1s the UAV-wind relative
velocity in the respective body frame axis. The adopted
model captures the major elements required to repre-
sent the quadrotor in a tethered UAV-buoy system with
slow-to-moderate dynamics; thus, acrobatic maneuvers
and their influence on the system dynamics are not con-
sidered. For more details on the quadrotor UAV model,
readers can refer to [33].

2.7 System constraints

In this section, we generalize the system’s 2D con-
straints presented in [16] to the 3D space. These con-
straints help establish the bounds and operating condi-
tions for when the coupled model of the tethered UAV-
buoy system is applicable.
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2.7.1 Taut cable constraint

Since the cable is assumed inextensible, it remains
under tension (taut) at time ¢ if r(#) = [, which is equiv-
alent to:

T > 0. 30)

We label the tethered UAV-buoy system as ‘coupled’
when (30) is satisfied, and ‘decoupled’ otherwise.

2.7.2 No buoy-hanging constraint

To keep the buoy floating on top of the water surface,
the vertical tension component transmitted from the
UAV through the tether must not exceed the weight of
the buoy; otherwise, it will be lifted into the air and the
system will reduce to a UAV with a slung payload. This
is prescribed by:

T < myg/sa, (€29
as deduced from (21) and (22) at steady state.

2.7.3 No ‘flyover’ constraint

‘Flyover’ occurs when the buoy starts hopping over
wave crests [9]. This phenomenon is avoided if:

Yim > 0, (32)
which means that the buoy remains partially immersed

at all times. The ‘flyover’ phenomenon is related to the
total surface velocity of the buoy, described as:

/.2 2
V = up+ v, 33)

Yy = arctan(vp/up),
where V and iy are its magnitude and direction in the
horizontal plane, respectively. Next, we define the wave
encounter frequency for the n'” wave component, we_,,
as [6]:

w2V
2 Cyryn—tvys NE Sn. (34)

We np = Wy —

The excitation of the buoy’s heave dynamics at we ,
induces ‘flyover’ if it approaches the heave’s natural
frequency, as interpreted in [16].

2.8 The tethered UAV-buoy system model

In a coupled form, the tethered UAV-buoy system
dynamics can be formulated by referring to the Euler—
Lagrange formulation, which leverages the results in
Sects. 2.3, 2.5, 2.6, and 2.7.
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Assumption 2 The design of a stable buoy is beyond
the scope of this work, and only buoys with inher-
ited stability are considered. Thus, we assume that the
buoy’s center of buoyancy always lies above its cen-
ter of gravity, and that the roll and pitch dynamics of
the buoy are damped and stable, which indicates that
Dy 44 > 0 and Dy 55 > 0. Also, the hinge is placed
toward the desired pulling side of the buoy in its body
xy plane.

Assumption 3 To achieve a stable tether effect on the
buoy, the tether hinge is restricted from being at or
below the buoy’s center of mass, that is: |rgu bl # O,
and zgu,p > 0.

Assumption 4 The effect of the buoyant moments in
roll and pitch dominate the effect of the tether moment,
thatis,rg x F > (Ry prgu,b) X (Rs2ocT},). Thus, we
assume that the buoy tends to be tangent to the water
surface, that is, ¢p X ¢y and Gy, ~ Oy, .

Assumption 5 Since rgup and rgy,, are significantly
smaller than the cable length, /, their effect in express-
ing the relationship between r, and ry, can be neglected
as explained in Appendix C.

First, we define the Lagrangian function as L(q, ¢) =
K(q.q) — U(q), where K(q. §) € R=o and U(q) € R
are the kinetic and potential energies of the system, with
= [Xb. Yb: 26 @ @, Pus Ou, Vs P, O, Y] T € R
being the generalized coordinates vector. The equations
of motion of the UAV-buoy system are obtained via:
(85) SLL P (35)
dt 8q g
where T € R!! is the external forces and moments
vector. Per Assumption 1, let D be the global damp-
ing matrix formulated based on (23) without including
a wind-induced component, and the dissipative forces
are captured by the power function, P € R, such that

%73 :=Dq. q is defined as:
‘} _[uC+MWa Ve + Vw, Wy,
0,0,0,0,0,0,0,0]7
. ) (36)
= [Xp — Ue — Uw, Vb — Ve— Vw, Zb — Ww,

&, ¢, bu. Bu.Vu. Po. O, Y] T
If the tether is assumed to have a negligible mass, the
coupled system’s kinetic energy is obtained as the sum
of the individual energies of the UAV and the buoy as
follows:

|
=1 Mb1jyp, (37)

L, . I, .
K=-4"Mq := _ﬂIMu”u + )

2 2

where the global inertia matrix of the UAV-buoy sys-
tem, M, is formulated by using the elements of M, and
My, as described in (C12). Next, the potential energy
of the system can be formulated by referring to (22),
(28), Assumption 5, and (C11) as:

U =mpgzp + mug(zp + Isq). (38)

The details of the Euler—Lagrange formulation in (35)
are detailed in Appendix 1, which finally leads to the
following equations of motion:

Mj +C4+Dg+G=rt, (39)

where C represents the global Coriolis matrix and G is
the global vector of gravity forces and moments.

With Assumptions 2 and 4 and the dominance
of waves with relatively long periods and moderate
heights, the time derivatives of the buoy’s roll and pitch
angles, q'ﬁb and éb, are small, and thus, their effects can
be neglected in M.

Since the tether joints are considered revolute and
frictionless, there is no coupling between the tether’s
rotational motion and the UAV and buoy’s rotational
dynamics, whereas their translational dynamics are
coupled through (9). Additionally, as can be deduced
by inspecting the elements of (35), the UAV and buoy’s
rotational dynamics are independent of each other and
can still be described by the dynamic models of their
individual systems in (27) and (21), respectively. This
is further elaborated in Appendix 1. Given this, the
tethered UAV-buoy system coupled dynamics can be
represented by the first five states: xp, Vb, Zb, o, and
¢, which are independent of other rigid-body orienta-
tion states that concern either the UAV’s or the buoy’s
dynamics alone. Hereafter, we limit the representa-
tion of the coupled system to the first five state vari-
ables mentioned above, while the UAV and buoy’s
rotational dynamics can still be described by 7, , in
(27) and 7, p, in (21), respectively. The inertia matrix
for the coupled system is explicitly represented as
M s = [My; Ma; M3; My; Ms], where:

= [My 11 + my Mp12 Mp 13
—mylsqcy —mylcySyl,
M> = [My 21 Mp,22 + my Mp 23
—mylsgsy mulcgcy]l, (40)
M3 = [My31 My 32 My 33 +my mylcy 0],
My = [—mylsqcy —mylsesy myleq myl? 0],

Ms = [—mulcas(p mylcgcy 00 mu12c§] .
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The Coriolis matrix is explicitly represented as:
Cis=
000 —cqcptr + 2545, —CoCyu®

000 —cySptt — 254Co ¢ —CaSp® (41)
myl 1000 —Sq0 0 ,

000 0 ISqCq@

000 —2lsgCo@ 0

and the damping matrix is explicitly represented as:

Dy 11 Dy,12 Dp,1300
Dy 21 Dy 22 Dp 2300

Di_5=| Dy31 Dp32 Dp3300]. (42)
0 0 0 00
0 0 0 00

Additionally, the gravitation force vector and external
forces and torques vector are explicitly represented as:

Gi-5 = 10,0, (mp + my)g, my glcy, 017, (43)
and
T1-5 = [uy, uy, u; + PWwEYim, lug, lu(p]Ty (44)

respectively. If constraints (30) and (32) are satisfied,
the coupled form of the dynamic model equations is
given by:

(Mo, 11 + mu)Xp + My, 126 + Mb, 137

+ Dy, 1% + Dov.123 + Do 13%p

— myl (co,c(pdz2 — 25450 + CaCp®’

+ SqCpd + cas(pé) = Uy, (45a)
Mpy 21X + (Mp 22 + my) ¥b + Mp 232b

+ Dy 215 + Db 2256 + Dp 2320

— Myl (CaSp6? + 250Cp0 + Casp?

+ SaSpd — cac'w()i) =y, (45b)
My 315%b + Mb 3250 + (Mb 33 + mu)Zp
+Dy,31% + Db,3250 + Db.33%p

—myl (sa6® — Cal) + (my + my — Py Yim)g = Uz,

(45¢)
mul(—SaCp¥ — SaSpFo + CaZb + [SaCa$®)
+ mul?d + myg(lca) = lug, (45d)
Myl (—ca8pXp + cacy o — ISaCa@)
+ myl?c2 g = lug. (45¢)

After solving the above differential equations, the
UAV’s position and velocity vectors can then be com-
puted from (C9) and (C12), respectively. We note that
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if the tether’s weight is to be considered, the tethered
system’s model should be updated as per [17].

3 Control system design

The control system design problem is defined as manip-
ulating the surge velocity of the buoy, uy, to track
a desired reference, while orienting the cable in the
desired elevation angle, «, and azimuth angle, ¢. This
allows for applying a tension force in any required
direction, while tracking the desired surge velocity.
As an extension to the surge velocity control system
(SVCS) presented in [16], which was designed to only
control up and «, the controller will be dubbed herein
as directional surge velocity control system (DSVCS),
given that it adds the pulling force direction (azimuth
angle, ¢) to its controlled states. Since the tethered
UAV-buoy system is underactuated [16,27], not all of
the system states are controllable.

We note that solely controlling the aforementioned
states via set point tracking does not yield inertial veloc-
ity tracking. For example, external forces that result in
sway motion (in the direction of the buoy’s body-fixed
y-axis) are not rejected by the controller. That said,
the controller with the reduced states can be equipped
with a path planner, which can apply lateral tension by
choosing a specific azimuth angle to counter the exter-
nal forces in the sway direction. Such an architecture
would give the system the ability to track reference tra-
jectories in the inertial frame, but this is beyond the
scope of this work; thus, we stick with the design of
the DSVCS.

3.1 Operational modes and state machine

To complement the surge velocity controller, a UAV—
buoy relative position controller is required to control
the radial distance of the UAV in W, 1, instead of uy,.
Both controllers are part of the DSVCS. In [14], a state
machine was proposed to allow the system to switch
between the coupled and decoupled states by alternat-
ing between the two controllers. In addition, the state
machine can trigger a change in the positioning of the
UAV with respect to the buoy between front and rear
to change the pulling direction. Contrarily, in the 3D
problem of this work, we only consider the forward
motion of the buoy, while the velocity vector steering
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will be handled by changing the cable’s azimuth angle.
The purpose of the state machine is to allow the system
to smoothly couple and decouple when requested by
the controller, which will be sufficient to achieve the
goals of the controller in this work. For that, we adopt
the same state machine of [14], with the exclusion of
the ‘repositioning’ maneuver trigger part.

3.2 Controller design

With the inner-loop/outer-loop cascaded structure
shown in Fig. 4, the DSVCS allows tracking of the
states up, o, and ¢ by orienting and scaling the
UAV’s thrust vector. The set point for the controller
is (up0, Zuo, @o) in the buoy’s surge velocity control
mode, and (Tp, Zuo, @o) in the UAV’s relative position
mode. A preprocessing unit then generates the result-
ing & based on 7,0, and a smoothed signal for the track-
ing set points upg, o, and @g. When the control mode
changes, a fast and smooth transition function handles
the switching between the two control laws [16].

The resulting force vector with its three components
along &, &y, and &, is transformed to the inertial frame
to determine the desired UAV’s thrust vector magni-
tude and orientation. At this point, the problem reverts
to a basic UAV thrust decoupling problem, where the
resulting thrust vector magnitude and tilt angles can be
easily computed, as shown later, while the yaw angle
remains free to set. Since the UAV is expected to main-
tain visual tracking of the buoy, the controller sets the
desired yaw angle to equal the tether’s azimuth angle.

In summary, and as shown in Fig. 5, the proposed
DSVCS can control three main variables: 1) the relative
position between the UAV and the buoy (outer loop), 2)
the buoy’s surge velocity (outer loop), and 3) the UAV’s
attitude (inner loop). A state machine selects which of
the two outer-loop controllers to activate based on the
coupling between the UAV and buoy.

3.2.1 Reference signals and velocity set point

The UAV’s desired motion during a buoy manipula-
tion task is limited to a horizontal plane of constant
elevation (zy0), which reduces the UAV’s power con-
sumption [1] and results in safer and more predictable
paths. This can be achieved by computing the result-
ing reference elevation angle, «, based on the desire
reference elevation, z,, as:

a = asin((Zy — 2p) /). (46)

The azimuth angle is chosen to set the pulling direc-
tion, and the UAV’s yaw angle can be independently
manipulated without affecting the other states; here,
we set it equal to azimuth angle in order to keep the
UAV directed forward while an onboard camera can
still point toward the buoy at all times:

Yu=0. (47)
Note that the steady-state velocity vector of the buoy
in the horizontal plane of W, ¥y, does not necessarily

point in the same direction as ¢, since the buoy is free
to slide sideways, such that:

Yv =@+ ey, (48)

where €y is an error angle that is related to the sideslip
angle of the buoy, 8. Finally, the radial position, ry, and
the velocity set point, ipo, are smoothed by low-pass
filters of fourth and second orders, respectively, which
results in a smoother performance due to respecting the
system dynamics [27].

3.2.2 UAV-buoy
relative position control law (outer loop)

To design the relative position control law, we must
refer to the UAV dynamics in W where the states of
interest are explicitly expressed. If we reorder the real-
ization of ¥, in (10b) and multiply both sides by m,,
we get:

myt = Reps(myty) — my(Reasiy). (49)

The first right-hand side term of (49) can be seen as
the mapping of the translational terms of (27) into W’
(kinetics), and the second one can be seen as the map-
ping of the buoy’s linear accelerations into YW’ (kine-
matics). Expanding (49) yields:

22 =u T

my(f — ra
—mMygSq — My(CaCpip + CaSpVb + Saib),
mu(r2é + 2ric + rzsaca(pz) = Iuy
—Mygrcy — Myl (—SuCpXp — SaSp Vb + CaZb)s
mu(rzcaé + 2req i) — 2r2sao'c¢)) =Tuy
_mur(_s(pjéb + Cgoj;b)- (50
Consider the case of nonzero tension for the rel-
ative position dynamics of the UAV-buoy system in
(50), with states vectors X1 = [r, «, ¢]T and X, =
[f, &, ¢]T, control input vector U = [u;, Uq, uplT,
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Fig. 4 Architecture of the proposed directional surge velocity control system (DSVCS) for the tethered UAV-buoy system

subject to unknown external disturbances including
water currents, gravity waves, and wind gusts. The
equations of motion in the kinetic form are expressed
as:

Mchdc = q)dc@dc + Hg + bch + ade (51)

where the subscript (dc) refers to the decoupled
dynamics, X4 = X), the inertia matrix Mg, =
mydiag(1, 2, 12¢,), the parameter vector Og, = T,
the regressor vector ®4. = [—1;0;0], and bg. =
diag(1,r,r). §4c represents the vector of lumped mod-
eling errors and disturbances, and the vector Hy. =
[Hyc,1; Hac2; Hdc 3] represents all of the nonlinear
Euler, Coriolis, centrifugal, and gravitational forces
and moments, and is given by:

Hic1 = my(ré? + rc§¢2 — CqCpXp — CaSp b
— SaZb — &),

Hyco = myr(—2ié — rso[cagb2 + SaCpXp + SaSe Vb
— CaZb — &Ca),

Hgc 3 = myr(—=2i¢cy + 2ra@sy + spXp — Cydb).

The state-space model in (51) is formulated as the
following time-varying second-order nonlinear system:
X1 =X,
. (52)
X, =90+ H +bU + 36,
where

b=M'bs, ® =My ®s, O =0,
8 =My 84, H =My Hgc.
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Assumption 6 The external disturbances and model-
ing errors are bounded along with their derivatives.

Assumption 7 The tethered UAV-buoy system is
expected to be deployed in relatively calm weather con-
ditions; thus, we can state that the lumped error vector §
is constant or slowly varying during a finite time inter-
val, that is: lim;, <; <, 5, Sa, S(p ~ 0.

Let X 1 = [r, o, ¢]T be the reference state vector,
and e; = X| — X be the respective state error vector.
The UAV’s relative position (outer loop) is controlled
by an adaptive backstepping control law, reformulated
into a feedback (PID) plus feedforward (model com-
pensation) form [18], which includes the thrust com-
ponents (radial, elevation, and azimuth) in spherical
coordinates, and it is given by [15]:

U=b"[—kpei — kel —kpé) + X, — ®0 — H],
é{ =el,

(53)
where kp,k;,and kp € Riff are controller gains that
are defined next, and O is the estimate of ©.

Theorem 1 Consider the state-space representation in
(52) of the UAV-buoy’s relative position dynamics in
(50). If Assumption 6 holds true, the control law in (53)
generates the thrust vector element in W', {uy, ugy, Uy},
that can stabilize the outer-loop dynamics of the system
and reduce the tracking error to a small region neigh-
boring the origin in finite time for a set of gains ki,
ky, and y € R3>>63, such that kp = I3 + k1ky + y,
k; = yki,andkp = ky+kj, with I3 being the identity
matrix. Additionally, if Assumption 7 holds, the track-
ing error vanishes to zero in finite time.
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Proof We employ the backstepping control design,
which involves two steps. Let V| = %elTel be the first
candidate Lyapunov function, and let V; = elTél be
its time derivative. We proceed to a second step as e
does not include an explicit control input. To stabilize
e1, we define a virtual control input as Y = X — ke,
followed by a virtual rates error as: e; = X 1 =Y.
We then define a second Lyapunov function as:

1 1 lar gz
V225e1e1+§e;e2+§6 y 6,

with & = & — 4, then we differentiate it to obtain:

Vy =efér +ejér + ST)/_lfS
—=el(ey —kie) +e](BU + @O + H +5— )
+STy_1:S_

Finally, the control inputs vector and the update rates
of the lumped disturbances and modeling errors are
chosen to satisfy the negative semi-definiteness condi-
tion of Vz, as:

UZbil(—q)(:)—H—S-FY—el—kzez),
R (54)
d=yen,

which results in V, = —elTk1e1 — e;kgez. Via

Barbalat’s lemma with Assumption 7, the asymptotic
convergence of V; to zero is guaranteed. Note that if
Assumption 7 is violated by the presence of strong
wave disturbances or wind gusts, stability and finite
tracking error are still achieved by increasing the con-
troller gains, such that they overcome the disturbances
mismatch effect on Vz. Finally, the control law in the
PID-like form in (53) is obtained by substituting e, and
Y in (54), then setting e{ = S(ykl)_l. m|

3.2.3 Buoy surge velocity control law (outer loop)

If the cable is taut, its length becomes constant and
and T can be set to zero, and r can be Substituted for
[ in (50) yields the UAV’s motion equations in W’ in
spherical coordinates notation:

1257
mu(—léz2 — lc§¢2) =—mygsq +ur — T
— my(CqCpXp + CaSe Vb
+ Sotzb)7
my (%6 + sqcqp?) = —mugl
u wCa®”) = —myglcy +1uy (55)

— myl(—54CpXp

— SaSp¥b + CaZb),
my(Peq§ — 21%550¢) = lu,

— myl(—=SyXp + Cpb),

In order to control the buoy’s surge velocity, uy, it must
be explicitly expressed in (55). The buoy’s accelera-
tion in the body frame is described as: vy, = RlT,bﬁl,b-
When waves with relatively long periods and moder-
ate heights are dominant, the resulting buoy’s roll and
pitch angles are small and cannot be used by the con-
troller unless a proper measurement technique is avail-
able for the UAV. On the other hand, the USV/buoy
heading can be visually estimated with good accu-
racy as was demonstrated in [5]. For this reason, we
limit the transformation of R; j, to yaw only, such that
Vip R Rszﬁl,ly Hence, Xp and ¥y in (55) can be trans-
formed into uy, and vp accordingly.

Consider the UAV dynamics in W in the coupled
case, while following the spherical coordinates notation
as presented in (55). By choosing the state vector X| =
[up, «, @]T, we can rewrite (55) in the kinetic form as:

Mch’cp = ‘I)cpecp + Hcp + bch/ + 3cp» (56)

where the subscript (cp) refers to the coupled dynamics,
X op = X /1, the control vector U' = U, the param-
eter vector @, = T, the regressor vector ., =
[—1;0; 0], and bep = diag(1,1,1). 8p represents the
vector of lumped modeling errors and disturbances, the

inertia matrix is expressed as:

ca(CpCyy + SpSyy,) 0 0
Mep = my | —lsa(coCyy + SpSyy) 2 o0 |,
—1(SpCy, — CSyp) O ¢y

and the vector Hcp = [Hep,1; Hep2; Hep 3] represents
all of the nonlinear Euler, Coriolis, centrifugal, and
gravitational forces and moments, with:

Hep 1 = mu(lo'z2 + lcigbz — SqZp — &Su
+ co(CpSyy — s(pcwb)i)b),
Hepp = mul( - lsaca¢2 — CoZb — &Cu

— Sa(CySyy — s(pc,pb)i)b),
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Hepz = mul(21d¢sa — (SgSyp, + C(pc,/,b)i)b).

The state-space model in (56) is formulated as a time-
varying second-order nonlinear system as:

./

X=X, (57)
X,=®'@ +H +bU +7§,
where

-1 -1

b =Mglbep, @ =M_ '@, O =0,
—1 —1

§ =M'8cp. H' =M Hop.

The outer-loop velocity controller manipulates the state
vector X, and a control law for the surge velocity
can be designed in a similar fashion as described in
Sect. 3.2.2, with a difference that only one step is
required in the backstepping process for the state uy,.
Let X /1 = [up, &, @]T be the reference state vector and
e =X - X ,1 be the respective state vector error. The
control law is defined as:

U' ="'~ Kpey —Kjef —kpé,
+X;-o6 —H (58)
¢ =¢,

where X1 = [itp, & §1:kpp = diag(0, 14K kb , +
Ve 1+ki,¢k§,w+%), k/[ = diag(Yuy» Yaki,a» Voki,4),

'» =k + k5, with k| = diag(0, K} o k/l,w)’ ki’a and
k{’(p € R.o. k5 € Ri?f, and y’ = diag(y,;b, Vs yq’)) €
R>3, are controller gains that are defined next; and é

>0
is the estimate of @’.

Theorem 2 Consider the state-space representation in
(57) of the UAV-buoy’s relative position dynamics in
(55) when the system is coupled. If Assumption 6 holds
true, the control law in (58) generates the thrust vec-
tor elements in the spherical reference frame uy, ugy,
and uy that can stabilize the outer-loop dynamics of
the system, and reduce the tracking error to a small
region neighboring the origin in finite time for a set
of gains k', k), and y’ € ]R3>T)3, defined in a similar
way to their counterparts in Theorem 1. Additionally,
if Assumption 7 holds, the tracking error is reduced to
zero in finite time.

Proof We employ the backstepping control design,
which involves one step for the uy, state, and two steps
for the @ and ¢ states. To keep a compact represen-
tation of the proof in vector form, the buoy velocity
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states are tackled in the second step. First, the Lya-
punov function V| = %eé + %le?p is proposed, and let
its derivative be expressed as V| = eqéy + epé,. We
proceed to a second step in the control design process
for the states’ rates given that é, and é, do not include
an explicit control input. To stabilize e;, we define
a virtual control input as: ¥’ = X " — k' e}, where
k| = diag(0, Kk} ., k; ,)and X" = [ity, @, ¢]T.Next,
we define the rates error as: e}, = X /1 —Y'. Note that the
rates error of the buoy velocity’s x-component simply
reduces to €, | = up — itp.
Here, we define a second Lyapunov function as:

l 2 1 2 1 2 1~/T _1~/
Vé:zea+§ew+§ege/2+§5 y s,

~/ NG
withd =8 — §; then, we differentiate to have:

. . . T T —14
Vy = eqéy +epé, + e és + 8y 1§
/ ! / ’
= ea(€2‘2 —_ kl’aea) + €¢(€2y3 — kl,(pe(/))

+eT WU +00 +H +8 —-T)+5Ty 15

Finally, the control inputs vector and the update rates
of the lumped disturbances and modeling errors are
chosen to satisfy the negative semi-definiteness of V),
as:

U=b"" (-0 —H —§ + 1 - ¢ — ko)),

§ = y'e,, e =10, eq e,
(59)

where the tuning gain k), € R3*3 is a diagonal matrix,
y 2 2 'T

and we get V, = —kj ,e; — ki e, — €5 Kre). m

3.2.4 UAV’s attitude controller (inner loop)

Let ¢, and 6, ¢ be the desired roll and pitch angles
of the UAV, respectively, which can be obtained from
the outputs of the outer-loop controller along with the
UAV’s total thrust command, uj . The transformation
from thrust components in spherical coordinates to the
UAV’s thrust and tilt angles is performed by refer-
ring to (25) and (26) in two steps. We let the com-
mand thrust vector in the world frame, W, be Uc . =
[Ur,es Uy, uzelT = Ry 1[0,0,u1,]T, and in the
spherical frame, W', be Us ¢ = [Ur.c, Ug,c, Ug,c]T =
ReasUce.
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In the first step, given the force commands in the
spherical frame generated from the outer-loop con-
troller, Usg ¢, we calculate Uc . = RsacUs ¢, which
expands to:

Uy,c = CaCpUr,c — SaCpUa,c — SpUg,c»

Uy.c = CaSpUr,c — SaSpUa,c + Cply,c, (60)
Uz c = SqUr,c + CqUqg,c-

In the second step, we calculate ¢y ¢ and 6, ¢ given that
Uc.c = Ry110, 0,11 ¢]T, which expands to:

Ux,c = ul,C(sQu,cCWu,c + S‘Pu.cceu,csl/fmc)’

uyyc = u]aC(SGU,cSWH,C - S¢u‘c69u.ccwu,c)’ (61)
Uzc = ul,c(C¢u_cC9u,c)~

With mathematical manipulation, we get the following
relationships:

Ujc = \/u)%,c +ul +uZ,

@u,c = arctan(Uy ¢Sy, — Uy,cCyy)/Uz,cs (62)

Ou,c = arcsin(uy cCy, + Uy cSy,)/Ulc.

Let ) . = Pum tanh(¢u,c/¢u,m) and 0, . = 6y m tanh
(Gu’c /Gu,m) be smooth and bounded versions of ¢, ¢
and 6, ¢, where ¢y m and 6y ;m € (0, %) are the abso-
lute upper limits of the UAV’s roll and pitch angles,
respectively. The UAV’s yaw dynamics can be con-
trolled independently of the buoy’s manipulation.

Consider the UAV’s rotational dynamics in (27)
with state vectors X| = [¢y, Oy, Y17 and X =
[pu, Bu, YT, and control input vector U” = [us, us,
u4]T, subject to unknown external disturbances like
wind gusts. The equations of motion in the kinetic form
are expressed as:

MurXur = q’urgur + Hur + burUN + 6111‘3 (63)

where the subscript (ur) refers to the UAV’s rotational
dynamics, X ur = X /1/, the inertia matrix My, = Mp y,
the parameter vector @, = T, the regressor vector
Py = (ruu) X (R Rsoc[—1;0;0]), and by, =
diag(1, 1, 1). 8, represents the vector of lumped mod-
eling errors and disturbances, and Hy; = —Cz u7) , —
Dz,ufh,u represents all the nonlinear Coriolis, centrifu-
gal, and damping moments. The state-space model
in (63) is formulated as the following time-varying
second-order nonlinear system:

o
XI_XZ’

X” —¢'Q" + H' +b//U// + P (64)
2 = >

where

b =My by, @ =M '@,
8 =M, '8y, H' =M_'H,,.

9// = ®ur,

Let X /1/ = [q_ﬁu, O, &u]T be the reference state vec-
torande] = X — X T be the respective state error vec-
tor. The proposed control law that stabilizes the UAV’s
rotational dynamics is defined as:

"o ogn—1 "on 1 il v
U" =b""'[ —Kpe] — kje]' —ké]
E] N
+ X/I/ '@ — HN], (65)
11 /"
el = el,

where k', k7, and k7, € Riff are controller gains,

and @ is the estimate of ©”, Equivalent outcomes of
Theorem 1 are applicable for the UAV’s inner-loop con-
troller and can be proved by replicating the procedure
of Theorem 1°s proof, which is omitted for brevity.

3.3 Parameter estimation

If the taut cable condition in (30) holds, the following
realization of the cable tension is given:

((mb +arpiuy + Dg,“ub)

7 = 1/ (cppCaco +sypcasy) s o = F| > €,
(_mu(.z‘u + g) —+ u (C¢uC0u))
/St |a_%|§eaa

(66)

where €, € R>g is a constant that prevents singularity
inasmall region near & = 7. The cable tension expres-
sion in (66) can be determined from the sum of the first
and second rows of the buoy dynamics in (21), which
shows a direct link with uy, for the first case. The singu-
larity near the vertical cable configuration (¢ = 7/2)
is handled by the UAV dynamics in (27) to compute the
actual cable tension, T, as in the second case of (66). To
get an estimate T of T, as required by the control laws
of the DSVCS, (66) should be used. Here, we note that
even if T is inaccurate, the controller is able to com-
pensate for the tension effect based on its integral term
action.
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{ N 7
[ UAV-buoy relative position controller ] [ Buoy's surge velocity controller ] [

UAV's attitude controller ]

State vector: State vector:

UAV's translational dynamics in W'
(decoupled case):

MaicXde = Pac®@dc + Hac + bacU + dae,  (52)

State-space:
Xy = Xs,

Xy =0,
(coupled case):

State-space:
x| - x3,

X1 = [un a7,

UAV's translational dynamics in W'

MepXep = ey Ocpt+ Hep + bepU'+ 8y, (57)

State vector: X} = [pu, O, )T,

UAV's rotational dynamics in W:
MuXur = ®uOu + Hut buU" 8ur, (64)

State-space:
X — X!
1= 29

. 3 R (58) : ©3)
X =®0 + H + bU +9, X, =90 +H' + bU'+ ¢, Xy = ®"0"+ H'+b'U" +§",
Control law: Control law: Control law:
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el (62 [Wec]  (63) [uic d >> u,
R A we + |us| - Command
1 |upe s u.c Use to UAV

Fig.5 Detailed control map of the DSVCS for the tethered UAV-buoy system showing the two outer-loop (position/velocity) controllers

and the inner-loop (attitude) controller

4 Simulations

This section presents numerical simulations for validat-
ing the 3D tethered UAV-buoy robotic system model,
and for evaluating the performance of the proposed con-
trol system in allowing the UAV to manipulate the buoy
in the horizontal plane as well as the tether’s elevation
and azimuth angles. We validate the system in real-
istic environmental and operating conditions includ-
ing wind, waves, and water current. To increase the
model’s fidelity, the UAV model includes the motor and
propeller dynamics, and the controller uses non-exact
feedback signals (e.g., noise and bias), which simulate
measured outputs based on state-of-the-art navigation
sensors [16].

4.1 Simulation settings

The validation of the proposed system is carried in the
MATLAB/Simulink® simulation environment. The
system includes a medium-sized quadrotor UAV teth-
ered to a small buoy having a boatlike shape to enable
self-alignment along the pulling direction. The param-
eters of the system are included in Table 1. The UAV’s
thrust-to-weight ratio is considered about 2.5, which
gives a maximum thrust of about 120 N. The motor’s
model is considered a low-pass filter of the first order
with a time constant t,, = 0.05s.

The buoy’s immersed volume, wetted area, and skin
friction coefficients are calculated as per [16]. Addi-
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tionally, the added mass and damping are calculated
based on the strip theory for surface vessels at low
oscillating frequencies with their values presented in
Table 1 [7].

We note that a Cartesian-based PID controller was
tested in [16] to check whether it can control the teth-
ered system; however, it resulted in unsatisfactory per-
formance relative to instability. Hence, in this work,
only the DSVCS is implemented and validated. The
controller gains are set to kp = diag(45, 9.6, 9.6),
k; = diag(9, 5.6, 5.6), kp = diag(19.5, 1.6, 1.6),
k'p = diag(25, 9.6, 9.6), k' = diag(12, 5.6, 5.6),
k'n = diag(0, 1.6, 1.6), k', = diag(10, 10, 30),

' =diag(0.2, 0.2, 0.6), k}, = diag(5, 5, 15).

The controller is fed with conditioned virtual mea-
surements of the required feedback signals. We assume
that the UAV is equipped with a Global Positioning Sys-
tem/ Inertial Navigation System (GPS/INS) system and
a stereo camera, which enable measuring the UAV’s
pose and its position in the spherical frame. Before
being used by the controller in simulation, we apply
sensor characteristics (bias, linearity, resolution, accu-
racy, noise) on the actual signals that correspond to typ-
ical state-of-the-art sensing technologies. For an entity
(e), we denote the mean absolute value of its estima-
tion error by mav(e), and we set mav(¢~>u) = mav(éu) =
mav(Yy) = 0.5°, mav(i,) = mav(y,) = mav(zy) =
0.02m, mav(Yp,) = 5°, mav(@) = mav(p) = 0.16°,
and mav(r) = 0.02 m. Subsequently, we use (9) and
(10) to obtain the buoy’s translational states.
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Table 1 Three-dimensional tethered UAV-buoy system model parameters

Parameter Value Unit Parameter Value Unit
Iy 0.8 m my 5.0 kg

hy 0.25 m Ju diag(0.16,0.16,0.22) kgm?
mp 12.5 kg du.m /4 rad
Jo Diag (0.07,0.21, 0.21) kgm2 Bu,m /4 rad

aj Diag (0.625, 19.6, 12.5) kg l 7 m

ap Diag (0.065, 0.068, 0.105) kg Cu [0.2,0.2,0.2] -

b, Diag (0, 0, 27.5) Ns/m Al [0.08,0.08, 0.1] m?
by Diag (0, 0, 0) Ns/m Pw 1000 kg/m?
g 9.81 m/s? Pa 1.22 kg/m?
IGH.,b [0.4; 0; 0] m IGH.u [0; 0; 0] m

4.2 Simulation scenarios

The designed controller’s performance and the fidelity
of the derived system model are validated with different
simulation scenarios. We first simulate two cases that
include constant water current, wind gust, and moder-
ate waves. To further validate the system in additional
conditions, we offer extended simulation scenarios (in
Sect. 4.4) by varying the water current direction, the
wave components in the water environment, and other
system parameters such as buoy size and cable length.

The first two cases, C1 and C2, both include a wind
gust of Uyq = [-5,0,0]m s~! and a water current
component with Uy = 1 m s~! and Y1 = m. The two
scenarios include:

e Cl: water current and wind gust only.

e (C2: water current, wind gust, and moderate waves
with one wave components (N = 1), such that:
A =075m, ¢y =0,T) =57s,and o) = 7.

In both cases, the UAV is initially hovering around
the buoy, it then positions itself in a location that is
suitable to start pulling the buoy at mean elevation, z,,
of 5.0 m, which corresponds to a mean elevation angle
of @g = 45°. In the first stage, the UAV pulls the buoy
until it reaches a surge velocity of i, = Sms™!. In
the second stage, the UAV gradually steers the buoy by
commanding an azimuth angle ¢ that increases from 0
to 360°=, thus completing a full rotation. The resulting
profile is shown in Fig. 7.

The buoy has an initial velocity that matches its sur-
rounding water as calculated via (12) and (14); by refer-
ring to Assumption 2, we assume that the buoy stays

tangent to the water surface, such that:

Db = dw,
Qb = 9W7

while its yaw dynamics are governed by (17).

(67)

4.3 Simulation results and discussion

The simulation results for C1 and C2 are shown in
Fig. 6a (left) and b (right), respectively.

Stable and accurate performance is noticed in both
cases, where the UAV is able to successfully drive
the buoy at the desired velocity (u1,), while maintain-
ing good tracking of the reference elevation («) and
azimuth (¢) angles. As seen in the (r) subplot, the UAV
first positions itself near the pulling location, it then
enters the pulling state by making the cable taut during
the entire duration of the buoy’s manipulation between
[12, 100] s. Since there are no ambient waves in ClI,
there is no apparent fluctuation in the buoy’s vertical
position (zp), immersed volume (Yp), and elevation
angle («); contrarily, the waves in C2 induce fluctua-
tions in these three states. It is noted that the UAV keeps
a level flight in both cases, as seen in the (z,) subplot in
Fig. 6a, b. The UAV is commanded to remain oriented
forward during the entire maneuver, which induces
large pitch angles (6,) to counteract disturbances, the
roll angle (¢, ) remains near constant, and the yaw angle
(¥ry) smoothly follows the azimuth angle of the cable
(¢) in order to complete a full rotation during the course
of the motion trajectory. The full rotation in azimuth
(¢) causes the buoy to encounter the waves in differ-
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Fig. 6 States and control inputs of the directional surge velocity control system (DSVCS) for simulation scenarios C1 (a) and C2 (b)

ent directions, where the frequency of encounter is low
during the initial phase ([20, 40]s) due to following
seas, and when the buoy turns around ([50, 60]s) the
encounter frequency becomes high due to head seas.
The cable tension, seen in the (7)) subplot, increases
with velocity when the frequency of encounter with
waves is high, and when the rate of change of the
azimuth angle is high. Finally, we note that the thrust
and torques inputs (u(1,2,3,4)c) are bounded and stable.

Even though the DSVCS achieves good tracking of
the desired surge and azimuth states, it does not neces-
sarily translate into identical trajectories in the world
frame. This is demonstrated in Fig. 7, which shows
the planar trajectory of the buoy for cases C1 and C2.
It is seen that the two trajectories do not coincide,
even though the results of Fig. 6 showed good tracking
with no steady-state errors. It is it also noticed that the
final direction of the trajectory is not exactly at zero
as seen in the ‘xy’ subplot of Fig. 7, even though the
final azimuth angle is zero. This can be understood by
observing the nonzero sway velocity, vy, in the ‘Vel.’
subplot of Fig. 7. We also notice that the sway velocity
of the buoy, vy, can be as large as its surge velocity, uy,
which results in a larger absolute surface velocity of
the buoy, V. Finally, we note that the buoy is prone to
having a nonzero sideslip angle, S, as seen in Fig. 7,
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given that it does not have any constraint on its pla-
nar dynamics. At the start of the simulation (< 17s)
when the cable is slack, the sideslip angle points to a
backward motion (Bp = 180°) since up ~ —1m s~1
and v, ~ Oms~! due to the initial water current
velocity.

As mentioned in Sect. 3, the above demonstration
motivates the need for a higher level path planner in
the event that the buoy is required to track trajectories
in the inertial frame. That said, the obtained simulation
results demonstrate the effectiveness of the DSVCS in
controlling the buoy’s surge velocity, uy, and the direc-
tion of the pulling force by manipulating the azimuth
(¢) and elevation («) angles. This provides the system
with the ability to move forward and steer as a loco-
motive, which also lays the foundation for designing a
path planner in the inertial frame.

4.4 Extended simulations

To further validate the system performance in different
conditions, we offer additional simulation scenarios by
varying the water current direction, the wave compo-
nents in the water environment, and well as changing
the system parameters (buoy size and tether length).
The physical system index is referred to as Si where
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Fig. 7 Buoy’s location (top), velocity (middle), and sideslip
angle (bottom) during the locomotion task in C1 (a) and C2
(b)

i = {1, 2}, and the environment index is referred to
as Ej where j = {1, ..., 7}. Hence, we introduce the
following system variations:

(a) System size variants (buoy and cable):

S1. Same system presented in Sect. 4, except for the
cable length: [ = 10m (S1), and m, = 16 kg.

S2. Same system as (S1) except for cable length:
[ = 15m (S2).

(b) Wave environment variants:

E1. No waves, no current.

E2. No waves, with water current U, = 1m s,
Y. = —m/2rad.

E3. Same current as E2, with two wave components
(N =2): A =1[0.135,0.305]m, T = [3,4]m,
Yw = [0, 0] rad, and o = [0, O] rad.

E4. No waves, with water current U, = Im s
Yo = m/2rad.

ES. Same current as E4, with two wave components
(N = 2) A =1[0.3050.6lm, T = [4,5]s,
Yw = [0, O] rad, and o = [0, O] rad.

E6. No waves, with water current U, = 1ms~!,
Yo = rad.

E7. Same current as E6, with a single high-amplitude
wave components (N = 1): A = [1.65]m,
T = [8]s, ¥w = [0]rad, and o = [0] rad.

The UAV is commanded to drive the buoy at u, =
3m s~ ! while making three turns by going from ¢ = 0
to ¢ = 6 with a constant slope.

Figure 8 shows the resulting trajectories of the simu-
lation in environments E1 through E7, where system S1
is adopted with E1 through ES5, and S2 is adopted with
E6 and E7. From E1, we notice that without wave and
current disturbances, the system can follow a circular
trajectory by simply commanding a constant velocity
and azimuth angle with a constant ramp. If water cur-
rent exists, the buoy drifts toward the direction of the
current as seen in E2, E4, and E6. When the system
is deployed in wavy seas, additional drift may occur
due to the waves’ Stokes drift effect, which increases
with wave height, as seen by comparing the additional
drift between E3 (lowest deviation with respect to the
current-only case), E5, and E7 (highest deviation with
respect to the current-only case), whereas the oscillat-
ing component of the waves’ velocity tends to cancel
out near the end. Finally, we see that the system is
able to deal with relatively large waves and reject their
respective disturbances, as observed in E7.

In all cases, tracking of the controlled states is
achieved with small steady-state errors, which is practi-
cal for applications that do not require precision motion
control. One room for improvement can be achieving
better trajectory tracking in the world frame, which is
sub-optimal due to the fact that the DSVCS has no
direct effect on the buoy’s sway velocity, and thus, it
cannot trace repetitive trajectories in the world frame.
Again, if tracking trajectories in the world frame is
desired for certain applications, that can be achieved
by employing a high level path planner by means of
commanding appropriate combinations of up and ¢,
which is not within the scope of this current work.

5 Conclusion

This work extended the 2D marine locomotive UAV
problem, realized as a tethered quadrotor UAV-buoy
system, to the 3D space to enable the UAV to steer the
buoy in the horizontal plane, and not being restricted
to forward and backward motion only. The dynamics
of the buoy and the UAV were given as 6-DOF rigid
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Fig. 8 Trajectory and main states tracking for variants of the tethered UAV-buoy system in different environments: a E1, b E2 and E3,
¢ E4 and ES, d E6 and E7. In all case, / = 10m except in E6 and E7 where [ = 15m

bodies with a proper definition of all effective forces
on the system. A detailed derivation of the coupled
system dynamics was included to serve as a reference
for the rigorous mathematical formulation and model-
ing of the heterogeneous multi-physics robotic system
under consideration, which features high-order, nonlin-
ear, and coupled dynamics. Finally, the control problem
for applying a tensile force via the tether with specific
magnitude and direction was solved through the pro-
posed DSVCS, which was realized by controlling the
buoy’s surge velocity and the tether’s orientation.

Future work naturally flows into designing a path
planner to control the buoy’s location in the world
frame, and study the effect of the tether and the buoy’s
tilt dynamics on the system. Additionally, a software-
based multi-body representation of the system will be
generated to enable further development in more com-
plex environments. Furthermore, learning-based meth-
ods will be used for the controller design to allow
improved handling of real-life disturbances.
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Appendix A: Buoy inertia and damping matrices

The buoy’s inertia matrix in the world frame W, My,
is symmetric (i.e., M;; = Mj;, for i # j), and has its
nonzero elements explicitly given as:
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My, 11 = my + a1 (Co,Cyr, — Sgu 56, Sy,)*

+a(cgysy)” + a33 (0,00, + g, Cop5y,)°
My 22 = my + ay(coy sy, + S¢bS9bC¢b)2

+ a22(c¢bCWb)2 + a33(s9, Sy, — S¢bC9bc1//b)2’
My 33 = my + au(C¢b59b)2

+ an(sg,)” + asz(cgyco,)’
My, 12 = —azz(cébswbcwb)

+ a1 (con Sy + Sy S0, Cy,) (Cop Cyry — Spy S61,Sy,)

+ @33(Say Cyy + Sepy Cp Sy (S0, Sy, — Soy C Cy )
My 13 = —ai1(cgyS0,) (CopCyny — S, S0, Sy,)

— a2(Cy Sy Sty )

+az3( C,Co,)(S0,Cy, + S CoSyn) s
My 23 = ari1(cg,s0,) (Cop Sy, + S¢S0, Cyry)

+ an(cg,CyySgr,)

+ a33(cg,Co,) (S0, Sy, — S, CO,Cyy)
My a4 = (Jo,xx + aa4)

+ [(Jo.zz + aes) — (Jp.xx + Cl44)]S92b,
My 55 = (Jo,yy + ass)

+ [(Joex + aan)sg, + (Jozo + 366)C§b]t¢%ba
My 66 = (Jb,zz + aee)

+ [(Jo,ex + aaa) = (Jo.zz + ase) |55, /5, -
My a5 = [(Jo.xx + aas) — (Jo.zz + aes) |sa, oy Ly
My.a6 = [(Jo,zz + aes) — (Jo,xx + aas) |

S0y b/ Cepy»

My,s6 = —[(Jo.xx + a44)S92b + (Jo,zz + a66)C§b]

I/ Cy- (A1)

Similarly, its damping matrix in W, Dy, is symmet-
ric (i.e., Djj = Dj;, for i # j), and has its nonzero
elements explicitly given as:

Du.11 = bi1(CoyCyy — S Son5un)* + D22 (C Sy )
+ b33(5g,Cyry + Sy o Syy)
Du.22 = b11(CoySyp, + Sou58,Cy)> + D22 (CgCyny)*
+ b33(s6,Syy, — S¢b69b61/,b)2,
Dy 33 = bi1(cgysa,)* + baa(sgy)? + b3z (cpyco,)?s
Dyp,12 = bzz(—CéﬁmCm,)
+ D11(coy Sy, + S¢S0, Cun ) (Cop Cyr, — Sy SO, Sy

+ b33(56,Cyr, T S, Cp Sy, ) (S8, Sy, — Sy Cot, )
Dy 13 = baa(—cgy, Sy, Se,)
+ b1 (=g sa,) (Cop Cyr, — Sg50,5 )
+033( Cy,Co,) (S0, Cyny + S CopSyn,)
D23 = b (o, CyySgy)
+ b11(cgys6,) (ConSyr, + 54158, Cyry)
+ b33(cy, Cop) (S0, Sy, — Sy CO, ) »
D44 = bas + [bes — baa]s,.
Dy,55 = bss + [174453b + bsﬁcgb]tf,b,
Dy,66 = bes + [bas — bes|s5,/¢5, -
Dy 45 = [bas — bes |56, Cop 1, -
Dy.46 = [bes — baa]se,co,/Coy-

Dy 56 = — [b44sgb + b(,ﬁcgb]%b /Cey - (A2)

Appendix B: UAYV inertia matrix

The UAV’s inertial matrix in JV is symmetric, with ele-
ments explicitly expressed as:

My 11 = my, My 22 = my, My 33 = my,
My 12 =0, My 13 =0, My23 =0,

Myas = Jux + [Juzz — Ju,xx]sﬁu,
Muy,ss = Juyy + [Juxxss, + Juzecq )15,
Mugs = Juzz + [Juxx = Juze]sg, /o0
Myas = [Juxx — Juzz]S0,Coulg,

My = [Ju,zz — Juxx 96,6,/ Coo
My 56 = —[Ju,xxsgzu + Ju,zzc(%u]t%/c%' (B3)

Appendix C: Spherical coordinates details

The spherical coordinates transformation to Cartesian
coordinates, Rgoc, is made by two ordered rotations,
R, then Ry, where:

¢y —8q O]

R,=[0 0 1], (C4)
| Se  Ca O]

and:
[y —54 0]

Ry=1|s5p ¢p0 (&)
L0 0 1]
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By differentiating r with respect to time, we find the
derivatives of the spherical unit vectors to be:

& =y + copy,

&y = —08 — 5u P&y, (C6)
é(p = _Caﬁbér + Sut‘;béaa

From the definition of the spherical coordinates system

and from (C6), the position, velocity, and acceleration
vectors of O, are given by:

r =ré, (C7a)
I = 1ié + raéy + rc 9y, (C7b)
P = —rd® —rc2p?)e,

+ (r& + 2fa + rsacaq')z)éa

+ (1¢cy + 2i¢cy — 2raPsy)ey,. (CTc)

The components of the UAV’s thrust vector in the
spherical frame are explicitly realized from (26) as:
Ur = U [caCy (56,0 + S6,CouSv,)
+ CaSy (56,59 — 56uC0,Cy) + Sa(Cp,Ca,)];
Uy = ul[ — Sac(p(sguCW + S¢ucguS¢u)
— Sa8¢ (S0, 8y, — ¢y CO,Cyry) + Car (c¢u09u)],
uy = wi[ = Sy (56,0, + 56,C0,5v,)
+ Co (56,50, — S4,%6,Cyu) |-
With the taut cable condition in (30), we haver = [,

and the spherical coordinates of the UAV with respect
to the buoy’s center of mass, Oy, reduced to:

ry =1y + Ry proup + Rsacll, 0,017

(C8)

(©9)
+ Ry,u(—=rGH,u)-
Based on Assumption 5, we can simplify (C9) to:
ry = 1p + RsaclZ, 0, 01T, (C10)
which then expands to:
Xy = Xp +lcaCy,
Yu = Yb + lcasy, (C11)
Zu = 2b + [Sa,
and similarly, its velocity can be obtained as:
Fy = Iy + Rsocf, (C12)
which expands to:
Ky = Xp + (=18acp)d + (=lcaSy) P,
Yu = b+ (—lsasp)a + (Icacy)@, (C13)

Zu = 2b + (leg)er.

@ Springer

Appendix D: Euler-Lagrange formulation

The Kinetic energy of the tethered UAV-buoy system,
KC, includes the rotational and translational energies
of the UAV and that of the buoy while neglecting the
cable’s energy, and is explicitly described as:

17¢. . . ;
K= E{xb(Mb,llxb + My, 1230 + My, 132b)

+ Yo(Mp 21 X0 + My 2296 + My 232b)
+ 2o(Mp 31%p + Mb 3290 + Mp 332b)
+ o (M, 42 + My 45600 + My 46Y)
+ 66 (Mp 5400 + My 556 + My 5611)
+ Vb (M, 64 + M, 6566 + Mp,66Vb)
+ma iy o+ 3y + 20

+ $u(My 44y + My 456y + My s6V)
+ 64 (My 540 + My 5564 + My s6v)

+ 1pu(juu,64¢u + Mu,65éu + Mu,66¢u)}

1y. . ) .
= E{xb[(Mb,ll +mu)xp+Mp 125 + My, 1320 ]

+ Vo[ My, 2150 4+ (My 22 + mu) yo + Mp 232 |
+ Zb[ Mb,3150 + My 3230 + (M 33 4+ mu)Zp |
+mu[ () + (ce)?

— 2(Isqcpoip) — 2(lcgSpPiv)

— 2(Isa5@ ) + 2(caCppin) + 2(lcadzy) |
+ b (Mp, 41 + M 456p + My, a6V1b)

+ 66 (M, 546 + M550 + Mp 56V1b)

+ Vb (Mo, 64 + My 6560 + M 66V1b)

+ du(My, 44y + My a6y + My s6V)

+ 6y (My 5490 + My,5560 + My s6)

+ 1&u(]uu,64‘i’u + Mu,6Séu + Mu,661‘pu)}~ (D14)

The kinetic energy is differentiated with respect to each
state rate then with respect to time. Only the buoy’s
translational states and tether’s orientation states are
of interest, since the UAV and the buoy’s rotational
states feature no dependencies on other states, which
can be seen by inspection of the expanded K. Their
corresponding results are expressed as:

d /oK .. .. ..
—(—) = (M, 11 + mu)Xo + Mp 126 + Mb,132b
dt \ 0xp

+ myl(—sqcpd — cacwét2 — CaSpP
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- Cacq)‘;bz + zsastpd(i))v

d /K . . .
—(—) = Mp21Xp + (Mp 22 + my)yp + My 232p
dt \oyy

+ myl (=S¢ St — cas(pdt2 + CaCy

- cas(w2 — 254Cp0 ),
d /0K .. . .
—(—) = Mp 315 + My 32)0 + (Mb 33 + mu)Zb
dr \ oz

+ myl(cydi — su&2),
d oK

E(£> = mu[lz& — Isq (CoXp + Sy ¥b) + lcaZp

+ I(—CaCplXp + SaSpPXp — CaSpQ Yy
— SaCe@Vb — SaliZp)],
4 (55) = mlPo — 2sucui)
+ lca(—spXb + o Ib)
+ (5 SpQXp — CoCePXp — SqCe®Yp
— CaSpPIb)]. (D15)

The differentiation results of the UAV and buoy’s rota-
tional states are omitted as they result in similar com-
ponents to the rotational dynamics already introduced
in (27) and (21).

The kinetic energy of the system is differentiated
with respect to the states, (%), where the resulting
nonzero elements are obtained as:

K .2 .. ..
™ = myl(—15qCa " — CuCpXp + SaSePXp
— CaSpQYb — SaCePYb — Sa@lib),
9K (D16)
% = Myl (5aSpQXp — CoCePXp — SuCedYp

- Ca5¢¢yb)~

Notice that most elements of %—’C cancels out with ele-

d (K
ments of T (W)

The system’s potential energy was given in (38), and
its external forces and moments vector can be formu-
lated based on (22) and (28) as:

T = U1(86,Cyry T Sy COLSY) >

T2 = U1 (56,59 — 56 C,uCyn )

T3 = U1Cp,Co, + PwgYim,

4 = Ul — 50Co(56,Cy + S¢4CouSv) (D17)
— SaS¢ (56,59, — $4,€0,Cy,) + ca(Cp,ca,)];

s = Uyl — 5 (56,Cp + Sy Sy,
+ o (56,5u, — SpuCo,Cy)]:

Additionally, we have: T¢_g = T2,y and T9_1| = T2p.
The potential energy’s derivative with respect the states
rates then to time is obtained as:

d soU
(%) =10.0,0,0,0,0,0,0,0,0,0]",  (DI8)
dr \ oy

and its first derivative with respect to states is obtained
as:

ou
a_ = [07 09 (mb + mu)g9 muglcaa 09 01 07 Os 07 Ov O]T'
n
(D19)
References

1. Abeywickrama, H.V., Jayawickrama, B.A., He, Y., et al.:
Comprehensive energy consumption model for unmanned
aerial vehicles, based on empirical studies of battery
performance. IEEE Access 6, 58383-58394 (2018). https://
doi.org/10.1109/ACCESS.2018.2875040

2. Bingham, B., Aguero, C., McCarrin, M., et al.: Toward
maritime robotic simulation in gazebo. In: Proceedings of
MTS/IEEE OCEANS Conference, Seattle, WA (2019)

3. Choi, S.Y., Choi, B.H., Jeong, S.Y., et al.: Tethered aerial
robots using contactless power systems for extended
mission time and range. In: 2014 IEEE Energy Conversion
Congress and Exposition (ECCE), IEEE, pp. 912-916
(2014). https://doi.org/10.1109/ECCE.2014.6953495

4. Dicembrini, E., Scanavino, M., Dabbene, F., et al.:
Modelling and simulation of a tethered UAS. In: 2020
International Conference on Unmanned Aircraft Systems
(ICUAS), pp. 1801-1808 (2020). https://doi.org/10.1109/
ICUAS48674.2020.9214006

5. Dufek, J., Murphy, R.: Visual pose estimation of usv from
uav to assist drowning victims recovery. In: 2016 IEEE
International Symposium on Safety, Security, and Rescue
Robotics (SSRR), pp. 147-153 (2016). https://doi.org/10.
1109/SSRR.2016.7784291

6. Faltinsen, O.M.: Sea Loads on Ships and Offshore
Structures. Cambridge University Press, Cambridge (1990)

7. Fossen,T.I.: Guidance and Control of Ocean Vehicles.
Wiley (1995)

8. Foxtech.. FOXTECH T3500 Plus Tethered Power
System. (2020). https://www.foxtechfpv.com/
foxtech-t3500-plus-tethered-power-system.html, [Online;
accessed 14-May-2021]

9. Fridsma, G.: A systematic study of the rough-water perfor-
mance of planing boats. Tech. rep., Davidson Laboratory
Report 1275, Stevens Institute of Technology, (1969).
https://apps.dtic.mil/sti/citations/ AD0708694

10. Gonzalez-Garcia, A., Miranda-Moya, A., Castafieda, H.:
Robust visual tracking control based on adaptive sliding
mode strategy: Quadrotor UAV - catamaran USV het-
erogeneous system. In: 2021 International Conference on
Unmanned Aircraft Systems (ICUAS), pp. 666-672, (2021).
https://doi.org/10.1109/ICUAS51884.2021.9476707

11. Han, Y., Ma, W.: Automatic monitoring of water pollution
based on the combination of UAV and USV. In: 2021

@ Springer


https://doi.org/10.1109/ACCESS.2018.2875040
https://doi.org/10.1109/ACCESS.2018.2875040
https://doi.org/10.1109/ECCE.2014.6953495
https://doi.org/10.1109/ICUAS48674.2020.9214006
https://doi.org/10.1109/ICUAS48674.2020.9214006
https://doi.org/10.1109/SSRR.2016.7784291
https://doi.org/10.1109/SSRR.2016.7784291
https://www.foxtechfpv.com/foxtech-t3500-plus-tethered-power-system.html
https://www.foxtechfpv.com/foxtech-t3500-plus-tethered-power-system.html
https://apps.dtic.mil/sti/citations/AD0708694
https://doi.org/10.1109/ICUAS51884.2021.9476707

1268

A. Kourani, N. Daher

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

IEEE 4th International Conference on Electronic Infor-
mation and Communication Technology (ICEICT), pp.
420-424 (2021). https://doi.org/10.1109/ICEICTS53123.
2021.9531204

Jung, S., Cho, H., Kim, D., et al.: Development of algal
bloom removal system using unmanned aerial vehicle and
surface vehicle. IEEE Access 5, 22166-22176 (2017).
https://doi.org/10.1109/ACCESS.2017.2764328
Kominami, T., Paul, H., Miyazaki, R., et al.: Active tethered
hook: Heavy load movement using hooks that move actively
with micro UAVs and winch system. In: 2021 IEEE/ASME
International Conference on Advanced Intelligent Mecha-
tronics (AIM), pp. 264-269 (2021). https://doi.org/10.
1109/AIM46487.2021.9517518

. Kourani, A., Daher, N.: Bidirectional manipulation of a

buoy with a tethered quadrotor UAV. In: 2021 IEEE 3rd
International Multidisciplinary Conference on Engineering
Technology (IMCET), pp. 101-106 (2021). https://doi.org/
10.1109/IMCET53404.2021.9665578

Kourani, A., Daher, N.: Leveraging PID gain selection
towards adaptive backstepping control for a class of
second-order systems. In: 2021 American Control Con-
ference (ACC), pp. 1174-1179 (2021). https://doi.org/10.
23919/ACC50511.2021.9483159

Kourani, A., Daher, N.: Marine locomotion: a tethered
UAV-buoy system with surge velocity control. Robot.
Auton. Syst. 145(103), 858 (2021). https://doi.org/10.1016/
j-robot.2021.103858

Kourani, A., Daher, N.: A tethered quadrotor UAV-buoy
system for marine locomotion. In: 2021 IEEE International
Conference on Robotics and Automation (ICRA), pp. 59-65
(2021). https://doi.org/10.1109/ICRA48506.2021.9560878
Kourani, A., Daher, N.: A practical guideline for design-
ing and tuning adaptive backstepping controllers for a
class of second-order systems based on pid similarity.
Int. J. Dyn. Control (2022). https://doi.org/10.1007/
540435-022-00922-8

Krishna, C.G.L., Cao, M., Murphy, R.R.: Autonomous
observation of multiple USVs from UAV while prioritizing
camera tilt and yaw over uav motion. In: 2017 IEEE
International Symposium on Safety, Security and Rescue
Robotics (SSRR), pp. 141-146 (2017). https://doi.org/10.
1109/SSRR.2017.8088154

Liu, Y., Zhang, F., Huang, P., et al.: Analysis, planning
and control for cooperative transportation of tethered
multi-rotor UAVs. Aerosp. Sci. Technol. 113(106), 673
(2021). https://doi.org/10.1016/j.ast.2021.106673
Lupashin, S., D’Andrea, R.: Stabilization of a flying
vehicle on a taut tether using inertial sensing. In: 2013
IEEE/RSJ International Conference on Intelligent Robots
and Systems, pp. 2432-2438 (2013). https://doi.org/10.
1109/IROS.2013.6696698

Nicotra, M.M., Naldi, R., Garone, E.: Taut cable control of
a tethered UAV. IFAC Proc. Vol. 47(3), 3190-3195 (2014).
https://doi.org/10.3182/20140824-6-ZA-1003.02581
Ozkan, M.E,, Carrillo, L.R.G., King, S.A.: Rescue boat path
planning in flooded urban environments. In: 2019 IEEE
International Symposium on Measurement and Control in
Robotics (ISMCR), pp. 221-229 (2019). https://doi.org/10.
1109/ISMCR47492.2019.8955663

@ Springer

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Saleh, M., Oueidat, G., Elhajj, I.H., et al.: In situ measure-
ment of oil slick thickness. IEEE Trans. Instrum. Meas.
68(7), 2635-2647 (2019). https://doi.org/10.1109/TIM.
2018.2866745

Shao, G., Ma, Y., Malekian, R., et al.: A novel cooperative
platform design for coupled USV-UAV systems. IEEE
Trans. Ind. Inf. 15(9), 49134922 (2019). https://doi.org/
10.1109/T11.2019.2912024

Talke, K.A., De Oliveira, M., Bewley, T.: Catenary tether
shape analysis for a UAV - USV team. In: 2018 IEEE/RSJ
International Conference on Intelligent Robots and Systems
(IROS), pp. 7803-7809 (2018). https://doi.org/10.1109/
IR0OS.2018.8594280

Tognon, M., Franchi, A.: Dynamics, control, and estimation
for aerial robots tethered by cables or bars. IEEE Trans.
Robot. 33(4), 834-845 (2017). https://doi.org/10.1109/
TRO.2017.2677915

Tutsoy, O.: Cpg based rl algorithm learns to control of a
humanoid robot leg. Int. J. Robot. Autom. (2015). https://
doi.org/10.2316/Journal.206.2015.2.206-4185

Wang, N., Ahn, C.K.: Coordinated trajectory tracking
control of a marine aerial-surface heterogeneous system.
IEEE/ASME Trans. Mech. (2021). https://doi.org/10.1109/
TMECH.2021.3055450

Xing, L., Liu, X., Zhang, S.: The vibration characteristics
analysis of the tethered UAV system. Yingyong Lixue
Xuebao/Chin. J. Appl. Mech. 38(1), 106-112 (2021).
https://doi.org/10.11776/cjam.38.01.C0O75 https://doi.org/
10.11776/cjam.38.01.C0O75 https://doi.org/10.11776/cjam.
38.01.C075

Xu, Z.: Application research of tethered UAV plat-
form in marine emergency communication network. J.
Web Eng. 20(2), 491-512 (2021). https://doi.org/10.
13052/jwe1540-9589.20212 https://doi.org/10.13052/
jwel540-9589.20212

Zhang, J., Xiong, J., Zhang, G., et al.: Flooding disaster
oriented USV and UAV system development and demon-
stration. In: OCEANS 2016 - Shanghai, pp. 1-4 (2016).
https://doi.org/10.1109/OCEANSAP.2016.7485676
Zhang, J., Gu, D., Ren, Z., et al.: Robust trajectory tracking
controller for quadrotor helicopter based on a novel com-
posite control scheme. Aerosp. Sci. Technol. 85, 199-215
(2019). https://doi.org/10.1016/j.ast.2018.12.013

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional affil-
iations.

Springer Nature or its licensor holds exclusive rights to this arti-
cle under a publishing agreement with the author(s) or other
rightsholder(s); author self-archiving of the accepted manuscript
version of this article is solely governed by the terms of such
publishing agreement and applicable law.


https://doi.org/10.1109/ICEICT53123.2021.9531204
https://doi.org/10.1109/ICEICT53123.2021.9531204
https://doi.org/10.1109/ACCESS.2017.2764328
https://doi.org/10.1109/AIM46487.2021.9517518
https://doi.org/10.1109/AIM46487.2021.9517518
https://doi.org/10.1109/IMCET53404.2021.9665578
https://doi.org/10.1109/IMCET53404.2021.9665578
https://doi.org/10.23919/ACC50511.2021.9483159
https://doi.org/10.23919/ACC50511.2021.9483159
https://doi.org/10.1016/j.robot.2021.103858
https://doi.org/10.1016/j.robot.2021.103858
https://doi.org/10.1109/ICRA48506.2021.9560878
https://doi.org/10.1007/s40435-022-00922-8
https://doi.org/10.1007/s40435-022-00922-8
https://doi.org/10.1109/SSRR.2017.8088154
https://doi.org/10.1109/SSRR.2017.8088154
https://doi.org/10.1016/j.ast.2021.106673
https://doi.org/10.1109/IROS.2013.6696698
https://doi.org/10.1109/IROS.2013.6696698
https://doi.org/10.3182/20140824-6-ZA-1003.02581
https://doi.org/10.1109/ISMCR47492.2019.8955663
https://doi.org/10.1109/ISMCR47492.2019.8955663
https://doi.org/10.1109/TIM.2018.2866745
https://doi.org/10.1109/TIM.2018.2866745
https://doi.org/10.1109/TII.2019.2912024
https://doi.org/10.1109/TII.2019.2912024
https://doi.org/10.1109/IROS.2018.8594280
https://doi.org/10.1109/IROS.2018.8594280
https://doi.org/10.1109/TRO.2017.2677915
https://doi.org/10.1109/TRO.2017.2677915
https://doi.org/10.2316/Journal.206.2015.2.206-4185
https://doi.org/10.2316/Journal.206.2015.2.206-4185
https://doi.org/10.1109/TMECH.2021.3055450
https://doi.org/10.1109/TMECH.2021.3055450
https://doi.org/10.11776/cjam.38.01.C075
https://doi.org/10.11776/cjam.38.01.C075
https://doi.org/10.11776/cjam.38.01.C075
https://doi.org/10.11776/cjam.38.01.C075
https://doi.org/10.11776/cjam.38.01.C075
https://doi.org/10.13052/jwe1540-9589.20212
https://doi.org/10.13052/jwe1540-9589.20212
https://doi.org/10.13052/jwe1540-9589.20212
https://doi.org/10.13052/jwe1540-9589.20212
https://doi.org/10.1109/OCEANSAP.2016.7485676
https://doi.org/10.1016/j.ast.2018.12.013

	Three-dimensional modeling of a tethered UAV–buoy system with relative-positioning and directional surge velocity control
	Abstract
	1 Introduction
	2 Tethered UAV–buoy system dynamical model
	2.1 Preliminaries
	2.2 Problem definition
	2.3 Spherical coordinates
	2.4 Water medium model
	2.4.1 Gravity wave model
	2.4.2 Water current

	2.5 Buoy's dynamic model
	2.6 UAV's dynamic model
	2.7 System constraints
	2.7.1 Taut cable constraint
	2.7.2 No buoy-hanging constraint
	2.7.3 No `flyover' constraint

	2.8 The tethered UAV–buoy system model

	3 Control system design
	3.1 Operational modes and state machine
	3.2 Controller design
	3.2.1 Reference signals and velocity set point
	3.2.2 UAV–buoy relative position control law (outer loop)
	3.2.3 Buoy surge velocity control law (outer loop)
	3.2.4 UAV's attitude controller (inner loop)

	3.3 Parameter estimation

	4 Simulations
	4.1 Simulation settings
	4.2 Simulation scenarios
	4.3 Simulation results and discussion
	4.4 Extended simulations

	5 Conclusion
	Acknowledgements
	Appendix A: Buoy inertia and damping matrices
	Appendix B: UAV inertia matrix
	Appendix C: Spherical coordinates details
	Appendix D: Euler–Lagrange formulation
	References




