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This paper presents the feasibility study and prelimi-
nary testing of an underactuated cable-driven parallel
robot for automated launch and recovery operations on
the sea surface. The robot frame is mounted onto a pri-
mary vessel (PV) subject to sea-induced motions. During
launch, the end-effector (EE) is required to deploy a sec-
ondary vessel (SV) by lowering it from the PV onto the sea
surface. During recovery, the EE has to track and grasp
a SV and the EE-SV assembly needs to be stabilized dur-
ing lifting from the sea surface to the PV. Sea conditions
and the underactuated nature of the EE influence the op-
erational feasibility and the overall robot performance.
The paper presents the conceptual design and the robot
model, as well as the methodologies for winch dimen-
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oint first authors.

sioning and robot control. An extensive simulation cam-
paign is conducted to optimize performances and assess
the system behavior. Finally, the operations are tested on
a scaled prototype in a laboratory environment.

NOMENCLATURE
Abbreviations
CDPR Cable-Driven Parallel Robot

EE End-Effector

DoFs Degrees of Freedom

y2% Primary Vessel

N4 Secondary Vessel

ALARS Automatic Launch and Recovery System
Geometric symbols

P, Pp, P; EE, PV, and SV position

€,03,0; EE, PV,and SV orientation

¢,§p EE,and PV pose

d Displacement of the SV from the EE



Kinematic symbols
w, wp, w; EE, PV, and SV angular velocity

v,vg EE, and PV twist

ar SV angular acceleration

= kinematic Jacobian

Dynamic symbols

s position of the EE center of mass G
SL position of the SV center of mass Gy,
Ip,1I; EE, and SV inertia tensors about P

M EE Mass matrix

m, m; EE, and SV mass
C EE Coriolis matrix
T cable-tension array

1 INTRODUCTION

Cable-driven parallel robots (CDPRs) control the
motion of an end-effector (EE) thanks to extendable ca-
bles connected in a parallel fashion to it. CDPRs act
as high-speed, collaborative cranes and the flexibility
of these robotic devices recently attracted a lot of at-
tention in the industry: entertainment [2], logistics [3],
construction [4], maintenance [5] and inspection [6] are
just a few of the studied applications. Introducing these
systems to supplement or replace standard hoisting de-
vices in off-shore environments has also shown a rising
tendency since CDPRs may operate autonomously and
self-regulate thanks to feedback control. CDPRs may
allow sea-surface operations to be faster and safer, as
standard cranes alone cannot compensate for payload
swinging due to wave-induced disturbances or wind
gusts [7]. On the other hand, the main problem affect-
ing cable-driven systems is that cables can only exert
pulling forces and wave-induced frame oscillations may
lead to cable slackness. To preserve the system safety
and performance, appropriate controllers must be de-
signed to avoid tension loss [8].

One of the first practical applications of CDPRs
for off-shore activities was approached in [9], where
the ship oscillatory behaviors were forecast with neu-
ral networks and a 6-cable system compensated the
payload swinging. Later, mitigation of waves effects
was addressed by employing overconstrained CDPRs,
equipped with more cables than the EE degrees of free-
dom (DoFs): robot control models were adapted to ac-
count for cable slackness [10, 11] and, additionally, ten-
sion distribution strategies were developed to eliminate
slackness [12]. Undoubtedly, using overconstrained
systems may be advantageous in precision applica-
tions since the EE controllability is the highest possible.
Nevertheless, many cables heavily weigh on workspace
accessibility, production costs and maintenance com-

plexity. In an off-shore context, reliability and simplic-
ity are of the utmost importance: salt mist and seawater
lead to high rates of equipment deterioration and out-
of-port interventions are not always possible. To this
end, simpler systems requiring six or fewer cables have
been studied and specifically tailored for this kind of ap-
plication [13, 14].

This paper introduces the development of an un-
deractuated cable-driven parallel robot to be mounted
on a primary vessel (PV) and used as a crane-aiding
device for off-shore handling operations, whose con-
cept was introduced in the patent application [15]. In
particular, its task-oriented control and dimensioning
are addressed. The robot has to perform two spe-
cific tasks: deploying a secondary vessel (SV) from the
PV to the water surface (launch operation) and recov-
ering the SV from the water surface (recovery opera-
tion). Employing an underactuated system significantly
increases workspace accessibility and limits machine
complexity, but it does not allow to control every DoF
of the EE [16, 17, 18]. To address this problem, the
robot is intentionally designed to have an EE as close as
practically possible to a point-mass [19] and two con-
trollers are designed to fulfill the objectives of the han-
dling operations. An extensive simulation campaign is
conducted to concurrently (i) tune controllers’ parame-
ters and (ii) obtain system specifications in terms of the
maximum required cable tension and power, which are
the most critical design parameters [20]. Experiments
on the robot operations are performed on a scaled pro-
totype, in order to show the promising results of the ap-
plication of this technology in a realistic scenario.

The structure of the paper is as follows. Section 2
describes the tasks to be performed, the system require-
ments and its conceptual design. Section 3 details the
system model. Section 4 introduces the task-oriented
controllers. Section 5 is dedicated to the simulation
campaign, performance optimization and evaluation of
the system limitations. Section 6 presents the experi-
mental results in a laboratory set-up, and conclusions
are drawn in Section 7. With respect to the preliminary
conference version of this paper [1], Section 6 is com-
pletely new.

2 SYSTEM REQUIREMENTS AND CONCEPTUAL DE-
SIGN
The system has to perform two tasks: launch and
recovery. When a standard hoisting device, such as a
lifting crane, is employed, the launch operation consists
in lowering a SV from a PV to the sea surface; the SV is
connected to the crane cable through a hook and it is



Fig. 1: Underactuated 4-cable parallel robot coupled
with a central hoisting device.

slowly lowered until the cable slackens and an operator
on the SV disengages it. While the SV is lowered, ship
workers on the PV attempt to damp SV oscillations with
additional ropes manually. The standard recovery of a
SV from a PV starts with the deployment of the hook
attached to the hoisting device, followed by the workers
on the SV securing the hook on a grasping point. Af-
ter the hook is connected, the SV can be lifted and its
oscillations are manually damped, as in the launch op-
eration. These tasks are thus (i) labor intensive and (ii)
dangerous if sea conditions are even mild: the opera-
tors may not be able to manually damp SV oscillations,
thus endangering vessels and workers.

The aim of a robotic, automatic launch and recov-
ery system (ALARS in short) is to remove vessel person-
nel from danger and achieve autonomy. A robot ded-
icated to launch would be required to lower the SV to
the sea surface and damp the SV oscillations; then, it
should automatically disengage the hook from the SV
and lift the hook to its home position. Conversely, a
robot performing a recovery must deploy the hook in
the proximity of the SV, autonomously identify, engage
and lock the SV and lift the SV onto the ship while reg-
ulating SV oscillations. The additional requirements
with respect to a lifting device are the automatic SV
oscillation damping and the SV autonomous picking.
To this end, a 4-cable underactuated CDPR (UACDPR)
and a standard hoisting device are connected in par-
allel to a shared grasping device, which is the robot
EE (Fig. 1). The rationale behind this choice is that
the UACDPR substitutes workers and their low-power
but highly dextrous job, leaving the hoisting device to
perform the high-power lifting. In other words, the
proposed UACDPR aims at enhancing the functional-
ities of standard hoisting devices so that they can au-

Fig. 2: Representation of the end-effector

tonomously track and fetch a payload. This activity will
hereafter be called tracking and steadily [ift it, which
will be referred to as lifting.

The UACDPR is composed of 4 servo-controlled
winches [20] mounted at the vertices of a square, whose
center is attached to the hoist cable; both the UACDPR
and hoisting device cables are routed by swivelling pul-
leys [21] from the winches to the EE (Fig. 1). The lat-
ter is equipped with an automated hook, which can au-
tonomously close when impacting an eyelet on the SV.
Cable connections on the EE are designed to be as close
to a single point as realistic mechanical components,
such as double swivel lifting rings, allow it (Fig. 2); this
feature aims at reproducing an approximate spherical
joint between the cable attachment points on the EE
and the EE, to prevent the transmission of moments to
the cables and thus limit the installed power. Such a
cable robot can thus redundantly control the position
of the approximated spherical joint, which is necessary
for the tracking operation. In contrast, it can only damp
the attitude oscillations of the EE, which the other op-
erations also need. Despite the simplicity of the design
with respect to other CDPRs used in marine environ-
ments, the system is conceptually suitable for achieving
the desired goals.

3 MODEL

This section presents the overall system model
used to perform custom simulations, as described in
Sec 5. Section 3.1 details the geometric model of the
cable-driven system and the PV, whereas Secs. 3.2 and
3.3 respectively present the geometric model of the SV
and the overall system dynamics. The latters are spe-
cialized for tracking and lifting operations.

3.1 Geometric models of the Cable-driven system
and the PV
The PV is modeled as a 6-DoF rigid body, with a
frame Ppxpypzp attached to its buoyancy center. xp
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Fig. 3: Primary vessel.

axis is aligned with the PV propulsion direction, from
stern to bow, zp is normal to the PV deck and points
upward and yp = zp x xg, where x denotes the vec-
tor product (see Fig. 3). The PV pose with respect to
(w.r.t.) the inertial frame Oxyzis {3 = [pg,05] T where
pp is the position vector of Pp and 83 is a set of yaw
(0B,2), pitch (8p,y) and roll (0p ) Euler angles. The ro-
tation matrix describing the PV rotation w.r.t. the in-
ertial frame is thus R (0p) = R (0p,:) Ry (0p,y) Rx (03 1),
where R;(), Ry(-) and Ry(-) are, respectively, elemen-
tary rotation matrices about z, y and x coordinate axes.

The ALARS installed on the PV can be geometri-
cally modeled as a 5-cable UACDPR (Fig. 1). The pose
of the 6-DoF EE is described by its pose ¢ = [p’ e”]7,
where p is the position vector of P and € is another
set of yaw, pitch and roll Euler angles, in the inertial
frame Oxyz. Each cable is considered massless and
non-elastic and is guided from the winch to the EE by
a swiveling pulley. The cable enters the pulley in point
D;, which is fixed w.r.t. the PV, exits from point B; and
itis attached to the EEin A;. The constraint imposed by
each cable on the EE is given by:

—2
Ai:PlTPi_[li_BiDi] =0 1)

where p; 2 a; —b;, a; and b; are respectively the posi-
tions of A; and B; in the inertial frame and /; is the cable
length, comprising the rectilinear part | p; || and the arc
B;D; wrapped on the pulley [18]. Differently from com-
mon CDPRs, the frame of the ALARS rigidly moves with
the PV due to sea conditions. As a result, Eq. (1) is a
system of 5 non-linear equations with 17 unknowns (5
cable lengths I;, 6 PV pose variables {g and 6 EE pose
variables {). However, when simulating the ALARS, the
PV motion is assigned, depending on the ship type and
the sea state under consideration [22]. Consequently,

the position of D; and the orientation of each swiveling
axis can be computed and the system becomes geomet-
rically equivalent to a UACDPR. If the pose of the EE is
assigned, as in the inverse kinematic problem, the cable
lengths can be computed through Eq. (1) [18]. On the
contrary, the forward kinematic problem has infinite
solutions: the problem can be solved approximately, or
additional sensors can reduce the problem complexity
[23].

The knowledge of the PV motion is also neces-
sary when computing the differential kinematics of the
robot. If the twists of the PV and the EE are, respec-
tively, vg = [pg,wp]’ andv=[p,w]’, the cable velocity
[; can be obtained by differentiating Eq. (1) w.r.t. time
[18]:

Ai=&lv-&PTvg—1i=0 2)

t;
(a; —p) xt;

t;

§i= (@a;—pp)xt;

3

-

where t; = p;/|lp;|l is the cable direction and () is the
scalar product between vectors. The second-order dif-
ferential relationship between actuation, EE and PV
variables is obtained by differentiating Eq. (2) w.r.t.
time:

i . 1 T . +B,T
Ai=¢lv+&iv-EPTvp -8 vp-l;=0 (@

The explicit derivation of ; is lengthy and it is omitted

for the sake of brevity, but it can be found in [18]; E? can
be derived analogously.

3.2 SV geometric model

The SV is modeled differently depending on the ac-
tivity that the ALARS is performing. When the EE is
tracking the SV before engaging and locking it, the SV is
modeled as a point mass moving in space, correspond-
ing to the point where the EE should lock it. The po-
sition of this point mass is denoted as p; in Oxyz and
its motion is assigned similarly to the PV depending on
the vessel type and the sea state [22].

When the EE has locked the SV and lifting begins,
the connection between the EE and the SV is modeled
as a spherical joint. Depending on the physical device
used for connection, different joints could be consid-
ered, but the spherical joint was deemed sufficiently ac-
curate when the joint is of the hook-eyelet type. Thus,



Lifting cable

Fig. 4: Secondary vessel coupled with the end-effector
of the ALARS.

the only additional degrees of freedom to consider for
the SV are the rotational ones, namely an array of yaw,
pitch and roll Euler angles 8. If we assume the center
of the spherical joint to be point P and the position vec-
tor between the joint center and the SV center of mass
to be s’L in the inertial frame, the position s;, of the SV
center of mass with respect to the inertial frame and its
derivatives, are given by:

sL=p+8), SL=Pp+wrxs] 5)

SL=p+arxs; +or x (@ xs])
with w; and e« being the angular velocity and acceler-
ation of the SV, respectively. Note that s}, components
vary as the SV rotates.

3.3 Dynamic models

The dynamic models presented in this section are
specialized for fracking and lifting since both the sys-
tem input and the mechanical models differ. When
tracking, the central 5-th cable, namely the lifting or
crane cable, is supposed to be slack and the dynamics
of a 4-cable UACDPR is considered. Cable tensions are
considered system inputs to control the EE pose behav-
ior [24], as detailed in Sec. 4.1. During lifting, the 5-th
cable is taut and, conforming to lifting device regula-
tions [25], it is velocity commanded, while the remain-
ing cables are tension controlled; additionally, the EE-
SV assembly behaves as a double parallel-serial pendu-
lum.

3.4 Tracking model
Under the assumption of massless and non-elastic
cables, the dynamics of an UACDPR coincide with the

one of its EE. The latter is a rigid body subject to cable
constraints, inertial actions and external wrenches [26]:

Mv=-El7-Cv+¢ (6)
A mlgxg -ms§’ A 03><3 -mos’ @
- ms§’ Ip ’ B 0343 G)Ip

8 ] ®)

where:

m is the EE mass and Ip is the EE inertia matrix
about its reference point P expressed in the inertial
frame;

E is the geometric Jacobian matrix of the system, T
is an array containing the tensions of the four lat-
eral cables, ¢ is the external wrench due to gravity,
s is the EE center of mass position w.r.t. P in Oxyz,
g is gravity acceleration

~ over a vector denotes its skew-symmetric repre-
sentation and I3.3 and 0343 are identity and zero
matrices of order 3.

Matrix M is symmetric, positive-definite and invertible.
Thus, Vv can be integrated from Eq. (6) by standard
solution techniques for ordinary differential equations
(ODE).

3.5 Lifting model
During lifting, the EE dynamics of Eq. (6) is modi-
fied by:

the fifth cable constraint, since the cable is taut;
the SV angular dynamics.

the control method of the fifth cable: while the four
lateral cables are tension-controlled, the fifth cable
is velocity-controlled and Is motion profile needs
to be considered when integrating the system dy-
namics.

If 75¢&5 is the constraint force exerted by the lift-
ing cable and f is the force transmitted by the SV to the
EE through the spherical joint, the EE dynamics can be
rewritten as:

MV +Cv— ¢ +15&5 +Af= —E7 T, A2 (33503317 (9)



If my is the SV mass and I its inertia matrix about point
P expressed in the inertial frame, the SV dynamics is
given by:

mLﬁL:ng+f (10)

ILaL+tZ)LILwL+mL§'Lf):mL§'Lg 1n

Lastly, the kinematics of the fifth cable can be ac-
counted for during integration by considering Eq. (1)
(and its derivatives) alongside Eqs. (9) (EE dynam-
ics) and (11) (SV angular dynamics). The equations
to be solved are partly differential and partly algebraic,
known as a differential-algebraic system of equations
(DAE). In mechanical systems, DAEs are usually trans-
formed into ODEs with so-called penalty-based relax-
ation methods [27]. This method avoids the exact so-
lution of Eq. (1) (and its derivatives), by formulating a
penalized constraint differential equation in the form:

A5 +2Q645 + Q%15 =0 (12)

where Q and § are equivalent to the natural frequency
and the damping ratio of a mass-spring-damper vibrat-
ing system. Q and § are tunable parameters whose
values must be heuristically selected as a trade-off be-
tween ODE solution accuracy, stability and computa-
tional time [28].

Finally, substituting Eq. (4) in Eq. (12) and rear-
ranging yields:

=0 (13)

bé Z};—égv—ff'TvB—ff’TvB—2(26/'15—(22/15 (14)

The overall lifting dynamic model is obtained by joining
Egs. (9) (EE dynamics), (11) (SV angular dynamics) and
(13) (penalized constraint dynamics) and substituting
Egs. (5) and (10) in Eq. (9) to eliminate f:

MLX:CL+ELTT, 2= (15)

mos'w+mp@s, wp + (m+mp)g
-@lpw + ms'g

€L = - ljo; + ngiLg (16)
b
(m+mp)I3xs -ms' —I’)’nglL ts
m§' Ip 03x3 —t5(as—p)
M| = - 17)
L mLs’L 0343 ~ Iy 0341
i (@-p't O 0

Matrix My is also symmetric and positive-definite, thus
invertible. x can be calculated by solving the linear sys-
tem in Eq. (15) and the differential portion of the vector,
namely [p” a”a]7, integrated with standard ODE so-
lution techniques.

4 CONTROL

The controllers presented in this section are dif-
ferently tailored for tracking and lifting, since ALARS
objective during these tasks is fundamentally different.
When tracking, the EE reference position p needs to fol-
low the SV, which is modeled as a point mass whose po-
sitionis p; (see Sec. 3.2). The tensions of the four lateral
cables are regulated to minimize the distance between
the SV and the EE, namely d = p —p;. During lifting,
the 5-th cable is velocity commanded, namely i5 follows
a prescribed motion law, conforming to lifting regula-
tions [25]. The tension of the four lateral cables is reg-
ulated to damp any EE and SV motion other than the
vertical translation.

4.1 Tracking controller

Tracking controllers for UACDPR are very limitedly
studied and only a few applications tailored to specific
architectures are reported in the literature (see [29] for
an example on 2-cable 3- DoF planar UACDPRs and [30]
for an application to 2-cable 3-DoF point-mass UACD-
PRs). Thus, a controller suitable for the robot architec-
ture at hand and the tracking task is here developed.

There are two main problems to be solved in con-
trolling an UACDPR. The first one consists in reliably
estimating the pose of the EE in order to increase the
robustness and stability of the controller [31]: indeed,
due to underactuation, the EE pose cannot be inferred
through standard direct kinematics. The second prob-
lem regards selecting which subset of the UACDPR pose
variables are to be controlled, how to control them and
how to manage the uncontrolled internal dynamics of
the EE [30].
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Fig. 5: Tracking control diagram

In this paper, the first problem is solved by employ-
ing extra sensors on the PV and the EE. This choice is
mainly an engineering one: extra sensors provide re-
dundancy, can aid diagnostics and may ultimately be
used for several control purposes (such as SV detec-
tion). Two Attitude and Heading Reference Systems
(AHRS) are supposed to be installed on both the robot
frame (thus on the PV) and on the EE: thanks to these
sensors, Op and € can be measured. Then, at any time
instant, /; (i = 1,...,4) is also measured and Ap=p—pp
is determined by minimizing the system of non-linear
equations provided by Eq. (1) (this strategy is also re-
ferred to as Extended Direct Kinematics, EDK [23, 31]).

The choice of the controlled variables is straight-
forward in this application, since we wish to minimize
the distance between the SV and the EE position. Since
four cables are available, a redundant control of the EE
position, instead of regulating an additional orientation
variable, is chosen. Depending on the shape of the lock-
ing interface between SV and EE, a large orientation dif-
ference between them can be tolerated when engaging,
if the controlled position is accurate and the EE internal
dynamics stable [32]. On the other hand, cables need
to be kept taut to operate and the redundant control
action can be used toward this end. Ultimately, cable
tensions can be regulated according to a Proportional-
Derivative (PD) controller with gravity compensation
[33], which results in the following Tension Distribution
(TD):

T = sat(mE}(u+g) + uET) (18)

—

where E7. and E; are the Moore-Penrose pseudo-
inverse and nullspace of matrix E% =[ty,...,t4], which
is the translational portion of the Jacobian in Eq. (8) and
u is the output of the PD controller. At any time instant,
E; can be calculated after Ap = p — pp is estimated as
detailed above. In contrast, p is a scalar parameter that
can be computed to minimize the tension difference
among the cables with a linear program [34]. sat(-) is

a saturation function and if its inputs exceed lower or
upper positive bounds, namely 7,, and 7, the outputs
are set to 7, or T)s: cables are thus always kept taut at
the expense of the control objectives.

The rest of the controller structure can be observed
in Fig. 5, where the blue dots represent measured vari-
ables on the system. The displacement of the SV from
the EE is acquired by a camera mounted on the EE
and is measured in the EE frame as d’. d’ is rotated
in the inertial frame as d, then it is lowpass filtered as
dr, which it ultimately is processed by a PI regulator as
ds. Due to technological limitations, camera informa-
tion is acquired at a lower frequency (20 Hz max) than
the computation of cable tension set-points (1 kHz); the
low pass filter and the PI controller aim at smoothen-
ing the camera signal from noise, providing the sub-
sequent control block with a more gradually changing
signal than a step and compensating steady-state er-
rors thanks to integral action. Lastly, the output dg of
the PI controller is fed into a cascade control loop with
the PD controller. This technique improves the stabil-
ity and linear characteristics of the resulting feedback
linearized system, which is ultimately realized through
the Tension Distribution (TD) block. Computing the TD
as in Eq. (18) performs a sort of feedback linearization
of the UACDPR dynamics with respect to the position
variables, which is in general not robust with respect to
modeling errors and disturbances.

The PD control loop uses a modified feedback of
the EE position which is computed as Ap — Ap, , where
Ap, is the value of Ap when the tracking controller is
activated. This way, the tracking loop is referred to
the EE instantaneous position when the tracking starts.
Should Ap be used without the Ap, correction, a larger
error would result at the beginning of tracking, possibly
resulting in a large overshoot due to the proportional
action of the controller, which is ultimately not allowed
on areal system (the EE would crash on the SV). Thanks
to the correction, the error that inputs the controller is
initially limited to dg, resulting in a gentler start of the
tracking procedure and no overshoot, even if the pro-



portional gain is high or not optimally tuned.

4.2 Lifting controller

The lifting controller objective is peculiar. After the
EE grasps the SV, lifting is initiated by controlling the
length of the central lifting cable. If the EE-SV assem-
bly is not centered w.r.t. to the robot frame, which is the
usual case due to PV oscillations, the assembly danger-
ously swings. The controller aims at damping the EE
and SV swinging, while also mitigating EE and SV an-
gular free motion. To this end, lateral cables lifting Ten-
sion Distribution is chosen as:

T = sat(tolyxq +yl) = sat(rolyxg +YEV)  (19)

where y is a positive non-zero constant, i £ =vis thear-
ray of lateral cable velocities and 7 is a desired value
for all cable tensions at static equilibrium. Swinging
and angular motion damping are thus achieved by lim-
iting cable velocities and keeping a tension 7. Please
note that the sign of y leads to a dissipative effect due to
our conventions: cable velocities are positive when ca-
bles are fed into the workspace, or, in other words, the
winch is unwound. When the EE pulls on the cables,
attempting to unwind them, cable tensions are then in-
creased with respect to 7y according to Eq. (19). Dy-
namically speaking, when Eq. (19) is substituted in Eq.
(15), a damping term is added to the unforced dynam-
ics of the system [30]. Depending on the value of 7y and
7, lateral cables will be more or less quick at damping.
For high values of 7y and y, the ALARS is very effective
at damping EE motion, but very high power and cable
tensions are required in the cables, which is ultimately
undesirable. If y is generally low, damping would be
poor, whereas if 7¢ is too low, the controller will always
be saturating (and ultimately not damping EE motion).
Depending on the required performance and desired
power consumption, parameters can be optimized.

5 SIMULATION CAMPAIGN

A comprehensive simulation campaign is con-
ducted to investigate operation feasibility, determine
system performance and ultimately obtain winch de-
sign parameters, such as maximum cable velocity, ten-
sion and power. The ALARS is supposed to handle dif-
ferent types of SV, which, depending on their type, are
characterized by different sea-induced motion to track
and mass and inertia to lift and stabilize. The geomet-
rical parameters used for the simulated systems can be

Table 1: Geometrical parameters of the ALARS

i 1 2 3 4 5
-05 -05 -35 -35 -2
d; [m] -10.1 -13.1 -13.1 -10.1 -11.6
7 7 7 7 7
0.05 0.05 -0.05 -0.05 0
al [m] 0.05 -0.05 -0.05 0.05 0
0.5 0.5 0.5 0.5 0.5
ri [ml 0.075 0.075 0.075 0.075 0.150
X -J i i i j
¥i Kk Kk Kk Kk Kk
z; i i - - -

found in Tab. 1, where d; is the position of D; in the ship
frame, a’l. the distance of A; from P in the EE frame, r;
the radius of each pulley and x;,y; and z; are unit vec-
tors defining the reference orientation of the swiveling
pulleys [18]: such parameters are sufficient for com-
puting Eq. (1), its derivatives and all the geometry-
related terms used in the dynamic models and con-
trollers. As far the EE is concerned, the vertical dis-
tance of the center of mass from P is 0.2 m, the mass
is m = 93.6 Kg and the inertia matrix components in the
EE frame are Ipy, = 4.75 Kgm? , Ipyy =4.75 Kgm? and
Ip;z =0.6 Kgmz. Minimum and maximum cable ten-
sions are set to 7,, = 100 N and 7, = 10000 N.

5.1 Tracking simulations

The primary objective of the tracking simulation is
to verify if the UACDPR is able to track a SV with the
proposed controller. To this end, simulations are run
while recursively tuning controller parameters to adjust
performances. Secondarily, given a tuned system, we
seek to understand which class of SV and thus which
kind of motion, the ALARS is able to successfully track.

Simulations are performed by integrating the EE
motion from Eq. (6), where cable tensions are com-
puted by Eq. (18). The necessary input parameters to
perform the simulations are: (i) the EE initial pose and
twist, so that a well-defined ODE can be established
from Eq. (6), (ii) the PV and SV motion profiles, where
the former is needed to compute the ALARS model vari-
ables, whereas the latter is needed for computing d’ and
consequently the controller output and (iii) the tracking
controller parameters.

Not all the PV pose {p coordinates are variable
during simulations. Ship velocity along xp (surge) and
yp (sway) and its angular velocity about zp (yaw) are
supposed to be zero, while velocity along zp (heave),
pitch and roll are sinusoidal [22]. In our simulations,
only pitch and roll motions are considered since they



Table 2: SV motion parameters

RHIB-7m | RHIB-9.35m | RHIB-11m
Aroll 7° 7° 7°
Apitch 2° 2° 2°
Froll 0.1818 Hz 0.1724 Hz 0.1587 Hz
Fpiteh 0.2857 Hz 0.25 Hz 0.25 Hz
0 0 0
s; (m] 0 0 0
-1.1 -15 -1.7
m 4000 Kg 7500 Kg 12000 Kg
I xx 14500 Kgm? 27200 Kgm? 43500 Kgm?
Iyy | 33100Kgm? 62100 Kgm? 99300 Kgm?
112z 26500 Kgm? 49700 Kgm? 79500 Kgm?

are deemed to be the most critical for task feasibility:
they may effectively bring the SV vessel outside the PV
reachable workspace. The SV position p; is also ob-
tained by considering the SV pitch and roll oscillations
about its center of mass. Finally, all the angular oscil-
lations have the form v = A, cosxnf,t+ ¢,), where
Ay, fy and ¢, are oscillation amplitude, frequency and
phase, respectively.

To achieve the primary objective of the tracking
simulations and verify feasibility while iteratively and
manually updating controller parameters, PV pitch and
roll amplitude and frequency are set, according to [22]
and a sea-state of four, to Ag,  =7°, Ag, , =1°, fo,, =
0.075 Hz, fp, , = 0.2 Hz. Pitch and roll phases are dis-
cretely varied from 0 to 27 in each simulation, since PV
pitch and roll phase influence the EE initial pose before
tracking starts and consequently the total tracking time.
The SV parameters are assumed to be those of a 7 m
RHIB (Rigid Hull Inflatable Boat, see tab. 2), which is
a frequent type of SV. The position of the SV center of
mass is centered 0 m below the ALARS frame when the
pitch and roll of the latter are zero; SV roll and pitch os-
cillation phases are set to zeros, as they only negligibly
impact the simulation results. The EE initial position
is always 3.1 m below the ALARS frame and its initial
orientation is the same as the PV; the initial twist is set
to zero, assuming that a controller similar to the lifting
one can be used to bring the EE in the desired initial
position and keep it steady. The tuned parameters are
the following: the cut-off frequency of the filter is 20 Hz,
the proportional and integral coefficients of the first PI
controller are 0.4 and 3.2 s~! respectively and the pro-
portional and derivative coefficients of the second PD
controller are 12.5 and 4.5 s respectively. An example of
simulation results, where the PV phases were each set
to /4, is shown in Fig. 6. From Fig. 6a we may see how
the EE tracks the SV with some delay, due to the con-

troller structure. Still, it should be considered that the
PV frame oscillates with an amplitude of approximately
1 m in the horizontal direction and of 1.5 m in the ver-
tical direction and the SV p; with an amplitude of ap-
proximately 0.2 m in the horizontal direction (vertical
motion is negligible). EE orientation is stable around
an amplitude of 7° for roll (Fig. 6d), 1.5° for pitch (Fig.
6e) and is negligible for yaw (Fig. 6f). Maximum ca-
ble speed is 1.5 m/s (Fig. 6g), maximum power 650 W
(Fig. 6i) and cable tensions don’t exceed 610 N: please
note that cable tensions are subject to frequent satura-
tion at 7, (Fig. 6h) and this limits the controller perfor-
mance. All in all, there are several time intervals when
the distance ||d|| between the EE and the SV approaches
zero and locking is achievable (see Fig. 6¢). In general,
our simulations showed that when the PV pitch and roll
phases are different from the ones reported in Figs. 6
and 7, the overall tracking performances change negli-
gibly.

To achieve the secondary objective of the tracking
simulations, controller parameters are kept constant
while the SV ship type is varied according to tab. 2; con-
sequently SV pitch and roll amplitude, frequency and
phase also vary. Figure 7 shows that if SV vessel has
larger and faster motion, horizontal tracking is poorer
in absolute terms (Fig. 7a), but p; motion amplitude
is twice as large. Nonetheless, locking could also be
achievable in several time intervals (see Fig. 7c). EE ori-
entation still oscillates stably (Figs. 7d, 7e and 7f) and
cable velocities, tensions and power are not affected by
the larger and faster motion of the SV (Figs. 7g, 7h,
7i): the proposed tracking controller is very stable due
to the proposed structure, but a strategy for its perfor-
mance adjustment should be sought in the future.

5.2 Lifting simulations

While tracking simulations were primarily con-
cerned with feasibility from a control perspective, the
primary objective of the lifting simulation is to deter-
mine the specifications on the ALARS winches neces-
sary to damp EE and SV oscillations during operations.
In fact, lifting is the most demanding activity in terms
of power and cable tensions, since the SV may weigh
up to 100 times the EE; even though the hoisting cable
lifts most of the weight, lateral cables still need to com-
pensate for EE and SV inertial actions, which are non-
negligible even at low speed and accelerations.

Simulations are performed by integrating the lift-
ing dynamic model in Eq. (15), where cable tensions are
computed by Eq. (19). The necessary input parameters
to perform the simulations are (i) the EE initial pose and
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Fig. 6: Tracking simulation results for the 7 m RHIB.

twist and the SV initial angular configuration and veloc-
ity, (ii) the PV and lifting cable motion profiles and (iii)
the lifting controller parameters.

PV motion parameters are selected the same as in
tracking simulations, that is, motion frequency and am-
plitudes are constant, whereas phases are varied. The
reason behind this choice is to determine if, for an as-
signed PV motion profile, the ALARS is able to suc-
cessfully lift its payload regardless of when the oper-
ation is initiated. The lifting cable follows a standard
trapezoidal velocity profile [17], with 0.15 m/ s% acceler-
ation and decelerations applied for 1 s, a nominal lifting
speed of 0.15 m/s and a final cable length of 1.7 m cor-
responding to the EE home position. SV angular con-
figuration and angular velocity are set to zero, EE initial
position is always 5 m below the ALARS frame and 1 m
offset in the global y direction, its initial orientation is
the same as the PV and the initial twist is set to zero.
The SV and EE initial conditions are compatible with
the cables maintaining a low tension after tracking and
before lifting, when the SV is still in the water: this way,
the cables would naturally stabilize the EE-SV assem-
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bly motion, which is thus considered negligible (a more
in-depth analysis will be considered in the future). The
controller parameters are tuned to 7o = 10000 N and
Y = 20000 Ns/m. Minimum and maximum cable ten-
sions are set to 7, = 100 N and 7); = 10000 N: 79 = T
effectively provides best damping performance.

Figure 8 shows an example of simulation results.
Figure 8a clearly shows that the EE position p asymp-
totically reaches the ALARS frame center pp during lift-
ing. Figures 8d, 8e and 8f also show the controller ef-
fectiveness in damping EE oscillations. The very high-
frequency yaw oscillations are due to model simplifica-
tions, such as neglecting friction: in practice, they will
be quickly damped by frictional effects, which were dis-
regarded in this study. The very simple controller pre-
sented in Sec. 4.2 also allows damping the SV roll os-
cillations, as can be seen in Fig. 8g, but it is ineffective
in damping pitch and yaw oscillations (Figs. 8h and 8i).
On the other hand, the SV pitch is naturally small and
stable, whereas the SV yaw is not oscillatory and could
be limited by designing a suitable EE-SV interface able
to eliminate such a freedom: both these aspects are not
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Fig. 7: Tracking simulation results for the 11 m RHIB.

a problem for the lifting operations, as the fundamen-
tal objective here is to bring the EE-SV assembly in the
center of the ALARS workspace, regardless of where the
SV has been grasped, so as to avoid the SV crashing
with the PV. During lifting, both minimum and maxi-
mum tension saturation occur (Fig. 8k), but such a phe-
nomenon does not produce appreciable performance
degradation. The maximum required power is shown
to be 2200 W. During our simulation campaign, we
noticed that the PV roll and its derivative when lifting
is started have a strong impact on achieving a stable
lift. Generally, it is better to start lifting when the PV is
closer to the sea and moving away from it. In this way,
the sea-induced PV motion helps in lifting, thus reduc-
ing the power required to the cables. On the contrary, if
lifting is started when the PV is moving towards the sea,
the SV could be unpredictably moved in and out of the
water, thus degrading the overall task performance.

6 EXPERIMENTAL DEMONSTRATION

A demonstrator of the system is developed by
adapting an UACDPR prototype available at IRMA-L@B
[35], and installed at L3Harris facilities in Bologna. A
2 m x 2 m frame is hanged 5 m above ground thanks to
a gantry crane (Fig. 9). The robot geometric param-
eters can be found in Tab. 3. An experimental auto-
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Table 3: Geometrical parameters of the prototype

i 1 2 3 4 5
-1 -1 1 1 0
d; [m] -1 1 1 -1 0
5 5 5 5 5
0.05 0.05 -0.05 -0.05 0
al; [m] 0.05 -0.05 -0.05 0.05 0
0 0 0 0 0

ri [m] 0.05 0.05 0.05 0.05 0.05
X; ) -j i i i
¥; -k k k -k N
z; i i -i -i -i

matic hook, which was developed in a separate study
by the Laval University Robotics Laboratory [36], is used
as the robot EE. Such a hook is software commanded
for opening and closing but is also equipped with a me-
chanical trigger that allows automatic closure when a
payload is hit. An Intel RealSense D435i stereo camera
was mounted on the EE to track the distance between
the EE and a mockup payload. The latter consists of a
ring to be grasped, 20 kg of steel plates, and a red ball
operating as a reference to be tracked by the camera
(see the payload in Fig. 9). The payload is located on a
shuttle that may perform linear motions at 45° w.r.t. the
horizontal plane. The payload shuttle is commanded
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Fig. 8: Lifting simulation results for the 7 m RHIB.

to perform a sinusoidal motion with 0.25 Hz frequency
and 0.3 m amplitude, according to the expected SV mo-
tion parameters reported in Tab. 2.

A Recovery operation is performed, but only the
tracking portion of the operation was deemed safe to
perform with nominal capabilities (i.e. EE speed, pay-
load oscillation amplitude and frequency) in a labo-
ratory environment with a scaled prototype (payload
mass could not weigh several tons, since it could have
harmed people and equipment). The phases leading to
the autonomous tracking and picking of an object are
here reported to show the capabilities of the system.
For the adapted prototype at hand, the controller pa-
rameters necessary for the lifting and tracking opera-
tions reported in Sec. 4 were tuned by trial and error
for optimal results, starting from the simulation results
reported in Sec. 5, since several real-world disturbances
were present during the experiments (camera lag, sen-
sor noise, imperfect calibration).

From a homing configuration, the EE is deployed
to a configuration suitable for the EE-mounted cam-
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era to start detecting the payload, by using only the lift-
ing controller: the central cable is unwound to the pre-
scribed length of 2.5 m, while the lateral cables stabilize
the EE (¢ =0...25 s in Fig. 10). Then, lifting-controller
outputs and tracking-controller outputs are averaged
for 10 s so as to smoothly transition from the lifting
controller to the tracking controller (light blue area in
Fig. 10). At 35 s the actual trajectory tracking starts
and it can be clearly seen in Fig. 10 that the EE is able
to rapidly minimize the tracking error and maintain it
bounded until the experiment is stopped at ¢t = 102 s.
For picking reasons, the z-coordinate fed to the con-
troller is offset by 0.5 m, so that the payload can be
picked by dropping the EE on it, thus hitting the EE me-
chanical trigger, simply removing the offset when the 2-
norm of the tracking error is stably below a threshold,
which was set to 5 cm.

The video attached to the paper [37] shows the ex-
perimental set-up and implementation of the recovery
operation, where the deployment, tracking, and drop-
ping phases can be appreciated. The red marker on
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Fig. 9: Experimental Layout

top of the mockup payload was removed since it would
have mechanically interfered with the dropping oper-
ation. Accordingly, tracking set points were virtually
generated, as the camera could not track a distinc-
tive feature on the EE. To stress our controller, the si-
nusoidal frequency of the payload was set to 0.33 Hz.
Nonetheless, it can be seen that tracking is satisfacto-
rily achieved, and the payload is correctly picked.

7 CONCLUSIONS

This paper presented the conceptual design and
control of an automatic launch and recovery system
based on the coupling of an underactuated cable-
driven parallel robot with a hoisting device. The sim-
ulation campaign showed that the system is theoreti-
cally effective for achieving the goals of launching and
retrieving vessels from and to a mothership; addition-
ally, simulations allowed to determine the size of winch
components for production and hinted at potential
problems to be solved by hardware, such as (i) design
the EE-SV locking interface so that is able to accom-
modate for 10 cm of horizontal error and 7° degrees
of angular misalignment and which is able to constrain
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the SV yaw motion. Experiments on a scaled prototype
showed promising results in terms of the effectiveness
of the proposed system, and allowed us to highlight the
most critical aspect to be tackled during industrializa-
tion, namely the performance of the tracking controller
due to real-world disturbances. Currently, a full-scale
prototype is being developed by L3Harris for laboratory
and in-field testing.
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