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Abstract

Cable-Driven Parallel Robots (CDPRs) employ multiple cables arranged in parallel,
attached to the End-Effector (EE), which is located in a rigid platform. The cable length
variation, given by the winding and unwinding of the cables on servo winches, allows
the EE motion to perform manipulation tasks. Thanks to their high payload-to-weight
ratio, easy scalability to large dimensions, and good reconfiguration properties, CDPRs
represent an effective solution for large-scale manipulation tasks, such as operations
on building facades. In these applications, cable attachment points can be easily re-
located to adapt the robot workspace to task-specific requirements, enabling versatile
deployment with limited mechanical complexity.

Despite these advantages, CDPRs are affected by intrinsic challenges related to the
unilateral nature of cables, which act as active constraints only with positive tensions.
In overconstrained architectures, positive cable tensions can be ensured by exploit-
ing actuation redundancy through hybrid joint-space position/force control strategies.
While effective, these approaches are highly sensitive to modeling inaccuracies, sensor
noise, and parameter uncertainties, conditions that are particularly relevant in recon-
figurable systems and in unstructured environments such as construction sites. More-
over, every time the CDPR is reconfigured, the model parameters have to be recali-
brated to achieve good motion accuracy. As CDPRs commonly rely on relative sensors,
whose readings must be referenced at each system startup, accurate initial-pose (or
initial sensor offset) estimation therefore becomes a critical requirement for reliable
operation.

This thesis addresses these issues through two main research directions. The first
focuses on workspace analysis for hybrid-controlled overconstrained CDPRs, with the
goal of explicitly accounting for robustness with respect to control and measurement
errors. A control-oriented workspace characterization is developed, leading to the
definition of the Wrench-Feasible Error-Insensitive Workspace (WFEIW). This work-
space represents the subset of the classical Wrench-Feasible Workspace in which user-
defined accuracy requirements and admissible cable tension distributions are guaran-
teed even in the presence of bounded uncertainties and noise. The proposed frame-
work provides a quantitative tool for evaluating the robustness of hybrid control strate-
gies throughout the workspace, and can be applied as a criterion for optimal design
and control strategy selection.

The second research direction concerns the self-calibration of CDPRs, with par-
ticular emphasis on the estimation of the initial end-effector pose using only internal
sensors. The problem is investigated under conditions of limited observability and
large sensor uncertainties, which are typical of reconfigurable and large-scale systems.
Manual and automatic procedures are introduced to reduce data acquisition time for
underactuated CDPRs. The impact of sensor noise and modeling uncertainties on cal-
ibration accuracy is analyzed, and a Monte Carlo framework is employed to assess the



influence of algorithmic and parametric choices on multiple performance indices. Fi-
nally, online self-calibration strategies are explored as an alternative to sequential of-
fline approaches, aiming to further reduce overall calibration time while maintaining
accuracy.
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Chapter 1

Introduction

Following the ISO 8373 standard on robotics vocabulary, a robot is a programmed ac-
tuated mechanism with a degree of autonomy to perform locomotion, manipulation
or positioning. This definition encompasses a wide range of complex systems, which,
in turn, are generally composed of multiple subsystems (such as mechanical, control,
electric, actuation, and sensory systems). Therefore, robotics is intrinsically a multi-
disciplinary field in which disciplines such as computer science, automatic control,
mechanics, electronics, and electrical engineering (among others) converge to study
the intelligent interplay between perception and action [1].

The key features that differentiate a robot from a "classical" machine are flexibil-
ity, thus the ability to execute different tasks, and a degree of autonomy in decision-
making and environmental interaction. To control the robot’s motion effectively, the
conventional approach relies on physical modeling to predict system behavior. This
model (usually kinematic and/or dynamic) relies on parameters, treated as constant
variables, which must be precisely estimated to achieve high-performance metrics
such as speed, acceleration, and positioning accuracy within large workspaces.

In the following, some concepts that will form the basis for the subsequent sections
are introduced (Sec.[L.I). After a general classification of manipulators (Sec.[I.1.1), the
most common robotic applications are presented (Sec.[1.1.2). Then, Cable-Driven Par-
allel Robots (CDPRs) are introduced in Sec. together with a way of classifying them
and a presentation of their strong points and problems. Finally, the thesis objectives
and outline are defined in Sec.

1.1 Robotics foundations

The first appearance of robots is attributed to the late 1960s when teleoperated ser-
voed arms were developed to help humans in hazardous operations [2]. Then, tech-
nological progress in the second half of the twentieth century, with the development
of integrated circuits, digital computers, and microelectronic components, enabled
the design and programming of computer-controlled robots. The mass production
of goods drove the adoption of robots in industry, where high volumes, harsh environ-
ments, and precision were required. Currently, robots find applications not only in the
industrial world but in many other fields, including cleaning, search and rescue, un-
derwater, space, flight, autonomous drive, and medical applications. The main trend
of recent years is the use of modern artificial intelligence techniques and hardware-
related breakthroughs to improve the autonomy capabilities in poorly structured en-



Chapter 1. Introduction

vironments, where few boundary conditions are defined a priori.
From a practical standpoint, a robot is usually composed of four essential compo-
nents [3]:

1. the mechanical system, which comprises the actuation elements, the links, and
the interfaces with the external environment;

2. the power system, which includes the elements that manage the power supply
for the actuation system, allowing the robot, together with the mechanical sys-
tem, to exert an action;

3. the sensing system, which includes the sensors and the signal conditioning for
enabling the "perception" capability;

4. the control system, which, acting as a bridge between perception and action, al-
lows for signal processing and elaboration, motion control, autonomous think-
ing, and human-machine interface. It is implemented in proprietary, partially
open, or open software.

A macro classification of robots may be done based on the main task and motion
capabilities they possess:

Manipulators have a fixed base and their main task regards object manipulation or
transformation;

Mobile robots have a mobile base and are specialized in transport, monitoring, or in-
spection tasks.

Although in the following we will focus only on manipulators, it is necessary to note
that this is a weak boundary, and several architectures have been proposed in the past
to combine the advantages of both mobile and manipulator robots.

Among the mechanical elements of a manipulator, we define the End-Effector (EE)
as the device that manipulates, monitors, interacts with, or transforms objects. It
constitutes the interface between the robot and the external environment. Links and
joints, which can be distinguished between actuated and passive, connect the fixed
base to the EE [4].

1.1.1 Classification of manipulators

A classification can be made based on how the links and joints are arranged with re-
spect to the EE and the fixed base (Fig. [1.1). This categorization is particularly relevant
for building the robot’s physical model, which is usually composed of kinematic and
dynamic models, both of which are necessary for the control system. A manipulator is
called:

Serial when the EEis connected to the fixed base only through a single open kinematic
chain. Each kinematic pair is typically revolute or prismatic and is actuated by a
motor;

Parallel when multiple closed kinematic chains, composed of links and joints, are in-
terposed between the EE and the fixed base. In this case, the motors can be po-
sitioned on the base, as not all joints have to be actuated.

12
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Figure 1.1: Serial (left) and parallel (right) robot architecture: the EE is connected to
the base via an open chain (serial) or via multiple closed chains (parallel) composed of
links and joints.
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(a) Scara manipulator (Source: (b) Stewart platform (Source: Acrome).
Wikipedia).
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Figure 1.2: Examples of robot manipulators: (a) serial and (b) parallel.

Serial manipulators, such as the well established Scara (Fig. [1.2a), generally have
greater dexterity and larger reachable workspaces than parallel manipulators, but
lower payloads and accuracy, for the same installation space [5]. While parallel ar-
chitectures, such as the Stewart platform (Fig. , have a higher payload-to-power
ratio due to their greater rigidity, which allows for better dynamics features, and are
more precise due to higher structural stiffness. On the other hand, their reachable
workspace is usually smaller, mainly due to the actuators’ limited strokes and possible
interference between adjacent legs.

1.1.2 Robot Applications

Historically, the development of industrial robotics has been driven by the needs of
high-volume manufacturing sectors, such as the automotive and electronics indus-
tries. In these domains, robotic systems have become essential for modern produc-
tion, with well-established applications in robotic welding, high-speed assembly (Fig.
[1.3a), precision material handling (pick-and-place) and automated painting or
coating[I.3dl These systems excel in structured and isolated environments where re-
peatability and high productivity are essential. Nowadays, robots cover many other
market segments such as machinery, pharma, food and many others (Fig/T.4). Among
the applications of industrial robots outside the factories, recently, interest has risen

13
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ing (Source: ABB) ments (Source: FANUC)

Figure 1.3: Classical robot applications.
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Figure 1.4: Annual installations of industrial robots by customer industry.
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(a) TECLA Crane WASB 3D printed (b) MicroFactory for on-site home assembly
housing (Source: WASP). (Source: AUAR).
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Figure 1.5: Robotic applications in building construction.

around the Architecture, Engineering, and Construction sector, characterised by more
dynamic and less structured workspaces [6]. Emerging applications in this field now
include large-scale 3D concrete printing [7] (Fig. [1.5a), automatic installation and as-
sembly (8] (Fig.[1.5b), automatic bricklaying [9] (Fig. [1.5c), and automatic spraying
(Fig. . Despite these advances, the automation of operations on the building en-
velope, such as maintenance, cleaning, and the assembly of complex facade compo-
nents, presents a unique set of challenges due to the vast workspaces and verticality
involved. This creates a critical need for robotic architectures that can provide both
the necessary reach and the flexibility to adapt to diverse building geometries.

1.2 Cable-Driven Parallel Robots

Cable-Driven Parallel Robots (CDPRs) are a class of parallel manipulators in which the
EE, integrated into a rigid moving platform, is controlled by flexible cables instead of
rigid links (Fig.[1.6). In the classical architecture, each cable is attached at one end
to a servo-winch—typically mounted on an external rigid frame—and at the other end
to the moving platform. Between these two points, the cable is routed through a trans-
mission system composed of one or more pulleys. To ensure smooth guidance and
reduce friction as the platform moves, the final pulley at the cable exit point is usually
a swiveling pulley, designed to rotate around an axis tangent to its groove to accom-
modate the varying cable orientation [12]. The simultaneous winding and unwinding

15
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fixed frame

mobile platform

pulley system

Figure 1.6: Model of a CDPR: the moving platform is connected to the fixed frame by
cables, which are uncoiled by a set of servo-winches and guided through pulley systems.

of the cables on the winch drums varies the cable lengths, allowing the EE to follow
desired trajectories and perform manipulation tasks within the workspace.

Because cables are significantly lighter than traditional rigid links and are primar-
ily subjected to tensile stresses, CDPRs exhibit an exceptionally high payload-to-weight
ratio. This structural efficiency allows for the manipulation of heavy loads using a rel-
atively lightweight and compact actuation system. Furthermore, the use of flexible
cables enables unmatched scalability. Since the robot’s mass does not increase pro-
portionally with the size of its links, CDPRs can cover workspaces spanning hundreds
of meters that would be physically or economically unfeasible for traditional paral-
lel robots [13]. Another distinct advantage is their reconfigurability and deployabil-
ity. The mechanical simplicity of the system allows cable exit points to be easily relo-
cated to adapt the robot’s workspace to specific task requirements or environmental
constraints [14]. This adaptability makes CDPRs a versatile solution for unstructured
and dynamic environments, such as construction sites, where the robot can be rapidly
transported, installed, and modified as the project evolves.

The unique structural characteristics of CDPRs make them particularly suitable for
large-scale applications where traditional rigid-link manipulators are hindered by their
own mass and workspace limitations. Historically, the first major development in this
field is often considered to be the NIST RoboCrane, introduced in the early 1990s to
manipulate heavy payloads for large-scale manufacturing, shipbuilding, and paint-
ing [15]. In the decades since, cable-suspended systems have seen significant com-
mercial success in stadium event broadcasting through architectures like the SkyCam
and Spidercam (Figs. and [1.7b), which leverage the large workspaces attainable
with cables to provide non-invasive aerial filming. On an even more monumental
scale, the Five-hundred-meter Aperture Spherical Telescope (FAST) utilizes a large-
scale CDPR to move a 30-ton receiver cabin with high precision across a vast focal
plane (Fig. [1.7c). Beyond heavy lifting and vast reach, the inherent compliance of ca-
bles also enables specialized applications in the medical field, such as patient rehabil-
itation, where devices like the DIEGO system provide a safe and adjustable interface

16
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(@) The SkyCam® (Source: SkyCam). (b) Spidercam (Source: Ross).
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(c) The FAST telescope (Source: Hong (d) DIEGO device for Bilateral-
Kong Laureate Forum). Arm-Shoulder Therapy (Source:
Tyromotion).

Figure 1.7: CDPRs applications

for limb therapy (Fig. [1.7d). Numerous proof-of-concept studies were proposed across
different fields [16].

In recent years, research has increasingly focused on the Architecture, Engineering,
and Construction (AEC) sector, an environment characterized by verticality and vast,
unstructured workspaces that demand high operational flexibility. Notable advance-
ments in this domain include the Hephaestus project [17,18], which developed a cable-
driven solution for the automatic installation of curtain-wall modules on building
facades (Fig. [1.8a), as well as various systems designed for robotic bricklaying [9,19-22]
(Fig. [1.8D), large-scale 3D concrete printing (Fig. [1.8c), and automated facade
maintenance (Fig. [1.8d). Because these construction environments are dynamic
and temporary, the adaptability of CDPRs is further enhanced through deployable ar-
chitectures that prioritize compactness and rapid installation. While some designs uti-
lize lightweight portable structures such as masts or tripods [27,28], other approaches
integrate the winches and transmission systems directly into the mobile platform to
simplify transport [29}30]. However, this move toward high portability often necessi-
tates the use of simplified winch designs that lack the complex spooling systems found
in traditional industrial winches. While these simplified mechanisms reduce cost and
weight, they introduce significant technical challenges, such as non-linear transmis-
sion ratios and uncertainties in the cable winding process that are difficult to model. As
a result, indirect cable-length measurements obtained from motor encoders become
less reliable, complicating the pose estimation and control of the robot. This creates
a critical need for robust calibration and state-estimation strategies that can account

17
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(a) The Hephaestus project (Credits:
A. Tturralde).

(c) CDPR large-scale 3D printing (d) Kite Facade Inspection System
(Source: [24]). (Source: Kite Robotics).

Figure 1.8: CDPRs applications in building construction and maintenance.

for the inherent uncertainties of deployable hardware, especially when the robot is fre-
quently relocated or reconfigured in the field.

A common classification within the family of CDPRs is based on the state of con-
straint of the EE, which is formally defined by the relationship between the number of
cables n and the EE DoFs ngy:

* Underconstrained (n < n,;), the number of cables is insufficient to fully con-
strain the EE. In this configuration, the EE cannot withstand an arbitrary external
wrench, and at least one external action, such as gravity, is required to maintain
cable tension. Furthermore, the EE retains passive degrees of freedom, meaning
it can oscillate or move even when all actuators are locked;

* Completely-constrained (n = ng), the EE configuration is fully determined by
cable lengths, and the solution of the inverse dynamic (or static) problem allows
a single set of cable tensions to be computed (under the rigid-body assumption);

¢ Overconstrained (n > ng), the robot possesses more cables than the minimum
required to fully constrain the EE. This structural redundancy makes the system
statically indeterminate, meaning the inverse static problem admits infinite so-
lutions for cable tensions. This redundancy is typically exploited to optimize in-
ternal force distribution, improve structural stiffness, or enlarge the reachable
workspace.

Itis worth noting that this classification is not intrinsically exhaustive, as the constraint
condition is often an instantaneous property rather than a global one. Therefore, in

18



1.2. Cable-Driven Parallel Robots

this context, n refers to the number of instantaneously taut cables rather than the total
number of installed cables. For the sake of clarity throughout this thesis, we will refer
to underconstrained architectures as Underactuated CDPRs (UACDPRs) and to over-
constrained architectures as OCDPRs. This distinction is fundamental to isolating the
unique control and calibration challenges associated with each architecture.

Despite the numerous advantages of CDPRs, their reliance on cables introduces
significant theoretical and practical challenges. The most fundamental issue arises
from the unilateral nature of cables, which can only exert tensile forces (pulling) and
cannot support compression (pushing). To ensure that the robotic constraints remain
active and the system remains controllable, cable tensions must be strictly maintained
within a specific range: above a lower bound to prevent cable slackness and below an
upper bound determined by the actuator’s torque limits or the transmission breaking
point. This results in a safety and control problem both for OCDPRs and UACDPRs.
This requirement has led to the definition of the Wrench-Feasible Workspace (WFW),
which is the set of end-effector poses where the robot can balance a given external
wrench while keeping all cable tensions within these prescribed bounds [31-33]. Fur-
ther details on the definition of the WFW are introduced in Sec[2.51

In OCDPRs, the structural redundancy (n > n,;) leads to an infinite number of so-
lutions for the inverse static or dynamic equilibrium, shifting the problem to finding
an optimal Tension (or Force) Distribution (TD) [34-38]. Previous research has ad-
dressed this redundancy through various motion control techniques, such as Feedback
Linearization [39], Sliding Mode Control [40], and Model Predictive Control (MPC)
[41,42]. A particularly effective and computationally efficient approach is Hybrid Po-
sition/Force Control in joint space (HC) [43,/44]. In this method, a number of cables
ng equal to the EE degrees of freedom are length-controlled to regulate the pose, while
the remaining redundant cables are force-controlled to manage the internal tension
distribution.

However, when employing HC, the specific selection of which cables are force-
controlled and which are length-controlled is of primary importance, as it directly in-
fluences both the motion accuracy and the tension-distribution performance. Tradi-
tionally, force-controlled cables are chosen to optimize indices related solely to ten-
sion distribution [45]. However, these methods overlook how the actual motion con-
trol is realized and how sensitive it is to real-world perturbations. In practical appli-
cations, control strategies are highly sensitive to modeling inaccuracies and sensor
noise [46]. For hybrid-controlled OCDPRs, this sensitivity can significantly shrink the
usable workspace compared to the ideal WFW [47,48], a challenge that motivates the
study of error-insensitive workspace characterizations. For UACDPRs, the challenge
is further compounded because the platform retains some degrees of freedom, mean-
ing the workspace analysis must account not only for static equilibrium and tension
constraints but also for stability at equilibrium [49].

A primary challenge in the practical use of CDPRs is the limited positioning accu-
racy resulting from the physical properties of the cables. Cables are difficult to model
precisely because they are subject to creep, elongation under load, and, in large-scale
applications, sagging due to their own mass. The cable length is crucial for state es-
timation and control of the EE [50], and can significantly affect the precision of the
CDPR if errors are present in its estimate. The cable length is usually estimated indi-
rectly from the encoder of the winch motor using a transmission model, which consists
of a constant transmission ratio when classic winch design solutions are adopted [51].

19
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While it may be more complex when deployable CDPRs are employed [52], in which a
simplified winch design reduces space, cost, and weight, but it introduces uncertain-
ties in the cable winding process and determines a nonlinear transmission ratio that
depends on cable parameters that are difficult to estimate, such as friction and iner-
tia [29]. As a result, indirect cable-length measurements for deployable CDPRsbecome
less reliable [52].

Beyond these mechanical uncertainties, the performance of model-based control
and state estimation is strictly bounded by the accuracy of the system’s geometric and
inertial parameters [53]. While a one-time factory calibration can be sufficient for rigid
industrial robots, CDPRs often require frequent recalibration, especially with frequent
reconfigurations. Every time a robot is relocated, or its cable exit points are adjusted to
suit a new task, the geometric model must be updated to maintain operational accu-
racy [54,55]. This requirement makes the use of external measurement systems, such
as laser trackers or motion capture, impractical and cost-prohibitive for CDPRs. Con-
sequently, research has shifted toward self-calibration, a procedure that utilizes only
the robot’s onboard sensors to identify its model parameters [55-59]. A particularly
critical subset of this field is initial-pose self-calibration. Most CDPRs rely on relative
internal sensors, such as incremental rotary encoders, which only measure variations
from an unknown starting point [52,56,57,59-61]. At every system startup, the abso-
lute reference values of these sensors, and by extension, the initial pose of the EE, are
unknown.

The initial-pose self-calibration can be formulated as an overdetermined nonlin-
ear optimization problem. It is typically formulated using Nonlinear Weighted Least
Squares (NWLS), where the objective is to minimize the residuals, namely the differ-
ence between actual sensor readings and the values predicted by the robot’s kinematic
or static models. This problem presents a practical difficulty: to find the calibration
parameters, the robot must be moved to different measurement poses. However, be-
cause the initial state and model are unknown or imprecise, these poses themselves are
unknown and must be estimated as part of the optimization. If this initial state is esti-
mated incorrectly, it can lead to cable slack, collisions, or a total loss of controllability
during the robot’s first movements.

The success of such a procedure depends on three main pillars:

* the sensor set, while minimal equipment consists of winch encoders for cable
length variations, accuracy can be significantly improved by incorporating alter-
native sensors. These include incremental encoders on swivel pulleys to measure
exit angles, load cells for cable tensions, and Attitude and Heading Reference Sys-
tems (AHRS), or inclinometers, to provide direct EE orientation data;

e the measurement pose selection, the number and distribution of measurement
poses must ensure the observability of the system. This requires a set of con-
figurations that "excite" all the variables to be estimated, resulting in a well-
conditioned sensitivity or Jacobian matrix.

 the numerical solvers, since the optimization is highly non-linear, the choice of
solver, such as Levenberg-Marquardt or Trust-Region Newton methods, and the
quality of the initial guess are fundamental to ensuring global convergence.

For UACDPRs, these challenges are even more significant. Since the EE retains
some degrees of freedom and may oscillate like a pendulum, data must often be col-
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1.3. Thesis Goals and Outline

lected in static postures after oscillations have subsided, or through manual interven-
tion by an operator. Despite the theoretical and technical solutions proposed in the
literature, past state-of-the-art methods required several minutes for automatic data
acquisition [62]. This demonstrated the need for rapid, fully automated, and robust
self-calibration procedures that can operate effectively under the high sensor uncer-
tainties typical of large-scale and deployable systems.

1.3 Thesis Goals and Outline

The primary objective of this thesis is to enhance the operational accuracy and reli-
ability of Cable-Driven Parallel Robots. This objective is pursued through two main
research directions: a control-oriented workspace analysis for overconstrained archi-
tectures and a comprehensive investigation of initial-pose self-calibration techniques
for underactuated, overconstrained, and deployable systems.

The first research line focuses on OCDPRs employing Hybrid Position/Force Con-
trol (HC) in joint space. While HC offers a computationally efficient way to manage
redundancy, its performance is highly dependent on the choice of force-controlled
cables and is sensitive to modeling inaccuracies. To address this, this thesis intro-
duces the concept of the Wrench-Feasible Error-Insensitive Workspace (WFEIW). The
WEFEIW provides a theoretical framework for evaluating accuracy and control-error
sensitivity, identifying the subset of poses where user-defined performance is guar-
anteed despite bounded sensor noise and control uncertainties. In the WFEIW, user-
defined accuracy requirements and cable tensions within predetermined bounds are
guaranteed, while accounting for sensor-error expectations. Based on this analysis, a
nested optimization algorithm is developed to maximize the WFEIW volume by deter-
mining: (i) the most suitable combination of length- and force-controlled cables, and
(ii) the optimal platform geometry. Simulations are conducted on well-known OCDPR
architectures as application examples of the control-strategy and design optimization
algorithm.

Initial-pose self-calibration techniques are then investigated thoroughly. Regard-
ing underactuated architectures, the research introduces rapid and fully automated
data-acquisition algorithms for the initial-pose self-calibration of UACDPRs. These
procedures significantly reduce the overall calibration time. Two novel acquisition
strategies are proposed: a static-equilibrium method that, along with measurements
of cable length variations, swivel angle variations, and AHRS orientation, incorporates
cable-tension data; and a faster method based solely on geometric constraints. By for-
mulating the problem as a Nonlinear Weighted Least-Squares (NWLS) optimization
and implementing a systematic heuristic for initial-guess generation, these methods
enable high-accuracy pose estimation while enhancing the degree of automation dur-
ing system startup. Then, a systematic methodology and unified framework are in-
troduced to evaluate the influence of key setup parameters on self-calibration perfor-
mance. Through an extensive Monte Carlo simulation campaign, and an experimental
validation covering both overconstrained and underactuated robots, the study ana-
lyzes the impact of the number and distribution of measurement poses, the choice
of onboard sensor sets, and the robustness of various nonlinear solvers. This analy-
sis utilizes genetic algorithms to maximize observability indices for pose selection and
compares iterative solvers—including the Levenberg-Marquardt algorithm and Trust-
Region Newton methods using real Hessian information—to provide practical guide-
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Chapter 1. Introduction

lines for designing efficient calibration procedures for any CDPR architecture. Finally,
the work investigates the application of initial-pose self-calibration to deployable CD-
PRs, analyzing how the choice of sensors affects accuracy when simplified transmis-
sions introduce nonlinearity and uncertainty. To further streamline the initialization
phase, novel online self-calibration techniques based on Recursive Least Squares (RLS)
and Kalman filters are proposed as a faster alternative to traditional sequential online
approaches [58,59], aiming to maintain estimation accuracy while further reducing the
total time required for the robot to become operational.

The manuscript is organized as follows.

Chapter 2] introduces the kinematic and static models of both classic and deploy-
able CDPRs, establishing the mathematical foundations for workspace computation
and tension distribution.

Chapter[3|presents the control-based workspace analysis, detailing the mathemat-
ical formulation of the WFEIW and the nested optimization algorithm for OCDPR de-
sign.

Chapter [4] provides a comprehensive analysis of initial-pose self-calibration meth-
ods, encompassing automated data acquisition, sensor set evaluation, and the system-
atic study of setup parameters.

Finally, Chapter[5|summarizes the findings and outlines future research directions
to improve CDPR autonomy and accuracy.

22



Chapter 2

Modeling

In this chapter, we establish the mathematical foundations for generic CDPRs with n
cables and n; = 6 degrees of freedom (DoFs) moving in SE (3)|ﬂ Following the assump-
tions commonly adopted for the scale of manipulators considered in this research, ca-
bles are assumed to be massless and inextensible. Consequently, complex phenomena
such as sagging and elongation are neglected, and cables are modeled as straight line
segments coiled and uncoiled by servo-controlled winches. Nominally, cable lengths
are assumed to vary proportionally to actuator displacements, which is equivalent to
assuming a constant transmission ratio at the winch level.

Furthermore, the geometry of the swivel pulleys used to route the cables inside
the workspace is explicitly considered to ensure high modeling accuracy. In practice,
the variable section of each cable is defined as the segment between the attachment
point on the EE, typically realized with a swivel hoist ring, and the cable entry point on
the swiveling pulley. To account for diverse hardware configurations and deployment
scenarios, we distinguish between two primary architectures:

* Classical architecture: Detailed in Sections[2.1}[2.1.1}[2.1.2} and[2.2] this configu-

ration features winches and pulley systems mounted on an external fixed frame.

* Deployable architecture: Described in Sections 2.3.1, 2.3.2) and this

configuration integrates both winches and pulley transmissions directly into the
moving platform to enhance portability and ease of installation.

To maintain a consistent and lean notation throughout these models, the prime
symbol (-)" is used to denote quantities expressed in the mobile frame Px'y’z’. Sec-
tions [2.1] and present the geometric modeling for each architecture, followed by
the first-order differential kinematics in Sections[2.1.1land[2.3.1} and the second-order
derivations in Sections[2.1.2]and [2.3.2] The static models are then established in Sec-
tions[2.2Jand 2.4] Finally, Section2.5introduces the fundamental definitions for work-
space analysis and tension distribution, providing the theoretical basis for the chapters
that follow.

IThe content of this chapter is partially based on [48,61] submitted to Mechanism and Machine The-
ory and Robotica.



Chapter 2. Modeling

Figure 2.1: Geometric model of the i-th cable transmission.

2.1 Geometric model

We consider a spatial CDPR where the EE has six degrees of freedom (n; = 6) and is
actuated by 7 cables. To describe the system, we define an inertial frame Oxyz and a
moving frame Px'y’z’ attached to the EE. The pose of the EE is defined by the position
vector p of the origin P and by the rotation matrix R(€), where € = [¢p 0 ¥]” is a mini-
mal orientation parametrization. Specifically, we adopt XY Z Euler angles, where the
rotation matrix is computed as:

R(€) = Ry ()R, (O)R2 (1), 2.1)

with Ry (-), Ry (-), and R, () representing elementary rotations about the x, y, and z axes,
respectively. The generalized coordinate vector of the system is thus { = [p” €17 e RS.
Each cable is routed from a winch fixed on the frame to the EE through a swiveling
pulley transmission (Fig.[2.1). For the i-th cable, the cable enters the pulley groove at a
fixed entry point D;, exits at a variable point B;, and is attached to the EE at point A;.
Following the approach introduced in [63], the variable position of B; in the inertial
frame is explicitly modeled to account for the pulley’s influence on the effective cable
length.

For each pulley, we introduce a local reference frame D;x;y;z; with constant unit
vectors {i;,j;, k;} (Figs. and[2.2b). The pulley, which has a radius r; and center C;,
is tangent to the local z; axis at the entry point D; and swivels about this axis by an
angle 0 ;. Let u; be the unit vector pointing from D; to C;, and let w; be the unit vector
orthogonal to the pulley groove plane, obtained as w; = k; x u; (where the symbol x
denotes the cross product between two vectors). The unit vector n;, parametrized by
the tangency angle v;, points from C; to B;, while the direction of the rectilinear cable
segment is given by t; =w; x n;. These vectors satisfy the following relationships:

u; =coso;i; +sino;j;, (2.2)
w; = —sino;i; +cosoij;, (2.3)
n; =cosy;u; +siny;k;, (2.4)
t; =siny;u; —cosvy; k;. (2.5)

Let the constant vector d; denote the position of point D; in the inertial frame. The
position of the exit point B; follows from the pulley geometry as:

bl‘ :d,-+r,-(u,-+ni). (2.6)
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2.1. Geometric model

(a) Swivel pulley lo- (b) Swivel pulley plane.
cal frame.

Figure 2.2: i-th swivel pulley geometric model

Similarly, let a; be the constant coordinates of the attachment point A; in the local EE
frame. In the inertial frame, the position vector pointing from P to A; is given by:

a; =Ra. 2.7)

We define the vector between the pulley entry point D; and the platform attachment
point A; as g; = p+a;—d;. Assuming the cable remains coplanar with the pulley groove,
the swivel angle o; is determined by the following constraint:

Substituting Eq. into Eq. yields the i-th swivel angle
o;=atan2(j;-@;, ;- @;)- (2.9)

A detailed derivation of this result is provided in Appendix[A.1]
Let the cable vector be p; = p+a; —b;. Substituting Eq. (2.6) in the latter, we obtain:

p;=0;—ri(u+ny) =|p;llt;. (2.10)

The tangency condition at B; requires the cable vector p; to be orthogonal to the radial
vector n;:
n;-p; =0, (2.11)

This condition, allows to compute the tangency angle y; (see App. as:

2
. . 2r;
1//i=2arctan(%+\/(%) c1-20
u; Qui Qui

) (2.12)

where gy, = 9; -k; and o, = 9; - u;.
Finally, the total cable length /; is defined by the sum of the rectilinear segment
lp;|l and the arc D; B; wrapped around the pulley:

Li=lp;ll+ri(m—v;). (2.13)

The variables [/;, v;, and o; (for i = 1,..., n) represent the joint coordinates of the
CDPR, where the cable lengths are the active (actuated) joints and the tangency and
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Chapter 2. Modeling

swivel angles are the passive joints. Consequently, Eqs. (2.9), (2.12) and (2.13) consti-
tute the inverse kinematic (IK) model of the robot, enabling the determination of the
joint variables for a given end-effector pose {. For any specified configuration, the IK
problem is decoupled for each kinematic chain and always admits a unique physical
solution, a property that holds for both OCDPRs and UACDPREs.

It is important to emphasize, however, that the existence of a geometric IK solu-
tion does not imply physical feasibility. These purely kinematic relationships do not
account for whether a pose ¢ is actually reachable, dynamically achievable, or, par-
ticularly for UACDPRs, constitutes a stable equilibrium pose. Determining the set of
poses the EE can effectively attain, referred to as workspace analysis, requires the solu-
tion of the robot’s statics or dynamics to ensure that all cable tensions remain within
the prescribed bounds. This analysis is detailed in Section[2.5]

2.1.1 First-order kinematics

Let w € R denote the angular velocity of the EE. For a minimal orientation
parametrization € = [¢p 0 y] T the relationship between the orientation rates € and the
angular velocity w is expressed as:

w=H(e)E, (2.14)

where H(€) € R**3 depends on the chosen parametrization [2]. For the XYZ Euler an-
gles parameterization introduced in Eq. H is given by

1 0 sinf
H(e)= |0 cos¢ -—sin¢cosO|. (2.15)
0 sin¢g cos¢cosO

Defining the EE twist as v = [p” w”]T € R®, the transformation between the twist
and the generalized coordinate derivative { = [p” €717 is:

Isx3  O3x3

v=D(){, D(e)= 0ns Hee)

) (2.16)

with Is«3 and 0343 the 3 x 3 identity and zero matrices, respectively.

The rate of change of the i-th swivel angle, ¢;, is obtained by differentiating the
pulley coplanarity constraint (Eq. with respect to time. As derived in Appendix[A.3}
this relates to the twist through the vector & :

. 1
oi=élv, &= on
uj

Wi
a; XW;

. (2.17)

Similarly, the rate of change of the i-th cable length, i;, is found by differentiating the
geometric identity | p;||* = pl.Tpi. As detailed in Appendix the resulting mapping
is:

L

T 3
l;= Eliv’ El,- = a; xt; | (2.18)

Following a similar approach, the rate of change for the i-th tangency angle, /;,
may also be determined. While its explicit derivation is provided in Appendix[A.4} as it
is needed for the second-order analysis in Section|2.1.2} its formulation is omitted here
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2.1. Geometric model

to maintain focus on the primary joint-space variables required for the subsequent
discussions.

By stacking these relations for all n cables, we define the geometric Jacobians =,
and =; € R"*6;
]T

o=2,V, Eo=[¢s, - &5,] (2.19)

i=zv, ==[& ... &), (2.20)

To obtain the analytical Jacobians, J, and J;, which map the joint rates directly to the
generalized coordinate rates ¢, we substitute Eq. (2.16) into the geometric mappings:

6=J,{, Js;=E,D, 2.21)
i=3¢, J,=%ED, (2.22)

The rows of these analytical Jacobians correspond to the partial derivatives of the joint
variables with respect to the EE pose:

a(Tl'

_xT
RG] (2.23)
e ¢/ D(e). (2.24)

2.1.2 Second-order kinematics

The workspace analysis in Chapter[3|and the non-linear self-calibration algorithms in
Chapter[4require second-order kinematic information. Consequently, the Hessians of
the swivel angles o;(¢) and cable lengths [;({) are derived here.

From the analytical Jacobians defined in Egs. (2.21) and {2.22), the partial deriva-
tives of D, &, and §; with respect to the pose { are required. As established in
Eq. (2.16), the matrix D(€) depends on the pose only through the orientation parame-
ters €. Thus, its derivatives with respect to the position components p are zero, while
its derivatives with respect to the Euler angles ¢, 0, and y are:

0D _ |03x3 03x3 O_D_[ngg 03x3] 0D _ |03x3 03x3 (2.25)
0p |03 |7 90 [0 | Gx |03 §H '

For the XYZ Euler parametrization, the partial derivatives of H with respect to ¢, 0,
and y are:

OH 0 0 0 oH 00 - cosQ oH
30 - 0 —sin¢ —cos¢cosl|, 30 - 0 0 singsing |, a—:03X3.
¢ 0 cos¢p —sin¢gcosh 0 0 —cos¢sinf X

(2.26)
Using the chain rule on the first-order analytical Jacobian (2.23), the Hessian of the
i-th swivel angle, 0%0;10% e R8*6  is:

30, 0%, 6
—L=27DEe)+ ) &,
agt 3 j;‘t”"f

aD(]y:)
o’

(2.27)
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Chapter 2. Modeling

Figure 2.3: EE Free-Body Diagram

where {5, ; denotes the j-th component of §;, and D(j,,) denotes the j-th row of D. The
derivation of 0¢ gi /0¢ is detailed in and the term can be expressed as

afgi T 3 1 T -
ac =D EO’;’! EO’,’ = Q_(_Euifai_agifui +Awi)’ (228)
Ui
where the auxiliary matrix Aw; and the vector §,,. are defined as:
AWi B [03><3 ﬁiwi ’ zui - a; xu; : (229)

Here, the symbol () denotes the skew-symmetric matrix used to represent the cross-
product operation.
Similarly, the Hessian of the i-th cable length, 6°1;/8¢{? € R%*%, is computed as:
a1 0] 6 oD(; )
5= — D)+ &, —2,
TS =S
where ¢ i denotes the j-th component of §; . The derivation 0§ lTl,/ 0( is detailed in
and the term can be written as

(2.30)

T
azli _nT¥ Fo_ . T T
E =D flir Eli - (Qu, Sln(il/i)fa,-fgi + ||Pi||€y/,-fu,i +At,') ) (231)
with the orientation-dependent terms defined as:
03x3 03x3 1 n;
A; = rtonl I = . (2.32)
03k At b lp;Il (@] xm;

2.2 Static model

The CDPR static model is obtained from the mechanical equilibrium of the EE (Fig.
2.3). The model is formulated under the assumption that all cables remain taut and
that gravity is the only external force acting on the EE, so that:

8
sxg

where g = [0,0, —mg]T, m is the EE mass, g is the gravitational acceleration, s is the
position vector from P to the center of mass G, and T € R” is the array of cable tensions.
EZT € R®*" is the geometric Jacobian transposed (also often called the structure matrix).

E/r=f with f= : (2.33)
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2.3. Geometric model of deployable CDPRs

Figure 2.4: Geometric model of the i-th cable transmission for deployable CDPRs.
2.3 Geometric model of deployable CDPRs

For deployable architectures, we consider a spatial CDPR with n; = 6 degrees of free-
dom and n cables. The fundamental modeling assumptions remain unchanged: cables
are treated as straight, massless, and inextensible lines. We retain the inertial frame
Oxyz and the mobile frame Px’y’z’ attached to the platform, as well as the pose vector
¢ and the rotation matrix R(€). Consistent with Section the orientation e = [¢ 0 y]”
follows the XY Z Euler Angles convention.

The distinguishing feature of this architecture is the integration of the winches and
pulley transmissions directly into the mobile platform. Consequently, the transmission
geometry is fixed relative to the platform rather than the frame. As in the classical case,
each cable is routed through a swiveling pulley (Fig.[2.4). In the following, quantities
expressed in the mobile frame Px’y’'z" are denoted with a prime (-)’.

For the i-th cable, the entry point D; and the exit point B; are part of the platform
assembly, while the anchor point A; is fixed on the external frame. To describe the
pulley geometry, we introduce a local frame D,-x;. y;z; with unit vectors {i’i,j;,k;} that
are constant in the mobile frame Px'y'z’ (Figs. and[2.5b). Each pulley of radius r;
and center C; is tangent to the local axis z; at D; and swivels about z; by the angle o;.
If the unit vector u} points from D; to C;, and the unit vector w is orthogonal to the
pulley groove plane, then w', = k; x u. The tangency angle y; defines the orientation
of the unit vector n'l., which points from C; to B;. The unit vector t;. along the i-th cable
is given by relation t; = w; x n’. Accordingly, the unit vectors can be described as

u; = coso i} +sino;j, (2.34)
' = —sino;i; + cosoj;, (2.35)
n; = cosy;u; +siny;k, (2.36)
t; = siny;u;’ — cosy K, (2.37)
in the mobile frame, and as
u; =Ru), (2.38)
w; =Rw/, (2.39)
n; =Rn}, (2.40)
t; =Rt; (2.41)
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Chapter 2. Modeling

(a) Swivel pulley local frame. (b) Swivel pulley plane.

Figure 2.5: i-th swivel pulley geometric model

in the inertial frame.

The relative position between P and D; is given by d; = Rd}, where d’, is constant in
the mobile frame. The position of A; in the inertial frame is given by a;. Defining the
vector p; = A; — D;, we have:

o;=a;,—p—-d;. (2.42)

Assuming that the cable remains coplanar with the swivel pulley, the resulting con-
straint is:

wi-0;=0 (2.43)

From the latter, the swivel angle is found through inverse kinematics as:
o; = atan2(j; - 0;,i;- 0,)- (2.44)

Considering the pulley kinematics, the cable vector p; = A;—B; in the inertial frame
is:
p;=0;—ri(u;+n;). (2.45)

Since the cable is tangent to the pulley groove in B;, the resulting geometrical con-
straint is:

Thus, the tangency angle can be computed as:

. \2 2r;
v :2arctan(%+\/(%) +1—l . (2.47)
Qui Qui Qui

where o, = 9;-k; and p,;, = 9, - u;. Finally, the total cable length [; is determined by
the sum of the rectilinear segment and the pulley arc:

Li=lp;l+ri(m—wy;). (2.48)

Itis important to note that the derivations for o; and y; are mathematically equivalent
to those presented for the classical architecture, and thus follow the proofs provided in

Appendices[A.1]and
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2.3. Geometric model of deployable CDPRs

2.3.1 First-order kinematics of deployable CDPRs

The first-order differential kinematics for deployable architectures follow a similar
logic to the classical case, mapping the EE velocity to the rates of change of the joint
variables. The relationship between the EE twist v and the generalized coordinate
derivative  is identical to that defined in Sectionm

v=D(e), (2.49)

where D(€) remains the transformation matrix defined in Eq. (2.16), depending on the
XY Z Euler angle parametrization.

Following the derivations detailed in Appendices and the partial
derivatives of the i-th swivel angle and cable length with respect to the EE pose are
expressed as:

_= D = — 2.
ot ey e <, (250
o~ 41P© &V‘L%¢+nuu+m»xu (251)

In Eq. (2.50), the term (g, + d;) represents the relative vector from the platform origin
P to the fixed anchor point A;. Similarly, in Eq. (2.51), the term (d; + r;(u; + n;)) is the
relative vector from P to the pulley exit point B;. The negative signs in both geometric
Jacobians reflect the fact that, in this architecture, the pulleys move with the platform
toward fixed anchor points.

By stacking these equations for all n cables, we obtain the analytical Jacobians for
the deployable architecture:

& it
oo _ _ o> ol _ _ flg
o =J, ) = 3 D(e), 3 =J;0) = : D(e), (2.52)
o &

These matrices provide the mapping ¢ = J,¢ and 1 = J;¢, which are fundamental for
the state estimation and self-calibration algorithms discussed in Chapter[4]

2.3.2 Second-order kinematics for deployable CDPRs

Similar to the classical case, the second-order kinematics for deployable CDPRs is re-
quired for robust workspace analysis. The derivation follows the same logic as Section
2.1.2, utilizing the derivatives of the analytical Jacobians with respect to the pose .

The derivatives of the transformation matrix D(€) are identical to those provided
in Egs. (2.25)-(2.26), as the orientation parametrization remains unchanged. To deter-
mine the Hessian of the i-th cable length 6%1;/0(> € R%*®, we differentiate Eq.
with respect to the pose:

0D,
o’

oL 9%, :
=D+ ) ¢
j=1

2.53
T (2:59
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Figure 2.6: EE Free-Body Diagram for deployable CDPRs

where ¢, ; denotes the j-th component of §;,. The derivation 6¢ lT,-/ 0¢ is detailed in
and the term can be written as

a'flTi T % ¥ T | o T T T
E:D Sy Eli:Ewifni+smwifal.§wi+(ri+ricoswl-)£gi§ti+Li. (2.54)
where
g o] ] ¢ :[ -W; £ = 03x1 .:[03x3 t;
Mg xmy) T VT g xwi]” TR T [ xwg ]t T T 0303 — 6@, + Q|
(2.55)

2.4 Static model of deployable CDPRs

The CDPR static model is derived from the mechanical equilibrium of the EE (Fig. .
For the purpose of this work, we assume gravity as the only external force acting on the
EE. Under the assumption that all cables remain taut, the static equilibrium of the EE
is given by:

8
sxg

where g = [0,0,—mg] T m is the platform mass, g is the gravitational acceleration, s
is the position vector from P to the center of mass G, and T € R” is the array of cable
tensions. Z7 is the structure matrix, which relates cable tensions to forces and torques
on the EE, and is computed as:

=Tr=f with f= , (2.56)

el =1&,...&, ] (2.57)

If the CPDR is overconstrained (n > ng;), Eq. admits an infinite number of solu-
tions for T. Several algorithms have been proposed for solving Eq. along with
constraints on tension bounds (imposed to avoid cable slackness or breakage) and
with optimization of specific performance indexes [64].

2.5 Workspace analysis

The determination of the set of poses that a manipulator can attain, known as its work-
space (WS), is of primary importance for motion planning [65], geometrical optimiza-

32



2.5. Workspace analysis

tion [17,129,66-68], and the definition of reconfiguration strategies [69-72]. In practi-
cal applications, rather than the entire six-dimensional configuration space, specific
subsets are typically analyzed [3]. For instance, the reachable workspace is the set of
positions that the EE can reach with at least one orientation [73]. Another relevant
subset is the constant-orientation (or translational) workspace, which comprises all
positions reachable by the EE for a given, fixed orientation € [43]. The latter is par-
ticularly relevant for parallel manipulators, which often perform tasks that require a
constant platform attitude.

For CDPRs, workspace analysis focuses on identifying poses that satisfy two pri-
mary criteria: the absence of mechanical interference (cable-to-cable or cable-to-
platform) and wrench feasibility [49}74-79]. Wrench feasibility is the ability of the
robot to balance a prescribed set of external wrenches while maintaining cable ten-
sions within strictly positive and bounded limits. In this work, we focus on static fea-
sibility [49], where the only external wrench considered is the gravitational wrench f
defined in Egs. (2.33) and (2.56).

The set of statically feasible poses is the Wrench-Feasible Workspace (WFW), which
can be formally defined as:

WFW:{C€R6|EIT(C)T:f(C), Tminfrfrmax}» (2.58)

where E;‘F(C) is the transposed geometric Jacobian matrix (often called the structure
matrix) and the symbol < denotes an element-wise inequality. The positive bounds
Tmin and 7,4, are imposed to prevent cable slackness and mechanical failure, respec-
tively. The method for evaluating whether a pose belongs to this set depends funda-
mentally on the robot’s degree of constraint.

2.5.1 Overconstrained CDPRs and the Tension Distribution Problem

In OCDPRs, the number of cables exceeds the EE degrees of freedom (n > ng;), making
the inverse static problem underdetermined. The structure matrix EZT has a non-trivial
null space, which implies that for a given pose, there are infinite tension distributions
T that satisfy equilibrium. A pose is included in the WFW if there exists at least one
vector T such that:

T:Tp+ElTJ‘A, Tmin =T =2 Tmax (2.59)
where T, =&, Tfis the particular solution of the static equilibrium (e.g., the minimum-
norm solution if EI_T is the pseudo inverse of EIT), El” is the matrix spanning the null
space of EZT, and A is a vector of arbitrary coefficients. Determining the feasibility of
a pose is therefore equivalent to solving the Tension Distribution (7D) problem, i.e.,
finding a A that shifts the tensions into the feasible range (7 ,in, T max] While optimiz-
ing a specific performance criterion [34-38,64,/80-86]. In Chapter [3, we investigate
how these distributions can be selected to ensure robustness against modeling and
measurement errors.

2.5.2 Underactuated CDPRs and the Inverse Geometrico-Static
Problem

For UACDPRs (n < ng), the inverse static problem is overdetermined. Therefore, gen-
erally, there is no cable tension array 7 that satisfies the static equilibrium (Eq. (2.33) or
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(2.56)) for an arbitrary given pose §. In this case, the wrench-feasibility problem (2.60)
has to be solved considering the kinematic relations (2.13) (or equivalently (2.48)) and
imposing only a subset of n coordinates of the EE pose:

—EITT +f= 06><1

Tp,—(h-n@E-w))*=0
PPy (h=n-y») 2.60)

prp,—(ln—rar—wy)’ =0

The latter is the so-called Inverse Geometrico-Static Problem (IGSP), whose solution
comprises the cable lengths, cable tensions, and the remaining (n; — n) EE coordi-
nates. In [49], the authors proposed a modified IGSP that always considers the po-
sition as the imposed subset of the EE pose, and the orientation is found so that, at
the equilibrium, a desired tension distribution is achieved, when possible: Following
the approach described in [49], the modified inverse geometrico-static problem con-
sists of determining the cable tensions and the EE orientation for a given EE position
within the workspace, under a fixed tension distribution strategy (such as the barycen-
tric method [87]). This leads to solving, at each point, a system of three nonlinear equa-
tions in three unknowns (namely the EE orientation):

(:1{4:FT_S)g+—1\4r—1r:u)l 031, (2.61)

where E :T R3*7 and =!I € R3*" are the translational and rotational blocks of the struc-
ture matnx E/, 27 € R is any right inverse of 2] and Z+ € R"™*"~% spans the
nullspace of ZT, JL € R""=3*1 g the array derived by the chosen tension distribution

algorithm. Then cable tensions are obtained as:
T=E; Tgy _gl/'l (2.62)
If the tensions satisfy the inequality constraints
Tmin =T = Tmax (2.63)

and the pose is statically stable, then the pose is included in the static workspace. Static
stability is assessed by verifying the positive definiteness of the free-motion stiffness
matrix K [88):

&

K2 =T K+Qz=Et (2.64)

L
f
where E is any left nullspace basis of =
trices K and Q are defined for classic CDPRs as:

K2 i S| T —Ta] i . [03><3 03,3
- 1 = = 1 7 =
= a;T; -—-a;Ta; = 03,3 t;a; |’

=lT € R(G n)xo6 ; =T (-—LT—-

= 0-n)xn) and the ma-

(2.65)

v lwew?  nen?
Ttéllulxnlllwlwi nn; A[ngg 03x3]
A 2 .

u;-(a; —d;) lp;Il’ 03x3 S8

2.5.3 Computational Implementation

When analyzing the constant orientation static WS for OCDPRs or the static WS for
UACDPRs using the modified IGSP, the installation volume is typically discretized into
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2.5. Workspace analysis

a 3D grid of points (voxels), equidistant along the principal axes. Each voxel center
is evaluated for wrench feasibility, creating a point-cloud representation of the work-
space [43}/49]. While boundary exploration algorithms can reduce computational time
by focusing on transitions between feasible and infeasible regions [89-91], voxel-based
discretization remains a robust method for evaluating global performance indices. In
this work, a trade-off between mesh resolution and computational demand is selected
to ensure accurate boundary determination for both OCDPR and UACDPR architec-
tures.

35






Chapter 3

Control-based workspace analysis of
OCDPRs

Motion control of OCDPRs can be obtained through several techniques. Feedback Lin-
earization [39,92], Sliding Mode Control [37,40], Model Inversion with force correc-
tion [93], Model Predictive Control [41,/42}/94], Hybrid Position/Force Control in carte-
sian space [83,/95]. The control input of the aforementioned methods, except [93], is
often the motor torque or the cable tension. These quantities are not always available
as direct low-level inputs, but they require a conversion to motor speed or motor posi-
tion through an additional regulator, which needs additional tuning. Moreover, motor
torque or cable tension are indirect measures that require a model characterization
and calibration, which, in turn, may introduce a non-negligible error.

One effective alternative to limit the error associated with the control input is the
Hybrid Position/Force Control in joint-space (HC) [43,44]. In this method, a number of
cables equal to the EE DoFs are length-controlled, while the remaining cables, corre-
sponding to the degree of redundancy, are force-controlled. The length-controlled ca-
bles are responsible for enforcing the EE pose, while the force-controlled cables man-
age the tension distribution, acting as servo-controlled springs. Indeed, a peculiarity
of this regulator is that the problems of motion control and tension distribution are
decoupled, making its design significantly easier than the alternatives. When HC is
employed, the choice of length- and force-controlled cables is of primary importance
because it influences the motion and TD performances of the robot. Moreover, if the
control strategy, i.e., the combination of length- and force-controlled cables, doesn’t
change during task execution, the robot can be designed with only those sensors that
are necessary for the regulator, thus reducing the hardware costs.

Within the WFW, performance indexes can be evaluated to select the optimal con-
trol strategy that ensures the best results in terms of performance. For example, Zake et
al. in [46] define a Control Stability Workspace to assess the visual servoing controller
stability in the presence of perturbations. Regarding HC, Mattioni et al. [43] used a per-
formance index called force-distribution sensitivity to cable-tension errors to evaluate
the maximum tension error caused on length-controlled cables while force-controlling
the others, and proposed a heuristic method for selecting the optimal combination of
length- and force-controlled cables [45]. However, the force-distribution sensitivity
doesn’t take into account any influence of the cable-length errors on the TD or any
accuracy performance.



Chapter 3. Control-based workspace analysis of OCDPRs

In this chapterf| the HC formulation is presented in Sec. Then, the Wrench-
Feasible Error-Insensitive Workspace (WFEIW), a theoretical tool to evaluate accuracy
performance, and control-error sensitivity in hybrid-controlled OCDPRs, is introduced
(Sec. [3.2). In the WFEIW, user-defined accuracy requirements and cable tensions
within predetermined bounds are guaranteed, accounting for sensor-error expecta-
tions. The WFEIW may be significantly smaller compared to the ideal WFW, thus lim-
iting the actual OCDPR motion capabilities.

The WFEIW is analyzed for several OCDPR architectures to illustrate how design
choices impact the shape and dimensions of the usable workspace. In section[3.3} an
algorithm for optimal control-strategy selection and design optimization based on the
WFEIW analysis is presented. The objective is thus to provide a theoretical tool for
OCDPR design and control optimization based on WFEIW analysis, to potentially ex-
tend the actual range of motion of the EE. In particular, the two objectives of the opti-
mization algorithm in Sec. 3.3|are: (i) the determination of the most suitable combina-
tion of length- and force-controlled cables and (ii) the determination of the platform’s
geometry (namely the relative position of the cable attachment points on the EE) that
maximizes the WFEIW volume. The former problem is a discrete one, as its unknowns
are discrete sets, while the latter is continuous. Since the results of the two optimiza-
tions are interdependent, a nested optimization problem is implemented where ex-
haustive search and gradient-based optimization algorithms are used independently.
Several simulations are conducted on well-known OCDPR architectures as application
examples of the control-strategy and design optimization algorithm.

3.1 Hybrid Control

In hybrid position-force control in the joint space, n, cables are length-controlled,
aiming at regulating the EE pose, and u = n — n; cables are force-controlled, aiming
at managing the TD. Without loss of generality, we assume that the first n; cables are
length-controlled and the last u cables are force-controlled. Accordingly, the tension
array and the structure matrix can be partitioned as:

Td
Tc

[1]

T =

,  Ej=[Eq E] (3.1)
where 7. € R is the tension array of force-controlled cables, T ; € R" is the tension ar-
ray of length-controlled cables, and E; € R"¢*"d and E, € R"** are the corresponding
blocks of the structure matrix.

Recalling Eq. (2.59), for HC, to decouple the contribution of length- and force-

controlled cables, a specific choice of the inverse and nullspace is adopted:

_=-T¢, =TL
T=5, +E5, 7, (3.2)
where: .
=T _ | =a =Tl _ | 7T=g =c
Ene = o v B = g (3.3)
uxng uxp

with 0,xp, and I;x, being ux ngz and p x p null and identity matrices. This formulation
ensures that regardless of the adopted TD algorithm, T can be regulated by only con-
trolling the tension of u cables, T, while using n,; cables to regulate the EE pose [43].

!The content of this chapter is partially based on [47}/48] submitted to Springer Proceedings in Ad-
vanced Robotics and Mechanism and Machine Theory.
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3.2. Wrench-Feasible Error-Insensitive Workspace

Moreover, expressing the nullspace basis E}le as in Eq. allows to obtain a lin-
ear dependency of the overall tension distribution 7 on the tension of force-controlled
cables T.. Thanks to Egs. (3.1), and (3.3), the relation between length- and force-
controlled cables is:

1=, f-E.7,) (3.4)

3.2 Wrench-Feasible Error-Insensitive Workspace

One of the primary goals in robot motion control is achieving accurate position and
orientation of the EE. Accuracy can be evaluated through kinematic sensitivities, by
analyzing how the EE-pose errors are affected by actuator displacement errors. In [96],
orientational and positional sensitivities to errors in joint variables are best evaluated
through a mixed-norm approach (infinity and 2-norm). However, in this work, the
classical kinematic indices proposed in [97] are adopted, because they retain physical
meaning and require less computational effort. Indeed, the infinity norm is sufficient
to determine the upper bounds of the kinematic indices, since it represents the worst-
case sensitivity.

From Sec. the kinematic relation between the infinitesimal variation of cable
lengths and the infinitesimal variation of the EE pose can be expressed as dl = Jd¢.
Using the same partition of the tension array shown in Eq. (3.1), the cable length array
1 and the analytical jacobian J can be expressed as:

Ja
S 3.5)
1

where 1; € R and 1. € R* denote the length-controlled and force-controlled cable
lengths, respectively, with J; € R"*" and J, € R"4*#, As long as cables are inexten-
sible, force-controlled cables are not used for EE pose control, and thus their lengths
1. do not influence the pose variation. Therefore, the EE-pose only depends on the
lengths 1; of length-controlled cables, allowing the infinity-norm displacement sensi-

1y

1= I,

tivity afgld and rotational sensitivity ag’old to cable-length unit errors to be defined as:

Yl )
o2 max |dpllee 0292 max [dello (3.6)

ldlglleo=1 ldlglleo=1

The use of the infinity norm to limit the actuator displacements is appropriate, since
the elements of the array [|dl; || are independent from each other and the infinity norm
allows each of them to be comprised within +1 [98]. The use of the infinity norm to
evaluate the magnitude of the positional and orientational errors dp and de is, instead,
questionable, since the components of these vectors are not independent, and the use
of the 2-norm would be better motivated, as shown in [96]. However, in this work,
the classical kinematic indices proposed in [97], making use of infinity norms only, are
adopted, because they retain physical meaning and require less computational effort.
Indeed, the infinity norm is sufficient to determine the upper bounds of the kinematic
indices, since it represents the worst-case sensitivity.

The sensitivities in Eq. can be computed by solving the following linear pro-
gramming problems [97]:

pla T
0% ¢ = max [maxe; d s.t. Lgdg—12,,x1 <025« 3.7
=123\ dg ¢ ¢ dd¢ —12pn,x1 = O2p,x1 (3.7)
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Chapter 3. Control-based workspace analysis of OCDPRs

agd = max maxerC s.t. Lgd8—15,,x1 < 025,x1 (3.8
i=4,56\ d¢

where e; € R" is an array composed of zeros except for the i-th element that is equal
to 1, 15,,x1 is an array of size 2n, in which all elements are equal to 1, 03,,x1 is an array
of size 2n, in which all elements are equal to 0, and Ly = (J4 —J4l7.

After pose accuracy, cable-tension management is the second relevant problem to
be addressed in OCDPRs. Evaluating the TD sensitivity to actuator errors when HC
is employed is an effective analysis and synthesis tool for control optimization. The
TD sensitivity to tension unit errors in force-controlled cables, olt¢, was introduced
in [43], while the TD sensitivity to cable-length unit errors aool , was introduced in [49]:

max [drllee 0292 max [dtlle (3.9)

”ch”oo:l ” ld"oo:1

T,T¢ &
o=

From Eq.(3.2), the TD sensitivity to tension errors can be computed as:

=12} lloo (3.10)

—_— oT
DTe = | —

C lloo

Since T, does not depend on 1; the TD sensitivity to cable-length errors can be com-
ot 0ty

puted as:
al oo:‘ al,

Using the chain rule to explicit the pose dependency, the derivative of Eq. (3.11)
becomes:

olla = ‘ (3.11)

(e o]

a‘l'd _ a‘l'd 6{

= 3.12
ol; 0¢ odly (5.12)
Considering the partitions of Eq. (3.5), the first order kinematics I = J;{ can be ex-
pressed as:
aly T
ot 0
_C (3.13)
ol IT ot
ot
The upper block of Eq. (3.13), namely
olg __r0¢
3.14
ot 4ot (514
allows the second derivative in the right-hand side of Eq. to be expressed as:
[
= 3.15
Old =J, d (3.15)

where the square matrix J; € R"¢*" is assumed to be non-singular. The first derivative
in the right-hand side of Eq. (3.12) can be expanded from Eq. (3.4) as:

0ta 0%, . 0f 0%

ac  or UdarT o

in which the term %Tc" was omitted because the tension in force-controlled cables is an

(3.16)

independent variable. Exploiting the relation 6‘3 =-A"! g—gA_l in which A and q are a
generic invertible matrix and a generic vector, (3.16) can be written as:
aTd _la—-d -1 -1 af -1 a—nd -1 _16—'6
—_— = Ef+E +E  —E BT, -2 3.17
0 C =d 0 C da d a C d 0 C d —c*¢c d 0 C ( )
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3.2. Wrench-Feasible Error-Insensitive Workspace

and thus, by collectin d

= =y =, 1= STt - Tc— =3
o ¢ T4 azd”accac

The first two terms in the parenthesis of Eq. (3.18) can be collected through Eq. (3.4) in
a single term, obtaining:

(3.18)

- = P -— 3.19
o EI AT 19
Substituting Egs. and in yields:

—t= gl — 3.20
Al 3¢ T* g T o) 420
dsince =L = [%4 %) andr=[7 7]", Eq. @20) can be finall das:
and since 6( = [ T ] and T = [‘rd .|, Eq. can be finally expressed as:

0Ty 0:{ of\ .
4 _ _=- - 3.21
oly ( o "ot ) @21

=T
where 6(3;;’1' and g—g can be computed as follow
02 & 0&,  Of [033 O
I l; 3x3 3x3
T= T;,—, — = D 3.22
0 ; Lo 0 |03x3 mgs] 5.22)
which yields

7,1 1 ':lT of T
d=-E7 p 3.23
o= G, >

Equation shows that the TD sensitivity to cable-length errors depends on T,
and thus on 7. This implies that Uf,g,ld depends not only on the EE pose, like common
accuracy performance indices, but also on the specific choice of the TD algorithm used
to compute T.. This result poses a problem, since workspace analysis should ideally
be independent of any specific TD algorithm. This issue is addressed in the following

Section

3.2.1 WFEIW Analysis

The following workspace analysis is performed on the translational workspace to allow
a better visualization and interpretation of the obtained results. However, the analysis
method and the workspace optimization introduced in Sec. can be generally ap-
plied to any set of configurations reachable by the EE. The robot installation volume is
discretized in a grid of points, assuming a constant EE orientation, and checking every
point for inclusion in the workspace under consideration. The wrench feasibility con-
dition can be verified by checking the existence of a convex polygon bounded by the
inequalities in the controlled-tension space, as demonstrated in [43] by using
the algorithm of Guttefarde et al. [36]. Additionally, cable-collision algorithms [78] can
be used to prune geometrically unfeasible configurations.

2The full demonstration of these expressions can be found in Egs. (33) and (39) of [88].
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Chapter 3. Control-based workspace analysis of OCDPRs

Then, poses within the WFW that are sensitive to tension variations due to control
or sensor errors can be identified and called Tension Sensitive (TS) poses. When HC is
used, tension errors result from both cable-length errors Al; and tension errors At,.
These errors can be incorporated into the constraints of Equation (2.59), by performing
its Taylor expansion:

0 a‘l’d
ol OTC
Tmln 5TC+AT65TWZGX (3.25)

The term g%’: can be computed from Eq. (3.4) as:

——
==
d

Ze 3.26
oz, (3.26)

Substituting Egs. (3.20) and (3.26), the Taylor expansion of T; becomes:

0ty oty _1(0Za
+ AN+ DA = vy -2 (ol m
Tat5r, YT 5y, AT T AT =a ( oc —d
0Z4 _ 1., 0=, -T =—1m

The terms in the right-hand side of Eq. (3.27) that do not depend on 7. can be collected
into the array At,:

41(0E4 __ of
AT, Aly,AT,) = -2 1( acd:dlf_ aC)JdTAld—_d =.AT, (3.28)
so that Eq. can be expressed as:
0‘[ ot T4 =1 0.:.(1__1__ 0=, -T
Td+EAld OTCATC_Td+ATe E, ( o E, _CT0+YTC J, Al (3.29)

._T _ _
0E; O0Z.

Considering that a C = [ % ot ] and using the definition of matrix = ”Tl in Eq. (3.3),
Eq. (3.29) becomes:

O‘td Ord :lT =Tl _ 1-T

Taking the last term of Eq. (3.30) and using the properties of the tensor product, we can
define a matrix B that depends only on the EE pose, obtaining a linear relation on 7,
through the following passages:

-16_1T TL_ T -1 aET TL -T
-2 oC Epe Ty Mla=-E," (X =& i |l Ala=

N

i=1 6(
ERSRUIRL a‘ET =7 -T
=-E, ZZ 57, S Tl Ala); =

]:
3¢, (3.31)
¥e —L 0, ALy (B T =

Il
|
]
W M
|| Mg ||

::B(ZrAld)TC
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3.2. Wrench-Feasible Error-Insensitive Workspace

where (-); and (-); denote, respectively, the i-th and the j-th element of the vector in
parentheses.

Substituting Eq. (3.31) in Eq. (3.30), gives:
aTd ard

+ —Al; +
Tt 51, " b,

AT, =T+ AT ({,Al;,ATty) + B, Al T, (3.32)

By taking advantage of the previous manipulations, the disequalities (3.24) take the
form:

where: o= o
=—1[9=d -1 -T —_T
ET
B, Alg) = ~E,' — Zl )ALl (3.35)

Here, the error vectors Al; and At represent the sensor uncertainty or the control
errors with their largest values being At ; = +67 for i = 1,...,u where Al; j = £61 for
j=1,...,n4,and 61 and o7 are the sensor or control errors on cable lengths or tensions
respectively. Equations and are linear with respect to T, thus traditional
algorithms for wrench feasibility can be used to verify the feasibility of a generic pose
¢, and compute a feasible TD [33]. In fact, substituting Eq. in Egs. (3.25) and (3.33)
results in:

AT,
AT,

=TL

+ “hc

Tmin = Echf"' + )Tc = Tmax (3.36)

Opuxp
where T,,;, € R" and 7,4 € R" are vectors in which all elements are equal to the min-
imum and the maximum tension limit, respectively. Isolating the term dependent on
7. in Eq. (3.36), and explicitly highlighting the dependency from Al; and At we have:

< (EgcL +
(3.37)

There are 2" possible combinations of elements in vectors Al; and At ., emerging from
the choice of the + or — sign in each element. Every combination must be considered,
and if any one of them results in an infeasible solution, the pose is considered 7S. The
WFW without the TS region is called the Tension Error-Insensitive (TEI) Workspace.

We can also consider the effect of control or sensor errors on the positioning and
orientation accuracy. The kinematic sensitivities introduced in Sec. (3.7), and (3.8),
quantify the impact of control input or joint-variable measurement errors on the EE
pose. When sensitivities are large, even slight variations in control inputs can result in
significant deviations from the desired EE pose. Thus, to ensure precision within the
WFW, upper limits on kinematic sensitivities can be imposed in the form:

ATe(Ald, Arc)
AT,

B(Aly)
0puxp

ATe(Ald, Arc)

=Tg¢
t AT,

Tmin —=pc

=—T
)TC S Tmax_:hc f_

Bl Bl 6l )
Ox < Uoo,dmax’ 0o’ < Ocomax (3.38)

where af,’;,’f;mx and ai’cff”max denote the maximum allowable sensitivities. Their value
can be decided according to task requirement, robot hardware, control responsive-
ness, and desired precision. If a pose within the TEI workspace does not satisfy the
constraints set in Eq. (3.38), the pose is considered Kinematic Sensitive (KS), and the

desired accuracy is not ensured. The TEI workspace without the KS region is called
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Chapter 3. Control-based workspace analysis of OCDPRs

Wrench-Feasible Error-Insensitive (WFEI) workspace (or WFEIW). When a hybrid con-
troller is employed for motion regulation within the WFEI workspace, the wrench fea-
sibility is expected to remain unaffected by cable-tension and cable-length errors. Fur-
thermore, user-defined kinematic accuracy requirements are likely to be met through-
out this region.

3.2.2 Application examples

As application examples of the workspace analysis tool developed in Section [3.2.1]
three 8-cable OCDPR architectures are considered: the IPAnema 3 (developed by the
Fraunhofer Institute for Manufacturing and Automation) represented in Fig. , the
HRP - Cable Robot (a prototype at LIRMM, CNRS - University of Montpellier) repre-
sented in Fig and the IRMA-8 deployable prototype (IRMAL@B - University of
Bologna) shown in Fig. (3.3). The geometric parameters for the IPAnema 3, HRP,
and IRMA-8 are reported in Tables (3.I), (3.2), and respectively. The degree of
redundancy for these robots is u = 2, yielding 28 possible combinations of length- and
force-controlled cables [43]. All possible combinations were analyzed to assess how
the shape and volume of the WFEI workspace vary with different control combinations
and robot architectures.

In the following, only a part of the full analysis is presented to focus on the most
relevant features and results.

2.4
z[m]o.0
2.4
7.2 124 :
3.6 N A3
0.0 > ) : Y [mm] 0 <0 200 400
y[m] 363 04 02 X[m] -900-400-200 X [mm)]
(a) Robot layout (b) Close-up view of the mobile plat-
form
Figure 3.1: IPAnema 3 OCDPR
300+

Ds Z[mm] 04 ‘
-1504 47
300, A

A6
: . 2.5 , -150 -150
ylm] 21 250 X[m] Y [mm] ~72300-300 " X [mm)

(a) Robot layout (b) Close-up view of the mobile plat-
form

Z[m] 1.6

Figure 3.2: HRP OCDPR
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2.1
1.4
200_
0.7
100
Z[m] 0.0 { )
Z[mm] 0
0.7
-100]
144 :
-200
914 16 200 \D" Ds
0.4 = 0.8 0.0 o [mm] 0 200 400
0.0 4 L6 Ymm] > - 0
ylm] 0424 X[m] 200 =400  -200 X [mm]
(a) Robot layout (b) Close-up view of the mobile plat-
form
Figure 3.3: IRMA-8 deployable OCDPR
i 1 2 3 4 5 6 7 8
8.500 [ 8.500 1 [-8.500] [-8.500] 8.500 [ 8.500 1 [-8.500] [-8.500]
d; [m] [6.000 —6.000 -6.000 6.000 6.000 —-6.000 -6.000 6.000
2.250] [ 2250 ] | 2250 ] | 2.250 | |-2.250] |-2.250] [-2.250] [-2.250]
0.113 [ 0.113 ] [-0.113] [-0.113] 0.113 [ 0.113 ] [-0.113] [-0.113]
a'l. [m] | 0.750 —-0.750 —-0.750 0.750 0.750 —0.750 —-0.750 0.750
-0.250] |-0.250] |-0.250] |-0.250] |0.250] | 0.250 | [ 0.250 | | 0.250 |
Table 3.1: Geometrical parameters of the [IPAnema 3 OCDPR
i 1 2 3 4 5 6 7 8
[-4.195] [—-3.853] [—3.783] [—4.097] 4.102 3.787 [ 3.772 ] 4.083
d; [m] [-1.776 -1.329 1.363 1.809 1.782 1.332 —-1.340 —-1.789
| 3.014 | [ 0243 ] | 0.244 | | 3.015 | [3.021 0.248] | 0.249 | | 3.019
[—0.249] [-0.248] [-0.249] [-0.191] 0.248 0.189 [ 0.250 | 0.248
a’l. [m] | 0.202 0.202 —-0.202 -0.274 -0.202 -0.275 0.202 0.202
| 0.129 | [-0.211] |-0.288] | 0.223 | | 0.211 | |-0.299] [-0.209] [0.129
Table 3.2: Geometrical parameters of the HRP OCDPR
i 1 2 3 4 5 6 7 8
[ 2.294 ] 2.284 [—2.284] [-2.294] 2.398 [ 2.398 1 [-2.398] [—-2.398]
a; (m] |0.3325 -0.377 -0.377 0.332 0.377 —0.332 -0.332 0.377
|-1.898] [-1.898] |-1.898] |-1.898] |1.794] | 1.784 | | 1.784 | [ 1.794 |
[ 0.302 ] 0.262 [—0.262] [-0.302] 0.245 [ 0.245 1 [-0.245] [-0.245]
d;. [m] [-0.134 0.127 0.127 -0.134 -0.097 0.138 0.138 -0.097
| 0.180 | [0.138] | 0.138 ] | 0.180 | |-0.078] |-0.188] [-0.188] [-0.078]

Table 3.3: Geometrical parameters of the IRMA-8 deployable OCDPR

The values of 67 and 61 should be selected based on multiple factors, including
sensor uncertainties, dynamic response, external disturbances, and unmodeled ef-
fects. Practical engineering values may fall within the ranges 67 = 1% + 5%7 ;4 and
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Chapter 3. Control-based workspace analysis of OCDPRs

01 =0.1% + 1%l,,,4x, Where T4, represents the maximum cable tension and /,,,,, the
maximum cable length of the prototype under analysis.
The following parameters were used as an example:

® T,in=50N and 7,,,, = 2000 N as tension bounds;
* 57 =20 N as loadcell uncertainty, assumed to be 1% of 7 ,,4;

e 51 = 10 mm, as cable-length error, assumed to be 1% of the maximum cable
length of the robots under consideration;

) 1 . . e 3
. afoy;’lmx = 5 mm/mm and 0g,%,,; = 0.5 o/m as kinematic sensitivity lim-

its, set as minimum precision requirements for both robots (corresponding to
1dp,,4xllco = 50 mm and ||d€4xllc0 = 5° according to Eq.(3.6) and the previous
0l value).

The installation volume was discretized into 8000 points, with the x, y, and z in-
stallation dimensions divided into 19 equidistant segments. The EE orientation was
held constant at e’ = [0 0 0] rad. The inertial parameters were taken from [43] for the
IPAnema 3, with the platform having a mass of m = 50 Kg and a center of mass located
ats'T = [000] m, and from [45] for the HRP Cable Robot, with the platform having a
mass of m =23 Kgands'” =[000] m.

Figures from to show the results for two force- and length-controlled ca-
ble combinations for each OCDPR architecture. In these figures, cake diagrams illus-
trate the ratio between the installation space and various WFW sub-regions. The Not-
Wrench-Feasible (NWF) workspace is not shaded. It is evident that the configuration
and dimensions of the WFEI workspace change significantly when different combina-
tions of length- and force-controlled cables are employed.

Regarding IPAnema 3, selecting cables 4 and 6 for force control nearly doubles the
volume of the WFEI workspace compared to using cables 1 and 2. This substantial in-
crease is due to differences in the kinematic accuracy achieved in each configuration.
Specifically, the Kinematic Sensitive (KS) region in Figure is more than double
than in Figure (3.5), highlighting that force-controlling cables 1 and 2 does not meet
the desired kinematic accuracy as effectively as controlling cables 4 and 6. Meanwhile,
the Tension Sensitive (7S) workspace remains relatively stable between the two config-
urations, indicating that this region is less affected by the selection of force-controlled
cables.

Figures and show results for two force- and length-control configurations
of the HRP - Cable Robot. In the first configuration (Figure[3.6), cables 2 and 8 are force-
controlled, while in the second one (Figure , cables 2 and 7 are force-controlled.
For the HRP robot, force-controlling cables 2 and 7 is the more advantageous config-
uration. In Figure (3.6a), the TS workspace occupies 12% more of the volume than in
Figure (3.7a). This difference suggests that using cables 2 and 7 for force control min-
imizes the TS region. Another critical observation in Figure is the division of
the WFEI workspace into two distinct regions. To improve the visualization of these
WEFEI isolated regions, cross-sectional views at y = —1.04m, y = —0.40m, y = 0.25m,
and y = 0.90m are provided in Fig. To transition between these regions, the EE
must pass through a TS region where slackening of cables may occur due to tension

3The limit on the maximum absolute value of an orientation variation has a physical meaning only
assuming small rotations, as pointed out in [96].
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3.2. Wrench-Feasible Error-Insensitive Workspace

control errors, potentially leading to loss of positioning accuracy. Hence, a configura-
tion with cables 2 and 8 under force control is less desirable. Conversely, as seen in
Figure (3.7a), cables 2 and 7 maintain a continuous WFEI region, avoiding such issues
and providing a safer and more robust workspace for task execution.

Finally, the workspace analysis for the IRMA-8 deployable prototype is shown in
Figures and . Similar to the previous architectures, the choice of force-
controlled cables significantly impacts the distribution of sub-regions within the in-
stallation space. When cables 1 and 2 are selected for force control (Figure , the
WFEI workspace is notably restricted, accounting for only 10% of the analyzed vol-
ume. In this configuration, a small portion of the workspace is categorized as Tension
Sensitive at 10%, and Kinematic Sensitive at 28%, suggesting that this combination is
particularly susceptible to both kinematic inaccuracies. In contrast, force-controlling
cables 2 and 3 (Figure represents the optimal combination for the IRMA-8. This
selection expands the WFEI workspace to 22% of the total volume. This improvement
is primarily driven by a sharp reduction in kinematic sensitivity; the KS region drops
from 28% to just 17%. While the TS region has a slight reduction to 9% in this config-
uration, the overall gain in the high-precision WFEI zone makes this combination the
most effective for ensuring reliable robot performance across the largest possible area.

Figures (3.5), (3.7), and represent the overall optimal cable-control combina-
tions that yield the maximum WFEI workspace volume for each robot. Selecting ca-
bles 4 and 6 for the IPAnema 3, cables 2 and 7 for the HRP robot, and cables 2 and 3
for the IRMA-8 maximize the WFEI workspace relative to installation space. Assum-
ing that all robots use identical sensors and actuators and thus share similar control
errors and kinematic sensitivity limits, the IPAnema 3, despite having a smaller WFW
to installation-space ratio compared to the HRP Cable Robot, achieves a larger WFEIW
to installation-space ratio when a HC is applied.

24%

[ NWF | 40%
s

kS
W VVFEL

0 A 30%
y[m] 36, o4 02 X[m] 6%

(a) Discretized workspace representation (b) Analysis of the workspace
volume

Figure 3.4: IPAnema 3 Workspace with 1-2 as force-controlled cables

E%VF 40% 44%
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B WFED
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(a) Discretized workspace representation (b) Analysis of the workspace
volume

Figure 3.5: IPAnema 3 Workspace with 4-6 as force-controlled cables
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Figure 3.6: HRP Workspace with 2-8 as force-controlled cables

3.3
2.5
35% 20%
Z[m] 1.6 [ JNWF
0.8 s
' [CKS
-0.1 B VFET
2.1 .
: S 17%
ylm] 21 50 %P X[m] 19%
(a) Discretized workspace representation (b) Analysis of the workspace
volume

Figure 3.7: HRP Workspace with 2-7 as force-controlled cables
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Figure 3.8: IRMA-8 Workspace with 1-2 as force-controlled cables
3.3 Design Optimization algorithm
The workspace analysis presented in Section[3.2]can be used in the design phase of the
robot EE to maximize the usable workspace for a given installation space. Since the

force- and length-controlled cable combination c¢ strongly influences the WFEI work-
space, it can be included in the optimization problem as an unknown variable to be
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Figure 3.9: IRMA-8 Workspace with 2-3 as force-controlled cables
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Figure 3.10: HRP Workspace with 2-8 as force-controlled cables. Cross sections in x-z
planes at y = —1.04m, y = —0.40m, y = 0.25m, y = 0.90m.

determined. Therefore, the unknown variables of the design optimization problem
are:

a eR3 with i=1,...,n
! (3.39)

cell,...,28], with ceN,
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The cost function f (X, ¢) is the ratio of the WFEIW volume Vi rgw to the installation

space volume V;;:

f(X, c) = M (3.40)
Vinst

where X = [a’lT, ety a’nT] T and Vj,s; is defined by the convex interpolation of the frame

anchor points B;. While Viyrgrw could serve directly as the cost function, using the
ratio in Eq. ensures a physically meaningful metric that remains independent
of the robot specific architecture. Maximizing the objective function allows the
manipulation of the robot in a bigger region in which the accuracy performance re-
quirements are met, and wrench feasibility is ensured even in the presence of control
errors. Considering all variables in Eq. in a single optimization results in a com-
bined continuousﬂ and discrete problem that cannot be solved by a classical gradient-
based optimizer, and it is challenging even for population-based optimizers (such as
genetic algorithms). For this reason, a nested optimization algorithm was developed
that divides optimization into two steps. The algorithm structure is represented in Fig.
(3.11), and its steps are detailed as follows:

1. the first step consists in determining the best combination of length- and force-
controlled cables c,;4, computing the WFEI workspace volume for all discrete
values of ¢ and maintaining the geometric parameters X, of the initial architec-
ture constant;

2. secondly, imposing boundary constraints on the values of X, the following opti-
mization problem is solved by using a gradient-based solver:

m)?xf(X, Coid) St Xp=X=Xy,p 3.41)

: — 1T 1T T —

where the boundary constraints Xj;; = [al,mm,...,anymin] and X, =
(@), 4+ @ max] " are chosen as the robot footprint limits and are reported

in Table for the [PAnema 3. The solution of problem (3.41) is stored in the
variable X,,.,;

3. the third step consists in repeating the exhaustive search of the best value of ¢
with the new platform architecture X;,¢;,. If the new combination ¢y, is equal
to the cable combination found with the older platform geometry c,;4, the algo-
rithm terminates; otherwise, the ¢ value is updated, and the algorithm returns to
the second step.

While alternatives such as a mixed-integer genetic algorithm GA or iterative opti-
mization of c after each gradient-based step could be considered, the nested approach
provides a more tailored solution to the problem’s characteristics. A mixed-integer GA
allows simultaneous optimization of continuous variables (X) and discrete variables
(c), which can explore large search spaces. However, the exhaustive computation of the
fitness function during GA iterations would significantly increase the computational
overhead, especially since evaluating the workspace volume is resource-intensive.

Alternatively, iterative optimization of ¢ at every gradient-based step would par-
tially address the coupling of variables but could lead to inefficient convergence due

4in this study, the optimization variables (representing geometric parameters) are considered as con-
tinuous values.

50



3.3. Design Optimization algorithm

Load initial
geometric
param. Xy

Set a) boundary,
constraints

Initialize iteration
number n; = 0

A
Outer I

}

) optimization |
Yes

%}% |
A,

f Set X = XO ; f Set X = Xnew ;

Y 1
Find c,q = max f(X, ¢) Find ¢pe= max f(X, ¢)

through exaustive search through exaustive search

I End
|
|
|
:
|
s i ...................................... |
: Inner L
i Find X, e = max f(X,coq)| optimizationi |
E with cyq = const. : :
i | through continuous solver il
! H
I l_ ..................................... 0
:
|
Y X ™ ™ |
Figure 3.11: Nested optimization algorithm
i 1 2 3 4 5 6 7 8
[ 0.03 ] [ 0.03] [-0.10] [-0.10] [0.05] [ 0.05 ] [-0.13] [-0.13]
a’l. min [m] | 0.32 -0.97 -0.97 0.32 0.37 -1.12 -1.12 0.37
| —-0.40f [-0.40f [-0.40f [-0.40f [0.13f [ 0.13 | [ 0.13 | | 0.13 |
[ 0.09 ] [ 0.09] [-0.04] [-0.04] [0.14] [ 0.14 ] [-0.04] [-0.04]
a;. max [m] | 0.97 -0.33 -0.33 0.97 1.12 -0.37 -0.37 1.12
| -0.13f [-0.13f] [-0.13f] [-0.13] [0.40f [ 0.40 | [ 0.40 | | 0.40 |

Table 3.4: Boundary constraints on the [PAnema 3 platform geometry

to repeated recalculations of ¢ without significant progress. In contrast, the proposed
nested algorithm leverages the manageable size of the discrete search space for c, al-
lowing for a deterministic and computationally efficient exhaustive search in the dis-
crete domain. By decoupling ¢ and X, the algorithm may be more robust and aligned
with the nature of the cost function for small perturbations in X. Thus, the nested al-

51



Chapter 3. Control-based workspace analysis of OCDPRs

gorithm balances computational efficiency and optimization accuracy.

As an application example of the design optimization, the algorithm was applied
to the IPAnema 3 architecture since it demonstrated a greater WFEIW -to-installation
space ratio than the HRP when considering the best control scheme in the analysis of
Section 3.2.1] For this reason, the IPAnema 3 design was considered a better starting
point for the nested optimization algorithm. Additionally, to evaluate the impact of
force control errors on the design and control optimization outcomes, the IPAnema
3 architecture was optimized both in the case 67 = 1%7,,4, and in the worst-case
8T = 5%T max (see Sec. [3.2.2). The MATLAB function fmincon, with an interior-point
method, was used to solve the nonlinear optimization problem of the second step.
The volume cost function f(X,c) was computed using the MATLAB boundary func-
tion, which creates an alpha shape [99] from the point cloud belonging to the WFEI
workspace.

The initial platform architecture is the one represented in Fig. and detailed
in Tab. Using 67 = 1%7 4%, the combination of length- and force-controlled ca-
bles that maximizes f (X, ¢) with the starting geometry is ¢ = 20, which corresponds to
cables 4 and 6 to be force-controlled, as highlighted in Section After three it-
erations, the optimization algorithm converged into the platform geometry shown in
Figure and detailed in Tab. in which the resulting optimal combination of
force-controlled cables is 2-8. The corresponding is shown in Fig. which, com-
pared to the one obtained with the initial geometry and control-scheme represented
in Fig. is increased by 17% of the installation space.

With 61 = 5%T 4y, the initial optimal force-controlled cable combination changes
to ¢ = 6, corresponding to cables 1 and 7. As expected, the increased control error leads
to a slightly reduced initial WFEIW, as shown in Fig. compared to the previous
case in Fig. After applying the design and control optimization, the optimal force-
controlled cable combination remains ¢ = 6, and the final WFEIW increases by 12%
(Fig. 3.15b). The design optimization results are represented in Fig. and detailed
in Tab. Therefore, in this case, higher force errors influence the optimal selection
of length- and force-controlled cables and result in a lower workspace improvement
after optimization.

The design optimization algorithm was executed on a PC equipped with a 13th-
generation Intel i7 processor and 32 GB of RAM. The total computation time from Start
to End of the nested optimization algorithm represented in Fig. [3.11] was 34.6 hours,
with an average of 14.9 minutes per single workspace computation. To reduce compu-
tation time, the optimization workload was distributed across 14 cores.
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Figure 3.13: [IPAnema 3 platform design optimization with 67 = 1%7 ;4
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Chapter 4

Inital-Pose Self-Calibration methods for
CDPRs

This chapter presents the core research of this thesis, focusing on the problem of
initial-pose self—calibratiorﬂ The operational accuracy of a CDPR in real-world sce-
narios is strictly bounded by the precision of its state estimation. As highlighted in
the introductory section |1, CDPRs often rely on relative internal sensors, such as in-
cremental rotary encoders, which only measure variations from an unknown starting
configuration. Consequently, at every system startup, the absolute reference values of
these sensors, and by extension the initial and subsequent poses of the EE, are un-
known [56+59,/62,/100,/101].

The challenge of determining these reference values without relying on expen-
sive or impractical external measurement systems (e.g., laser trackers or motion cap-
ture [55,/102]) defines the field of self-calibration. This procedure is particularly criti-
cal for large-scale and reconfigurable systems, where geometric parameters may shift
after installation or relocation [103]. By leveraging the robot’s onboard sensors, self-
calibration provides a cost-effective and rapid setup procedure, essential for the usage
of CDPRs in industrial and on-field applications.

The research presented in this chapter addresses the limitations of existing state-
of-the-art methods, which suffer from long data-acquisition times [62], or lack a sys-
tematic framework for self-calibration parameter selection. The contributions detailed
hereafter span from the development of rapid, automated data-acquisition strategies
for underactuated architectures to a comprehensive Monte Carlo analysis of the al-
gorithmic parameters with the objective of ensuring optimal convergence and accu-
racy of the solution. Finally, this chapter introduces novel online self-calibration tech-
niques, representing the latest advancement in acquiring the immediate operational
readiness and precision of CDPRs.

The following sections are organized as follows.

Section[4.1] provides a generic formulation of the initial-pose self-calibration prob-
lem. It defines the mathematical structure of the Nonlinear Weighted Least-Squares
(NWLS) optimization, where the residuals between measured and modeled quantities
are minimized to estimate the unknown initial state.

Section focuses on the practical challenges of data acquisition for UACDPRs.
Motion control of these systems, when a rough estimate of the initial pose is available,

1The content of this chapter is partially based on [5260|61] submitted to Robotica, Advances in Service
and Industrial Robotics and Advances in Italian Mechanism Science.
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doesn’t address the problem of residual oscillations given by the free motion, and tradi-
tional methods require long waiting times for passive damping. This section presents
novel rapid manual and fully automated techniques that utilize low-level tension con-
trol and sensor fusion to reduce the time required for data acquisition and the overall
calibration.

Section[4.3|offers a systematic evaluation of the key parameters influencing calibra-
tion performance. Building on a preliminary comparative study of deployable archi-
tectures and an extensive Monte Carlo simulation campaign, this section analyzes the
impact of the number of measurement poses, the choice of the sensor set (including
motor encoders, swivel encoders and AHRS), and the robustness of various non-linear
solvers (such as Levenberg-Marquardt and Trust-Region Newton methods using the
real Hessian).

Section[4.4)introduces novel online initial-pose self-calibration techniques. By uti-
lizing Recursive Least Squares (RLS) and Kalman filtering, these methods move beyond
traditional offline batch processing and online nested approaches [59], allowing for a
more streamlined and adaptive startup procedure.

4.1 The initial-pose self-calibration problem

In this section, a generic formulation of the initial-pose self-calibration problem is es-
tablished. All geometric parameters of the CDPR, sensor calibration parameters, and
inertial quantities are assumed to be known and constant throughout the procedure.

Let ¢, € R® denote the unknown initial EE pose, and let {; (k = 1,...,N) denote
a sequence of poses attained by the EE after the initial pose, and where sensor data
is recorded. Since no external sensing is available, the poses {; cannot be directly
measured and must be estimated together with the initial pose {; as a byproduct of
the self-calibration. To reduce the impact of measurement noise and increase observ-
ability, the number of measurement poses N has to be sufficiently large to obtain an
overdetermined system of equations [61]. Lety,.({;) € R™ denote the array of modelled
values of the m physical quantities associated with the sensor measurements at pose
¢« (e.g., nominal cable lengths, swivel angles, and orientation components). Measured
quantities are denoted by the superscript (-)*. Measurement noise is represented by
vy € R™ and is assumed to be independent of the EE pose, zero-mean, and Gaussian,
ie, vy, ~A4(0,Q,), with Q, € R"*"™. The same noise covariance Q, is assumed for
all measurement poses. Each sensor output belongs either to the class of relative mea-
surements (e.g., cable-length variations, swivel-angle variations, and yaw variations) or
to the class of absolute measurements (e.g., roll and pitch with respect to earth gravity,
aligned with the fixed robot frame). For the j-th sensor measurement, the residual at
pose k is defined as

rik=Yik&r)—yj0lo) — Ay;,k ~Vyp for relative measurements, (4.1)
Tik=Ykj&r) — y;-‘y k= Vyp for absolute measurements, 4.2)

where A y}*’ . denotes the measured variation of the j-th quantity between pose ;. and
the initial pose ¢,. The modeled quantities y; x({) depend on the EE pose through the
kinematic relations introduced in Sections[2.1and [2.3] For relative measurements, the
initial reference values are unknown and appear in the residuals through y;0(Zo). Un-
der the adopted kinematic model, these reference values are uniquely determined by
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4.1. The initial-pose self-calibration problem

the initial pose, i.e., yo = y({,), and therefore no additional parameters are introduced.
As a result, estimating {, is equivalent to estimating the initial reference values of all
relative measurements.

Stacking all measurement poses, the vector of unknowns and the global residual
vector are defined as

o r
¢ rp

x=| " erSND o | | er™N, (4.3)
CN ry

where each block ry € R is defined component-wise according to Eq. (4.1) or Eq. (4.2).
If the system is overdetermined, i.e., if mN > 6(N + 1), the initial-pose self-
calibration can be formulated as a NWLS problem:

X= argmxin fx), fx = %rTWr. (4.4)

The weighting matrix W € R"™N*"N i5 chosen as the inverse of the covariance matrix of
the residual vector [59]:

_ -1

W= (Cov(r) ' =In.ne (1,QJL) (4.5)
where ® denotes the Kronecker product, Iy, y € RV*V is the identity matrix, and J,, =
ori/ovy, € R™*™, Since the dependence of the residuals on the measurement noise is

linear in Eqs. @.1)-@.2), we have J,Q,J! = Q,, yielding
W=Iy®Q,, (4.6)

The solution % provides an estimate of both the initial EE pose ¢, and the measure-
ment poses ¢ for k = 1,..., N. The optimization problem is solved using an iterative
nonlinear solver, which may rely on the Jacobian and either an approximation or the
exact Hessian of the cost function f(x). Denoting by J = dr/dx € R™N*6(N+1 the resid-
ual Jacobian, the gradient of the cost function is given by

of _ ] Wr. 4.7)
0x

The corresponding Hessian can be expressed as

Pt s o & Orjk
— =] WJ+ Wirli p—=0,
0x?2 J'WI Ic;l; PETIE T 5y

(4.8)
where wj x is the diagonal element of W relative to r; ;. (i.e., the residual correspon-
dent to the j-th sensor measurement in the kK measurement pose, see Egs. and
(@.1)). The first term corresponds to the Gauss-Newton approximation, while the sec-
ond term is neglected in Gauss—-Newton-type solvers.

Considering Egs. and (4.2), each residual r;; depends at most on two pose
variables, namely the initial pose {, and the corresponding measurement pose §;. As
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a consequence, the residual Jacobian J exhibits a sparse block structure, which can be
assembled by stacking the pose derivatives of the modeled quantities y({;) as:

_]J/o ]yl O0mx6 .- Omxe

_] 0 X6 I ces 0 X6
- (4.9)

_]yo 0mx6 0mx6 cee ]yN

where Jy, = dyx/0&; € R™*®. For residuals associated with absolute measurements, the
dependence on the initial pose {, vanishes, resulting in zero rows in the corresponding
—J}, block, while the derivatives with respect to {; remain nonzero.

The sparsity structure of the residual Jacobian directly reflects the functional de-
pendence of each residual on the pose variables and carries over to the second-order
derivatives. In particular, each residual r;; depends only on the measurement pose
¢ for absolute measurements, and on both the initial pose ¢, and the correspond-
ing measurement pose & for relative measurements. As a consequence, the derivative
82 rj k!0 ,08; is nonzero only if { , and g, are either both equal to {, with k=0,..., N.
For this reason, the Hessian of each residual contains at most (when the corresponding
measurement is relative) two nonzero 6 x 6 blocks. The nonzero second-order deriva-
tives are directly given by the Hessians of the modeled quantities y; x({y), as detailed
below.

For relative measurements, the residual r; ;. depends on both the initial pose {, and
the corresponding measurement pose & .. Accordingly, the only nonzero second-order
derivatives are

azrj,k _ azyjyo Ozr]-,k _ azyj,k

= , = , (relative measurements). (4.10)
oLg 0k g, 9L}

For absolute measurements, the residual r; ; depends only on the measurement pose
{1, and therefore the only nonzero second-order derivative is

azrj,k azyj,k
agz gk

, (absolute measurements). (4.11)

The specific expressions depend on the kinematic relationships introduced in Sections
2.1.2land 2.3.21

The availability of the residual Hessians also enables the use of higher-order itera-
tive solvers. In particular, Halley’s method exploits a second-order Taylor approxima-
tion of the residual vector r to improve convergence when the initial guess is relatively
inaccurate. Following [104], at iteration i a predictor increment is first computed via a
Gauss—-Newton step,

. . N .
@ _ [ @Oy Typ® Oy Ty ()
oxi = (0 TWI®) g Twr?, (4.12)
This predictor is then used to construct a corrected Jacobian Igl) that accounts for
second-order residual terms. Denoting by V? r](.’) the Hessian of the j-th residual com-
ponent, the correction is assembled as

. . 1 . , . 1T
(@ _ 3@ 2..(1) g(1) 2..(0) (i)
Iy =1 ~3 Ve oxoy oo VO, nOXen| o (4.13)
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where the residual Hessians can be directly obtained from Eqs. (4.10) and (4.11). The
update 6x¥, such that x*V = x + 5x is then obtained by solving a damped least-

squares problem based on ](F"I):

] . . -1 . ,
ox0 = (0 Wi + 1) g Twr®, (4.14)

The damping parameter A > 0 is adjusted to enforce a monotonic reduction of the
cost function f: if FxU*D) < f(x'?), A is decreased by a factor of 10; otherwise, A is
increased by the same factor and the update is recomputed until a cost reduction is
achieved.

4.2 Data acquisition for UACDPRs

The methods reported here aim at reducing data acquisition time, maintaining the
same accuracy for the resulting initial pose, compared to previous studies [62]. A
preliminary study for rapid data acquisition performed manually by an operator is
reported in Sec. While in Sec. two data acquisition algorithms aimed
at increasing the degree of automation while maintaining rapid and accurate self-
calibration are proposed. In all cases, the initial-pose estimation problem is formu-
lated as in Sec. Experimental validation is conducted on a 4-cable UACDPR proto-
type, demonstrating the proposed methods’ effectiveness in reducing calibration time
while maintaining accuracy.

4,2,1 Manual method

In this technique, to collect the necessary data, the motion of the EE is induced man-
ually, keeping cables taut through low-level tension control, while varying the EE’s po-
sition and orientation within the workspace. We assume that the UACDPR is equipped
with incremental encoders on both the motors and swivel axes, allowing to measure
swivel angle and cable length variations Ae* and Al*, along with an AHRS sensor for
the orientation measure €* fixed to the platform.

Considering the formulation described in Sec. the residual array r is built as:

tige =[r] rorl]T e RNEY), (4.15)
where:
(&) -0y —Ad] €&y) €]
Ty = : eRN = : e RN,
og(ln)— 00y —Aay, €Cm) —€y (4.16)

1) —1o(&p) — AL}
r; = : e RN,

1&N) —10(&o) — Aly

The arrays o(¢;) and 1({;) in ry and r; are computed using inverse kinematics (Egs.

(2.44) and (2.13)).
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4.2.1.1 Data acquisition procedure

The data acquisition algorithm aims at ensuring that each DoF of the EE is varied dur-
ing the measurements, so the problem (4.4) is always well conditioned. The procedure
can be summarized in two phases:

1. Startup and tensioning: the machine is switched on and the cables are controlled
to reach a pre-determined tension set-point 7o. Consequently, the EE will move
to a static configuration ¢, which will be known with several sources of uncer-
tainties: due to unmodelled effects, at each machine startup, for the same ten-
sion control set-points, the attained end-effector pose will likely be different. The
data collection of AL}, Ao ;. and €. starts once the EE reaches the equilibrium
pose and all the residual oscillations resulting from the free motion are damped.
The equilibrium pose of the platform can be stabilized with greater efficiency
through the assistance of the operator. The tension setpoint will be kept for the
entire duration of the self-calibration procedure;

2. Manual excitation: an operator manually varies the pose of the platform inside
the workspace, such that all the configuration variables are properly excited. The
values of Al,’;, A"Z and e;; with k=1,..., N are recorded.

4.2.1.2 Tentative solution generation

The generation of a tentative solution Xg s for the problem relies on the data ac-
quisition process structure. First, a guess for the initial pose {j g, is obtained by
solving the direct static problem described in Eq. with the given tension 7y, re-
sulting in an equilibrium pose likely close to the actual one, though possibly affected
by unmodeled effects. From this equilibrium pose, cable lengths ly g5s and swivel
angles ¢ g ess are determined through inverse kinematics (cfr. Eq. and. By
adding the cable lengths and angle variations measured during the manual excitation
phase, subsequent poses’ cable lengths and swivel angles, denoted as l;‘ =lo,guess + Al;‘
and cr;.k =00,guess + Aa:.‘ are obtained. These variables, along with rotation data from
the AHRS, are then used for pose estimation with the algorithm detailed in [50].Due
to the errors associated with Iy gyess and @, gyess, the consequentely determined poses
are affected by errors as well.

4.2.1.3 Experiments and results

The efficacy of the data acquisition procedure was validated through experiments con-
ducted on a 4-cable 6- DoF UACDPR, with the optimization algorithm implemented in
MATLAB. The geometrical and inertial properties of the robot are presented in table
where i,j and k are the unit vectors along the Oxyz axes. The platform mass is
m = 12.996 kg and the vector that indicates the position of the center of mass with
respect the mobile frame is s’ = [0,0,0.173]7 m.

The solution % of Eq.(4.4) is obtained using the MATLAB® routine fiminunc using
the BFGS-Newton algorithm. This routine incorporates termination criteria for the
function value (set to 1073), the variables vector (set to 1076), and the infinity norm
of the gradient (set to 107%). To speed up the solution, the analytical formulation of
the gradient V f (x) is used as an input parameter for the solver resulting in an average
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| [ rilm] | d;[m] | Pal[m] | xi [ yi] 2]
1] 003 | [Lo68 -1.1155 1.839]" | [0.075 —0.075 0.280]" | -k i
2] 003 | [1068 1.1155 1.839]" | [0.075 0075 0.280]" | -k| j | i
3] 003 | [-1.068 1.1155 1.839]" | [-0.075 0.075 0.280]" | -k |-j| —i
4] 003 | [-1.068 —1.1155 1.839]" | [-0.075 —0.075 0.280]" | -k | —j | —i
Table 4.1: UACDPR properties
[mm,°] leplitm] | lleclll®] | tc[s] | f(Zsor)
Co [-341 30 423 -0.74 7.58 0.79]7 / / / /
Cosola | 1333 17 410 —121 753 —13717 | 239 | 220 | 106 | 294.52
Cosorn | [-333 17 409 —121 753 —139]7 | 244 | 223 | 110 | 294.53
Cosorc | [-334 17 406 —121 753 —14017 | 239 | 220 | 97 | 294.66
Cosolp | =333 17 409 —121 7.53 —141]7 | 2469 | 225 | 147 | 29453
Cosor | [-334 19 409 —1.19 751 —134]7 | 2336 | 218 | 153 | 294.95
CosoLr | [-282 47 410 —1.00 7.51 1.05]7 | 63.6 | 040 | 124 | 505.21

Table 4.2: Experimental Results

optimization time of about 112 seconds. The starting tension vector used for the exper-
imentation is 7o = [60 60 60 60] TN, and the corresponding equilibrium pose computed
through statics is £ gye5s = (006170 00] Tmm, o]. The sampling frequency of the mea-
sures was 2Hz, and a total of m = 221 samplings was recorded. To assess the accuracy of
the initial pose estimation algorithm, the real initial pose {, was determined through a
manual homing procedure of the EE. This homing procedure involves positioning the
platform against a mechanical support where cable lengths are known and calibrated.

The value of the real initial pose is reported in the first line of table while
different results of the self-calibration algorithm g 557 4,...,80 501, Obtained by using
the same dataset but different initial guesses are shown below, to emphasize the
importance of the latter. Solution A is obtained by computing {¢ ¢, called §o gyes5,4
and the subsequent guess poses needed by Xgyess, as detailed in Sec and is
expected to converge to a global minimum with limited computational time. The
guess for solution from B to E differs from A in how {g g5 is computed. A position
error norm ranging from 100 to 400 mm is randomly added to & g, and the
subsequent guess poses are computed as in Sec. Lastly, the guess of solution
F had the form Xgyess = [§o,guess,ar-+»§0,guess,al to underline how a severely wrong
guess would impact the convergence on a local minimum, instead of the global one.
In the last third and fourth columns the position error norm and orientation error
norm of solutions A to F with respect to the real pose { are reported. In the fifth and
sixth columns are reported the computational time of the self-calibration algorithm
t. and the final value of the cost function f(X) for each solution. The self-calibration
algorithm yields positioning and orientation error results that are comparable to those
of the state-of-the-art methodologies as referenced by Ida et al. in [62], yet it offers
the advantages of requiring less time for data acquisition and processing. Solution
C is obtained more rapidly as the random error provided to the initial guess has the
beneficial effect of bringing the guess closer to the solution. Nonetheless, all solutions
from A to E are equivalent to the numerical algorithm tolerances and are global
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minima. On the contrary, solution F is a local minima.

4.2.2 Automatic methods

We consider UACDPRs equipped with multiple internal sensors for state estimation
and motion control. In particular, an incremental encoder on the i-th swivel pulley
measures variations in the swivel angles Ao’} relative to the angular position at startup
0i0- An AHRS, rigidly attached to the platform with its reference frame coincident with
the EE mobile frame, provides roll and pitch angles (¢p* and 8*) relative to a local-earth
frame (east-north-up) coinciding with Oxyz, as well as the relative yaw variation Ay*
from the startup configuration y,. Additionally, an incremental encoder in the winch
motor tracks the motor angle displacement Af’ . relative to the startup value 6, o.
When the i-th winch is designed with a constant and known transmission ratio K be-
tween cable-length variation and motor displacement (as assumed here), the cable-
length variation can be indirectly estimated as Al = KA8; ; [53]. Finally, aload cell is
integrated into each transmission to measure the i-th cable tension 7.

The choice of this sensor set is based on three main reasons. First, previous stud-
ies [50,/105] demonstrated the effectiveness of incremental encoders and AHRSs for
accurate pose estimation in UACDPRs. Therefore, it is reasonable to adopt this config-
uration as the available internal sensor suite, since these sensors will also be used for
state estimation after calibration. Second, cable-tension measurements, whether ob-
tained directly through load cells or estimated from motor currents [44], are typically
employed for control and safety purposes, such as ensuring that all cables remain taut
during operation. Since these measurements are already available in the control loop,
they can be naturally included in the self-calibration formulation to enhance pose esti-
mation accuracy. Third, the use of multiple sensors helps mitigate errors introduced by
the simplified modeling assumptions described in Chapter 2, where cables are mod-
eled as straight lines and the swivel pulleys are assumed to remain coplanar with the
corresponding cable directions.

If other internal sensing systems are available, such as laser distance sensors for
directly measuring cable elongation [106], they can be easily integrated into our ap-
proach, which is fully general. Indeed, including additional sensors may yield faster
and more accurate results.

Two self-calibration algorithms are considered, each utilizing a different sensor set
and indexed by S € {tloe€, lo€}. The first algorithm (S = 7loe) uses all the available sen-
sors, including those measuring cable tensions, swivel-angle variations, cable-length
variations, roll, pitch, and yaw variations. The second algorithm (S = lo€) excludes ca-
ble tension measurements and only relies on the other sensors. The motivation for
considering these two algorithms lies in the set of equations available for the self-
calibration process, which directly influences the data acquisition strategy. On the
one hand, maximizing the ratio between the number of equations and the number
of unknowns is desirable, and this can be achieved by incorporating all available sen-
sors, including load cells. However, using load cell measurements inherently requires
relying on static equilibrium equations, as dynamic equations would introduce addi-
tional unknowns (namely, pose derivatives), counteracting the goal of maximizing the
equation-to-unknowns ratio. As a consequence, the calibration process must rely on
static EE poses, potentially leading to longer data acquisition times due to the need for
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self-energy dissipation. Excluding load cell measurements simplifies the calibration
process by relying only on geometric constraints. This allows for rapid movements
and faster data acquisition at the cost of a lower equation-to-unknowns ratio, which
may, in turn, reduce the accuracy of calibration results.

Using the formulation described in Sec. the residual array r is thus composed
of different combinations of residuals depending on the sensor set that is used:

Irjge = [r) rlT r) el e RNGHI) Tige = [rlT rlrlT e RV (4.17)
where:
$&1) -]
0(¢;) -0
0'(51)—0'0(50)—A0'f X(Cl)—XO(Co)—AXT
Iy = : eRN", r.= : erR3N,  (4.18)
U'(CN)—O'O(C())—AO'TV (P(ZN)_(PTV
0N -0y
[ X (&) —X0(o) —Axy ]
1(51)—10(50)—A1T T(cl)—TT
r = : eRN?  p = : e RN (4.19)
l(CN) - 10((0) - AI;V T(CN) - T}kv

in which the superscript (-)* indicates the measured quantities. The arrays o ({;) and
1(¢;) in r, and r; are computed using inverse kinematics (Egs. and (2.13)).
Whereas, 7({;) in r; can be computed from through a generic left-inverse -7
of the structure matrix:

T() =2 TCHEC). (4.20)
To define a specific inverse of =T we partition it into two blocks, namely =7 =
[Ec Ef] T where 2, € R™" and = rE€ R"*6-1) The corresponding left-inverse is given
by:

[11

=127 Onx-n], (4.21)

where 0, 6-p) is @ null matrix with zn rows and (6 — n) columns.

The first objective of the automatic data-acquisition methods is to ensure well-
distributed measurement poses within the static workspace of the robot. This helps
condition the numerical solution to the nonlinear problem in Eq. (4.4), thus increas-
ing the likelihood of convergence from an initial pose guess to the actual initial pose.
The second obijective is to define a control strategy and motion planning approach to
move the EE to the measurement poses while satisfying the following requirements:

1. the motion control cannot rely on sensor reference values, as they are unknown
at startup (their determination is the goal of the algorithm) or they are affected
by high uncertainties;

2. in spite of requirement |1, the control strategy has to bring the UACDPR close
enough to some ideal pre-determined measurement poses;

3. motion planning and control must keep tension within a lower and an upper
bound, to prevent slackness and avoid cable breakage or exceeding actuator
torque limits;
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4. since the first calibration method relies on static equations, the EE must be
brought to equilibrium configurations, reducing residual oscillations and en-
abling rapid data acquisition.

4.2.2.1 Selection of the measurement poses

Numerous theoretical methods have been proposed to determine optimal measure-
ment configurations for calibration based on observability indices [107]. These ap-
proaches include discrete optimization over a predefined set of poses [108,109], intro-
ducing deviations from ideal poses for improved robustness [110], and online iterative
pose selection to maximize observability [59]. However, the direct application of these
methods is challenging, since most of them assume that the robot can reach any EE
pose, which is true for overconstrained CDPRs (e.g., [109}110]) and, more generally, for
non-underactuated architectures [107,108]. In contrast, UACDPRs can only partially
control the EE pose due to inherent actuation limitations [111], so that observability
criteria for fully actuated systems must be adapted, which is beyond the scope of this
paper. For this reason, we adopt a more pragmatic, heuristic-based strategy.

For the method involving static equations, we select equispaced positions along
the Cartesian axes within the workspace to ensure a uniform distribution of calibration
configurations. This approach adapts the methodology originally proposed in [112] for
overconstrained CDPRs, which ensures that measurement poses are well distributed
in space and leads to a well-conditioned NWLS problem. To implement this approach,
we first evaluate the robot’s static workspace to determine its feasible boundaries, us-
ing the method described in Sec. [2.5| (Fig. [4.1a). Then, we select translational bounds
p;, and p,,;, that define the corners of a parallelepiped inscribed in the static work-
space. A regular grid of ny, ny, and n, points is computed across the position in-
tervals [pip.x,» Pubxl, [Pib,y> Pub,yl, and [Pipz, Pubzl- Figure [4.1b] shows an example
with ny = ny, = n; = 3. At each position, we apply the method detailed in Sec.
to solve the modified IGSP and determine the orientation that satisfies static equilib-
rium. The resulting N poses are stored in the array X;4.4;, and their associated cable
tensions, computed using Eq. (2.62), are stored as future control setpoints in the ma-
trix Tserpoint = [T1,...,Tn]. This procedure ensures that each measurement pose cor-
responds to a valid and controllable static equilibrium.

For the second self-calibration method, which does not rely on static equilibrium,
we apply a similar principle in the time domain. Constant-velocity trajectories are ex-
ecuted across the workspace, and data are sampled at uniform time intervals. This
approach aims to approximate a uniform spatial distribution of measurement poses.
Although it does not explicitly optimize observability indices, prior studies suggest that
calibration can still be effective if the poses are sufficiently numerous and well dis-
tributed in the workspace [4}113]. Observability-based pose selection maximizes the
sensitivity of the residuals to the unknown parameters, which improves convergence
when only a limited number of poses is used. However, comparable results may be
achieved using a sufficient number of uniformly or randomly sampled configurations,
particularly near workspace boundaries [108]. Therefore, the proposed approach of-
fers a pragmatic solution that can ensure acceptable accuracy, provided that the con-
trol strategy maintains the kinematic constraints (i.e., cable tensions remain within the
prescribed bounds).
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1
0 0.5

. 0 ’
17 05 z[m] y [m] -05 05 2 [m]

p -1
(a) Static workspace compu- (b) Calibration points (c) Motion planning
tation

Figure 4.1: Calibration poses selection and control planning

4.2.2.2 Data-acquisition procedure

Recalling requirements [1| through [4} it is not feasible to move the EE between equi-
librium measurement poses and simultaneously suppress residual oscillations using
conventional trajectory shaping techniques for vibration damping, such as input-
shaped trajectories (e.g., [111]). These methods require accurate joint-position feed-
back, which in turn depends on a calibrated reference for cable lengths. Therefore,
they are only applicable after the initial self-calibration process has been completed.

Furthermore, robust control strategies for UACDPRs that can cope with large ge-
ometric uncertainties (such as those present prior to calibration) remain an open re-
search challenge. For this reason, a conservative control approach was adopted in this
study, prioritizing safety and constraint preservation performance.

Once the static equilibrium measurement poses are defined and the UACDPR is
powered on, joint-space force control is used to drive the EE. Assuming that the EE
starts within the static workspace, the initial cable tensions are recorded, and a smooth
transition is commanded toward a desired tension vector 7. In this context, we define
7(¢) as the time-varying tension reference used to guide the EE between each equilib-
rium configuration 7; € Tserpoi n,ﬂ While any static configuration corresponding to 7
is theoretically valid, a convenient “home” pose may be chosen, and t( accordingly
computed via static analysis. This initial motion is essential for generating the initial
guess used in Section[4.2.2.3]

After allowing sufficient time for the EE to reach equilibrium, data logging begins.
The tension setpoints in Tsepoins are then sequentially applied, with a waiting period
introduced after each setpoint 7; is reached. Static equilibrium at each pose is detected
by monitoring the ripple in the measured cable tensions. When the amplitude of the
ripple falls below the load cell’s uncertainty threshold, the system is considered to have
reached a steady state, and residual oscillations are assumed to be negligible.

The sequence of equilibrium poses is chosen to minimize transition time (Fig.
[4.1c). Although there is no explicit control of the EE pose between tension setpoints,
pure force control maintains active cable constraints, ensuring requirement (3| is met.
Since this method is sensitive to load-cell noise, accurate calibration of load cells is
crucial. If the measured cable tensions deviate from their true value, the actual equi-
librium configurations of the EE may differ from the expected ones, leading to incor-

2In this work, a 5th-degree polynomial is used to generate each cable-tension setpoint. This approach
does not guarantee that the EE remains strictly inside the static workspace during transitions, but the
motion profiles can be experimentally adjusted to keep constraints active (e.g., by increasing the transi-
tion duration).
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Figure 4.2: Flowchart of the data-acquisition algorithm

rect assumptions about static constraints. This, in turn, may affect the accuracy of the
self-calibration algorithm, as the constraints used to estimate the initial pose may no
longer be valid. Moreover, unaccounted tension errors can lead to situations where
the EE moves outside the static workspace, further compromising the reliability of the
collected measurements.

To minimize total data acquisition time, we adopted a trial-and-error approach
to tune the trajectory profiles, striking a balance between fast transitions (enabled
by higher velocities) and short oscillation damping periods. This tuning process is
architecture-specific and needs to be performed only once for a given UACDPR. If the
system’s geometric and inertial properties remain unchanged, the identified motion
parameters can be reused across all subsequent startups, ensuring that the proposed
self-calibration procedure remains fully automatic in routine operation. This assump-
tion aligns with the current objective of automating initial-pose self-calibration, which
is based on a fixed mechanical architecture. However, it would need to be reconsidered
if the method were extended to the self-calibration of geometric parameters, as might
be required in reconfigurable UACDPRs.

The data acquisition method for the two automatic self-calibration algorithms dif-
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fers in the data extraction procedure. For the static-equation-based method, only equi-
librium pose measurements from x;4,.,; are used, identified by the stationary values of
measured tensions in the pre-defined setpoints Tsespoin:. In contrast, for the method
that does not rely on static equations, any measure following the one corresponding to
the initial pose is a valid candidate for the calibration measurement set. Therefore, any
sample time that is a multiple of the logging interval can be selected to collect a suffi-
cient number of measurements N and to uniformly distribute measurement poses in
the workspace.

The complete acquisition workflow for both self-calibration strategies is summarized
in the flowchart in Figure

4.2.2.3 Initial guess

The self-calibration problem (4.4) is solved using a gradient-based opti-
mizer, whose convergence depends on the quality of the initial guess Xgyess =
[Z()T,guess,lfguess,...,Z]f,’guess]T. For both self-calibration algorithms, the initial guess
for the pose {g .5 is obtained by solving the direct static problem (2.33) using the
given tension setpoint To. For the measurement poses § IT guessr 16 1{, guess @ suitable
tentative solution for algorithm with j = 7loe is given by the ideal equilibrium poses
included in the array X;q4.4;. For the self-calibration with j = loe, instead, a suitable
initial tentative solution for { IT guess,...,C]{,, guess CAN be found through the following
passages:

1. from the initial equilibrium pose &g ;¢ss, Cable lengths Iy gye5s and swivel angles
00,guess are obtained through inverse kinematics;

2. estimates of cable lengths 17 and swivel angles o} relative to the i-th measure-
ment pose are obtained by adding the i-th cable-length variations and swivel-
angle variations measured during the EE motion to lp gyess and g gyess, namely
17 =1g,guess + Al; and @] = 0¢,guess + Ao} ; this computation is made for all mea-
surement poses, thus obtaining1;,...,1; and o7, ..., oy

3. the measurement pose vector Zg,,ss is obtained performing a pose estimation
for each measurement pose using the corresponding reference values of I, o7,
and €, through the sensor-fusion algorithm described in [50].

4.2.2.4 Experiments and results

The effectiveness of the automatic data acquisition methods was assessed through ex-
periments on a spatial 4-cable UACDPR prototype at the IRMA L@B laboratory of the
University of Bologna, shown in Fig. The self-calibration algorithms were tested of-
fline in a MATLAB environment. Table |4.3|reports the constant geometric parameters
of the UACDPR, where i, j, and k are the unit vectors of the local pulley frames aligned
with the Oxyz axes. The coordinates of vectors d; and a, are expressed in Oxyz and
Pxyzrespectively. These values were measured using a meter tool with an uncertainty
of 1 mm. The EE mass, measured with a weighing scale, is m = 12.992 kg, and the vec-
tor that points from P to G, obtained by the CAD model of the platform and expressed
in the mobile frame, is s’ = [0 0 0.173]7 m. The sensors employed are shown in Fig.
where the platform (A in Fig. and the winch (B in Fig. are shown in
detail. Specifically, cable lengths were estimated by using 20-bit incremental encoders
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| i | rim] | d;[m] | a)[m] | xi | yi| 2 |
1] 003 | [1.065 —1.155 1.839]" | [0.075 —0.075 0.266] |-k | j | i
0.03 | [1.066 1.155 1.839]" [0.075 0.075 0.266]" |-k | j | i

2
3] 003 | [-1.066 1.155 1.839]" | [-0.075 0.075 0.266] | -k | —j | —i
4] 003 | [-1.065 —1.155 1.839]" | [-0.075 —0.075 0.266] | -k | —j | —i

Table 4.3: Geometrical parameters of the 4-cable UACDPR prototype

(a) UACDPR prototype setup (b) Winch and platform
particulars

Figure 4.3: Extperimental setup

with an uncertainty of £0.144° on each motor axis (C in Fig. , whereas swivel an-
gles were measured by 16-bit incremental encoders with an uncertainty of +0.03° (E in
Fig. [4.3b), mounted directly on the swivel axes of pulleys. Cable tensions were mea-
sured using load cells inside the transmission (D in Fig. with a full scale (ES.) of
100 kg, and accuracy of 0.02% ES. EE Euler angles (ZYX convention) were measured
using an Xsens MTi-630 AHRS fixed to the platform (F in Fig. [4.3b). The uncertainty is
+0.2° for roll and pitch and +1° for yaw. The AHRS was configured to set the startup
value of the yaw measure to 0, as the north reference value given by the magnetometer
is not reliable due to the high electro-magnetic disturbances in the UACDPR environ-
ment. For each sensor set S, the measurement-noise covariance is taken as diagonal,
Q, = diag(af, . ..,afn), with entries selected from Table according to the included
measurements (cable-length variations, swivel-angle variations, AHRS components,
and cable tensions). To measure the real EE initial pose §o,rear = [Pg oq; €0, req]” aNd

o7 [m?] | o5 [deg”] | oF [deg”] | o7 [N?]
0.01 1 2 10

Table 4.4: Sensor noise model parameters.

use it as ground truth for the self-calibration results, a manual homing procedure was
performed before each test. The platform was positioned against a mechanical sup-
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~.

Cideal,i [m, rad] ‘ Tsetpoint,i [N]

1| [040 040 120 008 -009 001]" |[11848 170.83 11557 82.98]"
2| [-040 040 120 008 009 —0.00]" |[82.98 11557 170.83 118.48]"
3| [-0.40 -0.40 120 -0.08 0.09 0.00]" |[11549 8297 11854 170.73]"
4|[040 -0.40 120 -0.08 —0.09 —0.00]" | [170.73 11854 82.97 115.49]"
5| [0.40 -0.40 060 —0.15 —0.15 —0.01]" | [81.18 5590 31.01 53.86]
6| [-040 —0.40 0.60 —0.15 0.15 0.01]" | [53.86 70.04 81.18 31.01]"
7| [-0.40 040 060 0.15 0.15 —001]" | [31.01 53.87 81.21 55.87]"
8| [0.40 040 060 015 —0.15 0.01]" [55.87 8121 53.87 31.01]"

Table 4.5: Ideal measurement poses and tension setpoints, with n, = n, = n, =2

port where the nominal values of cable lengths, swivel angles, and yaw were previously
measured with a high-precision photogrammetry system.
After the static workspace analysis, the translational bounds were set as:

pp=[-04 —04 06]'m and p,,=[04 04 1.2]" m. (4.22)

The choice of the number of measurement poses k was guided by the main objective of
this work: achieving automatic self-calibration in reduced time, without compromis-
ing accuracy. For the same reason, our evaluation is mainly based on the calibration
time. To analyze the effect of different measurement-pose sets on the initial-pose self-
calibration, two spatial grids were discretized using different values of ny, n,, and n,.
In the first grid, ny = n, = n; = 2, resulting in a total of k = 8 equilibrium poses. In
the second grid, ny = ny, = n, = 3, yielding k = 27 poses. The equilibrium poses Z;zea:
and tension setpoints Tserpoins for k = 2 are reported in Tableas an example, while
results for k = 27 are omitted as they do not provide additional insights.

The initial tension setpoint was set close to the first component T of Tsepoins
(which is the same for the two grids), at To = [100.00 100.00 100.00 100.00] N. The data
logging rate for all sensors was 100 ms, balancing file size and data resolution. The
self-calibration problem was solved using a PC with a 13th generation Intel i7
processor and 32 GB of RAM, distributing the computation across 14 cores. For both
j=71loe and j = loe the fmincon MATLAB routine with a trust-region-reflective algo-
rithm was used with a termination tolerance of 107'° on the function value, of 1078
on the first-order optimality, and of 10~!? on the optimization variables. The gradient
was analytically formulated to improve computational efficiency, as in [60], and the
initial guess was generated using the methods described in Sec. A graphical
representation of the measured tensions, along with the reference trajectory T used to
transition between the equilibrium configurations, is shown in Fig.

The results of the two automatic self-calibration methods are reported in Table[4.6]
where the following data are specified:

* the used sensor set j, and thus, the related self-calibration algorithm;

* the total self-calibration time f;., composed by the data acquisition time and
initial-pose estimation time;

* the number of pose measurements k used in the algorithm;

69



Chapter 4. Inital-Pose Self-Calibration methods for CDPRs
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Figure 4.4: Sampled and reference tensions with k = 8. The black curves, with super-
script (), represent the tension reference applied during transitions, while the colored
curves are the measured tensions, with superscript (*).

’ Trial \ j \ fs¢c [min] \ k \ €p (mm] \ er [deg] ‘
a |1loe 2.23 8 12 1.24
b loe 2.24 19 23 5.44
c | tloe| 10.04 27 7.2 3.14
d loe 10.02 | 128 22 2.86

Table 4.6: Initial-pose self-calibration algorithm results

* the resulting initial position error norm &, = P ;eq; — Po,so1 i

* theresulting initial orientation error €, = |, req1— ®o,5011, Where ay is the rotation
angle in the axis-angle parameterization of the initial orientation. The angle « is
obtained from the rotation matrix R(€) as:

Ri1(6) +Rop(e) +R33(e) — 1
5 .

« = arccos 4.23)

Trials a and b share the same dataset, corresponding to the data acquisition in which
the EE transitioned between 8 equilibrium poses. Similarly, trials ¢ and d share a
dataset where the EE followed the path with 27 equilibrium poses. Therefore, the data
acquisition time for trials @ and b is the same and equal to ¢;, = 2.13 min, whereas
t4q = 5.11 min for trials ¢ and d. The total self-calibration time ¢, reported in Table
[4.6|consists of both the data acquisition time #,4, and the computational time required
by the solver #,,;, which depends on the number of poses k used in the optimization.
For trials b and d, where cable tension measurements were not used, the pose sam-
pling rate from the logged dataset was chosen such that the number of extracted poses
k yielded an optimization time f,,; approximately equal to that of their tension-based
counterparts (trials @ and c). This ensured a fair comparison between methods that do
and do not utilize load-cell measurements.

Incorporating tension measurements (j = tloe€) substantially improves position
accuracy. For instance, using only 8 equilibrium poses, the error drops from 23 mm
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(trial b) to 12 mm (trial a). Similarly, for k =27, it decreases from 22 mm (trial d) to 7.2
mm (trial ¢). This trend confirms that static equilibrium constraints and cable tension
measurements significantly enhance positional accuracy. The effect on orientation ac-
curacy is more difficult to interpret. When comparing trials a and b, the inclusion
of tension measurements reduces the orientation error from 5.44° to 1.24°, showing
a clear benefit. However, this trend does not persist when increasing the number of
poses. In fact, trial ¢ (tension-based) results in a worse orientation estimate (3.14°)
than trial a (1.24°). This may be due to less favorable pose distribution or greater noise
influence in the larger dataset. Conversely, in the kinematic-only approach, increasing
k from 19 (trial b) to 128 (trial d) halves the orientation error (5.44° to 2.86°), as ex-
pected. These results suggest that the impact of the number of measurement poses on
orientation accuracy is method-dependent: while the kinematic-only method benefits
from more poses, the tension-based method does not exhibit a clear trend and may be
sensitive to dataset-specific factors.

Overall, the tension-based method (a, c) achieves better position accuracy while
requiring significantly fewer measurements than the kinematic-only method (b, d).
This is particularly noteworthy because the tension-based method relies on a simpli-
fied physical model (neglecting cable sag and elasticity) and uses cable-tension mea-
surements, which typically carry greater uncertainty than kinematic signals. Yet, de-
spite these limitations, the inclusion of tension data and equilibrium constraints con-
sistently improves the positional estimate. It is also important to note that, although
internal statics has been previously used in self-calibration problems [62], to our
knowledge, direct use of cable tension measurements for initial-pose self-calibration
in UACDPRs is novel. This work therefore provides the first quantitative compari-
son of statics- vs. kinematics-based methods using real tension data. To obtain self-
calibration results comparable to those reported in [60], which achieved a best-case
accuracy of €, = 23.36 mm and &, = 2.18° using a fast but manual procedure, the
kinematic-only approach requires at least k = 128 poses and a total calibration time of
over 10 minutes. In contrast, the tension-based method achieves better performance
with just k = 8 and with the same self-calibration duration. These findings emphasize
the importance of exploiting static configurations and cable-tension measurements to
enable fast and accurate automatic self-calibration in UACDPRs.

4.3 Algorithm and parameter analysis

This section presents the analysis methodology adopted to systematically evaluate the
influence of key design parameters on the performance of initial-pose self-calibration
in CDPRs. In detail, in section a preliminary analysis on deployable OCDPRs is
included to analyze the specific impact of the sensor set and number of measurement
configuration chosen for the self-calibration. The aim is to evaluate how the choice
of sensors impacts the accuracy of the initial-pose estimation, particularly when cable
length variations are either unavailable or highly uncertain, as when nonlinear and
uncertain transmissions are used (which is often the case in deployable CDPRs). The
three considered sensor sets are:

1. incremental encoders on swivel pulleys and an Attitude and Heading Reference
System (AHRS) for EE orientation;
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2. the same sensors of item[I} augmented with incremental encoders on winch mo-
tors to estimate cable lengths;

3. the same sensors of item[1} enhanced with load cells to measure cable tensions.

Whereas the analysis presented in Sec. aims at comparing different choices
of the number of measurement poses N, the sensor set S, and the numerical solver
K, in terms of their impact on calibration accuracy and robustness. Using the general
formulation of the self-calibration problem introduced in Sec. the methodology
for choosing the set of measurement poses is defined in Sec. In Sec.[4.3.3] a
comprehensive Monte Carlo simulation framework is defined, in which multiple real-
izations of the calibration process are performed under prescribed levels of parameter
uncertainty and measurement noise. For each combination of (N, S, K), a set of perfor-
mance indices is computed and statistically characterized through their mean values
and variances over the Monte Carlo trials, which constitute the basis for the compari-
son presented in the following section.

4.3.1 Preliminay analysis on parameter selection for deployable
OCDPRs

In this analysis, we assume that the CDPR can be equipped with multiple sensors for
state estimation and motion control [60]. Specifically, an incremental encoder on the
i-th swivel pulley measures variations in the swivel angles Ao ;, relative to the angular
position at startup. An AHRS, rigidly attached to the platform with its reference frame
coincident with the EE mobile frame, provides roll and pitch angles (¢ and 0) rela-
tive to a local-earth frame (east-north-up) coinciding with Oxyz, as well as the relative
yaw variation (Ay) from the startup configuration. Load cells are incorporated into
the transmissions to measure cable tensions, while incremental encoders in the winch
motors track motor angle displacements Af,,,’s relative to the startup value. Weight
minimization is a key design factor in deployable CDPRs, since both winches and cable
transmissions are integrated into the moving platform to maximize portability. In turn,
this requires to use simpler mechanical transmissions, which cannot ensure a constant
or predictable linear relationship between Af,,,, and the cable length variation Al; [53].

We consider here three measurement sets for initial-pose self-calibration, indexed
by S = [o€, loe, Toe] and corresponding to: (i) swivel angles and AHRS measurements,
(i) cable lengths, swivel angles, and AHRS measurements, and (iii) cable tensions,
swivel angles, and AHRS measurements. Since swivel angles can be reliably and eco-
nomically measured in CDPRs, and prior work [50] has demonstrated that the AHRS
significantly improves pose estimation, they are always included in all measurement
sets. The main research question is whether these sensors are enough or cable lenghts
and tensions, which are affected by potentially high errors, can still be beneficial due
to sensor redundancy.

Using the formulation described in Sec. the residual array r is composed of
different combinations of residuals depending on the sensor set that is used:

roe = [t 1T e RN pppe =[] £l e 11T e RN, (4.24)

Irge = [r;r l‘g l‘g] Te RN(Z,H?’); (4.25)
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a az a3
2.44 241 [ —2.41 ] =2. 44 241 2.44 —-2.44 -2.41
[ 0.31 ] [—0.378] -0.378 { 0.31 ] [0 378] [—O 31] [—0 31] [0378]
-1.75 -1.8 | 1.8 | -1.75 1.75 1.75
d) d; d;
0.302 0.263 [-0.263] [—0.302 0.246 0. 245 —0.245 —0.246
[—0.115 0.193] 0.193 [—0 115] [—0 116] [ 0.174 ] [ 0.174 —0.116]
0.203 0.114 | 0.114 | 0.203 —0.096 —-0.139 -0.139 —0.096
Table 4.7: Geometrical parameters [m] of the IRMA-8 OCDPR
where:
1) — 7
0(&,) -0y
0'((1)—0'0((‘0)—A0'T X(Zl)—XO((o)—A)(T
Iy = : eRN" r, = : eRN,  (4.26)
O'(CN)—O'O(C())—AO'TV (p(CN)_(pTv
0N -0y
_X(CN) - XO(Co) - AX}FV‘
181) —1p (&) — ALY () -71]
r = : eRN",  r = : e RN, (4.27)
1(C ) —10@’0) —Al}k\] T(Cp) —T;‘V

in which the superscript (-)* indicates the measured quantities. The arrays o ({;) and
1({;) in r; and r; are computed using inverse kinematics (Egs. and (2.13)).
Whereas, 7(¢;) in r; is computed considering a closed-form tension distribution [35]
assuming the system to be force controlled.

4.3.1.1 Simulation Results

To evaluate the performance of the initial-pose self-calibration method described in
the previous section, we conducted simulations on the IRMA-8 deployable OCDPR
prototype synthesized in [29] (Fig. . The constant geometric parametersﬂ are listed
in Table with an EE mass of 40 kg and a center of mass located at s’ = [0;0;0] T'm
in the mobile frame. Since the prototype operates with a constant orientation due to
its workspace being optimized for this working mode [29], a constant identity rotation
matrix is assumed throughout the calibration process. A preliminary constant orienta-
tion WFW analysis is performed to determine the upper and lower EE position bounds
(p;p and p,,;)), thus ensuring that calibration poses remain within a feasible workspace:

pp=0-12-02-161", p,=01.20208]". (4.28)

Within these limits, different sets of initial pose and measurement poses, X;jeq1 €
RSN+ wwere selected for N = 8,18,27,48,64, to assess the impact of the configura-
tion number on calibration accuracy, with poses evenly distributed along the principal
axes. Ideal sensor measurements are obtained via inverse kinematics and statics, with

3These parameters may differ from the same presented in other sections of this thesis due to reloca-
tion or redesign of the cable attachment points.
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Figure 4.5: Schematic of the prototype
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Figure 4.6: Calibrated initial pose errors

artificial random noise simulating sensor uncertainties and model simplifications. For
statistical robustness, 50 trials were conducted for each S and N, and the results were
stored. The self-calibration solution, X4, 5,5, was then obtained for each S and N by
using an Interior-Point optimization solver applied to the weighted least squares for-
mulation in Eq. (4.4). Assuming that the CDPR control can bring the EE close enough
to the ideal poses X;4.4;, they are used as initial guesses for the solver.

The initial-pose self-calibration results are illustrated in Figure for different
sensor sets. The considered error metrics are the initial position error norm, &, =
IPo.ideal — Po,sorll, and the initial orientation error, €, = |®g,initial — ®o,s01l, Where ag
is the rotation angle in the axis-angle parameterization of the initial orientation. The
bar charts include superimposed minimum, mean, and maximum error values (pro-
gressively with darker colors), illustrating the spread of calibration accuracy. The mini-
mum values of ¢, and &, are consistently close to zero, indicating that at least some
trials achieved highly accurate calibration. A clear decreasing trend in position er-
rors is observed in Fig. as the number of calibration poses increases, while Fig.
confirms that the mean orientation error also reduces with a larger number of
poses. Comparing the different sensor sets, it is evident that using only swivel angles
and end-effector orientation results in the highest calibration errors. The inclusion of
cable tensions or cable lengths significantly improves accuracy, even in the presence of
sensor noise. In particular, cable-length measurements exceed all other approaches in
estimating the initial position, while cable tensions offer better accuracy for the initial
orientation. Moreover, compared to others, the load cell sensor set seems to be less
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sensitive to noise when k increases, as the maximum position and orientation error
are significantly reduced. These findings confirm that an accurate initial pose calibra-
tion requires cable-length measurements and that increasing the number of calibra-
tion poses enhances accuracy by mitigating measurement uncertainties.

4.3.2 Measurement Pose Selection

For a given number of measurement poses N, several methods can be used to select in-
formative configurations within the CDPR workspace [108,110,/114,/115]. In this work,
the number of measurement poses N is treated as the primary parameter of influence,
while the pose-selection strategy itself is assumed to be fixed and validated. Under this
assumption, the impact of the specific selection method is considered secondary with
respect to the effect of varying N. Accordingly, the adopted pose-selection method is
regarded as a representative and repeatable baseline, rather than as an optimal solu-
tion to the measurement-configuration problem.

For each value of N and sensor set S, a set of ideal measurement poses X;jqq; iS
determined offline using the constrained optimization method proposed in [114], se-
lected for its effectiveness and ease of implementation. The method relies on a genetic
algorithm (GA) to maximize an observability index O, defined as the inverse of the con-
dition number of the weighted residual Jacobian:

xideal:argm)?xO(x), s.t. c¢(x), with Oox) = (4.29)

Cond (\/\/_V g—;)
The condition number is adopted as a scalar observability metric, as it captures the
sensitivity of the estimation problem to measurement perturbations and is a well-
established numerical index for calibration-oriented pose selection [116]. The con-
straint set ¢(x) to be applied to Eq. must ensure that all the measurement poses
are within the CDPR workspace, which depends on the CDPR architecture. For this
reason a workspace analysis is performed as a preliminary step to define admissible
bounds on the EE pose components.

For UACDPRs, the workspace is computed following the approach described in Sec
where the modified inverse geometrico-static problem (IGSP) is solved to deter-
mine the set of reachable EE poses that satisfy both wrench-feasibility and stability
conditions. In particular, static equilibrium poses are evaluated over a grid of EE po-
sitions, and configurations that do not satisfy the wrench-feasibility and stability con-
ditions are discarded. Subsequently, lower and upper bounds on the EE position, p;,
and p,;, respectively, are defined to delimit a parallelepiped fully contained within the
workspace. Since only a subset of the EE pose can be directly controlled in UACDPRs,
the orientation bounds are not explicitly defined, but rather implicitly found through
the modified inverse geometrico-static problem. Therefore, the constraint set c(x) in
Eq. for UACDPRs is defined as

< . <
c(x) = {p”’ =Pkideal = Pub Vk=0,...,N. (4.30)
€k ideal = IGSP(pk,ideal)

For the implementation detail of IGSP(py. ;4.4;) Please refer to [49].

For OCDPRs, a constant-orientation workspace with € = €., is determined as
in [36] by discretizing the installation volume and retaining only the positions that sat-
isfy wrench-feasibility conditions. Subsequently, lower and upper bounds on the EE
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position, p;;, and p,,;,, respectively, are defined to identify a parallelepiped fully con-
tained within the constant-orientation workspace. Accordingly, the constraint set c(x)
in Eq. (4.29) for OCDPRs is defined as

< . <
c(x) = {plb—pk,zdeal—pub Vk=0,... N, 4.31)

€kideal = €const

This choice reflects common operating conditions of OCDPRs, where many tasks (in-
cluding calibration procedures) are executed at constant end-effector orientation.

4.3.3 Analysis of Parameter Influence

The performance of the initial-pose self-calibration procedure depends on several
setup parameters, as discussed in Sec. In this work, we focus on three categories of
parameters that reflect the most critical design choices in practical implementations.
Each parameter is discretized over a finite set of values, allowing for a systematic com-
parative analysis.

The first parameter is the number of measurement poses N, which determines the
amount of data available to estimate the unknown initial pose. The value of N is varied
as N € {10,20,30,40,50}, covering a range that spans from minimally overdetermined
systems, which allow for a fast data acquisition procedure but low amount of informa-
tion, to highly overdetermined ones which lead to more accurate resultsﬁ at the cost of
a longer procedure. The second parameter is the sensor set used to acquire measure-
ments at each pose. Four sensor configurations are considered, each corresponding to
a different subset of the residual components introduced in Sec. The LENGTH
configuration relies exclusively on cable-length variations Al measured by relative
encoders mounted on the motor winches. The LENGTH-SWIVEL configuration aug-
ments cable-length measurements with swivel-angle variations Ag;, obtained from
rotary encoders installed on the pulleys. The LENGTH-AHRS configuration combines
cable-length variations Al}, and yaw variations Ay} with absolute roll ¢} and pitch
0, measurements provided by an AHRS mounted on the EE. Finally, the LENGTH-
SWIVEL-AHRS configuration includes all the aforementioned measurements, namely
Al7, Aa;’;, (,b;;, 9;;, and A)(;;. The third parameter is the nonlinear solver employed to
solve the optimization problem in Eq. (4.4). Three solvers are considered. The first is
the Levenberg-Marquardt method [118,/119], which relies on a Gauss—-Newton approx-
imation of the Hessian. The second is a trust-region Newton method [120], which uses
the exact Hessian of the cost function. The third is Halley’s method [104], which ex-
ploits second-order information to improve convergence when the tentative solution
is far from the real one, which is often the case in self-calibration.

The self-calibration procedure is modeled as a stochastic process in which uncer-
tainty arises from two independent sources. The first is the measurement noise v,
modeled as zero-mean Gaussian and defined as in Sec. The second is the pose-
reaching error v; to model inaccuracies in achieving the desired measurement poses
during the data acquisition phase. Specifically, the actual measurement poses . ;o4

4Itis worth noting that extensive datasets lead to nonlinear least-squares problems with large residual
vectors, which may suffer from numerical ill-conditioning and amplification of round-off errors due to
finite machine precision [117], potentially degrading estimation accuracy. Such cases are not considered
in this work, as the number of measurement poses remains moderate.
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(k=1,...,N) are generated by perturbing the ideal poses {; ;4.4 as:

Ck.real = ck.ideal +ve. (4.32)
Here, v, = [vg veT I represents a control error, modeled as independent, zero-mean,
and uniformly distributed component-wise:

Vy~U(=8,,8p),  Ve~U(=8¢,8¢). (4.33)

The parameters 6, € R* and 8. € R* denote maximum admissible position and orien-
tation errors, respectively. A uniform distribution is adopted to model pose-reaching
errors, as it is realistically achievable by a controller in practice and provides a con-
servative representation of control uncertainty without favoring specific error realiza-
tions.

To assess the influence of the aforementioned parameters on self-calibration per-
formance, a Monte Carlo (MC) analysis is conducted. For each combination of pa-
rameters, M independent trials are performed. In each trial, random realizations of
the measurement noise and pose-reaching error are generated, and the optimization
problem in Eq. is solved to obtain an estimate X of the unknown variables.

Several performance indices are used to evaluate the outcome of the self-

. . . . o7 a7 T 2T1T .
calibration. Recalling that X = pOT , eg NS 4 N] is the solution of the self-

calibration problem, estimation accuracy is quantified through the initial position er-
ror norm &, = [|py — pyll and the initial orientation errmﬂ &, = |@o — apl, where aq de-
notes the rotation angle in the axis—angle representation of the initial orientation. The
estimated rotation angle a can be computed from the rotation matrix R as:

Rii+Ry2+R33—-1
1,1 +R22+R33 ) (4.34)

Q = arccos
2

Computational efficiency is evaluated by measuring the computation time #;,,p and
the number of iterations 7n;., required by the nonlinear solver to converge. Numerical
consistency is assessed through the value of the cost function at the solution, normal-
ized by the number of measurement poses as f;,; = f(X)/ N, allowing for fair compar-
isons across different values of N. Finally, to quantify the consistency of the simulation
results, we define the inlier ratio IR as the percentage of trials remaining after the ex-
clusion of outliers via the Interquartile Range (IQR) method [121]:

Mclean

IR=

-100, (4.35)

where M., represents the number of trials classified as inliers. In detail, the IQR
method was applied to the normalized final cost f;,; to identify and discard outliers.
Ordering the data from the smallest to the largest,and dividing the data in four quar-
tiles, where the first quartile (Q;) is defined as the 25" percentile, where the lowest
25% data lies below this point. The second quartile (Q-) is the median of a data set,
thus 50% of the data lies below this point. The third quartile (Q3) is the 75° h percentile,

SRegarding the orientation error metric, the norm of the Euler-angle difference is not adopted, as it
lacks a clear physical meaning due to the periodicity and possible discontinuities of Euler-angle repre-
sentations [61]. Instead, the axis—angle representation provides a geometrically meaningful scalar mea-
sure of orientation error, corresponding to the magnitude of the relative rotation between two orienta-
tions.
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where the lowest 75% data lies below this point. According to the standard IQR crite-
rion, a trial is considered an inlier if its cost lies within the interval

[Q1(fsor) = 1.5IQR, Qs(fs01) +1.5IQR], (4.36)

where Q(-) and Qs(-) denote the first and third quartiles, respectively, and IQR =
Q3 (fso01) — Q1 (fso1). With this method, trials with very low f;,;, which likely identify bet-
ter results, are discarded too. Thus making the analyisis not umbalanced towards an
unlikely better result. The number of inliers M., is then obtained as the cardinality
of the corresponding set of trials.

The analysis procedure begins by loading the CDPR model and performing a work-
space analysis to determine the constraint set for measurement-pose selection, as de-
scribed in Sec. The following steps are summarized in Alg.[1] For each combina-
tion of the number of measurement poses N, sensor set S, and nonlinear solver K, M
independent MC trials are performed. Since the optimal measurement poses depend
on both N and S, they are first computed using the GA-based method described in
Sec. (summarized in Alg.[I|with the function SelectMeasurementPosesGA). In each
trial, the actual measurement poses and sensor outputs are generated by simulating
pose-reaching errors and measurement noise. This step is summarized in Alg. [Tjwith
the function ComputeControlAndMeasureError (see Alg. , where the actual measure-
ment poses {. .., are obtained by perturbing the ideal poses . ;40,; With uniformly
distributed pose-reaching errors through Eq. 4.32). The real reference quantities in
the intial pose 1y, o, and in the measurement poses I, and o (for all k =1,...,N)
are then generated by evaluating the CDPR inverse kinematics (summarized in the
algorithm with the function ComputelnverseKinematics). Specifially, using Egs.
and foralli =1,...,n, applied respectively to the initial pose { ,.,; and to each
measurement pose . 1047 (K =1,...,N). Subsequently, the simulated sensor measure-
ments are obtained for each k by computing the relative variations (only for relative
measurements) and adding Gaussian noise, as detailed in Sec. Finally, all the real
poses and measurements are collected in the vectors:

Aly Aoy é1 0y Axy
JAY Ao o 0, Ay,

A= |2 aer=| R, er=| R o= 7|, axt=| TP @3
Al;‘v Aa;‘v (p}kv 61*\7 Ax}*v

The self-calibration cost function, its gradient, and its Hessian are then constructed
based on the current combination of the self-calibration parameters, and the gener-
ated measurements, following the steps summarized in function GenerateSelfCalibra-
tionFunction, which implements the passages described in Sec.

As an example, if the sensor set S is LENGTH-SWIVEL-AHRS, considering
Egs. (4.1)-(4.2), the residuals associated with the k-th measurement pose are defined
as:

d&r) — by
r =18 —1&o) — AL, Tox=0&) -0y —Aoy, Tei= 0 —0; ,
X&) = x(&o) = Axy

(4.38)
where r; i, sk, and r, ;. denote the residuals associated with cable-length variations,
swivel-angle variations, and orientation measurements at the k-th pose, respectively.
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Algorithm 1: Monte Carlo analysis for initial-pose self-calibration parameter

influence

Data: p;;, P,y €cons: (only for OCDPRs), A (set of N), # (sensor-set list); £ (solver list), M,
delta,, 6., Q,;

CDPR geometric and inertial parameters;

Result: Dataset of performance indices for each (I, S, K) and MC statistics

1 foreach N e 4 do
2 foreach S€.¥ do

3

10

11

12

13

14

15

16
17
18
19

20

21

22
23 end

end

Xideal — SelectMeasurementPosesGA(N, S, Py, Pupr €const» Qy)  /* Generate ideal
measurement poses */

foreach K € # do

form=1to M do

// Generate real poses and measurements
Xreal, Al*, Ad™, ¢*, 0%, Ax*] — ComputeControlAndMeasureError(X; qq;, S,
N! Q\/! 6p) 66)

// Build residuals, cost, gradient, and Hessian according to

Sec.

[f(x), 9 o f] — GenerateSelfCalibrationFunction(N, S, Al*, Ac*, ¢*, 8%,

0x’ x2
Ax™)
// Solve the nonlinear optimization problem
X0 “~ Xideal /* Set initial guess */
if K = LM then

(Xsol» fsol» Riter,exitflag, tcomp) —
LevembergMarquardtSolver( fx), %, xo)
else if K = TRH then
. ) of 8f
Xsol» fsol Niter,exitflag, teomp) — TrustRegmnSolver(f(x), ' xo)

else

. af o
‘ Xsol» fsol Niter,exitflag, teomp) — Halley501ver(f(X), a_i”’ ZTJQC; XO)

end

// Compute performance indices for the trial

€p =1Po —Po,reall /* Position error */
&, = |d0—a0,rml| /* Orientation error x/
store(N, S, K, €p, €r, tcomp: Niter fsol» exitflag)

end

ComputeAndStoreStatisticsMC(N, S,K) /* Aggregate and save results for
this (N,S,K) */

end
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Algorithm 2: ComputeControlAndMeasureError

Input: xideal; Sr Ny QV’ 6p! 66
Output: [X,.q;, A", Ac™, ¢p*, 0%, Ax*]

// Simulate pose-reaching errors
1 for k=0to Ndo
2 | v, ~U(=8,08p)
3 Ve~ U(=0¢,0¢)
4 V= [vg vt
5 Ck,real = Ck,ideal +V
¢ end

// Simulate sensor measurements at the disturbed poses

7 [lp, 09] — ComputelnverseKinematics({y roq;) /* Compute initial cable lengths and

swivel angles */
8 fork=1to Ndo
9 | Vi~ AN(0,071,xp)
10 | Vo~ N(0,021,xy,)
11 Vg ~ ,/V(o,ai)
12 | vg~.AN(0,07)
13| vy ~AN(0,0%)

14 (I, o] — ComputelnverseKinematics({y yoq;) /* Compute modelled cable lengths

and swivel angles */

15 Al;;:lk—lo+vl

16 Aoy =0r-00+Vs

17 (PZ =bkreal + V¢

18 0;; :Qk,real+V9

19 AXZ = Xk,real = Xo,real T Vy
20 end

21 return [X,.q;, Al*, Ad™, ¢*, 0%, Ax*]

Collecting the residuals for all measurement poses k = 1,..., N and grouping them
by sensor type, the overall residual vector components are written as:

1((1)—1(50)—A1T 0'((1)—0'(50)—A0'T
1((2)—1(50)—A1>2k 0'((2)—0'(50)—A0';

l'l = . ) rU = . ) re =
& y) —1Go) — AL, o&n) -0 (&) — A

[ OICSYREON
0(¢,)—0;
X&) —x(&o) —Axy
G(&o) —P5
0(C,) —0;

X&) —x(&o) — Ay,

PCN) — Py

0N -0y
[ XEN) —x &) — Ay
(4.39)

Accordingly, the derivative of the residual vector w.r.t. the unknowns x is computed
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analytically using the Jacobians derived in Egs. (2.21) (2.22) (or (2.52)) as:

[ J1&0) 116D ... Ouxo |

-Ji€o) Opxe ... Ji(&p)

_IU(CO) ]U(Cl) 0n><6
? - : E .. . E € RN(Z”+3)X6(N+1) (4.40)
X

_IU(ZO) 0n><6 ]O'(Ck)

3,0 Je@) .. O3

Ty (&) O3x6 ... Je(Gp) |

where J¢($y) = 0r¢ /08 = [03x3  Isx3] and J,({o) = Orc /08 is for all k:

]X:

oS O O
oS O O
oS O O
S O O
S © O

0
0 (4.41)
1

while the nonzero second-order derivatives of the residual components are computed
using Egs. and (4.11). For instance, for residuals arising from the i-th cable
length and swivel angle, the second derivatives with respect to the initial pose {, are
computed through Egs. (2.27) and (2.30):

azrlk,i _ 0%l azrﬂk,i _ 00
a2 o¢2 " agk agz

in the same way, the second derivatives with respect to the k-th pose {;. are:

k=1,...,N, (4.42)

2
6 rlkyi :azll‘ aerk’i :620','
oz oz o o
All the other second order derivatives of the components of r are null.
Then, the optimization problem is solved using the selected nonlinear solver. Fi-

nally, performance indices are computed for each trial, and statistics are aggregated
and stored.

(4.43)

4.3.4 Results

The parameter and algorithm analysis introduced in Sec.[4.3.3]is applied to two differ-
ent CDPR architectures, selected to represent distinct geometries and workspaces: (i)
a suspended 8-cable OCDPR developed at the ARDC Lab ﬂ and the IRMA-4U 4-cable
UACDPR prototype developed at IrmaL@bﬂ For both systems, the analysis is first con-
ducted in simulation via the Monte Carlo framework of Sec. and a subset of the
analyzed parameter and algorithm combinations is then evaluated experimentally on
the corresponding prototypes.

The OCDPR moving platform has mass m = 3.7 kg and center of mass coincident
with the end-effector frame, s’ = [0 0 0]7 m. The geometric parameters d; and a;. are

6Aerospace, Robotics, Dynamics, and Control Lab, University of Minnesota, Minneapolis, MN, USA.
"Industrial Robotics, Mechatronics & Automation Laboratory @ Bologna, Bologna, Italy.
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4 5 6 7 8
1.667 1.578] [—-1.459] [—1.548] [-0.626] [-0.537] [ 1.539 | [ 1.628 ]
d; [m] [0 849] [0 937] [ 1.395 ] 1.306 | [-0.860| [-0.948| [-0.992| |-0.903
2.423 2.423 2423 | | 2423 | | 2.423 | | 2423 | | 2423 | | 2.423 |
0.165 ] [—-0.095] [0.095] [—0.165] [—0.165] [ 0.095 | [—0.095] [ 0.165 ]
Pal (m] [—0.095 [ 0.165 ] [0.165 —0.095| | 0.095 | |-0.165| |-0.165| | 0.095
0.161 | |-0.194] |o0.161] |-0.194] | 0.161 | [-0.194] [ 0.161 | [-0.194]

Table 4.8: Geometric parameters of the ARDC LAb OCDPR

i 1 2 3 4
1.080 | [1.080] [-1.079] [-1.078]
d; [m] |-1.153 1.153 1.153 -1.153
| 1846 | [1.846] [ 1.846 | | 1.846 |
[ 0.075] [0.075] [-0.075] [—0.075]
Pa' [m] |-0.075 |0.075 0.075 -0.075
| 0266 | |0.266] | 0.266 | | 0.266 |

Table 4.9: Geometric parameters of the IRMA-4U UACDPR

reported in Table[4.8 and the radius of each pulley is 0.03 m. For the wrench-feasible
constant-orientation workspace computation (Sec. [4.3.2), the cable tension bounds
aresetto 7;, =4 N and 7, = 100 N, and the end-effector orientation is fixed to €.¢,5; =
[000]” deg. The resulting position bounds used in the GA pose-selection (Sec.
arep;;, = [0.1 —=0.150.5]7 mand p,,;, = [0.45 0.3 1.2]T m, chosen to maximize workspace
coverage while maintaining a safety margin from workspace boundaries.

The UACDPR platform has mass m = 12.992 kg and center-of-mass offset s’ =
[0, 0, 0.173]7 m. The corresponding geometric parameters are reported in Table
and the radius of each pulley is 0.03 m. For the static workspace computation
(Sec. [4.3.2), the tension bounds are set to 7;, = 20 N and 7, = 350 N, yielding the
position bounds p;;, = [-0.6, —0.6, 0.5] T'm and P,y =10.6, 0.6, 1.1] T'm

The IRMA-4U prototype is equipped with incremental encoders on the motor
winches (resolution 0.144°), incremental encoders on the swivel pulleys (resolution
0.03°), and an Xsens MTi-630 AHRS providing nominal accuracy 0.2° (roll/pitch) and
1.0° (yaw). The OCDPR prototype is equipped exclusively with motor incremental en-
coders for cable-length measurements (resolution 0.03°).

Although the actual sensor set of the OCDPR is limited, all sensor combinations
considered in Sec. are analyzed in simulation for both architectures to enable a
comprehensive performance comparison. It is important to note that for the UACDPR,
the self-calibration problem is overdetermined only when using at least the LENGTH-
SWIVEL and LENGTH-SWIVEL-AHRS sensor sets. This is due to the fact that consider-
ing only LENGTH or SWIVEL data results in an underdetermined system of equations
(Nn < 6(N +1) for every N). Furthermore, while the combination of LENGTH-AHRS
might algebraically appear to lead to an overdetermined system for a UACDPR with
n =4 cables, as shown by the limit:

] 7N 7
lim ————==->1 (4.44)
N—ocob6(N+1) 6

the kinematic equations associated with the AHRS depend only on a subset of the
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6pIm] | 8¢ [deg] | 0% [m?] | 05 [deg’] aé [deg”] | 07 [deg’] oy [deg?]
0.15 7.5 0.004° 0.2 0.4 0.4 0.4

Table 4.10: Positioning error and sensor noise model parameters.

pose, specifically, the orientation. Consequently, the LENGTH-AHRS set is insufficient
for initial pose calibration, which necessitates the inclusion of swivel angle measure-
ments to resolve the full platform state for UACDPRs. Therefore, only the LENGTH-
SWIVEL and LENGTH-SWIVEL-AHRS configurations are considered for this architec-
ture. Based on the above specifications, and considering the contribution of modelling
errors, identical values are adopted for the sensor noise variances in the simulations
due to the comparable scale of the two robotic systems. For each sensor set S, the
measurement-noise covariance is taken as diagonal, Q, = diag(a%,...,afn), with en-
tries selected from Table according to the included measurements (cable-length
variations, swivel-angle variations, and AHRS components). Independent noise real-
izations are generated at each measurement pose. The bounds of pose-reaching errors
6pand é, (Table are selected to represent conservative open-loop control strate-
gies, as typically employed during the data acquisition phase, when the actual EE pose
is affected by significant uncertainty.

For each combination of the analyzed parameters, the number of Monte Carlo trials
is set to M = 1000. This value is chosen after verifying that yields statistically stable
estimates of the performance indices through the reaching of a minimum treshold on
the relative error (in this case 2%) of the estimate in each performance index [122].

All simulations and experimental data processing are carried out in MAT-
LAB R2023b on a PC equipped with an Intel i7-13650HX CPU at 2.60 GHz and 32 GB
of RAM. The Levenberg—-Marquardt (LM) and Trust-Region (TR) methods are imple-
mented using the Isgnonlin and fminunc functions from the Optimization Toolbox, re-
spectively, while Halley’s method is implemented following the update step detailed in
Sec. For Isqnonlin, the Levenberg—Marquardt algorithm is selected, while fminunc
is used with the trust-region option. Analytic expressions of the cost function gradient
and Hessian, derived in Sec. are provided to the solvers. For all solvers, the stan-
dard MATLAB stopping criteria are adopted, with the tolerance on the cost function
variation set to 1079, the tolerance on the solution variation to 1077, the tolerance on
the gradient norm to 10~!3, and the maximum number of iterations limited to 100. The
initial guess for the unknown parameter vector X is set equal to the ideal values used
to generate the measurement poses.

The simulation results for the OCDPR prototype are summarized in
Figs. [4.7[4.9]4.11]4.13]4.15] and which report the statistics of the considered
performance indices for all combinations of the analyzed parameters. For each
performance index, the results are organized into a group of charts, where each chart
corresponds to a specific combination of sensor set S and nonlinear solver K, and
shows the mean value and standard deviation of the index as a function of the number
of measurement poses N. Charts are arranged such that each row corresponds to a
fixed sensor set and each column to a fixed solver, facilitating a direct comparison
of the effects of S, K, and N. The same representation is adopted for the simulation
results of the UACDPR prototype, reported in Figs. [4.8/4.10[4.12/4.14J4.16} and [4.18]

In agreement with previous analyses on initial-pose self-calibration [48,/60,61,63],
the results show that increasing the number of measurement poses N and employing
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Figure 4.7: Position error &), simulation results for the OCDPR prototype.
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Figure 4.8: Position error ¢, simulation results for the UACDPR prototype.

more informative sensor sets S lead to improved estimation accuracy. This trend is
consistently observed as a reduction in both the position error £, and the orientation
error ¢, for both architectures (Figs.[4.7H4.10). For the OCDPR prototype, augmenting
cable-length measurements with swivel-angle encoders yields a marked improvement
in position estimation accuracy, reducing ¢, by nearly one order of magnitude with
respect to the LENGTH sensor set alone. The inclusion of AHRS measurements pri-
marily improves orientation estimation, with a limited impact on position accuracy. A
similar behavior is observed for the UACDPR prototype; however, due to the underac-
tuated nature of the system, the availability of orientation measurements results in a
substantially larger reduction of €, leading to an order-of-magnitude improvement in
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Figure 4.9: Orientation error €, simulation results for the OCDPR prototype.
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Figure 4.10: Orientation error ¢, simulation results for the UACDPR prototype.

orientation accuracy. Across all sensor sets and values of N, no substantial differences
in estimation accuracy are observed among the three nonlinear solvers. The compara-
ble mean errors and standard deviations indicate that, when convergence is achieved,
all solvers consistently converge to the same solution, and that the choice of K has a
negligible impact on the final estimation accuracy.

The number of iterations n;;., required for convergence remains overall stable for
a fixed sensor set S, except when minimal sensor configurations are employed (i.e.,
the LENGTH set for the OCDPR and the LENGTH-SWIVEL set for the UACDPR), as

shown in Figs. and In these cases, the reduced amount of information leads
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Figure 4.11: Number of iterations n;., simulation results for the OCDPR prototype.
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Figure 4.12: Number of iterations n; ., simulation results for the UACDPR prototype.

to higher iteration counts and increased variability across trials. Among the three
solvers, the Trust-Region method generally requires the highest number of iterations,
while Halley’s method consistently exhibits the lowest iteration count, with Levenberg—
Marquardt showing intermediate behavior. The computation time f¢op,p, reported in
Figs. and[4.14} increases with the number of measurement poses N for all sensor
sets and solvers. An approximately linear scaling with N is observed for the Levenberg—
Marquardt method, whereas both the Trust-Region and Halley solvers exhibit a super-
linear growth, which becomes more pronounced as N increases. As a consequence of
the additional second-order computations involved in these methods, the Levenberg-
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Figure 4.13: Computation time f¢,,,, simulation results for the OCDPR prototype.
LENGTH SWIVEL + LM LENGTH SWIVEL + TRH LENGTH SWIVEL + H

tcump [S]

10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
N N N
LENGTH SWIVEL AHRS + LM LENGTH SWIVEL AHRS + TRH LENGTH SWIVEL AHRS + H

(=3
ot

t('mnp [5]
teomp [5]
tcomp [5]

0 —
10 20 30 40 5 10 20 30 40 50 10 20 30 40 50
N N N

Figure 4.14: Computation time #.,,, simulation results for the UACDPR prototype.

Marquardt solver consistently achieves the lowest computation time, followed by Hal-
ley’s method, while the Trust-Region solver results in the highest computational cost.

The final value of the cost function at convergence, f;,;, reported in Figs.
and is identical across solvers for fixed values of N and S, confirming that all
methods converge to the same minimum when convergence is achieved. Despite the
normalization of the cost function with respect to the number of measurements, f;;
exhibits an increasing trend with the number of measurement poses N, particularly
for less informative sensor sets. This reflects the accumulation of measurement noise
which impacts more the cost function value when multiple sensors are used.
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Figure 4.15: Final cost function value f;,; simulation results for the OCDPR prototype.
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Figure 4.16: Final cost function value f;,; simulation results for the UACDPR prototype.

The inlier rate, reported in Figs.[4.17]and[4.18] remains close to 100% for both archi-
tectures across almost all configurations. A noticeable reduction is observed only for
the OCDPR when using the minimal sensor set in combination with the Trust-Region
solver. In all other cases, the high inlier rate indicates robust convergence of the self-
calibration procedure.
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Figure 4.17: Inlier rate simulation results for the OCDPR prototype.
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Figure 4.18: Inlier rate simulation results for the UACDPR prototype.

4.3.5 Experimental validation

For experimental validation of the proposed self-calibration method, self-calibration
data were collected from both the ARDC OCDPR and the IRMA-4U UACDPR pro-
totypes. A Vicon motion capture system was used to provide a ground-truth mea-
surement of the end-effector pose, tracking the position of a set of reflective markers
rigidly attached to the moving platform with an accuracy of +0.2 mm. The ground-
truth end-effector pose was reconstructed from the measured marker positions using
a geometry-based fitting procedure [123]. The self-calibration algorithm was then ex-
ecuted offline using the experimental data and the same implementation and param-
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Figure 4.20: Orientation error €, experiments results for the OCDPR prototype.

eter settings adopted in the simulation analysis. The pose error performance indices
were finally obtained by comparing the estimated initial end-effector pose with the
corresponding ground-truth measurement.

The number of experimental trials was set to M = 10 for both prototypes, provid-
ing a representative statistical sample while ensuring experimental repeatability and a
reasonable total acquisition time. All remaining parameters, including the sensor con-
figurations and the optimal measurement poses, were selected consistently with the
simulation analysis.

For each trial, the CDPR was first moved to a pre-determined initial pose {, within
the workspace. For both prototypes, an open-loop control strategy based on a rough
estimate of the end-effector pose was used to reach the desired poses. Although the
specific control law is not detailed here, as it is not the focus of this work, it is im-
portant to note that such open-loop strategies—typically adopted during this phase
of CDPR operation—lead to non-negligible pose-reaching errors, consistently with the
assumptions introduced in Sec. At the initial pose, both the CDPR sensor mea-
surements and the ground-truth end-effector pose were recorded. The robot was then
commanded to sequentially reach each of the N measurement poses {, k=1,...,N.
At each pose, a stop phase was imposed to allow the system to settle, during which sen-
sor measurements were acquired. In the data processing stage, measurements from
each sensor channel were averaged over the stop phase to mitigate the effect of mea-
surement noise. The resulting dataset was finally used to run the self-calibration algo-
rithm offline, following the same procedure adopted in the simulation analysis.

The experimental results for the OCDPR prototype are reported and compared with
the corresponding simulation outcomes in Figs. For this prototype, the sen-
sor set S is limited to LENGTH, as cable-length measurements are the only sensing
modality available. A consistent and prominent difference between experimental and
simulated results is observed in the variability of all performance indices. In particu-
lar, the experimental standard deviation is significantly lower than the simulated one
across all configurations. This discrepancy can be attributed to the different nature of
pose-reaching errors in simulation and experiments. While the Monte Carlo simula-
tions model pose-reaching errors as independent random perturbations at each mea-
surement pose, the experimental procedure is affected by repeatable, trial-consistent
systematic errors, such as calibration offsets and repeatable control biases. As a conse-
quence, the experimental measurement poses exhibit reduced variability across trials,
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Figure 4.21: Number of iterations n;., experiments results for the OCDPR prototype.
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Figure 4.22: Computation time #.,,p experiments results for the OCDPR prototype.
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Figure 4.23: Final cost function value f;,; experiments results for the OCDPR proto-

type.
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Figure 4.24: Inlier rate experiments results for the OCDPR prototype.
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leading to smaller dispersion of the estimated performance indices. The experimental
position error £, does not decrease monotonically with the number of measurement
poses N, as observed in simulation. Instead, it reaches a minimum for intermediate
values of N (approximately N = 20) and slightly increases for larger N. This behavior is
consistent with the presence of systematic pose-reaching errors, which introduce bi-
ased measurements that do not average out when additional poses are included, thus
limiting the achievable accuracy beyond a certain number of measurements. The ori-
entation error €, remains approximately constant with respect to [NV and is significantly
lower in the experiments than in the simulations. This result suggests that the orien-
tation of the moving platform is less affected by pose-reaching uncertainties in the
experimental setup. The number of iterations n;., and the computation time Z:omp
exhibit trends consistent with the simulation results, while attaining lower values in
the experiments. This behavior is likely due to the reduced errors in the experimental
measurements, which facilitates faster and more stable convergence of the nonlinear
solvers.

Similarly, the final cost function value at convergence f;,; is substantially lower in
the experiments than in the simulations, reflecting the lower dispersion of the resid-
uals. Finally, the inlier rate remains high across all configurations, although a slight
decrease with increasing N is observed in the experimental results.

The experimental results for the UACDPR prototype are reported and compared
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Figure 4.25: Position error ¢, experiments results for the UACDPR prototype.
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Figure 4.26: Orientation error €, experiments results for the UACDPR prototype.
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Figure 4.27: Number of iterations 7n;;., experiments results for the UACDPR prototype.

with the corresponding simulation outcomes in Figs. In contrast to the
OCDPR case, the experimental standard deviation of the performance indices is of the
same order of magnitude as the simulated one. This indicates that, for the UACDPR,
trial-to-trial variability is not dominated by repeatable systematic effects, probably due
to the unconstrained nature of these systems, which makes them less repeatable. With
respect to estimation accuracy, for N < 30 the experimental results follow the simu-
lation trends, although with a slightly larger position error. For N = 30, instead, both
the mean position and orientation errors are significantly larger with respect to the
simulation. This discrepancy is likely due to unmodeled effects, such as swivel-pulley
friction and the violation of the planarity constraint between the cable and the swivel
pulley. This phenomenon is particularly pronounced under low cable-tension condi-
tions. As previously established, swivel angle measurements and their associated kine-
matic equations are indispensable for ensuring that the initial-pose self-calibration re-
mains an overdetermined problem for UACDPRs. Consequently, inaccuracies or mod-
eling discrepancies in the swivel measurement model, as formulated in Eq. (2.9), can
significantly degrade the final calibration resultsﬁ Despite the observed gap between
experimental and simulated errors, the achieved accuracy is consistent with previous
experimental self-calibration results on the same prototype , Where a position error
of 23 mm and an orientation error of 5.44° were obtained with the same sensor con-
figuration and N = 20, but without optimal measurement-pose selection. Regarding
computational performance, the number of iterations n;., and the computation time
fcomp €xhibit trends comparable to simulation for the Levenberg-Marquardt and Hal-
ley solvers. Conversely, the Trust-Region solver attains smaller iteration counts while
requiring comparable computation time in the experiments. This behavior suggests an
earlier termination of the optimization process, likely caused by the presence of higher

8A specific and robust analysis of the relationship between swivel angle measurement accuracy and
initial-pose self-calibration will be the subject of future studies.
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Figure 4.28: Computation time #.,,, experiments results for the UACDPR prototype.
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Figure 4.29: Final cost function value f;,; experiments results for the UACDPR proto-
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Figure 4.30: Inlier rate experiments results for the UACDPR prototype.
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residual floors induced by unmodeled effects, rather than an improved convergence
behavior. The final cost function value at convergence, fs.;, is consistently higher in
the experiments than in the simulations, further confirming the presence of modeling
discrepancies and non-ideal measurement conditions. Finally, the experimental inlier
rate is consistent with the simulated one.

Overall, the experimental results show that the proposed framework for param-
eter and algorithm analysis is effective in predicting the actual performance trends
of initial-pose self-calibration on real CDPR systems. This is particularly true for the
OCDRPR architecture, where redundant actuation enables the use of more informa-
tive measurements, such as cable-length variations from motor encoders, resulting
in increased robustness to pose-reaching uncertainties and unmodeled disturbances.
From a practical perspective, the sensor set S is the most influential design choice, with
swivel-angle measurements providing a substantial improvement in position accuracy
and AHRS measurements being essential for reliable orientation estimation, especially
in underactuated architectures. Increasing the number of measurement poses N im-
proves performance up to a saturation point, beyond which experimental accuracy
may degrade due to systematic errors; in the analyzed setups, values of N between 20
and 30 represent a favorable trade-off. When convergence is achieved, the choice of
the nonlinear solver K has a limited impact on estimation accuracy and mainly affects
convergence speed and computational cost, with the Levenberg-Marquardt method
offering the most balanced performance. At the same time, the results highlight in-
trinsic limitations of the self-calibration procedure, as unmodeled systematic effects
and modeling inaccuracies ultimately bound the achievable accuracy, particularly for
underactuated architectures. As a result, while the proposed framework provides ef-
fective guidance for parameter and algorithm selection, the final performance is still
mainly influenced by modelling errors and sensing quality.
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4.4 Online initial-pose self-calibration

While the procedures described in Sections 4.2 and [4.3| provide robust solutions for
system initialization, they rely on sequential offline batch processing, wherein data ac-
quisition must be entirely completed before optimization begins. To further reduce the
overall time required for the robot to reach operational status, this section introduces
novel online self-calibration techniques. These methods aim to estimate the initial
end-effector pose {, concurrently with the state estimation of the current pose ¢ dur-
ing the execution of the robot’s initial trajectory. This approach streamlines the transi-
tion from power-on to full operational readiness. The CDPRis assumed to be equipped
with the internal sensor suite described in Section [4.2.2] which includes: winch motor
encoders for cable-length variations Al, swivel-pulley encoders for swivel-angle vari-
ations Aoy, and an AHRSrigidly attached to the platform to provide absolute roll/pitch
(¢k,0%) and relative yaw variations Ay. Alternatively, raw IMU data, such as accelera-
tion p;,,y and gyroscope outputs wyy, may be utilized.

Various methodologies are explored for performing online self-calibration. Given
that the optimization problem formulated in Sec. [4.1]is rooted in least squares, a mod-
ified Recursive Least Squares (RLS) algorithm is presented in Sec. Furthermore,
assuming the availability of an IMU or an AHRS for local inertial data, an Extended
Kalman Filter (EKF) is proposed in Sec. Because these methods rely on the lin-
earization of kinematic equations, they may incur significant estimation errors when
model nonlinearities are pronounced. To address this, unscented versions of both the
RLS and the EKF are provided in Sections [4.4.2.1|and 4.4.3.1} respectively. An experi-
mental assessment is conducted for the [RMA-4U UACDPR introduced in Sec. Fi-
nally, the performance of these novel online techniques is compared against the state-
of-the-art nested method introduced by Caverly et al. [58,59], detailed in Sec.

4.4.1 Nested method

In the nested approach, the self-calibration problem is partitioned into two distinct
timescales: an inner loop and an outer loop. The inner loop is responsible for high-
frequency state estimation, determining the current EE pose {; whenever new sensor
data becomes available. This estimation relies on the most recent estimate of the initial
pose ¢, provided by the calibration loop. Conversely, the outer loop operates at a lower
frequency, solving the initial-pose self-calibration problem only when a batch of N
measurements with sufficient information has been collected

The inner loop implementation follows the pose estimation framework described
in [50], formulated as a NWLS optimization:

R 1.
Cp= argn%in zf,{Wfk, (4.45)
k

where the residual vector ¥y is a function of the current pose {; and the reference val-
ues derived from the last estimate of the initial pose §:

[ 1&0) -1 - Al ]
() -0y —Ag
br—dr . (4.46)
O — 05
| X&) —x&o) - Ay |

=<
~
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4.4. Online initial-pose self-calibration

The weighting matrix W is computed as the inverse of the measurement noise covari-
ance, consistent with Eq. (4.5).

The outer loop solves a calibration problem structurally identical to the offline
NWLS formulation presented in Sec. To ensure the robustness of this estimate,
the dataset is managed through a sliding buffer of N measurements. After accumulat-
ing the first N measurement time-steps, the indices for the data buffer are initialized as
ki=1,ky=2,...,kn = N. As subsequent measurements are recorded, the dataset may
be updated to incorporate more informative configurations. The criteria for updating
this buffer are based on two observability metrics: the Position Dilution of Precision
(PDOP) and the Orientation Dilution of Precision (ODOP). These metrics are derived
from the covariance matrix P of the unknown vector, obtained by linearizing the sys-
tem at the current estimate:

-1 _|Peoco Poo¢

=(J'wy) = [ oo~ Gob | (4.47)
Wy Piey P

where P;; € RSV*6N represents the covariance of the N measurement poses. By ex-

tracting the k;-th 6 x 6 diagonal block of P;;, denoted by P(k’ which represents the

covariance of the k;-th pose {;,, and letting P(k i denote the upper—left 3 x 3 subblock

of P(k 2 (position covariance), and P(k’) denote the bottom-right 3 x 3 subblock (orien-
tatlon covariance), we can define the observablhty indices as:

N N
PDOP = % klZ::l trace(P?fI’;)), ODOP = % k;ﬁ trace(Pé’fr")). (4.48)
The practical meaning of the covariance matrix P lies in its characterization of the
statistical "dispersion" of the estimated state. It essentially conveys the confidence
level of the estimation; a high dispersion implies low precision, whereas a concentrated
covariance indicates that the estimate is tightly clustered around the true state. In this
context, PDOP and ODOP effectively quantify the precision of the positional and rota-
tional estimates, respectively. These indices directly correspond to the standard devi-
ation of the position and orientation errors, respectively. Once the buffer is full, new
measurements are tentatively swapped with randomly selected entries. The PDOP and
ODOP are recomputed; if the swap results in a decrease of these indices—indicating
improved precision—and they fall below a predefined threshold, the entry is updated
and the outer loop is executed. Otherwise, the data is discarded. The complete flow is
illustrated in Fig.

4.4.2 Recursive Least Squares

While the batch formulation introduced in Sec. is effective for offline analysis, the
Recursive Least Squares (RLS) algorithm provides a computationally efficient frame-
work for online estimation. RLS serves as the recursive counterpart to the NWLS prob-
lem, allowing the parameter vector x to be updated incrementally as each new mea-
surement is sampled. In its standard form, RLS is suitable for estimating a constant
parameter vector from a sequence of measurements that fit the linear model [124]:

Vi = Skx+ vy, (4.49)
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Figure 4.31: Flowchart of the nested online initial-pose self-calibration algorithm.

where y; is the measurement vector at step k, Si is called the observation matrix,
and vy is the measurement noise (generally assumed as zero mean and gaussian
Vi~ AN(0,Q, ).

The filter is initialized with an estimate of the parameter vector X, and its associated
uncertainty covariance Py:

%0=E®X), and Pg=E[(x—%o)(Xx—%0) ]. (4.50)

As measurements are sampled for k = 1,2,..., the estimate is refined by iterating
through the following update equations:

Ki =Pi_1S; (SkPro1Sp +Qy 0
X = Rpe—1 + Kie (v — Sike—1) (4.51)
Py =Pp_1 — KiSiPi-1,

where X;. is the estimation of the parameter vector at time k, Py is its covariance matrix,
K} is the estimator gain matrix, and Q,, ;. is the covariance matrix of the measurement
noise.

Setting x = {), and the measurement vector y,. as:

(16 -aL | 169 ][]
oC-aai| |e@y| |ve

Vi = by = 0 [+]vel, (4.52)
QZ 0 Vo
@ -Axp ] (X&) ] |V

where (. is the last available estimation of the EE pose, the formulation can be
obtained linearizing the geometric constraints (Eqgs. (2.13), (2.9)) around the current
estimat xﬂ However, this approach decouples state estimation from parameter cali-
bration. By treating {; merely as an external input, the filter ignores the inherent cou-
pling and the uncertainty of the current pose, which often leads to poor convergence.

9Please note that if instead of considering the initial EE pose, we consider the initial reference values
of the measured quantities as unkown parameters x = [lg a'OT xol”, the relation is already linear.
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4.4. Online initial-pose self-calibration

To account for these interactions, a modified RLS approach is proposed using an
augmented state vector X = [{ g 4 ,Z] T which simultaneously includes the constant ini-
tial pose and the time-varying current pose. Since {; changes at every time-step, the
covariance matrix blocks associated with the current pose must be reassigned at each
iteration to reflect the new state guess. The measurement vector for this augmented
system is expressed as:

(AL ] [160 ] [1& ]
AU;’; o) (&)
Vi=| P |=| & |-| O |+vk (4.53)
9;; O 0
Axy] 1x€ | [ x&o) |

with the observation matrix Sy obtained by linearizing Eq. (4.53) around the aug-
mented state Xj.:

Tk J1x@&)
Sk=|"TJo,kC0) Tk |- (4.54)
-J X,k J €k
Given the time-varying nature of {;, the recursive update is modified to incorporate
an a priori state and covariance reset:

s+
'S Cokfl ]
T N
Zk,guess
P} 0
PE — C(o,k—1 ] ,
0 Prguess (4.55)

K =P ST (P SE+Q, 7Y,
X; =%, +Ki (v ~h&})),
P} = I-KiSpP, I-K;Sp)” +KQ, (K},

A s . . . ot . .. .
where X;_ is the a priori estimate of the unknowns, {,, . is the a posteriori estimate of

the initial pose and on, 1 is the corresponding block of the covariance matrix, g k,guess
is a guess of the current pose, and Py, ¢yess is a guess of the corresponding covariance
matrix block. The initial guess ¢ k,guess 18 set to the current control setpoint, assum-
ing the system remains in sufficient proximity to the desired trajectory. The associated
uncertainty, Py, oyess, is modeled as a diagonal matrix scaled by a constant tuning pa-
rameter «. This parameter is determined through empirical trial and error to ensure
robust convergence. By adjusting a, the algorithm effectively balances the influence of
the prior setpoint against new measurement data, providing a necessary regularization
for the iterative update in this preliminary phase.

A limitation of this modified approach is that the resulting covariance matrix Py is
no longer fully representative of the cumulative uncertainty across the entire trajectory,
as the state blocks are reset at each step. Consequently, if PDOP or ODOP indices are
required to determine a termination condition, they must be computed independently
of the RLS covariance to ensure they accurately reflect the global observability of the
calibration procedure. Nevertheless, to evaluate the filter’s performance within this
preliminary study, PDOP and ODOP are still derived from the diagonal elements of the
a posteriori covariance matrix P;, acknowledging the aforementioned limitations of
this approach.
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4.4.2.1 Unscented version

Instead of linearizing the nonlinear model to obtain the observation matrix S, the un-
scented version of the RLS utilizes the Unscented Transform (UT). This approach prop-
agates a set of deterministically chosen sample points, known as sigma points, through
the nonlinear model to capture the mean and covariance of the state distribution more
accurately than first-order Taylor expansions [124].

Given a vector x € R™ with known mean X and covariance P, and a nonlinear func-
tiony =h(x) + v, the UT approximates the statistics of y through the following steps:

1. Generate sigma points:

xD =%+%x', i=1,...,2n,
T

x(”:(\/n_P),, i=1,...,ny (4.56)

i
T

<+ :_(\/np). , i=1,...,n,.

1

where /n,P is the matrix square root such that VnP)T'y/nP = n,P, and
(v nyP); denotes the i-th row of the result.

2. Propagate sigma points:

y9 =hx?), i=1,...,2n, (4.57)

3. Compute predicted mean and covariance:

1 2ny

y=5— i Py = on. —. (Y(i) —5’) (Y(i) —f’)T +Qy (4.58)

2Ny P
where Q,,  is the covariance matrix of the measurement noise vy.

These steps are hereafter denoted by the operator: y,P, = UT (h(-),X,P).
Considering the formulation of the self-calibration problem being the same as the
RLS case, at each iteration k, the steps are modified as follows:

o+
ﬁz_ Acok—l ,
Ck,guess
P} 0
PE - Co,k—1 ]
0 P(k,guess
Vio Py =UT((),X;,Pp),
= () ) T 499
Pay= g 1 (x5 (v -94)
Ny i=1
Kk = nyP_ )

X =%+ Kie (ye — i)
+ _p- T

where, as before, the state and covariance are initialized using the control setpoint for
the iterative guess i ¢y05s and a diagonal matrix Py, ¢yess = al as the prior uncertainty.
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4.4. Online initial-pose self-calibration

The primary advantage of the unscented approach is that the covariance block Py i
corresponding to the calibration parameters is more representative of the true uncer-
tainty, leading to estimates of ) that are typically closer to the ground truth. However,
as noted previously, the covariance matrix Py still does not fully capture the global un-
certainty of the measurement pose due to the iterative resetting of state blocks. Con-
sequently, while PDOP and ODOP indices are derived from the diagonal of P} for per-
formance evaluation in this study, they remain independent of the global observability
required for termination criteria. Finally, the improved fidelity comes at a higher com-
putational cost, as the number of sigma points scales with the dimension of the state
vector, potentially limiting real-time applicability in high-dimensional system:s.

4.4.3 Extended Kalman Filter

In the past, several studies have demonstrated the efficacy of Kalman Filters (KF) for
pose estimation of CDPRs [125-128]. The underlying idea behind these approaches is
that including a dynamic model, rather than relying solely on the geometric relations,
significantly improves estimation. Especially when an IMU is available for accelera-
tion and rate of turn measurements of the moving platform (p;,,; and @;yp), and
thus, there is no need for inertial parameter identification (that can introduce further
modeling errors) since no CDPR dynamics is used.

However, Kalman filtering can be used not only to estimate the states of a system,
but also to estimate its unknown parameters [124]. The general discrete-time Extended
Kalman Filter (EKF) can be applied to nonlinear systems expressed in the following
form:

Xje = -1 Xg—1, Wg—1, Wi—1),

(4.60)
Vi = hie(Xx, vi),

where fi (X, ug, wy) is the process model, hy(xx, vy) is the observation model, wy is
the process noise, v is the measurement noise (generally assumed as zero mean and
gaussian wy ~ A(0,Q,, &), Vi ~ A (0,Q, 1)), uy is the input vector, y, is the measure-
ment vector, and X is the state vector. Generally, f; is the dynamic model of the system
and hy is the kinematic model that relates the measurements to the system state. In the
case of parameter estimation, the state Xy is augmented with the unknown parameters
B, and their update is modeled as:

Bi=Br1+Ws ik (4.61)

where wg i (a subset of wy) is a small artificial noise term that allows the Kalman Fil-
ter to change its estimate of ;. The choice of wg i is arbitrarly chosen and it affects
the convergence rate of the parameter estimation. A larger value allows faster conver-
gence, but also larger oscillations around the real value, while a smaller value leads to
slower convergence, but also smaller oscillations around the real value.

From an algorithmic perspective, the filter is initialized with an estimate of the
mean value of the state x; = E(Xp), and of its covariance matrix P§ = E[(Xo —x]) (X0 —
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xg )77 (an initial guess). Then, the following operations are performed for k=1,2,...,:

Py =A;1P]_ Al | +Li1QuiLi

X, = fr1 (X, uk-1,0),

Ky =P S} (SkPiS{ + MQ, M)}, (4.62)
X, =%, + K (v —hx;,0),

P} = I-KiSp)Py,

;Lk: ofy. S _ Ohg

= 9 Ot ohy — Ohy i i i ati
where Ay = x; awe Sk = ax, and My = Jv, are derived from the linearization of

the process and observation models around the current state and noise.

To apply the model described by Eqs. (4.60),([4.61), and to the initial-pose
self-calibration problem, we consider a state update formulation (function f;) similar
to the one defined in [128], in which acceleration and angular velocity measurements
from an IMU mounted on the platform are used. While cable length variations and
swivel angle variations can be used as output y, for state correction. In particular, the
augmented state x, the input ug, the output vector y;, the process noise wy, and the
measurement noise v can be set equal to:

Pk
Pr 15 [ Prvoc—Wik| _ [ k] Al +vyi
Xp = eR™, U = ’ = ’ Yi = A ’
€ |l WIMU,k— W2,k Uy | Ok+Vgk
o, (4.63)
[ w
B 1Lk vig
Wk - Wz,k ) Vk - )
Vo,k
| W(o,k

where P,y and wyyy are the acceleration and angular velocity measured by the IMU,
expressed in its local frame. While the state update f;_; and the maeasurement update
h; are defined as:

Pi-1+01Pg1
£ = Pro1 + 6 (Re-1 (k-1 + W1 k-1) — 8)

} 4.64

€11 +5tHkile_1(u2,k—1 + W2 k-1) ( )
COk,l +W{0rk

hy - 1€1) =1o(Go) +vik (4.65)

o) —00&)) + Vo]’

with 6t being the sampling time, and recalling Chapter |2} Ry = R(€y) is the rotation
matrix from the local mobile platform frame to the inertial frame, Hy = H(€ey) is the
matrix that relates the time derivative of the Euler angles to the angular velocity, and g
is the gravity vector.

Therefore, in this specific case, the linearization around x;, wg, and v leads to:

I3xg Otl3x3 033 3 036

A= 033 I3x3 —6¢(Re(uy x +wy 1) Hg 036

F7 03k O3u3 Igug— 5t(H;l%H;1Rk(u2,k +wa i) + Hi ' (R (ug, +W2,k))~Hk) 036

06x3  Opx3 06x3 Isxs
(4.66)
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0343 03x3 03x6
L 6tRk 03><6 03><6
“T 1053 StH'Rg 0346
06x3 O6x3 Isx6

s = Ji, k) Onxz Ju,(8x)

-J1(&p)

"o, €0 Onss o, @) —To@o)]’

My = Ionx2n,

(4.67)

where Ji,, 11, Yo, and J,, are the positional and rotational blocks of matrices J; and J;
respectively, and (-)~ indicates here the skew-symmetric representation of the vector

inside the parentheses.

The primary advantage of the presented EKF approach is the seamless integration
of high-frequency IMU data with the system’s nonlinear kinematics, providing a more
robust estimate of the platform pose. However, because the EKF relies on first-order
Taylor series expansions to propagate the covariance, the resulting Py matrix may be
less representative of the true uncertainty than in the unscented case, particularly in
regions of high nonlinearity. Consequently, while the PDOP and ODOP indices are here
derived from the diagonal of P} for performance evaluation, they are subject to the
inherent limitations of the linearization process. In terms of computational efficiency,
the EKF is significantly less demanding than the unscented version, as it requires only
a single Jacobian evaluation per iteration. This makes it a highly attractive candidate
for real-time implementation, provided that the filter is properly tuned to maintain

consistency between the estimated uncertainty and the actual error norms.

4.4.3.1 Unscented version

Given the n,-state discrete-time nonlinear system defined in Eq. (4.60), the Unscented
Kalman Filter (UKF) provides a method to estimate the state x; without the need for
linearization, by using the UT to propagate the mean and covariance of the state dis-
tribution through the nonlinear functions and (4.65). The UKF algorithm can be
summarized in the following steps [124,|129].

The filter is initialized with the state estimate and covariance:

%3 = E(xo),

P, = E[(xg — %) (X0 — %)

T].

(4.68)

For each time step k, let L = ny+n,, + n, be the dimension of the augmented state. The
UKEF algorithm proceeds as follows:

1. Augment the state and covariance to include process and measurement noise:

Xk )A(;C_ P-]Z 0 0
~+

wel=[0|, Pr=]0 Qu,x O

Vi 0 0 0 Qv,k

(4.69)

(4.70)
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3. Extract the state and noise components from the sigma points:

() _ () 0 _ @) (i) _ (@ (4.71)

Xk—lleznx’ wk—l_ Nye+1l:ing+ny’ vk T Mng+ny+1:L

where n,, and n, are the dimensions of the process and measurement noise,
respectively.

4. Propagate the sigma points through the process model:

chl)_ = fk_l(xgll,uk_l,wgcl)_l), i = 1,...,2L. (4-72)

5. Compute the predicted state mean and covariance:

12L 12L

) ) . T

(1)- - - o&— (i) — -
— >y x', P.=— (x -X )(x -X ) . 4,73
2Li; K k 2Li; i k) \ Xk k (4.73)

Xk:

6. Propagate the sigma points through the measurement model:

v =hexPT v, i=1,.,2L (4.74)

7. Compute the predicted measurement mean and covariance:

1S p o LS o V(v o )\ 475
Yk_ﬂizlyk’ y—ﬁi;(yk —Yk)(Yk —Yk) : (4.75)
8. Compute the cross-covariance matrix:
LK (- _ o) (o _o |
ny:—Z(xk —xk) (yk —yk) . (4.76)
2Li5
9. Compute the correction:
Ki=P,,P,'!
R =X +Kie (v~ 91) (4.77)

+ _p— T

The UKF was applied to the same self-calibration problem defined in Sec.
using the same definitions for xi, ug, y;, Wk, v (Eq. (4.63)), fx_; and hy (Eqgs.
and (4.65)).

Similar to the EKF, the UKF provides real-time PDOP and ODOP indices derived
from the diagonal of Pz. While the UKF offers superior handling of the nonlinearities
present in the CDPR’s geometry and IMU integration, it does so at a significantly higher
computational cost, requiring 2L model evaluations per time step.
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Figure 4.32: Trajectory executed for the online self-calibration data acquisition.

4.4.4 Results

A preliminary study was conducted by applying the aforementioned online methods
to the IRMA-4U UACDPR introduced in Sec. Ground truth data was collected
using a Vicon motion capture system, following the same procedure described in Sec.
4.3.5

No specific optimization procedure was employed for the measurement configura-
tions or trajectory. Instead, an arbitrary trajectory was identified to cover the majority
of the workspace, approaching the boundaries to enhance observability while main-
taining safety margins, following the principles outlined in Sec. The executed
trajectory is shown in Fig.

The sensor setup matches that described in Sec. with the AHRS providing ac-
celeration and rate-of-turn measurements (gyroscope accuracy: 0.2°/s; accelerometer
accuracy: 0.007 g). Data was sampled at f; = 100 Hz, resulting in a discrete time step of
0t =0.01 s for the Kalman filter implementations. Computation was performed offline
in MATLAB 2023b on a PC with an Intel i7-13650HX CPU and 32 GB of RAM.

The measurement-noise covariance matrix was assumed diagonal, Ry =
diag(a%, ...,02)), with parameters detailed in Table For the NESTED method, the

0% [m?] U‘?‘T [degz] O'é [degz] 02 [degz] O'i [degz] U%IMU [(m/s%)?] ag)lMU [rad/s?]

0.0042 0.22 0.22 0.22 0.42 0.0075% 0.12

Table 4.11: Sensor noise parameters.

data buffer dimension was set to 30 measurements, with PDOP and ODOP thresholds
of 10 mm and 2 deg, respectively. The tuning parameter a for the RLS methods was
set to 0.75 for positional components and 28 for orientation. The initial a posteriori
covariance and noise matrices for the KF algorithms were initialized as:

P(J)r = diag(0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.2, 0.2, 0.2, 0.5, 0.5, 0.5). (4.78)
s 2 2 2 2
Qu = dlag(gﬁzMu""’UﬁzMu’UwIMU’""Uw[MU’ 1E-8,...,1E-8), (4.79)

: 2 2 2 2 2 2
Q, « =diag(o7,07,07,05,05,0).
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Figure 4.41: Initial pose error compo-  Figure 4.42: Initial pose error compo-
nents, EKF method. nents, UKF method.

The relationship between observability indices and actual error is illustrated in
Figs. [4.33]to In the NESTED method (Fig. [4.33), PDOP and ODOP drop sharply
within the first 10 seconds, suggesting rapid convergence. However, the ODOP fails to
anticipate the significant jump in orientation error ||€ — €|| occurring at approximately
75 seconds, highlighting a limitation where the index becomes "blind" to drift after the
initial calibration window.

Conversely, the unscented versions—both RLS UT (Fig. and UKF (Fig. [4.37),
demonstrate superior stochastic consistency. The UKF effectively captures the mas-
sive initial transient spike (reaching 5 m in position and 25 deg in orientation) before
settling after 25 seconds. While the RLS methods show very low and flat observabil-
ity indices, they surprisingly track the modest oscillations in the position error norm
(Ilp—Ppll <0.05 m) quite well despite the partial covariance updates.

In Figs. [4.38]to[4.42] the error in the initial pose estimate is shown for every compo-
nent over time. The evolution of the initial position error components (ey,o, €y,0, €z,0)
across all tested methods shows a general trend toward zero after an initial transient
period. The RLS-based approaches exhibit the smoothest parameter evolution, with
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the RLS UT variant demonstrating noticeably faster convergence—settling within ap-
proximately 15 seconds—compared to the 50 seconds required for the standard RLS.
In contrast, the NESTED method updates its parameters in discrete steps at approx-
imately 75, 125, and 140 seconds, as the data buffer is processed and the outer opti-
mization loop is executed. The EKF and UKF implementations are characterized by
high initial transients; for instance, ey spikes to nearly 12 m in the EKF and -5 m
in the UKF as the filters reconcile the high-frequency IMU inputs with the kinematic
model before stabilizing after 50 to 100 seconds. The steady state error of the UKF
remains high compared to the linearized version.

Orientation calibration proved significantly more challenging, as the NESTED and
RLS approaches were unable to maintain long-term stability across all Euler angle
components. The NESTED method shows the poorest performance in this regard, with
the yaw error (ey o) jumping to approximately 15° at the 75-second mark and remain-
ing uncorrected for the rest of the trajectory. The EKF and UKF experience massive
initial swings in Euler angles (with roll and yaw errors exceeding 25° during the tran-
sient phase), and they keep non-negligible errors at steady state.
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Even though this work aims at obtaining a good estimate of the initial pose, we
also report the results of the current pose estimation errors, as it is part of the self-
calibration solution. Therefore, the graphs from Fig. [4.43]to Fig. show the instan-
taneous error in the EE pose estimate. To properly assess the actual impact of the pre-
sented online self-calibration methods, these charts include state estimation executed
without ever performing the initial pose self-calibration (i.e., the initial pose estimate
is kept unchanged). In detail, the state estimation is performed with the method of Sec.
[4.4.1]without the outer loop (SE NLS) and with the EKF (Sec. without augmenting
the state vector with the initial pose (SE EKF).

The instantaneous results highlight the drawback of online parameter estimation.
The SC EKF and SC UKF show very high initial positional errors (peaking at 8 m and -
5 m in ey, respectively) as the filters struggle to resolve the initial pose offsets. Once
settled, they provide estimates comparable to the baselines. However, the SC UKF
demonstrates a concerning late-trajectory drift in the y component, which is reflected
in the final error metrics. In the orientation domain, the SC NESTED yaw error (e,)
mirrors the failure of its initial pose calibration, maintaining a sustained offset of = 12°
that significantly degrades the overall pose reconstruction.

The final performance of the various methods regarding the initial pose calibration
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is summarized in the bar chart of Fig. This chart compares the final positional
error (€,) and rotational error (¢;,) for the calibration parameters ¢, at the end of the
trajectory. Most methods, including the SC NESTED, SC RLS, and SC RLS UT, success-
fully drive the initial positional error to near-zero residuals. The SC EKF maintains a
small residual, but the SC UKF exhibits a significant anomalous final error of approx-
imately 0.7 m. This matches the late-trajectory divergence observed in its time-series
data. The rotational results highlight the extreme sensitivity of the orientation param-
eters. Since the initial guess pose is very close to the actual initial pose, the SE NLS
and SE EKF possess the lowest final rotational errors, approximately 1°. The online
calibration methods generally increased this error: SC RLS, SC RLS UT, SC EKF, and SC
UKF all concluded with rotational errors between 4° and 5°. The SC NESTED approach
demonstrates the worst rotational performance, reaching a final error of nearly 17°.
This confirms that the step-wise update based on an unoptimized trajectory can lead
the calibration into a significant yaw offset that it cannot recover from.

Based on the comprehensive experimental results for the IRMA-4U prototype de-
tailed throughout this chapter, a final qualitative comparison can be drawn between
the manual, automatic, offline, and online techniques. The automatic technique in-
corporating tension measurements into the residuals (Sec. provides the high-
est accuracy for both position and orientation estimates. However, it is important to
note that these results may be susceptible to bias; single trials may not represent worst-
case scenarios, and using internal state estimation as a reference may underestimate
modeling errors—such as swivel-pulley friction—that external ground truth systems
like Vicon are able to detect. The same condition affects the results of the manual cal-
ibration approach (Sec. [4.2.1.3), which, at first glance, seems to be a reliable baseline,
particularly for orientation estimation. Online methods, specifically the RLS variants,
excel in rapid positional convergence, outperforming offline methods in initial posi-
tion recovery. Nevertheless, they generally exhibit lower performance in orientation
estimation. The selection of a self-calibration method involves a direct trade-off be-
tween the desired accuracy and operational constraints: automatic offline methods
are ideal for high-precision closed-environment settings where time allows for exten-
sive data processing, manual methods provide a robust orientation baseline for ini-
tial deployment, online RLS or EKF are best suited for rapid, autonomous calibration
in unconstrained environments, provided that the increased sensitivity to orientation
drift is acceptable for the task.
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Chapter 5

Conclusions

Cable-Driven Parallel Robots (CDPRs) utilize lightweight cables instead of rigid links
to manipulate objects in space. While this architecture offers significant advantages in
terms of workspace scalability and payload capacity, it introduces inherent uncertain-
ties, such as cable sagging, elasticity, and friction, that limit the manipulator’s opera-
tional precision. This thesis has focused on improving the accuracy and reliability of
CDPRs by addressing both workspace analysis and system initialization. Specifically,
a control-based workspace analysis was performed to identify high-performance re-
gions where the CDPR can operate safely and accurately. Furthermore, as relative sen-
sors are frequently employed for state estimation, the initial End-Effector (EE) pose is
often highly uncertain at every machine startup. If unaddressed, this uncertainty prop-
agates through the system, leading to significant errors in subsequent EE state estima-
tion. Therefore, this research has analyzed and developed advanced self-calibration
techniques for accurate initial-pose estimation.

5.1 Main results

Generic physical models for both classical and deployable CDPR architectures were
first established, incorporating the geometry of swiveling pulley transmissions. These
models provided the foundation for zero- to second-order kinematics and statics,
which were essential for the subsequent workspace analysis and self-calibration al-
gorithms.

A primary contribution of this work is the methodology developed for the perfor-
mance analysis of Overconstrained CDPRs (OCDPRs). It was demonstrated that tradi-
tional sensitivity indices, often reduced to matrix norms, are insufficient to capture the
combined impact of cable-length and tension-control errors when a Hybrid Control
in Joint Space (HC) is adopted. To address this, the concept of the Wrench-Feasible
Error-Insensitive Workspace (WFEIW) was introduced. This novel workspace subset
ensures that user-specified positioning and orientation precision are maintained, and
that cable tensions remain within predetermined safe bounds, despite realistic sensor
noise and control perturbations. As a practical application, an analysis was conducted
on various robot architectures, both classic and deployable, evaluating different sets
of length- and force-controlled cables. Furthermore, an algorithm for platform design
optimization and optimal selection of the combination of length- and force-controlled
cables was presented. Such optimization may yield a significant increase in the WFEIW
volume for a given installation footprint.
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Regarding system initialization, novel data acquisition frameworks were intro-
duced for the initial-pose self-calibration of Underactuated CDPRs (UACDPRs). Both
manual and automatic procedures were proposed to support rapid data collection
while maintaining high-quality initial-pose estimates. These approaches leverage pure
force joint control to ensure cables remain tensioned, thereby keeping the geometric
constraints of the system active. The automated procedure enables safe motion tran-
sitions between static equilibrium poses within the static workspace. By incorporating
multiple sensor measurements—including cable tensions—into the calibration pro-
cess, the number of required measurement poses is reduced without sacrificing esti-
mation accuracy. Experimental validation confirmed that utilizing static equilibrium
poses in the calibration formulation is superior for achieving accurate results. Specif-
ically, the analysis demonstrated that leveraging force measurements effectively mini-
mizes the number of required configurations, thus reducing total calibration time.

A comprehensive and systematic framework was developed for analyzing the in-
fluence of the main design parameters and algorithmic choices on the performance of
initial-pose self-calibration procedures for CDPRs. By combining a Monte Carlo-based
simulation methodology with a structured evaluation of sensor configurations, mea-
surement pose selection, and nonlinear solvers, the proposed approach enables a
quantitative assessment of accuracy, robustness, and computational efficiency prior to
experimental deployment. The analysis, conducted on both an overconstrained and an
underactuated CDPR architecture, highlighted that the sensor set represents the domi-
nant factor affecting self-calibration performance, followed by the number of measure-
ment poses, while the choice of the nonlinear solver mainly influences convergence
speed and computational cost rather than final accuracy. In particular, increasing the
number of measurement poses improves estimation accuracy up to a saturation point,
and the inclusion of informative measurements, such as swivel-angle encoders and
orientation sensing, is essential to achieve reliable results, especially for underactuated
systems. Among the analyzed solvers, the Levenberg—-Marquardt method consistently
provides the most favorable compromise between robustness and computational effi-
ciency, although all methods converge to comparable solutions when sufficient infor-
mation is available. Experimental validation on two real robotic prototypes confirmed
that the proposed analysis framework effectively predicts the main performance trends
observed in practice, while also revealing the impact of unmodeled systematic effects
and architectural differences on achievable accuracy. These results demonstrate that
the proposed methodology constitutes a valuable tool for guiding the design and im-
plementation of initial-pose self-calibration procedures in real CDPR systems.

Finally, novel online initial-pose self-calibration techniques were developed based
on Recursive Least Squares and Kalman filtering. These methods represent a paradigm
shift from traditional sequential offline approaches. The findings demonstrate that the
online algorithms achieve a level of accuracy comparable to offline batch methods that
utilize a large number of poses, but they do so in a significantly shorter timeframe. By
performing calibration concurrently with the robot’s initial movements, the machine
setup time is minimized, enabling immediate operational readiness and facilitating
deployment in unstructured or rapidly changing environments.
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5.2 Open Issues

While effective approaches for motion control and trajectory planning during startup
were established, managing the system when the EE pose is unknown remains a
significant challenge for OCDPRs, with further room for improvement in UACD-
PRs. For UACDPRys, trajectory planning based on the solution of a modified Inverse
Geometrico-Static Problem (IGSP) could be developed to optimize measurement con-
figuration selection based on observability criteria.

The data acquisition process can be further improved by developing a unified tool
that integrates automatic pose selection, motion planning, and control strategies to
minimize both path length and transition time between equilibrium poses. Addition-
ally, mixed self-calibration algorithms that fuse static or dynamic equations with geo-
metrical constraints could be investigated. A key challenge in this integration involves
designing algorithms for the automatic extraction of data from logged measurements,
ensuring that static equations are applied only when the EE is in true equilibrium,
while using the remaining sampled data for kinematic or dynamic formulations. In
the context of online techniques, cable tensions could be further exploited through
dynamic models and Kalman filtering, provided that a reliable estimate of inertial pa-
rameters is available.

Furthermore, the investigation of hybrid model-based and data-driven methods
may offer new solutions to the self-calibration problem, particularly in accounting for
non-ideal cable behaviors. Finally, the findings of this thesis can be extended into a
general framework for the self-calibration and identification of all geometric and iner-
tial parameters. Such a framework is essential for achieving the high-precision motion
and operational performance required for the next generation of industrial CDPRs.
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Appendix A

Proofs

A.1 Computation of the swivel angle
Substituting Eq. into the pulley coplanarity constraint yields:

[-sin(0})i; +cos(0))j;]-0; =0. (A.1)
Rearranging the terms results in:

sin (o) (i;-@;) = cos(0y) (j; - @), (A.2)

which leads to Eq. (2.9):
o;=atan2 (j;- ;,i; - ;) (A.3)

The use of the atan2(:) function is preferred as it is defined for all values of its argu-
ments and ensures the swivel angle is uniquely determined within the interval [-7, 7]

A.2 Computation of the tangency angle
If we consider:

p,=p+a;—-b;=p+a;—(d;+r;(u; +n;)) =0, —r; (u; +n;), (A.4)
and substitute it in Eq. (2.11), we obtain:

n;-(@;—ri(w;+ny))=n;-@;—r;im;-u; +1)=0. (A.5)
Then, substituting Eq. in Eq. and rearranging yields:
(cos(wi)u; +sin(w;)k;)-@; — ri ((cos(wi)u; +sin (w;)k;) -u; +1) =
=

u;- gl ri)cos(y;) +k;-@;sin(y;) —r; =
= (0u; — i) cos(y;) + ok, sin(y;)) —r; =0 (A.6)

where g, =k; -9, and p,;, = u; - ;. If the trigonometric identity:

cos(y;) = 1222 sin(y;) = 122 t; =tan(y/2) (A.7)
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is applied to Eq. (A.6), we get:
(0w, — 1) (1= 17) + 20k, ti — 1 (1 + £7) = —Qu, £7 + 20k, ti + Qu; — 271 =0 (A.8)

which can be straightforwardly solved for ¢; as:

2
ti:tan(w/Z):%i\/(%) -2l (A.9)
u; Qui Qui

Solving for ¢; gives two possible solutions. As specified in Eq. (2.12), we select the posi-
tive root, which corresponds to the physical case of the cable being wrapped clockwise
around the pulley groove:

Y= 2atan(% + \/
Ou;

A.3 Computation of the swivel angle pose derivative

2 .
%) +1- ﬁ) (A.10)
Qui Qu,-

The time derivative of Eq. (2.8) yields:
Wi'Qi"‘Wi'Qi:O- (A.11)

Since @; = p+a;, we may compute the velocity of point D; and the rate of change of w;

from Egs. and as:
Q;=p+twxa;, W;=-0;u;. (A.12)
Substituting Eq. in Eq. and rearranging yields:
W 0;0;=0y;0;=W;"P+W; - @wxa; =pP-W; +w-a; XxWj, (A.13)

thus:

: I T
O‘i:Q—(p'Wi-i-w'al‘XWi): o.iV. (A14)
u;

Substituting Eq. (2.16) in Eq. (A.14) we obtain the relation between the i-th swivel angle
time derivative and the pose time derivative:

o =& DC. (A.15)

Therefore, using the chain rule, we obtain Eq. (2.23) from Eq. (A.15) as:

% =D, (A.16)

A.4 Computation of the tangency angle pose derivative
The time derivative of n; - p; = 0 yields:
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A.5. Computation of the cable length pose derivative

Its terms can be computed by differentiating w.r.t. time Eqs. (2.10), and (2.4):
p;,=p+a;—r;(a;+n;), w; = 0w, n; = cos(y;)0;w; —/;t;. (A.18)
Substituting Eq. in Eq. and rearranging yields:
ti-p;¥i=lp;lYi=n;-p+n;,-wxa; =p-n;+w-a; xn;. (A.19)

sincew;-n;=t;-n; =p,-n; =0.
Thus:
1

:m(p-ni+w-aixni):fwi-v. (A.20)
l

Vi
1 | M
lp;l a; xn;
Substituting Eq. (2.16) in Eq. (A.20) we obtain the relation between the i-th tan-
gency angle time derivative and the pose time derivative:

with &,

yi=§&, D (A.21)

A.5 Computation of the cable length pose derivative

The time derivative of the identity p; p; = [ p;||* yields:
. olp;ll
20;-p; —2llp;ll ;;l =0. (A.22)

The time derivative of || p; |l is computed from Eq. (2.13) as:

alp;ll ;
ap[l Zli+l’il[/i. (A.23)

Substituting Eqgs. (A.18) and (A.23) in Eq. (A.22), and considering that p; = || p;It; yields:

®+a)-lp;llti—rillp;l [(costy:) +1)5iw; — ;] - t; — lp Il + 1) =0.  (A.24)
Simplifying and rearranging Eq. gives:
ii:(p-ti+w-aixti):fli-v. (A.25)

Substituting Eq. (2.16) in Eq. (A.25) we obtain the relation between the i-th cable length
time derivative and the pose time derivative:

li=¢§,D¢. (A.26)
Therefore, using the chain rule, we obtain Eq. (2.24) from Eq. (A.26) as:

ol _

T
= ¢/D. (A.27)
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A.6 Computation of the swivel angle second-order pose
derivative

The time derivative of Eq. yields:
(-0, +u;-0;)0i +0u,0i =W;-(P+a;)+w;- (P+@xa;+wx (wxay)), (A.28)
and accounting for Eqgs. (A.12), one has:
(u;- (p+wxal))oi+pu,0i=0u;-(p+wxa;)+w;-(p+axa; +wx (wxa;)), (A.29)

where the term d"fw,-gi was omitted due to Eq. (2.8).
Isolating & ;, and substituting ¢; with Eq. (A.14)), we obtain:

N 1 . . u;
0, =— (—VTEuifgv—vT{UifLTt‘v+wi - X (W x ai)) +£g‘v, with &, =] ! |-
Ou; ' ! i a; xu;
(A.30)
Thanks to the vector triple-product identity, one has:
W WX (wxa;)) =w-a; x (W; xw), (A.31)
and Eq. (A.30) can be rewritten in matrix form as:
Gi=v'Ev+&, %, (A.32)
where:
;o1 T T _|03x3  03x3
gai - Ou; ( Eui‘fai Eaifui +Aw1')’ Awi - [03x3 ﬁi‘TVi . (A.33)
It should be noted that:
. 31T ) LT z 2T Tx
Gi=&,v+&,,-v, and &, =v'E, = DE,. (A.34)

From Eq. (A.34), using the chain rule, we finally obtain the derivative of & gi with respect

to the pose:
T

801 _pT;
57 D’E, . (A.35)

A.7 Computation of the cable length second-order pose
derivative
The time derivative of Eq. yields:
li=ti-p+a)+t;-(p+axa; +ox (wxay), (A.36)
where t; can be evaluated as the time derivative of Eq. as:
t; =sin(y;)o;w; +9/;n;. (A.37)
Then, according to Egs. and (A.12), Eq. becomes:

Ii = (siny;0;w+yn;)- (prwxa;)+t;- (p+axa; + o x (wxa;)). (A.38)
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A.8. Computation of the swivel angle pose derivative for deployable CDPRs

Then, substituting ¢; and vy/; with Eqgs. (A.14) and (A.20), respectively, we obtain:

[i =sin()ou V' &5, &0 VHIP; IV &y &) VHE - 0x (@xa) +&,-V, (A.39)
which can be written in matrix form as:
i; = va’liv+ &, (A.40)
where:
. T T _|03x3  O3x3
§, =sin()oué5,80, 10116y, &y,” +Ay, Ay = = |- (A.41)
03x3 at;
It should be noted that:
.o . T . . T - . T -
li=&v+&v,  &,=v'E,=0DE, (A.42)

From Eq. (A.42), using the chain rule, we finally obtain the derivative of & lT, with respect
to the pose:

o

oz =P'én (A.43)

A.8 Computation of the swivel angle pose derivative for
deployable CDPRs

The time derivative of Eq. yields:
W;-0;+w;-0,=0, (A.44)
in which the derivative of w; is obtained deriving Eq. (considering Eq. (2.35)):
W; =—0;U; + W X Wj. (A.45)

While the derivative of g; is computed from Eq. (2.42) as

Q;=-Pp-wxd;. (A.46)
Substituting Egs. and in we obtain
—oiu;-0;,+(@xw;)-0,+w;-(-p—wxd;) =0. (A.47)
Isolating ¢, we have:
0= (wxwy)-@; +w;-(-p—wxdy)). (A.48)
u;-0;
Simplifying and rearranging yields
1
0= (—w;-p—((0; +d) xw;)-w) =&, V. (A.49)
ui-Q;

Substituting Eq. (2.16) in Eq. (A.49) we obtain the relation between the i-th swivel angle
time derivative and the pose time derivative:

o; =&, DC. (A.50)
Therefore, using the chain rule, we obtain Eq. (2.50) from Eq. (A.50) as:
=G,. A.51
o o; ( )
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A.9 Computation of the tangency angle pose derivative
for deployable CDPRs
The time derivative of Eq. yelds:
n;-p;+n;-p; =0. (A.52)

Its terms can be computed by differentiating w.r.t. time Egs. (2.40), (2.36), (2.38), (2.34),
and (2.45):

pi=-p-wxd;—r;(0;+n;), W;=0,W;+wxu;, n;=cos(y;)0;w;—1;t;+wxn,.
(A.53)
Substituting Eq. (A.53) in Eq. (A.52) results in:

(cos(y)oiw; —riti + @ xn;)-p,;+
ni-(—p—wxdi—ri (('7,-W,-+w xu,-+cos(1/1i)('7iw,-—1'piti+wxni)) =0. (A.54)

Considering that p; = t;| p; I, simplifying and rearranging yields:
—ylp;ll+lp;lwi-w-n;-p—(d; xn;)-w—-riw;xn;) - w=0 (A.55)

sincew;-n; =t;-n;=p;-n; =0.
Isolating 1 gives:

. ||p || ( i'I‘ (( it i)x i ”pi”“i)'w)—éwi'vy (A.56)
i
with
{ = —1 n; [03x1
. - (l + * A5
Vi ||Pl|| ( i riui) X 1n; W; ( 7)

Substituting Eq. (2.16) in Eq. (A.56) we obtain the relation between the i-th tan-
gency angle time derivative and the pose time derivative:

yi=§&,,DC. (A.58)

A.10 Computation of the cable length pose derivative for

deployable CDPRs
The time derivative of the identity p! p; = [|p;1* yields:
) ollp;l
2p,p;:—2llp;l aptl 0. (A.59)

The time derivative of | p; |l is computed from Eq. (2.48) as:

alp;Il . .
aptl :l,-+r,~1,ui. (A.60)

Substituting Egs. (A.53) and (A.60) in Eq. (A.59) we obtain:

(-p-wxd; -1 (6w;(1+cosy;) + @ x (w; +n;) —yrit;)) - p; — llp; | (i + i) = 0.
(A.61)
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CDPRs
Simplifying ad rearranging Eq. gives:
l =—t;-p—(d; +r;i(u; +n;)) x t;) - w = fll (A.62)

Substituting Eq. (2.16) in Eq. (A.62) we obtain the relation between the i-th cable
length time derivative and the pose time derivative:

li=¢§,D¢. (A.63)
Therefore, using the chain rule, we obtain Eq. from Eq. as:

— =¢; D. A.64

o Sl (A.64)

A.11 Computation of the cable length second-order pose
derivative for deployable CDPRs

To derive the Hessian of the cable length for the deployable architecture, we define the
auxiliary vector q; as the relative position from the platform origin P to the pulley exit
point B;. From Eq. (2.51), the relationship between the cable length rate and the twist
v becomes:

o 17
: -
- A.
li=|_ qQ x t (A.65)
Differentiating Eq. (A.65) with respect to time yields:
T . T
- —t; —t; T.  +T
l; = +| . | v=Ev+Ey, (A.66)
g <t [_qi Xti—q; xt JARRY
where the time derivatives of the unit vector t; and the exit point vector q; are:
t;= 1,'Uin,- +o;w;siny; +w xt; (A.67)
q; =wxq;+ri (0;w;(1+cosy;) —;t;). (A.68)

By substituting Eqgs. (A.67) and (A.68) into the time derivative of {/;, we obtain:

—yn; —0;W;siny; —w x t;

—(wxq;+rio;w;(1+cosy;)) xti—q; x (¥n; + 5;w;siny; +w x t;) |’ (A.69)

éli =

Grouping common terms and substituting joint rates with their geometric Jacobian
expressions (§/; = {;,iv and6; =¢ giv), the expression becomes:

P —n; : . —W; 03x1 03x3
b=y [Qi xn;) | TV [— i +(r,+r, cosys) [ ] [Osxs -t;q; +q,t,} v
(A.70)
thus, finally
‘;tli = EniﬁuT,iv+ sinu/i:fwifgiv+ (ri+r; cosw,-)ftifgiv+ L,v= EITZV (A.71)
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where
I ] : :[ -W; £ - 031 _ [03xs t;
ni q; xn;) ’ wi —q; XW;j ’ Li t;xw;|’ 03x3 —t;q; +q;t; ’
=T .
&1, =&y, +siny &, &0 + (ri+ricosy)E &y +Li.
(A.72)
Since . ;
§,=v'¢,=¢ D'E, (A.73)

from Eq. (A.73), using the chain rule, we finally obtain the derivative of & IT, with respect
to the pose:

T
& =DTE, . (A.74)
o i
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