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Abstract. This paper addresses the development of a model-based con-
trol strategy for suppressing oscillations in dual-arm cable-suspended
long-reach robotic systems. The control leverages the robotic arms dy-
namics to dampen platform oscillations caused by the suspension point’s
movement as it reaches the desired operating position. To manage the
inherent system constraints and model nonlinearities, a nonlinear model
predictive control approach has been devised. Experimental results vali-
date the approach’s effectiveness, demonstrating that the proposed method
reduces the time needed to eliminate oscillations during the approach
phase by more than 75% compared to the uncontrolled case.
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trol · Underactuated robotics

1 Introduction

In recent years, robots have been deployed for tasks in unstructured and haz-
ardous environments to minimize risks to human personnel. A critical challenge
in these contexts is executing operations where robots descend from high-altitude
positions. Cable-suspended long-reach manipulators are used to perform inspec-
tion and maintenance tasks across difficult-to-access workspaces, such as power
lines [3], bridges [8], and pipe arrays [21]. Overhead operations are also a fun-
damental aspect of installations for nuclear research, where remote handling
operations in highly radioactive zones are necessary [7].

Recent solutions for cable-suspended long-reach robotic manipulation include
a dual-arm system connected to a suspension platform (see Fig. 1). Such a plat-
form could also be a drone [3]. Similarly, the cable-Suspended Aerial Manipulator
(SAM) [19] features a manipulator attached to a unmanned aerial vehicle (UAV)
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Fig. 1: CRANEBot, an example of a cable-suspended long-reach robot. On the
left, the joints used for the task of suppressing the oscillations. On the right,
the suspension point and the hoisting mechanism of the overhead crane with
indication of the unactuated joints.

suspended from an aerial carrier via a cable. In other setups, a tower crane serves
as the suspension point for a multi-arm system [26]. For indoor applications, an
overhead crane is preferred due to its minimal environmental impact [7].

Cable-suspended long-reach systems typically operate in two phases: an ap-
proach phase, where the suspension platform is moved to the task location by an
operator, followed by a task execution phase, where robotic arms are teleoper-
ated. During the transport phase, the motion of the suspension point can cause
significant oscillations in the robot manipulation system, resulting in several min-
utes of settling time and delaying task execution. Additionally, large oscillations
pose safety risks, especially in areas with delicate equipment. To mitigate these
oscillations, a controller can be developed to modulate the suspension point’s
actuation as commanded by the user [16]. However, modifying the suspension
platform’s controller is not always feasible.

To address this limitation, we propose a solution that involves actuating the
robotic load itself. The primary idea is to reduce system oscillations through dy-
namic compensation via manipulator motion. This is achieved using a nonlinear
model predictive control (NMPC) approach based on an efficient dynamic model.
Compared with the partial feedback linearization technique in [5], our approach
aims to minimize oscillations while adhering to constraints such as joint position
and velocity limits, and ensuring non-self-colliding trajectories for the dual-arm
system. Furthermore, the proposed solution is capable of minimizing oscillations
in all directions, rather than only those occurring within a single plane. The re-
sults are applied to CRANEBot in Fig. 1, a cable-suspended long-reach dual-arm
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system designed for operation from above using an overhead crane. This system
was developed at the European Organization for Nuclear Research (CERN) and
is used for various inspection and maintenance tasks, such as the installation
of vacuum modules within the beamline of the Compact Muon Solenoid (CMS)
experiment [4]. CRANEBot currently experiences significant payload oscillations
while suspended from the overhead crane. Due to the structure of the overhead
cranes where the robot is employed, a direct crane control such as input-shaping
([12]) is not always realizable. This issue makes it an ideal case study for ad-
dressing and mitigating such oscillations effectively with the use of only the arms
of the robot only.

2 Related works

Inspection and maintenance tasks often utilize specialized robotic systems. Among
the others, unmanned aerial manipulators provide an effective solution for per-
forming inspection and maintenance tasks from elevated positions [18]. To in-
crease the distance between the aerial platform and environmental obstacles,
thereby reducing the risk of rotor blade impacts, cable-suspended long-reach
methods utilizing rigid rods or flexible cables are employed [23]. Cable-suspended
systems exhibit intrinsic oscillatory behavior during the transport phase, which
must be suppressed to expedite operations. These oscillations complicate the
precise positioning of the payload, often necessitating multiple iterations to ac-
curately reach the operational point. This issue is addressed in [20] by directly
actuating a cable-Suspended Aerial Manipulator (SAM) via a second aerial ve-
hicle suspended from an anchor point. Using cranes as a suspension point miti-
gates some limitations of aerial vehicles, such as their inability to perform heavy
manipulation tasks. However, the challenge of suppressing oscillations persists
due to the hoisting system present in both tower and overhead cranes. Current
methods for managing oscillations in cable-suspended systems include the me-
chanical design of the hoisting system and training skilled personnel to operate
the crane in a way that minimizes induced oscillations. When direct control of
the overhead crane dynamics is possible, open-loop techniques involving optimal
trajectory planning [10] and input-shaping methods [17] were developed, while
closed-loop strategies have led to the development of various nonlinear control
techniques [12]. Model-based control methods often assume single-pendulum dy-
namics, treating the load as a lumped mass. For systems that do not adhere to
this assumption, double-pendulum dynamics are used to model the hook and
load separately. Comprehensive overviews of crane dynamics and anti-sway con-
trol are available in [12]. Recent advancements include model predictive con-
trol [2] and reinforcement learning [27].

When crane actuation through user-defined control laws is unfeasible, as in
this study, payload actuation techniques must be used. One example is using an
actuated mass installed on the load to achieve active anti-sway control through
regulation techniques like H1 [15] or gain-scheduling [13]. Actuated masses have
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also been suggested for oscillation suppression in aerial systems [14]. However,
this approach requires significant hardware modifications.

Solutions to the problem of oscillation control using manipulators have re-
cently begun to be explored in aerial systems. Undesired oscillations of long-
reach flexible links are suppressed in [22] by generating coordinated motion
with the arms through a zero-cross detection approach. A model-based feedback-
linearization approach is used in [5] for the same system.

2.1 Contributions

Building on the model-based approach of the previously mentioned works, we
design a NMPC to compensate for oscillations in a cable-suspended long-reach
manipulation system during the transportation phase by actively moving the
robotic arms. The choice of NMPC is due to its advantages in computing an
optimal control strategy accounting for constraints, making it ideal when high
performance, reliability, and flexibility are required [1]. Currently, no published
work addresses NMPC methods leveraging the actuated load dynamics to reduce
system oscillations without hardware modifications. Besides, no work has focused
on cable-suspended robots hanging from overhead cranes. This paper fills this
gap by providing results for oscillations occurring in a three-dimensional setting.

3 System modeling

In this Section, we start deriving the kinematic and dynamic models of under-
actuated systems [24]. The mathematical formulation of these models involves
selecting a subset of degrees of freedom (DoFs), which are divided into active
joints, directly controlled by the inputs, and passive joints, which are not di-
rectly controlled. Let np > 0 be the number of passive joints, qp 2 Rnp , and
na > 0 be the number of active joints, qa 2 Rna . The total joint variables is

q =
�
qTp q

T
a

�T 2 Rn, with n = np + na. The classical equation of motion of a
robotic system not exchanging forces with the environment is

B(q)q̈ + n(q; q̇) = G� a; (1)

where B(q) 2 Rn�n is the inertia matrix; n(q; q̇) 2 Rn represents the centrifu-
gal, Coriolis, gravitational, and friction forces; � a 2 Rna is the generalized input
vector at the joint level; and G 2 Rn�na is the input matrix. Equation (1) can
be re-arranged to separately highlight the dynamics of the active and passive
joints (hereafter we omit dependencies for clarity)(

Bpq̈p +Bpaq̈a + np = 0np
;

BT
paq̈p +Baq̈a + na = � a;

(2)

with Bp 2 Rnp�np , Bpa 2 Rnp�na , and Ba 2 Rna�na the block matrices of B;
np 2 Rnp and na 2 Rna the partition of the vector n; and 0� the zero vector of
proper dimension.
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For those cases where a direct torque input to control the arms is not possible
(as in the case of CRANEBot), isolating the acceleration of the passive joints
from the first equation of (2) yields

q̈p = �B�1p (Bpaq̈a + np): (3)

Folding (3) into the second equation of (2) yields

B̃q̈a + ñ = � a; (4)

with B̃ = Ba � BT
paB

�1
p Bpa 2 Rna�na and ñ = na � BT

paB
�1np 2 Rna .

Assuming the inner velocity loop of the motors of the actuated joints to be
fast and robust enough to ensure a correct tracking of desired active joint
accelerations, q̈da 2 Rna , the passive joints equation (3) can be re-written as
q̈p = �B�1p (Bpaq̈

d
a + np): Therefore, given the aforementioned hypothesis, (2)

can be written as (
q̈p = �B�1p (Bpaq̈

d
a + np);

q̈a = q̈da:
(5)

Hereafter, we decline (2) for underactuated systems to CRANEBot. Given
the impossibility of directly controlling the overhead crane’s motion which has to
be imposed by the operator via remote controller, the degrees of freedom of the
suspension point can be neglected; the system is thus considered starting from
the suspension point. The work carried out in [9] on CRANEBot shows that
the cable system can be well approximated by a single or a pair of equivalent
rigid bodies having masses, inertia tensors, and centres of mass, of the total
amount of cables used in the hoisting system. We will assume in the following
the model of a single rigid body for the whole cable system. Furthermore, during
regular motion of the overhead crane, the rotation induced around the main axis
of the cables can be neglected. With these assumptions, the whole kinematics
of the suspension point, cables, pulleys and platform, can be reduced to two
degrees of freedom describing the cable’s direction with respect to a world frame;
this part of the reduced model behaves similarly to a spherical pendulum. The
corresponding DoFs can then be described by the passive joints qp1 ; qp2 2 R.

Thus we have qp =
�
qp1 qp2

�T
. Additionally, we consider that for the task of

suppressing the oscillations of the system, not all the joints of the manipulators
are required, this also has the advantage of simplifying the mathematical model
of the system which reduces the computational effort required by the controller.
Indeed, all of the arms’ mass and inertia can be exploited while only actuating
the two shoulder joints for each manipulator and keeping the arms in a fully-

extended configuration, thus we have qa =
�
qa1 qa2 qa3 qa4

�T
. The resulting

DoFs following these considerations are depicted in Fig. 1.

3.1 Simpli�ed model

For control design purposes, to significantly reduce the computational effort
required for consistently computing an optimal solution that meets the real-time
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Fig. 2: Graphical representation of the simplified model. On the left, the oscil-
lations of the platform occurring along a generic direction can be represented
by a spring-mass-damper system. On the right, the extension into the three-
dimensional space.

requirements imposed by the controller’s sample time, we propose a simplified
model for formulating the dynamical constraint in the NMPC. If the dynamics of
the passive joints during planar oscillations can be well approximated by a linear
second-order model, we can use a simple equation such as that of a mass-spring-
damper system. This assumption will be validated in Section 5. Additionally,
due to the system’s symmetry, we can impose the same swinging direction for
both arms. This allows us to consider a single equivalent arm with two joints.
With such assumptions, in the case of planar oscillations, the system can be
approximated to the two-degree-of-freedom system on the left of Fig. 2. Notice
that the derived system shares many similarities with the translational oscillator
with a rotational actuator system [11], and thus the equations of motion are(

(M +m)p̈+ml cos(�)�̈ �ml�̇2 sin(�) + beqṗ+ keqp = 0;

ml cos(�)p̈+ (I +ml2)�̈ +mgl sin(�) = �;
(6)

where p 2 R is the displacement of the platform; � 2 R is the second joint of the
equivalent arm; M > 0 is the mass of the platform plus the base link of both
arms; m > 0 is the mass of the equivalent arm (equal to the sum of both arms
starting from the second link); l > 0 is the distance between the center of mass
of the equivalent arm and the axis of the shoulder joint; keq; beq > 0 represent
the coefficients of the equivalent elastic and damping forces, respectively, acting
on the platform; I > 0 is the moment of inertia of the equivalent arm; and g > 0
is the gravity acceleration. Making the same assumptions to derive (5) yields(

(M +m)p̈+ beqṗ+ keqp�ml�̇2 sin(�) +ml cos(�)�̈d = 0;

�̈ = �̈d:
(7)
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The model can be extended to both directions to obtain a three-dimensional
mass-spring-damper model (see 2, right), where the direction of oscillation plane
of the arm is given by the angle� 2 R. To extend the interaction between the
platform and the equivalent arm in both directions, the �rst equation of (7) can
be projected into the x and y axes to obtain

8
>>><

>>>:

(M + m)•x + beq;x _x + keqx + ( ml _� 2 sin(� ) � ml cos(� ) •� d) sin(� ) = 0 ;
(M + m)•y + beq;y _y + keqy + ( ml _� 2 sin(� ) � ml cos(� ) •� d) cos(� ) = 0 ;
•� = •� d;
•� = •� d:

(8)

This model is still nonlinear in the passive joints' dynamics, but it is simpli�ed
with respect to (5). In this case we haveqp =

�
x y

� T
and qa =

�
� �

� T
. Since

the mechanical design of the cable-pulley system results in thex and y axes
oscillations having the same natural frequency but di�erent settling times, the
identi�cation of the equivalent parameters was conducted in both directions. Dif-
ferent values of equivalent damping were identi�ed using the method presented
in [9]. The identi�cation results are shown in Section 5.

4 Control

The goal of the controller is to suppress the oscillations of the cable-suspended
system to enable faster and more secure operations. The primary requirement is
to signi�cantly reduce the oscillation amplitude and settling time to levels that
allow e�ective operation of the robotic arms. We propose an approach based on
a NMPC leveraging the nonlinear models derived in Sec. 3. This approach uses
the motion of the arms to dynamically compensate for the oscillations.

4.1 Problem formulation

Given an optimal control problem (OCP) de�ned on a �nite and discretised time
interval (prediction horizon), the goal of the NMPC is to �nd at each time step
the optimal control sequence within the prediction horizon that solves the OCP
de�ned at the current time step. Consider the following OCP

min
u 0 ;:::;u N � 1

N � 1X

k=0

ck (x k ; u k ) + m(x N ) (9)

s.t. x 0 = x̂ 0 (10)

' k (x k+1 ; x k ; u k ) = 0n x (11)

x � Sx x k � x (12)

u � Su u k � u (13)

h � h k (x k ; u k ) � h (14)
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where N > 0 is the number of time steps that constitute the prediction horizon;
x k 2 Rn x is the state of the system at stepk, with k = 0 ; 1; : : : ; N � 1; u k 2 Rn u

is the input at step k. The functions ck (�) : Rn x � Rn u ! R and m(�) : Rn x !
R are the running and the terminal state costs, respectively, in the objective
function (9). The constraint (10) sets the initial value, x 0 , of the state variable
that is equal either to the current measure or to an estimation of the state.
The equation (11) is the discrete-time dynamic constraint, where' k (�) : Rn x �
Rn x � Rn u ! Rn x expresses the state transiction function. Constraints (12)-(13)
express simple bounds on state and input, respectively, whereSx 2 R� x � n x and
Su 2 R� u � n u , with 0 � � x � nx , 0 � � u � nu and x ; x 2 R� x ; u ; u 2 R� u ,
are selection matrices that select the components ofx k or u k subject to upper
and lower bounds. Inequalities (14) expresses generic non linear constraints on
the state and the input, where h k (�) : Rn x � Rn u ! R� h ; h ; h 2 R� h and � h �
0. For the OCP related to the problem addressed in the paper, we havex =
�
qT

a qT
p _qT

a _qp
T � T

2 R2(n a + n p ) and u = •qa 2 Rn a .

4.2 Cost function

Since the controller's goal is to dampen the system's oscillations, the cost func-
tion must penalize larger displacements and velocities in the passive joints. For
the active joints, the cost should be lower, allowing the optimizer to favor in-
puts that properly align and swing the arms to produce the desired motion,
rather than keeping the arms in a rest position. Additionally, it is important
to encourage smooth arm movements to avoid inducing undesired and unmod-
eled motions, such as double-pendulum-like behavior. To achieve this, the cost
function can include a term penalizing high acceleration of the active joints,
promoting smoother transition, thus providing a trade-o� between the damping
performances and avoidance of unmodeled behaviors. A valid choice is using a
quadratic function of the state and of the inputs, which meets the aforemen-
tioned requirements and is also more e�ciently solved by the numerical opti-
mizer. Therefore, the cost functions in (9) can be expressed as

ck (x k ; u k ) = jjx k jj2
W x

+ jju k jj2
W u

; mk (x N ) = jjx N jj2
W e

; (15)

where kvk2
W = vT W v , for any vector v and matrix W of proper dimensions.

The positive semi-de�nite matrices W x , W e 2 Rn x � n x are used to de�ne
weights for some or all the state variables, while the positive de�nite matrix
W u 2 Rn u � n u is used to de�ne weights for all the input variables.

4.3 Constraints

The static constraints a�ecting the system can be categorized into linear and
nonlinear constraints. Linear constraints consist of simple lower and upper bounds
applied directly to the state or input variables. Nonlinear constraints involve
bounds on nonlinear functions of the state or input variables. The dynamic
constraint is implemented as a discrete-time version of the previously derived
equations of motion.
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Linear constraints When working with a real system, it is crucial to enforce
constraints on the state and inputs to ensure the feasibility of the control system.
For the state variables, it is necessary to impose limitations on the positions of
the actuated joints, based on actual mechanical end stops or user-de�ned safety
margins. Additionally, constraints on velocities must be considered due to the
limitations of the actuators. Thus, we have � x = 2na , � u = na and

Sx =
�
On a � n p I n a � n a On a � n p On a � n a

On a � n p On a � n a On a � n p I n a � n a

�
, Su = I n a � n a , where O � and I �

denote the zero and the identity matrices of the proper dimensions, respectively.

Nonlinear constraints Model (8) imposes the same direction to both arms,
therefore there is no risk of self-collision during the oscillation suppression phase.
This does not happen with (5), instead. A self-collision avoidancemethodology
is thus introduced. In this paper, we develop an approach that leverages the
structure of the NMPC problem formulation. The self-collision avoidance prob-
lem is incorporated into a nonlinear constraint on the robot's state by ensuring
that the minimum distance between the two arms exceeds a certain threshold.
To express these constraints, it is necessary to compute the points of minimum
distance between the two arms. The kinematic structure of the fully-extended
arms can be represented by a single segment for each arm. The endpoints of
these segments are determined using the robot's state and direct kinematics.
The closest points of the two segments,pa;c ; pb;c 2 R3, are found by computing
the minimum distance between the two as done in [6]. The constraint on the
minimum distance between the two segments can be stated as

jjpa;c (q) � pb;c(q)jj2 � d2; (16)

where d > 0 represents the minimum distance between the links achievable
during the motion. This value must be carefully chosen to be su�ciently large
to ensure that collisions between the arms are avoided, while not so large as to
compromise the optimality of the motion compared to the unconstrained case. In
scenarios where the arms are not fully extended, this approach can be adapted by
including additional segments corresponding to each link and adding constraints
for every potential pair of segments that could collide.

Dynamic constraint The equation of motion to be used as the dynamic con-
straint of the OCP depends on the model used to describe the behaviour of the
cable-suspended system. As already stated in the previous section, the model (5)
expresses a more general framework for cable-suspended underactuated robots.
However, the resulting equation of motion comprises a large number of nonlinear
terms, thus signi�cantly increasing the time needed to solve each iteration of the
OCP and heavily tightening the limit on the prediction horizon in the case of
real-time applications. In this paper, we employ the model in (8). This has the
advantage of being considerably less expensive from a computational point of
view, enabling a longer prediction horizon while still keeping a OCP solve time
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inferior to the system's sampling time. A quantitative comparison between the
two presented models will be provided in Section 5.

Initial condition constraint This constraint introduces feedback into the con-
trol algorithm, as the robot's current state at each time step becomes the starting
point for the new OCP for the subsequent prediction horizon. The components
of the measured (or estimated) state are updated based on the selected model.
The model (8) requires fewer measurements compared to (5).

5 Experimental results

5.1 Experimental setup

The experiments were conducted on CRANEBot, a cable-suspended robot with
two anthropomorphic manipulators attached to a platform suspended from an
overhead crane. CRANEBot is equipped with two Pilz PRBT 6 industrial ma-
nipulators. To maximize the arm's moment of inertia for suppressing oscillations
before performing tasks, the manipulators are positioned fully extended, with all
joints except the �rst two for each arm (shoulder joints) set to zero. A key advan-
tage of these manipulators is the ability to interface directly with the �rmware
using the CANopen protocol. The system includes a platform that serves as an
interface between the arms and the cable lifting system. The platform's frame
is made of aluminum and acts as a moving base for the manipulators, housing
the electronic components needed for robot control, including the battery sys-
tem, computer hardware, and a Gable-IMU ONE-SERIES SE3 for measuring
the platform's orientation and angular velocity.

Experimental tests with CRANEBot were conducted in the CERN 927 build-
ing, which features one of CERN's overhead cranes. In this experiment, the crane
lifts a payload of 190 kg to a height of 3:90 m. Feedback on the passive joints
is provided by the IMU sensor; speci�cally, the position of the passive joints is
derived from the pitch and roll values of the IMU orientation attached to the
platform, while the velocity of the passive joints is obtained from the IMU's
angular velocity. The motor encoders measure the velocity and position of the
active joints. The experimental data presented here were gathered using readings
from the sensors mentioned above. The software package acados [25] was chosen
to e�ciently solve the OCP. The algorithm is implemented in the CERN Robotic
Framework, a C++-based modular framework that allows easy interfacing with
di�erent types of sensors and actuators.

5.2 Results

Various experimental cases tested the oscillation suppression algorithm under
di�erent conditions. The associated video shows these experiments. Initially,
tests involved crane movements along single directions parallel to the bridge and
trolley axes (x and y axes, respectively). This mirrors real operations, where
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Fig. 3: Comparison between the real system and the proposed reduced model.
On the left the trolley axis oscillations; on the right, the bridge axis oscillations.

Fig. 4: Photo sequence of the robot during the oscillation suppression phase.

operators typically wait for oscillations to subside before changing directions.
Further tests involved combined bridge and trolley movements. This method en-
gages roll and pitch dynamics, making the planar model inadequate and allowing
the crane to move consecutively in two orthogonal directions.

Identi�cation We now show that the simpli�ed model (8) accurately represents
the behaviour of the real system (see Section 3). The dynamic parameters mod-
eling the equivalent spring and damper appearing in (8) are obtained through
an identi�cation to �t into a mass-spring-damper model when a position � � 0
is imposed to the joints of the equivalent arm. Experimental data from multiple
trials were gathered on free planar oscillations starting from an initial condition
where the passive joint angle is di�erent from zero and comparable with the
maximum angle induced by a maximum velocity motion of the overhead crane.
A comparison between real data and the simpli�ed model is shown in Fig. 3.

Control To induce oscillations in the payload, the overhead crane was remotely
commanded to travel approximately 1:5 m, using pro�les that maximized ac-
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Fig. 5: Self-collision avoidance method. Segments for minimum distance evalua-
tion (left); Photo sequence (right). Minimum distance is set to d = 38 cm.

celeration and velocity achievable by the trolley or the bridge. The crane was
then suddenly stopped to achieve maximum deceleration. Fig. 4 shows a photo
sequence of the swinging motion of the arms needed for the oscillation suppres-
sion. Fig.s 6a and 6b show the angle of the passive joints whose dynamics is
induced by the trolley or bridge motion, that is, the pitch angle of the platform
for the motion of the trolley axis and roll angle for the motion of the bridge
axis. Only the envelope of the maxima of the oscillations of such joints is re-
ported. The controller algorithm has been run with a sample time of 10 ms, and
the number of time steps constituting the prediction horizon of the OCP was
di�erent between the tests that use the two di�erent models (5) and (8). This
di�erence is due to the noticeably varying time required for the OCP resolu-
tion between the two cases. Running experiments with a prediction horizon of
2 s (200 shooting nodes), a worst-case computational time of about 5 ms was
registered by using the reduced model, while a worst-case computational time
of about 40 ms was registered by using the complete model. To ensure a solve
time of less than 10 ms, a prediction horizon of 1 s (100 shooting nodes, giving
a worst-case computational time of about 8 ms) was chosen for the complete
model, and 2 s for the reduced model. Experiments following a crane motion in
the trolley axis (that can achieve maximum velocity of 0:33 m/s and a maximum
acceleration of 0:40 m/s2) are reported in Fig. 6a and show that the arm control
can greatly improve the performances with respect to the uncontrolled case. Note
that although in the following we will denote the settling time as the amount
of time needed to reach a full stop of the oscillations, often in practical applica-
tions the time needed to reach a reduced oscillation amplitude is acceptable for
the teleoperation. As a result of the increased damping, the settling time of the
oscillations decreases from approximately 16 minutes in the uncontrolled case to
4 minutes in the controlled case with a reduced model, saving more than 75%
of the time during the approach phase. Since the system is controlled even dur-
ing the motion of the trolley, which can be considered an external disturbance,
the maximum amplitude of the oscillations is also slightly reduced. In contrast,
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