
Doctoral theses at NTNU, 2021:284

Doctoral theses at N
TN

U, 2021:284

Einar Skiftestad Ueland

Einar Skiftestad Ueland

Load Control for Real-time Hybrid
Model Testing using
Cable-Driven Parallel Robots

NT
NU

N
or

w
eg

ia
n 

Un
iv

er
si

ty
 o

f 
Sc

ie
nc

e 
an

d 
Te

ch
no

lo
gy

 
Fa

cu
lty

 o
f E

ng
in

ee
rin

g 
De

pa
rt

m
en

t o
f M

ar
in

e 
Te

ch
no

lo
gy

ISBN 978-82-326-6885-4 (printed ver.) 
ISBN 978-82-326-6727-7 (electronic ver.) 

ISSN 1503-8181 (printed ver.)
ISSN 2703-8084 (electronic ver.)



Einar Skiftestad Ueland

Load Control for Real-time  Hybrid 
Model Testing using 
Cable-Driven Parallel Robots

Thesis for the degree of Philosophiae Doctor

Trondheim, September 2021

Norwegian University of Science and Technology
Faculty of Engineering
Department of Marine Technology



NTNU
Norwegian University of Science and Technology

Thesis for the degree of Philosophiae Doctor

Faculty of Engineering
Department of Marine Technology

© Einar Skiftestad Ueland

ISBN 978-82-326-6885-4 (printed ver.)
ISBN 978-82-326-6727-7 (electronic ver.)
ISSN 1503-8181 (printed ver.)
ISSN 2703-8084 (electronic ver.)

Doctoral theses at NTNU, NTNU, 2021:284

Printed by Skipnes Kommunikasjon AS 

NO - 1598



Preface

This thesis is submitted by Einar Skiftestad Ueland in partial fulfillment of the re-
quirements for the degree of philosophiae doctor (PhD) at the Norwegian University
of Science and Technology (NTNU). The research work presented in this thesis was
conducted during the period of August 2016 to August 2020. The work is a part
of the Norwegian Centre of Excellence, Centre for Autonomous Marine Operations
and Systems (NTNU AMOS). It is part of the Research Council of Norway fund-
ing scheme, grant no.254845 Real-Time Hybrid Model Testing for Extreme Marine
Environments. The work has been performed at Centre for Autonomous Marine
Operations and Systems (NTNU AMOS) at the Department of Marine Technology
(IMT). Professor Roger Skjetne (NTNU, Department of Marine Technology) has
been the main supervisor and Associate Professor Thomas Sauder (Sintef Occean
and NTNU) has been the co-supervisor.

i



Acknowledgments

I would like to thank my main supervisor, Professor Roger Skjetne for his con-
tinued support and valuable feedback throughout the thesis period. His extensive
knowledge combined with his attention to detail is impressive. He has given me the
freedom to pursue my own ideas while supporting me in making strategic decisions
and following up my research.

Thomas took on the role of my co-supervisor after completing his own PhD. His
level of academic rigour and intuitive understanding of research questions impress
me. Thomas is an integral part of the ReaTHM testing research team at NTNU
and Sintef Ocean, and his support and guidance have been highly valuable. For
that I am grateful.

I would like to thank the ReaTHM testing research team at NTNU and Sintef
Ocean for their support, and collaboration. Being able to build on their develop-
ments has been crucial in ensuring the successful completion of this work. Thanks
also to Torgeir Wahl for helping out in the Marine Cybernetics laboratory, and Ole
Erik Vinje assistance in the workshop.

Thanks also to my friends and colleagues at NTNU including Henrik, Senthuran,
Andreas, Erlend (x2), Henrik, Stian (x2), Mikkel, Albert, Ida, Astrid, Emil, Børge,
Stefan and many more for providing a pleasant and social working environment.

I would like to thank my friends and family for their support and company
throughout this period. They have provided a pleasant distraction from work. In
this regard, I am especially grateful for my four nephews and nieces (all born while
I undertook this PhD), who are generally enjoyable to spend time with.

Beyond acquiring professional and academic skills, I have learned a lot about
myself through this thesis. Working on the doctoral project has sometimes, or
perhaps even often, been fraught with frustration. However, now that I am at the
finish line, I am happy with the result. With that, I once again want to thank
everyone who supported me on this journey, both named and unnamed – you
helped med through it.

Trondheim, August 23, 2021 Einar Skiftestad Ueland

ii



Abstract

Real-time hybrid model testing (ReaTHM testing) is a method for emulating ocean
structures that combines numerical methods with traditional hydrodynamic model
testing. This is done by partitioning the ocean structure under consideration into
numerical and physical substructures that are coupled in real-time through mea-
surement and control interfaces, for high fidelity emulation of the original ocean
structure. The method can be classified as an extension of traditional hydrody-
namic model testing since it considers experimental testing of down-scaled models
in basin laboratories, and as a subset of hybrid testing since it replaces parts of
the down-scaled structure with numerical simulated models.

The developments presented in this thesis is aimed at ReaTHM testing where
the numerically computed load vector is calculated based on measurements of the
experimental displacements and thereby actuated onto the physical substructure
via a configuration of distributed cabled winches. The experimental platform, to-
gether with the actuators, thus constitutes a cable-driven parallel robot.

This PhD project’s overall goal is to further improve the ReaTHM testing
methodology as part of a research effort to make it a well documented, accepted,
and valued practise that accurately identifies and predicts the behaviour of ocean
structures in realistic marine environments.

One of the major challenges in this regard is to ensure that load actuation is
performed with minimal errors and without significant degradation of emulation
performance. To this end, the focus of this work is to identify and mitigate issues
associated with the actuation of the numerically calculated load vector onto the
experimental test platform and to enable more accurate and robust load control.

The thesis is organised as a collection of articles. The two conference articles
identify and quantify sources of error in load actuation. They serve as the basis for
the subsequent journal articles that address specific load actuation challenges and
associated good practise control methods.

In the first journal article, novel methods for determining each actuator’s ap-
propriate target cable forces are proposed. These methods guarantee continuous
differentiability of the resulting cable forces. The article also shows that an im-
plementation of Newton’s method specialised for the resulting optimisation prob-
lem can be used for practical real-time applications. The results are beneficial for
ReaTHM testing because of the method’s flexibility, and because it is expected
that smoother cable force trajectories can be more accurately tracked.

The second journal article proposes a procedure for optimal actuator placement
that is particularly suitable for ReaTHM testing, for which no such guidelines exist
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at the time of writing.
The third and final journal article demonstrates how position-controlled servo-

motors connected to drums via clocksprings can be used for accurate actuator force
control. Associated controllers that compensate for both delays and motion-induced
forces are proposed. The study emphasises developments for ReaTHM testing by
focusing on relevant use cases, force magnitudes, and frequency ranges.

For development, problem identification, method validation, and demonstra-
tion, the work in this thesis is emphasised by extensive experimental testing. Ex-
periments are presented using both a readily accessible 1 degree of freedom setup
for basic testing and development and a more complex ReaTHM test setup of a
moored barge in a basin laboratory in which the cabled winches are tasked with
actuating loads in three degrees of freedom (surge, sway and yaw). The thesis does
not use ReaTHM testing to determine realistic ocean structures’ behaviour, which
is the intended end-use of the overall methodology. Instead, simpler test cases are
considered to understand, develop, and improve control functions at a more fun-
damental level.
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Chapter 1

Introduction

The construction of the Troll A platform (Figure 1.1b) – famously the heaviest
structure ever moved by man, Hywind Scotland – the world’s first commercial
floating offshore wind farm (Figure 1.1d), a new innovative semi-submersible de-
sign for offshore aquaculture farms (Figure 1.1f) – capable of holding 1.5 million
salmons [1], and new types of modern ships (Figure 1.1h) – more energy-efficient,
and resilient to harsh weather conditions. These serve as examples of different
maritime innovations for which model testing has played an important role. That
is, prior to their commissioning, their behaviour was evaluated using down-scaled
models in basin laboratories subject to realistic laboratory-generated environmen-
tal conditions. See column 1 of Figure 1.1.

In the maritime industry, the design, construction, and commissioning of new
ocean structures are often large projects that are time-consuming, tedious, and
costly1. Hence, model testing is often a comparatively inexpensive step compared
to the cost of full-scale commissioning and operation. It is recognised as an essential
tool for identifying and verifying behaviour under operational conditions, for safety
validation, for stability assessment, for risk assessment, to improve operational ca-
pabilities, for design refinement, and for optimisation. We anticipate model testing
to play an important role also in the further development of the various ocean in-
dustry segments, which together have a significant economic impact (particularly
in Norway) and which are each undergoing rapid technological development:

Aquaculture is an expanding industry that produces more than one million
tonnes of fish for food each year in Norway [5]. New fish farms are increasingly
deployed in less sheltered areas that are more exposed to the environment [6].
Development is necessary to ensure safety, endurance, and fish well-being under
harsher conditions.

Offshore oil and gas continues to play an important role in the economy, espe-
cially for Norway, where it accounted for nearly 50 percent of total exports in 2019
[7]. Environmental concerns, falling oil prices and depletion of easily accessible re-

1For example, the Dogger Bank offshore wind farm, which will supply electrical power to 4.5
million UK homes [2] has a projected investment cost of £9000 million (approximately 107000
million NOK) between 2020 and 2026 [3], whereas investment cost for the recent giant Norwegian
oil field Johan Sverdrup reached 68400 million NOK in 2018, with projected future investment
costs of 72940 million NOK [4].
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1. Introduction

(a) (b)

(c) (d)

(e) (f)

(g)

Column 1) Hydrodynamic model test

(h)

Column 2) Corresponding ocean structure

Figure 1.1: Hydrodynamic model testing of ocean structures from different indus-
trial segments. Courtesy SINTEF Ocean, SalMar, Equinor, and DOF Group. (a-b)
Oil platform. (c-d) Floating wind turbine. (e-f) Ocean fish farm. (g-h) Offshore
construction vessel.
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1.1. Experimental and Numerical Methods in Ocean Engineering

sources have led to high demand for technology development to remain competitive
while mitigating climate impacts [8].

Offshore wind is experiencing explosive growth. In 2019, 502 new offshore wind
turbines (3623 MW) were connected to the European electricity grid [9]. With a
projected capacity of 240-450 GW, the European Commission sees offshore wind
as a crucial factor for achieving its 2050 carbon neutrality target [10]. The average
rated power of wind turbines, distance to shore, and the size of wind farms are all
increasing [9]. These developments necessitate technological advances, especially if
the industry is to become a cost-effective source of energy.

1.1 Experimental and Numerical Methods in Ocean
Engineering

In this thesis, we use the term ocean structure broadly to encompass both perma-
nent structures such as oil platforms or offshore wind turbines and non-permanent
structures such as vessels. Traditionally, we distinguish between three families of
methods for predicting the behaviour and characteristics of new ocean structures
operating in realistic sea conditions:

Experimental methods that empirically determine the behaviour of ocean struc-
tures through physical tests. Experimental tests of ocean structures are typ-
ically conducted in basin facilities using down-scaled models subjected to
controlled environmental loads – to study behaviour under realistic condi-
tions. We refer to this testing as traditional hydrodynamic model testing, or
as model testing for short.

Analytical methods that directly use the governing physical equations to find
solutions and characteristic behaviour. Although they lead to exact solutions,
the necessary assumptions and simplifications typically limit analytical ap-
proaches’ accuracy and versatility when studying complex ocean structures.

Numerical methods that use a wide range of algorithms and computational
techniques to model and simulate ocean structures. Numerical methods often
discretise the problem into smaller elements, with each element described by a
set of partial differential equations and boundary conditions. These elements
are then assembled into a system of algebraic differential equations that are
solved with numerical integrators.

The three approaches are in practice interlinked and are typically all part of the
development of ocean structures. For example, when analysing a new design, ana-
lytical calculations may be used to gain insight into the flow’s nature or to provide
estimates of stability, dynamic behaviour, and performance. In parallel, numeri-
cal modelling can be used to determine detailed performance characteristics and
to optimise the design. Finally, experimental testing can be performed late in the
design process to evaluate the behaviour and performance of the final design can-
didates with high fidelity. In this thesis, fidelity refers to the ability of the method
to predict and mimic the target ocean structure’s behaviour.
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1. Introduction

1.1.1 Hydrodynamic Model Testing

Traditional hydrodynamic model testing using down-scaled models is a well-established
tool to replicate realistic ocean structures operating conditions, and to identify and
predict their full-scale behaviour and characteristics. In this section, we cover the
basics of this method. We refer to [11, 12 (Ch 10), 13, 14 (Ch 2)] for a more
comprehensive overview.

For model testing to accurately predict the full-scale behaviour of a struc-
ture, the following three similarity laws between model-scale and full-scale systems
should be satisfied to a high degree [15, Ch 13]:

- Geometric similarity, which requires that the model-scale prototype has the
same shape as the full-scale target test structure. This is achieved by asserting
a constant scale ratio λ between linear dimensions. Consequently, the area is
scaled quadratically, whereas the volume is scaled cubically.

- Kinematic similarity, which requires constant scaling between kinematics.
This means that the relationships between full-scale and model-scale magni-
tudes of velocities and accelerations are both given by constant scaling ratios.

- Dynamic similarity, which requires constant scaling of forces. This means
that the relationship between full-scale and model-scale forces acting on the
system (including inertia loads) is constant, with loads acting in the same
direction.

If these three similarity conditions are met, test data from model testing can,
in principle, be scaled to full-scale without distortion. The rationale for this can
be outlined as: 1 ) geometric similarity ensures that the two structures have a
similar shape 2 ) kinematic similarity ensures that they operate in similar fluid
flows, and 3 ) dynamic similarity ensures that the interaction between the fluids
and the structure produces similar loads in similar directions and ensures that the
relationship between model-scale and full-scale of all load components (including
inertia) can be expressed by a constant scaling ratio. Using Newton’s equations of
motion, the two systems can then be approximated as equivalent, scaled, dynamic
systems, subject to the same governing equations.

Geometric similarity is satisfied by design. Kinematic similarity can be achieved
with relatively high accuracy in modern laboratory basins. However, complete kine-
matic similarity is challenging because wavemakers can generate parasitic waves,
and since the velocity profile and turbulence intensity of the flow might not be fully
controlled. Dynamic similarity is fundamentally difficult to satisfy because the re-
sulting forces from different physical phenomena scale differently. As explained
below, there are a number of different dimensionless scaling numbers that, if equal
at both scales, ensure dynamic similarity for the corresponding physical phenomena
[15, Ch 13].

Let u, L, νw, and g denote fluid velocity, characteristic structural length (for
example diameter of a cylinder subjected to hydrodynamic loads), kinematic vis-
cosity, and the gravitational constant, respectively. Two particularly important
scaling numbers are:

- Reynolds number (uL/νw), which describes the ratio between inertial and
viscous forces.

6



1.1. Experimental and Numerical Methods in Ocean Engineering

- Froude number (u2/gL), which describes the ratio between inertia and grav-
itational forces.

Furthermore, let ρ, E, fe, T be the fluid density, the elastic modulus (for struc-
tures subject to deformation), the vortex shedding frequency, and the wave period,
respectively. Depending on test specific factors, the following scaling numbers may
be important:

- Keulegan-Carpenter number (uT/L), which describes the ratio between drag
and inertial forces in oscillating flows.

- Cauchy number (ρu2/E), which describes the ratio between inertial and elas-
tic forces.

- Strouhal number (feL/u), which describes the ratio between forces associated
with oscillating flow mechanisms and inertial forces (for structures moving
relative to a flowing fluid, with build-up and subsequent shedding of vortices).

Of particular importance for model testing is the scaling conflict between the
Reynold- and Froude number [11]. Except in some cases where the Reynolds num-
ber is particularly important [16], hydrodynamic model tests are in practice per-
formed with matching Froude number. This ensures that the propagation of surface
waves (mainly driven by gravitational and inertial forces) is correctly described at
the model-scale.

As discussed in for example [15, Ch 13], one may mitigate distortions in Reynold
scaling by inducing turbulence to the flow, maximising the model-scale size, per-
turbing the incoming flow, roughening up the surface, or correcting for it when
analysing the results.

Whereas the resulting Reynolds number distortions are typically considered
acceptable for hydrodynamic loads, this is not true for wind loads [17] where viscous
loads dominate. This is critical when both hydrodynamic and aerodynamic loads
are important, which is the case for offshore wind turbines [17].

With the subscripts (·)m and (·)p denoting model-scale and full-scale param-
eters, respectively, the established practice of requiring matching Froude number
implies

(u2p/gLp) = (u2m/gLm). (1.1)

Since spatial lengths are scaled by λ (geometric similarity) and velocity is the
change in position over time, the time variable is scaled by λ1/2 to satisfy (1.1).
Importantly, this means that model testing is performed on a different time scale
relative to the full-scale emulated scenario, depending on the scaling ratio λ. For ex-
ample, a scaling ratio of λ = 1

/
60, means that an interval of 1 second in model-scale

corresponds to a time interval of λ−1/2 ≈ 7.75 seconds in the full-scale emulated
scenario.

1.1.2 Numerical Emulation of Ocean Structures

Recent technological advances in hardware and software have revolutionised the
study of ocean structures. Markedly, these developments have enabled significant
use of computational fluid dynamics (CFD) solvers [18].

CFD solvers operate by solving the Navier-Stokes equations on a discretised
mesh of the fluid. These are fundamental governing equations describing fluid flow,
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capturing viscous, gravitational, and inertial flow effects [19]. Multipurpose physics
engineering software (such as ANSYS [20] or OpenFOAM [21]) that combine struc-
tural finite element models (FEM) and CFD models is now nearing maturity, en-
abling relative ease of use of CFD solvers. Moreover, these types of programs are
continuously improving to describe the fluid flow better [22]. Complex nonlinear
simulations of ocean structures with the inclusion of viscous effects are now within
reach, which in practice was not feasible in previous decades [23].

Other numerical solvers are based on potential flow theory, in which the fluid is
assumed to be incompressible, inviscid, and irrotational. With these assumptions,
the flow can be represented in the form of a velocity potential that can determine
fluid pressure and velocities [24]. By linearising the potential flow boundary value
problem, these methods can solve the resulting problem, for example, using bound-
ary element methods [25]. Even though potential flow methods use a less complex
flow model, they are highly valuable because the computational effort is orders of
magnitude less than for CFD solvers.

1.1.3 Model Testing as a Complement to Numerical Methods

Given the recent improvements of numerical methods, we believe it is appropriate
to explain why per 2021, and presumably in the foreseeable future, model testing
is an integral part of testing and validating ocean structures, as opposed to solely
relying on numerical models.

Although CFD solvers can achieve high fidelity under the right conditions, they
currently have a number of technological and practical limitations: 1 ) it may be
challenging to configure simulations properly, including defining boundary condi-
tions, meshing strategy, parameters, and input variables; 2 ) they require excessive
use of computational resources, which severely limits the scope of the simulation
and achievable fidelity with current technological limitations [22]; and 3 ) CFD
solvers rely on a number of assumptions and simplifications (such as in how to set
up turbulence models). These are potential sources of error that cause uncertainty
in how well the true model is represented2.

While alternative methods such as linear potential flow solvers are much faster,
they typically ignore important effects such as wave breaking, viscosity, turbulence,
skin friction, and flow separation. This is particularly problematic for complex hull
shapes and for problems with high Froude numbers.

For these reasons, the prevailing opinion in the literature is that CFD solvers
(and other numerical methods) will not replace experimental methods anytime soon
[22]. This is especially true for complex physical phenomena, including complex free
surface effects, viscous effects, coupling effects between system components, slam-
ming, and high amplitude or breaking waves. We can summarise the motivations
for using experimental model testing as a complement to numerical methods as
follows:

- To discover, understand, and model new phenomena and effects.

2For example, in the recent work [22], the authors warn that they have encountered numerous
erroneous CFD solutions that look good at first sight but that on closer inspection do not match
the expected flow behaviour.
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- To investigate cases that are difficult to analyse with numerical methods.

- To assess ocean structures’ operational characteristics, capabilities, and limi-
tations, including structural loading, manoeuvrability, stability or behaviour
under limiting conditions. This is often done late in the design process to
verify and extend the previous analysis.

- To evaluate new innovative designs or new complex operations, where unex-
pected and unanticipated behaviour may occur.

- To tune numerical models by incorporating experimental results. For exam-
ple, experimental testing is important to establish the drag and damping
coefficients of the famous Morison equations [26].

- To rapidly and robustly verify system performance when time is a limiting
factor.

1.2 Real-time Hybrid Model Testing in Ocean Engineering

To overcome the inherent limitations of each method, experimental and numerical
methods for ocean structure analysis can be integrated into the same test by using
the hybrid testing framework:

Definition: Hybrid testing

A family of methods for analysing and predicting the behaviour of a
system that combines: 1 ) computer-emulated numerical substructures,
and 2 ) experimentally tested physical substructures. Control and mea-
surement interfaces couple the substructures with the goal of realistically
emulating of the original, unpartitioned system.

The fundamental assumptions in hybrid testing are that: 1 ) the numerical sub-
structure can be modelled with sufficiently high fidelity using numerical methods,
2 ) the physical substructure can be modelled with sufficiently high fidelity using
experimental methods, and 3 ) the substructures can be recoupled without signif-
icant loss of fidelity. Whereas the physical substructure typically covers complex
phenomena that are difficult to model numerically, the numerical substructure typ-
ically covers phenomena that are difficult to capture in the experimental testing
campaign. Thus, the testing enables emulation of systems where neither purely nu-
merical simulation nor purely physical model testing is feasible within satisfactory
performance levels.

In this thesis, we are concerned with real-time hybrid model testing, which is a
subset of hybrid testing applied to the analysis of ocean structures and defined in
this thesis as follows:
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Definition: Real-time hybrid model testing (ReaTHM testing)

A subset of hybrid testing with real-time recoupling applied to ocean
structure emulation, in which the physical substructure is a down-scaled
model of an ocean substructure tested in a basin laboratory with adher-
ence to engineering principles employed in conventional hydrodynamic
model testing.

In this context, real-time refers to the real-time constraints required in con-
necting the numerical and physical models – to ensure correct behaviour of rate-
dependent factors, and model testing refers to the relationship to traditional hy-
drodynamic model testing. For short, we use the denomination ReaTHM3 testing
to mean the same.

ReaTHM testing can be classified both as an extension of traditional hydro-
dynamic model testing in that it considers experimental testing of down-scaled
models in basin laboratories and as a subset of hybrid testing in that it replaces
parts of the down-scaled model with a numerical substructure that is recoupled
with the physical substructure.

A set of different ReaTHM testing configurations for coupling the numerical
and physical substructures are in principle possible, which has implications for
how the actuation and measurement interfaces are configured. The developments
presented in this thesis is aimed at ReaTHM testing where the physical substruc-
ture is load driven based on actuation of numerically calculated loads, whereas
the numerical substructure is displacement driven based on measurements or es-
timates of position, velocities and accelerations. Moreover, the loads are actuated
using cable-driven parallel robots (CDPR) [27, 28, 29, 30, 31]:

Definition: Cable-driven parallel robot (CDPR)

A type of parallel manipulator setup in which a mobile platform is ac-
tuated by cabled winches configured in parallel topology.

That is, in this thesis, we study ReaTHM testing using CDPR:

Definition: ReaTHM testing using CDPR

ReaTHM testing where the loads computed within the numerical sub-
structure are actuated onto the experimental physical substructure using
a configuration of cabled winches configured in parallel topology.

This definition is closely related to the title of the present thesis. Whereas the
first part of the thesis title, load control, refers to the transfer and subsequent ac-
tuation of forces and moments from the numerical substructure onto the physical
substructure, the latter part of the title indicates that the system under consider-
ation is ReaTHM testing using cable-driven parallel robots. See Figure 1.2, which
shows an example of ReaTHM testing using CDPR, highlighting the tensioned

3ReaTHM® is a registered trademark of SINTEF.
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(a) (b)

Figure 1.2: ReaTHM testing using CDPR for a moored barge. Red arrows mark the
direction of the actuated force through each cable. a) Image of the thesis laboratory
setup. b) Schematic overview.

cables that actuate loads onto the floating experimental platform. Conversely, in
non-marine CDPR applications, the platform is typically suspended in the air by
the cabled actuators; see for example [32].

To ensure that ReaTHM testing can robustly mimic the full-scale behaviour
of ocean structures, technological and scientific challenges arise that require mul-
tidisciplinary knowledge combining several research areas, including control engi-
neering, hydrodynamics, experimental testing, co-simulation, load actuation, and
optimisation.

1.2.1 Motivating Example – ReaTHM testing of a Moored
Barge

Consider now the feasibility of performing hydrodynamic model testing of the
moored barge shown in Figure 1.3a, which is to be operated4 at a water depth
of 2900 m and to be experimentally tested using a scaling ratio of 1

/
60. With con-

ventional model testing, this necessitates a basin laboratory with a depth of 48 m
and a large basin diameter to accommodate for the spreading of the mooring lines.
The spatial requirements are far beyond existing basin capabilities. Experimental
alternatives such as passive truncation methods and outdoor testing have signif-
icant drawbacks due to accuracy and modelling challenges as well as longer test
execution times. See discussion in [33, Ch 4]. Moreover, accurate representation of
the mooring lines at the model-scale can be challenging even without depth limita-
tions. In summary, it is not practically feasible to test this system using traditional
model-scale testing. Conversely, purely numerical models of the barge are not suf-
ficiently accurate for validating the system since they do not adequately capture
the complex interactions between the barge and the waves.

ReaTHM testing provides a resolution that enables experimental testing of
the barge. As illustrated in Figure 1.3b, using ReaTHM testing, the system is
first partitioned into: 1 ) the mooring lines (numerical substructure), which are

4The example is inspired by a floater that is to operate at the Stones field (Gulf of Mexico),
described in [33, Ch 4].
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Figure 1.3: A motivating example – ReaTHM testing of a moored barge. (a) Test
case description. (b) System partitioning. (c) Emulation of recoupled system.
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modelled using numerical methods, and 2 ) the barge (physical substructure), where
complex wave-to-structure interactions take place, which is kept experimentally. In
the testing campaign, the two substructures are recoupled in real-time through the
measurement and actuation interfaces, as shown in Figure 1.3c. If each substructure
can be emulated with high fidelity and the interface only introduces limited errors,
the original system should also be emulated with high fidelity.

1.2.2 Motivations for ReaTHM Testing

The motivation for performing ReaTHM testing is fundamentally the same as for
performing conventional model testing. That is, to capture complex behaviour and
phenomena of ocean structures in realistic conditions that would be difficult to
capture without experimental testing.

The following is an overview of the types of motivations one may have for
conducting ReaTHM testing instead of traditional hydrodynamic model testing.

Spatial infrastructure limitations. This is the case when the down-scaled model
does not fit into existing laboratory basins due to fixed physical and geomet-
ric facility constraints. Reducing the model-scale ratio beyond established
practices is not an acceptable alternative since: 1 ) smaller scaling ratios (cor-
responding to smaller models) reduce test fidelity [34], and 2 ) it eventually
becomes difficult to generate high quality waves for realistic ocean condi-
tions, and the physical phenomena observed at the model-scale will no longer
translate to the corresponding full-scale test case. See also the discussion on
ill-conditioning in [35]. ReaTHM testing is proposed to overcome this prob-
lem for cases where space-consuming parts of the system can be numerically
modelled with high fidelity, and the remaining experimental setup fits in the
laboratory basin.

Scaling law conflicts. This is the case when two or more physical phenomena,
that require different, incompatible scaling regimes for mapping between full-
scale and model-scale are important for the dynamics of the system. Of par-
ticular note is the aforementioned Froude-Reynolds scaling conflict that arises
because wave loads and aerodynamic loads require different scaling regimes;
see Section 1.1.1. ReaTHM testing is proposed as a method to overcome this
conflict for cases where one of the conflicting physical phenomena can be
managed numerically. A prominent example is the use of ReaTHM testing
to evaluate offshore wind turbines [17, 36]. Here, ReaTHM testing overcomes
the Froude-Reynolds scaling conflict by numerically calculating the wind as-
sociated aerodynamic loads [37].

Technology and fidelity limitations. This is the case when installation, mod-
elling, and fidelity limitations make conventional model testing infeasible or
too costly. Examples include testing in limiting conditions that are difficult or
dangerous to implement with a fully physical model (such as fault conditions
for mooring systems or blade seize scenarios for offshore wind turbines [36]),
and the modelling of complex mooring systems (even if the basin depth is
large enough). The latter is particularly the case when unconventional mate-
rials are used, such as elastomeric mooring lines [38].
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Cost reduction, versatility, and effectivity. This is the case when it is prefer-
able to perform ReaTHM testing, even if it is feasible to emulate the system
fully experimentally. For example, this may be the case for cost savings, to
rapidly prototype different configurations (for example varying anchor sys-
tems) or to increase the determinism of loads acting on the physical sub-
structure (for example, to test dynamic positioning performance subject to
deterministic environmental loads).

1.3 Summary of Previous Work

1.3.1 Hybrid Testing

In conventional hybrid testing, the physical and numerical substructures are recon-
nected using numerical time-stepping techniques without real-time requirements.
This implies that all rate- and time-dependent effects must be simulated or ne-
glected. See, for example [39]. Conventional hybrid testing for emulating the dy-
namics and the properties of the coupled system was first performed in 1969 when
a cantilever beam connected to an analogue computer was studied [40].

Much of the earlier work and development on the method was within civil en-
gineering to analyse structural responses to earthquake loads [39, 41]. Here, the
physical substructure captures complex structural behaviour, including plastic de-
formation and hysteresis, which is difficult to model numerically. See, for example
[42], which considers a bridge pier subject to earthquake loads.

Real-time hybrid testing [43] is an extension of conventional hybrid testing
in which substructures are connected in real-time, enabling the capture of rate-
dependent effects such as damping or inertia. See [44, 45] for early publications on
real-time hybrid testing, and [46] for an outline of the historical development from
conventional hybrid testing to real-time hybrid testing. Real-time hybrid testing en-
ables realistic emulation of a wide range of complex nonlinear systems and has been
employed in numerous fields. Depending on the research community and field, the
technique is also referred to as real-time hybrid substructure testing [47], real-time
dynamic substructuring [48], model-in-the-loop testing [49], cyber-physical testing
[50], and ReaTHM testing. The latter is the suggested name when the method is
used for hydrodynamic model testing.

See [51] for a discussion of sources of errors in hybrid testing, including trun-
cation errors, handling of rotational degrees of freedom, interface continuity, rigid
body modes, joint dynamics, time delay, and experimental errors. In [52] a discus-
sion on the effect that the interface errors have on the coupled system is given.
See [53] and references therein for a comprehensive review of hybrid testing from
a civil engineering perspective.

Actuation In hybrid testing, actuators applies the numerically calculated loads
or displacements onto the physical substructure. Depending on the application and
coupling strategy, a series of configurations with different actuator technologies are
possible, as illustrated in Figure 1.4.

For civil engineering applications, servohydraulic actuators are favoured, par-
ticularly for position control of the physical substructure [54, 55]; see Figure 1.4a.
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(a) (b) (c)

Figure 1.4: Different actuator technologies used in hybrid testing – applied to a
setup similar to the 1 degree of freedom experimental setup considered later in this
thesis. (a) Servo hydraulic actuator. (b) Shaking table. (c) Actuated cabled winch.

These have the advantage of providing high power and position tracking capabil-
ities. However, they typically have limited stroke length and may have complex
actuator dynamics associated with the internal hydraulic flow. See [43] for a com-
prehensive analysis of their use.

Shaking tables are popular to simulate earthquake loads in seismic engineering
[56, 57]. While traditionally being used to prescribe ground accelerations, shaking
tables can also be accommodated to hybrid testing [58]; see Figure 1.4b.

In [59], shaking tables and hydraulic actuators are combined and connected to
the physical substructure at different interface locations.

In ReaTHM testing, where we typically actuate lower forces over a larger
workspace range, neither servohydraulic actuators nor shaking tables have proven
suitable. Instead, we use an actuated winch [60, 61] for force control, as illus-
trated in Figure 1.4c. It consists of a cabled pulley connected to a servomotor via
a clockspring, and might be characterized as a type of series elastic actuator [62].
The actuated winches maintain satisfactory force actuation capabilities also un-
der significant end effector motion, which is useful in ReaTHM testing, where the
down-scaled models exhibit significant motion.

Related Fields A closely related test framework with extensive literature [63, 64,
65] is hardware-in-the-loop (HIL) testing. Here, control systems are tested by keep-
ing some control loop components on real hardware (physical substructure), while
other processes or components are simulated (numerical substructure). Roughly
HIL testing can be distinguished from ReaTHM testing as follows: 1 ) whereas
ReaTHM testing typically tests the structural or dynamic behaviour of a physical
system, HIL testing is typically used to emulate and test the behaviour of control
systems. Thus, emphasis on reproducing the exact dynamics is typically less in
the latter. 2 ) Whereas ReaTHM testing requires external actuators to excite the
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physical system, in HIL testing all actuators (if any) are typically a part of the
system being emulated.

Despite their differences, use of the terms may overlap, and hybrid testing is
sometimes referred to as a subclass of HIL-testing. See, for example [60] and [66].

Another related emulation framework with an extensive body of literature is
the study of co-simulations [67], which considers the coupling of two independently
emulated numerical systems. Although different in that it does not include an
experimentally tested substructure, the field addresses issues relevant to hybrid
testing such as substructure partitioning and recoupling. This is particularly the
case if the co-simulation study considers explicitly connected systems. See, for
example [68].

1.3.2 ReaTHM Testing – Literature Overview

ReaTHM testing was initially proposed for experimental testing of floating offshore
structures with mooring lines that are difficult to incorporate experimentally [69,
70, 71]. Due to technical limitations of both hardware and software, the early
publications were conceptual, without real-world experimental testing.

Developments in computer technology, greater availability of numerical mod-
elling tools, and advances in actuator technology have recently made experimental
use of ReaTHM testing feasible. For instance, complex numerical models can now
be run in real-time on inexpensive computers [72]. In parallel with technological
developments, there is a renewed interest in ReaTHM testing. In particular, for
emulation of offshore wind turbines [36] and deepwater installations [73], which are
applications that are becoming increasingly important [35].

These developments have led to a willingness to invest in the necessary research
and equipment over the last decade. SINTEF Ocean, one of the leading model
basin operators, now has commercial ReaTHM testing capabilities in its basin
laboratories. Other leading basin operators such as Marin and research centres
such as CENER have also shown interest in the method. See [74] (from SINTEF
Ocean), [75] (from Marin), and [76] (from CENER) for references including images
and description of ReaTHM testing from their respective laboratory basins.

Several studies [73, 50] suggest simulating the mooring lines numerically only
below a given truncation point and to let the mooring system above the trunca-
tion point be emulated experimentally; see Figure 1.5a. In [38] it is noted how
risers and other flexible subsea structures may be tested similarly. Experimental
ReaTHM testing campaigns using truncated mooring systems are not found in rel-
evant literature beyond conceptual and theoretical studies. Instead, experimental
ReaTHM testing campaigns have kept the entire mooring system numerically, with
the actuation of numerically calculated horizontal mooring loads directly onto the
ocean structure [77]; see Figure 1.5b.

In recent years, ReaTHM testing has emerged as a solution to overcome the
Froude-Reynold scaling conflict between aerodynamical and hydrodynamic loads
that arise in the testing of offshore wind turbines [66, 36, 60, 78]. In these ReaTHM
testing applications, the numerical substructure is a full-scale numerical aerody-
namic model, and the turbine fundament is tested experimentally; see Figure 1.5c.
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(a) (b)

(c) (d)

Figure 1.5: Different ReaTHM testing applications. Figures are adapted from the
author’s and research partner’s work. (a) Active truncation of a slender structure
[50]. (b) Circular moored buoy [72]. (c) Floating wind turbine [36]. (d) General
setup overlaid on ReaTHM testing of a moored ship [C-2].

Although several recoupling strategies in principle are possible within the ReaTHM
testing framework, publications considering experimental ReaTHM testing are in
practice limited to the coupling strategy where the numerical substructure com-
putes a global load vector based on displacement measurements, which in turn is
actuated onto the physical substructure; see Figure 1.5d. Moreover, the resulting
load vector has typically been actuated using a configuration of distributed ca-
bled winches, such that the experimental setup constitutes a CDPR. An exception
to the use of CDPR setups is [79], where a ducted fan actuates the numerically
calculated loads.

The International Towing Tank Conference presents guidelines and recommen-
dations for ReaTHM testing of offshore wind turbines in [17] and the same for
moored floating offshore structures in [38]. Similarly, [77] and [36] are publications
that outline a design methodology for ReaTHM testing.

In developing new ReaTHM testing concepts, several publications propose to
perform preliminary ReaTHM testing co-simulation studies [77, 80, 50]. These are
purely numerical simulations where also experimental components (physical sub-
structure, environmental loads, actuators and sensors) are emulated numerically.
This facilitates the development of safety procedures, coupling strategies, improve-
ment of control systems, and detailed sensitivity studies. The latter is comprehen-
sively studied in [80] and [50], which present a sophisticated approach for assessing
error sensitivity and fidelity of ReaTHM systems, given assumptions on the statis-
tical distribution of the relevant parameters.

Research and development of ReaTHM testing have thus far been conducted
primarily to develop the overall methodology. However, the method is approaching
maturity. In recent years, there have been examples where the primary purpose of
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a ReaTHM testing campaign was to obtain new empirical data on the behaviour
of ocean structures. For example, see [81] and [82].

Other envisioned applications of the method include testing of liquid sloshing
in tanks on ships, dynamic positioning systems, and aquaculture farms [35]. As per
the motivations listed in Section 1.2.2, many other applications are possible.

1.3.3 Research on ReaTHM Testing at NTNU and SINTEF
Ocean

Although there has been a growing interest in ReaTHM testing over the past
decade, at the time of writing, the method is still in a developmental phase with-
out widespread commercial use. A limiting factor for using and researching the
method is that significant investment and basin laboratory facilities are needed to
conduct ReaTHM testing. Only a limited number of actors and projects have these
capabilities. One of the most prominent projects in this regard is the Hybrid KPN
project which is a research project in close collaboration between the Norwegian
University of Science and Technology (NTNU), SINTEF Ocean, Equinor, SalMar,
and ABB. The author’s PhD programme is part of this project. Judging by the
number of academic publications, this project (together with affiliated projects at
NTNU and SINTEF Ocean) is the leading driver for research on ReaTHM testing
as of 2021. Consequently, it is the source of a substantial number of the references
we cite when describing state of the art for ReaTHM testing in Section 1.3.2. That
is, [74, 36, 77, 50, 72, 35, 72, 83, 80, 60].

The Hybrid KPN project had access to several basin laboratories (both small
and large) designed for hydrodynamic model testing, located in Trondheim, Nor-
way, near NTNU and SINTEF Ocean. One of the main goals of the project was
to make ReaTHM testing a well tested and validated method that predicts ocean
structure behaviour at a level of fidelity comparable to traditional hydrodynamic
testing. As the method matures, the vision is that ReaTHM testing will be accepted
and valued by the ocean industry and regularly performed in ocean laboratories as
a new best practice. The project was launched in its current form in 2016. Since the
project start, ReaTHM testing has been further developed through both laboratory
experiments and theoretical studies.

ReaTHM testing will play a key role in the Ocean Space Centre, which is a
planned large Norwegian national centre for education, research and technology
development for the marine industry [84]. Both SINTEF Ocean and NTNU are
key stakeholders in this centre. It is expected that research and best practices from
the Hybrid KPN project will contribute to the successful use of ReaTHM testing
in the new centre.

Prior to this thesis, no less than three PhD projects on ReaTHM testing were
completed at NTNU in collaboration with SINTEF Ocean. To contrast these PhD
projects with the present work, we present a summary of each:

� The thesis of Valentin Chabaud (2016) [60] examines in detail ReaTHM test-
ing of floating wind turbines. As this work was performed early in the project,
much of its emphasis is on describing and developing the necessary funda-
mental concepts and best practices for ReaTHM testing. The study includes
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consideration of error sources, control system development, data processing,
and specific issues related to the development of ReaTHM testing for offshore
floating wind turbines.

� The thesis of Thomas Sauder (2018) [33] considers how various sources of
error affect the achieved fidelity of ReaTHM testing. It develops and demon-
strates new sophisticated mathematical methods for fidelity analysis and dis-
cusses them in the context of active truncation of slender marine structures.

� The thesis of Stefan Vilsen (2019) [35] considers ReaTHM testing on moored
ocean structures. It emphasises the feasibility and implications of incorporat-
ing complex numerical models into ReaTHM testing and develops a compre-
hensive yet straightforward design method for ReaTHM testing.

This thesis builds upon and extends the research and best practices developed
in the above theses. However, its focus is different. In comparison, it focuses more
on issues related to the actuation of forces and moments (loads) onto the phys-
ical substructure. Whereas the above theses mainly considered ReaTHM testing
with complex numerical models, to emulate full-scale ocean structures, this thesis
considers experimental testing using more simplified numerical substructures to
investigate the method at a more fundamental level.

While [33] relies mainly on mathematical modelling, proofs, and simulations,
[35] and [60] include extensive experimental work. Particularly relevant to this the-
sis is the experimental work of [35], which, like this thesis, covers experimental
ReaTHM testing of a moored system. Whereas [35] actuates forces in two degrees
of freedom using a complex mooring model, we actuate forces in three degrees of
freedom using a simple linear mooring model, emphasising issues related to load
control. Since the experimental work presented in [35] and [60], we have further
developed the actuators and experimental architecture in collaboration with the
research team. The related development, including the corresponding control sys-
tems, actuator design, and procedures, is elaborated in this thesis.

1.4 Research Objectives

The overall objective of this PhD project was to further improve the ReaTHM
testing methodology as a step toward making it a documented, accepted, and valued
practise that accurately identifies and predicts the behaviour of ocean structures in
realistic hydrodynamic environments. One of the main challenges in this regard, and
a major focus of this work, is to ensure that load actuation is performed robustly
with minimal errors and without significant degradation of emulation performance.

The research presented in this thesis is underlined by five main objectives which
are explained below.

Research Objective 1

Investigate, identify, and mitigate errors associated with load actuation
in ReaTHM testing using CDPR setups, including the development of
good practice control methods.
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When addressing Research objective 1, we emphasise four distinct sources of
error associated with load actuation: 1 ) delay-induced force errors, 2 ) force alloca-
tion errors, 3) force estimation errors, and 4 ) target force tracking errors. Further
description of these errors is given in Table 2.1 after the detailed system architec-
ture and modelling is presented. We will place a different emphasis on each source
of error, depending on the state of the art and the potential for novel developments
and improvements. For example, whereas we cover target force tracking extensively,
we place less emphasis on force estimation errors since the latter is highly depen-
dent on the specific sensor characteristics, which are generally well covered in other
sources [85, 86].

Research objectives 2-4 are related to Research objective 1 and address specific
challenges with load actuation and associated good practice control methods.

Research objective 2 addresses force allocation, which is the process of distribut-
ing the target cable forces such that they sum up to the numerically calculated load
vector.

Research Objective 2

Study and further develop methods for force allocation on CDPR setups.
The methods shall be applicable to ReaTHM testing in that the resulting
target cable forces have beneficial properties and are robustly output by
the solver in real-time.

Research objective 3 addresses the placement of actuated winches, with the goal
of providing accurate and robust load actuation.

Research Objective 3

Study and develop a procedure for placement of actuators on cable-driven
parallel robot setups that is optimal for ReaTHM testing.

Research objective 4 addresses accurate target force tracking using actuated
winches.

Research Objective 4

Study and propose methods for accurate force control onto moving ob-
jects using actuated winches with emphasis on the use case of ReaTHM
testing.

Experimental testing is important to develop and validate good practice control
methods. Particularly, since ReaTHM testing is a recently developed method, there
is limited experimental and theoretical documentation and limited rigorously es-
tablished practices. We, therefore, direct considerable effort to experimental testing
and related developments. With this, we state our fifth and final research objective.
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Research Objective 5

Conduct experiments to identify, understand, and mitigate problems,
to validate proposed methods, and to contribute to the development of
procedures for ReaTHM testing using CDPR setups

The thesis does not use ReaTHM testing to determine the behaviour of realistic
ocean structures, which is the intended end use of the method once it is mature.
Instead, simpler test cases are considered to understand, develop, and improve the
method at a fundamental level.

1.5 List of Publications and Main Contributions

Article 1 – Conference Paper [C-1]

[87] E. S. Ueland and R. Skjetne.
Effect of time delays and sampling in force actuated real-time hybrid testing; a case
study.
Proc. of the IEEE Oceans Conference, Anchorage, 2017.
https://ieeexplore.ieee.org/abstract/document/8232196

? Contribution 1: Using simulations, we show how time delay and sampling in
the ReaTHM testing loop significantly affect the fidelity of the emulated sys-
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? Contribution 8: We demonstrate that a force actuation system based on a
position controlled servomotor fitted with a clockspring, a drum, and a force
sensor at the end effector can be used for accurate cable force control onto
moving objects. Here, we propose a feedforward force control term that uses
online estimates of the clockspring characteristics for better performance.
Furthermore, control terms are proposed to deal with time delays and model
disturbances which, if not compensated for, introduce force errors that cor-
relate with end effector motions.

? Contribution 9: We experimentally validate the proposed design and meth-
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1.6 Structure of the Thesis

This thesis has three parts; Part I) the main report, 2 ) Part II) a collection of
articles, and Part III) a list of previously published theses at the Department of
Marine Technology at the Norwegian University of Science and Technology.

The thesis is organised as follows:

B Chapter 1 describes the background and motivation for developing ReaTHM
testing, research questions, contributions, and structure of the thesis.

B Chapter 2 describes the assumptions, modelling, methods and experimental
design of the ReaTHM testing systems considered in this thesis.

B Chapter 3 summarises the novelty, methods and results of the enclosed arti-
cles.

B Chapter 4 concludes the thesis and provides recommendations for future
work.
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Chapter 2

Modelling and Design of
CDPR-based ReaTHM Test
Setups

2.1 Overall Architecture and Examples

Using Figure 2.1 as a reference, we below present a method overview of ReaTHM
testing, which divides the method into three phases: 1 ) identification and planning,
2 ) setup and configuration, and 3 ) verification and testing.

The section is based on the design procedures and recommendations presented
in [77, 36, 38, 17], and on research, developments, and lessons learned from this
PhD project.

2.1.1 Identification and Planning

Before commencing a ReaTHM testing campaign, a thorough evaluation of the test
purpose and requirements is important. Key test criteria considered at this stage
are:

- Test objectives: The full-scale behaviour and characteristics that one wishes
to determine through ReaTHM testing. For example, these can be motions
in rough seas, stresses, the structural loading at critical points, or wave drift
forces.

- Load cases: The environmental conditions, including wave and current pro-
files, under which the structural behaviour is to be evaluated.

- Quantities of interest : The set of test quantities that should be observed,
directly or indirectly, to enable the engineer to assess the behaviour of the
structure under consideration in relation to the test objectives. These can be
localised quantities, such as the strain at critical sections of the structure or
the water column height at a particular location. They may also be global
behaviours such as the motions of the structure.

- Accuracy targets: The test accuracy specifications for the various quantities
of interest.
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Figure 2.1: The ReaTHM testing method – highlighting important elements. (a)
The target system for emulation. (b) System partitioning. (c) Emulation of recou-
pled system.

These criteria are all important inputs when configuring a ReaTHM testing setup.
For example, accuracy targets, load cases, and test objectives determine whether
a substructure can be numerically emulated within acceptable performance levels.
They also relate to testability, as introduced for HIL testing in [65]. Testability can
loosely be defined as the extent to which a test objective can be met, requiring
controllability and observability of the corresponding quantities of interest.

2.1.2 ReaTHM testing Setup and Configuration

System Partitioning

The target ocean structure is partitioned into physical and numerical substructures.
The partitioning interface location is chosen based on a number of considerations,
including: 1 ) which parts of the system and physical phenomena must be modelled
physically, and which can be modelled numerically, 2 ) limitations of laboratory
facilities and actuation technology, and 3 ) the desired recoupling method.
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Substructure Emulation

Each substructure should be accurately emulated according to established prac-
tices, as described next.

The physical substructure emulation is performed adhering to engineering practices
used in traditional hydrodynamic model testing. That is, a down-scaled version of
the ocean structure is tested in a laboratory basin and subjected to controlled envi-
ronmental loads, with experiments designed to satisfy the relevant similarity laws.
In addition, actuators are attached to the test platform, responsible for transferring
the numerically calculated interface quantities.

The numerical substructure is typically emulated using a full-scale numerical model.
This model can be, for example, a nonlinear finite element program running on a
separate, dedicated computer [72]. There are three crucial requirements for the
numerical substructure emulation:

1. The numerical substructure must be emulated with sufficiently high fidelity.
2. The numerical model must produce updated solutions in each control cycle.

Since the physical emulation is Froude-scaled, the numerical models must run
in Froude real-time; see Section 1.1.1.

3. The numerical solver must be adapted for coupling with a physical sub-
structure by allowing real-time information flow at the interface. In practice,
adaptation of established solvers may be required to facilitate this [72].

Modern basins have specialised wave flaps and current generators that can generate
highly controlled hydrodynamic environments that mimic real-world sea conditions
at model-scale. These conditions, in turn, interact with the structure in the form
of hydrodynamic environmental loads. Depending on the test specifications, some
environmental loads may be captured by the numerical substructure if this does not
compromise test performance beyond acceptable accuracy targets. Reference [36]
argues that this is the case for aerodynamic loads in ReaTHM testing of offshore
wind turbines.

System Recoupling

The system recoupling control logic is determined by the real-time measurement
and control interface, which specifies the control inputs of the actuators and the in-
put variables for the numerical substructure. It must ensure that information flows
between the substructures in real-time with a high degree of interface consistency
and without amplification of errors.

The measurement and actuation interfaces are the physical actuators and sensors
connected to the physical substructure that: 1 ) measure the states of the physical
substructure, such that the corresponding effect can be transferred to the numeri-
cal substructure, and 2 ) transfer the numerically calculated interface components
to the physical substructure. To ensure high performance in these interfaces, at-
tention should be paid to advantageous placement and configuration of actuators
and sensors, depending on test objectives, load cases, quantities of interest, and
accuracy goals.
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2.1.3 Verification and Testing

To evaluate system performance, robustness, and sensitivity, and to identify safety
issues, both [77] and [83] recommend performing co-simulation studies prior to
testing on new ReaTHM testing setups, if relevant numerical models are available.

After the preliminary co-simulation study and once the setup is installed in the
basin, a series of preliminary verification tests should be performed to develop
and verify the experimental setup. To the degree possible, we recommend perform-
ing verification tests using automated testing strategies as part of an integrated
deployment procedure for ReaTHM testing setups. We recommend the following
steps:

1. Verify expected behaviour using a simple linear numerical substructure with
predictable behaviour and without waves.

2. Assess the performance of the actuation and measurement interface relative
to benchmark references.

3. If applicable, compare free decay test in which the ocean structure freely
dampens out from initial offset both with and without connected actuators.

4. Evaluate the repeatability of the setup.
5. Evaluate and tune actuators.
6. Verify that procedures such as test initialisation, automated testing, and

emergency shutdown behave as intended.

With verification tests satisfactory performed, the testing campaign can commence.
Here, the quantities of interest are investigated subject to specified laboratory-
generated environmental conditions according to test objectives, load cases and in
line with best practices for traditional hydrodynamic model testing.

2.1.4 Examples from the Literature

Next, we summarise two examples of ReaTHM testing from the literature, empha-
sising concepts discussed in this section.

Example 1 (Figure 1.5b) [77]

This reference describes ReaTHM testing of a moored buoy. ReaTHM testing is
performed to overcome basin depth limitations by partitioning the system into: 1 )
a physical substructure that is the floating buoy, and 2 ) a numerical substructure
which is the full-scale mooring system simulated in RIFLEX [92]. The test objective
is to identify effects corresponding to viscous drag and eddy making near the body’s
surface. Quantities of interest are the rigid body dynamics, damping coefficients,
and the top-tension in the mooring lines. The buoy positions are input to the
numerical substructure, whereas the numerically calculated loads are actuated onto
the physical substructure in two degrees of freedom, using three cabled winches.
Platform positions are estimated using gyro, accelerometers, and optical sensors.
In the system verification phase, a simple linear isotropic stiffness model is used
instead of the complex RIFLEX model. Moreover, load tracking and repeatability
are assessed using simple decay and displacement tests. Finally, the subsequent
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Figure 2.2: ReaTHM testing recoupling strategy of systems considered in this the-
sis.

testing campaign identifies linear and quadratic damping coefficients of the moored
buoy.

Example 2 (Figure 1.5c) [36, 74]

These references describe ReaTHM testing of a 5MW moored floating wind turbine.
ReaTHM testing is performed to overcome the Froude-Reynold conflict by parti-
tioning the system into: 1 ) a physical substructure that is a floating offshore wind
turbine subject to laboratory-generated waves, and 2 ) a numerical substructure
which is the full-scale wind turbine exposed to simulated wind in AeroDyn [93].
The test objective is to evaluate system performance in conditions representative of
the Northern North Sea. Quantities of interest are the rigid body dynamics, moor-
ing line tensions and loads at the tower/floater interface. The turbine fundament
motions are input to the numerical substructure, whereas the numerically calcu-
lated loads are actuated onto the physical substructure in 5 degrees of freedom,
using six cabled winches. Platform positions are estimated using gyro, accelerom-
eters, and optical sensors. In the system verification phase, initial decay tests are
performed with and without actuators, comparing the quantities of interest. More-
over, load tracking, repeatability, and delays are assessed. Finally, results from an
extensive experimental campaign are presented, where the wind turbine is found
to have a significant impact on the system’s natural periods and damping.

2.2 Detailed Architecture and Modelling

2.2.1 General Assumptions

In this thesis, we aim at developing methods and procedures for ReaTHM testing
setups that satisfy the following assumptions:

� The target ocean structure is partitioned into a computer-emulated numerical
substructure and an experimentally tested, down-scaled physical substruc-
ture, hereafter also referred to as the experimental platform. The experimen-
tally measured displacements are input to the numerical substructure, and
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Figure 2.3: Experimental test setup with the platform (down-scaled physical sub-
structure) connected to n actuated cables (only one of the actuators is sketched).

the numerically calculated loads are actuated onto the physical substructure;
see Figure 2.2.

� The physical substructure is rigid with respect to load actuation such that the
interface forces can be assembled to a global load vector that can be actuated
distributively without disturbing the dynamics of the physical substructure.

� We actuate forces through n cables, each connected to the platform at one
end, and tensioned by an actuated winch at the other. In this way, the ex-
perimental platform and actuators constitute a CDPR; see Figure 2.3.

� We control the platform in m ≤ 6 spatial and rotational degrees of freedom
(DOF). Moreover, if m > 1, then the CDPR is overconstrained such that
n > m.

� Each cable forms a straight line and exerts a pull force on the platform in
the cable direction. Constraints are imposed on each actuator; minimum pull
forces fmin = (fmin,1, fmin,2, · · · , fmin,n) are set to prevent the cable from
going slack, and maximum pull forces fmax = (fmax,1, fmax,2, · · · , fmax,n) are
set based on actuator and cable limitations.

� The ReaTHM testing experimental architecture is functionally equivalent to
that described in Section 2.2.2.

� The ReaTHM testing loop is functionally equivalent to that described in
Section 2.2.3

2.2.2 Experimental Architecture

Figure 2.4 shows the ReaTHM testing experimental architecture used in this thesis.
We next elaborate on the components indicated in the figure.

30



2.2. Detailed Architecture and Modelling

Figure 2.4: Schematic diagram of a ReaTHM testing setup and associated instru-
mentation, highlighting two of the n actuators.

Actuators

Figure 2.5 schematically illustrates a single actuator. It is composed of the following
components1.

- The cable, which is a thin braided polymer line, mass-produced for high-
performance fishing applications. The stretched cable has one end wound
onto the drum and the other end attached to the platform via the strain
gauge.

- The servomotor, which is an industrial grade motor with integrated inter-
nal encoders, drive-level position control, and associated electronics. It al-
lows high bandwidth, is fast and accurate, and has robust internal vendor-
configured control software for motor shaft control.

- The drum which winds and unwinds the cable, enabling force control with
large end effector motions. A rotary encoder measures the drum angle of
rotation.

- The clockspring which is a flat spiral spring with its inner end attached to
the motor shaft, and its outer end attached to the drum. The clockspring
coils do not touch each other under compression, resulting in low friction and
a nearly linear deflection-to-torque characteristic.

1The resulting actuators have been developed by the research team over time and in several
iterations. For confidentiality reasons, product-specific details of the actuator are not discussed.
This includes component product names and certain technological or mechanical solutions that
do not significantly impact the actuator model. For the same reason, we do not provide a picture
of the actuator itself.
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Figure 2.5: Schematic representation of the cabled actuator. During testing, n such
actuators are connected in parallel topology to the experimental test platform.

- The strain gauge end effector, which is a full bridge six-wire strain gauge that
outputs a current proportional to its tension. The strain gauge constitutes
the end effector that connects the cable to the physical test platform.

Due to the compliance of the clock spring, the high-performance of the servomotor,
and the high precision encoders, the proposed actuator is suitable for force control
onto moving objects. For a more comprehensive description of the actuator, we
refer to [J-3], where a corresponding force model of the actuator is presented along
with a discussion of the design in relation to comparative literature.

Miscellaneous

- The platform is the experimental structure that shall mimic the target phys-
ical substructure. The platform is connected to the actuated winches and
tested in basin laboratories subject to laboratory-generated hydrodynamic
conditions. The platform is generally designed and produced according to
engineering practices for traditional hydrodynamic model testing.

- Reflective markers are attached to the moving platform.

- Infrared cameras continuously measure the distance to the reflective markers
based on the reflection of infrared light.

Computers

- The control cycle computer manages the control logic and transmits new
setpoints to the actuator at the end of each control cycle.

- The data acquisition (DAQ) computer captures the measured values and
passes them through the loop. The DAQ computer may employ simple filters
or transformations before passing the signals to the rest of the loop.
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- The logger and user interface computer connects the user to the control loop
during operation. In addition to enabling user supervision, it logs data sam-
pled by the DAQ computer.

- The numerical simulator computer. ReaTHM testing setups employed by
research partners often use an external computer to run complex numerical
models. See, for example [35]. This thesis only considers simple numerical
models run on the control cycle computer and, therefore, does not employ
this computer.

- The positioning system computer. The data sampled by the cameras is passed
to the positioning system computer installed with proprietary Qualisys track-
ing manager software [94], which uses triangularisation to continuously esti-
mate the pose of the experimental platform with high accuracy.

Communication

- Electrical wires connect each force sensor to the DAQ computer. The end
effector tensions are estimated based on the current-magnitude in these wires.
Whereas the force sensors move with the experimental platform, the DAQ
computer is stationary, meaning that there is relative movement between the
end points of the electrical wires. The electrical wiring is light, and careful
alignment minimises the force introduced through the wiring. A practical
alternative to moving wires is to install a DAQ computer on the experimental
platform. This can then be connected to the main loop, either by a single
cable or by wireless communication. With this in mind, this thesis does not
further elaborate on potential issues of the electrical wiring, or, alternatively,
the wireless communication.

- Communication buses connect the computers and actuators. We separate be-
tween three communication buses: 1 ) the actuator communication bus, which
communicates between the controller, the servomotor, and the encoders, 2 )
the measurement communication bus, which routes the pose estimates and
measurements between computers in the loop, and 3 ) the logger and DAQ
bus, which routes the signals from the DAQ computer to the other computers
in the loop.

2.2.3 The ReaTHM Testing Loop

Figure 2.6 depicts the ReaTHM testing loop examined in this thesis, with relevant
loop components highlighted and annotated. It can be partitioned into a higher-
level outer control loop which couple the two substructures (left side of Figure 2.6)
and a lower-level inner control loop responsible for actuating forces in each cable
(right side of Figure 2.6). In the following, each element of the control loop is
described, including the relevant modelling.

Resulting Load Vector

In considering the experimental setup, we refer to two reference frames, {a} and
{b}; Oa is the stationary origin of the local Earth-fixed coordinate frame {a} in
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Figure 2.6: The ReaTHM testing loop highlighting the signal flow and loop com-
ponents. Adapted from [J-3].

the basin, and Ob is the moving origin of the platform’s body-fixed frame {b}; see
Figure 2.3. Accordingly, vectors that are decomposed into {a} or {b} are given the
superscripts letters a or b, respectively (if the superscript letter is omitted, and the
vector has not been previously defined, it is decomposed into the {a} frame). Using
Figure 2.7 as a reference, this section outlines the geometric relationship between
the cable force vector f = (f1, f2, · · · , fn) ∈ Rn and the cable load vector w ∈ Rm.

The position and orientation {b} relative to {a} are denoted by p := pa =
(x, y, z) ∈ R3 and Θ := (φ, θ, ψ) ∈ S31 , where S1 = [−π, π) (this thesis represent
orientation by the zyx Euler angle convention [95, Ch 2.2.1]). These are represented
in the body pose vector η := (p,Θ) ∈ R3 ×S31 . The body-fixed linear and angular
velocities are denoted by vbv and ωbv, respectively. These are combined to form
the body’s linear and angular velocity vector ν := (vbv,ω

b
v). For each actuator

i ∈ {1, . . . , n}, let pai := paai be the fixed position of the ith cable exit point Ai.
Similarly, let the constant body-fixed lever arm from Ob to the ith cable attachment
anchor Ei (on the platform) be denoted rbi .

The Euler angle rotation matrix R(Θ) and the angular velocity transformation
matrix T (Θ) map vectors and angular velocities from {b} to {a}:

R(Θ) = Rz(ψ)Ry(θ)Rx(φ), (2.1)

with,
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Figure 2.7: A CDPR platform, with one cable highlighted. (from [J-1]).

Rx=




1 0 0
0 cos(φ) −sin(φ)
0 sin(φ) cos(φ)


, Ry=




cos(θ) 0 sin(θ)
0 1 0

−sin(θ) 0 cos(θ)


, Rz=




cos(ψ) −sin(ψ) 0
sin(ψ) cos(ψ) 0

0 0 1


.

(2.2)

and

T (Θ)=




1 sin(φ)tan(θ) cos(φ)tan(θ)
0 cos(φ) −sin(φ)

0 sin(φ)
cosθ

cos(φ)
cos(θ)


. (2.3)

Accordingly, ri(t)=rai =R(Θ)rbi , ṗ
a=R(Θ)vbv, and Θ̇=T (Θ)ωbv It follows that the

absolute position of Ei is pei:=p
a
ei=p+R(Θ)rbi . From each actuator i, a force fi

is acting on the platform at Ei, directed along the straight line pai−pei, whose
direction is denoted by the unit vector ui:=

pai−pei

|pai−pei| . The relationship between the

cable force vector f and the cable load vector w applied by the cables is described
by w(t)=W (t)f(t), where

W (t)=
[
q1(t) q2(t) ··· qn(t)

]
, with qi(t)=

[
ui(t)

ri(t)×ui(t)

]
. (2.4)

Since the pose η(t) varies with time, it follows that ui(t)=ui(η(t)) and ri(η)=
ri(η(t)) are time-varying signals, and hence also W (t)=W (η(t)).

The cable can be guided to the drum via a fuse, resulting in constant pai.
In cases without a fuse, the cable always forms a tangent to the drum. In this
case, pai depends on the position of the end effector relative to the actuator; see
Figure 2.8a. Assuming that the drum and the cable are oriented in the xy-plane,
pai is determined, with reference to Figure 2.8b, as follows:

pai=pai,0+(∆xa,∆ya,0) (2.5a)

∆xa=
r2∆x∓∆yrl

d2
, ∆ya=

r2∆y±∆xrl

d2
, (2.5b)

d=
√

∆x2+∆y2, l=
√
d2−r2, (2.5c)

where (∆xa,∆ya) is the decomposed vector from the cable attachment point pai
to the drum centre of rotation pai,0, ∆x and ∆y is the decomposed horizontal
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(a) (b)

Figure 2.8: Cable to drum configurations. (a) Attachment with and without fuse.
(b) Geometry when the cable attachment point is tangential to the cable-drum.

distance from pei to pai,0, and r is the effective drum radius. Furthermore, the
signs of (2.5) are (+,−) when the drum is wound in the clockwise direction and
(−,+) when the drum is wound in the counterclockwise direction. If the drum is
not in the same plane as the cable, further rotations are required in addition to
(2.5).

To describe a complete actuator configuration of a CDPR setup, we use the
notation {pa}:=(pa1,pa2,···,pan) and {rb}:=(rb1, r

b
2,···, rbn).

Physical Substructure

The physical substructure is a down-scaled model of the corresponding target sub-
structure, scaled according to Froude-scaling practices presented in Section 1.1.1.
If the down-scaled model is a floating ocean structure, a simplified model of its
dynamics, following [95] is

MRBν̇+CRB(ν)ν+MAν̇r+CA(νr)νr+D(νr)νr+gr(η)=ωωωph+w, (2.6)

where the coefficients are assumed to be independent of the wave excitation fre-
quency, νr is the body-fixed velocity relative to the local current, MRB and MA

are the inertia matrices (due to rigid body mass and added mass), CRB(ν) and
CA(νr) are the corresponding Coriolis and centripetal matrices, D(νr) is the non-
linear damping matrix, gggr(η) is the hydrostatic restoring force, w is the cable load
vector, and ωωωph is the environmental forces acting on the ocean structure except
those mentioned above.

Numerical Substructure

Consider now Figure 2.9. The numerical substructure receives the platform pose
estimates η̂ and its derivatives from the the camera-based pose tracking system
described in Section 2.2.2. Since the numerical substructure is generally emulated in
full-scale, whereas the physical substructure is emulated in model-scale, the inputs
and outputs of the numerical solver are up-scaled and down-scaled, respectively
(using Froude-scaling). With the assumption of rigidity, the numerically calculated
force at each interface location is assembled into a global load vector that is to be
actuated onto the physical substructure. The undelayed version of this load vector
is denoted wI .

36



2.2. Detailed Architecture and Modelling

Figure 2.9: A part of the ReaTHM testing loop highlighting the numerical sub-
structure (from pose to reference cable load vector).

Delay and Delay Compensation

Measurement delays, communication delays, processing times, and sampling times
cause delays in the control loop; see [87, 72] and [C-1]. We model the time it takes for
a motion in the experimental platform to be reflected in the numerically calculated
load vector as a lumped delay τn. In the case of jitter, buffering, and inconsis-
tent synchronisation of the control loop, τn may vary with time. The numerically
calculated cable load vector that incorporates τn is denoted by w̄I(t)=wI(t+τn).

We compensate for the delay by predicting the load vector forward in time. This
is performed using forward extrapolation based on polynomial fitting, which should
be accurate given the short prediction horizon, frequent sampling, and bounded
frequencies of wI . After delay compensation, the resulting cable load vector is
referred to as the reference cable load vector, denoted by wref.

An alternative approach to polynomial fitting is to use model-based prediction
methods, such as described in [43]. This requires accurate models of the experi-
mental platform, which is inherently difficult to obtain in ReaTHM testing (since
this is yet to be identified).

Force Allocation

Force allocation is the problem of finding the optimal cable forces
f∗=(f∗1 ,f

∗
2 ,···,f∗n) on an overconstrained CDPR setup such that they sum up to

the reference cable load vector wref. We find f∗ as the value of f that minimises
the cable cost function g(f) subject to cable constraints fmin4f4fmax and the
kinematic mapping W (η)f=wref,

f c=f
∗=argmin

f ′
{g(f ′):f ′∈Rn,Ŵ (η)f ′=wref,fmin4f ′4fmax}, (2.7)

where f ′ is any cable tension vector f satisfying the constraints and Ŵ (η) is our
best estimate of W . Note that although f∗ and f c refer to different processes in
the ReaTHM testing loop (the solution to the optimal force allocation problem and
the commanded target forces, respectively), they differ only in name.

The force allocation problem is comprehensively studied in [J-1], which also
presents a slacked version of the problem that allows small penalised errors in the
resulting load vector.
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Force Estimation

The ith cable force measurement fi,m is computed based on the magnitude of
the current ui flowing through the force gauge i, which is assumed to be linearly
proportional to the cable force fi. After calibration and conversion of current-to-
force it is modelled using

fi,m=(1+α)fi+β+εi, for i=1,···,n (2.8)

where α is a scaling error, β is bias, and εi is Gaussian noise. The force sensors are
sensitive to temperature variations [35], such that the coefficients α and β may drift
over time. With scaling and calibration, we expect high-performance force measure-
ments such that both α and β are close to zero. See also [C-2]. The force measure-
ments are filtered. The force estimates, after filtering, fm=(fm1,fm2,···,fmn) are

denoted f̂=(f̂1,f̂2,···,f̂n).

Target Force Tracking

In the inner control loop, the goal is for the applied cable force f to accurately and
robustly track the commanded forces f c, despite significant end effector motions.
With the actuator compliance and the high bandwidth of the inner loop compared
to the bandwidth of the outer loop, this thesis uses the concept of successive loop
closure [96, Ch 6] and considers the inner loop and the outer loop independently.
Consequently, the control of each actuator is treated as an independent control
problem, assuming that the results are applicable to multiple cables in parallel
topology; see [J-3]. For each actuator i, the resulting inner loop control objective

is to control the estimated force f̂i to match the commanded force fc,i accurately.

That is, to minimise the tracking error f̃i=f̂i−fc,i. Challenges associated with force
tracking include disturbances caused by end effector motions, delays, and varying
actuator spring characteristics.

2.3 Sources of Errors in ReaTHM Testing

When recoupling the numerical and physical substructures, the goal is to achieve
a high degree of interface consistency, which refers to the following two conditions:

- Force equilibrium – the interface forces should be equal in magnitude and
opposite in direction.

- Kinematic compatibility – the interface kinematics (position, velocity and
acceleration) should be equal.

In general, the original system can be considered to be well mimicked if: 1 )
both the numerical and physical substructures are emulated with high fidelity, 2 )
we achieve a high degree of interface consistency, and 3 ) errors and disturbances
are damped over time (as opposed to being amplified).

As shown in Figure 2.10, the ReaTHM testing loop can be divided into four
operations, each of which may be associated with its own sources of error:
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Figure 2.10: ReaTHM testing loop partitioned into four operations. (a) Emulation
of the physical substructure. (b) Emulation of the numerical substructure. (c) Flow
of kinematics from the physical substructure to the numerical substructure. (d)
Flow of forces from the numerical substructure to the physical substructure.

Figure 2.11: The ReaTHM testing loop highlighting four control loop procedures
used for actuation of the numerically calculated load vector.

(a) Emulation of the physical substructure. The sources of error associated with
this operation are similar to those associated with hydrodynamic model test-
ing. That is, errors may occur due to imperfections in geometric similar-
ity (imperfect model), imperfections in kinematic similarity (deviation from
specified current and wave fields), and imperfections in dynamic similarity
(for example, due to mismatch in Reynolds number between model-scale and
full-scale).

(b) Emulation of the numerical substructure. The sources of error associated with
this operation include simplifications in modelling, inaccurate or erroneous
assumptions, use of approximations, incomplete capture of nonlinear effects,
discretisation and linearisation. See also the discussion in Section 1.1.3. Due
to real-time constraints, the numerical substructure may need to be simplified
to ensure that solutions are returned within each control cycle, which may
degrade performance further.

(c) Transfer of kinematics from the physical substructure to the numerical sub-
structure. Due to imperfect sensor measurements, estimation errors, and de-
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Table 2.1: Sources of load actuation errors (in Oa).

Error type
Load actuation

error
Explanation

(1 )
Delay-induced
force errors:

wref−wI
After delay compensation, some error is expected to remain
between wI and wref. Both due to inaccurate estimation of
the delay τn and due to extrapolation errors.

(2 )
Force allocation
errors:

(
W−Ŵ

)
f c

Ŵ generally deviates from the true mapping W due to
mischaracterisation of true actuator placement, mischarac-
terisation of reference frames, inaccuracies, and delays in
pose estimates.

(3 )
Force estima-
tion errors:

W
(
f−f̂

) The estimated forces f̂ do not exactly match the true forces
f due to filtering, estimation errors, and measurement in-
accuracies.

(4 )
Target force
tracking errors:

W
(
f̂−f c

) The estimated forces f̂ deviate from the target forces f c
due to tracking errors in the actuator force controller. These
errors are related to actuator dynamics, reaction times, and
actuator control.

lays, there are errors in the kinematics sampled by the numerical substruc-
ture. That is, there are kinematic compatibility errors associated with this
operation.

(d) Transfer of loads from the numerical substructure to the physical substructure.
Load actuation onto the physical substructure is imperfect. That is, there are
force equilibrium errors associated with this operation.

Of the above four operations and their associated errors, this thesis, in line with the
stated research objectives, are mainly concerned with operation (d) and associated
good practice control methods.

Figure 2.11 schematically illustrates the four control loop procedures of oper-
ation (d) from the undelayed load vector wI to the applied load vector w. As
identified, discussed and partly quantified in [C-2], each of the four procedures is
associated with errors that impact the applied load vector. These errors, which are
listed in Table 2.1, correspond to the four errors that are emphasised for Research
Objective 1; see Section 1.4. An overview of where each item is covered in the
enclosed articles is listed in Table 2.2. As reflected in the table, we do not cover
each of these errors in equal depth. Instead, we focus on developments where we
see fit according to the current state of the art. Whereas articles [C-1] and [C-2]
emphasise identification and quantification of load actuation errors, articles [J-1],
[J-2], and [J-3] address specific issues and good practice control methods aimed at
improving robustness and performance of load actuation in ReaTHM testing.

2.4 Experimental Setups and Campaigns Developed in the
Present Project

As part of the thesis work, experiments were carried out using both a readily
accessible 1-DOF setup suitable for fundamental testing and development, and a
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Table 2.2: Overview over load actuation error source coverage in the enclosed pa-
pers2.

[C-1] [C-2] [J-1] [J-2] [J-3]

(1 ) Delay-induced force
errors:

X X
(2 ) Force allocation er-
rors:

X Related Related

(3 ) Force estimation er-
rors:

X
(4 ) Target force tracking
errors:

X Related Related X

Figure 2.12: Schematic diagram of the 1-DOF setup and associated instrumenta-
tion.

more complex ReaTHM testing setup, as described next.

2.4.1 Setup 1 – A Simple 1 Degree of Freedom Platform

This setup, referred to as the 1-DOF setup, is illustrated schematically in Fig-
ure 2.12, and by pictures in Figure 2.13. The test platform consists of a mass
connected to a roof suspension point by linear springs. Cable forces are applied to
the platform from below along the same vertical axis, meaning that the platform
is effectively a 1-DOF system (one translational degree of freedom). We used this

2The grey related designation indicates that the corresponding error is not considered explic-
itly. That is, [J-1] is listed as related to Error 2 since it considers force allocation, and to Error
4 since the resulting target force trajectories are smoother, which should improve force tracking
performance. Similarly, [J-2] is listed as related to Error 2 and Error 4, since the optimisation
procedure for actuator placement should reduce these errors.
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(a) (b) (c)

Figure 2.13: Pictures of the 1-DOF setup. The servomotor equipped with spring
and drum is not shown for confidentiality reasons. (a) Experimental setup seen
from below. (b) Mass fixed between end effector and springs. (c) Roof suspension
point with load cell.

setup because it is easy to model, monitor, install, reconfigure, and use, yet capa-
ble of providing wide-ranging force and end effector trajectories. Apart from the
components already described in Section 2.2.2, the setup consists of the following:

- The mass, which is composed of interchangeable metal discs, and to which
the end effector is attached from below; see Figure 2.13b.

- The spring, which consists of interchangeable linear springs that are tensioned
between the mass and the roof suspension point.

- The roof force gauge, which is a double bending beam load cell; see Fig-
ure 2.13c. Since the load cell is of a different technology than the strain
gauge, it serves as a redundant sensor to monitor that the main force strain
gauge remains well-behaving.

- The optical position sensor which measures the position of the mass. It serves
as a redundant sensor to monitor the mass position.

Configurations

In experimental testing, the 1-DOF setup was used with two different actuator
configurations, as illustrated in Figure 2.14:

- The fixed end effector configuration which is illustrated in Figure 2.14a. Here
the end effector is directly attached to the fixed roof suspension point, en-
abling force control with a constant end effector position.

- The dynamic end effector configuration, which is illustrated in Figure 2.14b.
Here, the mass is excited by a second actuator (Actuator 2). The primary
actuator (Actuator 1) is operated in force control mode. This enables testing
of force tracking performance under controlled dynamic end effector trajec-
tories.
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(a) (b)

Figure 2.14: Additional configurations of the 1-DOF setup. (a) Fixed end effector
configuration. (b) Dynamic end effector configuration.

Figure 2.15: Image from ReaTHM testing of a moored barge (from thesis work, fall
2017).
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2.4.2 Setup 2 – A Moored Vessel/Barge Installed in a Basin
Laboratory

During this PhD project, we conducted ReaTHM-testing in the Marine Cybernetics
Laboratory (MC-Lab) which is a basin facility with length-width dimensions 40m×
6.45m, equipped with both a towing carriage and a wavemaker. Whereas the nearby
ocean laboratories, operated by SINTEF Ocean, require extensive personnel, costs,
and resources to operate, the smaller MC-Lab is suitable for test campaigns smaller
in scope.

Figure 2.15 shows the MC-Lab installed with the experimental setup from one of
our ReaTHM testing campaigns, and Figure 2.16 illustrates the same schematically.
In the latter, 13 elements are highlighted:

(1)-(10) Elements as described in Section 2.2.1: (1) actuator, (2) reflective mark-
ers, (3) infrared cameras, (4) DAQ computer, (5) control cycle computer,
(6) logger and user-interface computer, (7) positioning system computer (8)
electrical wires, (9) actuator communication bus, and (10) measurement com-
munication bus.

(11) The experimental platform is a barge with length-width dimensions 2m×
0.45m, as illustrated in Figure 2.15. The same configuration was briefly tested
using a ship of similar dimensions; see Figure 2.17. However, given the work’s
developmental nature, we chose to limit testing to the latter as not to jeop-
ardise the vessel’s expensive equipment.

(12) A pole is extended over the vessel from the basin bridge to guide and align
the electrical wiring for minimal motion-induced disturbances.

(13) Actuator mountings are installed to fasten the actuators to the basin walls.

Configurations

Experimental testing with the moored barge was performed with the two actuator
configurations shown in Figure 2.18 and detailed in Table 2.3:

- In configuration 1, illustrated in Figure 2.18a, a crossed cable configuration
with the drum oriented in the xy-plane was used. In practice, this required
a cable guide to ensure that the cable was always properly wound onto the
drum.

- In configuration 2, illustrated in Figure 2.18b, an uncrossed cable configu-
ration with the drum aligned in the xz-plane was used. This configuration
allowed more flexibility in the placement of the actuators and eliminated the
need for the cable guide. See discussion in Section 2.2.3. Since cable guide fric-
tion is a source of non-modelled forces, removing the cable guide is expected
to increase force tracking performance.

The two configurations required different actuator mountings as shown in Fig-
ure 2.19. Whereas the mounting in Figure 2.19a already was used earlier in the
research project [35], the mounting in Figure 2.19b had to be designed and fabri-
cated for use in Configuration 2.
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Figure 2.16: Schematic representation of the moored barge ReaTHM testing setup
and associated instrumentation.

Figure 2.17: Picture of ReaTHM testing of a vessel in the MC-Lab (from thesis
work, fall 2017).
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(a) (b)

Figure 2.18: Schematic representation of the barge and actuator configuration in
the two different experimental campaigns. (a) Configuration 1. (b) Configuration
2.

Table 2.3: Cable exit points and cable attachment anchors for the different config-
uration of the moored barge

Config. 1: {pa}
1 2 3 4

x 2.6 2.6 -2.6 -2.6
y -3.25 3.25 -3.25 3.25
z -0.02 0.02 -0.02 0.02

Config. 2: {pa}
1 2 3 4

x 4.07 4.07 -4.07 -4.07
y 3.05 -3.18 3.18 -3.05
z 0 0 0 0

Config. 1 and Config. 2: {rb}
1 2 3 4

x 0.18 0.18 -0.18 -0.18
y 0.95 -0.95 0.95 -0.95
z 0 0 0 0

(a) (b)

Figure 2.19: Basin wall mountings for the actuators. (a) Mounting used in Config-
uration 1. (b) Mounting used in Configuration 2.
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Table 2.4: Overview of the experimental platform coverage in the enclosed papers3.

[C-1] [C-2] [J-1] [J-2] [J-3]

Ship-shaped platform: X Partial X
1-DOF setup: X X
Includes experiments: X Partial X

2.4.3 Experimental Campaigns of the Thesis

The two experimental setups were used extensively throughout the project work.
See Table 2.4 for an overview of experimental setup coverage in the various enclosed
articles.

Testing using the 1-DOF Setup

The 1-DOF setup was used throughout the project period and was essential to
develop and improve control logic and to prepare for more extensive experimental
campaigns in the MC-Lab. It enabled rapid prototyping of actuators, software,
hardware, control system, and the ReaTHM testing loop as a whole. In addition,
its simplicity makes it ideal for studying fundamental aspects of ReaTHM testing.
Examples of developments made with the setup include the introduction of encoders
to track the actuator clock spring deflection and the force controller developments
presented in [J-3].

We used two different iterations of the setup:

Spring 2017-Fall 2018. This was the first version of the setup using an earlier
iteration of the actuator. Due to lower performance, the experimental re-
sults are less interesting and not included in the published work. However,
the setup was essential to the development of the overall system, including
software solutions, hardware configurations, and controllers.

Fall 2019-Spring 2020. With the experience gained from the previous iteration,
the setup was reinstalled with the latest version of the actuators. This setup is
the one shown in Figure 2.13c. Experimental results and developments from
this setup are described in [J-3].

Testing using the Moored Barge

We conducted two extensive ReaTHM testing campaigns with the moored barge in
the MC-Lab. In addition to applying ReaTHM testing to a new type of structure
(that is, ship-shaped vessel), the main goals of the tests were to further develop
the control system, develop and validate procedures and best practices, and to
identify and understand limitations and issues of the method. The experimental
campaigns aimed at developing ReaTHM testing at a fundamental level rather
than quantifying the responses of a real-world moored system. For this purpose,
simple horizontal linear mooring models were used to calculate the mooring loads
in three degrees of freedom (surge, sway and yaw) as described in as described in

3The grey partial designation indicates that the corresponding experimental setup is a minor
element of the study.
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[C-2]. These loads were then actuated onto the barge using four cabled winches.
If the goal were, instead, to accurately reproduce the real-world mooring system,
one would typically use a high fidelity numerical simulation tool for the mooring
system. See, for example [72].

Fall 2017. Using Configuration 1, this testing campaign examined the behaviour
of the moored barge in decay tests. That is, tests in which the barge is re-
leased from an initial offset from the mooring line equilibrium point. The
setup was also used to assess performance under actuation of harmonic loads
with varying frequency. The tests identified linear hydrodynamic damping
coefficients, problems related to load actuation, and the influence of the ac-
tuation system on the damping. The results of the campaign are described
in [C-2].

Spring 2019. Using Configuration 2, this testing campaign investigated decay
tests as well as the estimated load actuation error of the system with the barge
in different poses of its workspace. The setup used the latest iteration of the
actuator system and a version of the force allocation procedures developed
in [J-1]. However, practical and technical issues, unrelated to the considered
research methods, impaired the quality and scope of testing. For this reason,
elaboration on these results is not prioritised in this thesis, beyond the brief
excerpts presented in [J-1].
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Chapter 3

Summary of Enclosed Articles

This chapter summarises each of the enclosed articles, by outlining their novelties,
methods used and results. The article summaries are organised into four topics: 1 )
error sources and error quantification, 2 ) improvements in force allocation method,
3 ) improved procedure for placement of actuators, and 4 ) improvements in cable
force control. For the latter, we have included an extension to article [J-3], not
published elsewhere.

3.1 Error Sources and Error Quantification

[C-1] – Effect of Time Delays and Sampling in Force Actuated Real-time
Hybrid Testing; a Case Study

Problem Description and Novelty This paper presents a study in which
ReaTHM testing is used to emulate a double mass-damper-spring system. The
study emphasises how delays and sampling at different points in the control loop
(see Figure 3.1) reduce fidelity, i.e., the systems ability to replicate the trajectories
of the ideal unpartitioned system.

Methodology The study is carried out by means of co-simulation, where both
the numerical substructure and the experimental test components are modelled nu-
merically. The emulated trajectories of the moving mass given delays and sampling
in the ReaTHM testing loop are compared with the ideal benchmark trajectories
to evaluate the emulation performance (both in the frequency domain and in the
time domain.

Results The paper shows that the effect of short time delays can be well approx-
imated by a first-order Taylor series. This, in turn, is used to show how the delays
alter the system matrices describing the partitioned mass-damper-spring setup. The
paper shows that the force feedforward delay introduces negative damping, while
the position feedforward delay introduces positive damping. The latter’s effect is
most significant due to the relatively high stiffness of the actuator transmission sys-
tem. Consequently, energy is damped out of the system under motion. It is shown
how even small delays can significantly affect the trajectories when the system is
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Figure 3.1: The ReaTHM testing loop used in C-1 with sampling (zero-order-hold
elements Td1,···,Td4), and delays (τ1,···,τ4) indicated.

Figure 3.2: Effect of 1 ms delay on the mass trajectories in equally initialised decay
tests. In simulation (a) an ideal actuator response was used whereas in simulation
(b) and (c) a non-ideal, delayed actuator response was used. Ktot is the actuator
transmission system stiffness. Coupled with delay, the stiffness introduces artificial
damping to the system.

not excited – since the error accumulates over time. See Figure 3.2. When the sys-
tem is harmonically excited, the effect of delays is found to be large for excitations
near the systems natural frequency and small otherwise.
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[C-2] – Force Actuated Real-Time Hybrid Model Testing of a Moored
Vessel: A Case Study Investigating Force Errors

Problem Description and Novelty This paper considers ReaTHM testing of
a moored barge. Assuming no modelling errors of the numerical substructure, the
study aims at determining what distinguishes the loads acting on the physical
substructure in ReaTHM testing from the ideal loads that would act on it in the
real unpartitioned target system.

Supported by experiments, the study identifies, discusses, and partly quantifies
issues related to load actuation in ReaTHM testing. The results are significant
because they provide a straightforward and comprehensive overview of the types
of load actuation errors that can occur in ReaTHM testing, not found elsewhere.

The presented experiment also constitute a first proof of concept of ReaTHM
testing of ship-shaped vessels.

Methodology The paper considers a ReaTHM testing campaign of a moored
barge in which the barge is kept experimentally, and the mooring system is em-
ulated numerically. Based on the position of the barge, the numerically emulated
mooring system outputs a load vector that in turn is actuated onto the barge; see
Figure 3.3. As the work aims to investigate load actuation at a fundamental level,
the numerical substructure is chosen as a horizontal linear mooring model with
target forces proportional to the excursion in position and heading, rather than a
more realistic, complex mooring model.

The experimental analysis chiefly considers decay tests in which the vessel de-
cays from an initial offset towards the mooring system centre of origin, with an
emphasis on load tracking performance.

Results Four sources of load actuation errors are identified, and partially quan-
tified:

1. Delay-induced force errors. The paper experimentally verifies that a delay in
the actuation of the numerically calculated load vector effectively introduces
negative damping to the system. By varying an artificially introduced delay,
the paper demonstrates that time delays affect the system in the form of neg-
ative damping that is linearly proportional to velocities. The paper suggests
polynomial forward prediction to overcome the error.

2. Force allocation errors. The paper identifies how the estimated kinematic
mapping may deviate from its real value. Complementary, it expresses load
actuation sensitivity to changes in the geometric parameters of the kinematic
mapping. The paper concludes that larger basin facilities combined with stan-
dardised actuator positioning can reduce force allocation errors.

3. Force estimation errors. These are errors between the forces estimated based
on sensor measurements and the actual forces and are divided into random
errors and biases. The random errors are handled by filtering. An experi-
mental procedure is proposed to recalibrate the sensors to ensure minimum
relative bias of the force sensors.
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Figure 3.3: ReaTHM testing of a moored barge performed in [C-2]. Image on the
right is from the experimental testing campaign.
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Figure 3.4: Force tracking performance in decay tests, demonstrated in [C-2]. The
target load vector is the mooring line force combined with a harmonic excitation
force.

4. Target force tracking error. This is the error between the estimated force and
the target force. To further improve force tracking performance, the paper
proposes to focus on improvements of the communication flow – to reduce
resulting effective delays and jitter, improvements of the actuator design –
to reduce the effect of actuator dynamics, better control design – to increase
responsiveness and track the target forces more accurately, and compensation
of delays and dynamics – to reduce motion-induced errors.

Overall, the experimental testing demonstrates encouraging force tracking perfor-
mance of the presented ReaTHM testing setup.
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3.2 Improvements in Force Allocation Method

[J-1] – Optimal Force Allocation for Overconstrained Cable-Driven Par-
allel Robots: Continuously Differentiable Solutions with Assessment of
Computational Efficiency

Problem Description and Novelty This paper considers the force allocation
problem of distributing a set of lower and upper bounded pull forces in the in-
dividual cables on an overconstrained CDPR setup such that the resulting forces
and moments match the desired reference cable load vector. Figure 3.5 illustrates
the paper’s central motivating example, along with the resulting force trajectories
using traditional approaches. Two problems are highlighted in the figure: A) the
standard formulation cannot handle cases where load feasibility is lost, and B) the
p-norm cost functions might result in non-smooth forces.

The paper’s key contributions include a method for generating continuously
differentiable actuator forces and a method that permits penalised errors in the
resulting load vector, thereby increasing the CDPRs capabilities in practice. In
addition, real-time feasibility is shown for a variety of configurations. This improves
on current practices, where iterative methods are often disregarded due to real-time
concerns.

Methodology The paper considers two versions of the force allocation problem:
1) the standard version, where the resulting load vector should exactly match the
reference load vector, and 2) the slacked version, where some penalised errors are
allowed.

The paper presents the mathematical basis for the proposed methods, including
the formulation of theorems and propositions. The proposed cost functions and
properties of the resulting force trajectories are analysed in detail. The real-time
feasibility of the proposed methods is evaluated by applying their solvers to a
substantial number of random configurations and trajectories.

Results Under relevant assumptions, the paper shows that the resulting cable
forces are C1 continuous. Figure 3.6 illustrates the computation time and the num-
ber of Newton iterations used by the solver for different configurations. As can be
seen, the computation times always remain less than 0.3 milliseconds. By evalu-
ating the method on a vast number of cases, which are assumed to challenge the
algorithm for most relevant applications, the paper conjectures that the proposed
method and solver is feasible for use in real-time applications.

For the slacked version of the solver, an upper bound on the cable load vector
error is provided under some assumptions.

The presented methods are flexible in dealing with different problem configura-
tions (varying number of cables, p-norms and actuator configurations) and enable
intuitive tuning of the cost function, overcoming some of the challenges of existing
methods.
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Figure 3.5: Motivating example in J-1. (a) Trajectory and configuration. (b) Re-
sulting forces as a function of time. Two distinct issues are identified (A and B).
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Figure 3.6: Scatterplots of the solver evaluation times as a function of iterations.
Data gathered through extensive numerical simulations performed in [J-1].
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3.3 Improved Procedure for Placement of Actuators

[J-2] – Optimal Actuator Placement for Real-time Hybrid Model Testing
using Cable-driven Parallel Robots

Problem Description and Novelty This paper considers the problem of op-
timal placement of actuators for ReaTHM testing using CDPR. The paper’s key
contribution is an actuator placement procedure that: 1 ) ensures that the numeri-
cally calculated loads are applicable throughout the testing campaign – which is a
prerequisite to carry out a successful ReaTHM testing campaign, and 2 ) maximises
load actuation accuracy – which is important to ensure high fidelity ReaTHM test-
ing. The resulting procedure for placement of actuators is optimal in the sense that
it minimises the proposed cost function.

The content of the paper is novel, as no other such guidelines currently exist.

Methodology The paper highlights differences between CDPR used for ReaTHM
testing and more typical non-marine CDPR applications. It argues that the per-
formance measures used in typical CDPR applications are not appropriate for
ReaTHM testing – as this application requires accurate load control despite plat-
form motions. In contrast, more typical applications require accurate kinematic
control despite external loads acting on the platform.

With this in mind, a new performance measure is proposed, which is a linear
combination of terms all aimed at accurate load actuation (that is, force distribu-
tion quality, target load vector sensitivity, motion sensitivity and kinematic map-
ping sensitivity). An associated actuator placement procedure is presented that
minimises the proposed cost function and ensures that the expected numerical
loads are always feasible.

The proposed procedure includes a problem specification phase in which con-
straints and parameters are specified. Recommendations for problem specification
are first discussed at a general level, then for a test case represented in Figure 3.7.

Results Figure 3.8a shows the resulting global cost function value as a function
of actuator placement for the investigated test case. The optimal placement is in-
dicated in the figure both with non crossed cable configuration (black mark) and
crossed cables (grey mark). The corresponding actuator placements are shown in
Figure 3.8a. Although there are multiple trade-offs, captured by the global per-
formance measure function, the general trend is that the procedure tends to align
the cable attack angles in the DOFs that are highly prioritised by the performance
measure weighting parameters.
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Figure 3.7: Moored barge in various poses and with the horizontal required
workspace indicated.
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Figure 3.8: Optimal actuator placement minimising the cost function. (a) Global
performance measure as a function of actuator placement (parameterised by the
variable lpa which refers to actuator placement along the basin wall). (b) Optimal
actuator placement for the barge test case. Grey lines: crossed cables allowed. Black
lines: crossed cables not allowed.
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3.4 Improvements in Cable Force Control

[J-3] – Target Force Tracking using Position Controlled Motors, Added
Compliance and an Adaptive Feedforward Controller –with Application
to CDPR

Problem Description and Novelty This paper considers the problem of ac-
curate force control using actuated winches1, intended for use in ReaTHM testing
and relevant for CDPRs that use force control in an inner control loop. The paper
demonstrates how a load actuation system based on a position controlled servomo-
tor fitted with a clockspring, a drum, and a force sensor at the end effector may
be used for accurate cable force control on a moving object.

To ensure high-performance force control, methods are proposed to deal with
time delay, model disturbances, and slowly varying actuator spring characteristics.
If not compensated for, these lead to force errors that correlate with end effector
motions, actuator dynamics and actuator spring deflection.

Force control using actuated winches has traditionally been achieved using ser-
vomotors controlled in torque mode. In contrast, this paper considers the much less
studied strategy of force control using position controlled servomotors. Although
the actuator’s basic design idea is simple, we have not managed to find similar de-
signs in the CDPR literature. In this context, the paper is significant both due to
the force control design’s novelty and due to the force control performance achieved
with the proposed control strategies.

Although the primary motivation of this work was ReaTHM testing, develop-
ments towards accurate force control using actuated winches are significant for a
number of CDPR applications using force control in an inner loop for kinematic
control.

Methodology The paper discusses how, under some assumptions, the control of
each actuator in a CDPR configuration can be treated as an independent control
problem. Force tracking for a single cable is then investigated, assuming that the
results are applicable to multiple cables in parallel topology.

To better understand the setup and facilitate control design, the study devel-
ops the actuator force model illustrated in Figure 3.9. Three different feedforward
controllers are proposed with increasing complexity:

1. The simple feedforward controller that employs position and force feedfor-
ward control, based on the spiral torsion spring stiffness model.

2. The predictive feedforward controller, which also compensates for delay-
induced errors by using the forward predicted drum angle as input to the
feedforward position term.

3. The model correcting predictive feedforward controller, which, in addition to
compensating for delays, also corrects for modelled actuator dynamics.

1The considered actuator has been developed by the ReaTHM testing research team at NTNU
and Sintef Ocean over time. See for example [60] for an earlier iteration of it.
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Figure 3.9: Actuator transmission system model developed in [J-3].
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Figure 3.10: Force tracking with moving end effector and a constant target force
fc=8N . θc is the commanded servomotor shaft.

The proposed methods include online and adaptive estimation of the controller
parameters using least-squares fitting and forward delay estimation methods. Us-
ing the experimental platform shown in Figure 2.13, experiments are extensively
performed to validate the proposed methods.

Results Although a direct comparison was not made, the performance of force
tracking appears promising compared to references using torque-controlled servo-
motors. See, for example [97].

Figure 3.10 shows how compensating for the delay and actuator dynamics in the
proposed feedforward controller enhances force tracking performance. A number
of other results are similarly demonstrated experimentally, including time-delay
compensation, parameter estimation, and online adaptation of feedforward control
parameters.
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[Suggested Extension to [J-3], not previously published elsewhere]

A Design for an Actuated Winch with a Voice Coil End Effector

In this section, we propose and describe a conceptual new actuator design for force
control that combines the actuator winch described in [J-3] with a voice coil actua-
tor [98], as illustrated in Figure 3.11. Key advantages of voice coil actuators include
high reliability, zero backlash, low friction, low hysteresis, a low electrical time con-
stant (enabling fast responses), proportional current-to-force ratio (enabling high
force resolution), and high force precision capabilities [99, 98]. By connecting the
voice coil actuator to the end effector, the goal is to take advantage of the voice
coil superior force control capabilities while retaining the position tracking capa-
bilities of the actuated winch. To the best of our knowledge, the proposed actuator
configuration for force control on CDPR setups is novel.

Voice Coil Actuator Force Model

The voice coil actuator consists of a current-carrying conductor (coil) contained in
a housing with a magnetic field; see Figure 3.11b.

Let the mass of the voice coil be mc=mvc+mch, where mvc is the mass of the
coil, and mch is the mass of the voice coil housing attached to the platform; see Fig-
ure 3.12. The coil is free to move in the axial direction, with relative displacement
denoted xe=x2−x1, where x1 and x2 are the displacements of the cable-attached
coil and the platform-fixed housing, respectively. xe is measured with built-in high
precision encoders and is restricted by bearings to within the strokelength sl. That
is, xe∈{−sl

/
2,sl
/

2}
When a current I flows through the conductor, a force fv proportional and

perpendicular to the current and the magnetic field is induced (Lorentz force),
according to

fv=IkBLN (3.1)

where k is a constant, B is the magnetic flux density, L is the length of the con-
ductor, and N is the number of conductors [98].

For practical purposes, kBLN depends only on xe, described by the mapping;

kv(xe)=kBLN, xe∈{−sl/2,sl/2}. (3.2)

By design, the curve kv(xe) is typically nearly constant over the stroke xe. This
results in the simple equation for the interface force

fv=kv(xe)I. (3.3)

Changing the direction of the current I, switches between push and pull force.

Actuated Winch Force Model

The following section describes the actuated winch dynamic model as a slightly
simplified version of the model derived in [J-3].
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Figure 3.11: Proposed new actuator configuration combining the actuated winch
with a voice coil actuator.

The cable-force resulting from compression of the clockspring is described by

fw=(θs−θw−θ0)kθ,r, (3.4)

where, kθ,r is the clockspring stiffness, θ0 is the spring equilibrium offset, θs is the
motor shaft angular position, and θw is the drum angular position.

The servomotor is controlled in position-mode, with a pure delay τcs modelling
the transient phase between the control input θc and the motor shaft angle θs:

θs(t)=θc(t+τcs) (3.5)

Let xw=−θwr be the unwound cable-length due to change of θw, and the drum
inertia with respect to xw be Iw,x. Assuming that the cable is infinitely stiff and
never goes slack, then x1 and xw are rigidly connected, with a common effective
mass mv=mvc+Iw,x.

The voice coil force fv acts onto mv in one direction, and the actuator trans-
mission force fw, acts in the other. This results in the kinematic model

mvẍw=fv−fw. (3.6)

The cable-elongation is modelled by ζ(t):

ζ=x1−xw (3.7)
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Cable

Figure 3.12: Voice coil actuator model, highlighting variables related to the dy-
namical model.

Control Problem

We divide the resulting control problem into two subproblems;
Control problem 1 (end effector force control): Use control input I to regulate

fv such that it tracks fc(t).
Assuming that I is accurately controlled using high performing current drives,

and that −sl/2≤xe≤sl/2, setting

I=
fc

kv(xe)
(3.8)

should by (3.3) track the desired forces accurately.
Control problem 2 (end effector position control):Use control input θc to

regulate xe such it is always within the strokelength −sl/2≤xe≤sl/2.
Control problem 2 depends on whether or not the actuated winch has a clock-

spring between the motor shaft and the pulley or not, as described next.

With clockspring This is the original configuration described in [J-3]. In this
case, we propose combining the simple feedforward controller of [J-3] with a classical
PID controller as follows

θc=θw+
fc
kθ,r
−xe
r
−kpxe−kdẋe−ki

∫
xe. (3.9)

Without Clockspring The clockspring was initially installed to provide compli-
ance and feedforward force control capabilities. This should no longer be necessary
since the voice coil now introduces compliance, and the feedforward force control
can be achieved using (3.3). This implies that the pulley can be mounted directly
on the motor shaft. In this configuration, we propose a simple controller that let
xw track x2 using

θc=θw−
xe
r
−ki

∫
(xe). (3.10)

Importantly, in this case, ẋe is no longer used in feedback, such that velocity
estimates are not needed.
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Simulations

In this section, we assess control performance using simulations, in which we model
the actuator connected to a linear oscillator, described by:

2ẍ2+0.5ẋ2+10x2︸ ︷︷ ︸
mass-damper-spring dynamics

=sin(t)−fv, (3.11)

where fv is the actuated force that should track fc, and sin(t) is an excitation
force acting on the system. For the actuator winch model, described in (3.4)-(3.7),
r=0.06m, mv=0.5kg, τcs=15ms, ζ(t)=−0.04sin(0.04t), and θ0(t)=0.05sin(0.05t)
are used. Finally, the target force trajectory is set to fc=sin(2π·6t)+sin(2π·t).

If Control problem 2 is satisfied, we assume that Control problem 1 is directly
satisfiable. That is, if xe is within the stroke length, then fv tracks fc with sufficient
accuracy using (3.9). We assume a stroke length of sl=2cm, so that −0.01m≤xe≤
0.01m is required for Control problem 2 to be satisfied.

With Clockspring In this simulation, the clockspring is modelled using kθ,r=
8rads−1N/rad, and it is assumed that ẋe can be obtained with high accuracy using
a lowpass filter with a cutoff frequency of 10 Hz. Furthermore, controller (3.9) is
used with the gains kp=35, ki=30 and kd=2.

Figures 3.13a-3.13b show the resulting trajectories of xe and x2. Although xe
oscillates rapidly, it is always within the strokelength, such that both control prob-
lems are satisfied.

Without Clockspring In this simulation, the clockspring is modelled using
kθ,r=1500Nrad−1 (representing a very stiff interface between the motor shaft and
x1) and θ0(t) is set to 0. Furthermore, controller (3.10) is used with gain ki=0.05.

Figures 3.13c-3.13d show the resulting trajectories of xe and x2. xe is within
the stroke length such that both control problems are satisfied. Overall, the sys-
tem now oscillates much less, which is intuitively desirable. Therefore, for future
investigation, we will prefer this configuration.

In Summary and for use in ReaTHM Testing

In this section, we have proposed and assessed a new actuator design for use in
ReaTHM testing. If the proposed configuration is successfully implemented on
a ReaTHM testing setup, it is envisioned that it would significantly enhance load
tracking accuracy and the frequency range of applicable loads. Although the simple
simulations presented in this section were successful, we recognize that all issues
may not be adequately captured and that real-world testing is required to verify
the feasibility of the setup. For example, it may be that transverse cable vibrations
are detrimental to performance or that (3.8) is difficult to satisfy in practice. For
further assessment, the configuration should be tested experimentally. First on a
single degree of freedom setup, then on more complex setups. This is left open for
future work.

ReaTHM testing applications with high frequency numerical load components
and where the cable attack angle does not change significantly during the testing
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Figure 3.13: Simulated trajectories with simulations described in Section 3.4. (a-b)
With clockspring. (c-d) Without clockspring.

campaign seem to be particularly suitable for the proposed actuator. This is typi-
cally the case for ReaTHM testing of offshore wind turbines. The hardware sensors
and are then proposed for installation on the platform, as shown in Figure 3.14.
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Figure 3.14: Conceptual design of a ReaTHM testing bed installed with proposed
actuators. Set up for ReaTHM testing of an offshore wind turbine.
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Chapter 4

Conclusions and Recommended
Future Work

4.1 Conclusions

In this thesis, we have developed methods and tools for ReaTHM testing using
CDPR. This has been done through experiments, theoretical analysis, and numer-
ical simulations – with an emphasis on accurate and robust load actuation.

We have developed an advantageous framework for force allocation for CDPR
setups that robustly generates differentiable cable forces in real-time. The results
are beneficial for ReaTHM testing due to the method flexibility and since smoother
cable force trajectories are expected to be more precisely tracked by the actua-
tors. Moreover, the slack formulation may increase the applicability and robust-
ness of basin specific standardised ReaTHM testing setups, by allowing errors in
low-priority DOFs, when this does not cause loss of fidelity.

We have developed a framework for optimal placement of actuators that pri-
oritises load actuation accuracy and ensures that the numerically calculated loads
can always be applied according to predefined workspace specifications. No other
such guidelines are found for ReaTHM testing.

We have developed and demonstrated an actuator control system design that
accurately tracks forces on moving objects using actuated winches. This study
emphasises ReaTHM testing by focusing on relevant use cases, force magnitudes,
and frequency ranges. We have also proposed a new actuator solution for force
control combining actuated winches and voice coil actuators, particularly suited for
force-control with high-frequency end effector motions. Although considerable work
remains, we see a promising potential for this new solution if further developed.

We have used experimental testing to identify and understand practical chal-
lenges, to enable and validate developments, and to maximize the practical rele-
vance of the work. Experiments with the 1-DOF setup, enabled improvement of the
actuator force controller. ReaTHM testing of the moored barge enabled us to iden-
tify and study sources of errors, and was used for an experimental demonstration
of a complete ReaTHM setup of a ship-shaped vessel.

With that, we conclude that the thesis has achieved the intended research ob-
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jectives and has enabled more accurate and robust load control for ReaTHM test-
ing using CDPR. Since accurate load control is one of the major challenges for
ReaTHM testing, we believe that the presented developments constitute a valu-
able step towards making ReaTHM testing a documented, accepted, and valued
practice that accurately identifies and predicts the behaviour of ocean structures
in realistic marine environments.

The thesis work is valuable also beyond ReaTHM testing. For example, both
the contributions of [J-1] and [J-3] are generally relevant for CDPR applications
that use cable force control.

Results from the thesis are currently being applied in commercial projects by
SINTEF Ocean. This demonstrates how the presented methods have advanced
the state of the art and had a real impact. For example, shortly after they had
been adequately assessed, colleagues in the research team successfully applied the
developments on force tracking presented in [J-3] for ReaTHM testing of a bottom
fixed offshore wind turbine subjected to wave and wind loads; see Figure 4.1
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4.2 Recommended Future Work

To further improve on the actuator force tracking procedures presented in [J-3], we
recommend investigating the use of neural networks to determine the relationship
between the actuator motor shaft, drum angle, and the resulting end effector force.
The intent is to then use this model inversely as a feedforward control term to
determine the appropriate motor shaft angle based on the preceding time-window
of motor shaft angles, drum angles and target forces. To ensure robustness, we
would consider implementing this as a saturated, rate limited correction term to
the original controller presented in [J-3], to capture and compensate for additional
systematic force variations. We believe this approach may be suitable since 1 ) the
state of the actuator’s transmission system and the response variable (e.g., the
applied force) are measured with high accuracy. 2 ) large data sets for training can
be obtained relatively quickly through automated experimental testing.

The actuator proposed in Chapter 3.4 is another interesting approach that has
the potential to further improve force tracking capabilities – particularly when
the motions of the physical substructure are high-frequent. We recommend an
experimental implementation to evaluate its practical feasibility.

[J-2] served as a starting point for robust and well-performing actuator place-
ment for ReaTHM testing. We recommend further developing the presented ideas,
including their application to more complex cases and further refinement of the
problem specification guidelines.

We believe that the thesis choice of using a simplified numerical substructure
was appropriate given the thesis research objectives. However, future studies should
incorporate realistic numerical models. Efforts should also be made to enable the
actuation system to actuate vertical load components in a practical manner.

The preceding recommendations relate to load actuation in ReaTHM testing
using CDPR. To ensure the eventual adaptation of ReaTHM testing as a new best
practice for validating ocean structures, and to promote the overall development
of the method, the authors also recommend the following:

� Improve numerical efficiency – to ensure that moderately complex numerical
models can be run in real-time without compromising fidelity.

� Ensure that popular numerical solvers are ReaTHM testing compatible –
to improve performance and robustness and ease industry acceptance of the
method.

� Perform benchmark ReaTHM testing of ocean structures with known be-
haviour – for method validation and industry acceptance. The benchmark
data can be obtained from full-scale testing or using cases where the target
structure is well emulated either fully experimentally or fully numerically.

� Establish rigorous practices for testing, monitoring, verification, and deploy-
ment of new ReaTHM test setups – to ensure robust and cost-efficient use of
the method. This includes automated integration testing of software, hard-
ware, sensors, numerical models, actuators and the ReaTHM test loop as a
whole.
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Figure 4.1: ReaTHM testing performed by research partners in SINTEF Ocean in
June 2020 in the small wave tank at NTNU. Courtesy SINTEF Ocean.
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Abstract: This paper presents a study where real-time hybrid testing is used to emulate
a moored barge. The barge is modelled physically while the mooring forces are simulated
numerically and actuated onto the physical substructure. Assuming no errors in modelling of
the numerical substructure, we investigate what separates the instantaneous forces acting on the
physical substructure, from the forces that would be acting on it in the ideal, non-substructured
case that we are trying to replicate. Four different types of errors are identified, discussed, and
partly quantified.
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1. INTRODUCTION

Real-time hybrid model testing (or ReaTHM R© testing 1 )
is an experimental method for performing hydrodynamic
model-scale testing, where systems/structures are parti-
tioned into physical and numerical substructures. The
physical substructure is then modelled physically in a
laboratory facility, while the numerical substructure is
modelled numerically using simulation software. The two
are then coupled in real-time using a measurement and
control-system interface. In general, we want to perform
model-scale testing to identify the characteristics and re-
sponses of structures. This is motivated by the fact that
complex hydrodynamic phenomena are difficult to model
numerically or analytically. Real-time hybrid model test-
ing is an extension to conventional model-scale testing,
in that it enables the inclusion of numerically simulated
components, into the classical experimental regime. As
such the method can address some of the challenges and
limitations of traditional model testing, which due to the
complexity of structures, limitations of facilities, demand
for rapid prototyping, or conflicts from differences in scal-
ing effects, is not always feasible or practical to perform
on the whole structure.

One application of ReaTHM, hereafter simply referred to
as hybrid testing, is to use it in the testing of moored
systems, where (in particular for deep-water structures)
the spacial limitation of the basin-infrastructure is identi-
fied as a major challenge (Stansberg et al., 2002). In Cao
and Tahchiev (2013) and Sauder et al. (2018) the use of

� This work was supported by the Research Council of Norway
through the Centre of Excellence AMOS, project no. 223254, and
through grant No. 254845/O80 ”Real-Time Hybrid Model Testing
for Extreme Marine Environments”.
1 ReaTHMR© testing is a registered trademark of SINTEF Ocean.

hybrid testing for active mooring line truncation has been
studied through numerical simulations. In these cases,
the flexibility of the mooring lines means that imposing
target displacements on the physical substructure is an
alternative. This is what is typically done in seismic engi-
neering, where hybrid testing has been studied extensively
(Carrion, 2007).

In the approach seen in this paper, as also studied by
Vilsen et al. (2017), the entirety of the mooring lines
are modelled numerically, meaning that sub-structuring
is performed at the fairled point connecting the mooring
system to the floating structure. Since the interface of
the numerically calculated effort, in this case, is directly
on the rigid body under study, we need to (in order
to maintain flexibility) actuate target-forces, rather than
displacements, on the floating test structure.

In this paper, a ship-shaped vessel is tested using the hy-
brid testing strategy. To the author’s knowledge, this is the
first time hybrid testing has been applied to ship-shaped
vessels. In the present work, the focus is on developing
the hybrid testing concept, rather than quantifying the
responses of the moored structure. If the goal, instead,
were to reproduce the real-world mooring system accu-
rately, one would typically use a model of a full-scale vessel,
in combination with a high fidelity numerical simulation
tool for the mooring system. See for example Vilsen et al.
(2017).

The main focus is on the investigation of issues relating
to force control. In a broader sense, the objective of the
presented work is to further develop the experimental
framework of hybrid testing (building of the work of Vilsen
et al. (2018)). The long-term goal is for hybrid testing to
become a qualified method, which is accepted and valued
by industrial stakeholders.
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1. INTRODUCTION

Real-time hybrid model testing (or ReaTHM R© testing 1 )
is an experimental method for performing hydrodynamic
model-scale testing, where systems/structures are parti-
tioned into physical and numerical substructures. The
physical substructure is then modelled physically in a
laboratory facility, while the numerical substructure is
modelled numerically using simulation software. The two
are then coupled in real-time using a measurement and
control-system interface. In general, we want to perform
model-scale testing to identify the characteristics and re-
sponses of structures. This is motivated by the fact that
complex hydrodynamic phenomena are difficult to model
numerically or analytically. Real-time hybrid model test-
ing is an extension to conventional model-scale testing,
in that it enables the inclusion of numerically simulated
components, into the classical experimental regime. As
such the method can address some of the challenges and
limitations of traditional model testing, which due to the
complexity of structures, limitations of facilities, demand
for rapid prototyping, or conflicts from differences in scal-
ing effects, is not always feasible or practical to perform
on the whole structure.

One application of ReaTHM, hereafter simply referred to
as hybrid testing, is to use it in the testing of moored
systems, where (in particular for deep-water structures)
the spacial limitation of the basin-infrastructure is identi-
fied as a major challenge (Stansberg et al., 2002). In Cao
and Tahchiev (2013) and Sauder et al. (2018) the use of
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Fig. 1. The real-time hybrid test loop for hybrid testing
of a ship-shaped vessel, where mooring lines are
numerically simulated. Right image is from the actual
test setup.

1.1 Real-Time Hybrid Test-Loop

The numerical and physical substructures are coupled
through the real-time hybrid test loop as illustrated in
Figure 1. The goal is to replicate the responses of the
ideal non-substructured system in terms of relevant per-
formance measures (often referred to as key performance
indicators), when exposed to relevant loads. Based on mea-
sured responses of the physical structure, the numerical
substructure calculates and outputs target forces to be
applied to the physical substructure.

1.2 Problem Statement

Assuming no modeling errors of the numerical substruc-
ture, we are asking the following question: what distinguish
the loads acting on the physical substructure in a hybrid
test setup from the ideal loads that would be acting on it in
the real non-substructured system that we try to replicate?

We aim to identify (and partly quantify) discrepancies
related to force control in a real-time hybrid test setup.
Using experiences from the test-case, we identify four error
sources that are studied and discussed:

(1) Force allocation errors.
(2) Force estimation errors.
(3) Target-force tracking errors
(4) Delay-induced force errors.

2. EXPERIMENTAL SETUP AND METHODS

2.1 Experimental Setup

A ship-shaped structure in the form of a barge was set
up in an experiment to test various objectives related
to hybrid model testing; see Figure 1. The tests were
performed in a basin laboratory at NTNU (MC-Lab). This
is equipped with a camera tracking system that measures
the local position and attitude of the vessel.

Physical Substructure For geometric simplicity and be-
ing easy to handle, the barge seen in Figure 2 was chosen as
the physical substructure. Relevant dimensions are listed
in Table 1. Ballasted with weights, the mass of the barge
was about 15.35 kg

Numerical Substructure A linear mooring model with
target-forces proportional to the excursion in position

Fig. 2. Barge dimensions. Corresponding data in Table 1.

Fig. 3. Barge and actuator configuration when barge is
centred in origo.

Table 1. Test-dimensions and placements

Distance/Position [m]

l, b, d (2.0 , 0.45 , 0.085)
xa1,xa2,xa3,xa4 (x , y) : (±3.25 , ±2.6)
xl1,xl2,xl3,xl4 (x , y) : (±0.175 , ±0.95)

and heading (i.e., x, y, ψ) was chosen as the numerical
substructure. This means that the numerical substructure
is a linear approximation to a horizontal mooring model:

Ft = − [kxx kyy kψψ]
T

+ ω, (1)

where Ft is the target interface force-vector, kx, ky and

kψ are linear stiffness coefficients, and ω = [ωx ωy ωψ]
T

represents additional artificial environmental loads we may
subject the structure to.

Actuators, Placement, and Control Forces are actuated
using four separate actuators connected to the floating
structure through thin braided lines. The actuators are
similar to those described by Ueland and Skjetne (2017),
consisting of a DC-motor connected, via a clock spring
and a line, to the end-effector on the physical structure.
The basin walls where the actuators could be placed, is of
limited dimensions. Therefore, in order to have a flexible
system, capable of applying relevant loads, the symmetric
cross configuration illustrated in Figure 3 was chosen. The
positions of the actuators and end-effectors are listed in
Table 1.

The control system is similar to that of Vilsen et al. (2018).
Important modifications include additional moment con-
trol and the use of encoders on the actuator-line-pulleys.

2.2 Configuration

Force allocation In this section two coordinates frames
are used: {n} is the local Earth-fixed basin frame defined
in x,y and z direction, assumed inertial, while {b} is
the moving coordinate system fixed to the vessel body.
Transformation from {n} to {b} is performed using the
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rotation matrix R(Θ), parameterized by the attitude

vector Θ = [φ, θ, ψ]
T
. See Fossen (2011). Unless otherwise

specified, vectors in this paper are in {n}.
The position of end-effector i, denoted (xei, yei, zei), is
given by [

xei

yei
zei

]
= R(Θ)



xb
li

ybli
zbli




︸ ︷︷ ︸
xli

+

[
x
y
z

]

︸︷︷︸
η

(2)

where (x, y, z) is the position of the barge body frame in
{n} and (xb

li, y
b
li, z

b
li) is the local lever arm to end effector

i in {b}.
The position of the point where the actuator-line connects
to the actuator-pulley i is (xai, yai, zai). The relative
distance between end-effector and actuator is then

∆xi = xai − xei, ∆yi = yai − yei,∆zi = zai − zei (3)

The forces in x, y and z direction of line i now becomes:

[Fx,i Fy,i Fz,i]
T

=

(
Fi

Ri

)
[∆xi ∆yi ∆zi]

T
, (4)

where Ri =
√

∆x2
i + ∆y2i + ∆z2i is the line length of

actuator i .

We aim at controlling the force in the three degrees
of freedom of surge, sway, and yaw (i.e., position and
heading). The force components induced in the other
degrees of freedom are assumed negligible. The global load

vector F = [Fx, Fy,Mψ]
T

for n actuation lines is a function
of the individual line forces according to

F=
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,

(5)

where rxi=xei−x and ryi=yei−y are the lever arms in
{n}.
Equation (5) can be used to find the desired line tensions
F l, given a global target force F t. It is generally subject
to constraints, such as a minimum and maximum tension.
The studied system was sufficiently actuated by using the
pseudoinverse (about the desired pretension line forces) to
find a least squares values for F l, without violating these
constraints.

Hydrodynamic Parameter Estimation The hybrid test
setup was also used to identify the hydrodynamic proper-
ties of the vessel. A simplified vessels model in free decay
is:

(MA+Mrb)ẍ+Dqẋ|ẋ|+Dlẋ=F (6)

wherein the performed decay tests, F is given by (1), under
the assumption of perfect actuation and ω=0.

Faltinsen (1993, p. 252), suggests a method for estimating
the nonlinear decay. However, identifying the nonlinear
decay term was not found feasible for the given case.

Assuming only linear damping (setting Dq=0), the mo-
tions of a decay test can be described as a damped sine

Fig. 4. Identification of decay-rate from decay tests.

wave. The amplitudes, which are the data-points we wish
to fit the experimental data to, can be expressed as:

β0+Sign(ai)β1e
β2t, (7)

where β0 is the offset from the circular reference position
caused by biases in the experimental setup, β1 is the initial
offset, β2 is the decay rate of the system, and ai is the
amplitude, alternating between positive and negative.

Hydrodynamic parameters can then be extracted by:

T=
2(tn−t0)

n

M=
K

w2
d
+β2

2

wd=
2π

T
D=−2Mβ2

(8)

where M=Ma+Mrb includes added mass and β2 is found
using an NLP-solver to minimise least square error of (7)
onto the amplitudes from each test points; see Figure 4.

3. ANALYSIS

The experiments presented in this paper are all from
decay-tests in still water, where the floating barge is
released from an initial offset, and allowed to decay to
its equilibrium point.

3.1 Target-Force Tracking Errors

We are not able to perfectly track the desired target-forces
that are output from the numerical substructure. This
causes an error which in Figure 5a can be recognized as
the difference between the target and measured force.

Figure 5b illustrates how such errors affect the system in
a decay test in sway-direction, and how the effect accu-
mulates. The power-error seen in the figure was estimated
by multiplying the end-effector velocity by the force-error
of each actuator line, and the estimated energy-error is
the power integrated with respect to time. In addition to
lower frequency oscillations, three force error components
are evident: 1) a high-frequency measurement noise com-
ponent present at about 50 Hz, 2) large error amplitudes
when the velocity changes direction, and 3) the applied
force is, on average, ahead of the desired force (possibly
due to overcompensation of delay).

Of the three mentioned issues, the first has little effect
on the dynamics, since the noise frequency is much higher
than the system eigenfrequency. The dynamic effect of the
second is hypothesized to be reduced by the low power
errors associated with the low velocity. The last issue is
the most problematic, as it is continuously damping energy
from the system.

The mean-average force tracking errors for decay tests with
varying mooring stiffness are presented in Figure 6. The
overall force tracking errors in these tests can be charac-
terized as low. The figures also show good repeatability in
that there are low variations within each test type.
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(a) Target versus measured force.
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(b) Test data.

Fig. 5. Trajectory and errors for decay-test in x-direction.
(kx=4N/m)
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(b) Mean average force tracking error as function of stiffness.

Fig. 6. Trajectories (a) and mean-average force tracking
errors (b) for decay tests in x-direction with varying
numerical mooring stiffness.

Generally, experimental factors such as actuator dynamics,
together with imperfections in the communication flow
between the actuator and the real-time control-system will
affect the applied forces and cause systematic errors that
can accumulate over time if not properly handled. The
tracking force errors occurring around velocity direction
change, which was due to slack between transmission gears
between the actuators and the encoders, serves as an
example of this (this was later fixed).

Steps that can be taken to improve force tracking include
improvements in communication flow (to reduce delays
and jitter), improvements of the actuators (to reduce
the effect of actuator dynamics), compensation of delays
and dynamics, and better control design (to increase the
responsiveness to more accurately track the target forces).

3.2 Force Allocation Errors

The accuracy of force allocation as given by (5), depends
on how accurately we estimate the relative distances of
(3). Here we separate between three types of errors. In the

following, for a quantity κ, the estimation error is denoted
δ(κ)=κ̂−κ, (i.e., the estimated value minus the true value):

(1) Error in position estimate of the vessel (η and Θ):
(δx,δy,δz,δφ,δθ,δψ). This is a result of errors in the
position tracking system, as well as errors induced
when calibrating the vessel in the basin frame with
respect to the markers on the vessel. These are
reduced by a high quality tracking system, and precise
alignment of the vessel in the basin frame.

(2) Error in actuator positioning (xia): (δxai,δyai,δzai).
As these are defined in the basin frame, it is important
to know accurately how the basin coordinate frame is
aligned relative to the basin walls.

(3) Error in lever arm estimation (xli): (δxli,δyli,δzli).
These errors are relative to the body frame, and
expected to be relatively simple to keep low.

The linearized error on the global force, given tension
Fi in actuator i, and small errors δκ is obtained by
multiplying the resulting perturbations (δ∆xi,δ∆yi, δ∆zi)
with the derivative of (4) with respect to ∆x,∆y, and ∆z:

[
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(9)

where,[
δ∆x

δ∆y

δ∆z

]
=

[
δx−δxai
δy−δyai
δz−δzai

]
+
[
R(Θ)

]
[
δxli
δyli
δzli

]
+

[
0 rzi −ryi

−rzi 0 rxi
ryi −rxi 0

][
δφ
δθ
δψ

]

(10)

Using (10) it can further be shown that the linearized
absolute force allocation error is bounded by:

‖δFi‖≤
1

Ri
‖δ∆x‖Fli, (11)

where ‖δ∆x‖ is the euclidean norm of [∆x,∆y,∆z]T .

From (9)-(11) it is clear that allocation errors due to
inaccurate estimation of distances reduce rapidly with
increased length of the actuator lines. Thus, not surprising,
actuators placed far from the structure is much more
robust in terms of avoiding allocation errors.

For the reviewed setup, a rough estimate suggests that the
estimation errors of η , xli, and xia are lower than 2cm,
0.5cm and 5cm, respectively, in any direction, while δψ
is estimated to be lower than two degrees. Using (9) on
the resulting trajectories from the experimental data, it
was estimated (always using the sign that increase errors),
that in worst case, maximal decomposition error, of a line
force Fi was lower than 0.032Fi[N ] and 0.017Fi[N ] in x-
and y-direction, respectively.

Other sources of errors relating to force-allocation include
basin coordinate system inaccuracies, deflection of actu-
ator lines, and delayed measurements. For the presented
tests, a guide was needed to ensure that the line stayed
on the actuator pulley, resulting in some deflection of the
line, causing minor additional decomposition errors.

In the presented case, the test-setup was installed in
the laboratory for this particular testing campaign. It
is expected that larger basin facilities, combined with
standardized and careful positioning of actuators can
reduce decomposition errors to an insignificant level.
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3.2 Force Allocation Errors

The accuracy of force allocation as given by (5), depends
on how accurately we estimate the relative distances of
(3). Here we separate between three types of errors. In the

following, for a quantity κ, the estimation error is denoted
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Using (10) it can further be shown that the linearized
absolute force allocation error is bounded by:

‖δFi‖≤
1

Ri
‖δ∆x‖Fli, (11)

where ‖δ∆x‖ is the euclidean norm of [∆x,∆y,∆z]T .

From (9)-(11) it is clear that allocation errors due to
inaccurate estimation of distances reduce rapidly with
increased length of the actuator lines. Thus, not surprising,
actuators placed far from the structure is much more
robust in terms of avoiding allocation errors.

For the reviewed setup, a rough estimate suggests that the
estimation errors of η , xli, and xia are lower than 2cm,
0.5cm and 5cm, respectively, in any direction, while δψ
is estimated to be lower than two degrees. Using (9) on
the resulting trajectories from the experimental data, it
was estimated (always using the sign that increase errors),
that in worst case, maximal decomposition error, of a line
force Fi was lower than 0.032Fi[N ] and 0.017Fi[N ] in x-
and y-direction, respectively.

Other sources of errors relating to force-allocation include
basin coordinate system inaccuracies, deflection of actu-
ator lines, and delayed measurements. For the presented
tests, a guide was needed to ensure that the line stayed
on the actuator pulley, resulting in some deflection of the
line, causing minor additional decomposition errors.

In the presented case, the test-setup was installed in
the laboratory for this particular testing campaign. It
is expected that larger basin facilities, combined with
standardized and careful positioning of actuators can
reduce decomposition errors to an insignificant level.
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Fig. 7. Estimated bias. Samples were taken at start of
each decay test in Figure 6(a). The tests were run
consecutively without recalibrating

3.3 Force-Estimation Errors

As the estimated forces are used in feedback when applying
target-forces on the physical substructure, any inaccura-
cies in the estimates will affect the applied forces.

The forces are measured by strain-gauge cells connecting
the actuator lines to the physical substructure. Two types
of errors are associated with these measurements: system-
atic errors and random errors.

Random Errors These are noise on the measurements
signal, which can be identified in the steady state when
vibrations have died out. Noting that the high-frequency
oscillations observed in Figure 5(a) are mostly due to
vibrations of the actuator interface, the observed random
errors are small.

Systematic Errors These are bias-like errors between the
measured and real force, typically caused by inaccurate (or
no longer valid) calibrations and sensor drift (dominated
by temperature-dependent drift). As opposed to the high-
frequency random errors (which are filtered out), the effect
of biases on the dynamics of the test-structure typically
accumulates over time.

In the performed testing, the following measures were
taken to reduce the systematic force measurement errors:

(1) Force sensors were routinely re-calibrated to zero.
(2) In the initialisation phase, a high linear stiffness was

applied using the numerical substructure, forcing the
vessel to the origin. When the system was stabilized at
the pre-tensioned equilibrium point, the force sensors
were resynchronized, ensuring minimal relative biases
between the force-sensors.

The estimated applied force acting on the vessel before
releasing the barge at the start of the tests of Figure 6(a)
was recorded and is presented in Figure 7. As the vessel at
this point is at rest, we know that the sum of forces should
be zero. Thus, these forces provide an estimate of the
systematic errors in the given configuration as they evolve
over time. In retrospect, given the small dimensions of
setup, the described procedure of re-synchronization could
have been performed more often to reduce the systematic
errors.

Both biases and random noise is to some degree indepen-
dent of the magnitude of the applied forces. Thus, testing
using larger scales and forces is expected to result in a
relatively lower effect of biases and noise.

(a) Trajectories for varying added delay.
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Fig. 8. Effect of added delay on decay test in surge
direction. (ky=16N/m)

3.4 Delay-Induced Force Errors

Due to communication delays, sampling, and processing
time, there is a delay between the actual states of the
system (which are measured inputs to the numerical
substructure), and. This means that the forces we are
tracking, in reality, are delayed relative to the ideal forces.

Theoretically, the instantaneous effect of a delay of a
linear stiffness term, given sufficiently small delays, is
the introduction of a negative linear damping coefficient
proportional to the stiffness (Ueland and Skjetne, 2017):

Dinduced=−Kτ, (12)

where K is a linear stiffness coefficient, and τ is the delay
between the actuated and ideal force.

The force delays were not known accurately for the test-
case (but roughly estimated to be about 15 ms). In order
to assess their effect, decay tests were performed where an
extra delay was added to the target forces.

Figure 8(a) shows the resulting trajectories for introduced
added delay ranging from 0 to 5 samples (0 to 25 ms) in
decay in y-direction, with stiffness of ky=16N

m . Although
some internal variations between test sets are present, it
is clear that the added delay introduces negative damping
to the system.

The amplitudes are now fitted to (7) and (8), and sub-
sequently fitted to a linear polynomial as a function of
added delay. See Figure 8(b). It was hypothesised that
we might observe a similar trend as (12); however, due to
the presence of nonlinearities, test-variance, and imperfect
actuation we should not expect an exact match to the in-
stantaneous effect. The experimentally estimated, induced
negative delay coefficient is found to be 18.8N

s As such the
experimental data are according to the expected trend.

As delays may have a profound effect on the system, it is
advised to take measures to counteract it. For small delays,
extrapolating data using least-square regression is found to
be an effective countermeasure. See for example Wallace
et al. (2005). The challenge is that it is difficult to estimate
the delays accurately. Time-stamping measurement data,
in a synchronised setup, is one means of obtaining delay
estimates.
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Fig. 10. Mean average force tracking error as function of
excitation frequency.

4. TEST SETUP DISCUSSION

We have now illustrated issues that may affect the force
actuation accuracy in a hybrid test setup. In this section,
the test-setup, and its performance is further explored.

To demonstrate the flexibility of the setup, decay tests of
the moored barge was combined with the introduction of
numerically calculated harmonic forces. In these test, the
additional external forces, to be actuated by the control
system were given by:

w=
[
sin(2πw0t+φ1) sin(1.8πw0t+φ2) sin(1.2πw0t+φ3)

]T
, (13)

where the phase angles φi may vary from test to test.

In Figure 4 the resulting response and the systems ability
to apply forces are shown for two cases of w0. Figure 10
illustrates how the mean average error of the target track-
ing errors increases with the frequency of the harmonic
force. Although the error increases with frequency, the
tests indicate that the system was able to apply forces
and moments quite well.

5. CONCLUDING REMARKS AND FURTHER WORK

In this paper we have, using a hybrid test setup, identified
and discussed four sources of errors that affect the applied
force from the ideal, non-sub-structured setup. Reducing
these errors is of importance in ensuring realistic emulation
of the original test case. Overall, testing shows promising
potential of the method in the application to ship-shaped
vessels.

Fig. 11. Test setup used on model-scale vessel.

In addition to response identification, hybrid testing of a
moored vessel opens up for a wide arrange of flexible test
opportunities. This may for example be relevant if the goal
is to verify a DP-system, or snap loads in the mooring
lines. The possibility of rapid changes and prototyping of
the numerical substructure further means that tests can
be performed in an efficient manner.

Future plans include a more in-depth review of the is-
sues presented in this paper and the use a similar test-
setup for identification of responses on a realistic model
scenario. This may involve scaling considerations, more
sophisticated numerical models, and a series of realistic
waves spectrums. Figure 11 provides an image from initial
testing.
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4. TEST SETUP DISCUSSION

We have now illustrated issues that may affect the force
actuation accuracy in a hybrid test setup. In this section,
the test-setup, and its performance is further explored.

To demonstrate the flexibility of the setup, decay tests of
the moored barge was combined with the introduction of
numerically calculated harmonic forces. In these test, the
additional external forces, to be actuated by the control
system were given by:

w=
[
sin(2πw0t+φ1) sin(1.8πw0t+φ2) sin(1.2πw0t+φ3)

]T
, (13)

where the phase angles φi may vary from test to test.

In Figure 4 the resulting response and the systems ability
to apply forces are shown for two cases of w0. Figure 10
illustrates how the mean average error of the target track-
ing errors increases with the frequency of the harmonic
force. Although the error increases with frequency, the
tests indicate that the system was able to apply forces
and moments quite well.

5. CONCLUDING REMARKS AND FURTHER WORK

In this paper we have, using a hybrid test setup, identified
and discussed four sources of errors that affect the applied
force from the ideal, non-sub-structured setup. Reducing
these errors is of importance in ensuring realistic emulation
of the original test case. Overall, testing shows promising
potential of the method in the application to ship-shaped
vessels.

Fig. 11. Test setup used on model-scale vessel.

In addition to response identification, hybrid testing of a
moored vessel opens up for a wide arrange of flexible test
opportunities. This may for example be relevant if the goal
is to verify a DP-system, or snap loads in the mooring
lines. The possibility of rapid changes and prototyping of
the numerical substructure further means that tests can
be performed in an efficient manner.

Future plans include a more in-depth review of the is-
sues presented in this paper and the use a similar test-
setup for identification of responses on a realistic model
scenario. This may involve scaling considerations, more
sophisticated numerical models, and a series of realistic
waves spectrums. Figure 11 provides an image from initial
testing.
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Abstract: In real-time hybrid model testing, complex ocean structures are emulated by fusing
numerical modelling with traditional hydrodynamic model testing. This is done by partitioning the
ocean structure under consideration into a numerical and a physical substructure, coupled in real
time via a measurement and control interface. The numerically computed load vector is applied to
the physical substructure by means of multiple actuated winches so that the resulting experimental
platform becomes a type of cable-driven parallel robot. In this context, the placement of the actuated
winches is important to ensure that the loads can be accurately and robustly transferred to the
physical substructure. This paper addresses this problem by proposing a performance measure and
an associated actuator placement procedure that enables accurate force tracking and ensures that
the numerically calculated loads can be actuated throughout the testing campaign. To clarify the
application of the proposed procedure, it is applied to the design of a test setup for a moored barge.
Overall, the paper represents a guideline for robust and beneficial actuator placement for real-time
hybrid model testing using cable-driven parallel robots for load-actuation.

Keywords: real-time hybrid model testing; hybrid testing; actuator placement; CDPR; ocean engi-
neering; marine control systems

1. Introduction

Real-time hybrid model testing (ReaTHM testing) is a cyber-physical empirical method
for emulating complex ocean structures that combines numerical models with traditional
hydrodynamic model testing [1,2]. This is done by partitioning the ocean structure under
consideration into a numerical substructure and a physical substructure that are coupled in
real time through a measurement and control interface. See Figure 1. The method enables
emulation of ocean systems where neither a purely numerical simulation nor a purely
physical model test is feasible within satisfactory performance levels.

Applications of the method include testing of offshore wind turbines [3]—to overcome
the Froude-Reynolds scaling conflict [4], seakeeping tests of floating structures [5]—to
overcome limitations of soft horizontal mooring systems, and testing of moored struc-
tures [6]—to overcome spacial limitations of ocean basin laboratories (see Figure 2). In
the above-cited applications, and in line with the present publication, the numerically
calculated load vector is transferred to the physical substructure using multiple actuated
winches. Thus, the resulting experimental substructure becomes a type of cable-driven
parallel robot (CDPR), which is a setup characterised by a mobile platform being actuated
by cabled winches configured in a parallel topology [7]. See Figure 3. From each cabled
actuator, the actuated load is a function of the cable-tension and its two cable endpoints.
Due to actuator limitations and to avoid slack cables, lower and upper constraints are
enforced on the cable-tensions. The cable endpoints of all connected actuators, together
with the platform pose, constitute the platform configuration of a CDPR.

J. Mar. Sci. Eng. 2021, 9, 191. https://doi.org/10.3390/jmse9020191 https://www.mdpi.com/journal/jmse



J. Mar. Sci. Eng. 2021, 9, 191 2 of 23

Modeled well 

numerically

(but not physically) 

Modeled well physically 

(but not numerically) 

Original system

Emulated system

Computer emulation

Numerical substructure Physical substructure

Transfer of kinematics

Hydrodynamical model

testing in basin laboratory

Transfer of loads

Figure 1. ReaTHM testing of an ocean structure. ω(·) represents environmental loads acting on
the structure.
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Figure 2. ReaTHM testing of a moored ship. Notice the four nylon strings used to apply the
numerically calculated mooring loads onto the ship. See [6,8].

Beyond their use for ReaTHM testing, CDPRs have received considerable attention in
recent decades [9,10] for diverse applications, including aerial cameras [11], manufactur-
ing [12], agriculture [13], and ocean engineering [14]. They are recognised for their large
workspace coverage, lightweight structure, fast dynamics, and reconfigurability [15–17].

In our experience, placement of actuators in previous ReaTHM testing CDPR setups,
such as [3,6,8], has mostly been determined using a practical and heuristic approach, i.e.,
for a given ReaTHM testing scenario, the actuators have been placed based on simplified
analysis, experiential experience and intuitive understanding – with limited systematic
analysis. At the time of this publication, no guidelines exist for actuator placement for
ReaTHM testing using CDPR.
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(a) (b) (c)

Figure 3. ReaTHM testing of a moored barge using a planar CDPR. Red arrows mark the direction of the actuated
force, passed axially through each cable. (a–b) Image from laboratory setup of the authors [8]. (a) Crossed configuration.
(b) Uncrossed configuration. (c) Schematic overview.

Conversely, for other CDPR applications, the minimization of performance measures
evaluating the quality of platform configurations are commonly used to determine the
optimal placement of actuators ([10] [Ch 8]). Reference [18] suggests using a controlla-
bility measure based on eigenvectors, which is a popular measure when considering the
control of linear systems [19]. Also related to controllability, [20–22] uses a conditioning
number referred to as the platform dexterity measure. Several references [22–24] use per-
formance measures related to the CDPR’s stiffness, with the goal of either maximising
the stiffness or ensuring that the stiffness distribution is uniform. Reference ([10] [Ch 8])
lists several additional performance measures including quality of tension distribution,
accuracy, energy considerations, closeness to singularities, and proximity to cable collision.
Other popular performance measures relate to optimising workspace coverage. These
performance measures can for example be to maximise the range of poses in which cer-
tain prescribed loads can be actuated [25,26] (wrench-feasible workspace), or the range of
poses for which any load can be actuated given no upper cable-tension constraints [27]
(wrench-closure workspace).

In some cases, the performance measure is minimised subject to specific requirements
being satisfied. See for example [28] in which actuator placement is determined by minimis-
ing cable tensions subject to the condition that wrench-closure workspace requirements are
satisfied. In [29] the search for optimal actuator placement is divided into an exploration
phase, in which promising CDPR geometries are identified, and a subsequent optimisation
phase, in which the optimal actuator placement is determined by minimising the proposed
performance measure for the selected geometries.

In ReaTHM testing, precisely applying the calculated loads onto the marine platform
is particularly important to achieve high fidelity in replicating the non-substructured ocean
structure’s behaviour [8,30,31]. Although there are many performance measures for CDPR
setups, these are in our opinion, not appropriate for ReaTHM testing—as this application
requires a different set of priorities, as elaborated next.

Table 1 lists characteristic differences between CDPR used in ReaTHM testing [2,6,8] and
typical1 CDPR setups used for other applications ([10] [Ch 2.4]). The practical implications of
these differences are as follows:

1. Whereas there is some margin for load (forces and moments) tracking errors in
typical CDPR applications, accurate load tracking is paramount to ensure high-
fidelity ReaTHM testing [31]. Therefore, the relative focus on accurate load control is
considerably higher for the latter.

2. For typical CDPR applications, a higher stiffness throughout the workspace may be
preferable to minimise undesired perturbations from external disturbances [24]. Con-

1 What constitutes a typical CDPR application has been inferred based on the trends observed by examining a large number of references. Being trends
only, there exist counterexamples for each statement in Table 1.
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versely, for ReaTHM testing, a lower stiffness is preferable, to make the setup less
sensitive to platform motions (this relates to delay-induced errors, as discussed in [32]).

3. Given similar platform dimensions, the actuation system in typical CDPR applications
carries larger loads than in ReaTHM testing and must be designed accordingly.

4. In ReaTHM testing, the platform design is fixed to the emulation target, whereas in
typical CDPR applications multiple platform designs may serve the same purpose.

Table 1. Differences between CDPR in typical applications and CDPR in ReaTHM testing.

Typical CDPR Applications. CDPR for ReaTHM Testing (Using Load Control)

(1) Control objective

A target pose is the control objective.
Force/tension control may be used in
an inner control loop to achieve the de-
sired pose. See discussion in [32].

A target load vector is the control objective,
with pose trajectories following consequently [6].

(2) External forces

The cabled actuators help ensure
that the platform remains close to
the desired pose in the presence of
external excitations [33].

The loads applied by the cabled actuators are in
addition to other external loads (typically hydrody-
namic) acting on the platform. The applied loads
should not be disturbed by the external loads, nor
the platform’s movements [8].

(3) Platform weight
The platform is suspended in air,
and the platform weight is carried by
the cabled actuators. See Figure 4.

The platform is located in a water basin, and the ca-
bled actuators do not carry its weight. See Figure 3.

(4) Design considera-
tions

The CDPR setup is designed for the spe-
cific objectives of the application. Typi-
cal objectives include to carry a payload
or to sense or interact with the environ-
ment in a specific way ([10] [Ch 2.4]).

The platform is designed to achieve similarity to the
target ocean substructure it models (typically using
Froude scaling). The objective is for the actuated
load vector to track the reference load vector with
high accuracy [7].

These items imply a different focus when determining the actuator placement for the
two cases. For ReaTHM testing, we propose using a procedure that aims at accurate load
actuation—while ensuring that the target load vector is always achievable. Conversely,
actuator placement for typical CDPR applications is not based on load actuation accuracy,
but on other measures [10,20–22,25,26], as discussed earlier.

In this paper, we seek to develop a procedure for placement of actuators for CDPR
setups that is suitable for use in ReaTHM testing. Specifically, we seek a procedure for
placement of actuators that: (1) facilitates accurate load tracking—which is important to
ensure high fidelity ReaTHM testing that accurately predicts the behaviour of the target
ocean structure, and (2) ensures that the actuators can always actuate the numerically
calculated loads according to specified workspace requirements—which is a prerequisite to
carry out a successful ReaTHM testing campaign. The resulting procedure shall be optimal
in the sense that it minimises the proposed performance measure.

The remainder of the paper is structured as follows. Section 2 outlines the preliminary
background. Section 3 presents the proposed procedure for actuator placement. Section 4
demonstrates the procedure for ReaTHM testing of a moored barge.
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(a) (b)
Figure 4. Two CDPR setups. (a) The CableRobot Simulator [34]. Reproduced with permission from Max Planck Institute for
Biological Cybernetics ©2015. (b) The IPAnema 3 CDPR [35]. Reproduced with permission from Fraunhofer IPA © 2019.

2. Problem Formulation
2.1. Force Allocation

Force allocation for CDPR is the problem of finding the optimal cable tensions f ∗ =
( f ∗1 , f ∗2 , · · · , f ∗n ) on an overconstrained CDPR setup such that they sum up to the reference
load vector wref ∈ Rm, where n is the number of connected cabled actuators and m is the
number of controlled degrees of freedom (DOF) in which the load wref shall be actuated.
We typically consider the physical platform to be described in 6 DOF, in which case m ≤ 6.
In the case of ReaTHM testing wref corresponds to the numerically calculated load vector
that is to be actuated onto the physical substructure. See Figure 1.

We next express the force allocation problem as an optimisation problem, similar
to [36]. When considering the experimental setup, we refer to two reference frames, {a}
and {b}; Oa is the local Earth-fixed coordinate frame’s stationary origin {a}, and Ob is
the platform’s body-fixed frame’s moving origin {b}. See Figure 5. Accordingly, vectors
decomposed in {a} or {b} are given superscripts a or b, respectively. If the superscript is
omitted, and the vector has not been previously defined, then it is decomposed in {a}.

The position and orientation (pose) of the body frame {b} relative to {a} are denoted
p := pa = (x, y, z) ∈ R3 and Θ := (φ, θ, ψ) ∈ S3

1 , where S1 ∈ [−π, π) (this paper
represents orientation by the zyx Euler angle convention ([37] [Ch 2.2.1])). These are
combined in the body’s pose vector η := (p, Θ) ∈ R3×S3

1 . For each actuator i ∈ {1, . . . , n},
let pai := pa

ai be the fixed position of the ith cable exit point Ai. Similarly, let the constant
body-fixed lever arm from Ob to the ith cable attachment anchor Ei (on the platform) be
denoted rb

i .
The Euler angle rotation matrix R(Θ) maps vectors from {b} to {a}:

R(Θ) = Rz(ψ)Ry(θ)Rx(φ), (1)

with,

Rx =




1 0 0
0 cos(φ) − sin(φ)
0 sin(φ) cos(φ)


, Ry =




cos(θ) 0 sin(θ)
0 1 0

− sin(θ) 0 cos(θ)


, Rz =




cos(ψ) − sin(ψ) 0
sin(ψ) cos(ψ) 0

0 0 1


. (2)

Accordingly, ra
i = R(Θ)rb

i .
It follows that the absolute position of Ei is pei := pa

ei = p + R(Θ)rb
i . From each

actuator i, a force fi directed along the straight line pai − pei, with direction denoted by the
unit vector ui := pai−pei

|pai−pei |
is actuated on the platform at Ei. The relationship between the
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cable tensions f = ( f1, f2, · · · , fn) and the resulting load vector w generated by the cables is
described by w = W f , where

W =
[
q1 q2 · · · qn

]
, with qi =

[
ui

ra
i × ui

]
, (3)

Cable iActuator i

Cable 1

Cable 2

Cable n

Figure 5. Reference frames and the experimental test setup with the platform (down-scaled physical
substructure) connected to n actuated cables. One of the actuators is sketched and annotated.

The set of cable attachment points {pa} := (pa1, pa2, · · · , pan) combined with the
body-fixed lever arms {rb} := (rb

1, rb
2, · · · , rb

n) are referred to as the actuator configuration
of the CDPR. The platform configuration of the CDPR refers to the actuator configuration
combined with the platform pose η, and thus describes the cable endpoints for all actua-
tor cables.

In solving the force allocation problem as an optimisation problem, we find f ∗ as the
cable tensions f that minimise a cost function g( f ) subject to cable constraints f min 4 f 4
f max and kinematic mapping,

f ∗ = arg min
f ′
{g( f ′) : f ′ ∈ Rn, W f ′ = wref, f min 4 f ′ 4 f max} (4)

where f ′ is any cable tension vector f satisfying the constraints.
In this paper, we will use the following cost function:

g( f ) =
n

∑
i=1

(
| fi − f0,i|2

α2 − c1 log( fi − fi,min)− c2 log( fi,max − fi)

)
, (5)

where α, c1 and c2 are scaling parameters and f 0 = ( f0,1, f0,2, · · · , f0,n) is the preferred
load vector dependent on application specific factors such as actuator technology, cable
properties, safety concerns, and operating conditions. The cost function has beneficial
properties, as shown in [36].

2.2. The ReaTHM Testing Loop

Figure 6 shows the resulting ReaTHM testing loop coupling the two substructures.
Some additional notes on its components are:

• Hydrodynamic loads act on both the numerical and physical substructure throughout
the test.
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• The numerical substructure is driven by the pose estimate η̂. This generally deviates
from the true pose η due to delays and estimation errors.

• For the actuator control system, the goal is for the applied cables tensions f to track
the optimal cable tensions f ∗ closely. In our research group work, we consider the
control of each actuator independently. See for example [6].

• The resulting load vector w generally deviates from the reference load vector wref due
to delays, mischaracterisation of W , force estimation errors, and target force tracking
errors [8]. In this paper, accurate load tracking refers to w tracking wref closely.

Actuator
control
system 

Actuator
control
system 

Actuator
control
system 

Force
allocation

1 i n

Physical 

substructure

Numerical

substructure

Resulting load vector

Hydrodynamic

loads

Figure 6. The ReaTHM testing loop

2.3. Wrench Feasible Workspace

In ReaTHM testing, it is crucial to ensure that the cabled actuators can apply the
reference load vector onto the physical substructure throughout the testing campaign.
To this end, we adopt the notion of wrench feasibility [38–40] to specify the workspace where
this can be guaranteed (in the CDPR litterature, the term wrench is commonly used to
denote the load vector w):

Definition 1 (Definitions of Wrench Feasibility and Workspaces). Let the set of feasible
wrenches Wfe(η) = {w ∈ Rm : w = W(η) f , f min 4 f 4 f max} be the set of loads that is
feasible at a given pose η. Furthermore, let the wrench feasibility requirementWreq(η) be the set
of all loads that, per requirements, should be feasible at a given pose η. A pose η is said to be wrench
feasible ifWreq(η) ⊆ Wfe(η). Let the wrench feasible workspace be the set of poses that are
wrench feasible, i.e., N = {η ∈ Rm : Wreq(η) ⊆ Wfe(η)}. Finally, let the wrench feasible
workspace requirement Nreq be the set of poses in which wrench feasibility is required. We say
that the CDPR fulfils wrench feasibility requirements if Nreq ⊆ N .

Several authors addressed wrench feasibility analytically by constructing geometric
bounds of N . See, for example [39]. Although continuous expressions for N can be
found for simple geometries, and promising approaches using interval-analysis exist [40],
discretisation and subsequent exhaustive numerical evaluation remain popular in the
relevant literature due to the complexity of alternative approaches. See the discussion in
([10] [Ch 5]).

In this paper, wrench feasibility is checked using the following proposition:

Proposition 1. (Adapted from [41].) IfWreq(η) is enclosed by the polyhedron formed by I vertices
vi ∈ Rm with vi ⊆ Wfe(η) for i = {1, 2, · · · , I}, thenWreq(η) ⊆ Wfe(η).
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This follows simply from the total feasible workspaceWfe(η) being a convex hull [41]
(specifically, it is a zonotope [42]). Due to its simplicity, we suggest using pose dependent
box constraints,

Wreq(η) = {w ∈ Rm : wmin(η) 4 w 4 wmax(η)}, (6)

where wmin(η) and wmax(η) are the required minimum and maximum load vector constraints
for each controlled DOF. Using Proposition 1, with box constraints, there are 2m vertices to
check for each platform (the use of Proposition 1 is later exemplified in Section 4).

An alternative framework for checking of wrench feasibility of a platform configuration,
in which the set of feasible loads are described as a linear inequality system is presented
in [42,43].

2.4. Cable Collision

To ensure that the platform can move freely within Nreq, the cables should not collide
with each other or with the platform during operation [44]. This is especially relevant if
cables cross each other as in [8]. Some sources determine collision-free workspaces using
analytical approaches [45]. Since this quickly becomes complex, we suggest assessing cable
collisions numerically for each pose using Algorithm 1.

In brief, this algorithm considers the distance between line segments in the workspace.
In this process, if needed, the platform shapes can be transformed into a simpler convex
shape enclosing the platform hull [46]. Let there be nk straight platform line segments
enclosing the platform hull and n straight cable line segments. Then, there are a total of
(n−1)! cable to cable line segments and n× nk cable to platform line segments that the
algorithm needs to check for collision. Finding the shortest distance between two line
segments is a simple well-known mathematical problem with relatively low computational
cost. See for example [47].

Algorithm 1 Cable Collision

δlim ← Critical collision distance.

for each pose in the grid do

for each cable, find minimum distances {d} to all other line segments.

if (any({d}) < δlim) then define as collision (or refine search).

end if

end for

2.5. Configuration Performance Measure

As described generally for CDPR setups in ([10] [Ch 8]) and discussed in the paper
introduction, each platform configuration can be associated with a performance measure
cp(η). A global performance measure k̄ is obtained by integrating the cost over the entire
volume of interest V(Nreq) using

k̄ =
1

V(Nreq)

∫

Nreq
cp(η)dNreq ≈

1
K

K

∑
i=1

cp(ηi), (7)

where the latter is the corresponding approximation summing over Nreq, which is discre-
tised into K cells.
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3. Procedure for Optimal Actuator Placement in ReaTHM Testing
3.1. Performance Measure

In this paper and for use in ReaTHM testing applications we propose using the
following platform configuration performance measure given n actuators and a fixed cost
function g( f ):

cp(η) = κg(g( f ′∗)− g( f 0))︸ ︷︷ ︸
cpg

+
i=m

∑
i=1

∣∣∣κ1[i]
(
∇wref[i]( f ′∗)

)∣∣∣
1

︸ ︷︷ ︸
cp1

+
i=m

∑
i=1

∣∣∣κ2[i]
(
∇η[i]( f ′∗)

)∣∣∣
1

︸ ︷︷ ︸
cp2

+
i=m

∑
i=1

∣∣∣κ3[i]
(
∇η[i](W)

)
f ′∗
∣∣∣
1

︸ ︷︷ ︸
cp3

(8)

where κg ∈ R1
≥0, κ1 ∈ Rm

≥0, κ2 ∈ Rm
≥0, and κ3 ∈ Rm

≥0 are constant scaling parameters
that determine the relative weighting of each term. Further κ(·)[i], wref[i] and η[i] are the
ith components of κ(·), wref, and η, respectively (for example η[1] denotes x). The notation

∇ denotes partial derivatives. For example,
(
∇η[i]( f ′∗)

)
denotes the partial derivative

of ( f ′∗) with respect to the variable η[i]. The terms of (8) are expressed mathematically in
Appendix A. Finally, f ′∗ is the solution f ∗ to (4) given wre f = 0. The latter means that the
performance for each pose is only evaluated around the static equilibrium point (w = 0)
and is a choice made to limit computation times (we expect the performance near w = 0 to
be the most important).

Although not done in this work, if computation times are of no concern, it is straight-
forward to extend (8) such that it for a given pose sums over a weighted version of the
wrench feasibility requirement. Another straightforward extension would be multiplying
cp(η) with a pose-dependent weight. The latter would allow increasing the prioritisation
of performance in poses that are particularly important.

The reasoning for each component of (8) is as follows:

• cpg—(quality of tension distribution) associates the cable tensions with the cost captured
by the cost function. The cost function is assumed to be designed such that the
actuated cables operate at higher performance when g( f ∗) is low.

• cp1—(load vector sensitivity) is a measure of the sensitivity of the optimal cable tensions
to a change in the reference load vector. Since f ∗ is the minimiser of the optimisation
problem, the term can also be interpreted as a controllability measure that takes the
cost function and constraints into account – as opposed to simpler controllability
measures based on eigenvectors [22].

• cp2—(motion sensitivity) is a measure of the optimal cable tensions sensitivity to plat-
form motions. The intent is to limit the sensitivity of the optimal cable tensions to
motions – to generate smoother trajectories that are easier to track.

• cp3—(kinematic mapping sensitivity) quantifies the actual load vector’s sensitivity to
changes in η, given fixed cable tensions f ∗. Keeping cp3 low reduces force allocation
errors by making the load vector less sensitive to small errors in the pose estimates
η̂. See discussion on force allocation errors in [8]. The term also reduces the stiffness
in the weighted degrees of freedom (specifically it reduces stiffness induced from
internal forces, which is one of two components of the overall stiffness of a CDPR
mechanism [48]).

3.2. Procedure Description

Using the performance measure (8), we formulate the following procedure:
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Procedure 1. Optimal actuator placement for ReaTHM testing using CDPR

1. (Problem specification) Specify the number of actuators n, the cable cost function
g( f ), the cable tension constraints f min and f max, the workspace require-
ments Nreq andWreq, the performance measure weights κg, κ1, κ2, and κ3,
and the constraints in the placement of actuators.

2. (Determination of optimal actuator placement) Given the above specifications,
with k̄ and c(η) given by and (7) and (8), respectively, then determine the
optimal actuator placement that minimises k̄ subject to: 1) Nreq ⊆ N , 2) no
cable collisions, and 3) constraints in the placement of actuators.

By using a performance measure that is a linear combination of terms that all target
accurate actuation of forces (that is, quality of force distribution, load vector sensitivity, mo-
tion sensitivity, and kinematic mapping sensitivity), Procedure 1 is designed to: (1) increase
load tracking accuracy and (2) ensure that the expected numerical loads are always feasible.
As such, it is suitable for ReaTHM testing, where load inaccuracies may jeopardize fidelity.
Conversely, traditional optimality measures for CDPR applications such as maximising
workspaces or minimising the effect of external forces on the platform (by increasing
stiffness) are not part of the cost function. This reflects the different prioritisation when
considering ReaTHM testing compared to other typical CDPR applications, as discussed in
the paper introduction.

3.3. General Guidelines for Problem Specification in Procedure 1
3.3.1. Controlled Degrees of Freedom and the Number of Actuators

Although a higher number of actuators can increase actuation capabilities and the
extent of N , each actuator increases the setup’s complexity and is associated with acquisi-
tion, installation, and maintenance costs. In the literature on CDPR, it appears to be most
common to have either one (for planar CDPR) or two (for 6-DOF CDPR) more actuators
than controlled DOFs [49].

For ReaTHM testing, there may be several reasons to have fewer than six controlled
DOFs (e.g., m < 6). Uncontrolled DOFs are characterized by being self-stabilizing, with the
corresponding numerical load component having a negligible impact on the quantities of
interest compared to hydrostatic and hydrodynamic loads. See the following examples:

1. In ReaTHM testing of a floating offshore wind turbine reported in [3,7,50], leaving out
the vertical component of wre f is shown to have negligible effect on the motions of
the wind turbine, mooring force and internal loads. The physical platform is actuated
in five DOFs (m = 5), using six cabled actuators (n = 6).

2. In ReaTHM testing of a moored buoy reported in [51] it is argued that out-of-plane
numerical load components can be neglected. Due to the circular, symmetrical shape
of the buoy, the yaw moment is also neglected. The physical platform is actuated in
two DOFs (m = 2), using three cabled actuators (n = 3).

3. Similarly, for the ReaTHM testing of the ship-shaped vessel reported in [8], out-of-
plane numerical load components are neglected (see also [5]). Unlike [51], however,
the yaw moment is considered important. The physical platform is actuated in three
DOFs (m = 3), using four cabled actuators (n = 4).

3.3.2. Actuator Tension Constraints and Cost function

The actuator cable tension constraints are highly dependent on the characteristics
of the actuators in use. A minimum admissible tension f min = ( fmin,1, fmin,2, · · · , fmin,n)
is set to prevent the cable from going slack, whereas a maximum admissible tension
f max = ( fmax,1, fmax,2, · · · , fmax,n) is set due to actuator and cable limitations.
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Although Procedure 1 is not restricted to a specific cost function, as stated earlier, we
propose to reuse the cost function presented in (5). See [36], for guidelines on determining
its parameters.

3.3.3. Workspace Requirements

For ReaTHM testing, we recommend adjustingWreq and Nreq based on the expected
outputs of the numerical substructure and based on the expected excursions/motions of
the model in the basin. These can either be derived from simulation studies or determined
heuristically based on simplified analysis, experience, intuitive understanding, and case
assessment. If the plan is to reuse the setup in several different testing campaigns, this
should be reflected in Nreq andWreq.

3.3.4. Constraints in Placement of Actuators

The actuators will typically be mounted onto existing basin infrastructure (such as
along the basin walls), which imposes natural constraints on the placement of the actuators.
Other important factors include ease of access for installation and maintenance, including
cabling for communication, power, and control.

Enforcing symmetry constraints on the placement of actuators simplifies the design
process and increases robustness by alleviating some biases. A symmetric design also
conforms to standards for typical CDPR applications. See for example ([10,12,17,21] (Ch
2.3)).

3.3.5. Performance Weights

We suggest the following approach to determine the weights κg, κ1, κ2, and κ3:

1. Since κ1 and κ2 both relate to target force tracking, they are scaled relative to each
other and in proportion to the expected variation in η and wref – under the assumption
that it is easier to track target forces that vary less.

2. Next κ3 is determined by considering the importance of force allocation errors relative
to force tracking errors. If the expected accuracy of η̂ is high, κ3 can be reduced
relative to κ1 and κ2, and increased in the opposite case.

3. Next, the entries of κ1, κ2, and κ3 are determined in proportion to the expected
dynamic range and the variations of η and wre f . For example, an expectation of
large variations in η[1], corresponds to an increase in κ2[1] and κ3[1], as these scaling
parameters capture sensitivity to changes in η[1]. Conversely, an expectation of large
variations of wref[1] corresponds to an increase in κ1[1], since this scaling parameter
captures sensitivity to wref[1].

4. Finally, the cost vector gain κg is chosen according to the importance of having a low
cost function value relative to keeping the other terms low. This gain will be highly
dependent on the selected cost function.

4. Optimal Placement of Actuators for ReaTHM Testing of a Barge

This section demonstrates Procedure 1 by applying it to an example test case closely re-
sembling that of Figure 3, studied by the authors in [8]. Specifically, it considers a case where
a moored barge is to be tested in a small basin facility with dimensions 16.2 m × 6.7 m
with its side against the incident waves as illustrated in Figure 7. The body-fixed cable
lever arms {rb

i } are specified in Table 2 (a) . Procedure 1 is used to determine the actuator
placement {pa} along the basin wall.
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Incident 
waves

Actuator 1

𝑥

𝑦

Actuator 2Actuator 3

Actuator 4

Figure 7. The moored barge in various poses and with the horizontal required workspace ηreq, xy
indicated. Green and yellow colours indicate trajectories in two different test runs.

Table 2. Sample actuator and platform configurations used in Section 4.

(a) {rb} used throughout Section 4.

1 2 3 4

x 0.175 0.175 −0.175 −0.175
y 0.95 −0.95 −0.95 0.95
z 0 0 0 0

(b) Sample actuator configurations.

{pa} {rb}

Actuator configuration 1 Table 2 (a) Table 2 (d)
Actuator configuration 2 Table 2 (a) Table 2 (e)

(c) Sample platform configurations

Platform configuration 1 Actuator configuration 1 with η3 = (0, 0, 0)>

Platform configuration 2 Actuator configuration 1 with η3 = (1.9,−0.7,−0.15)>

(d) {pa} uncrossed configuration (e) {pa} crossed configuration

1 2 3 4 1 2 3 4

x 3.25 3.25 −3.25 −3.25 x 3.25 3.25 −3.25 −3.25
y 3.25 −3.25 −3.25 3.25 y −3.25 3.25 3.25 −3.25
z 0 0 0 0 z −0.025 0.025 −0.025 0.025
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4.1. Problem Specification
4.1.1. Controlled Degrees of Freedom and the Number Of Actuators

The numerical substructure is composed of a horizontal model of the barge’s mooring
system, with only planar load components transmitted across the partitioning interface, i.e.,
out-of-plane loads of the mooring system are neglected. This implies that the numerically
calculated load vector is to be actuated in the three degrees of freedom surge, sway,
and yaw (x, y, ψ). Accordingly, we specify the case with η3 := (x, y, ψ) in place of η,
w := (wx, wy, wψ), and m = 3.

To not use more actuators than necessary, the case is specified with four actuators
(n = 4) which is sufficient to ensure that the system is overconstrained.

4.1.2. Constraints in Placement of Actuators

The case is specified with the following constraints on the actuator placement along
the basin walls:

• Each actuator protrudes 10 cm out from the basin wall.
• The actuators shall be symmetrically placed along the basin walls.
• Cable 1 may cross Cable 2, and Cable 3 may cross Cable 4 (as in [8]). In case of cable

crossing, the cables are raised or lowered by 2.5 centimetres to avoid cable collision.
It is assumed that the effect that the introduced z-component of the force has on the
emulated system is negligible compared to hydrostatic and hydrodynamic loads.

Mathematically, the four cable exit points (pa1, pa2, pa3, and pa4) are constrained by:

pa1 =
[
xact yact −zc

]
, pa2 =

[
xact −yact zc

]
, (9a)

pa3 =
[
−xact −yact −zc

]
, pa4 =

[
−xact yact zc

]
, (9b)

with,

(xact, yact) ∈
3⋃

i=1

Λi, (10)

where
Λ1 = {(x, 3.25)|0 ≤ x ≤ 8}, Λ2 = {(8, y)| − 3.25 ≤ y ≤ 3.25}, Λ3 = {(x,−3.25)|0 ≤ x ≤ 8} (11)

and

zc =

{
0.025, if yact ≤ 0
0, if yact > 0.

(12)

With the given constraints and symmetry considerations, there is effectively only one
optimisation variable, which denotes distance along the three walls (Λ1, Λ2, Λ3), parame-
terised by the variable lpa:

lpa =





xact, if yact = 3.25 (Λ1)

11.25− yact, if xact = 8 (Λ2)

22.5− xact, if yact = −3.25 (Λ3)

(13)

See also Figure 8, which outlines lpa along the basin wall for Actuator 1.
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Cable 1

Figure 8. Moored barge in the basin, highlighting allowed placement of cable exit point for Cable 1.

4.1.3. Wrench Feasibility and Workspace Requirements

The intended use of the setup is system identification and estimation of responses
to nonlinear wave loads, similar to [5]. Among the important tests for this purpose are
decay tests [8], where the vessel is released from an initial offset from the mooring line
equilibrium point, as shown in Figure 7. Most of the excitations are expected to be directed
along the incident waves coming from the negative x-direction. Also expecting some
variations in heading, the workspace requirement is specified as:

Nreq :=





x2 + 2y2 < 3 (Nreq,xy)(
−20 + 10 x2+2y2

3

)
π

180 ≤ ψ ≤
(

20− 10 x2+2y2

3

)
π

180 ,
(14)

where Nreq,xy specify the workspace requirement in the x-y plane with (x,y,ψ) having units
[m, m, rad]

The numerically calculated load vector emulates mooring forces that are expected to
restore toward the mooring equilibrium (x, y, ψ)> = 0. Taking this into account, incor-
porating some load vector flexibility and expecting larger loads in x-direction, the wrench
feasibility requirement is specified by the following box constraints:

Wreq(η3) :=
{[
−12− 2x −8− y −2− ψ

]> ≤ w ≤
[
+12− 2x +8− y 2− ψ

]>}, (15)

where w has units [N,N,Nm].
To verify Nreq ⊆ N , Proposition 1 is applied to each cell in the discretised workspace.

See Figures 9 and 10 that demonstrate the proposition for the two platform configurations
of Table 2. Figure 11 outlines N for the two actuator configurations of Table 2. While
both cases satisfy Nreq ⊆ N , the cross configuration has a significantly larger wrench
feasible workspace.

4.1.4. Cost Function

The designated actuators are similar to those we described in [32], and are specified
with the minimum and maximum admission tensions 1[N] and 50[N], respectively.

For the cost function, we reuse (5) configured with the following parameters:

c1 = 0.1, c2 = 0.1,

αi = 20 fmin,i = 1, fmax,i = 50, f0,i = 10 for i = 1, 2, · · · n.
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Example 1. Wrench feasibility for two sample poses.

In this example Proposition 1 is applied to the two platform configurations of Table 2, given (15). In Platform
configuration 1,Wfe(η3) encloses all vertices (red dots), such thatWreq(η3) ⊆ Wfe(η3), and the pose is wrench
feasible. In Platform configuration 2, three vertices (blue dots) are not enclosed byWfe(η3) such that the platform
configuration is not wrench feasible. See Figure 10.

(a) (b)

Figure 9. The platform configurations of Table 2. (a) Platform configuration 1 (b) Platform configuration 2.

(a) (b)

Figure 10. Box load vector requirementWreq (blue cuboid), relative to feasible loadsWfe (red polyhedron), given
(15) for the platform configuration of Table 2. Wfe is found by the method described in [42] and computed for
illustrative purpose only. (a) Platform configuration 1. (b) Platform configuration 2.

4.1.5. Performance Measure Weights

The following performance measure weights are chosen:

κg = 10, κ1 = 5
[
κx κy 0.5

]
κ2 = 1

[
κx κy 0.1

]
κ3 = 0.2

[
κx κy 0.1

]
. (17)

These are determined as follows: (1) over the testing campaign, we expect the nu-
merical variations in wref, to be about five times larger than η3 (this is also reflected in (14)
and (15)), and put a five times larger gain for κ1 than that of κ2. (2) Based on experimental
experience, we expect that the accuracy of the estimates η̂3 is high and that force tracking
errors are more critical to performance than errors in η̂3. We therefore scale κ3 with a
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lower gain of 0.2. (3) Since ψ̇ [rad/s] is expected to be significantly smaller in magnitude
than (ẋ, ẏ) [m/s], the gains associated with changes in ψ are scaled with a gain of 0.1
(applies to κ2 and κ3). For similar reasons, we scale moments with gain of 0.5 relative to
translational forces (applies to κ1). We leave κ(·)[1] and κ(·)[2] as priority parameters κx

and κy. (4) Considering that the cost function value is typically low (due to division by α2),
we set κg = 10, which ensures that the term has a moderately smaller impact on the global
performance measure function than the other terms.

Figure 11. Visual representation of the wrench feasible workspace N for the two actuator configura-
tions of Table 2. The black lines represent cables configuration at η3 = 0. The colour is a measure
of wrench feasibility as a function of ψ (in degrees). For example, if the colour of a cell indicates a
value of 20, it is wrench feasible with −20 < ψ < 20 [deg]. (a) Actuator configuration 1 (uncrossed).
(b) Actuator configuration 2 (crossed).

For more insight, and to further support the choice of κ values, Table 3 presents
the terms of (8) for the two platform configurations of Table 2 and Figure 12 shows the
resulting cost terms of (8) over Nreq,xy for the two actuator configurations of Table 2.
Table 3 demonstrates how the terms of (8) are significantly more sensitive to rotational
than translational motions—as also reflected in the chosen weights. Also, since Platform
configuration 2 is farther from the centre of the workspace, it is associated with more
variation in cable tensions and less controllability—resulting in significantly higher costs
than in Platform configuration 1. Figure 12 shows how the cost increases toward the
edges of the workspace and how the crossed configuration is associated with significantly
lower costs than the uncrossed configuration. When considering Figure 12, it should be
noted that constant common offsets have no effect on the optimisation procedure. Instead,
the variations of each term between different platform configurations should be considered.

Table 3. Terms of (8), for the two platform configurations of Figure 9/Table 2.
(
∇wref[i]( f ′∗)

) (
∇wref[i]( f ′∗)

) (
∇η[i](W)

)
f ′∗ g( f ∗)− g( f 0))

Platform configuration 1




0.31 0.42 −0.38
0.31 −0.42 0.38
−0.31 −0.42 −0.38
−0.31 0.42 0.38







1.33 3.18 −14.61
1.33 −3.18 14.61
−1.33 −3.18 −14.61
−1.33 3.18 14.61






−4.26 0 0

0 −7.62 0
0 0 −38.32


 −2.3784

Platform configuration 2




1.02 0.39 −1.08
0.89 −0.6 −0.51
0.26 −0.36 −1.17
−0.4 0.1 0.5







5.42 1.44 −22.7
3.4 −2.38 −4.26
−1.08 −3.91 −31.05
−3.31 1.68 22.24






−7.81 −1.2 −0.15
−1.2 −5.29 −2.95
−0.15 −2.95 −39.31


 −1.9314
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Figure 12. Cost maps for the terms of (8) for the two actuator configurations of Table 2 using (17) with κx = 1 and κy = 1.
The black lines represent cables configuration at η3 = 0. Coloured area is Nreq,xy. (a–d) Actuator configuration 1. (e–h)
Actuator configuration 2.

4.2. Determination of Optimal Actuator Placement

In this section, the actuator placement is determined for the given case, i.e., Procedure
1 is used with the actuator constraints given by (9)–(13), the cable cost function given by (5),
the wrench feasible workspace requirements given by (14) and (15), and the performance
measure weights given by (17).

The procedure is considered for three different sets of κx and κy: Prioritisation 1) κx =
1 and κy = 1, Prioritisation 2) κx = 4 and κy = 1, and Prioritisation 3) κx = 1 and κy = 4.
Whereas Prioritisation 1 represents a base case with equal weighting in x and y direction,
Prioritisation 2 is in line with the considered test case that expects most movement and
loads to be directed in x-direction. Finally, Prioritisation 3, where the weight in y-direction
is the highest, is included for comparison reasons.

Figure 13 shows the resulting global performance measure k̄ as a function of lpa for
each of the three cases. The optimal placement is indicated in the figure both with uncrossed
cable configuration (black mark) and with crossing cables (grey mark). The corresponding
actuator placements are detailed in Table 4 and shown geometrically in Figure 14.

We note that for all three cases, the crossed configuration yields significantly lower
cost κ̄ – and thus represent a higher performing actuator configuration. Given the smaller
basin dimensions of the test case, this can be explained by the cross-configuration enabling
longer cable lengths and higher controllability. Crossed cable configuration yielding better
performance is in line with previous work. See for example ([10] [Ch 8]). It also conforms
with the author’s experiences with earlier testing campaigns on the experimental setup
shown in Figure 3.

While there are multiple trade-offs, captured by the global performance measure, we
observe that the procedure tends to account for the change of prioritisation by aligning the
cable attack angles in the direction of the higher weighted DOF. For Prioritisation 2, which
corresponds to the considered test case, the actuators are placed quite far in x-direction
from the origin (see Figure 14b), which should allow high performance for the specified
case, where most of the expected movements and loads are in the x-direction.
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Figure 13. Performance measure cost function as a function of actuator placement, highlighting minimum for both
crossed and uncrossed cable configuration. Cables are in crossed configuration when lpa > 11.25 (a) κx = 1, κy = 1. (b)
κx = 4, κy = 1. (c) κx = 1, κy = 4.

Figure 13. Performance measure cost function as a function of actuator placement, highlighting minimum for both
crossed and uncrossed cable configuration. Cables are in crossed configuration when lpa > 11.25 (a) κx = 1, κy = 1.
(b) κx = 4, κy = 1. (c) κx = 1, κy = 4.
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Figure 14. Resulting optimal actuator placement. Black lines are optimal placement with uncrossed cable configuration,
and grey lines are optimal placement if crossed configuration is used. (a)κx = 1, κy = 1. (b) κx = 4, κy = 1. (c) κx = 1, κy = 4.

Table 4. Test case resulting optimal actuator placement as defined in (9).

Uncrossed Configuration Crossed Configuration
(xact, yact) (xact, yact)

Prioritisation 1 (4.86, 3.25) (6.78, -3.25)
Prioritisation 2 (7.01, 3.25) (8, -3.22)
Prioritisation 3 (3.28, 3.25) (2.94, -3.25)

4.3. A Delimiting Note

As discussed at a general level for CDPR setups in ([10] [Ch 8]), platform configura-
tion performance measures are typically not complete in the sense that there is usually
some ambiguity and uncertainty in the choice of performance measure design parameters.
Moreover, it can be challenging to prove that the actuator placement that minimises the
cost function corresponds to a practically optimal CDPR design. These considerations also
apply for Procedure 1. As such, the proposed procedure should be considered to be a tool
that aids the laboratory-engineer in determining actuator placement.

5. Conclusions

In this paper, we presented a procedure for placement of actuators on CDPR setups,
particularly suitable for ReaTHM testing. The procedure incorporates performance mea-
sures that maximise load tracking accuracy, while ensuring that the numerically calculated
loads are always applicable according to specified workspace requirements. In this sense,
the present work contributes to robust and well-performing actuator placement in ReaTHM
testing, for which no other such guidelines exist.

Future work on the method includes application to more complex cases, in-depth
analysis of the impact that each term of (8) has on load tracking accuracy, and refinement
of the guidelines for selecting the performance measure weights.
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Appendix A. Expression for the Terms of (8)

This section writes out the terms of (8). For conciseness, the∇ notation denotes partial
derivatives. For example ∇η[i]W(η) denotes dW(η)

dη[i] .
As elaborated in [36], given some necessary assumptions, at the solution to (8), the fol-

lowing conditions are satisfied.

C(z) =
[∇ f g( f ∗) + W>λ

W f ∗ −wref

]
= 0, where z =

[
f ∗,> λ>

]
. (A1)

The underlying solver described in [36] finds z using Newtons iterations. Once z is
found, it is numerically cheap to find the terms of (8) as outlined next.

The partial derivative of z with respect a parameter p is

∂z
∂p

= −
(

∂C
∂z

)−1 ∂C
∂p

= H−1 ∂C
∂p

, where H =

[
∇2

f g( f ) W>

W 0

]
. (A2)

Furthermore, the partial derivatives of R with respect to wref[i] and η[i] is

∂C
∂wref[i]

=

[
0 ∈ Rn×1

−di ∈ Rm×1

]
,

∂C
∂η[i]

=

[
∇η[i]

(
W>(η)

)
λ

∇η[i]
(
W(η)

)
f ∗

]
, (A3)

where di ∈ Rm is a vector that has all zero-entries except the ith entry which equals -1 and

∇η[i]W(η) =
[
∇η[i] j1 ∇η[i] j2 · · · ∇η[i] jn

]
, with ∇η[i] ji =

[
∇η[i]

(
ui
)

ra
i ×∇η[i]

(
ui
)
+∇η[i]

(
ra

i
)
× ui

]
. (A4)

The components of (A4), written out for each i in η[i] are

∇xra
i =0, ∇yra

i = 0, ∇zra
i = 0, ∇θra

i = Rz(ψ)Ry(φ)Rx(θ)Sxrb
i (A5a)

∇φra
i =Rz(ψ)Ry(φ)SyRx(θ)rb

i , ∇ψra
i = Rz(ψ)SzRy(φ)Rx(θ)rb

i (A5b)

∇xui =
(
1
/

l3
c,i
)[
(−∆y2 − ∆z2) (∆x∆y) (∆x∆z)

]> (A5c)

∇yui =
(
1
/

l3
c,i
)[
(∆x∆y) (−∆x2 − ∆z2) (∆y∆z)

]> (A5d)
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∇zui =
(
1
/

l3
c,i
)[
(∆x∆z) (∆y∆z) (−∆x2 − ∆y2)

]> (A5e)

∇θui =
[
∇xui ∇yui ∇zui

][
∇θ(r)

]
(A5f)

∇φui =
[
∇xui ∇yui ∇zui

][
∇φ(r)

]
(A5g)

∇ψui =
[
∇xui ∇yui ∇zui

][
∇ψ(r)

]
, (A5h)

where Sx =




0 0 0
0 0 −1
0 1 0


 , Sy =




0 0 1
0 0 0
−1 0 0


 , Sz =




0 −1 0
1 0 0
0 0 0


 ,

[
∆x ∆y ∆z

]T
= (pai − pei), and lc,i = |pai − pei|2.

The first term of (8) is given directly by the cost function, whereas inserting (A3)
into (A2) and substituting p with wre f [i] and η[i] gives the second and third term of (8),
respectively. Finally, the last term of (8) is found using (A4) directly.

As (A5)(a–h) indicates, larger basins and cable distances, tend to reduce the cost cp.
This is especially the case for cp2 and cp3, as evident by the factor 1/l3

c,i in (A5)(a–h). In cases
where longer cable length is expected to have detrimental effects, this can be accounted by
in the cost function.
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ABSTRACT In this paper, we consider the problem of accurate force control using actuated winches,
intended for use in real-time hybrid hydrodynamic model testing. The paper is also relevant to other
cable-driven parallel robot applications that use force control in an inner control loop. For this problem,
conventional strategies typically use actuatedwinches with torque-controlled servomotors directly connected
to the cabled drum. In contrast, we propose using actuated winches with position-controlled servomotors that
connect to the cabled drum via a clockspring. The servomotors are position controlled at drive-level and are
rapid, accurate, robust, and simple to install. We show how this, combined with an accurate estimate of
the clockspring deflection and stiffness, can yield fast and precise force tracking on moving objects. This
includes proposing associated feedforward force-controllers that compensates for damping, angle-dependent
force variations, delays, and non-constant clockspring characteristics. Extensive experimental testing on a
1 degree of freedom actuated mass-spring system supports the work.

INDEX TERMS Actuated winches, cable-driven parallel robots, force tracking, force control, hydrodynamic
model testing, real-time hybrid model testing.

I. INTRODUCTION
Accurate force control using actuated winches equipped
with servomotors is a key problem for cable-driven parallel
robots (CDPR) that use cable force control [1]–[3]. The prime
motivation of this paper is real-time hybrid model testing
[4], [5], in which complex ocean structures are emulated by
combining numerical models with traditional hydrodynamic
model testing; see Figure 1. In such a setting, the structure
under study is partitioned into a numerical substructure and
a physical substructure that are coupled through real-time
measurement and load control interfaces; see Figure 2. We
refer to these as the kinematic interface (measurements and
estimation of kinematic variables) and the kinetic interface
(actuation of forces). The numerically calculated reference
load vector is applied on the physical substructure through
actuated winches, such that the resulting experimental

The associate editor coordinating the review of this manuscript and

approving it for publication was Giambattista Gruosso .

FIGURE 1. Real time hybrid model testing of a moored ship. Notice the
four cables used to impose the numerically calculated mooring loads on
the ship.

platform becomes a type of CDPR. Significant platform
motions are expected throughout a typical testing campaign.
Precisely applying the reference loads onto the marine plat-
form, despite significant end-effector motions, is important to
achieve high fidelity and to accurately emulate the behaviour
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FIGURE 2. Real time hybrid model testing. ω(·) represents environmental
forces acting on the structure. (a) Partitioning of a target structure. (b) The
recoupled system emulating the target ocean structure.

of the non-substructured ocean structure [6], [7]. See [8] for a
discussion on CDPR used for real-time hydrodynamic model
testing in relation to other typical CDPR applications.
For force control with actuated winches, the servomotor

is typically controlled in torque mode [9, ch 6] by alter-
ing the motor current. In this paper, we consider the less
studied strategy of force control using position-controlled
servomotors [2], [10], [11]. Assuming compliance in the
actuator transmission system, the resulting force will, in this
case, be a function of the transmission system deflection and
stiffness. This enables the use of industrial servomotors with
integrated internal encoders, drive-level position-control, and
associated electronics. These are easy to install, allow high
bandwidth, are rapid and accurate, and have robust internal
control software. With good knowledge of the deflection and
stiffness of the actuator transmission system, this can yield
robust and accurate force control properties. A challenge,
however, is that the actuator needs to compensate for the
dynamic motion of the end effector, to keep the transmis-
sion system deflection at the target values. To achieve this,
an accurate real-time position estimate, delay compensation,
and fast motor reaction are useful to limit the transient dis-
turbances. In this paper, we handle delays using polyno-
mial prediction, which is convenient due to the short delays,
frequent sampling, and not relying on a dynamic model of
the end-effector trajectories. An alternative approach would
be to use model-based prediction methods as described
in [12, Ch 5].
In earlier works considering force control using position-

controlled servomotors [2], [11], the actuator transmission
system has typically been defined between the two endpoints
of the stretched cable, with stiffness being the specific cable
stiffness over cable length. This causes challenges for feed-
forward control purposes because: 1) the elongation to force
relationship in synthetic cables is nonlinear and hysteretic [2],
and 2) the end effector position needs to be accurately mea-
sured or estimated. Reference [11] proposes to estimate the

end effector position using a camera system, whereas [2]
uses forward/inverse kinematics to estimate the pose (and
thus end effector positions). In this paper, we apply a clock-
spring between the motor shaft and the drum, as well as
rotational encoders for accurate angular position measure-
ments, to overcome the two aforementioned challenges. The
resulting actuators have been developed by the research team
over time, where the works [4], [6], [13] use earlier iterations
of the same type of actuators. Although the basic design idea
behind the actuator is simple, we have not managed to find
similar designs reported in the CDPR literature.
Good models of the actuators are advantageous for accu-

rate force control. The cable is typically made of polymer
with a high strength to weight characteristic [14]. This is
modelled as a linear spring in [15] and by nonlinear cable
models in [10]. The drum may be modelled using friction,
damping, and inertia models [1], [16]. Effects such as oval-
ization, manufacturing accuracy, and uneven cable settling
cause time, force, and angle-dependent variations in the drum
effective radius [17]. Other effects often considered (which
are not relevant in this paper) include effects associated
with cable guides and motor gearboxes [3]. Several authors
compensate for drum friction, damping, or drum-inertia in
the cable force controller [1], [3], [16], [18]. In practice,
compensation of inertia forces may be challenging due to
inaccurate acceleration feedback [3].
The actuator and control designs depend on application-

specific requirements, such as precision, expected bandwidth,
force rates, accelerations, and expected tension levels. The
latter can vary dramatically depending on the application
[19]–[21]. In this paper, we focus on lower tension levels of
2N to 15N, accuracies in the range of 0.2N, and bandwidth
up to 1.4Hz, intended for use in high accuracy real-time
hybrid model testing.
Force sensors can either be integrated as part of the

winch/drum system [1], [22] or attached directly at or near
the end effector [6], [20], [23], [24]. As discussed in [16],
advantages with the former include stationary force sensors,
whereas the latter has the highest precision since the force
measurements intrinsically capture pulley and cable force-
effects. The force measurements can be used in some com-
bination of proportional-integral-derivative (PID) feedback
[2], [3], [25].
In this paper, we design and demonstrate a force actua-

tion system based on a position-controlled servomotor fitted
with a clockspring, a drum, and a force sensor at the end
effector. Moreover, we propose a feedforward force control
term based on an online estimate of the clockspring char-
acteristics to handle time-dependent changes of the spring
parameters. Methods are further presented to compensate for
damping, angle-dependent force variations, and time delays,
which, unless compensated for, introduce force errors that
correlate with end effector motions. Finally, extensive exper-
imental results are presented to support the research. While
the general purpose of the research is to improve force con-
trol in real-time hybrid model testing, the results should
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FIGURE 3. Schematic overview of actuator setup.

also be applicable to other CDPR setups that use force
control.

II. FORCE TRACKING PROBLEM STATEMENT
A. FORCE ACTUATION SYSTEM DESIGN AND MODELLING
The actuators used in this paper are integrated servomotors
controlled in position mode, where the motor shaft is con-
nected to a cable drum via a clockspring, as illustrated in
Figure 3. This has several advantages, such as: 1) it reduces
the transmission stiffness such that the resulting force is less
sensitive to end effector motions, 2) it increases compli-
ance that hinders antagonistic actuator behaviour [26], 3) the
rotational encoders measure the deflection of the actuator
transmission system with high accuracy (which is useful for
position feedforward purposes), and 4) the clockspring has
close to linear force to deflection properties (which is useful
for force feedforward purposes). We next describe each com-
ponent of the system, including its modelling, in detail. This
model is useful for the subsequent feedforward control design
and as a reference for further studies employing similar setups
and strategies.

1) SERVOMOTOR
Due to the internal dynamics of the motor, there is a tran-
sient phase between the commanded shaft angle θc and the
resulting shaft angle θs. In the Laplace-domain this can con-
veniently be modelled as a combination of a pure time delay
e−τcss and a transfer function h(s) according to

θs(s)
θc(s)

= H (s) := h(s)e−τcss (1)

For servomotors in closed-loop position-control,
[27, Ch. 3.5] suggests using a second-order process to
model h(s).
In our setup, for the frequencies of interest, we consistently

find the transient phase to be well approximated by a pure
delay, as shown in Figure 4, so that h(s) = 1 and H (s) =
e−τcss. An underlying assumption here is that the commanded
motor-shaft trajectories are always within the servomotor’s
capabilities such that the motor dynamics is well described
by a pure delay. Due to the high-performance of the industrial
servomotor used (see Figure 4), this is in practice not a very
restrictive assumption for our use-cases.

FIGURE 4. Harmonic sweep test. Commanded shaft angle θc versus
achieved shaft angle θs.

2) CABLE DRUM
The drum has cable wound in multiple layers with the cable
being free to wind onto any part of the drum-track. A ball
bearing is used between the drum and its axis of rotation.
θw denotes the drum’s angular position. θw, θc, and θs are all
defined positive in the direction that winds the cable onto the
drum.
An important drum parameter is the effective radius r ,

which is the distance from the drum centre of rotation to the
attack point of the tensioned cable, as illustrated in Figure 5.
This is modelled as

r = r0 + krθw + δf + δs, (2)

where r0 is the radius at initialization (θw = 0), and krθw
represents the change of cable-layer thickness due to spool-
ing. Here, kr = dc

/
(2πnw), where dc is the cable-layer

thickness, and nw is the average number of parallel cables per
cable-layer. δs is an unmodelled radius uncertainty, depen-
dent on how the cable settled as it was wound in, and δf
is a force-dependent radius uncertainty. The latter is due to
reshaping/tightening of the cable-layers and the fact that the
cable tends to dig itself into the cable-layers under tension.

FIGURE 5. Drum from the side, illustrating the effective radius.

Iwd denotes the drum inertia. For simplicity, we lump all
damping (mainly due to bearing, encoder, and cable friction)
into two components: cwθ̇w + cssgn(θ̇w). A more detailed
model could, for example, include force-dependent cable
friction as well as the Dahl model [16] for bearing friction.

3) CLOCKSPRING
The clockspring is a flat spiral spring that has its inner end
fixed to the motor shaft and the outer end fixed to the drum.
We model the spring characteristics by the mapping m1 =

kθ (θ̃ ), wherem1 is the resulting moment, and θ̃ = θs−θw−θ0
is the spring deflection. Here, θ0 is the equilibrium offset such
that kθ (θ̃ ) = 0 when m1 = 0.
The coils of the clockspring are assumed not to touch under

compression. By design, this results in low friction and close
to linear deflection to moment characteristics: m1 ≈ kθ θ̃ .
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Is denotes the clockspring inertia. We model a weight-
induced moment mg(θw, θs) ≈ mg(θw) due to the
non-symmetric mass distribution of the clockspring.
Depending on the spring properties, the clockspring char-

acteristics (θ0 and kθ ) may be slowly varying with time and
under stress due to factors such as material creep, material
deformations, and material warm up.

4) CABLE
The cable is a thin braided polymer line, mass-produced
for high-performance fishing applications. We model the
stretched cable length as:

lw = l0 +1lw +1lc, (3)

where l0 is the initial cable length,1lw is the unwound cable
length, and1lc is the elongation of the cable due to stretching.
The change in cable length due to spooling is modelled

as 1lw = −r0θw − 0.5 krθ2w + ζs + ζf where ζs is
an uncertainty due to uneven settling of the cable (depen-
dent on the spooling-tension history of the cable) and ζf is
a force-dependent uncertainty (similarly to δf , more cable
length is pulled out under tension). The cable elongation is
modelled as: 1lc = ζk + ζc, where ζk is a force-dependent
elongation, often modelled by Hook’s law (ζk = flw

/
k0), and

ζc is the cable creep [28].
We assume that both transverse and axial cable vibrations

have a negligible effect on both the drum angle θw and on
the applied force. This assumption is consistent with experi-
mental experience and is reasonable due to 1) the high cable
stiffness relative to the drummass (little axial vibrations), and
2) the low mass of the cable relative to its tension ensures that
it tends to form a straight line and not vibrate transversely.

5) END EFFECTOR AND MEASUREMENTS
The end effector consists of the cable attached to an electri-
cally wired strain gauge, itself attached to the platform. The
resulting force measurements are, in general, subject to bias
and noise, but not at a level that is significant for the present
application.

B. ACTUATOR FORCE MODEL
We assume that the stretched cable is mass-less, such that the
force on the end effector is equal to the force in the drum-end
of the stretched cable. This means that cable elongation
effects (such as creep) do not affect the force model, and the
end effector force can conveniently be modelled based on the
motor-shaft, clockspring, and drum configuration. Combin-
ing the model for each component seen in Figure 6, we get
the end effector force,

f = 1
r

(
kθ θ̃︸︷︷︸
m1

+m2(θw)−(Iwθ̈w + cwθ̇w + cssgn(θ̇w)︸ ︷︷ ︸
m3

)+ m4
)
(4)

where we have separated between: m1 - the dominating static
restoring term, m2 - the angle-dependent moment variations

FIGURE 6. Actuator transmission system modelling.

(including mg), m3 - the transmission system damping and
inertia, and m4 - the lumped unmodelled disturbances and
uncertainties such as, clockspring dynamics, inertia, and non-
linear effects. The term Iwθ̈w is the effective moment induced
by inertial effects, which in addition to the drum inertia Iwd
and the clockspring inertia Is includes inertia effects from the
layered cable.
For simplicity, we transform moments to forces using the

subscript (·)r to mean (·)
r :

f =kθ,r θ̃−(Iw,r θ̈w + cw,r θ̇w + cs,rsgn(θ̇w))+f2(θw)+ f4,

(5)

where f2(θw) = m2(θw)
/
r and f4 = m4

/
r .

We emphasise that even small variations of r can have a
significant effect on the force (in our case r0 = 60mm, such
that a 0.6mm change in r corresponds to about 1 percent
change in applied force).

C. CONTROL LOOPS AND CONTROL PROBLEM
CDPR control systems that use force control typically con-
sists of a higher level outer loop and a lower level inner
loop. This is illustrated for real-time hybrid model testing
in Figure 7.
Broadly, the outer loop control objective using CDPR

setups is either pose control [1], [2] or load control [6], [29].
In the former, the objective real-time for the platform to
track the target pose trajectories – despite external excitations.

FIGURE 7. Real-time hybrid model testing control loop. An outer loop
outputs the commanded cable forces f c , and an inner loop performs
cable force tracking.
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In the latter, the objective real-time to actuate the correct
loads onto the platform – despite platform motions. Although
the present study was performed with load-control in mind
(e.g., real-time hybrid model testing), the paper results are
relevant for both – since both might use cable-force control
in the inner loop to achieve the outer loop control objective.

1) OUTER LOOP
Common for the frameworks considered in this work is that
the outer loop continuously outputs a set of commanded
cable forces f c = (fc1, fc2, · · · , fcn). These are found by
first determining the reference load vector wref, according to
the outer loop control objective. In real-time hybrid model
testing, wref is a numerically calculated load vector to be
actuated onto the experimental platform. By solving the force
allocation problem subject to actuator constraints, geometric
mapping, and optimization criteria, the corresponding com-
manded cable forces f c are found [30]. Based on the results
in [30], we find it reasonable to assume that f c is continuously
differentiable and within the actuator constraints.

2) INNER LOOP
In the inner control loop, the goal is for the actuators to track
the forces f c, under the following assumption
A.1. The servomotor bandwidth is at least 5-10 times

higher than that of the outer loop. Moreover, cross-talk
between the actuators are negligible.
A.2.From the inner loop perspective, the cable drum angu-

lar positions θw (and its derivatives θ̇w, θ̈w), target force f c,
and effective radius r are considered external inputs.
A.1 is reasonable since we use fast, high-performing indus-

trial servomotors, while the outer loop is significantly slower
due to the relatively higher mass of the platform; see also
[11], [20], [21]. Moreover, with compliance, the actuators
only affect each other via movement of the slower platform
(they are not antagonistic [26]).
We use the concept of successive loop closure [31, Ch 6],

based on A.1. The inner loop is first closed. Assuming high
inner loop performance, the outer loop can then be designed
with the inner loop approximated as a unity gain. Correspond-
ingly, we consider the inner loop and the outer loop control
independently and treat the control of each actuator as an
independent control problem.
It follows that the signals θw, r , and fc are external inputs

to the inner loop (coming from the outer loop). That is,
1) θw follows from the end-effector positions and
non-controlled uncertainties related to spooling and cable-
elongation, 2) r follow from θw and non-controllable
radius uncertainties, and 3) fc follows from wref and the
force-allocation procedure.

3) CONTROL PROBLEM
We consider force control of a single actuator, assuming that
the results are applicable for multiple cables in parallel topol-
ogy. The problem under consideration is to control the actu-
ated force f (t) applied by the end effector on a moving object

such that it tracks the commanded force fc(t) accurately. That
is, we want to minimize the tracking error f̃ (t) = f (t)− fc(t)
for an individual actuator despite significant end effector
motions, whose frequencies are, for our applications, in the
range of 0.1Hz to 1.4Hz.
The problem, including the associated controller and

force model, is illustrated in a block diagram representation
in Figure 8. Note how we treat the end effector and tar-
get force as external inputs to the inner loop force model
in accordance with A.2. Since the clockspring is fixed at
both ends (one part to the motor-shaft, and the other part to
the cable-attached drum), there are no modeled dynamical
states in the transmission system. That is, the force depends
only on signals from the outer loop, uncertainties, distur-
bances, and the actuator transmission system mapping from
control input to force (which vary slowly in time due to
parameter uncertainties and drift/creep). The control problem
under consideration is, therefore, in practice to: 1) iden-
tify the force transmission system mapping, and 2) use this
mapping in feedforward control designs to ensure accurate
force-tracking.

FIGURE 8. Force model for one actuator in the inner loop. Trajectories
and target force are given by the outer loop.

The system’s dynamical states (e.g. platform motions) are
considered as part of the outer loop, which is not a focus
in this paper. One should note, however, that for the case of
real-time hybrid hydrodynamic testing, significant hydrody-
namic damping typically ensures that unwanted oscillations
do not occur and that the system as a whole (the outer
loop) is stable. For other applications, and depending on
the system design, other measures such as active vibration
suppression [32] and dynamical system analysis [33], [34]
might be needed in the outer loop control design to ensure
overall stability and robustness.

D. EXPERIMENTAL SETUP
Figure 9(a) shows the experimental setup developed for
the present study, with installed sensors and corresponding
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FIGURE 9. Experimental setup and configurations. (a) Sensors and measurements (b) Configuration 1 (c) Configuration 2 (d) Image from
laboratory setup.

measurements.1 It consists of a mass connected via linear
springs to a suspension point. The cable forces are actuated
onto the mass from below along the same vertical axis, effec-
tively constituting a 1 degree of freedom system. The setup
is chosen since it is simple to model, monitor, install, recon-
figure, and perform tests with. Additionally, it can provide
wide-ranging force and end effector trajectories.
The control system is implemented in MATLAB and Lab-

View and compiled on high-performanceNational Instrument
industrial hardware. An industrial data acquisition system
from HBM provides high-performance sampling and rout-
ing of data in the loop. Communication between computers,
sensors, and motors is configured using a combination of
CanBus, Ethercat, and electrical wires.
We use the setup in two different actuator configurations:
Configuration 1, as illustrated in Figure 9(b). The end

effector is attached directly to the fixed roof suspension point,
allowing force control with a constant end effector position.
Configuration 2, as illustrated in Figure 9(c). The motions

of the mass are excited by a second actuator (Actuator 2) con-
trolled such as to track a predetermined shaft angle trajectory.
The primary actuator (Actuator 1) is run in force control mode
as before. This allows force tracking tests with dynamic end
effector trajectories.

E. PERFORMANCE INDICATORS
To assess performance, we use the bias-adjusted mean abso-
lute force tracking error:

MAE∗
f̃
:=

1
M

M∑
k=1

|f ′(tk )− fc(tk )− b0|, with b0

=
1
M

M∑
k=1

(f ′(tk )− fc(tk )) (6)

where f ′ is f filtered in post-processing using a lowpass filter
of 10Hz,M is the number of discrete sample points tk in the
considered time window, and b0 is the tracking error bias.

1For validation and calibration, an extra force sensor is installed in the
spring suspension point, and an extra optical position sensor measures the
mass position (their measurements are not discussed further in this paper).

III. DELAYS AND PREDICTION
1) MEASUREMENTS, SAMPLING, AND DELAY IN THE
CONTROL LOOP
Figure 10 illustrates the flow of signals in the loop.We control
the actuator using a discrete control system with cycle times
Td = 5 ms. At the start of each control cycle, measurements
are input to the control system from the data acquisition
system (DAQ), whereas at the end of each control cycle,
the motor control command θc is output. This means that
there is a control cycle delay τcc = Td . A system for logging
data is set up both in the DAQ and in the control system
cycle. The force measurements are sampled at 1200Hz and
filtered by Butterworth anti-aliasing filter of cutoff frequency
200Hz before the controller samples the signal. Although
the sampled force signal still exhibits high-frequency noise,
further filtering is not deemed necessary since the force mea-
surements will not be used directly in feedback control.
Consider now the simple feedforward control

θc = θw︸︷︷︸
θ
fp
c

+
fc
kθ,r︸︷︷︸
θ
ff
c

+θ0 (7)

where the position and force-feedforward terms are labelled
by θ fpc and θ ffc , respectively. Communication, sampling, motor
dynamics, and cycle times delay the feedforward signals,
as illustrated in Figure 10. The relative position feedforward
delays are denoted by τwc, τws, and τcs such that θ fps (t) =
θ
fp
c (t−τcs) = θw(t−τws) and θ

fp
c (t) = θw(t−τwc−τw0). Here,

τw0 represents the small unknown delay until the drum angle
has been sampled. τfs is the force-feedforward delay such that
θ
ff
s (t) = fc(t − τfs)

/
kθ,r . In this paper, fc is constructed at the

FIGURE 10. Flow of signals, sampling and delays in the control loop.
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end of the control cycle such that τfs = τcs. However, this
is not always the case. For example, [35] calculates fc using
another control-loop with separate characteristic delays.
As illustrated in Figure 10, the different components in

our control system have varying update frequency, and they
were not further synchronised. Due to varying phase between
measurement, we expect a varying time delay in the interval
±3ms from test to test.

2) EFFECT OF TIME DELAYS
A delayed signal can be approximated through a Taylor series
expansion of the delayed term τ about zero [36]:

x(t − τ ) =
Q∑
q=0

x(q)(t)
q!

(−τ )q +O(τQ+1), (8)

where x(q)(t) denotes the qth derivative, and O(τQ+1)
denotes higher-order terms. For sufficiently small delays,
higher-order terms can be neglected to get

x(t − τ ) ≈ x(t)− τ ẋ(t) (9)

If θs is delayed by τ , we get from (9) that the first-order
delay-dependent error of (5) is

(θs(t − τ )− θs(t))kθ,r ≈ −τ θ̇skθ,r , (10)

Considering that the two have different delays, the first-
order position feedforward delay-induced error is

kθ,r (θw(t − τws)− θw(t)) ≈ −kθ,rτwsθ̇w, (11)

whereas the first-order force feedforward delay-induced error
is

fc(t − τfs)− fc(t) ≈ −τfs ḟc. (12)

In our applications kθ,r θ̇w � ḟc and τws > τfs such that the
effect of (11) is typicallymuch greater than (12).We highlight
this in the following remark.
Remark 1. For force control using winched actuators with

the servomotor in position mode, the position feedforward
term is sensitive to time delays. Given a pure position feed-
forward time delay τ , the first-order error is given by the
damping term f̃ = −kx ẋeτ , where xe is the feedforwarded
position (in the pull direction) and kx is the transmission
stiffness.
It is difficult to separate the effect of (11) from the damping

force cw,r θ̇w. We therefore, hereafter, lump cw,r into the
effective time delay τws.

3) LEAST SQUARES PARAMETER ESTIMATION
For identification and for prediction purposes, we will use
least squares parameter estimation [37] to fit a set of state
variables x1, x2, · · · , xl to a response variable y assumed
described by the linear mapping

y = β0 + β1x1 + β2x2 + · · · + βlxl + ε, (13)

where ε is a zero-mean random error. We denote a
dataset with m observations by y = (y1, y2 · · · ym)> and

X = (x0, x1, · · · , xl) where x0 = 1m×1 and xi =
(xi1, xi2 · · · xim)> for i = {1, 2, · · · , l}.
Let ŷk := [x1k , x2k , · · · , xlk ]β. The set of coefficients

β, minimising the weighted least square estimation error∑k=m
k=1 wk (ŷk − yk )

2 is

β =
(
(WX)>(WX)

)−1
WX>Wy, (14)

where β = (β0, β1, β2 · · · , βl)> andW = diag(w1,w2, · · · ,

wm). Hereafter, when not specified, we use the non-weighted
version of (14), that is, wk = 1 for i ∈ {1, · · · ,m}.
Later, we continue to use bold notation to refer to sam-
pled sets when referencing (14). For example, we write
θw to mean (θw,1, θw,2, · · · , θw,m)> and sgn(θ̇w) to mean
(sgn(θ̇w,1), sgn(θ̇w,2), · · · , sgn(θ̇w,m))>.

4) POLYNOMIAL PREDICTION
We can predict the drum angle θw an interval τpred forward
in time using polynomial prediction [38] as follows. At time
tN , let θw be a vector of the N past measured drum angles,
sampled at the pastN time instances: {t1, t2, · · · , tN }. Expect-
ing trajectories to be smooth, we assume that θw(tk ) in the
interval t = [t1, (tN + τpred)] can be described by a p-th order
polynomial model: θw(tk ) = xt (t − tN )β t , where

xt (τ ) =
[
1 τ τ 2 · · · τ p

]
. (15)

Assuming values that are close to the query point provide
more information, we now find β t using the weighted least
square (14) with y = θw and X =

[
1 t ′◦1 t′◦2 · · · t′◦p

]
,

where t ′◦i =
[
(t1 − tN )i (t2 − tN )i · · · (tN − tN )i

]>
for i =

{1, · · · , p}. Inspired by [39], we choose a Gaussian-like
weighting, wk = e−(0.015+(tN−tk ))

2/0.02. We then express the
predicted drum angle by2

θ̂w(t + τpred) = xt (τpred)β t (16)

The frequency to magnitude response of polynomial pre-
dictive filters may be difficult to characterize, and extrap-
olation with polynomials may generally be hazardous and
prone to errors [40]. In this paper, we assume that (16) gives
satisfactory prediction performance. By this, we mean that
the force errors due to inaccurate prediction θ̂w(t + τpred) −
θw(t + τpred) are small compared to the overall force tracking
error. This assumption is reasonable due to a short prediction
horizon, frequent sampling, smooth end-effector trajectories,
and low cable vibrations. We verify this experimentally in
Section V, where we use prediction parameters N = 23 and
p = 3.
Similar methods for actuator position prediction have been

applied with success in other fields. See, for example [38].
For more on polynomial prediction, we refer to [39]–[41].

2When used in online prediction, to limit computational demand, we com-

pute the term H =

(
(WX)>(WX)

)−1
WX>W offline and θ̂w(t +

τpred) = xt (τpred)Hθw online.
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We estimate predicted derivatives using ˆ̇θw(t + τpred) =

ẋt (τpred)β t and ˆ̈θ (t + τpred) = ẍt (τpred)β t , where ẋt and
ẍt are element-wise derivatives of (15). For each step of
differentiation, noise and prediction errors are amplified.

IV. CONTROL DESIGN
Consider now the feedforward control (7). We expect this to
be associated with: 1) motion-induced errors associated with
damping, inertia, and angle-dependent force variations mod-
elled in (5), 2) force feedforward-induced errors associated
with inaccuracies in the linear deflection-to-force model, and
3) delay-induced errors as outlined in Section III-2. In this
section, we extend the feedforward control to overcome most
of these errors.

A. DELAY COMPENSATION
We now introduce the predictive feedforward controller ,
which compensates for delays by predicting the drum angle
θw an interval τpred forward in time:

θc(t) = θ̂w(t + τpred)+
fc
kθ,r
+ θ0, (17)

where θ̂w(t+τpred) is the predicted position, found using (16).
We should with this achieve the feedforward position term

θ
fp
s (t) = θ̂w(t − τws + τpred), which for τpred = τws
should compensate for delay if the extrapolation procedure is
accurate.

1) DELAY ESTIMATION
To use (17), we must estimate τws. We can use (9) as an
efficient method to estimate the delays between θw, θc, and
θs as follows. Let the signals θ1 and θ2 be characterized
by θ1(t − τ ) ≈ b0 + b1θ2(t). Solving (14) with β =[
βθ,0 βθ,1 βθ̇ ,1

]
, X =

[
1 θ1 θ̇1

]
and y = θ2, the delay

between the two signals is found using:

τ̂ ≈ −
βθ̇ ,1

βθ,1
, (18)

which is used to determine τ̂ws, τ̂wc, and τ̂cs.
Assuming that damping is dominated by the position

feedforward delay-induced damping (11), a redundant and
independent method to identify delays uses (14) with β =[
β0 βθ̇w

]
, X =

[
1 θ̇w

]
, and y = f̃ . The delay between the

two signals is then estimated by:

τ̆ws ≈ −
βθ̇w

kθ,r
, (19)

where we have used the notation τ̆ws to differentiate the
estimates from that of (18).
Recall now the force model (5). We have already lumped

the damping cw,r θ̇w into the effective time delay. However,
cs,rsgn(θ̇w) also correlates with the angular speed. Therefore,
if the estimate of cs,r is available, then using y = f̃ −
cs,rsgn(θ̇ ) to find βθ̇ is expected to increase the accuracy
of (19).

We expect τ̆ws estimated from (19) to be less accurate
and noisier than τ̂ws estimated from (18) with θ1 = θs and
θ2 = θw. However, it has the advantage of incorporating both
τw0 and the effective delay from damping, as well as not being
affected by delays associated with sampling.

2) ADAPTIVE DELAY PREDICTION
Whereas (18) and (19) find τpred = τws offline, we next
present a method that adaptively estimates τpred online:
1.We allow the predicted error to drift by:

τ̇pred,0 = −kτ f̃ sgn∗(θ̇w), (20)

where sgn∗(θ̇w) := {0, ∀|θ̇w| < θtrunc; ±1, otherwise}, kτ
is an integral gain, and θtrunc = 0.05 rad/s truncates the signal
for low velocities.
2. τpred,0 is saturated such it is always in the interval
{0, τmax}, where τmax is the expected upper limit on the delay,
imposed for robustness.
3. We set τpred = LPF(τpred,0), where LPF is a lowpass

filter applied to smoothen the variations of τpred.
The procedure has the advantage of being able to cap-

ture time-dependent variations in delay as well as not
depending on exact delay identification. It assumes that
the components of f̃ that correlate with angular velocity
(e.g., cs,rsgn(θ̇w) and kθ,r θ̇w(τws − τpred)) dominate the inte-
grated term

∫ (
f̃ sgn∗

(
θ̇w)
)
. The contribution from other com-

ponents of f̃ are expected to cancel out as sgn∗(θ̇w) attains
approximately equally many negative and positive values
over time.
Since the integrated term correlates with both cs,rsgn(θ̇w)

and kθ,r θ̇wτws, increased accuracy is expected in the estima-
tion of τws if one first corrects for cs,rsgn(θ̇w) in the feedfor-
ward controller.
Although used with success in this paper, caution must

be taken if the procedure is combined with broad-banded
trajectories with varying target forces. Concretely, when
τpred 6≈ τws the term

∫ (
f̃ sgn∗(θ̇w)

)
should be dominated by

kθ,r θ̇w(τws−τpred) for themethod towork effectively. Even so,
one can also use the method to tune τpred in the initialization
phase, when motions and target forces are highly controlled.

B. MODEL COMPENSATION
We now introduce the model correcting, predictive feedfor-
ward controller which includes a term xmβm

/
kθ,r that aims

at compensating for actuator damping and angle-dependent
force variations:

θc = θ̂w(t + τpred)+
fc
kθ,r
+ θ0 −

xmβm
kθ,r

, (21)

where xm =
[
1 sin(θ ) cos(θ ) sat(θ̇w

/
µ)
]

and
βm =

[
β0 βsin βcos βsgn

]
. To avoid chattering, we have

here replaced sgn(θ̇w) with sat(θ̇w
/
µ) := {θ̇w

/
µ, for

−1 < (θ̇w
/
µ) < 1; sgn(θ̇w

/
µ), otherwise}. The choice

of xmβm is explained as follows. We deduce experimentally
in Section V-B that the mapping k1sin(θw)+ k2cos(θw) fits
the angle-dependent force variations f2 quite well (if needed,
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this could easily be extended to more complex mappings).
For transmission system damping and inertia, we note that the
damping term cw,r θ̇w is incorporated by the predictive feed-
forward delay compensation, whereas cs,rsgn(θ̇w) is compen-
sated through (21). We would ideally like to compensate for
Iw,r θ̈w. However, in Section V-B we show that the use of
acceleration feedback is not feasible with our setup.

C. ADAPTATION OF PARAMETERS
In this section, we describe how we identify parameters for
use in the feedforward controller. Generally, this can be per-
formed adaptively online or through offline identification.

1) ESTIMATION OF SPRING CHARACTERISTICS
As discussed earlier, the clockspring characteristics may be
slowly varying with time. To take this into account, we esti-
mate kθ,r and θ0 online during operation as follows3:
1. Every time interval t0, we sample θw, θs, and f to a

buffer (θw,θ s,f ) containing the last K sampled data points.
2. The buffered data are then used to solve (14) with β =

βk =
[
β0 βk,θ

]
, X = Xk =

[
1 (θ s − θw)

]
and y = f .

3. θ̂0 = −
β0
βk,θ

and k̂r,θ = βk,θ are now the online estimated
input parameters to the feedforward controller.
By allowing variations in kθ,r , note that one may also

capture some of the effects of unmodelled slowly-varying
changes of the effective radius r . For the procedure outlined
above to be accurate, the buffered data must capture a dataset
with sufficiently rich variation in deflection (it cannot be
used if fc is constant). Moreover, sampling should be done
over a long enough time window such that local trends and
spring characteristics that do not correlate with deflection
average out.

2) OTHER MODEL PARAMETERS
For estimating the othermodel parameters, (14) is solvedwith
β = βm =

[
β0 βsin βcos βsgn

]
, y = f̃ , and X = Xm =[

1 sin(θw) cos(θw) sgn(θ̇w)
]
. To capture variations and for

practical purposes, this identification can be performed by
estimating the parameters offline or online by sampling data
to a buffer similarly as above. For both cases, the data should
be acquired during time-windows with significant actuator
and end effector motions.

D. CONTROL SUMMARY AND DISCUSSION
We have now presented three feedforward controllers of
increasing complexity. That is, (7), (17), and (21). Figure 11
features the implementation of (21). In the following,
we elaborate on some practical implementation details and
considerations.

a. Sampling and buffering: For robustness, the measure-
ments used for parameter estimation should cover a

3While this work has implemented least squares estimation using a win-
dowed approach, we note that for reasons of computational efficiency similar
results can be obtained using recursive least squares implementations, such
as described in for example [42].

FIGURE 11. Full control loop using (21) including prediction, estimation
and controller terms.

sufficiently rich test dataset. If a windowed least squares
implementation is used, the buffer and sampling should
be configured to cover a sufficiently large number of
samples (we use K = 1000 and t0 = 0.04 s for buffer
sampling). Similarly, for a recursive least squares imple-
mentation, the forgetting factor should be configured to
sufficiently prioritizes earlier samples.

b. Rate limitation and saturation: These are for robustness
imposed on the estimated β-values. The rate limiter
matches the expectation of slowly varying changes, and
the saturation block provides robustness by limiting the
parameters to within expected bounds.

c. Adaptive model estimation: The control system is set
up such that it is simple to switch between: 1) updating
β-values based on estimation, 2) fixing the
β-values (while monitoring the estimated β-values),
and 3) switching to offline estimated values. If the
β-values are calculated online, we can find βm and
βk individually as above or collectively using X =[
Xm (θ s − θw)

]
, y = f , and β =

[
βm βk,θ

]
.

Due to frequent sampling, assumption of slow vari-
ations, saturations, and rate limitations, we expect to
be able to adaptively handle the parameter variations
effectively (this is later demonstrated experimentally).
Although not implemented in this work, we note that
there are least squares variants that further emphasise
robustness [43], [44].

As described in Section II-C3, there are no internal states in
the considered inner loop transmission system. Since the con-
trol input depends only on feedforward control terms (with
rate-limited saturated adaptation), there are no variables that
can become unstable. Since force errors are not used in direct
feedback control and θw follows from the slower platform
dynamics, force errors and disturbances are generally not
amplified by the controller. High-performance force tracking
thus relies on the feedforward controller’s ability to accu-
rately capture the force transmission system mapping. If the
actual transmission system properties were perfectly known,
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TABLE 1. Experimental tests overview.

TABLE 2. End effector and target force trajectories.

the force tracking error could be expressed according to (5)
and Remark 1. In the next chapter, we study the performance
experimentally.

V. EXPERIMENTAL TESTING
Experimental testing has been performed for system iden-
tification purposes, method validation, and investigation of
controller performance. In brief, we have separated the exper-
imental study into three parts; 1) Section V-A covers the
problem of tracking a variable cable force onto a fixed end
effector (Test 1-2), 2) Section V-B covers the problem of
regulating a fixed cable force onto a moving end effector
(Test 3-11), and 3) Section V-C covers the coupled problem
of tracking a variable target force onto a moving end effector
(Test 12). A summary of the tests is presented in Table 1,
together with their objectives and test characteristics. Table 2
details the corresponding test trajectories.
Unless specified otherwise, figures display experimen-

tal data that has been smoothed in post-processing using
phase-free lowpass filters with a cutoff frequency of 5Hz.

A. VARIABLE CABLE FORCE WITH FIXED END EFFECTOR
POSITION
TEST 1-2: ONLINE ESTIMATION OF SPRING
CHARACTERISTICS (θ0 AND kθ,r ) USING CONTROLLER (7)
Figure 12(a) shows the resulting force tracking performance
and online estimated spring characteristics4 from Test 1. As

4We verified that the online estimated values closely matched the results
obtained in offline post-processing.

FIGURE 12. (From Test 1) Force tracking with adaptive spring
characteristics with fixed end effector (a) Full interval. (b) Sample
interval.

illustrated, the spring characteristic alters significantly after
about 300 seconds, which initially leads to increased force
error. However, once the estimated spring characteristics set-
tle at a new level, the adaptivity ensures that the feedforward
errors again are small. Note the integral effect of the term θ0.
Figure 12(b) highlights force tracking and corresponding

spring deflection on a specific time interval. It also shows
the remaining error after subtracting the modelled force for
the chosen linear mapping as well as when a second-order
mapping f ′ = β ′0 + β ′1(θs − θw) + β ′2(θs − θw)

2 is used.
The resulting estimation error is similar for the linear and the
second-order model, indicating that the linear deflection-to-
force model is sufficient. We believe the remaining error is
due to damping, inertia, backlash, and weight induced forces.
Although not detailed in this paper, we observe that the error
is partly systematic (for example, there appears to be one
term proportional to sgn( ˙̃θ )), and thus presumably could be
modelled as part of the feedforward controller.
Figure 13(a) shows the resulting forces for Test 2, illus-

trating how the force-feedforward term behaves well. As
indicated in the highlighted segment, high-performance force
tracking is also achieved for higher frequencies. The increase
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FIGURE 13. (From Test 2) Force tracking with adaptive spring
characteristics and harmonic sweeping target force. (a) Force performance
(f̃ filtered at 10Hz). (b) Online spring characteristics estimation.

of f̃ at high frequencies is mostly due to the phase lag (from
the feedforward time delay τfs).
Test 1 serves as an example where the change in spring

characteristics were greater than typical (see Figure 12(a))
and Test 2 serves as an example of a case where the spring
characteristics were more stable (see Figure 13(b)). The
online stiffness estimation handles both cases well.

B. FIXED FORCE WITH A MOVING END EFFECTOR
In this section, we use actuator Configuration 2 with a fixed
target force to assess the effects of end effector motions on
the control performance.

1) TEST 3: IDENTIFICATION OF f2(θw ) AND cs,r USING
CONTROLLER (7)
Figure 14 shows the resulting force errors as a function of
θw for Test 3 for a set of different fixed target forces. The
black arrows in the figure indicate the direction in time, with
one full revolution corresponding to 600 seconds. Due to
low velocities, we expect forces proportional to velocity and
acceleration to be negligible.
We can roughly divide the force error in Figure 14 into

a directional component and an angle-dependent component
(e.g., cs,rsgn(θ̇w) and f2(θw) ≈ f0 + k1sin(θw)+ k2cos(θw)).
We believe the majority of f2(θw) to be related to the unsym-
metrical mass distribution of the spring. However, some may
come from systematic errors in the servomotor’s internal
position-controller, encoders, or cable-layering.
We now use (14) to fit a model for the slow-speed

variations using βm =
[
β0 βsin βcos βsgn

]
and Xm =[

1 sin(θw) cos(θw) sgn( ˙θw)
]
. The resulting model is shown

in grey in Figure 14 and appears to follow the trend quite well.

2) TEST 4-5: IDENTIFICATION OF DELAYS (τ̆ws, τ̂ws, τ̂wc , τ̂cs)
AND THEIR EFFECT ON FORCE TRACKING PERFORMANCE
USING CONTROLLER (7)
Figure 15 shows the resulting forces and the corresponding
estimated delays of Test 4. In this test, we increased the

FIGURE 14. (From Test 3) Resulting forces with slow end effector
trajectory and regression model. f̃ filtered at 1Hz.

FIGURE 15. (From Test 4) Delay estimation with fast end effector
trajectory and fc = 8N. Increasing control cycle times Td .

control cycle times Td in two steps. The effective delay from
sample rate Td , is expected to be Td

/
2 [45]. Since it captures

both the effective sampling delay and the control cycle delay
τcc, we expect τwc = 3

2Td , which holds experimentally as Td
increases.
In Test 5, we repeated the experiment (for Td = 5ms only),

but we now artificially increased the control cycle delay
τcc by one sample (e.g., 5ms) every 10th period, as shown
in Figure 16. Noting that the velocity amplitude aθ̇ , indi-
cated in the figure is 1.36 rad s−1, we expect per Remark 1,
an increase in τws of 1τws = 5ms to result in an increase in
force amplitude of 1F = 1τwsaθ̇wkθ,r = 0.056N (also indi-
cated in the figure). Further, the resulting estimated delays
τ̆ws, τ̂ws, τ̂wc, τ̂cs should all increase by 5ms. As seen in the
figure, this holds closely, thus experimentally verifying the
results of Section III-2.

FIGURE 16. (From Test 5) Delay estimation with fast end effector
trajectory and fc = 8N. Artificial delay increases by 5ms every 10th period.
f is filtered at 1Hz.

The identified delays (for Td = 5ms) are presented
in Table 3. To calculate τ̆ws, we used (19) with y = f̃ −
cs,rsgn( ˙θw), where cs,r = −βsgn, as identified in Figure 14.
Note how the estimates τ̂ws and τ̆ws differ due to the reasons
previously discussed.
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TABLE 3. Identified delays in loop (from Test 4-5).

3) TEST 6: ACTUATOR MODEL IDENTIFICATION AND
ASSESSMENT OF PREDICTOR PERFORMANCE USING
CONTROLLER (7)
To investigate the underlying model, we now fit all data-
points from Test 6 using β = [β0 βsin βcos βsgn βθ̇w βθ̈w ],
y = f̃ , and X = [1 sin(θw) cos(θw) sgn( ˙θw) ˙θw θ̈w].
Table 4 presents the resulting coefficients. Figure 17(a) shows
the resulting force error components for three sample periods,
illustrating how the force error exhibit similar trends for
varying T2. Figure 17(b) presents MAE∗

f̃
as a function of the

period, showing how the model explains most of the resulting
error.

TABLE 4. Identified model parameters (from Test 6).

FIGURE 17. (From Test 6) Force tracking with sweeping end effector
trajectory and fc = 8N. f is filtered at 10Hz. (a) Force error separated into
components for three sample periods. (b) MAE∗

f̃
as function of period T2.

(c) Estimated delays over the trajectory.

The estimated delays (see Figure 17(c)) remains relatively
stable, and τws is mostly independent of the period, which
indicates that to model the effects of internal motor dynamics,
delays, communication, and sampling as a pure time delay is
an appropriate choice.
Figure 18 shows prediction performance for a sample from

Test 6 where T2 = 1 s, demonstrating how the predictor
estimates θw 15ms ms forward in time well (prediction was
only monitored and not used in the control input in Test 6).

FIGURE 18. (From Test 6) Prediction performance for θw with T2 = 1 s.

FIGURE 19. (From Test 6) Prediction performance for θ̇w and θ̈w for two
sample periods.

Figure 19 compares the predicted derivatives ( ˆ̇θw and ˆ̈θw)
to the benchmark estimates (that is θ̇w and θ̈w obtained by
lowpass smoothing in post-processing) for two values of T2.
As indicated in the figure, the relative proportion of noise
increases with lower velocities and accelerations.
Whereas velocities are estimated quite well, the accel-

eration estimates from polynomial prediction are nois-
ier. Conversely, traditional filtering techniques would yield
non-acceptable delays. This explains why we do not compen-
sate for the inertia effects in (21).

4) TEST 7-8: ADAPTIVE DELAY PREDICTION PROCEDURE
USING THE PREDICTIVE FEEDFORWARD CONTROL (17)
In this section, we use (17) with the adaptive delay pre-
diction procedure of Section IV-A2. In Test 7 we start the
prediction procedure after 50 seconds with kτ = 2 · 10−3.
Figure 20 shows the resulting estimated delays, as well as
the resulting forces and MAE∗

f̃
for each period. While the

estimated delay τpred increases until it stabilises at around
15.5ms, the estimations for τws behaves inversely, ending up
close to zero. The position feedforward-induced errors are
significantly reduced.
In Test 8 (Figure 21) we have repeated the experiment,

(with kτ = 2 · 10−2) and added an artificial delay of one
sample (5ms) to the control loop every 80 seconds. This helps
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FIGURE 20. (From Test 7) Force tracking performance and time delay
estimation with adaptive τpred.

FIGURE 21. (From Test 8) Force tracking performance and time delay
estimation with adaptive τpred. Artificial delay τadd increases by 5ms
every 80 second.

validate that the adaptive delay prediction procedure performs
accurately and adaptively.

5) TEST 9 AND TEST 6,10 AND 11: COMPARING THE
PERFORMANCE OF CONTROLLERS (7), (17), AND (21)
Figure 22 shows the resulting forces from Test 9, where we
progressively changed the controller from (7) to (17) to (21).
Figure 23 compares MAE∗

f̃
for the three controllers (Test 6,

Test 10, Test 11) with the sweeping end effector trajectory.
As the figures show, we reduce force errors significantly
as the physical model used in the feedforward controller
becomes more advanced.

FIGURE 22. (From Test 9) Force tracking with fast end effector trajectory
and fc = 8N. Progressively changing controller.

FIGURE 23. (From Test 6,10 and 11) MAE∗
f̃

for sweeping trajectory with
different controllers.

C. MOVING END EFFECTOR, VARIABLE CABLE FORCE
TEST 12: PERFORMANCE WITH CONTROLLER (21)
We have thus far considered force tracking with either fixed
end effector or fixed target forces. In Test 12, we vary both.

FIGURE 24. (From Test 12) Tracking a variable target force with a moving
end effector. f is filtered at 10Hz. (a) Full test. (b) Three sample periods
highlighted (when comparing the three samples, the difference in time
scale should be kept in mind).

Figure 24 presents the resulting force tracking performance
on moving objects with varying target force. Note that the
end effector trajectories are not purely harmonic, since both
Actuator 1 and Actuator 2 affects the end effector position,
resulting in faster accelerations that further challenge the
controller. The errors remain below about 0.2 N throughout
the test, indicating that the proposed controller performs well.

D. SUMMARY AND KEY FINDINGS FROM
EXPERIMENTAL TESTING
We have shown experimentally how force tracking accuracy
is sensitive to time delays (figures 15 and 16) and how the
presented actuator model can describe most of the applied
force (figures 14 and 17). Moreover, we have demonstrated
predictor performance (figures 18 and 19) and the adaptive
delay estimation procedure (figures 20 and 21).
For accurate force control, we recommend controlling the

motor shaft position θc using (21) – as this eliminates a large
portion of the error associated with the simple feedforward
control (7) (demonstrated in figures 22 and 23). We further
recommend adaptively estimating and updating the spring
characteristics online – to capture their time-dependent vari-
ations (demonstrated in figures 12 and 13).
Although the overall trend is that higher-frequency end-

effector and target force trajectories correlate with increased
force tracking errors, the errors remain low throughout the
tests (figures 13, 23, and 24). This indicates that the proposed
controller performs well despite significant end-effector
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motions and variable target forces. This is particularly advan-
tageous for real-time hybrid model testing – since the emu-
lated ocean structure (and thus the attached end-effectors)
typically undergo significant motions that should not disturb
the cable-actuated loads.
Although a direct comparison is difficult due to varia-

tions in setup properties, objective, and non-disclosed details,
the demonstrated performance of the complete control sys-
tem (see Figure 24) appears promising when compared to
force errors seen in relevant literature using torque-controlled
servomotors.

VI. CONCLUSION
In this paper, we have studied and demonstrated how
position-controlled servomotors connected to cabled drums
via clocksprings might be used for force control with an
accuracy of 0.2N and bandwidth up to 1.4Hz. The suggested
control law compensates for both delays and motion-induced
forces. The controller also employs online parameter esti-
mation to improve control performance further. Through
experimental testing, we conclude on good force-tracking
performance on moving objects. The results are valuable for
CPDR setups that use force control and, in particular, for
real-time hybrid model testing of ocean structures, where
accurate force control, despite significant platform motions,
is of utmost importance.

APPENDIX
NOMENCLATURE AND VARIABLE LIST
For simplicity, we transformed moments to forces using sub-
script (·)r to mean (·)

r . (e.g., cw,r = cw
/
r ). We to use bold

notation to refer to sampled sets when referencing (14).

ANGULAR POSITIONS
θc Commanded motor shaft angle
θs Resulting motor shaft angle
θw Cable drum shaft angle
θ0 Spring equilibrium offset
θ̃ Spring deflection (θ̃ = θs − θw − θ0)
θ̇w Drum angular velocity
θ̈w Drum angular acceleration
θc2 Commanded shaft angle of Motor 2
1θc2 Amplitude of harmonic motions of θc2
θ̂w Estimate of θw using predictive polynomial filter
θ
ff
c Force feedforward
θ
fp
c Position feedforward

DELAY AND TIME INTERVALS
τcs Feedforward delay from θc to θs
τws Feedforward delay from θw to θs
τwc Feedforward delay from θw to θc
τw0 Delay in sampling of the drum shaft angle
τcc Control cycle delay

τfs Force feedforward delay
τ̂ Estimated delay using (18)
τ̆ws Estimated delay using (19)
τpred Time interval for forward prediction
T2 Period of end-effector trajectory (controlled

by Motor 2)
Tc Period of harmonic target force
Td Control cycle time

ESTIMATION AND PREDICTOR VARIABLES
tk Time instance at the discrete sample k
β(·) Coefficient corresponding to variable

(·)
kτ Integral gain for delay time estimator
MAE∗

f̃
Bias adjusted mean absolute force
tracking error

b0 Constant force tracking bias
M Total number of discrete points in an

interval
(y,β,X,W ,
wk , ŷ,m, ) Coefficients and variables used

for multiple linear regression; see
Section III-3

(β t , xt ,H,N , p) Coefficients and variables used
for polynomial prediction; see
Section III-4

(βk , Xk ) Coefficients and variables
corresponding to identification
of spring characteristics; see
Section IV-A1

(βm, Xm) Coefficients and variables
corresponding to identification of the
actuator model; see Section IV-A2

FORCES AND MOMENTS
m Cable moment about drum centre of rotation
mg Weight induced moment
m1 Static stiffsness moment
m2 Angle dependent moment (f2 = m2/r)
m3 Moment due to transmission system damping

and inertia
m4 Moment from lumped unmodelled dynamics

(f4 = m4/r)
f Cable force
f ′ Cable force filtered in post processing
fc Commanded cable force
f̃ Force tracking error; f̃ = f − fc

PROPERTIES OF THE ACTUATOR SYSTEM
r Effective drum radius
r0 Effective drum radius at initialization
kr Change of effective radius (ratio) due to winding
dc Cable layer thickness
nw Average number of parallel cables per cable layer
δ(·) Uncertainties in effective radius model
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lw Stretched cable length
l0 Stretched cable length at initialization
1lw Unwound cable length
1lc Cable elongation
l0 Initial cable length
ei End-effector position
ζ(·) Uncertainties in cable length model
k0 Hooks law constant
cw Linear damping coefficient
cs Directional damping coefficient
kθ Spring deflection to moment mapping
Iw Effective inertia (drum, spring and cable)
Is Clockspring inertia
Iwd Drum inertia

OTHER
wref Desired cable wrench (load vector)
w Cable wrench applied on the platform
W Kinematic mapping from forces to wrench
ωnum, ωph Environmental loads (typically

hydrodynamic)
sgn(·) The sign function.
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IMT-2-

2014 

Rogne, Øyvind Ygre Numerical and Experimental Investigation of a 

Hinged 5-body Wave Energy Converter, CeSOS 

IMT-3-

2014 

Dai, Lijuan  Safe and efficient operation and maintenance of 

offshore wind farms ,IMT 

IMT-4-

2014 

Bachynski, Erin Elizabeth Design and Dynamic Analysis of Tension Leg 

Platform Wind Turbines, CeSOS 

IMT-5-
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