
M����� T����� �� C������� E����������

A Motion Planner for Complex Trajectories with
Cable Suspended Parallel Robots

M����� C�������� S���������

Maliha khan Prof. Giovanni Boschetti
Student ID 2043885 University of Padova

A������� Y���
2023/2024





"Behind every successful robot is a team of dedicated engineers. Behind every dedicated
engineer is a family who believed in them. Just as a robot’s path is guided by
algorithms, my path has been guided by the love and support of my family."





Abstract

Exact trajectory generation is still absolutely essential in the realm of advanced
robotics if we are to increase the dynamic capability of robotic systems. This the-
sis explores the trajectory generation for a unique 3 Degrees of Freedom (DOF)
robot meant to control a suspended ball by following challenging trajectories
including spirals and cubic curves.

The key challenge is precisely and effectively generating motion paths in
three-dimensional space using the DOF of the robot to negotiate the suspended
ball across predefined trajectories.By means of a comprehensive kinematic and
dynamic analysis, an ideal control approach is devised,therefore ensuring smooth
and stable motion along spiral and cubic trajectories.

The combination of real-time feedback control with trajectory planning is
provided as a novel approach to this. Using polynomial interpolation and spline-
based approaches, the method builds continuous and differentiable paths.These
paths then become control signals for the robot’s actuators,therefore allowing
precise motions and transitions.

Extensive simulations and experimental settings verify the efficiency of the
proposed method by establishing its power to control complex motion sce-
narios while maintaining excellent accuracy and stability.Notable performance
increases in the robot can be found in reduced trajectory deviation, improved
path smoothness, and greater reaction to dynamic changes.

This work advances robotic trajectory planning by providing insights on the
development of control methods for multi-DOF systems engaged in demanding
motion tasks.Where precise trajectory control is essential,the results have ap-
plications in fields including dynamic manipulation, automated assembly, and
entertainment robots.

Keywords: Trajectory Generation, 3 Degrees of Freedom, Spiral Trajectories,
Cubic Trajectories, Suspended Ball Robot, Kinematics, Dynamics, Real-Time
Control, Polynomial Interpolation, Spline Methods.





Sommario

Cable-driven robots offer significant benefits in applications needing large-
workspaces and the ability to lift heavy weights. The small weight of these robots
and their simplicity of reconfiguring define them.The evolution of methods for
the generation of trajectories for a cable-driven robot with three degrees of free-
dom (DOF)intended to move a suspended ball along complex patterns,including
spiral and cubic trajectories is discussed in this thesis.One of the most significant
successes is the development of a new method combining polyn interpolation
with spline techniques to create smooth and accurate paths, which are validated
by simulations and experiments. Moreover, the thesis addresses safety precau-
tions that can be used to control the probability of cable breakdowns,therefore
ensuring consistent operation.The results throw light on the feasibility of pre-
cise and safe trajectory control, which will finally help to progress the use of
cable-driven robots in many different fields outside research.
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1
Introduction

These robots, supported by tight wires due to gravity, serve a variety of pur-
poses, including capturing overhead footage during sporting events and aiding
in the construction of large radio telescopes.An essential obstacle to ensuring
the efficient functioning of these robots is the strategic design of their movement
courses,also known as trajectories, in order to maintain constant tension in the
cables during their operation.In the majority of studies on this subject, scientists
have employed intricate dynamic equations to design trajectories that ensure
that the cables remain taut and do not loose.

These equations serve as restrictions, directing the robot’s movement to en-
sure that the tension in the wires remains constant at all times.Tight wires
are critical for correctly controlling the robot’s motions, as they can only exert
pulling force and not pushing force.Recent research has used a distinct method-
ology for trajectory planning. Researchers have included the dynamic equations
directly into the 3-DOF planar CSPRs rather than employing them just as con-
straints. Furthermore, the unsolved problem lies in the design of rotational
paths, in which the robot must spin around a certain location while maintain-
ing taut wires.To summarize, the approach to dynamic trajectory planning for
CSPRs has progressed from including dynamic restrictions to directly integrat-
ing dynamic equations. This has revealed the significant influence of oscillation
frequencies, as discussed in reference [20], on the generation of viable pathways.
Although there has been notable progress in comprehending the generation of
steady and melodious paths, further investigation is required to address the
issues of changeable rigidity and rotating motions. This ongoing investigation
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1.1. PROBLEM STATEMENT

Figure 1.1: Schematic representation of a generic cable robot

holds the potential to improve the flexibility and functionality of CSPRs, opening
up possibilities for novel and creative uses.The Skycam is an early and widely
recognised instance of cable-suspended camera systems (CSPRs). It is proba-
ble that you have observed it gliding over stadiums during a game, recording
exhilarating moments from an elevated position. The NIST RoboCrane [1] is a
well-known example in the industry. The Skycam [2], shown in Figs. 1.2 and 1.3
respectively.

This robot, equipped with six adjustable degrees of freedom (DOF), assists in
maintaining the stability of crane loads, therefore reducing hazardous swinging.
CSPRs play a vital role in the assembly of large-scale constructions, such as the
colossal 500-metre radio telescope in China, by aiding in the manipulation of
the substantial and fragile components.

1.1 P������ S��������

A unique class of robotic systems that offer remarkable speed, accuracy, and
adaptability in their movements are ball parallel robots. However, designing
accurate and efficient routes for autonomous robots might be a significant chal-
lenge. Ball parallel robots have a complex kinematic structure, with several
degrees of freedom and a highly nonlinear relationship between the joint an-
gles and the end-effector location. This makes it challenging to create accurate
mathematical models that represent the robot’s movements, which is essential
for effective trajectory planning.

2



CHAPTER 1. INTRODUCTION

Figure 1.2: NIST RoboCrane prototype

Figure 1.3: Skycam

3



1.2. DESIGN

Furthermore, the process of creating trajectories is made more difficult by
the fact that there are several possible solutions to the inverse kinematics prob-
lem. This is due to the possibility that the robot can go in several directions to
reach a certain end-effector location. Ball parallel robots can move quickly and
powerfully, which places significant dynamic constraints on them that should
be carefully taken into account while designing trajectories. When planning the
movement of Cable-Suspended Parallel Robots (CSPRs), several crucial limita-
tions need to be considered. These include the maximum speeds, accelerations,
and forces the robot’s joints can handle. Additionally, certain configurations,
known as singularities, must be avoided because they can lead to uncontrollable
or unpredictable behavior. Stability during the robot’s motion is also essential to
prevent excessive shaking or wobbling. Ignoring these constraints can result in
impractical paths or poor performance, such as the robot oscillating too much,
failing to follow its intended path accurately, or even causing damage to its
components due to overstressed joints or excessive forces. Ensuring that these
dynamic limitations are respected is key to maintaining the robot’s reliability
and precision.

1.2 D�����

Within this particular segment. Over the years, the use of cables in robotics
has led to the development of many design solutions.Essentially, cables can
be used to either activate the kinematic chain in combination with a rigid-link
structure or replace typical rigid-link architectures by directly affecting a rigid
body,such as the moving platform or end-effector.Both scenarios include mount-
ing the motors at the base of the manipulator, which effectively decreases the
inertial load.Cable-driven serial connection architectures, as shown in Figure
1.4, are commonly utilised in planar devices, such as those referenced in cita-
tions [27] and [29]. While hybrid systems utilising a parallel chain of cables to
activate a serial structure have been devised [27],[28], the most generally used
pattern is one where each cable passes through the previous joints before reach-
ing the matching rigid link ).Therefore, it can be problematic to route cables
around the joints in 3D applications.To address the issue, bowden cables can
be employed Figure:1.4[30], [31].However, this approach introduces additional
friction, necessitating the implementation of control mechanisms to counteract
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CHAPTER 1. INTRODUCTION

it. Recently, prototypes of this category of manipulators have been introduced
in the field of rehabilitative robotics [32].The determination of the controllable
workspace for generic cable-driven open chains is still unresolved, despite the
recent publication of a paper addressing this issue [33]. Additionally, there have
been designs of parallel rigid-link chains that are powered by cables, as seen in
Figure 1.6.These designs offer an additional benefit, since the load can be evenly
distributed among the actuators [34],[35].

Figure 1.4: Cable-Driven Robotic Arm [30]

This study specifically examines cable-based parallel robots, which are sys-
tems that utilise cables to directly support a single rigid body known as the
end-effector. Typically, each cable is operated by a separate motor that regulates
the length and tension of the cable. In addition to the actuated cables, a collec-
tion of passive, unchangeable wires may be added to restrict the movements of
the platform[3]. Seriani et al.figure:1.5[15] proposed a modular CDPR deployed
by a rover shown in Figure 5. Due to the large work scale of CDPRs, the men-
tioned modular CDPR can be applied in inspection tasks in field and rugged
environment. One key distinction between cable-based parallel systems and
ordinary parallel robots is that cables are limited to transmitting tension forces
only. This attribute is commonly known as unilateral actuation. The utilisation
of elements with the ability to apply one-sided forces has numerous ramifica-
tions. Firstly, having a greater number of actuators than degrees of freedom
(DOFs) imposes a constraint on the system. The designer should utilise algo-
rithms that aim to achieve a practical distribution of tension for any particular
wrench. Furthermore, in contrast to conventional inflexible-link mechanisms,

5



1.2. DESIGN

Figure 1.5: Modular CDPR for solar collection in field and rugged environment

Figure 1.6: Similarity prototype of feed support system in FAST
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CHAPTER 1. INTRODUCTION

the range of motion of the workspace is not simply determined by geometric
limitations.The controllability of the mobile platform in the workspace depends
on the arrangement of the cables and the permissible range of cable tensions.
This sliding mode controller can work without prior knowledge as well as the
linearization of dynamic models. Abdelaziz et al. [80] presented a position
control method for CDPR. An internal cable tension control loop is introduced
into the controller for compensating friction. Particular design constraints were
considered including the length, size and materials of transmissions.Tang et al.
[81] presented a hybrid position/force controller for CDPRs. The pseudo-drag
problem of flexible cable is taken into account and prevented. The approach is
validated in 1:15 similarity prototype of feed support system in FAST, as shown
in Figure1.6.

1.3 T��������� O�����������

For ball parallel robots, trajectory optimisation concentrates on reducing
time, energy consumption, and obstacle avoidance. In fast pick-and-place pro-
cedures, when output is high, this is absolutely vital. Reducing task times
allows the robot to complete more in a given timeframe, therefore increasing
general output. Reduced energy consumption also results in better efficiency
and cheaper running costs, therefore rendering the robot more ecologically
friendly.

One of the major drawback of CDPRs is the cable sagging during the moving
of EE. It is a challenging problem to solve the trajectory planning of CDPRs,
due to the pseudo-drag problem of cables [25] .Trajectory planning also has to
take into account roadblocks in the robot’s path to create paths free of collisions
and guarantees of safe motion. In real-time situations where the robot’s course
must be rapidly modified, this is particularly difficult. Practical and respon-
sive trajectory planning solutions are developed using modern computational
approaches and effective numerical methods. The performance of ball paral-
lel robots is greatly improved by accurate trajectory planning, which results in
faster job completion, greater movement accuracy, and more smooth operations.
Plotting the robot’s motions to minimise any threats improves safety as well, par-
ticularly in cooperative or industrial contexts. Furthermore, precise trajectory
planning helps the robot to be dependable, therefore extending its lifetime and

7



1.4. OBJECTIVES

lowering the possibility of malfunctions. enhanced efficiency and output

• Enhanced Efficiency and Performance: Precise trajectory planning is
pivotal for optimizing the performance of Cable-Driven Parallel Robots
(CDPR). With accurately calculated paths, these robots can execute move-
ments with heightened precision, leading to smoother operations and
faster completion of tasks. This not only maximizes system throughput
but also enhances the quality of output, thereby boosting productivity and
efficiency in automated and industrial environments.

• Safety in Sensitive Environments: In scenarios where CDPRs operate in
close proximity to humans or other machines, ensuring safety is paramount.
Accurate trajectory planning is crucial to prevent collisions and unsafe in-
teractions. By strategically navigating potential hazards, CDPRs can oper-
ate more securely and efficiently, reducing risks in complex environments
such as manufacturing floors or research facilities.

• Reliability and Longevity: The reliability of CDPRs significantly depends
on the quality of trajectory planning. Designing trajectories that consider
the dynamic constraints of the robots minimizes wear and tear on me-
chanical components, reducing breakdowns and maintenance costs while
extending the operational lifespan of the robots. This reliability is crucial
for supporting continuous production processes and minimizing opera-
tional downtime, especially in critical industrial applications.

• Optimization of Resources: Precise trajectory planning in CDPR systems
also optimizes the use of resources by ensuring that movements are exe-
cuted in the most efficient manner possible. This includes minimizing the
energy consumption and reducing the time taken for movements, which
are essential for scaling operations and enhancing the overall sustainability
of robotic systems.

1.4 O���������

The major goal of this thesis is to design and apply a motion planner for a
Cable-Driven Parallel Robot (CDPR) able to precisely track intricate trajectories,
especially spiral and cubic paths. The motion planner guarantees exact and
smooth trajectory tracking by addressing the unique challenges given by the
suspended character of the CDPR.

1. Design of a Quintic Polynomial Trajectory Planner: Build smooth, con-
tinuous paths for the CDPR using a trajectory planner based on quintic
polynomials. This method will ensure that the specified boundary criteria
are satisfied by the initial and final positions as well as velocities, therefore
providing a basis for smooth motion.

8
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2. Dynamic Trajectory Planning: Find and regulate the intended pathways
by using the dynamic equations of the CDPR.[23]. This approach will
ensure that the cables sustain the right tension during the motion, thus
managing the complex interactions among the cables and the moving
platform.

3. Building an Optimal Control Trajectory Planner: Approach the task of
trajectory planning as a control optimization challenge. While follow-
ing the dynamic constraints and CDPR boundary conditions, the aim is
to minimize a cost function considering elements such as accuracy, path
smoothness, and energy economy.

4. Modeling and Verification: Conduct extensive simulations to confirm
the effectiveness of the suggested motion planner. The simulations will
evaluate the planner’s accuracy in producing and following precisely both
spiral and cubic trajectories. Moreover, actual testing with a suspended
CDPR will show how to apply the developed motion planner practically.

5. Overcoming Practical Challenges: Address pragmatic issues including
avoiding combinations that cause instability, regulating the orientation of
the movable platform, and preventing collisions with the environment.
The planner will be especially created to take these problems into account
to guarantee safe and efficient operation in practical circumstances.

6. Performance Metrics Evaluation: Analyze significant criteria such as
trajectory accuracy, computing efficiency, smoothness of motion, and re-
silience to disturbances to evaluate the motion planner. These tests will
provide insightful analysis of the general effectiveness and suitability for
various applications of the planner.

This thesis aims to satisfy these goals, contributing to the field of robotic
motion planning, particularly for suspended CDPRs. The aim is to enable these
robots to complete challenging tasks with great accuracy and efficiency.

1.5 S����

This dissertation covers the design, implementation, and evaluation of a
motion planner especially adapted for complex trajectories in cable suspended
parallel robots (CDPRs). This work intends to solve the special difficulties and
possibilities given by CDPRs by using their special features to accomplish exact
and effective motion planning in Chapter 4 and Chapter 5.
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2
Literature Review

Robotic motion planning is critically dependent on trajectory generation,
which is the computation of a path or trajectory for the end effector or mobile
platform of a robot to follow to complete a given task. Many techniques have
evolved over time,each of which has special advantages and applications. This
part studies basic approaches in trajectory planning and presents a chronological
history.

2.1 H��������� D���������� �� T��������� P�������

Over the past few years, much study on the evolution of trajectory planning
for robots from simple linear pathways to sophisticated multi-dimensional tra-
jectories has been conducted.Trajectory planning has evolved inside the frame-
work of Cable-Suspended Parallel Robots (CSPR) or Cable-Driven Parallel Robots
(CDPR) driven by the demand for accuracy, efficiency, and flexibility in numer-
ous applications. This literature review together with important achievements
and contributions to the area characterizes the evolution of trajectory planning
historically.

F���� D���������� �� T��������� P����

Early robotics research concentrated on producing simple trajectories such as
straight lines and circular arcs.These were sufficient for rudimentary automation
systems and simple pick-and-place activities[21].Early industrial robots guaran-
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teed simple implementation and control by virtue of linear interpolation between
points.

I����������� �� P��������� T�����������

Particularly cubic position, polynomial trajectories were made to have more
fluid motion.These paths guaranteed constant acceleration and speed, there-
fore lowering mechanical strain and enhancing the performance of the robotic
systems.The flexibility of cubic splines and Bezier curves to offer flexible and
smooth path generation helped them to gain popularity.

A������� �� P������� R���� T��������� P�������

Closed-loop kinematic chains in parallel robots demanded more sophisti-
cated trajectory planning techniques. These robots fit activities needing great
accuracy since they provide higher stiffness and accuracy than serial robots.
Renowned parallel robot Stewart platform proved the requirement of advanced
trajectory planning to completely leverage its capabilities.

C����-D����� P������� R����� (CDPR�)

Emerging as a particular sort of parallel robot, CDPRs use cables rather
than rigid linkages to control the end-effector. The lightweight and adaptabil-
ity of cables allowed great payload-to-weight ratios and enormous workspaces
as shown in figure 2.1. Aiming for fundamental path planning, early CDPR
research addressed issues including workspace analysis, tension control, and
cable sag.

E�������� �� C������ T��������� P�������

Time-Optimal and Energy-Efficient Trajectories :Researchers started looking
at time-optimal pathways in pursuit of respect for dynamic restrictions and a
shortened travel time between sites. This method especially is used in industrial
automation and high-speed applications.Especially, energy-efficient trajectory
planning became increasingly important to lower mechanical component wear
and consequently energy consumption.

12
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Figure 2.1: Prototype of CDPRs

Advanced Polynomial and Spline Methods : Two upgraded polynomials and
spline algorithms were developed to guarantee smoother trajectories with con-
tinuous jerk (the derivative of acceleration), so enhancing motion quality.Quintic
and higher-order polynomials were generated. More complicated and exact path
generating was made feasible by B-splines and NURBS (Non-Uniform Rational
B-Splines) since they gave more freedom and control over trajectory forms.

Spiral and Helical Trajectories : Applications depending on spiral and helical
paths—such as CNC machining,robotic inspection, aerial drones—dependent
on 3D navigation become extremely critical. These routes guaranteed perfect
and effective operation by carefully covering three-dimensional areas.To satisfy
the particular needs of many applications, mathematical and pragmatic devel-
opment of spiral pathways was undertaken.

I���������� �� C������ S���������

PID and Adaptive Control : Adopted extensively for their simplicity and
efficiency in controlling robotic system dynamic behaviour were proportional-
integral-derivative (PID) controllers. PID control shifted control inputs depend-
ing on feedback to guarantee exact following of the intended path. Adaptive
control techniques were designed to raise dependability and resilience by means
of control of variations in the environment and uncertainty of the robot.

13
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Model Predictive Control (MPC) : When one projects future states and opti-
mises control inputs using a model of the robot’s dynamics, Model Predictive
Control (MPC) becomes a potent control tool. This method allowed real-time
corrections, hence improving the robot’s capacity to precisely follow difficult
paths.More complex and sensitive motion control was made possible for CDPRs
particularly by linking MPC with trajectory planning.

R����� T����� ��� F����� D���������

Artificial Intelligence and Machine Learning : Since artificial intelligence
and machine learning methods allow the learning from data and improve per-
formance over time, they have been progressively implemented in trajectory
planning.These techniques maximise paths depending on actual experience and
change with the times.Especially fascinating in creating autonomous robots ca-
pable of controlling challenging environments with low human involvement is
reinforcement learning.

Optimization-Based Trajectory Planning : Trajectory planning has benefited
much from optimisation tactics since algorithms meant to identify the best po-
tential trajectories depending on numerous variables including time, energy,
and safety. Particle swarm optimisation, evolutionary algorithms, and other
heuristic strategies have been investigated to effectively handle difficult trajec-
tory planning.

Human-Robot Collaboration : As robots run alongside people more and
more, trajectories planning must consider safety and cooperation.Safe interac-
tions depend on constant, smooth routes. Research on fundamental trajectory
planning techniques able to dynamically adapt to human motions and intents
has been motivated by human-robot interaction.

2.2 T��������� G��������� ��� P������� R�����

Traversal generation for parallel robotics is the planning and execution of
particular motions of the end-effector of the robot usually in three-dimensional
space. With their many connected kinematic chains from the base to the end-
effector, parallel robots offer specific choices for trajectory design as well as chal-
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Figure 2.2: Prototype of CAMCAT’s

lenges.This part addresses contemporary approaches and techniques unique to
parallel robotics together with their benefits, drawbacks, and uses.

Unprecedented freedom in capturing dynamic events in cinematography is
made possible by cable-driven camera robots. Systems under cable control offer
all-around and planar motion. While all-around motion systems offer shooting
flexibility and a field of vision with endless rotation, planar motion systems
balance and offset shooting angles.Beautiful and flexible are Skycam and Spi-
dercam.While the spidercam uses standard components for smooth horizontal
and vertical motion, August Design created the skycam, which travels fast and
precisely. Both devices are manoeuvrable, hover, have hitherto unheard-of event
access.

A novel cable-driven system called CoGiRo [16] has been recently created for
transporting loads in industrial areas. This is the largest cable-driven parallel
robot in Europe, designed with a crane-like configuration. The device can be
operated manually using a joystick figure:2.2 displays the Cogiro. Kawamura
et al.[22] introduced a novel robot design called FALCON-7, which is a cable-
driven parallel system, capable of achieving extremely high speeds.Their find-
ings demonstrated that employing wires with nonlinear spring characteristics
enhanced the transient response of the system, albeit at the expense of compli-
cating the analysis of stability.Their empirical findings demonstrated consistent
performance of the manipulator. The study [14]introduced a novel approach
that use the internal tension of wires to effectively mitigate vibration.

Yangwen et al. [26] developed a novel wire-driven parallel suspension system
for an aeroplane model in a low-speed wind tunnel.They investigated techniques
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Figure 2.3: Cogiro (The Europe biggest cable-driven parallel robot)[5]

for measuring and calculating the aerodynamic properties of the aeroplane
model.The research findings confirmed that a wire-driven parallel manipulator
may be effectively utilised as the suspension system for conducting low-speed
wind tunnel experiments.

Gosselin et al.[13] introduced a cable-driven planar parallel haptic interface
with three degrees of freedom (3-DOF).The control of the prototype in this study
relied on utilising the force/torque sensor to deduce the user’s intents and com-
pute the associated prescribed positions. In order to minimise the forces exerted,
the platform of the haptic interface prototype was controlled manually using the
hands. Gallina et al.[12] created a planar haptic device named Feriba-3, which
is driven by 4 wires and has 3 degrees of freedom.The device exhibited excel-
lent haptic capabilities, guaranteeing efficient manipulation throughout a wide
range of workspace. A multitude of researchers have employed cable-driven
systems in order to develop medical devices that are more efficient. Rosati et
al.[20],[12] created a wire-driven robot called NeReBot figure: 2.4 for rehabil-
itating the upper limb after a stroke. The robot has three degrees of freedom
(DoF). Essentially, the robot is comprised of three wires that are each controlled
by their own electric motors. The wires are attached to the patient’s upper limb
using a splint and are held up by a movable frame positioned above the patient.
Rehabilitation treatment can be administered throughout a wide range of mo-
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Figure 2.4: NeReBot for rehabilitating

tion by changing the length of the wire used, whether the treatment is based on
passive or active-assistive spatial motion of the limb. Brackbill et al.[13] intro-
duced a cable-driven exoskeleton.A presentation was given on a wearable upper
arm exoskeleton designed for human users.The exoskeleton has four degrees-of-
freedom and is powered by six cables.The presentation included the dynamics,
control, and initial experiments of the exoskeleton. Rehabilitation equipment
utilise cable-driven systems, which offer certain advantagesIn [14], a proposal
was made for a cable-driven active leg exoskeleton (C-ALEX)[26]. as shown in
figure: [2.5]. designed specifically for human gait training.Cable-driven designs
offer several benefits, including a streamlined structure, low impact on the move-
ment of human limbs, and the absence of a need for perfect joint alignment.The
experimental findings demonstrated that the suggested system has the ability
to assist the subjects in accurately monitoring a specified ankle trajectory.

Cable-driven lifting robots are an important advancement in lifting equip-
ment technology, offering versatility, efficiency, and cost-effectiveness for han-
dling a variety of materials in various scenarios.
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Figure 2.5: A design of a cable- driven active leg exoskeleton (C-ALEX))

2.2.1 C���������� A������� �� T��������� P������� T���������

This section provides a comparative examination of several trajectory plan-
ning methods employed for Cable-Driven Parallel Robots (CDPRs). The analysis
explicitly evaluates the appropriateness, effectiveness, and computational effi-
ciency of the subject. The contrasted methodologies encompass polynomial tra-
jectories, spline-based methods, optimization-based planning, advanced control
strategies including Model Predictive Control (MPC), and machine learning-
based approaches. Polynomial trajectories refer to the paths or movements that
can be described by polynomial functions.

2.2.2 C���� ��� Q������ P����������

Polynomial trajectories are determined by utilising polynomial equations to
calculate the path of the end-effector. Cubic polynomials ensure continuous
position and velocity, whereas quintic polynomials further ensure continuous
acceleration.

• Advantages:

– Simplicity in execution

18



CHAPTER 2. LITERATURE REVIEW

– Flawless motion with continuous transitions
– Suitable for basic tasks that require a modest level of complexity

• Disadvantages:

– Limited flexibility for really complex routes
– May struggle to effectively handle dynamic limitations

• Applications:

– Used in circumstances that need smooth and direct paths, such as
jobs involving the manipulation and positioning of objects, as well as
basic automated movements

2.2.3 S�����-B���� M������

Spline-based methods, such as B-Splines and Non-Uniform Rational B-Splines
(NURBS),[9] offer enhanced adaptability by allowing the trajectory to be defined
using a series of control points.

• Advantages:

– Substantial flexibility and precision in determining the appropriate
course of action

– Smooth transitions between segments
– Suitable for complex and detailed routes

• Disadvantages:

– Heightened computational intricacy
– Requires precise calibration of control points and weights

• Applications:

– Ideally suited for tasks that need precise and complex trajectories,
such as robotic surgery, sophisticated assembly techniques, and CNC
machining
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2.2.4 O�����������-B���� P�������

Optimization-based planning entails transforming the task of trajectory plan-
ning into a problem of optimisation. The goal is to minimise or maximise specific
factors, such as time, energy, or path length.

• Advantages:

– Offers the most efficient solutions according to defined criteria
– Proficient in efficiently managing dynamic constraints and conduct-

ing multi-objective optimisation

• Disadvantages:

– Significant computational expense
– Necessitates the implementation of resilient optimisation techniques

and solutions

• Applications:

– This technology is especially well-suited for applications that require
high speed, industrial automation, and situations where energy sav-
ing is extremely important, such as autonomous vehicles and drones

2.2.5 A������� C������ S���������

M���� P��������� C������ (MPC)

The Model Predictive Control (MPC) technique uses a dynamic model of the
robot to predict future states and optimise control inputs within a specified time
period. It adjusts the trajectory in real-time by utilising feedback.

• Advantages:

– Instantaneous optimisation and precise adjustments in real-time
– Efficiently handles constraints associated with states and inputs
– Enhances resilience against disturbances and inaccuracies in the model

• Disadvantages:
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– Requires accurate and dependable dynamic models
– The real-time implementation necessitates a substantial allocation of

processing resources

• Applications:

– Ideally suited for use in dynamic and unexpected scenarios, such
as autonomous navigation, complex assembly tasks, and real-time
adaptive systems

M������ L������� M������

The use of machine learning techniques, such as reinforcement learning and
neural networks, allows for the determination of the most effective paths by
analysing data. These techniques have the capacity to adapt and conform to
new tasks and environments by accumulating information and abilities.

• Advantages:

– Ability to gain knowledge and adapt depending on previous experi-
ences

– Skilled in overseeing complex and multifaceted environments
– Suitable for positions that include variability and uncertainty

• Disadvantages:

– Requires a significant amount of training data
– Training may require a substantial allocation of computational re-

sources
– May exhibit low interpretability and may not ensure optimality

• Applications:

– Ideally suited for tasks that need complex decision-making, such as
autonomous exploration, human-robot interaction, and flexible con-
trol in many situations
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2.2.6 C��������� ��� F����� D���������

Despite advances, trajectory generation for parallel robots presents several
challenges.

• Complex Kinematics: The intricate kinematics of parallel robots, particu-
larly the forward kinematics, make real-time trajectory planning compu-
tationally intensive.

• Dynamic Constraints: Parallel robots often operate under stringent dy-
namic constraints, requiring careful consideration of forces, torques, and
joint limits.

• Environmental Uncertainty: Real-world environments introduce uncer-
tainty and variability, necessitating robust and adaptive trajectory planning
algorithms.

Future research in trajectory generation for parallel robots is likely to focus
on:

• Advanced Optimization Techniques: Develop more efficient optimiza-
tion algorithms to handle complex kinematics and dynamic constraints.

• Machine Learning Integration: Leveraging machine learning techniques
to predict and adapt to environmental changes, enhancing the robustness
and adaptability of trajectory planning.

• Real-Time Control: Improving real-time control capabilities to enable
rapid adjustments to trajectories in dynamic and uncertain environments.

2.3 C���������

Simple linear tracks to complex position and spiral trajectories, trajectory
design for cable-suspended parallel robots has changed dramatically.Artificial
intelligence, optimisation methods, and control strategies have significantly in-
creased CDPR capability, therefore enabling their outstanding accuracy and
efficiency to complete difficult jobs.Future studies on adding more sophisticated
artificial intelligence algorithms, enhancing real-time performance, and guar-
anteeing safe and efficient human-robot interaction will most likely centre on
technological advancement as well as their implications.
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3
Theoretical Background of CDPRs

3.1 K��������� �� B��� P������� R�����

Complex devices designed specifically to manipulate a spherical ball by us-
ing a parallel sequence of actuators are ball parallel robots. These very accurate
robots find use for applications requiring precise placement and control of ori-
entation. Ball parallel robotics solves inverse and forward kinematic problems
using kinematic analysis.

Forward kinematics, from the actuator positions, is the study of the ball-
position and orientation of the end-effector.Usually, the linked element of their
mechanics makes this more difficult in parallel robots. Imagine first a ball
parallel robot with three actuators positioned at �1, �2, and �3. The end-
effector (ball) is connected to these actuators at points ⌫1, ⌫2, and ⌫3. The
lengths of the actuators are denoted as ;1, ;2, and ;3. Let the center of the ball
be at position %(G , H , I). Define the vectors from the center of the ball to the
actuator connection points: AÆ1, AÆ2, AÆ3. The positions of the actuator ends can
be given by �Æ 8 = %Æ + AÆ8 for 8 = 1, 2, 3. Each actuator length gives a distance
constraint: |�Æ 8 � ⌫Æ 8 | = ;8 . Substituting the positions into the distance constraints
provides three nonlinear equations:

q
(G + A1G � �1G)2 + (H + A1H � �1H)2 + (I + A1I � �1I)2 = ;1

q
(G + A2G � �2G)2 + (H + A2H � �2H)2 + (I + A2I � �2I)2 = ;2
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q
(G + A3G � �3G)2 + (H + A3H � �3H)2 + (I + A3I � �3I)2 = ;3

These equations are typically solved using numerical methods such as Newton-
Raphson because of their non-linear nature.

The mechanics of ball parallel robots are revealed in the stresses and torques
needed to traverse the spherical end effector of the ball through its workspace
in Fig:3.1.

Figure 3.1: A Suspended Cable-Driven Parallel Robot

Good control and manipulation depend on awareness of these systems.This
implies repeating the dynamics of the robot utilising control techniques, there-
fore guaranteeing the expected mobility and stability. One can replicate the
dynamics of ball parallel robots by means of derived equations of motion defin-
ing the interaction between the applied forces/torques and the resultant motion
of the ball. This calls for examining the kinematics as well as the physical
characteristics of the robot, including mass and moments of inertia.

To start, define the robot configuration, assuming a ball parallel robot with
three actuators positioned at �1, �2, and �3, and connection points on the ball
at ⌫1, ⌫2, and ⌫3. Let the ball mass be < and the inertia tensor moment be I.
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The kinematic equations relate the actuator positions and velocities to the ball’s
position and orientation.

Applying Newton’s second law for translation yields:

<P• =
’

F8

For rotation, Euler’s equation is applied:

I8§ + 8 ⇥ (I8) =
’

M8

where P is the position of the ball’s center, 8 is the angular velocity, F8 are the
forces applied by the actuators, and M8 are the torques.

The torque and force of every actuator define the dynamics in whole.These
are computed considering the actuator forces and their applications sites. Com-
bining the translational and rotational equations generates a group of coupled
differential equations reflecting the whole dynamics of the system.

Reaching exact motion control of the ball parallel robot requires the appropri-
ate control methods to be applied. These techniques guarantee that, regardless
of external disturbances or model errors, the desired position and orientation
are kept.

First, defining control objectives and hence the trajectory or setpoints is
choosing the intended ball location and orientation.While PID controllers and
other feedback control systems help to reduce the error between the desired and
actual positions, sensors track the ball’s orientation and present location.

One can find the necessary actuator forces and torues by means of inverse
dynamics.This is using the forces and torques required to get the target acceler-
ations:

F34B8A43 = <P• 34B8A43
M34B8A43 = I8§ 34B8A43 + 8 ⇥ (I834B8A43)

Feedforward control inputs are produced from inverse dynamics using com-
puted forces and torques,therefore enabling more precise and smoother motion.

Resilient performance in several operating environments is guaranteed by the
use of adaptive control techniques to enable changes in the properties of the robot
and uncertainty [3].Simulations validate the control strategies to verify their
expected performance; the control settings are carefully changed depending on
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the simulation findings. Under real environmental conditions, empirical testing
confirms the effectiveness of the control system.

Imagine a situation whereby the ball has to travel in a horizontal plane
following a circular path. The desired trajectory is given by %34B8A43(C) =
(' cos($C), ' sin($C), ⌘), where ' is the radius, $ is the angular velocity, and ⌘

is a constant height.
For the inverse dynamics calculation,the desired accelerations are:

%• 34B8A43 = (�'$2 cos($C),�'$2 sin($C), 0)

The required forces are:

F34B8A43 = <%• 34B8A43 = <(�'$2 cos($C),�'$2 sin($C), 0)

The actuators are arranged such that their configuration and attachment points
distribute these forces.

Combining dynamics modeling with effective control strategies guarantees
perfect positioning and orientation control by guiding the ball parallel robot
to follow the desired trajectory. Many high-precision applications depend on
the optimal performance of ball parallel robots depending on this integrated
method of dynamics and control.

3.2 U��� V����� C���������� ��� C���� D����� S��-
���

The motion of the end-effector in a Cable-Driven Parallel Robot (CDPR) is
controlled by the length and tension of several cables that are anchored at fixed
points and connected to the end-effector.[7] [6].To effectively manipulate the
end-effector along a desired trajectory, it is essential to compute the unit vectors
of the cables that dictate the direction of the forces exerted by the cables.

Consider a CDPR with = cables. Each cable is attached at one end to a fixed
base at point P8 and at the other end to the moving platform (end-effector) at
point Q8 .

• P8 = (%8G , %8H , %8I) - Coordinates of the 8-th attachment point on the fixed
base.
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Figure 3.2: Closed Loop of CDPR

• Q8 = (&8G ,&8H ,&8I) - Coordinates of the 8-th attachment point on the
moving platform.

3.2.1 C���������� �� U��� V������

The vector L8 representing the direction and length of the 8-th cable is given
by the difference between the position vectors:

L8 = Q8 � P8 = (&8G � %8G ,&8H � %8H ,&8I � %8I) (3.1)

The unit vector L̂8 is the normalized form of L8 and is calculated by dividing
L8 by its magnitude kL8k , where:

kL8k =
q
(&8G � %8G)2 + (&8H � %8H)2 + (&8I � %8I)2 (3.2)

Hence, the unit vector L̂8 is:

L̂8 =
L8
kL8k

=
✓
&8G � %8G
kL8k

,

&8H � %8H
kL8k

,

&8I � %8I
kL8k

◆
(3.3)
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A generic platform presents six degrees-of-freedom (6-DOF):

d = [G , H , I , �, �, ✏]) = [p, )])

This is where the position p and orientation of the platform are represented
by the letter d.Due to the fact that a recovery approach often concentrates on
the position of the end-effector,the end-effector was taken into consideration
as a point mass in this undertaking.Only the vector p, and thus the first three
degrees of freedom, have been taken into consideration. In addition, this re-
search investigates redundant cable robots that are characterised by the values
of < � = + 1.Therefore, the value of n is equal to three because this study takes
into consideration a point mass end-effector.

Finally, it is only possible to carry out the proposed recovery strategy in the
case that the after-failure architecture is at least partially operational and the
after-failure practical workspace is not null. Making sure at least three cables
have exit points not on the same vertical plane will help to guarantee that this
last requirement is satisfied. This makes the produced work relevant to over-
actuated spatial cable robots, which are robots featuring at least four cables.

For a Cable-Driven Parallel Robot (CDPR), understanding the direction of
each cable relative to the end-effector is crucial for accurate control and move-
ment. This section details the calculation of the unit vectors which represent the
direction of the tension forces for each cable connecting the end-effector to fixed
attachment points.

3.2.2 D��������� ��� C����������

For each cable 8, the unit vector u8 defines the direction from the fixed attach-
ment point to the end-effector figure: 3.3, and is calculated using the following
formula:

u8 =
r8 � p
kr8 � pk (3.4)

where:

• u8 is the unit vector for cable 8,

• r8 is the position vector of the fixed attachment point of cable 8,
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• p is the position vector of the end-effector (or the ball in some configura-
tions).

Figure 3.3: : Schematic representation of the vectors ui, ri, i

V����� ���� E��-E������� �� F���� P����

The vector from the end-effector to the fixed point r8 is given by:

r8 � p (3.5)

This vector points directly from the end-effector’s current position to the
fixed point where the cable is attached.

M�������� �� ��� V�����

The magnitude of the vector, representing the Euclidean distance between
the end-effector and the fixed point, is computed as:

kr8 � pk (3.6)

N������������

The unit vector u8 is obtained by normalizing the vector r8 � p as shown in
Equation 3.4:

u8 =
r8 � p
kr8 � pk (3.7)

29



3.3. DYNAMIC ANALYSIS FOR CABLE-DRIVEN PARALLEL ROBOTS

This normalization ensures that u8 accurately represents only the direction
of the cable without any magnitude, making it fundamental for controlling the
tension and trajectory of the end-effector.

This formula efficiently shows how the direction of each cable is determined
by the position of the ball in respect to the permanent attachment points. Un-
derstanding and changing these unit vectors will help you to regulate the forces
applied on the ball by every cable, hence regulating its motion.

3.3 D������ A������� ��� C����-D����� P������� R�����

Dynamic analysis forms a cornerstone for effective trajectory planning in
Cable-Driven Parallel Robots (CDPRs). This analysis is crucial for both motion
control and ensuring safety measures. The dynamics can be approached both
directly, [11] to understand motion affected by external and inertial forces, and
inversely, to determine necessary forces for achieving a desired motion trajectory.

Figure 3.4: Prototype of End-effector
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3.3.1 E��-E������� D�������

We begin by considering the forces and moments acting on the end-effector
as shown in figure:3.4, represented by the wrench vector w:

w =
h
f) m)

i
)

(3.8)

where f and m are the vectors for forces and moments, respectively. The dynamic
equilibrium, accounting for mass and inertia, is described by:

"G• = w (3.9)

Here, " denotes the mass and inertia matrix:

" =

"
"4 0
0 �4

#
(3.10)

The external forces and the forces exerted by the cables combine into w. The
force vector from the cables, w2 , is linked to the cable forces f = [ 51, 52, . . . , 5<])
through the structure matrix (:

w2 = (f (3.11)

( projects cable tensions into Cartesian coordinates:

( =

"
u1 u2 . . . u<

r1 ⇥ u1 r2 ⇥ u2 . . . r< ⇥ u<

#
(3.12)

Here u8 is the unit vector from the base attachment point to the 8-th pulley, and
r8 is the vector from the center of mass to the 8-th attachment point.

3.3.2 P����� D�������

The dynamics of the pulleys involve the forces acting on each pulley, shown
in figure 3.7, with the motor torque T related to the cable tension through the
dynamic equation:

T = �<• + ⇠<§ + � (3.13)
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3.4. ALGORITHM FOR CALCULATING UNIT VECTORS IN CDPR

where �< and ⇠< represent the rotational inertia and damping coefficients,
respectively. The angular acceleration • is derived as:

• = 3

3C

�
�
�1
G§ � + 3

2

3C
2 G (3.14)

Figure 3.5: Overview of Motor Attached
with pulley Figure 3.6: Configuration of Pulley

3.3.3 D������ E���������� �� ��� R����

Integrating the dynamics of both the end-effector and the pulleys, we derive
the comprehensive dynamic equilibrium equation:

A"G• + (�< 3
2
G

3C
2 = (T + AFext (3.15)

This equation, consolidated in Equation 3.15, encompasses the forces and torques
affecting the robot, foundational for precise control implementations.

3.4 A�������� ��� C���������� U��� V������ �� CDPR

The algorithm inputs are the coordinates of attachment points on both the
fixed frame and the moving platform (end-effector), and it outputs the unit
vector for each cable.
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Figure 3.7: Generic suspended cable-driven parallel robot

Algorithm 1 Calculate Cable Unit Vectors
ComputeUnitVectorsP, Q n  length of P Initialize vector U of length =

8  1 to = L8  Q8 � P8 Calculate cable vector ✓8  
p
(L8 · L8) Magnitude of

L8 U8  L8/✓8 Normalize the vector return U
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3.5. EXPERIMENTAL DESIGN FOR A REAL-WORLD CABLE SUSPENDED PARALLEL
ROBOT (CDPR) APPLICATION

3.4.1 E����������
• The function C������U���V������ takes two lists of vectors, P and Q,

representing the coordinates of cable attachment points on the fixed frame
and the moving platform, respectively.

• The vector L8 , representing the 8-th cable, is calculated by subtracting P8
from Q8 .

• The magnitude ✓8 of each cable vector L8 is then computed.

• Each vector L8 is normalized by dividing by its magnitude to compute the
unit vector U8 .

• The algorithm returns a list of unit vectors U, which are used in the control
system of the CDPR to ensure precise movement.

The precise calculation and understanding of these unit vectors are essential
for the effective operation of CDPR systems. They allow for the accurate control
of the end-effector’s path and orientation, crucial in applications requiring high
precision and reliability.

3.5 E����������� D����� ��� � R���-W���� C����
S�������� P������� R���� (CDPR) A����������

Using industrial-grade components to highlight its feasibility in real-world
industrial applications, this section explores the experimental setup meant to
evaluate a recovery technique using a Cable Suspended Parallel Robot (CSPR).

3.5.1 C������ S����� O�������

The Programmable Logic Controller (PLC), a mainstay of automation for
its dependability, economy, and continuous operating performance, drives our
automated system at its core. Our concept moves from conventional hardware-
based PLCs to more flexible soft-PLCs running on regular PCs utilising software
to replicate classic PLC operations. This change has various benefits:

Soft-PLCs are quite flexible in construction, which helps them to be very
suitable for complex industrial uses. They offer strong network connectivity
features necessary in modern industrial environments. Enhanced processing
capacity allows soft-PLCs to effectively manage more data quantities, hence
improving the responsiveness of the system.
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CHAPTER 3. THEORETICAL BACKGROUND OF CDPRS

To create a strong real-time controller, we use TwinCAT3, set on a Windows
10 PC in kernel mode [5]. The combination of TwinCAT3 with Microsoft Visual
Studio makes it possible to create automation modules leveraging both advanced
C/C++ programming languages and standard IEC 61131-3.

3.5.2 I���������� U���� MATLAB S�������

Integration of TwinCAT with MATLAB Simulink is fundamental in our sys-
tem [9]. This configuration enables the direct integration of a Simulink created
control model, therefore enabling the development of complex control systems
anchored on strong computational models and control theory. Verified inside
our testing setup, this integration greatly increases the accuracy and adaptability
of the system. TwinCAT effectively fills in MATLAB’s overall unsuitability for
real-time applications resulting from its high-level character. It generates C++
code from Simulink’s block diagrams,as shown in figure:3.8 therefore conserv-
ing the required computing capacity for real-time operations.

EtherCAT Message Customised especially for real-time industrial automa-
tion, our solution has an integrated EtherCAT interface for device communica-
tion. EtherCAT dynamically manages Ethernet data frames inside a master-slave
network configuration, therefore simplifying data administration. This arrange-
ment speeds up and improves network communication efficiency. Managed by

Figure 3.8: Integration Using MATLAB Simulink

TwinCAT, the EtherCAT master checks communications with servo drives to
guarantee actuators are accurately guided depending on torque orders obtained
from the Simulink trajectory planner. To guarantee strong and dependable con-
nections, we build a very efficient EtherCAT master device using an industrial
PC Ethernet controller—like the Intel PRO100. Our experimental design not
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3.6. CONTROL ALGORITHMS

only shows the feasible application of advanced control techniques inside a
CSPR system but also emphasises the flawless interaction of contemporary soft-
ware tools with conventional industrial components. By increasing the system’s
adaptability, operating efficiency, and precision, this synergy positions it as a
model framework for innovative industrial automation initiatives.

3.6 C������ A���������

A system will run better if appropriate high-level control algorithm is used.
PID controllers were proposed as numerous control solutions for cable-driven
parallel robots [2]. The PID control scheme is the most widely used control
method in various applications especially in the industry because in significant
part of its simplicity. Still, as reported in [8], changing the PID controller gains in
the Cartesian cable robot proved difficult. Since they adjusted the PID especially
for each of the three Cartesian axes both for translations and rotations, this
method is more difficult than with a PID in joint space. Furthermore, even if the
gains are weltuned, the PID controller exhibits poor resilience capacity in case
of many problems.

Figure 3.9: Feed-forward-model-based-PID-control

Advanced Control Methods for Cable-Driven Parallel Robots: Researchers
in the field of robotics have made significant advancements in controlling cable-
driven parallel robots, particularly in challenging environments. Among these,
Robust PID control strategies stand out, especially for translational systems
operating under zero-gravity conditions. These strategies are critical in space
robotics and other applications where precision and reliability are of utmost
importance.

Robust Point-to-Point Control:The Robust Point-to-Point (PTP) control strat-
egy is designed to tackle the uncertainties that arise when robots operate in
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CHAPTER 3. THEORETICAL BACKGROUND OF CDPRS

environments where actuator positions might be imprecise—such as during re-
assembly or in outdoor settings. These inaccuracies can lead to errors in the
tension of the wires, adversely affecting the robot’s positioning accuracy. By
implementing adaptive compensation, this method adjusts the forces exerted
by each wire, ensuring the robot’s movements remain precise despite these po-
tential inaccuracies. This approach effectively mitigates issues associated with
variations in the Jacobian matrix caused by actuator placement errors, using
external sensors to ensure exact positioning.

Adaptive Proportional-Derivative (PD) Control:
In an effort to further refine control strategies, researchers have developed

an adaptive Proportional-Derivative (PD) controller that operates in task-space
rather than joint-space, showing enhanced performance. This controller guar-
antees the accurate monitoring of the end-effector’s position and orientation by
employing quaternion algebra, making it robust against the model’s complexi-
ties.

Linear Quadratic (LQ) Optimal Control:Linear Quadratic (LQ) optimal con-
trol represents another advanced method that has not been widely used in cable
driven parallel robots but holds significant potential.This technique leverages
feedback from all system states including velocity and position—to finely tune
control actions. It allows for a straightforward comparison of cable robots with
their rigidly linked counterparts, optimizing performance across various met-
rics. Habibnejad and colleagues have applied LQ optimal control in experimen-
tal settings on both 2-DOF limited planar and 6-DOF under-constrained cable
robots.[10]. Their research demonstrates notable improvements in dynamic
load-carrying capacity and optimized control gains, leading to excellent perfor-
mance in motor torques and tracking errors. These developments underscore
the progressive nature of control strategies in the realm of cable-driven parallel
robots, paving the way for high precision and efficiency in complex robotic tasks.
The specific information about the robotic workcell, such as the mass <4 and
radius A4 of the end effector, can be found in table: 3.1. When constructing a
recovery method for a cable robot, it is common to represent the end effector as
a point mass. This modelling approach simplifies both the study of the motion
and forces of the system, making it more efficient in achieving its main goal of
preventing collisions with the end effector. In our configuration, the end effector
is symbolised by a steel ball that is fitted with a ring for the purpose of attaching
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3.6. CONTROL ALGORITHMS

the cables as shown in figure:3.4. Despite the fact that this arrangement causes
a minor displacement of the cable attachment points from the centre of mass
of the end effector, it is considered an acceptable compromise considering the
current technology limitations.

Table 3.1: Size of the robot workcell and of the end-effector

Parameter Value Unit
a 1775 mm
b 1690 mm
h 1950 mm
<4 2.941 kg
A4 90 mm

The characteristics of the adopted actuators are presented in Table 3.2 below.
Moreover, the considered actuators are equipped with resolvers to monitor both
the actuator position and velocity. The velocity data allow the implementation
of the three terms of the PID control algorithm without deriving the position
information; this is a great advantage since it is not necessary to define a filter
required to define a filter for the position data, which is necessary for the derivate
[6]. The presented system represents the setup of typical industrial applications
fairly closely, since it has been designed with industrial-grade components.
Moreover, the proposed control system does not require additional sensors and
exploits those embedded in the actuators.
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Table 3.2: Characteristics of the adopted actuators
c

Actuator Property Value Unit
Nominal speed == 3000 rpm

Number of pole pairs 4 -
Nominal torque �= 1.3 Nm
Nominal current 8= 5.8 A

Stall torque �0 1.35 Nm
Stall current 80 6 A

Maximum torque �max 4 Nm
Maximum current 8max 20.7 A
Maximum speed =max 6600 rpm

Torque constant :C 0.23 Nm/A
Voltage constant :4 13.61 1000/rpm
Moment of inertia � 5.12 ⇥ 10�4 kg·m2

Braking torque �br 2.2 Nm
Gear ratio � 4 -

Drum radius ⌧ 36 mm
Static friction torque 0.2 Nm
Friction coefficient 1 0.0015 -

3.7 O����������� T��������� �� T��������� P�������

In trajectory planning for a suspended ball robot, optimization techniques
play a crucial role in ensuring that the trajectory is smooth, feasible, and satisfies
various constraints such as cable tensions and physical limits. The goal of
trajectory planning is to determine the optimal path p(C) for the ball such that
the ball moves from an initial position p(0) to a target position ptarget while
minimizing an objective function and satisfying constraints.

1. Minimize Energy or Force: Ensure efficient use of cable tensions.

min
π

)

0

<’
8=1

58(C)2 3C (3.16)

2. Minimize Path Deviation: Ensure the ball follows a desired path closely.
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3.8. TRAJECTORY PLANNING FUNDAMENTALS

min
π

)

0
kp(C) � pdesired(C)k2 3C (3.17)

3. Minimize Jerk: Ensure smooth motion by minimizing the rate of change
of acceleration.

min
π

)

0
ka§(C)k2 3C

4. Dynamic Constraints: Ensure the trajectory adheres to the system dynam-
ics.

F(C) = <a(C) + W (3.18)

5. Cable Tension Limits: Ensure cable tensions remain within allowable
bounds.

5min  58(C)  5max (3.19)

6. Kinematic Constraints: Ensure the ball stays within a safe workspace.

pmin  p(C)  pmax (3.20)

7. Initial and Final Conditions: Ensure the ball starts and ends at specified
positions and velocities.

p(0) = pstart, p()) = ptarget (3.21)

Several optimization techniques can be used for trajectory planning. Each
has its advantages depending on the complexity of the problem and the required
solution quality.

3.8 T��������� P������� F�����������

Beginning with a broad classification based on the ratio of degrees of free-
dom to cables, we explore the nuances of cable-driven robots in this chapter.
Understanding the special qualities of many configurations depends on this
classification [4]. As was already said, cable robots are basically parallel ma-
nipulators in which cables substitute stiff linkages. But the literature lacks a
generally accepted taxonomy that would help to explain different terminology
across sources.

Cable robots fall first into planar and spatial categories. Whereas spatial
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robots negotiate a three-dimensional workspace, planar robots operate within
a specified plane. Furthermore, if a planar or spatial cable robot just translates
without rotational motion at the end-effector, it can be translational as well.

Considering the link between degrees of freedom and cable count helps us
to classify things more precisely. Cable robots are completely actuated when
the number of active cables corresponds with the degrees of freedom, much as
parallel manipulators are. On the other hand, under-actuated robots have less
cables while redundant or duplicated actuated robots have more cables than
degrees of freedom.

Moreover, depending on the robot’s capacity to limit the end effector, we
differentiate under-constrained from fully-constrained designs.To ensure equi-
librium against outside influences, fully confined configurations usually ask for
more wires than degrees of freedom.

Turning now to kinematic analysis, let us examine a cable robot with m
cables controlling n degrees of freedom as shown in Fig. 3.6. Kinematics of the
system depend critically on each pulley anchor point (Ai) and attachment point
on the moving platform (Bi). Calculating the length of each cable (Li) given
the known position of the centre of mass (xG) presents the inverse kinematic
problem. Conversely, based on the actuation condition of the system, the direct
kinematic problem finds the centre of mass position from known cable lengths.
We investigate the relationship between the velocity of the end effector and
the velocity of cables being reeled or retracted in terms of velocity analysis.
Crucially important for knowledge of how cable velocities affect end effector
motion is the kinematic velocity analysis establishes this link. Fundamental for
motion control and safety techniques, this study provides understanding of the
forces required to reach desirable motion profiles.

Parallel Configuration: Usually consisting of several cables attached to a
centre ball-like end effector, a ball robot is configured parallelly. Every cable is
fixed at a spot and under control to move the ball.

Positions Equations: By means of cable lengths (Li) and anchor point place-
ments (Ai), one may determine the central ball (B) position. Taking a Cartesian
coordinate system, the ball’s position vector (B) can be expressed as:

⌫Æ =
<’
8=1

(!8 · D8ˆ ) + �0Æ (3.22)

where: - < is the number of cables. - !8 is the length of the 8-th cable. - D8ˆ is
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Figure 3.10: Kinematic model of a cable driven spatial robot

the unit vector along the direction of the 8-th cable. - �0Æ is the position vector of
the central anchor point.

Velocity Equations: The velocity of the ball (B) can be calculated based on
the velocities of the cables being reeled or retracted.

+⌫
Æ =

<’
8=1

(!8§ · D8ˆ ) (3.23)

where: - !8§ is the velocity of the 8-th cable being reeled or retracted.
The wires in an above arrangement are set to suspend the central ball-like

end effector from above. Applications where the robot must roam freely inside
a workspace can have this arrangement.

Position Equations Using the cable lengths (Li) and the anchor point po-
sitions (Ai), one may determine the central ball (B) position similarly to in the
parallel arrangement. In this situation, nevertheless, the anchor points lie above
the ball as shown in figure: 3.7.

⌫Æ =
<’
8=1

(!8 · D8ˆ ) + �0Æ (3.24)

where: - < is the number of cables.
- !8 is the length of the 8-th cable.
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- D8ˆ is the unit vector along the direction of the 8-th cable.
- �0Æ is the position vector of the central anchor point located above the ball.
A key component of robotics, trajectory planning helps a robot to travel from

a starting position to a desired objective under control of dynamics, kinematic
restrictions, and constraints including obstructions. To provide smooth and
exact motion, the robot’s actuators must follow a sequence of locations, velocities,
and accelerations computed here. Ensuring that these trajectories are practical,
safe, and efficient depends on the mathematical underpinnings and algorithms
for trajectory planning.

The foundation of trajectory planning is rooted in differential calculus and
optimization.The goal is to determine a time-parametrized path P(C), where P(C)
is the position vector of the robot at time C.The primary components of trajectory
planning include:

1. Kinematic Equations: These equations describe the robot’s motion with-
out considering forces. For a point P(C) in a 3D space:

P(C) =
2666664

G(C)
H(C)
I(C)

3777775
(3.25)

The velocity V(C) and acceleration A(C) are given by:

V(C) = 3P(C)
3C

, A(C) = 3V(C)
3C

(3.26)

2. Dynamic constraints: These include limits on velocities, accelerations,
and jerks (rate of change of acceleration) to ensure smooth motion. For example:

|V(C)|  +<0G , |A(C)|  �<0G , | 3A(C)
3C

|  �<0G (3.27)

3. Path restrictions: Obstacles and environmental constraints are modeled to
ensure that the path is collision-free. These are often represented by inequalities:

C(P(C)) � 0 (3.28)

4. Objective Function: The objective function � to be minimized often rep-
resents the total travel time, energy consumption, or a combination of multiple
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criteria:
� =

π
C 5

C0

L(P(C),V(C),A(C)) 3C (3.29)

where L is a cost function.
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4
Cubic Trajectory Generation of

CDPRs

4.1 D��������� ��� M����������� M����

The formation of cubic trajectories enables perfect and exact motion of the end
effector, so controlling parallel ball robots is mainly based on this development of
cubic trajectories.This chapter offers a thorough and precise guide for building
trajectories for a Cable-Driven Parallel Robot (CDPR) as shown in figure:4.1.
We will discuss building cubic trajectories considering restrictions on Cartesian
acceleration and velocity. We will also look at path evolution with quintic-spline
curves.The robot, equipped with four motors, achieves three degrees of freedom
(3DOF) through a PID-controlled system [22].The approach ensures smooth and
precise motion, using boundary conditions for velocity and acceleration at the
waypoints.[17].

4.2 A�������� D����������

Determine a continuous and smooth path for the end effector of a Cable-
Driven Parallel Robot (CDPR) to move from an initial position to a final position
within a defined period, so preserving that the linear velocity and acceleration
of the end effector remain within normal boundaries.

1. Cubic Generation: The cubic polynomial representing the trajectory is
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4.2. ALGORITHM DEVELOPMENT

given by:
p(C) = a0 + a1C + a2C

2 + a3C
3 (4.1)

where a0, a1, a2, and a3 are the coefficients that need to be determined.
Boundary Conditions:To determine the coefficients, we need four boundary

conditions:

1. Initial Position:
p(0) = a0 = p0 (4.2)

2. Final Position:
p()) = a0 + a1) + a2)

2 + a3)
3 = p) (4.3)

3. Initial Velocity:
v(0) = p0(0) = a1 = v0 (4.4)

4. Final Velocity:

v()) = p0()) = a1 + 2a2) + 3a3)
2 = v) (4.5)

Given the boundary conditions, we can form a system of equations to solve
for the coefficients of the cubic polynomial. By substituting the known values
into these equations, we can solve for a0, a1, a2, a3. These coefficients define the
cubic polynomial that describes the trajectory.

System of Equations: By solving the above equations, we find the coeffi-
cients as follows:

1. Coefficient a0:
a0 = p0 (4.6)

2. Coefficient a1:
a1 = v0 (4.7)

3. Coefficient a2:
a2 =

3(p) � p0) � (2v0 + v)))
)

2 (4.8)

4. Coefficient a3:
a3 =

2(p0 � p)) + (v0 + v)))
)

3 (4.9)

2: Quintic Spline Curve Generation
To generate a smooth path for the end-effector using quintic spline curves,

we ensure smooth transitions with continuous acceleration and velocity. [15]
The parameters are as follows:
- Initial position: p0 = [?0G , ?0H , ?0I]
- Final position: p) = [?)G , ?)H , ?)I]
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CHAPTER 4. CUBIC TRAJECTORY GENERATION OF CDPRS

- Initial velocity: v0 = [E0G , E0H , E0I] (often 0)
- Final velocity: v) = [E)G , E)H , E)I] (often 0)
- Initial acceleration: a0 = [00G , 00H , 00I] (often 0)
- Final acceleration: a) = [0)G , 0)H , 0)I] (often 0)
- Total time: )

For each coordinate (x, y, z), a quintic polynomial ?8(C) is represented as:

?8(C) = 008 + 018 C + 028 C
2 + 038 C

3 + 048 C
4 + 058 C

5 (4.10)

To determine the coefficients 008 , 018 , 028 , 038 , 048 , 058 , we need six conditions
for each coordinate:

1. ?8(0) = ?08 (initial position) 2. ?8()) = ?)8 (final position) 3. E8(0) = ?
0
8
(0) =

E08 (initial velocity) 4. E8()) = ?
0
8
()) = E)8 (final velocity) 5. 08(0) = ?

00
8
(0) = 008

(initial acceleration) 6. 08()) = ?
00
8
()) = 0)8 (final acceleration)

Using these boundary conditions, we derive the following system of equa-
tions for each coordinate 8:

8>>>>>>><
>>>>>>>:

008 = ?08

018 = E08

028 =
3(p)�p0)

)
2 � 2v0+v)

)

038 =
2(p0�p) )

)
3 + v0+v)

)
2

(4.11)

These equations provide the coefficients 00, 01, 02, and 03 necessary for our
analysis based on the given boundary conditions.Using these boundary condi-
tions, we derive the following system of equations for each coordinate 8:

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

008 = ?08

018 = E08

028 = 1
2 008

038 =
20?)8�20?08�(8E)8+12E08))�(3008�0)8))2

2)3

048 =
30?08�30?)8+(14E)8+16E08))+(3008�20)8))2

2)4

058 =
12?)8�12?08�(6E)8+6E08))�(008�0)8))2

2)5

(4.12)

By solving this system of equations, we obtain the coefficients for the quin-
tic polynomials that describe the end-effector’s trajectory.[19] This approach
ensures smooth, continuous motion with proper acceleration and velocity tran-
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sitions.
The coefficients of the quintic polynomial can be determined by setting up

the following linear system derived from the boundary conditions at points C0
and C1:
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This matrix system can be solved to find the coefficients 00, 01, 02, 03, 04, 05,
which define the cubic polynomial for the trajectory segment.

The precise integration of these quintic spline curves into the control system
of the Cable-Driven Parallel Robot (CDPR) enables accurate trajectory generation
and movement of the end-effector in 3D space.

4.3 I������������� C����-D����� P������� R�����

Cable-Driven Parallel Robots (CDPRs) are known for their large workspace
and high payload capacity. For applications requiring precise movements, ac-
curate trajectory generation and control are crucial. This thesis presents a cubic
trajectory generation method considering boundary conditions for velocity and
acceleration, implemented on a suspended CDPR.[1]. A PID control strategy is
used to track the generated trajectory, validated through experimental results.
Fixed to a fixed reference frame, assigned �1 , the CDPR system is attached to
the robot’s base structure with its origin at point $).

Motivated by a moving frame, �?the cube-shaped end effector moves from
point %.The change between the stationary frame �1 and the moving frame
�? can be precisely conveyed by means of a rotation matrix '.By guiding the
coordinates and movements between the two frames to be translated, this matrix
ensures proper positioning and orientation control.

Cable lengths and their unit vectors define fundamental parameters obtained
from the loop closure equation in CDPR management.This equation takes into
account the positions of the cable exit and anchor points, thereby directing the
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Figure 4.1: Cubic Trajectory of CDPR

precise length each cable must extend or retract to appropriately position the
end effector. The unit vectors of these cables determine the forces each wire
creates; hence, they also define their directions and ensure that the end-effector
follows the desired trajectory and stability. Thorough knowledge of these cable
lengths and unit vectors as well as the shift between frames will enable the CDPR
to operate exactly and regulate intricate movements with remarkable accuracy.

Forward Kinematics Forward kinematics calculates the position of the end-
effector based on the lengths of the cables. Given the current cable lengths, it
determines the precise position of the end-effector in space.

MPU Data Fusion MPU Data Fusion combines data from multiple sensors
to provide an accurate estimate of the end-effector’s position and orientation.
This involves using a Microprocessor Unit (MPU) to integrate sensor data for
reliable position estimation.

Control Strategy for Trajectory Generation Accurate positioning of the end-
effector in a Cable-Driven Parallel Robot (CDPR) is achieved through a PID
control system [18].This system minimizes the error between the end-effector’s
actual position (G4) and the intended position (G3). The error is calculated as
4G = G3 � G4 .

To optimize the controller’s efficiency, the proportional gain ( ?), integral
gain ( 8), and derivative gain ( 3) are adjusted. Through experimentation,
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4.4. EXPERIMENTAL VALIDATION OF CDPRS

Figure 4.2: Control Sytem Block Diagram

CDPR was found to perform best with  ? = 2.4,  8 = 0.3, and  3 = 0.1. These
gains were chosen to balance fast response and system stability, ensuring the end-
effector can accurately and smoothly follow the desired trajectory with minimal
overshooting or steady-state error. By integrating the PID control system as show
in figure:4.2 with cubic polynomial trajectory generation, the CDPR achieves
minimal positioning errors and precise control over the end-effetor movements
in 3D space. The continuous adjustment of actuator commands, informed by
accurate sensor data and the chosen PID gains, ensures the end-effector follows
the desired path with high accuracy and stability.

4.4 E����������� V��������� �� CDPR�

The results confirmed the effectiveness of the proposed control algorithm
and the robot’s ability to perform precise movements.

To understand the behavior of a Cable-Driven Parallel Robot (CDPR) with
respect to applied forces and moments, we need to analyze its dynamics. This
system consists of four cables attached to a cube-shaped end-effector.[27] Each
cable is connected to a spindle via pulleys, forming the mechanism that controls
the movement of the end-effector. The analysis involves several key components:

4.4.1 C��������� F�����
• Fixed Frame �1 :

– Origin $: This is the reference frame from which all measurements
are taken. It is fixed in space.

• Moving Platform Frame �? :
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– Origin %: This frame moves with the end-effector (the cube), and its
position changes as the robot operates.

• Transformation Between Frames To express the relationship between the
fixed frame �1 and the moving frame �? , we use a rotation matrix '.This
matrix allows us to transform coordinates and orientations from one frame
to another.Essentially, it helps in understanding how the cube’s orientation
changes relative to the fixed frame.

• Cable Lengths and Directions

– Cable Dynamics ;8 : The length of each cable ;8 is computed using
the loop closure equation. This equation considers the positions of
the exit points (where cables leave the pulleys) and the anchor points
(where cables attach to the cube) in both frames.

• Unit Vector ;̂ 8 : ;̂ 8 represents the direction of the cable ;8 as a unit vector. It
indicates the cable’s orientation in space, which is crucial for calculating
forces.

4.4.2 D������ E���������� ��� F�����

To maintain dynamic equilibrium, we need to account for all forces and
moments acting on the CDPR. This is represented using the wrench matrix , .
The following components are involved:

• External Wrench F4 :
This term represents the combined forces and moments due to
external influences, primarily the weight of the platform (cube),
which is affected by gravitational acceleration 6.Equation of Mo-
tion:The forces in the cables produce a net force and moment that
must balance the external forces. This relationship is given by:

,� = <?• � <6 (4.13)
where:

– � , : Wrench matrix.
� �: Cable tensions.
� <: Mass of the platform.
� ?• : Acceleration of the platform.
� 6: Gravitational acceleration.
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4.5. SIMULATION RESULTS OF CUBIC TRAJECTORY GENERATION

4.5 S��������� R������ �� C���� T��������� G�����-
����

1. Trajectory Tracking
• To assess how accurately the end-effector follows the predefined cubic

trajectory.

• The desired trajectory is generated using cubic polynomials between spec-
ified waypoints.The PID controller adjusts cable lengths to follow this
trajectory.
Results: The end-effector precisely tracked the cubic trajectory with neg-
ligible variance. Minor deviations in position were noticed during quick
bends or sudden changes in direction, however, these deviations remained
within acceptable boundaries as a result of the PID tuning.

2. Error Analysis
• To evaluate the positional error throughout the trajectory.

• Compute the error as the difference between the desired and actual posi-
tions of the end-effector.

Results: The positional error was consistently minimal throughout the tra-
jectory, indicating accurate tracking of the desired path. The end-effector main-
tained close alignment with the intended positions, demonstrating the effec-
tiveness of the curve generation and the PID control system in minimizing
deviations.

3. Velocity and Acceleration Profiles
• To analyze the smoothness of the end-effector’s motion.

• Track velocity and acceleration over time and compare with expected pro-
files

Results: The velocity profiles were smooth and followed the desired changes,
indicating effective PID control. Acceleration peaks were within limits, suggest-
ing no abrupt or jerky movements.

4.6 C���������� A������� ��� P���������� E�����-
���� �� C���� T���������

The simulation was performed using MATLAB R2021a,Simulink, custom
software).The results showing how closely the CDPR followed the cubic trajec-
tory. Using graphical plots to compare the desired and actual paths as below.
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4.6.1 P������ �� C���� A������� �� CDPR�

Measuring the root mean square error (RMSE) between the intended posi-
tion quantifies the spatial accuracy. Figure: [5.3] and real measured locations
Figure:[4.4] underneath. The low RMSE value shows that the CDPR follows the
cubic trajectory with minimum variation rather closely.System dynamics and
small control system delays could help to explain observed modest variances.

Figure 4.3: Measured Cartesian Position of Cubic
CDPR

Figure 4.4: Referenced Cartesian Position of Cubic
CDPR
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TRAJECTORY

4.6.2 A������ V������� �� C���� A������� �� CDPR�

RMSE� =

vt
1
=

=’
8=1

(̂0
8
� 0

8
)2 (4.14)

The calculated RMSE for� is found to be within acceptable limits, confirming
the system’s robustness in maintaining the desired angular velocity. This per-
formance metric underscores the control system’s effectiveness in minimizing
deviations and ensuring smooth rotational motion.

4.6.3 V������� �� C���� A������� �� CDPR�

The comparison of velocity profiles reveals that the actual velocities (Figure
4.6) closely match the desired velocities (Figure 4.5) throughout the trajectory.
This indicates that the control system effectively manages the acceleration and
deceleration phases, ensuring smooth transitions. Any discrepancies are mini-
mal and are within acceptable bounds for operational performance.

Figure 4.5: Measured Cartesian Velocity of Cubic CDPR
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CHAPTER 4. CUBIC TRAJECTORY GENERATION OF CDPRS

Figure 4.6: Referenced Cartesianof Cubic CDPR

4.6.4 T����� �� C���� A������� �� CDPR�

The torque analysis shows that the measured torque Figure[4.7] to follow
the cubic trajectory remains within the system’s capabilities. The actual torque
Figure[4.8] profiles align well with the expected values, demonstrating that
the control system can handle the dynamic loads efficiently without inducing
excessive stress on the system components.

Figure 4.7: Measured Torque of Cubic CDPR
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Figure 4.8: Referenced Torque of Cubic CDPR
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5
Spiral Trajectory Generation of

CDPRs

5.1 I�����������

Trajectory generation is crucial for the precise and smooth operation of Cable-
Driven Parallel Robots (CDPRs). This chapter focuses on developing a spiral
trajectory for a 3DOF CDPR figure:5.1. The spiral trajectory is chosen due to
its complexity, which serves as a robust test for the robot’s control system. The
trajectory is defined using parametric equations, waypoints, unit vectors, quintic
spline interpolation, and is tracked using a PID control system.

5.2 S����� T��������� F����������

A spiral trajectory in a three-dimensional space can be described using para-
metric equations. The equations for the spiral trajectory incorporate radial
distance, angular position, and height variation.

5.2.1 P��������� E��������

The parametric equations for the spiral trajectory are given by:
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5.2. SPIRAL TRAJECTORY FORMULATION

8>>>><
>>>>:

G(C) = A(C) cos((C)) + ?0G

H(C) = A(C) sin((C)) + ?0H

I(C) = I(C) + ?0I

(5.1)

Where: - A(C) = A0 + :C (radial distance as a function of time, with A0 as the
initial radius and : as the growth rate of the radius)
-(C) = $C (angular position as a function of time, with $ as the angular velocity)
- I(C) = I0+ ⌘C (height variation as a function of time, with I0 as the initial height
and ⌘ as the height growth rate)
- ?0G , ?0H , ?0I are the initial position coordinates of the end-effector.

Figure 5.1: Spiral Trajectory for an CDPR

5.2.2 W�������� A���� ��� S����� P���

To discretize the continuous trajectory for practical implementation, we de-
fine waypoints along the spiral path. The time interval [0,)] is divided into
# segments, and for each time step C8 , the corresponding waypoint position
p8 = [?8G , ?8H , ?8I] is computed as follows:
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p8 =

8>>>><
>>>>:

G(C8) = (A0 + :C8) cos($C8) + ?0G

H(C8) = (A0 + :C8) sin($C8) + ?0H

I(C8) = I0 + ⌘C8 + ?0I

(5.2)

5.2.3 U��� V������ B������ W��������

For smooth trajectory generation, unit vectors between consecutive way-
points are calculated. The unit vector û8 between waypoints p8 and p8+1 is:

û8 =
p8+1 � p8
kp8+1 � p8k

(5.3)

Where: - p8+1 and p8 are the positions of consecutive waypoints. - k ·k denotes
the Euclidean norm.

5.2.4 T��������� G��������� U���� Q������ S����� I��������-
����

To ensure smooth transitions and continuous acceleration and velocity pro-
files, quintic spline interpolation is used. For each coordinate 8 (x, y, z), the
trajectory is described by a quintic polynomial:

?8(C) = 008 + 018 C + 028 C
2 + 038 C

3 + 048 C
4 + 058 C

5 (5.4)

The coefficients 008 , 018 , 028 , 038 , 048 , 058 are determined by solving the follow-
ing boundary conditions:

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

?8(0) = ?08

?8()) = ?)8

?§
8
(0) = E08

?§
8
()) = E)8

?•
8
(0) = 008

?•
8
()) = 0)8

(5.5)

This leads to the system of equations:
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5.3. PID CONTROL SYSTEM IMPLEMENTATION

lusion nclusion lusion nclusion
Figure 5.2: Trajectory of Spiral CDPR

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

008 = ?08

018 = E08

028 = 1
2 008

038 =
20?)8�20?08�(8E)8+12E08))�(3008�0)8))2

2)3

048 =
30?08�30?)8+(14E)8+16E08))+(3008�20)8))2

2)4

058 =
12?)8�12?08�(6E)8+6E08))�(008�0)8))2

2)5

(5.6)

5.3 PID C������ S����� I�������������

To accurately follow the generated trajectory, a PID control system is imple-
mented. The control system adjusts the cable lengths to minimize the positional
error 4G :

4G = G3 � G4 (5.7)

where G3 is the desired position and G4 is the actual position. The control
input D(C) is given by:

D(C) =  ?4G(C) +  8
π

4G(C)3C +  3
34G(C)
3C

(5.8)

where  ? ,  8 , and  3 are the proportional, integral, and derivative gains,
respectively.

5.4 S��������� R������ S����� T��������� G���������

The CDPR model is simulated with parameters corresponding to the physical
dimensions and properties of the actual robot [24]. The control system utilizes
the quintic spline curve generation and the PID control strategy described in
previous sections.
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5.4.1 P��������� E���� A�������

• The positional error was consistently minimal throughout the trajectory,
indicating accurate tracking of the desired path as shown in figure:[5.2]

• The end effector maintained close alignment with the intended positions,
demonstrating the effectiveness of the quintic spline curve generation and
the PID control system in minimizing deviations.

5.4.2 V������� ��� A����������� P�������

• The velocity profiles were smooth and followed the desired changes, indi-
cating effective PID control.

• Acceleration peaks were within limits, suggesting no abrupt or jerky move-
ments.

5.5 C���������� A������� ��� P���������� E�����-
����

Establishing a baseline for comparing referenced (theoretical or planned) and
measured (actual) results of a spiral trajectory is crucial for any performance
evaluation. This involves setting up a framework where both sets of data are
analyzed against a set of predetermined criteria to understand discrepancies
and improve system performance

5.5.1 D������� P������� �� CDPR�

Creating a spiral trajectory for a robot, such as in a Cable-Driven Parallel
Robot (CDPR) figure 5.3, 5.4 as seen below or any other robotic system that
requires precise movement in three-dimensional space, involves calculating the
position coordinates over time. A spiral trajectory often combines linear move-
ment in one axis with circular motion in the plane perpendicular to that axis,
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which can be described using parametric equations:

A(C) = A0 + :C where A0 is the initial radius, : is the rate of increase in radius,its time.
(5.9)

(C) = $C where $ is the angular speed. (5.10)
I(C) = I0 + ⌘C where I0 is the initial height and ⌘ is the rate of height increase.

(5.11)

Figure 5.3: Measured Position of Spiral CDPR

Figure 5.4: Referenced Position of Spiral CDPR

62
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5.5.2 D������� V������� �� CDPR�

The Cartesian coordinates (G , H , I) for the spiral trajectory, derived from the
cylindrical coordinates of waypoints, we can derive the velocity components by
differentiating these functions.

�G(C) = (A0 + :C) cos($C) � H(C) = (A0 + :C) sin($C) � I(C) = I0 + ⌘C (5.12)

where:
A(C) = A0 + :C is the radial distance that increases linearly with time,
(C) = $C where $ is the constant angular speed,
I(C) = I0 + ⌘C where ⌘ is the constant rate of change of height.

1.Velocity in the x-direction (G§ (C)):

G§ (C) = 3

3C

[(A0 + :C) cos($C)] (5.13)

Using the product and chain rules:

G§ (C) = 3

3C

(A0 + :C) cos($C) + (A0 + :C)
3

3C

cos($C) (5.14)

G§ (C) = : cos($C) � $(A0 + :C) sin($C) (5.15)

2. Velocity in the y-direction (H§ (C)):

H§ (C) = 3

3C

[(A0 + :C) sin($C)] (5.16)

Similarly, applying the product and chain rules:

H§ (C) = : sin($C) + $(A0 + :C) cos($C) (5.17)

3. Velocity in the z-direction (I§(C)):

I§(C) = 3

3C

(I0 + ⌘C) = ⌘ (5.18)
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Given the position functions for a spiral trajectory:

G(C) = (A0 + :C) cos($C)
H(C) = (A0 + :C) sin($C)
I(C) = I0 + ⌘C

The velocity components are derived as follows:

G§ (C) = : cos($C) � $(A0 + :C) sin($C)
H§ (C) = : sin($C) + $(A0 + :C) cos($C)
I§(C) = ⌘

This representation highlights the changes in speed along the x, y, and z axes
as functions of time, illustrating how the spiral’s radial expansion and rotation
contribute to the overall motion of the system. Such detailed derivations are
crucial to understanding the dynamics of the trajectory, which can further aid
in control system design and simulation as shown in figure: 5.5 5.6.

In this chapter, we closely monitor the angular position () and the re-
lated torque values under controlled settings to assess the performance of Spiral
Cable-Driven Parallel Robots (CDPRs). This part includes a detailed analysis of
the torque applied by the system through a comparison between the measured
and referenced  values over a designated operational period.

5.5.3 T���� M�����������

The accuracy of the intended spiral trajectory in Spiral Cable-Driven Parallel
Robots (CDPRs) is critically dependent on the angular position of the end-
effector, which is denoted by . To assess the performance and precision of
trajectory following, we compare the planned  values—those outlined in the
trajectory planning strategy with the observed  values measured in real-time
using precision sensors.

• Planned Theta (planned): These values are derived from the trajectory
planning algorithm and represent the ideal path that the end-effector
should follow.

• Observed Theta (observed): These are the actual values recorded during
the operation of the robot, indicating the real-time behavior of the end-
effector.
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Figure 5.5: Measured Velocity of Spiral CDPR

Figure 5.6: Referenced Velocity of Spiral CDPR
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The comparison of these values is essential for understanding the discrep-
ancies between the theoretical trajectory and actual path followed by the robot.
This analysis helps in identifying potential areas of improvement in the con-
trol strategies or the mechanical setup of the robot to enhance the fidelity of
trajectory following.

A graphical representation of ref figure:5.7 versus meas figure:5.8 over time
is provided to illustrate the accuracy of trajectory following.

Figure 5.7: (meas of Spiral CDPR)

Figure 5.8: (ref of Spiral CDPR)
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5.5.4 A������� �� � �� S����� T�����������

Analysing the fluctuations in the angular position represented by �—is
crucial for understanding the performance of Spiral Cable-Driven Parallel Robots
(CDPRs). This analysis aids in evaluating the efficiency of the CDPR’s spiral
trajectory under various operational conditions.

• Theoretical � (�ref): These values are the expected variations in  at
each point along the trajectory, as calculated by the trajectory planning
system.

• Measured� (�meas): These are the real-time angular positions recorded
as the robot follows the spiral path.

5.5.5 C���������� A������� �� � V�����

By plotting the referenced � figure:5.9 against the measured � figure:5.10
over time, we can assess the fidelity of the CDPR’s trajectory following. This
comparison not only highlights the occasions where the trajectory deviates from
the intended path but also emphasizes the robot’s ability to navigate accurately.
Analyzing these deviations allows for adjustments in the robot’s control algo-
rithms or mechanical design to enhance performance.

Figure 5.9: Measured � of Spiral CDPR

67



5.6. CONCLUSION

Figure 5.10: Referenced � of Spiral CDPR

5.5.6 T����� A�������

Torque plays a critical role in the operation of CDPRs,influencing the system’s
ability to maintain precision and efficiency in following the intended trajectory.
We calculate the necessary torque to achieve the targeted as follows: figure:5.11
figure:5.12

�(C) = � · �(C) (5.19)

where � denotes the moment of inertia of the end-effector, and �(C) is the angular
acceleration, derived from  through its time derivative.

The following figure compares the theoretical torque required (based on the
reference ) with the actual torque measured during the experiments:

5.6 C���������

The proposed trajectory generation algorithm for the 3DOF CDPR using
quintic spline curves and PID control has been validated through simulations.
The end-effector successfully follows a complex spiral path with high precision
and smooth motion, demonstrating the robustness and accuracy of the control
strategy.
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Figure 5.11: Measured Torque of Spiral CDPR

Figure 5.12: Referenced Torque of Spiral CDPR
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6
Conclusions and Future Works

In this thesis, we have built and assessed a motion planner for intricate
trajectories in cable suspended parallel robots (CSPr). Design, implementation,
and analysis of several trajectory generating techniques including cubic and
spiral trajectories was the main emphasis of this work to guarantee accurate,
smooth, and efficient motion of the end-effector.

6.1 R������ ��� C������������

This showed how well cubic polynomials trajectories provide CSPRs con-
tinuous, smooth motion. Computationally efficient and guarantee that the
end-effector moves smoothly between predefined control points, hence pre-
serving continuous first and second derivatives. We investigated the creation
of spiral trajectories, which are fundamental for uses involving navigation in
three-dimensional space. To enable the useful use of these trajectories in robotic
systems, cylindrical to Cartesian coordinates were adopted.

We created a strong control system able to precisely monitor the intended
paths. Extensive simulations were used to validate the performance of the con-
trol system by making sure the end-effector follows the intended route with least
variance. In particular, By means of optimal control techniques, the dynamics of
the cable-suspended system was managed, therefore resolving issues including
dynamic load handling and cable tension control.

Extensive simulations were carried out to assess the performance of the
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6.2. FUTURE ACTION

suggested motion planner with MATLAB and Simulink. With low Root Mean
Square Error (RMSE) values implying great accuracy in trajectory tracking, the
simulations revealed that the CSPR could precisely follow both cubic and spiral
trajectories. Comparative investigation showed that spiral trajectories offer major
benefits in tasks demanding complicated 3D navigation, even if cubic trajectories
are well-suited for applications needing linear or planar motion. Applications
for the created motion planner span industrial automation, robotic surgery, and
aerial robotics among other real-world situations. Generating and following
difficult paths guarantees that CSPRs can carry out exact and effective activities
in various surroundings.

6.2 F����� A�����

Although this study has advanced motion planners for CSPRs significantly,
numerous issues demand more investigation:

Future research could concentrate on building adaptive control algorithms
that can dynamically react to changing load conditions and external distur-
bances, hence improving the resilience of the system. Using the suggested
motion planner on a physical CSPR system would offer insightful analysis of its
possible areas for development and practical performance. Researching optimi-
sation strategies for trajectory planning might result in more effective pathways,
hence lowering system component wear and energy consumption. Practical
implementation depends on the trajectory generating and control algorithms
operating in real-time being able. Future studies could look at methods to
enhance real-time performance and simplify computing methods.

Development of a motion planner for complex trajectories in cable-suspended
parallel robots is a significant advancement in the field of robotics. The capability
of CSPRs not only increases but also their application range by means of their
ability to generate and precisely follow challenging paths. This thesis provides
a good platform for next research and development in this subject, therefore
enabling more advanced and versatile robotic systems.

At last, since it provides a robust, efficient, and adaptable approach for
trajectory generation in CSPRs, the proposed motion planner has great benefits
for both academic research and industry purposes.
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