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Abstract: In the present day, unmanned aerial vehicle (UAV) technology is being used for a multitude
of inspection operations, including those in offshore structures such as wind-farms. Due to the
distance of these structures to the coast, drones need to be carried to these structures via ship. To
achieve a completely autonomous operation, the UAV can greatly benefit from an autonomous surface
vehicle (ASV) to transport the UAV to the operation location and coordinate a successful landing
between the two. This work presents the concept of a four-link parallel platform to perform wave-
motion synchronization to facilitate UAV landings. The parallel platform consists of two base floaters
connected with rigid rods, linked by linear actuators to a top mobile platform for the landing of a
UAV. Using an inverse kinematics approach, a study of the position of the cylinders for greater range
of motion and a workspace analysis is achieved. The platform makes use of a feedback controller
to reduce the total motion of the landing platform. Using the robotic operating system (ROS) and
Gazebo to emulate wave motions and represent the physical model and actuator system, the platform
control system was successfully validated.

Keywords: parallel manipulator; unmanned aerial vehicle; inverse kinematics; screw theory;
reciprocal screws; PID controller; robot operating system; wave-motion synchronization

1. Introduction

Closed-loop mechanisms are parallel manipulators of a fixed and a moving platform
connected by a set of kinematic chains [1]. The main advantages of a parallel manip-
ulator are its high stiffness, compact size, capability for control with large bandwidth,
robustness against external force and error accumulation, high dexterity, and suitability
for accurate positioning systems [2]. The downsides of this type of mechanism are its
limited workspace, and, because of the nonlinearity and complexity of the equations, a
forwards dynamics solution is very challenging and complex to obtain. Concerning the
design process of robotic mechanisms, serial kinematic chains are somewhat limited in
their arrangements for a given motion pattern. This is not true for parallel mechanisms,
which can have a very large variation of arrangements for a given motion pattern [3]. Some
of the more famous examples of closed-chain mechanisms can be found in the Delta robot
or the Stewart–Gough platform [4], illustrated in Figure 1. Evaluation of the degrees of
freedom (DoF) of the end-effector constitutes one of the core issues in free-motion analysis
of parallel mechanisms. In contrast to serial mechanisms, classical approaches, such as the
traditional Kutzbach–Grübler criterion, are not valid for certain complex spatial parallel
mechanisms [5]. According to the work of Merlet [6], the most widely used methods for
structural synthesis of parallel mechanisms are divided into three main approaches, namely,
graph theory, group theory, and screw theory. Kong and Gosselini [7] later introduced the
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concept of virtual chains for the type synthesis of parallel mechanisms. These authors also
performed a mobility analysis using the screw-theory-based virtual-chain approach for
numerous of different possible configurations of parallel robots. The theory of reciprocal
screws was first introduced by Zhao et al. [8] and has since been used in many other works
related to the field of parallel mechanisms and DoF estimation problems [9–11]. Regarding
the development of parallel manipulators, there is a need to identify the workspace of
these mechanisms, which frames the reachable positions of the centroid of the end-effector.
The workspace of a parallel manipulator imposes limitations that depend on its practi-
cal application [12]. Determining the boundary of a workspace typically relies on the
manipulator’s pose parameter discretization. To establish the set of possible, reachable
positions, the joint limits and a kinematic model of the mechanism must be established.
This can be accomplished with either forward kinematics [13] or inverse kinematics [14]
approaches. Due to the multiple limbs of parallel mechanisms, solutions for forward
kinematics require numerical problem-solving, while inverse kinematics can be solved
analytically [15]. Parallel manipulators have seen a wide variety of applications in different
fields [16,17]. The advantages provided by parallel mechanisms potentiate the application
of robotics for numerous applications, such as Jones and Dunlop’s proposal of a closed-loop
mechanism for satellite trackers [18]. Wapler et al. [19] used a Stewart platform to design a
high-precision surgery mechanism with an accuracy of 20 µm.

Figure 1. Popular parallel mechanisms [1].

Compared to traditional power generators on land, offshore wind energy technol-
ogy presents the benefit of collecting more power due to stronger winds and the absence
of landscape effects [20]. However, since offshore structures have difficult accessibility,
implementation and maintenance can be time-consuming and costly [21]. Under these
conditions, to reduce costs and avoid hazard to humans, underwater vehicles and inspec-
tion UAVs are an attractive option. Intervention autonomous underwater vehicles can be
used together with imaging systems for inspection [22] and robotic arms for repairing [23].
UAVs can be equipped with imaging systems and perform pre-established paths for the
inspection of critical parts of the structure [24]. Nonetheless, these technologies are yet in
an incipient stage of evolution [25]. For offshore operations, UAVs often need a place to
land closer to the structure, which ASVs could potentially provide. The motion caused
by waves is mostly unpredictable, and, depending on sea conditions, it can produce large
displacements of roll, pitch, yaw, sway, surge, and heave motions on a surface vehicle.
Being so highly dependent on the weather and sea conditions, working in offshore envi-
ronments often leads to a low working efficiency and economic loss due to unworkable
conditions. The recent literature has explored the potential for cooperation between ASVs
and UAVs in the automatic launch and recovery of the UAVs. These applications usually
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employ vision techniques, so the UAV is capable of detecting the landing pad located on
an ASV. However, these techniques are still vulnerable to highly dynamic sea states [26].
To overcome the difficulties of landing the UAV, Li et al. [27] developed an ASV with an
attitude-prediction controller designed by a bidirectional long-short term memory neural
network and a proportional–integral–derivative (PID) pose controller for the UAV to guar-
antee real-time synchronization movement of the UAV–ASV. Their results showed that this
type of cooperation effectively improves the landing accuracy. Furthermore, Liu et al. [28]
explored the potential of parallel mechanisms for UAV landings in highly uneven and
unstructured land terrain using a three-RRR-limb parallel mechanism that functions both
as a manipulator and as adaptive landing gear. Outside the UAV-related research, some
attempts at wave-motion compensation using parallel mechanisms are exemplified in the
work of Guo et al. [29], which proposes a 4-CPS/RPS parallel mechanism with a classic PID
controller to mitigate wave motion induced in a ship. Chen et al. [30] proposed a parallel
manipulator driven by pitch and roll active motion compensation with a fuzzy sliding
mode controller and a PID controller to diminish the risk of humans getting in and out
of offshore wind turbine structures. Cai et al. [31] studied the concept of a ship-mounted
Stewart platform for equipment such as cranes and drilling platforms to eliminate the
effect of wave-induced ship motions, effectively increasing the workable time for offshore
installations. A common issue many of these works face is that, due to the variability of
sea conditions, a controller system may be adequate for a given sea state and inadequate
for others.

The ATLANTIS project [32] aims to establish an infrastructure to allow the demonstra-
tion of key enabling robotic technologies for the inspection and maintenance of offshore
wind turbines. One of the focuses of this project is the use of UAVs for blade inspection.
Considering the distance of offshore structures to shore and the limited capabilities of UAV
batteries it is necessary for UAVs to be recovered near the mission site after completing
the inspection. Considering the set of advantages offered by a parallel mechanism, this
work proposes a novel motion-compensated four-UPR parallel platform designed for the
autonomous landing of UAVs in offshore environments based on the theory of reciprocal
screws. There has been some work dedicated to a four-UPU parallel mechanism, which
has Shöenflies type-motion (three translations plus one rotation) [33]. However, for the
intended purposes, the platform presented in this work only needs two rotations around
the x and y-axis to compensate for wave motions and one translation along the z-axis to
position the landing platform. Thus, a variation of the four-UPU platform is introduced
with the four UPR limbs. This variation is not described in the literature. Parallel mech-
anisms with fewer than six DoFs excel in terms of simpler structure, easier control, and
lower cost. While this mechanism can be achieved with three limbs, a fourth one adds
more rigidity and maintains the symmetry of the ASV. Having a permanently horizontal
platform to land, the UAV is much less susceptible to land in an uneven position and topple,
possibly damaging its sensors/structure or, in a worst case scenario, falling overboard.
The first tests of this platform are to be conducted at the ATLANTIS test centre’s buoy
DURIUS. DURIUS is close to the coast, so the wave dynamics will not be as harsh as in
offshore environments. To test the concept of the four-UPR mechanism for different wave
states, this work implements a PID controller to establish a baseline performance, which
provides a good solution for these conditions. This work addresses the difficult task of
safely launching and recovering a UAV on a landing pad influenced by wave motions. The
implementation of this platform offers more flexibility in UAV–ASV cooperative missions
for offshore wind-turbine inspection.

This work is organized as follows: In Section 2, the problem and platform mechanism
presented in this paper are described, as well as a DoF analysis based on the theory of
reciprocal screws. Section 3 describes the systematic approach and solution for the inverse
kinematics of a four-UPR parallel mechanism. From this solution, the limb lengths, position,
and velocity of the passive joints are obtained for any given position and orientation of the
mobile platform. Section 4 details the workspace and limits the analysis of the platform.
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Section 5 presents the platform-simulation environment and the results of the implemented
PID controller. Finally, Section 6 provides a discussion of the proposed work.

2. Platform Description
2.1. Problem Statement

One of the greatest limitations in UAV–ASV cooperative motions is in landing the
UAV safely in highly dynamic sea states. Wave-motion compensation has been a topic
of research for some time; however, there have been few attempts at tackling the issue of
landing UAVs on a platform at sea. This is a difficult task, since highly dynamic waves
and wind will induce significant angular displacements on the platform, and a bad landing
can be devastating for the UAV. In this work, we attempt to tackle this challenge using a
parallel mechanism that is capable of maintaining a horizontal position while the drone
is trying to land. Consider the mission illustrated in Figure 2. Here, the main steps of the
mission are as follows: the UAV takes off from the platform near the structure; it performs
the inspection of the structure and registers relevant data using sensors, such as visual
cameras and LiDARs (light detection and ranging); upon completing the inspection, the
drone returns to the ASV using a perception system that combines visual, thermal, and
three-dimensional LiDAR to detect an ArTuga equipped on the ASV [34]; once detected,
the UAV attempts to land on the ASV’s platform. This work addresses the first and last
steps, which involve the launch and recovery of the UAV.

Figure 2. UAV–ASV cooperation for inspection and maintenance of offshore wind turbines.
Mission schematic.

The proposed ASV has a 4-UPR mechanism depicted in Figure 3 with a top mobile
platform for the landing of UAVs linked to the floating base platform with four limbs. Each
limb consists of a revolute joint (R-joint), followed by a prismatic joint, and ending in a
universal-joint (U-joint). The limb length is characterized by li. This mechanism is capable
of translational movement along the z-axis and rotational movements along the x- and
y-axis. The orientation and position of the platform is provided by an inertial measurement
unit (IMU) installed in the base platform. The centre point of the global coordinate system
is located at origin O (centre of the base platform).
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Figure 3. The 4-UPR platform mechanism schematics.

The top and bottom joints of the platforms form a square with side a and b, respectively.
The z-axis is perpendicular to the platform, and the x-axis and y-axis are oriented in such a
way that the positions of the bi joints are given by:

b1 =
[

b/2 b/2 0
]T

b2 =
[

b/2 −b/2 0
]T

b3 =
[
−b/2 −b/2 0

]T

b4 =
[
−b/2 b/2 0

]T

(1)

It is assumed that ai is the position of the upper platform joints relative to the origin
frame. The mobile frame of reference, p, located at the centre of the upper platform, is
oriented with the Z-axis perpendicular to the mobile platform, and the X-axis and Y-axis
are oriented in such a way that the positions of the ai joints relative to p are:

pa1 =
[

a/2 a/2 0
]T

pa2 =
[

a/2 −a/2 0
]T

pa3 =
[
−a/2 −a/2 0

]T

pa4 =
[
−a/2 a/2 0

]T

(2)

For a proper workspace definition, the limits of each joint need to be established. The
prismatic joint is representative of an electric actuator with a retracted cylinder size of
0.7225 m, with a stroke of 0.4 m, defining li as 0.7225 ≥ li ≥ 1.1225 m. The angle between
the two parts that constitute a U-joint can be represented by βi =

[
roll pitch 0

]
, where

roll and pitch represent the angle around the local joint frame’s xi and yi axis, respectively.
The U-joint roll and pitch angles can be defined by the dot product of the limb frame x-
and y-axis with the joint frame x- and y-axis. The limb frame is a rotation of the joint frame,
where z is axial to the limb. The joint limit established for the U-joints is 30 degrees, as it is
a common limit in standard models, defining β as −45 ≥ β ≥ 45 degrees.

As shown in Figure 4, the base platform consists of two floaters connected by rigid
rods. The U-joint’s position at the base, bi, and the R-joint’s position at the upper platform
are adjustable, so the length of a and b can be optimized for greater mobility and angular
velocity. A key point for establishing the configuration of the centroid p is the position in
the global frame Z-axis. A lower centre of gravity will allow the platform not to topple with
more aggressive wave amplitudes. Another important aspect to consider is the distance
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between the platforms, in order to avoid a collision between the two bodies when rotating
the top part. The top platform is a square with size 2 × 2 m2. To avoid a collision, a
relationship between the platform orientation and the z position of the platform needs to
be established. Consider α the angle between the z′-axis and z-axis of the frame p, where
the z-axis is the z-vector of the platform initial orientation, given by

[
0 0 1

]
, and the

z′ vector is the z-axis after a rotation. Thus, α can be obtained by the dot product of z and
z′ as:

α = arccos
z · z′

‖z‖ × ‖z′‖ ‖z‖ > sin (α)×
√

2 (3)

Figure 4. 3D model of the 4-UPR platform mechanism.

2.2. Degree of Freedom Estimation

To determine the quantity, type, and direction axes of the end-effector DoFs for the
4-UPR platform presented in this work, the applied method relies on screw theory and
reciprocal screw systems. In this method, the constraint space of the end-effector is studied
according to the terminal constraint space of its kinematic chains. As previously mentioned,
this method was first developed by Zhao et al. [8]. A more mature demonstration is
presented in the book by the same author [5]. Let us consider the kinematic chain presented
in Figure 5, which represents the ith limb of the platform.

Figure 5. Kinematic chain of the ith limb of the platform.
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The Plücker coordinates of the kinematic pair of the joints belonging to the limb can
be written as:

$1 =
[

0 1 0; 0 0 0
]T (4)

$2 =
[

1 0 0; 0 0 0
]T (5)

$3 =
[

0 0 0; 0 cos βi sin βi
]T (6)

$4 =
[

1 0 0; 0 −li × sin βi li × cos βi
]T (7)

Now, the Plücker coordinates of the limb, $li , are defined as:

$li =
[

$1 $2 $3 $4
]T (8)

According to reciprocal screw theory, two screws that satisfy Equation (9) are a pair of
reciprocal screws. According to the physical meaning of reciprocal screws, the reciprocal of
$li denotes the constraints forces applied to the kinematic chain.

$T∆$r = 0 (9)

∆ =

[
0 I
I 0

]
(10)

where ∆ is a 6× 6 matrix. The solution for $r
li

can be obtained with linear algebra methods.

$r
li =

[
1 0 0; 0 0 0
0 0 0; 0 0 1

]T

(11)

which denotes a pure couple that is parallel to the z-axis and a force parallel to the x-axis.
The movement constrained by $r

li
is given by $m

li
=
[

0 0 1; 1 0 0
]T , denoting a

rotation parallel to the z-axis and a translation along the x-axis. In the global frame of
reference, O− XYZ (see Figure 3), the constrained motion screw can be represented as:

$m
li =

[
0 0 1; cos αi sin αi 0

]T (12)

where αi is the angle of the local x-axis of the ith limb to the global frame of reference.
The constraints of the end-effector are directly related to the terminal constraints of the
kinematic chains. It is possible to find the constraints of the end-effector by analysing the
span ($C

P) of its constrained motions:

$C
P = span

{[
$m

l1
$m

l2
$m

l3
$m

l4

]T
}

(13)

$C
P =

 0 0 1; 0 0 0
0 0 0; 1 0 0
0 0 0; 0 1 0

 (14)

The DoF of a mechanism are given by F = 6− d, where d is the number of dimensions
that all the reciprocal screws can be spanned in the normal linear spaces. It is clear that this
parallel mechanism has 3 DoF and can rotate about the X and Y-axis and translate in the
Z-axis.

3. Inverse Kinematics

Inverse kinematics refers to the construction of the kinematic equations, so that, for a
given end-effector position, the joint variables can be established. The orientation of the
upper platform is defined by a rotation matrix around the roll (θx) and pitch (θy) angles,
provided by an IMU on the bottom platform. Since it is not possible, nor advantageous, to
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control the yaw of the platform, it is assumed that θz is always zero. The rotation matrix is
given by:

R =
[
RyRx

]
=

 cθy sθx × sθy sθy × cθx
0 cθx −sθx
−sθy cθy × sθx cθy × cθx

 (15)

where c and s are the cosine and sine trigonometric functions. Considering the DoFs of the
platform, at any time instance, the state of the upper platform can be represented with the
orientation θ and the centroid position P, in global coordinates, given by:

P =
[

0 0 Pz
]

θ =
[

θx θy 0
] (16)

The position of the upper U-joints, ai, can be solved as:

ai = P + R× pai (17)

Substituting Equations (2), (15), and (16) in Equation (17) gives the position of all top
platform joints. Since the lower U-joint’s position is a known constant, the length of each
limb (li) can be determined as:

li =
√
[ai − bi][ai − bi]

T (18)

This parameter defines the necessary length of the prismatic cylinders, and there-
fore the control input, for the desired platform position and orientation. The vector that
represents the ith limb is given by:

Si = ai − bi (19)

The unit vector that defines the ith limb is:

si = Si/li (20)

Considering θ̇ = [θ̇x, θ̇y, 0]T as the angular velocity and Ṗ = [0, 0, Ṗz]T the linear
velocity of the centroid p, the velocity of each limb can be determined as:

Ṡi = θ̇ × ai + Ṗ (21)

The sliding velocity, given by the velocity component along the limb, can be deter-
mined as:

l̇i = si · Ṡi (22)

The inverse kinematics analysis enables the study of how the different design pa-
rameters of the platform influence the constrictions of movement. The different design
parameters are considered as:

• Side a of the top platform, which denotes the position of the top joints. Smaller values
of a mean more angular movement is achieved for shorter strokes, which can be
explored to compensate for slower linear actuators. On the other hand, small values
of a can lead to some instability regarding the stiffness of the mobile platform.

• Side b of the base platform, which denotes the position of the bottom joints. By
distancing the bottom joints from one another, it is expected that the mechanism is
more stable for harsher dynamic conditions. However, the steepness of the linear
actuators also influences the angular speed of the mobile platform.

• Position along the Z-axis. This design parameter is adaptable even after construction,
as it depends entirely on the linear actuator’s stroke position. The major influence
of this parameter is on the joints and collision limits of the mobile platform, and the
position of the centre of mass of the mechanism.
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4. Workspace Analysis

The workspace of a robot is defined by the volume of space reachable by its end-
effector. For this parallel mechanism, let us consider that the end-effector is defined by
the upper platform’s centroid, p, and the position of the top joints, ai. Due to the nature
and application of this mechanism, it is not necessary to control the z-position while
compensating for the wave motions. However, due to the limits of the platform, be it either
through collision within itself or the joint limits established in Section 2, the position of
the platform in the Z-axis can be studied to conciliate the platform stability with the range
of motion. Using the inverse kinematics analysis performed in Section 3, the joints and
platform positions, as well as the limbs length and orientations, can be calculated. The
bottom U-joint angles, β, can be obtained through the si unit vectors:

si =
[

sxi syi szi
]

(23)

βxi = arccos(sxyi · si) (24)

sxyi =

[
sxi syi 0

]∥∥[ sxi syi 0
]∥∥ (25)

βyi = arccos(sxyi ·
[

0 1 0
]
)− π

4
(26)

In Equation (26) we subtract π/4, since the local y-axis of the joint is at 45 degrees to
the global Y-axis. Due to the disposition of the platform and the symmetrical nature of the
joint’s disposition the top platform R-joint angles, γi, can be obtained as:

γi = arccos
(

p− ai
‖p− ai‖

· si

)
(27)

The superscript “(·)0” refers to the initial time instance. For the workspace analysis,
the required numerical elements are the size of a and b and the position of z0, as well as the
limits of each joint. The workspace of the platform at position z0 can be defined through
a sweep, where the limits are computed through each iteration of possible roll and pitch
combinations. To ease the computation load, the limits for non-composite movements (only
roll or only pitch) were first determined for z0 = 0.5 m, a = 0.2 m, and b = 1.25 m. The
choice of z0 is determined by the maximum angle required to stabilize the upper platform
for a specific wave height. To determine the optimal value of z0, an iterative process was
performed using the simulator presented in Section 5. Considering the roughest wave
parameters used in the simulations, in a sea state of 3 on the Douglas sea scale, this angle
was found to be 20 degrees, which justifies z0 to be 0.5 m. The results of the sweep are
shown in Table 1. For this mechanism, the limits of the roll and pitch of the end-effector are
identical. In addition, the lower and upper limits are symmetrical.

Table 1. Range of motion for the roll and pitch of the end-effector at z = 0.5 m.

Motion Variable Range of Sweep Verified Limit Units

Pitch −π/2 to π/2 −π/9 to π/9 rad
Roll −π/2 to π/2 −π/9 to π/9 rad

For the set values of z0, a, and b described above, the workspace of the upper plat-
form ai U-joints can be seen in Figure 6. The edges of the upper platform (2× 2 m2) are
represented by a green outline in Figure 6a. For better clarification, the same plot can be
observed in Figure 6b, with more resolution and without the edges. The projected 2D range
of motion of the U-Joint a1 can be seen in Figure 7.
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(a) (b)
Figure 6. Workspace analysis of a 4-UPR platform for z = 0.5 m: (a) Workspace with platform outline;
(b) Workspace without platform outline.

Figure 7. Workspace analysis for optimum configurations projected in 2D space for z = 0.5 m.

The workspace of the platform shows that the limits of the roll and pitch of the
platform change with one another. For example, in an orientation where the platform has
a pitch of π/9 degrees, the roll limit is at 0 degrees. This relationship can be analysed
with a sweep, where the resulting plot can be seen in Figure 8b. The filled area shows the
possible combinations for orienting the platform. That area can also be represented by
Equation (28). √

θ2
x + θ2

y ≤
π

9
(28)

Due to the property of the upper and lower limits of this specific case, one can quickly
identify the radius of the circle as either the pitch or roll upper limit in the case of z0 = 0.5 m.
The only constraint in this configuration of the mechanism is the collision between the top
and bottom platforms (Equation (3)). It is correct to assume that a higher z0 will mean a
higher platform mobility, at least until the joints start reaching their limits and at the cost
of a higher centre of mass, meaning less stability. This relationship is demonstrated in
Figure 8a.
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(a) (b)
Figure 8. Roll and pitch limit analysis: (a) Roll and pitch limit variation with distance between
platforms; (b) Allowed platform orientation in degrees for z = 0.5 m.

5. Simulation and Results

To validate the design and evaluate the concept of the four-UPR platform, a demon-
stration is presented in a simulated environment, recurring to the ROS framework and the
Gazebo simulator to model the platform joints and links and simulate the control of the
mechanism and the wave motions. A screenshot of the simulator can be seen in Figure 9.

Figure 9. Screenshot of the simulator in Gazebo 11.

The robot is modelled in a Unified Robot Description Format (URDF), an XML format
to represent robots. However, due to the tree-like structure of the URDF format, it is
impossible to model a parallel mechanism without some workarounds. To solve this issue,
a virtual chain was created to link the top platform to the bottom one, and the four kinematic
chains were then connected to the top platform via a script that continuously calculates
the joint angles over time using the equations described in Sections 2 and 3, recurring to
static links that represent s0

i , to have a static reference frame within the robot (see Figure 10).
The virtual chain that models the top platform movement is analogous to dim $C

P in
Equation (13).

The intended purpose of the platform is to maintain the top platform in a horizontal
position in an ocean surface environment. Using the information gathered by the IMU in
the bottom platform, it is possible to compute the length of the prismatic actuators that, for
a given orientation of the bottom platform, the top platform tends towards a horizontal
position. A position controller is used for this task. The encoders on the prismatic actuators
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give the current lengths of the limbs, and the data provided by the IMU and the equations
described in Section 3 give the desired lengths of the limbs. The adopted control system
takes the desired position and orientation of the top platform as input, and the output
gives the limb’s desired length, with a feedback PID controller to improve the stability and
accuracy of the outputs. The PID controller was manually tuned for the simulator. The
values of kp = 5000.0, ki = 0.5, and kd = 10.0 will likely have to be adjusted for the real
mechanism. A diagram of the control system can be seen in Figure 11.

Figure 10. Tree structure of the platform links. Dashed lines—scripted connections.

Figure 11. Control system of the 4-UPR platform.

The operational conditions of the platform are determined by several factors, including
the capabilities of the UAV, the joint limits, and the sea state. The technical aiding equipment
limitations, such as the support boat, also contribute to these conditions. A wave height of
1 m is defined as the the platform’s operational limit, which corresponds to wave state 3 on
the Douglas sea scale. Additionally, the UAV cooperating with this platform should not be
operated in wind speeds exceeding 20 knots as its control starts becoming unreliable.

The maritime environment is physically simulated using the Gazebo plug-ins from
Virtual Robot X [35]. The wave motions follow the model of Gerstner Waves [36] to approx-
imate the influence of ocean waves in a simplified manner intended to balance physical
fidelity and visual realism with real-time execution requirements. The motion of the bottom
platform can be obtained with an IMU, which provides the orientation, angular velocity,
and linear acceleration. In order to compare the movements of the top and bottom plat-
form, another IMU is placed in the top platform. Since the control of the mechanism is
executed with a position controller, the efficacy (η) of the mechanism for a given wave
state and cylinder velocity is given by Equation (29), where αbottom denotes the angle of the
Z-axis to the Z′-axis in the global frame O, provided by the IMU. The same logic applies
to αbottom. Considering that the prismatic actuators have a linear speed of 0.1 m/s, which,
depending on the current orientation of the platform, translates to an angular velocity
up to 1.7 rad/s of the upper platform, the results for different wave states are shown in
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Table 2. The selected wave parameters were based on realistic values that can be measured
in the different wave states. While there is generally a correlation between wave height and
period, the shorter periods for some large waves reflect how the platform may respond to
rapid changes in steepness. All the tests were conducted over 30 s. The resulting plots are
shown in Figure 12. The machine conducting the simulations has an i5-10600K CPU @ 4.10
GHz, a GeForce RTX 2060, and 15.5 GiB memory, running ROS Noetic and Gazebo 11.

η = %
∫ t

0

αbottom − αtop

αbottom
dt (29)

Table 2. Efficacy of the mechanism for different wave states.

Wave State Number of Waves Amplitude [m] Period [s] Direction [x,y] η (%)

1 1 0.2 3 [1,1] 98.23
2 2 0.2;0.3 5;3 [1,0];[0,1] 97.16
3 3 0.2;0.3;0.4 7;5;3 [1,0];[0,1];[1,1] 94.84

Figure 12. Resulting plots for the different wave states presented in Table 2.

Overall, the mechanism has a very good η for calmer (lower amplitudes, longer
periods) wave states. However, as the waves grow more aggressive, the mechanism tends
to have a much lower η. This can be attributed to three factors:

• The speed capacity of the linear actuators: with faster cylinders, the position correction
can also occur faster, which will lead to less motion of the top platform. To improve
the stability, one can acquire a more expensive, albeit faster, cylinder, which can be
harder to control properly.

• The adopted control system: the simplicity of the adopted control system leads to poor
adaptation to quick rates of change induced by waves with high amplitudes and short
periods (evidenced in Figure 12). Due to tidal wave predictability and stability, and
since UAVs usually do not operate well in strong winds (which cause highly irregular
waves), the implementation of a predictive control system is recommended. Other
studies such as that of Halvorsen et al. [37] have shown the success of this type of
prediction algorithm for wave synchronization for rougher sea states.

• The small size of the vessel also implies that its roll and pitch orientation will be more
affected by the wave’s motion. Thus, a bigger vessel could also provide better stability.

6. Discussion

This paper presented a surface vessel with a landing platform for UAVs consisting of a
four-UPR parallel manipulator with three DoFs for wave synchronization. The estimation
of the platform’s DoFs was achieved using the well-established reciprocal screw theory.
The mechanism can perform roll and pitch rotations as well as translations in the Z-axis.
An inverse kinematics approach allowed a better understanding of how the variation of the
parameters of the platform affects the mechanism properties. The workspace representation
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was achieved with a numerical sweep that checks all the possible orientations for a given z
of the upper platform. For z = 0.5 m, the platform pitch and roll combinations are limited
to the area of a circle, given by Equation (28). The mechanism concept was further tested
in a simulated scenario, resorting to ROS and Gazebo to emulate the physical model and
environment. The inverse kinematics analysis and the use of a virtual chain were able to
overcome the limitation of closed-loop chains in URDF files and achieve satisfying results
in terms of the expected behaviour in these types of mechanisms. The control system
applied in this work showed satisfying results for lower wave amplitudes (up to 0.4 m),
with an η of 94.84%. This metric shows how well the top platform was able to sustain
the horizontal position compared to the bottom one. However, for more aggressive sea
states, the η starts dropping considerably, implying that a more robust control system is
needed. Overall, the results achieved with this work show how wave synchronization in
small surface vessels can be achieved with the methods demonstrated and the limitations
imposed by the sea state.
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DoF Degrees of freedom
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PID Proportional–integral–derivative
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