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A Contribution to Validation and Testing of Non-Compliant
Docking Contact Dynamics of Small and Rigid Satellites Using

Hardware-In-The-Loop Simulation

Karim Bondoky

Abstract

Spacecraft (S/C) docking is the last and most challenging phase in the con-
tact closure of two separately flying S/C. The design and testing of S/C
docking missions using software-multibody simulations need to be comple-
mented by Hardware-In-The-Loop (HIL) simulation using the real docking
hardware. The docking software multibody simulation is challenged by the
proper modeling of contact forces, whereas the HIL docking simulation is
challenged by proper inclusion of the real contact forces. Existing docking
HIL simulators ignore back-reaction force modeling due to the large S/C
sizes, or use compliance devices to reduce impact, which alters the actual
contact force. This dissertation aims to design a docking HIL testbed to
verify docking contact dynamics for small and rigid satellites by simulating
the real contact forces without artificial compliance.

HIL simulations of docking contact dynamics are challenged mainly by:

I. HIL simulation quality : quality of realistic contact dynamics simula-
tion relies fundamentally on the quality of HIL testbed actuation and
sensing instrumentation (non-instantaneous, time delays, see Fig. 1)

II. HIL testbed design: HIL design optimization requires a justified HIL
performance prediction, based on a representative HIL testbed simu-
lation (Fig. 2), where appropriate simulation of contact dynamics is
the most difficult and sophisticated task.

Figure 1: HIL docking testbed
block-diagram

Figure 2: Models with labeled design-spaces
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The goal of this dissertation is to carry out a systematic investigation of
the technically possible HIL docking contact dynamics simulation perfor-
mances, in order to define an appropriate approach for testing of docking
contact dynamics of small and rigid satellites without compliance and us-
ing HIL simulation. In addition, based on the investigations, the software
simulation results shall be validated using an experimental HIL setup.

To achieve that, multibody dynamics models of docking S/C were built, af-
ter carrying out an extensive contact dynamics research to select the most
representative contact model. Furthermore, performance analysis models
of the HIL testbed were built. In the dissertation, a detailed parametric
analysis was carried out on the available models’ design-spaces (e.g., space-
craft, HIL testbed building-blocks and contact dynamics), to study their
impacts on the HIL fidelity and errors (see Fig. 1). This was done using a
generic HIL design-tool, which was developed within this work. The results
were then used to identify the technical requirements of an experimental
1-Degree-of-Freedom (DOF) HIL testbed, which was conceived, designed,
implemented and finally utilized to test and validate the selected docking
contact dynamics model.

The results of this work showed that the generic multibody-dynamics space-
craft docking model is a practical tool to model, study and analyze docking
missions, to identify the properties of successful and failed docking scenarios
before it takes place in space.

Likewise, the "Generic HIL Testbed Framework Analysis Tool" is an ef-
fective tool for carrying out performance analysis of HIL testbed design,
which allows to estimate the testbed’s fidelity and predict HIL errors.

Moreover, the results showed that in order to build a 6DOF HIL docking
testbed without compliance, it is important to study and analyze the errors’s
sources in an impact and compensate for them. Otherwise, the required
figure-of-merits of the instruments of the HIL testbed would be extremely
challenging to be realized.

In addition, the results of the experimental HIL simulation (i.e., real
impacts between various specimen) serve as a useful contribution to the
advancement of contact dynamics modeling.
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Ein Beitrag zu Validierung und Test von nicht elastischer
Andock-Kontaktdynamik von kleinen und starren Satelliten mittels

Hardware-in-the-Loop Simulation

Karim Bondoky

Kurzfassung

Das Andocken von Satelliten ist die letzte und schwierigste Phase des me-
chanischen Kontaktschlusses von zwei getrennt fliegenden Raumfahrzeugen.
Der Entwurf und das Testen von Satelliten-Andockmissionen unter Verwen-
dung von Software-Mehrkörper-Simulationen müssen durch Hardware-
in-the-Loop (HIL) Verifikation unter Verwendung der realen Andockhard-
ware ergänzt werden. Die größte Herausforderung der Andock-Software-
Mehrkörper-Simulation ist eine realistische Modellierung der Kontaktkräfte,
wogegen die treibende Herausforderung der HIL Andock-Simulation in der
korrekten Einbeziehung der realen Kontaktkräfte besteht. Bei bestehenden
HIL Andock-Simulatoren wird entweder die Modellierung der Reaktions-
kräfte aufgrund der großen Raumfahrzeuggrößen ignoriert oder es werden
nachgiebige Elemente verwendet, um den Stoß zu reduzieren, wodurch je-
doch die tatsächliche Kontaktkraft verändert wird. Ziel dieser Arbeit ist der
Entwurf eines HIL Docking Testbeds, um die Andock-Kontaktdynamik für
kleine und starre Satelliten zu verifizieren, indem die realen Kontaktkräfte
ohne künstliche Nachgiebigkeiten simuliert werden.

HIL Simulationen der Andock-Kontaktdynamik werden hauptsächlich durch
folgende Punkte erschwert:

I. Qualität der HIL-Simulation : die Qualität einer realistischen Kontakt-
dynamiksimulation hängt grundlegend von der Qualität der Steuerung
und Sensorik des HIL Prüfstands ab (Zeitverzögerungen, siehe Abb.
1).

II. Entwurf des HIL-Prüfstands : die Optimierung des HIL Designs er-
fordert eine belastbare HIL Leistungsvorhersage auf Grundlage einer
repräsentativen, modellbasierten HIL Simulation (Abb. 2), wobei die
realistische Simulation der Kontaktdynamik am schwierigsten und an-
spruchsvollsten ist.

ix



Abbildung 1: HIL Andock-
Prüfstands-Blockdiagramm.

Abbildung 2: Modelle mit beschrifteten Kon-
struktionsflächen.

Das Ziel dieser Dissertation ist eine systematische Untersuchung der tech-
nisch möglichen Leistungen der HIL Simulation der Andock-Kontaktdynamik,
um einen geeigneten Ansatz für die Prüfung der Andock-Kontaktdynamik
von kleinen und starren Satelliten (ohne jegliche Nachgiebigkeiten) mittels
HIL Simulation zu definieren. Darüber hinaus sollen auf der Grundlage der
Untersuchungen die Ergebnisse der Softwaresimulation mit einem experi-
mentellen HIL Aufbau validiert werden.

Um dies zu erreichen, wurden Mehrkörper-Dynamikmodelle von andocken-
den Satelliten eingehend untersucht, um das repräsentativste Kontaktmo-
dell auszuwählen. Darüber hinaus wurden Leistungsanalysemodelle des HIL
Prüfstands erstellt. In dieser Dissertation wurde eine detaillierte parame-
trische Analyse des Entwurfsparameterraumes (z.B. Raumfahrzeuge, HIL
Testbed-Bausteine und Kontaktdynamik) durchgeführt, um den Einfluss der
Entwurfsfreiheitsgrade auf die Genauigkeit und Fehler der HIL Simulation
zu untersuchen (siehe Abb. 1). Dies geschah mit Hilfe eines generischen HIL
Design-Tools, das im Rahmen dieser Arbeit entwickelt wurde. Anschließend
wurden diese Ergebnisse verwendet, um die technischen Anforderungen für
einen experimentellen 1-Degree-of-Freedom (DOF) HIL-Prüfstand abzulei-
ten, welcher konzipiert, entworfen, implementiert und schließlich verwendet
wurde, um das verwendete Andock-Kontakt-Dynamikmodell zu testen und
zu validieren.

Die Ergebnisse dieser Arbeit zeigten, dass mit dem generischen Mehrkörper-
Dynamikmodell für das Andocken von Raumfahrzeugen ein praktisches
Werkzeug zur Verfügung steht, um Andockmissionen zu entwickeln, zu stu-
dieren und zu analysieren. Damit können die Eigenschaften von erfolg-
reichen und fehlschlagenen Andock-Szenarien analysiert werden, bevor sie
im Weltraum stattfinden. Gleichermaßen ist das "Generic HIL Testbed
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Framework Analysis Tool" ein überaus nützliches Hilfsmittel zur Durchfüh-
rung von Performance-Analysen des HIL Testbed-Designs, das es ermög-
licht, die Genauigkeit des Testbeds einzuschätzen und HIL Fehler vorherzu-
sagen. Darüber hinaus zeigten die Ergebnisse, dass es für den Aufbau eines
6DOF HIL Andock-Testbeds ohne Nachgiebigkeiten wichtig ist, die Fehler
hinsichtlich der einzelnen Auswirkungen zu untersuchen, zu analysieren und
auszugleichen. Andernfalls wären die technischen Anforderungen an das
HIL-Testbed (z.B. Roboter Gütezahl) äußerst anspruchsvoll zu realisieren.
Die Ergebnisse der experimentellen HIL Simulation (d.h. reale Auswirkun-
gen zwischen verschiedenen Proben) stellen einen sehr nützlichen Beitrag
zur Weiterentwicklung von Kontaktdynamik-Modellen dar.
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Chapter 1

Introduction
1.1 Background/Motivation

Spacecraft Docking
Spacecraft (S/C) docking is the joining process of two separately flying
S/C. It is the last and most challenging phase in the S/C physical-joining
mission, which comes after the S/C rendezvous phase. The goal of docking
is to assure that a rigid and robust physical connection between both S/C
is established. After firing the last impulse from the active S/C propulsion,
the scenario switches from two independently flying S/C to two physically
impacting space vehicles. It is in that moment that it is up to the docking
mechanism to decide if S/C would successfully dock or not. Therefore, the
docking mechanism and the docking phase are significantly critical for any
S/C physical-joining mission.

Docking Research
The demands to research S/C docking have been increasing in the recent
years because of various space technologies, such as: automated docking
[Wertz and Bell, 2003], On-Orbit Servicing (OOS) [Flores-Abad et al., 2014]
and the increasing number of small S/C in space. Most of the realized dock-
ing in space were between large S/C (> 1ton). However, with the increasing
number of small (10kg−1ton) S/C, the necessity has arisen to research dock-
ing for such cases. Another reason is the OOS, which, in particular, is a very
hot space technology topic and would be very beneficial for space science
and industry, when it is ready to be implemented [Flores-Abad et al., 2014].
OOS is focused on the extension of the lifetime of the in-orbit satellites,
which could reduce the overall costs of satellite manufacturing. This would
be achieved by refueling the target satellites, changing dead batteries, or
fixing hardware problems, etc. In addition, OOS aims at reducing the space
debris, which is a very important issue. This would be achieved by carry-
ing out controlled de-orbiting missions of dead satellites. One necessary
prerequisite of any of the above mentioned tasks, is to have a successful
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docking in order to ensure a rigid and robust physical connection between
both docking S/C; the chaser and the target.

Non-Compliant Docking
Many S/C are not designed to be docked to, i.e., they do not have a com-
pliant docking adapter or mechanism that facilitates docking. These S/C
should be considered during the research and development of OOS missions,
in order to ensure the OOS capability to any arbitrary S/C, even the ones
which are not designed to be docked to. To do so, it is required to find
generic solutions to dock with any S/C in space, even if it is not designed to
undergo docking (i.e., non-compliant). Accordingly, this work is focused on
the non-compliant docking analysis of S/C. One generic solution to ensure
docking with any arbitrary satellites could be docking to the thruster nozzle
of the S/C, e.g., the thruster nozzle of the apogee engine of a geostation-
ary satellite. Taking into consideration the above scenario, a non-compliant
probe and drogue (cone shaped) docking mechanism is considered in this
work, as seen in Fig. 1.1.

Figure 1.1: Thruster Nozzle could be utilized as a Docking Drogue (in the Probe-
Drogue Docking Mechanism) for OOS of arbitrary satellite. Left figure shows
apogee thruster nozzle S400-12 by ArianeGroup, [Ariane Group, 2017]. Right
figure shows probe and drogue docking mechanism visualization

Docking Testing
To assure successful docking, each docking scenario and its attributes must
be taken into consideration, analyzed and tested. Some of these attributes
are: S/C physical properties (e.g., mass, material, etc.), relative-velocity be-
tween both S/C, relative-pose, etc. Failing to consider these attributes and
assuming that the docking mechanism is the only deciding factor, would
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probably lead to a failed docking. Real-life missions that faced failed dock-
ing attempts (e.g., Soyuz MS-14, Apollo 14) prove that docking is not an
intuitive process. Therefore, it is required to model and test each dock-
ing scenario (while including as many details of the scenario as possible),
before it is realized in space. Accordingly, the design of docking missions
needs to be verified by software multibody docking modeling and simula-
tions, which needs to be complemented and validated by an experimental
docking testbed, using the real docking hardware. In this way, one would
be able to make reliable and justified predictions of the docking scenario.

Various docking testing techniques have been previously implemented to
test docking, such as: air-bearing table [Schwartz et al., 2003] and Hardware-
in-the-Loop (HIL) simulations (e.g., [Han et al., 2008], [Zebenay et al.,
2015]). Both techniques utilize the real docking hardware, which is a re-
quirement within the scope of this work. However, HIL simulation has
more advantages, as follows:

• It simulates the gravitational-less space environment and 6 Degrees-
Of-Freedom (DOF) S/C motion in space. Unlike the air-bearing table,
which is limited to 5 DOF and cannot simulate the non-gravitational
environment.

• It is easier to vary the considered docking scenarios and its attributes
(such as, mass, inertia, material, etc.), because they can be easily
modified in the computer models. In contrast, in the air-bearing table
technique, these changes have to be applied in the real-life experiment,
i.e., add more masses to the S/C physical model.

Previous HIL testbeds
Existing docking HIL simulation testbeds (e.g., CDSL (NASA)[Hall et al.,
2006], STVF (CSA) [Piedboeuf et al., 1999], IBDM Testing (ESA) [Hardt
et al., 2011] and EPOS (DLR) ([T. Boge et al., 2010], [Toralf Boge et al.,
2012], [Ma et al., 2012]) had limitations, which made them unsuitable for the
verification of the docking scenarios under consideration. The shortcomings
arose from the use of highly rigid industrial hardware for the generation of
the multibody dynamics combined with a damping element that isolated
the simulator hardware from the hardware under test. Such setups are
satisfactory for the simulation of very large mass S/C as used in human
spaceflight, in which the contact dynamics lead to negligible back-reaction
on the multibody dynamics. However, for small S/C, the back-reaction
of the contact on the relative trajectory is significant and many contact
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parameters (in particular, material friction, damping and stiffness) need to
be considered in the simulation at high fidelity, in order to represent the
true behavior.

Project Overview
According to what is mentioned above and the existing HIL docking testbeds,
Airbus Defence and Space GmbH in Friedrichshafen, Germany, in coopera-
tion with Technische Universität Dresden (TUD) decided to conceive, design
and implement a novel HIL simulation testbed. The HIL testbed shall be
used to validate docking contact dynamics of small and rigid S/C, using the
real docking hardware and without any compliant devices. A conceptual
design of the HIL testbed is illustrated in Fig. 1.2.

Figure 1.2: Conceptual 6DOF HIL Simulation Testbed

Dissertation Goal
The goal of this dissertation is focused on carrying out a systematic in-
vestigation of the technically possible HIL docking contact dynamics simu-
lation performances. This was carried out by exploring the design-spaces
(e.g., spacecraft, HIL testbed building-blocks and contact dynamics), using
a parametric HIL design-tool for the available design-spaces. Afterwards,
the verification of the software simulation results was carried out using an
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experimental 1DOF HIL setup.
In addition, a performance analysis of a 6DOF spacecraft docking (as a case
study) was carried out, in order to identify the successful and failed docking
scenarios properties using software simulations.

1.2 State-of-the-art

In this section, various HIL docking simulation testbeds that have been de-
veloped are introduced, along with their advantages, as well as their short-
comings.

Various HIL testbeds were built to simulate the proximity operations dy-
namics of S/C, e.g., rendezvous, docking and capture. The existing testbeds
were built by space agencies, industrial companies and universities.

European Proximity Operations Simulator (EPOS)
EPOS is a huge facility that was developed by the German Aerospace Center
(DLR) and the European Space Agency (ESA) at DLR-Oberpfaffenhofen,
Germany ([T. Boge et al., 2010], [Toralf Boge et al., 2012], [Ma et al., 2012]).
It is considered (in this work) as the state-of-the-art in HIL simulations of
proximity operations. EPOS consists of two huge KUKA robotic arms that
are capable of moving in 6DOF. Each robotic arm can carry a mock up
of each of the S/C and imitate the 6DOF motion of each of the S/C in
space while simulating proximity operations, such as: rendezvous, refueling,
docking, etc. Moreover, one of the robotic arms can move alongside a long
horizontal rail, which allows to simulate rendezvous even when both S/C are
far away from each other. However, various problems arose from using huge
large-mass high-stiffness robotic arms in this large-scale docking simulation
facility. These robotic arms’ stiffness, as well as the long delay (32ms) could
lead to the destruction of the robotic arms, while simulating the docking
and the physical impacts in particular. This forced the engineers working
in this facility to utilize an artificial compliance device at the end-effector
to avoid any hazardous collision during the simulation, [Zebenay, 2014],
[Zebenay et al., 2015]. This compliance device, however, alters the real
docking contact forces that needs to be measured and simulated. Moreover,
the big high-stiffness robotic arms do not have enough motion resolution
and accuracy, which is required to simulate real contact dynamics in the
HIL simulation.
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Proximity Operations Testbed
Likewise, Proximity Operations Testbed (POT) [Bell et al., 2003] operated
by the United States Naval Research Lab (NRL), is a huge facility that
used also huge industrial robotic arms, as well as trolleys to simulate the
proximity operations. This facility was used to test the NRL’s robotic arm
system called FREND. The long trolleys gave the robots enough range of
motion to simulate proximity operations when they were far from each other.
Although detailed information concerning the facility could not be found for
public access, the available public information showed that with the given
accuracy and resolution of the robotic arms, the HIL simulation of docking
contact dynamics for small satellites, would be also quite challenging to be
carried out.

Chinese HIL docking facility
Chinese space industry and universities developed a large HIL docking test
facility. In their facility, they developed two customized 6DOF parallel
robotic systems to simulate the docking contact dynamics [Q. Wang et
al., 2017]. Intense investigations were carried out to use their developed
parallel robots. However, the test facility was using a rather simple docking
mechanism to carry out their tests. The question remains open whether
their HIL testbed could test a realistic probe-drogue docking mechanism
for small satellites or not.

Other Docking HIL testbeds
Chinese engineers and scientists built a HIL simulation testbed using two
huge 6DOF hexapod platforms, in order to simulate docking contact dy-
namics [Han et al., 2008]. The big-masses hexapods forced them to use
compliance devices (like EPOS approach) to overcome any hazardous col-
lision, due to high-stiffness or delay. However, as mentioned earlier, using
compliance devices, would alter the real docking contact forces that should
be measured.

The European Space Agency (ESA) developed a docking HIL simula-
tion facility to validate the International Berthing and Docking Mechanism
(IBDM). In this facility, only one industrial robotic arm was used to simulate
the motion of the active S/C carrying one side of the docking mechanism,
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while the other side of the docking mechanism was attached to a fixed plat-
form representing the passive S/C [Hardt et al., 2011]. However, in the
test, the back reaction force and torques from the passive S/C were not
taken into consideration. Such a test could be acceptable for heavy mass
satellites where the momentum of the heavy moving S/C is large enough
to force docking trajectory to succeed. However, for small or micro S/C,
each small physical impact would affect the pose of the S/C. Hence, this
test facility also can not be acceptable for the considered system.

1.3 Problem Definition

Spacecraft docking simulation and HIL tests for docking contact dynamics
are challenged by the following issues:

1. Contact Dynamics and Docking Simulation
Multibody docking software simulation is mainly concerned with mod-
eling of mulitbody dynamics and contact dynamics. Contact dynam-
ics aspect is the most challenging one, because of the significance of
the physical impacts in any docking scenario. Contact forces (gen-
erated from physical impacts) during docking affect the reaction mo-
tion of each S/C significantly. This is even more crucial in case of
non-compliant docking scenarios, because hard physical impacts are
expected during docking. Therefore, to model contact dynamics prop-
erly, it is important to study and analyze various contact models, in
order to select the most representative contact model to be used in
the docking simulations.

2. HIL Simulation Quality
In a docking HIL simulation, the robotic hardware motion (which em-
ulates the spacecraft’s motion in space during docking) is based on
the real contact force measurements resulting from the real docking
hardware. Accordingly, the quality of the HIL simulation of docking
contact dynamics depends mainly on the quality of the HIL testbed
actuation and sensing instruments. The dynamics of each instrument
in the HIL testbed (e.g., non-instantaneous, time delays, inaccuracy,
etc.) introduce some errors to the HIL simulation. Hence, the fidelity
of the HIL simulation is critically dependent on the testbed imple-
mentation and its instruments. Therefore, HIL instruments have to
be properly selected.
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3. HIL Testbed Design
HIL design optimization requires a justified performance analysis on
a representative HIL testbed model. A systematic performance anal-
ysis allows to define the adequate figure-of-merits of each instrument.
Moreover, it would provide insight, if the fidelity of the HIL simula-
tion is satisfactory to the docking contact dynamics problem under
consideration. Therefore, a representative HIL testbed model needs
to be built, upon which performance analysis is required to be carried
out.

4. HIL Testbed Setup
The most suitable instruments for the HIL testbed need to be identi-
fied and procured from the market if available, otherwise custom-made
instruments are to be designed. Afterwards, the HIL testbed needs
to be integrated and set up to test and validate the docking contact
dynamics.

1.4 Dissertation Objectives

The objective of this dissertation is to model and analyze multibody (space-
craft) docking contact dynamics problems, in order to define an appropriate
HIL simulation approach to validate docking contact dynamics of small and
rigid satellites. Moreover, performance analysis of various docking scenar-
ios of a specific S/C is required. In addition, a systematic investigation
of a model of the HIL performance model needs to be carried out (after
building the HIL model). Accordingly, the figure-of-merits of the required
instruments are to be defined, selected and procured. Finally, the HIL
testbed is to be set up in order to carry out the HIL simulation.

Therefore, the objectives of this work are summarized as follows:

1. Non-linear Contact Dynamics Research
Docking contact dynamics is one of the most challenging aspects of
this work. Hence, detailed research, investigation and analysis of ex-
isting non-linear contact dynamics models need to be carried out. Ac-
cordingly, the most representative non-linear contact dynamics model
shall be selected and utilized in the multibody docking simulation.

2. Performance Analysis of Spacecraft Docking, as follows:

a) Building a multibody dynamics model of the docking spacecraft.
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b) Prediction of docking scenario simulation results.

c) Verification of docking using software simulations.

d) Studying and analysis of various docking scenarios of a case-
study, to define the properties of the successful and the failed
docking scenarios. This would assist engineers to identify the
sensitive attributes (and their acceptable range) of the docking
spacecraft under consideration.

3. Generic HIL Testbed Framework Analysis Tool
A generic tool for performance analysis and fidelity estimation of any
HIL testbed needs to be built. This tool would carry out a systematic
investigation of the technically possible HIL docking contact simula-
tion performances. Using this parametric HIL framework design tool,
the available design-spaces in the testbed design framework shall be
explored. Hence, the figure-of-merits of HIL instruments are identi-
fied in accordance with the required design-framework. Based on the
results, required HIL instruments are selected and procured (after a
market survey is carried out).

4. HIL Simulation Setup
A HIL testbed needs to be designed, assembled and set up using the
equipment defined. Afterwards, a proper closed-loop displacement
controller shall be designed for the selected actuator. Then, the whole
real-time HIL setup requires to be validated.

5. Testing and Validation of docking contact dynamics using HIL simu-
lation
A HIL simulation shall be carried out in order to test and validate
docking contact dynamics. In addition, the HIL simulation would
prove the validity of the proposed concept of testing and validation of
contact dynamics models using 1DOF HIL simulation.

1.5 Scientific Contribution

Seven main contributions are provided in this dissertation:

Contribution 1. Generic HIL Testbed Framework Analysis Tool.

Contribution 2. Critical analysis of non-linear contact dynamics models.

Contribution 3. Investigation and analysis of 1DOF HIL testbed design.

Contribution 4. Generic 6DOF spacecraft docking model.
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Contribution 5. Docking performance analysis of a case-study.

Contribution 6. Investigation and analysis of 6DOF HIL testbed design.

Contribution 7. Experimental testing and validation of contact dynamics,
using an innovative 1DOF HIL testbed which was uniquely
designed and built.

1.6 Dissertation Structure

Chapter 2: presents the adopted methodology in this work and the work-
flow which was followed to achieve the required objectives.

Chapter 3: (Contribution 1) - presents the detailed description of the
"Generic HIL Testbed Framework Analysis Tool", as well as the HIL errors
(quality control parameters).

Chapter 4: (Contribution 2) - presents the detailed research and inves-
tigation of non-linear contact dynamics models. This analysis and investi-
gation allowed to select the most representative contact dynamics model,
which was utilized for the software-multibody modeling of the docking sce-
nario under consideration.

Chapter 5: (Contribution 3) - presents the investigation and analysis
of a simplified model of the 1DOF HIL testbed, as well as the parametric
study that was carried out on the 1DOF model using the "Generic HIL
Testbed Framework Analysis Tool", to identify the key-design-parameters.
Based on the results and the analysis of HIL model errors, the required
figure-of-merits of an actuator were identified.

Chapter 6: (Contribution 4 & 5) - presents the generic 6DOF docking
spacecraft model, as well as the model of the 6DOF HIL docking testbed.
In this chapter, it was explained in detail how each of the "Docking Model"
and "HIL Model" were built. Afterwards, the results of both models’ simu-
lation were studied and analyzed.
In addition, an analysis of a docking case-study was presented, which al-
lowed to identify the properties of the successful and the failed docking
scenarios of a considered system. Hence, it showed to be a useful example
for the analysis of future docking missions.
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Chapter 7: (Contribution 6) - presents an expanded parametric study
on the 6DOF HIL docking testbed model, which was carried out using the
"Generic HIL Testbed Framework Analysis Tool". The results of this study
allowed the identification of the preliminary requirements of a 6DOF dock-
ing HIL testbed. More importantly, it demonstrated how such parametric
studies should be carried out before building a testbed, in order to assist a
system engineer to make justified decisions regarding docking HIL testbed
implementation.

Chapter 8: (Contribution 7) - presents the detailed explanation of the
HIL testbed implementation, the HIL contact dynamics simulation and the
experimental HIL results using the introduced one-of-a-kind 1DOF HIL
simulation testbed.

Chapter 9: presents the summary of the results of this work, the main
conclusions and the future work.
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Chapter 2

Methodology
In this chapter, the methodology and the work-flow which were followed
to achieve the objectives of this dissertation (presented in Section 1.4) are
introduced.

Firstly, in Section 2.1, the design process that was followed to design
a HIL testbed is presented. Secondly, in Section 2.2, it is explained why
a 1DOF HIL testbed was required. Thirdly, in Section 2.3, the proposed
concept of the contact dynamics validation using a 1DOF HIL testbed is
presented. The proposed concept was adopted in this work and it showed
that the 1DOF HIL testbed is sufficient for the validation of the contact
dynamics. Finally, in Section 2.4, the steps of work (i.e., work-flow) which
were followed in this work are presented.

2.1 HIL Testbed Design Process

In order to design a docking HIL simulation testbed, some building-blocks
are needed to be ready beforehand. Therefore, the design process of the HIL
testbed that was proposed and followed, is presented in the proper sequence
as follows:

1. Docking Simulation
Firstly, it is required to have a software multibody simulation of the
docking scenario of the multiple free-flying spacecraft in space (non-
gravitational environment). Thus, a "Docking Model" was created,
which models the "Real Docking" scenario that takes place in space
between two free-flying S/C, namely: Chaser and Target, see Fig. 2.1.
The "Real Docking" was simplified into two main subsystems: Space-
craft (S/C) dynamics in space and the physical impacts that takes
place between both S/C during docking. Accordingly, the "Docking
Model" was focused mainly on two subsystems: Spacecraft Dynamics
and Contact Dynamics. Spacecraft Dynamics subsystem models the
physical and dynamical properties of both S/C involved in the dock-
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Figure 2.1: HIL Testbed Design Process
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ing process. The Contact Dynamics subsystem models the physical
impact between them.

2. HIL Model
In the second step of HIL testbed design process, a model of the HIL
setup was created and was called "HIL Model", where the HIL instru-
ments (e.g., actuator, sensors) were modeled. The objective of the
"HIL Model" is to observe and analyze the effects of the HIL instru-
ments dynamics (e.g., total-delays, accuracy) on the HIL simulation
and its fidelity. This was done by comparing the results of the "HIL
Model" to the "Docking Model" and estimating the relative errors
and HIL system’s fidelity.

3. HIL Performance Analysis
Third step, a systematic investigation and analysis of the the simu-
lation approach including performance budgeting was carried out, in
order to get insight about the key-design-parameters in the HIL design
(key-parameter is a parameter in a design-space which has a high sen-
sitivity to the metrics under evaluation). To achieve this, a "Generic
HIL Testbed Framework Analysis Tool" was built. It is a paramet-
ric study tool which systematically investigates the parameters in the
available design-spaces, in order to identify the key-parameters in the
HIL testbed design.

4. Figure-of-Merits Definition
Fourth step, based on the results from the "Generic HIL Testbed
Framework Analysis Tool" an appropriate HIL testbed design was
defined. Accordingly, the required figure-of-merits of the needed hard-
ware were also identified in accordance to the HIL testbed design-
requirements.

5. HIL Setup and Simulation
Fifth step, based on the results from the previous step, a "Real HIL
testbed" was implemented and adapted (in terms of control capabili-
ties) to the HIL design-requirements. Afterwards, a system stability
analysis was carried out and accordingly the docking contact dynam-
ics HIL simulation was carried out and tested.
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2.2 1DOF HIL testbed

Before building a complete 6DOF HIL docking simulation testbed, a 1DOF
HIL testbed was designed and built, see Fig. 2.2. The design-process de-
fined above is valid for any of the testbeds: 6DOF or 1DOF. The 1DOF HIL
testbed is an attractive option as a simpler lower-cost precursor to a 6DOF
HIL simulator. It allowed to demonstrate the feasibility and principle per-
formance of the HIL simulation. Most importantly, the 1DOF HIL testbed
showed to be sufficient to test and validate the contact dynamics models
implemented in the docking simulations, based on the proposed validation
concept, which is explained next in Section 2.3.

Figure 2.2: 1DOF HIL Concept

2.3 Contact Dynamics Validation Concept

One way to validate the contact dynamics model utilized in the docking sim-
ulation was to compare the errors of the Real HIL system and the Simulated
HIL system, in order to investigate whether they were close to each other,
see Fig. 2.3. The Real HIL and the Simulated HIL system are described
below.

The Simulated HIL system (depicted in Fig. 2.3) predicted the HIL
testbed fidelity and errors, by calculating how identical was the modeled
HIL testbed "HIL Model" to the modeled ideal docking scenario "Docking
Model". The errors in the Simulated HIL arose only due to the modeled
hardware dynamics (i.e., total-delay, resolution), because these are the only
differences between both models. In other words, both "HIL Model" and
"Docking Model" had identical "spacecraft dynamics" and "contact dynam-
ics model" implemented in their systems, while the only difference was the
models of the HIL instruments ("actuator model", "sensor model").
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On the other hand, the errors and fidelity of the Real HIL system were
calculated by comparing the "Real HIL testbed" to the modeled ideal dock-
ing scenario "Docking Model" (i.e., to identify how identical was the "Real
HIL testbed" (real physical testbed) simulation to the modeled ideal dock-
ing scenario "Docking Model"), see Fig. 2.3. The errors here arose due to
two sources: the dynamics of the real HIL hardware (actuator, sensor) and
the accuracy of the contact model utilized in the "Docking Model" (which
was the same utilized in the Simulated HIL).

Figure 2.3: Contact Dynamics Validation Concept

It was assumed that the accuracy of the hardware models ("actuator
model", "force sensor model") of the real physical hardware ("actuator",
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"force sensor") are almost identical. Therefore, the only differences (errors)
between the two systems (Simulated HIL and Real HIL) were the contact
dynamics model and the real-physical contact. Based on that, it was con-
cluded that the contact dynamics model is validated, if the results (errors
estimations) of the Real HIL system are close enough to the Simulated HIL
system.

2.4 Work-Flow

Based on the description of the methodology and design-process, the follow-
ing work-flow was followed in this work to achieve the required objectives.
The work-flow was divided into four steps, with each step having goals that
match the objectives (refer to Section 1.4). Each step was a building block
for the following step, in order to finally achieve all the objectives in this
work. All these steps used (partially or totally) the parametric study tool
(i.e., "Generic HIL Testbed Framework Analysis Tool").

Therefore, the Main Step was building the "Generic HIL Testbed Frame-
work Analysis Tool" (presented in Chapter 3). Accordingly, the following
four steps were as follows:

1. First Step: Analysis and Performance Evaluation of Contact Dynamic
Models. (Chapter 4)
Goal : Find most representative contact dynamics model for the dock-
ing system under consideration.

2. Second Step: Investigation and Analysis of 1DOF HIL System. (Chap-
ter 5)
Goals:

a) Find key-design-parameters of 1DOF HIL model.

b) Identification of actuator’s figure-of-merits.

3. Third Step: Investigation and analysis of 6DOF HIL System. (Chap-
ters 6 and 7)
Goals:

a) Performance analysis of the docking S/C to define the properties
of the successful and the failed docking scenarios.

b) Find key-design-parameters of 6DOF HIL model.
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c) Identify preliminary requirements of a 6DOF HIL testbed for
docking simulation (Chapter 7).

4. Fourth Step: Experimental 1DOF HIL Simulation Testbed. (Chapter
8)
Goals:

a) Proof of proposed contact dynamics validation concept.

b) Testing and validation of contact dynamics model.
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Generic HIL Testbed Framework
Analysis Tool
In this work, a generic HIL-testbed design-framework analysis tool was built,
in order to carry out the following: a) performance analysis of docking HIL
testbed performance model, b) HIL errors estimation, and c) prediction of
systems fidelity and reliability. In addition, this tool facilitates the general
mapping from docking scenario parameters to the HIL simulator require-
ments. Moreover, this generic tool was used for the analysis of docking
scenarios for a defined two spacecraft system, allowing the prediction and
the identification of the successful and failed docking scenarios and their
properties (as shown in the case-study in Section 6.5.1).

Using such a tool would enable a system engineer to make justified deci-
sions, whether a docking testbed is required to be built or not, according to
the design requirements of each case. This tool was built in a generic way,
so that it can be adapted for any HIL testbed and scenario.

This tool carries out a systematic investigation of all technically possible
HIL simulation performances by exploring the available design-spaces. The
detailed description of the methodology is presented in Section 3.2.
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Figure 3.1: Design Spaces

3.1 Tool Objectives

The goals of this tool are the following:

• Find key-design-parameters of each design-space.

• Find the appropriate framework of the HIL design.

• Carry out performance analysis of potential HIL testbed.

• Facilitate general mapping from docking scenario parameters to the
HIL testbed design requirements.

• Analyze and identify the successful and failed docking scenarios and
their properties.

3.2 Methodology

In order for this tool to carry out a systematic investigation of all the tech-
nically possible HIL docking simulation performances, it explored all the
available design-spaces modeled in the system, as well as all the parameters
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available in each design-space. Meaning, it went through all the range of
the identified values of each parameter and repeated the whole simulation
every time with a new value from the defined range. In each simulation, the
estimated HIL errors between the HIL Model and the Docking Model were
calculated.

Three different design-spaces were defined in this tool, namely: Space-
craft, HIL Instruments and Contact Dynamics, see Fig. 3.1. Each design-
space had its own parameters, such that the user was allowed to modify
their values according to the considered scenario. More importantly, the
user was allowed to define the range of each of the key-parameters.

The three design-spaces and their parameters that were defined, are as
follows (also see Fig. 3.1 and Fig. 3.2):

1. Spacecraft design-space: it is concerned with the physical and dy-
namical properties (masses, dimensions, pose (i.e., position and ori-
entation), velocity, etc.) of each of the considered spacecraft. In the
considered system, the following parameters could be varied for the
docking analysis, as well as the HIL framework analysis: S/C masses,
relative velocity and relative pose (i.e., position and orientation).

2. HIL instruments design-space: it is concerned with the properties of
the modeled HIL instruments of the system. In the considered system,
two instruments were modeled: robotic hardware (e.g., actuator) and
sensor (e.g., force or force/torque). Two main parameters were defined
for each modeled instrument: total-delay and resolution.

3. Contact dynamics design-space: it is concerned with the contact dy-
namic modeling. In the considered system, three main parameters
were examined in the docking analysis and the HIL framework anal-
ysis, which are: material of the impacting bodies, contact model and
Coefficient-of-Restitution (COR).

After carrying out systematic investigation of the available design-spaces,
the error-percentage and system fidelity of the modeled HIL system in com-
parison to the modeled ideal system were estimated based on various defined
quality-control parameters and errors.
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Figure 3.2: HIL Framework Analysis

3.3 Quality Control and Errors

Many errors were defined in this tool, in order to analyze the system under
consideration in the most detailed way. The main three aspects considered
as quality control factors are: force, displacement and velocity. Some further
aspects were considered as well for detailed insight and analysis, which are:
energy analysis and contact duration.

3.3.1 Overview

In this section, the HIL errors and their calculation methods are presented.
The HIL errors are important factors in the parametric study because they
are considered as the quality control factor. HIL errors assist to identify
the correct actuator requirements and eventually define the required figure-
of-merits.

There are different types of HIL errors that were defined, through which
the fidelity of the HIL testbed could be defined with respect to the ideal
(no delays) non-linear physical model. The errors are defined as follows:

1. Force error:

a) Max. instantaneous error (eImax)+

24



3.3 Quality Control and Errors

b) Max. HIL error (eHmax)*

c) Max. absolute error (eabs)*

d) Modulus HIL integral error (eHint)*

e) Modulus absolute integral error (eAint)*
+

2. Displacement error:

a) Max. instantaneous error (eImax)+

b) Max. HIL error (eHmax)*

c) Max. absolute error (eabs)*

d) Modulus HIL integral error (eHint)*

e) Modulus absolute integral error (eAint)*
+

3. Velocity error*+

4. Extras:

a) Energy errors

b) Contact duration

Some of the defined errors were utilized to analyze the 6DOF HIL dock-
ing model (marked with *), others were used for the 1DOF HIL docking
system (marked with +) or for both. Beside the 6DOF and 1DOF grouping,
some errors were mainly useful for the HIL quality analysis, while others
were useful for contact dynamics analysis.
Different calculation methods have been utilized in order to take into con-
sideration different error natures. These methods are:

1. Instantaneous error:
instantaneous difference between the HIL model and the Ideal model.

2. Absolute error:
difference between peak of each curve independent of time.

3. Integral error:
difference between the modulus area-under-the-curve of the HIL model
and the Ideal model.
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3.3.2 Errors Description

For a better understanding, the elements in the error’s equations below are
depicted in Figure 3.3

1. Instantaneous errors

a) Max. Instantaneous error percentage (eImax) (1DOF):

eImax = ei(tm)
Î(tm)

· 100 = max[ei(t)]
Î(tm)

· 100 (3.1)

= max[Ĥ(t) − Î(t)]
Î(tm)

· 100

ei(tm) is the max. value of instantaneous error during simulation,
Ĥ is the HIL model and Î is the Ideal docking model. tm is the
time-step at which the max. instantaneous error took place.

b) Max. HIL error percentage (eHmax) (6DOF):

eHmax = ei(tm)
Îmax

· 100 = max[Ĥ(t) − Î(t)]
Îmax

· 100 (3.2)

ei(tm) is the max. value of the instantaneous error during sim-
ulation, Îmax is the peak of the Ideal model and Ĥ is the HIL
model.

2. Max. absolute errors(eabs) (6DOF):

eabs = Ĥmax − Îmax

Îmax

· 100 (3.3)

eabs is the difference between the peak values of each model (in per-
centage) with respect to (w.r.t) the Ideal model, Ĥmax is the peak of
the HIL curve and Îmax is the peak of the Ideal curve.

3. Integral errors

a) Modulus absolute integral error (eAint) (6DOF):
It is the difference between the integral (i.e., area under the curve)
of the modulus curve of each of the models independently (in
percentage) w.r.t. the Ideal model. The error is calculated as
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Figure 3.3: HIL Errors Illustration

follows:

eAint =

∫︁ thf

th0
|Ĥ| −

∫︁ tif

ti0
|Î|∫︁ tif

ti0
|Î|

· 100 (3.4)

ti0 is the time at the beginning of contact of the Ideal model
and tif is at the end of the contact. th0 and thf are the time
at the beginning and the end of the contact of the HIL model,
respectively. (See Fig. 3.3 for illustration)

b) Modulus HIL integral error (eHint) (1DOF & 6DOF):
It is the difference between the integral (i.e., area under the curve)
of the modulus of the instantaneous-error-curve (in percentage)
w.r.t. the Ideal model. . Error is calculated as follows:

eHint =

∫︁ tcf

tc0
|ei|∫︁ tif

ti0
|Î|

· 100 (3.5)

tc0 is the beginning of the combined time range and tcf is at
the end of it. tc (which is used for the integral time-interval) is
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the combined range of the contact times of both models (HIL
and Ideal), see Fig. 3.3 for illustration. ti0 is the time at the
beginning of contact of the Ideal model and tif is at the end of
the contact.

4. Velocity error (ev) (1DOF & 6DOF)
The velocity error magnitude is the difference of the velocity-after-
impact between the HIL model and the Ideal model, as follows:

evmag = vh(thf ) − vi(tif ) (3.6)

Accordingly, the velocity error percentage is the velocity error magni-
tude in percentage of the Ideal-model velocity-after-impact, as follows:

ev =
evmag

vi(tif ) · 100 (3.7)

5. Energy errors
The energy error is the difference in the energy between the HIL
model and the Ideal model. This is valid for total-energy-balance,
total mechanical-energy and its aspects: kinetic and potential energy.

6. Contact Time Duration (∆Tcontact)
This is the difference between the contact duration of the HIL model
versus the Ideal model:

∆Tcontact = [thf − th0] − [tif − ti0] (3.8)
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Contact Dynamics
In this chapter, the contact dynamics research that was carried out within
this work is presented. The main goal of this chapter is to select the most
representative contact model to be implemented in the docking modeling.

Firstly, in Section 4.1, the background of contact modeling and its appli-
cation in space technology are introduced. Secondly, in Section 4.2, a brief
description of a contact model is presented. Thirdly, in Section 4.3 various
contact models, as well as the state-of-the-art considered in this work are
presented. Fourthly, in Section 4.4, the investigations and analysis of the
various considered contact models are presented. Finally, in Section 4.5, the
most representative contact model for this work is selected, based on the
results from the investigations and analysis.

4.1 Background

Physical contact (impact) is a phenomena that takes place on a regular
basis in our daily lives. Modeling of the physical contact is a topic of con-
tinuous research, due to the fact that its applications are quite broad, such
as, automotive, robotics, space, multibody dynamics, etc. The availabil-
ity of powerful computer hardware, as well as reliable software simulations
programs has made it possible to perform realistic simulations of different
contact scenarios. Many contact models have been introduced for an im-
proved contact modeling, however there is always room for improvement for
a more realistic contact modeling and validated results.

Contact Modeling for Space Applications Impact in space applications in
particular is quite important. As the properties of the space environment
are quite different to that on earth, the need to simulate the multibody
interactions with high reliability before realizing them in space is critical.
Special Purpose Dexterous Manipulator (SPDM) is a two armed robot on
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the International Space Station (ISS), which is designed to handle the re-
placement of the "On-orbit Replaceable Units" on the ISS. Before SPDM,
the astronauts were required to carry this out by themselves, by performing
a spacewalk. Such critical tasks carried out by this manipulator in space,
require proper tests and validation beforehand, which certainly requires re-
liable modeling, in particular contact modeling.

In the considered docking application, contact force modeling is required
to estimate the force generated, when the two spacecraft undergoing docking
come in contact with each other. The more realistic the used contact model
is, the more reliable the docking simulations are. Eventually, the goal of
the docking simulation is to know if docking will be successful or not and
accordingly the design engineer can adapt the spacecraft design, as well as
define the properties of the worst case docking-scenario.

Of course, Finite Element Method (FEM) presents a very detailed analy-
sis for impacts. However, it requires large computational efforts. Therefore,
contact models have to be incorporated in a (lower time-effort and lower
computational-effort) multibody simulation system that uses ODE solvers.
This allows the simulation of the different multibody docking scenarios in
a relatively faster way.

Historical Background The first relations between impacting bodies have
been introduced by Merci in 1639. In 1669, Huygens found that in elastic
impacts, normal velocities before and after impact is equal in magnitude,
but opposite in direction. Newton extended this kinematic relation in 1686
by deriving experimentally the concept of coefficient-of-restitution, in which
he proposed the impact hypothesis considering the loss of the kinetic energy.
In 1738, Euler expressed the impact process between two elastic bodies in
terms of a mass-less spring, as a continuous process. Then, in 1835 Poisson
divided the impact process into two phases: compression and restitution.
He proposed that contact in the two different phases can by related by
a coefficient-of-restitution. In 1882, Hertz introduced his contact model,
which has been the foundation for most of the following work in the field of
contact modeling. He described the elastic normal contact as a quasi-static
process, where he managed to relate the contact force generated to the
normal displacement between the impacting bodies. His resulting approach
presents a stiffness coefficient that depends mainly on the geometrical and
material properties of the colliding bodies. [Gonthier, 2007]
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Elastic vs Dissipative Contact models Most of the contact models men-
tioned before, including Hertz model, assumed the contact process as an
elastic process, i.e., total energy of the system is equal before and after
impact. Although, Hertz model is without doubt considered as an achieve-
ment in the contact modeling research due to its reliability and simplicity, it
is clear that it is neglecting a big factor of what happens in real life during
a collision, due to the elasticity assumption. Therefore, other models have
been proposed based on Hertz models that included a damping term, which
is responsible for the dissipation of energy during impact.

Point Contact Model In this work, mainly point contact models have
been considered. Point contact model assumes that the contact occurs only
at a mutual point on each body, where they are aligned with normal line-
of-action between the two contacting bodies. The point contact model is
effective in the case that the two contact surfaces are smooth surfaces (no
irregularities), e.g., sphere and flat plane. As the considered application is
mainly concerned with a half sphere (probe) and a plane (internal surface of
the drogue), the point contact model is utilized in this work. For more com-
plicated applications with irregular body surfaces, other volumetric contact
models can be implemented, such as [Gonthier et al., 2004].

In the following sections, the literature review and the state-of-the-art
of contact models are presented. These contact models, in particular dissi-
pative models, have been studied, analyzed and compared to Hertz model.
Some of the research and analysis in the next sections have been preliminary
introduced by my supervised student "Matthias Kraft" [Kraft, 2016].

4.2 Contact Model Description

In a simulation, when two bodies are undergoing contact, various param-
eters are required for the description of the interaction. Some of these
parameters that describe contact are time variant (i.e., change over time
during simulation). While other parameters are constant, which describe
contact properties, or the physical description of impacting bodies, e.g., ma-
terial, or masses, or shapes, etc. In this section, some of the most commonly
used parameters in the considered contact models are introduced. Namely,

a. Penetration-depth.

b. Relative normal-velocity.

c. Coefficient-Of-Restitution.
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(a) No contact (b) During Contact

Figure 4.1: Penetration depth illustration on a sphere and a cube

The possible motion of both rigid-bodies during the impact simulation is
dependent on the force calculated based on the contact model. Accordingly,
the force calculation is dependent mainly on penetration-depth, as well as
penetration-velocity (in case of dissipative contact models).

4.2.1 Penetration-depth (δ)

The penetration-depth (also known as indentation-depth) is an important
parameter in all the contact models considered in this work. It is the dis-
tance that the two impacting bodies have penetrated (deformed) into each
other. It is described as the maximal normal-distance between the two con-
tacting surfaces that lies within the intersecting un-deformed volume. As
the contact in rigid multibody simulation is generally described with un-
deformed shapes of the bodies, the information of the bodies’ deformation
and reaction-force is therefore included in the contact model.

The displacement vector d from which the penetration-depth is computed,
is parallel to the normal of the contacting surfaces of both bodies, n̂1, n̂2,
as depicted in Fig. 4.1. It is described as follows:

d = r4 − r3 (4.1)

such that r3 and r4 represents the displacement vectors of the contact points
on the sphere and cube’s surface, respectively, with respect to the inertial
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frame I. Accordingly, the penetration-depth is computed as follows:

δ = n2 · d = n2 · (r4 − r3) (4.2)

During contact (when bodies volumes are overlapping), penetration-depth
is positive and state of multibody is "in contact". Normally, in force calcula-
tion (using the contact model), the absolute value of the penetration-depth
is used. Nevertheless, the sign of the penetration-depth is made use of in
software models. When the penetration-depth is negative, the contact state
is zero (i.e., not in contact). Accordingly, the force is always zero. Once
the penetration depth is more than or equal to zero, the contact state turns
to one (i.e., in contact) and contact model is activated. Thus, the contact
force is calculated.

4.2.2 Penetration Velocity (δ̇)

The relative penetration velocity is described as:

δ̇ = d

dt
(δ)

4.2.3 Coefficient-of-Restitution (cr)

Coefficient-Of-Restitution (COR) is a dimensionless variable which provides
information about the total energy dissipation in an impact. Newton and
Poisson have researched this component differently. On one hand, Newton
introduced the COR form, by comparing the relative velocity of the two
contacting bodies before impact δi̇, to the one after impact δḟ . On the
other hand, Poisson divided the impact into two phases; compression and
restitution and studied the normal forces in each phase. However, Newton’s
model has been generally accepted and is used as the common way to define
the COR, as follows:

cr = −δḟ

δi̇

(4.3)

COR depends on many boundary conditions, such as, the material pairing,
initial impact velocity, geometry of the colliding bodies. Goldsmith [Gold-
smith, 1960] has carried out different experiments with different materials,
in order to find an approximation for the form of the COR. According to
his experiments, he proposed the following form:
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cr ≈ 1 − αδ̇i (4.4)

such that α is an empirical material parameter that is obtained from a linear
fit of the experimental data for the COR, as a function of impact velocity.
Goldsmith states that α is in the range of 0.08 - 0.32 s/m, for materials of
steel, bronze, ivory. However, [Herbert and McWhannell, 1977] mentioned
in their work, that Eq. 4.4 exhibits considerable errors at lower velocities
(< 0.3 m/s). For such velocities, they suggested the following form using a
best-fit curve to the experimental results from [Goldsmith, 1960]:

cr ≈ 1 − 0.026 · δ̇
1
3
i (4.5)

However, neither the validation of such formula, nor the exact formula for
the COR for low initial impact velocities (< 0.1 m/s) could be explicitly
found. Therefore, the COR is considered as an independent variable within
this work, as there was not exact information found for the α of the materials
considered. In most of the simulations within this work the COR value was
selected to be 0.8, because it was observed that for low impact velocities
(< 0.1 m/s) of non-elastics materials, the COR values tends to be higher
than 0.8. Therefore, the boundary value (0.8) was selected.

4.3 State-of-the-art

In this section, all the contact models that have been considered and stud-
ied in this work are presented. Firstly, the Hertz elastic contact model
is presented, then the dissipative linear and non-linear contact models are
followed.

Hertz Model Hertz’s work on contact mechanics that was written in 1882,
was the first published work that focused on contact mechanics [Hertz, 1882].
Hertz stated that the force F generated between two contacting spheres is
directly related to the local deformation (indentation) between them. His
work laid a foundation for most of the forthcoming contact models, to model
the elastic behavior of the contacting bodies. His model is as follows:

F = kδn (4.6)

where the relative local indentation δ is what was described earlier as the
penetration-depth. n is a parameter related to the shapes of the contacting
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bodies. Moreover, k is the stiffness parameter that depends on the material
and radii of both spheres, as follows:

k = 4
3 · E∗√

R∗ (4.7)

where E∗ is the combined Young’s modulus and R∗ is the combined radius
of both spheres. They are both given by:

E∗ = (1 − ν2
1

E1
+ 1 − ν2

2
E2

)−1 (4.8)

such that ν1 and E1 represent the Poisson’s ratio and the modulus of elas-
ticity of first body, respectively. The same applies for the second body ν2
and E2. Moreover, the combined radius is represented as following:

R∗ = ( 1
R1

+ 1
R2

)−1 (4.9)

such that Ri is the radius of curvature of each body. In case of a flat surface,
it would be ∞.

Although Hertz model worked well in a case of quasi-static contact, it did
not consider any energy dissipation. In dynamic collisions, energy dissipa-
tion plays an important role in the contact process, that is why it needs to
be considered in the contact models.

Kelvin-Voigt Model (K&V) Kelvin-Voigt presented a simple contact model
(known as spring-dashpot model), which consists of a linear spring model
and a linear viscous damping. The stiffness component is based on Hertz
stiffness. Additionally, linear damping was added to model energy dissi-
pation. [Goldsmith, 1960], [Hunt and Crossley, 1975]. The model is as
follows:

F = kδ + bδ̇ (4.10)

where b is the damping coefficient and δ̇ is the instantaneous penetration
velocity. Due to the simplicity of the model, it has been utilized in differ-
ent applications, such as the docking HIL simulation by [Zebenay et al.,
2015]. However, this contact model had some drawbacks which were ana-
lyzed by Hunt and Crossley [Hunt and Crossley, 1975]. These drawbacks
are visualized in Fig. 4.2a and are as follows:
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(a) Kelvin-Voigt (b) Hunt-Crossley

Figure 4.2: Hysteresis damping (Force vs Penetration-depth) of Hunt-Crossley
model overcame the drawbacks of Kelvin-Voigt model

1. The contact force at the beginning of the collision was not equal to
zero and appeared as a shock effect. This is mainly due to the linear
damping term bδ̇, as it depends mainly on the velocity component.

2. Moreover, at the end of the collision, when the two bodies are separat-
ing, there is a negative force that appears, representing a tensile force.
This of course does not make sense from the physical point of view,
because the bodies can not attract each other during the collision.

Hunt and Crossley Model (H&C) After Hunt and Crossley analyzed the
Kelvin-Voigt model and defined its drawbacks, they claimed that the damp-
ing term has to be proportional to the power of the spring force (e.g., stiff-
ness coefficient). Therefore, they introduced in 1975 a new model [Hunt and
Crossley, 1975], which overcame the previously mentioned drawbacks of the
Kelvin-Voigt model, as shown in Fig.4.2. Their new model is basically a
combination of Hertz law, combined with a new non-linear damping term.
The non-linear damping term introduced by Hunt and Crossley is related
to the stiffness coefficient (as well as the penetration depth). Their model
is expressed as follows:

F = kδn + λδnδ̇ (4.11)

such that λ is called a hysteresis damping factor and is expressed as follow-
ing:
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λ = 3
2(1 − cr) k

δ̇i

(4.12)

where k is the Hertzian stiffness expressed in Eq. 4.7, δ̇i is the initial im-
pact velocity and cr is the coefficient-of-restitution which is introduced in
Section 4.2.3.

The Hunt-Crossley model [Hunt and Crossley, 1975] is quite simple, ef-
ficient and fast due to the little computational effort required to evaluate
the force, the penetration depth and the penetration velocity. Moreover,
the model is continuous in its velocities and accelerations, which is useful
for the numerical integrator in a multibody simulation. In addition, it can
be noticed in the hysteresis loop of Hunt-Crossley model that the compres-
sion and restitution phases are not equal, which depicts in a clearer way
the physical nature of the collision. Moreover, the contact model indeed
overcame the two drawbacks of the Kelvin-Voigt model.

Due to the simplicity of Hunt-Crossley model and how straight forward it
is for implementation, many researchers have implemented it in their work,
such as [Guess et al., 2010]. Moreover, many researchers have used this
model as a basis for expanding their work and creating new models. In the
next sections, some of these models are discussed. Consequently, all the next
models that are studied in this work, have the same form of Hunt-Crossley
model as in Eq. 4.11, while each model introduces a different hysteresis
damping factor λ.

Herbert and McWhannel Model (H&M) Herbert and McWhannel [Her-
bert and McWhannell, 1977] created this model, by combining the Hunt-
Crossley model with the equations of motion of the impacting bodies. After
analyzing the impact between two bodies and its relation to the surface char-
acteristics function, which is represented by a power series, they proposed
a new hysteresis damping coefficient in 1977, as follows:

λ = 6(1 − cr)
(2cr − 1)2 + 3 · k

δ̇i

(4.13)

and normal contact force:
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F = kδn
[︂
1 + 6(1 − cr)

(2cr − 1)2 + 3 · δ̇
δ̇i

]︂
(4.14)

In comparison to Hunt-Crossley model, it was observed that the hysteresis
damping term is relatively higher. Moreover, the area inside their hysteresis
loop area is relatively bigger, which means more energy losses, hence lower
post impact velocity.

Lee and Wang Model (L&W) In 1983, Lee and Wang proposed a new
contact model [Lee and A. C. Wang, 1983], which looks similar to Hunt-
Crossley model. While developing their model, they were quite careful to
fulfill the condition that the damping force is zero at the very beginning
of the contact and at the maximum penetration. Their hysteresis damping
coefficient is expressed as follows:

λ = 3
4(1 − cr) k

δ̇i

(4.15)

and when it is implemented in the normal force equation, it is expressed
as follows:

F = kδn
[︂
1 + 3

4(1 − cr) δ̇
δ̇i

]︂
(4.16)

From their model, it was noticed that the damping coefficient has a rela-
tively lower value than the other studied dissipative models. Therefore, the
energy dissipation during a collision (in comparison to previous models) is
smaller, which leads to a relatively higher contact force value during the
same simulated impact scenario of the other studied models.

Lankrani and Nikravesh Model (L&N) Lankrani and Nikravesh proposed
a new contact model in 1990, [H. M. Lankarani and P. E. Nikravesh, 1990]
which is also based on Hunt-Crossley model. The contact model has been
used frequently in many multibody dynamics with impact simulation. It is
one of the famous contact models that has been implemented in different ap-
plications. In this model, Lankrani and Nikravesh formed a new expression
for the hysteresis damping coefficient based on the work-energy principle.
They found a relation between the total energy dissipation and the kinetic
energy losses of the impacting bodies. They managed to formulate the to-
tal energy dissipation in terms of the coefficient-of-restitution as well as
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the initial impact velocity. Finally, they formulated an expression for the
hysteresis damping factor as follows:

λ = 3
4(1 − cr

2) k
δ̇i

(4.17)

Consequently, the normal contact force is expressed as:

F = kδn
[︂
1 + 3

4(1 − cr
2) δ̇
δ̇i

]︂
(4.18)

This contact model has been very reasonable and it has been implemented
by different researchers, e.g., [Pereira et al., 2010], [Wasfy and Noor, 2003].
In general, this model showed good results, especially for general mechan-
ical impacts, where the total energy dissipation is small. According to
[Goldsmith, 1960], this model would be valid for coefficient-of-restitution
values that are close to unity. However, as it was already mentioned in
their original work, the error in the coefficient-of-restitution increases as
the projected coefficient-of-restitution decreases. Therefore, Lankarani and
Nikravesh updated their model, to account for plastic deformations at high
impact velocities, [Hamid M. Lankarani and Parviz E. Nikravesh, 1994].

Gonthier Model (Go) As mentioned earlier, all the previously introduced
models are point contact models and based on Hertz model. In 2007,
Gonthier proposed a new contact model [Gonthier, 2007], which is based on
a modified Winkler elastic foundation with volumetric stiffness. This vol-
umetric model was developed for the contact simulations of robotic tasks
with low velocities. In addition, his model is supposed to satisfy the real-
time simulation requirements, e.g., small computational effort.
Using the following equation of the relative motion:

mδ̈ + δn(k + λδ̇) = mδ̈ + kδn(1 + aδ̇) = 0 (4.19)

one could find a relationship between the coefficient-of-restitution and the
damping coefficient. Therefore, Gonthier introduced a dimensionless factor

d = acr δ̇i = λ

k
cr δ̇i (4.20)
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By integrating Eq. 4.19 and substituting it in Eq. 4.20, he got:

1 + d
cr

1 − d
= e

d(1+ 1
cr

) (4.21)

which can be solved numerically. Additionally, he approximated it to the
following:

d ≈ 1 − cr
2 (4.22)

accordingly, he expressed his approximated contact model as follows:

F = kδn
[︂
1 + 1 − cr

2

cr

δ̇

δ̇i

]︂
(4.23)

By analyzing this model, in case of elastic and inelastic collision, the
damping coefficient showed to be quite reasonable. From Eq. 4.20, in
case of a perfectly inelastic collision (cr = 0) the damping coefficient (λ)
is infinite. While in a perfectly elastic collision (cr = 1), the damping
coefficient is zero. This observation makes sense physically.

Another comparison is the high and low coefficient-of-restitution’s values.
For high values of cr, the compression and restitution phases showed to
be symmetrical, meaning that the energy dissipation was almost the same
during compression and restitution. For low values of cr, most of the energy
dissipation took place during the compression phase, hence the hysteresis
loop was non-symmetric.

Because this is a volumetric contact model, there is a difficulty that arises
in finding the volumetric stiffness coefficient value.

Zihing and Qishao Model (Z&Q) In 2006, the Chinese researchers, Zi-
hing and Qishao, published in their own language a new contact model,
which aimed to find a relation between coefficient-of-restitution and energy
dissipation throughout the contact. Their model is observed to produce re-
alistic results for a great range of coefficient-of-restitution. They proposed
the following damping coefficient:

λ = 3
4(1 − cr

2)e2(1−cr) k

δ̇i

(4.24)
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Such that the normal contact force equation is expressed as:

F = kδn
[︂
1 + 3

4(1 − cr
2)e2(1−cr) δ̇

δ̇i

]︂
(4.25)

Flores et al. Model (FL) Flores published a more recent point contact
model, which is based on Hertz theory, along with a hysteresis damping co-
efficient for energy dissipation [Flores et al., 2011]. In his work, he separated
the energy dissipation due to the contact into, losses during compression and
losses during restitution. Hence, he expressed the total energy dissipation
using an integral that could be computed only numerically, leading to the
following expression:

∆E = 1
4λ

(︁
δḟ + |δi̇|

)︁
δ

5
2
max (4.26)

such that δmax is the maximum indentation throughout the whole contact
process. δi̇ and δḟ are initial impact velocity and velocity at separation,
respectively. Using the above information, the energy balance is expressed
in combination to the linear momentum balance, yielding the following ex-
pression of the hysteresis damping factor:

λ = 8
5 · 1 − cr

cr
· k
δ̇i

(4.27)

which leads to the following normal contact force expression:

F = kδn
[︂
1 + 8

5 · 1 − cr

cr
· δ̇
δ̇i

]︂
(4.28)

Flores contact model is supposed to be mainly valid for situations where elas-
tic and inelastic materials are contacting each other, in which the outcome
of his work showed similar results to what was obtained from Gonthier’s
volumetric model. Moreover, this model is supposed to be valid for impacts
of soft materials (high energy losses). Flores showed in his work that the
realized coefficient-of-restitution is very close to the projected one, which
is a good indication of the model validity. More analysis of this model has
been presented by Flores also in [Machado et al., 2012].
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4.4 Simulation and Results

As mentioned in the previous sections, the behavior of the non-linear con-
tact model depends on various parameters, such as, the Hertzian stiffness
(k) value which depends on the used material, as it is a function of the
Young’s modulus (E) and the Poisson’s ratio (ν). In addition, the contact
model behavior depends on the hysteresis damping factor (λ), which de-
pends on the coefficient-of-restitution (cr), initial impact velocity (δ̇i) and
the Hertzian stiffness (k). Therefore, in this section, a parametric study
is presented, which was carried out in order to analyze the dependency of
the non-linear contact models on such parameters. Most importantly, this
parametric study assisted to select of the most representative non-linear
contact model that was implemented in the considered docking system.

In order to carry out this parametric study, a simulation of two rigid
bodies impacting each other in 1DOF was modeled, see Fig. 4.3. The simu-
lation was repeated multiple times and each time one of the studied param-
eters (e.g., contact model, impact velocity, material type and coefficient-of-
restitution) was varied. Accordingly, the results were studied and analyzed.

4.4.1 Simulation Model

In order to simulate the impact between two rigid-bodies in 1DOF, a simple
mathematical multibody system was modeled, which was implemented and
simulated in Simulink®, Matlab®.

The simulation model (Fig. 4.3b) consists of two subsystems: "multibody
dynamics" and the "contact model". "Multibody dynamics" subsystem mod-
els the physical and dynamic properties of each rigid body and calculates
the position and the velocity of each body due to any external forces acting
on them. This subsystem provides as outputs the relative-displacement (δ)
and the relative-velocity (δ̇) between both bodies to the "contact model"
subsystem. The "contact model" subsystem calculates the magnitude of
the continuous force generated when the two rigid bodies are in contact
with each other and feeds it back to the Multibody dynamics to calculate
the position and the velocity in each time-step.

The Equation-Of-Motion (EOM) of each of the rigid bodies in 1DOF are
presented in Eq. 4.29. As these are rigid-bodies, the acceleration, velocity
and displacement of any reference frame of the rigid-body, are the same as
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(a) Schematic of two rigid-bodies (b) Simulink® Model

Figure 4.3: Left figure shows the two rigid impacting bodies (Sphere and Cube).
Right figure shows the block-diagram of the model

its Center-Of-Mass (COM). The EOMs are as follows:

ẍ3(t) = F3(t)
m1

, ẍ4(t) = F4(t)
m2

(4.29)

ẋ3(t) =
∫︂
ẍ3(t)dt+ ẋ3(0), ẋ4(t) =

∫︂
ẍ4(t)dt+ ẋ4(0)

x3(t) =
∫︂
ẋ3(t)dt+ x3(0), x4(t) =

∫︂
ẋ4(t)dt+ x4(0)

δ = x3(t) − x4(t) (4.30)

δ̇ = x3̇(t) − x4̇(t) (4.31)

such that m1 and m2 are the masses of each rigid-body, respectively. F
is the external contact force applied on each body during impact. ẍ(t),
ẋ(t), x(t) are the acceleration, velocity and displacement of the rigid-body
respectively. In addition, δ is the relative-displacement (i.e., penetration-
depth) and δ̇ is the relative-velocity (i.e., penetration-velocity).

4.4.2 Simulation Properties

This simulation was carried out using Simulink®, Matlab® 2015b and used
ode45 solver with a variable time-step and a maximum time-step of 1µs.
The parameters of the simulation were defined as shown in Table 4.1, unless
any of these parameters is explicitly mentioned to have a different value. In
addition, initial acceleration of both rigid bodies was set to zero. Initial
displacements and initial velocities were set based on the required initial
impact velocity.
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Table 4.1: Contact Models Simulation Parameters

m1, kg m2, kg δ̇o, m/s COR Material
10 10 0.1 0.8 steel

4.4.3 Results

The results in this section have been published before by the author [Bon-
doky et al., 2017a]. Therefore, this section is quoted directly from the
publication.

4.4.3.1 Impact velocity

" In this test, we vary the initial impact velocity from 10 − 150 mm/s for
all the nonlinear contact models considered. In Fig. 4.4, we notice that the
magnitude of the maximum contact force generated is directly proportional
to the impact velocity. However, the differences between the different contact
models is relatively small. This difference tends to increase though, as the
impact velocity increases, but differences are not big.
Therefore, for any selected material and according to the velocity range of the
test, the magnitude of the initial impact velocity affects the maximum contact
force. Whereas the differences observed at the maximum force generated with
different nonlinear contact models is not significant.

(a) Overview (b) δ̇o=50mm/s (c) δ̇o=100mm/s (d) δ̇o=150mm/s

Figure 4.4: Results of contact models at different impact velocities for steel [Bon-
doky et al., 2017a]
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4.4.3.2 Material

In this test, we vary the material type of the contacting bodies. The material
type directly affects the value of the Hertzian stiffness (k) and accordingly,
the hysteresis damping value (λ) is also changed. As the geometrical shapes
are unchanged, this test measures the change specifically due to the material
properties; Young’s modulus (E) and Poisson’s ratio (ν). In this test, we
used only the "Flores" contact model. The properties of the materials chosen
are given in Table 4.2.

Table 4.2: Properties of the considered materials

Material Steel Aluminum Polyimide Rubber
Young’s modulus (Ei), [GPa] 200 69 4 0.1
Poisson’s ratio (νi) 0.3 0.34 0.35 0.5

It is clear that the type of the material affects directly the slope of the
elastic Hertzian model, as seen in Fig. 4.5. In particular we observed that
the stiffer the material, the steeper the slope of the nonlinear penetration
depth versus contact force gets, the stiffer the contact becomes as well and
the shorter the contact duration gets. Although the damping depends on
the Hertzian stiffness (k), the material type does not affect the damping
significantly.

(a) Steel vs aluminum (b) Polyimide vs rubber

Figure 4.5: Contact force produced with different material, with "Flores" contact
model. [Bondoky et al., 2017a]
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4.4.3.3 Coefficient-of-Restitution (COR)

As COR (cr) is the main parameter in the hysteresis damping (λ) function,
it is interesting to observe how the performance of a contact model changes
as the COR changes. The input parameter that is given to the contact model
is the "projected COR". It defines the microscopic behavior of the contact
model. In contrast to this, the "realized COR" is the macroscopic value
calculated after the collision is over. In a perfect contact dynamics model,
the "realized COR" is equal to the "projected COR", which is the case for
all the contact models when the "projected COR" value is 1, i.e., elastic
collision.
In this test, the value of the COR has been varied from 50% − 100% in steps
of 10% for the different contact models. The COR variation test shows that
the COR value is considered as one of the main parameters that is taken
into consideration, for the computation of the hysteresis damping factor.
The following points are observed:

(a) Older contact models (H&C, H&M, L&W, L&N) are only good
for high projected COR (low energy-loss impacts), but not for
the small COR. New contact models (Go, Z&Q, FL) show better
results even for the low projected COR and they are closer to the
ideal case than the old models. This can be shown clearly in Fig.
4.6a.

(b) The reason for the different behaviors of the models is that each
model implements its damping factor (λ) differently. As the
newer models have put more emphasis on the damping factor,
their damping hysteresis loop became larger (i.e., more energy-
loss) compared to the old models. The different shapes of the
hysteresis loop can be seen in Fig. 4.6b, where all the contact
models are tested at the same COR for the same scenario.

(c) In Fig. 4.6c, we notice that the maximum force of the newer
contact models keeps decreasing as long as the COR is decreas-
ing, until it reaches a certain COR and then the maximum force
starts to increase again. This behavior is not considered by the
old contact models though. An explanation for this is that, as
the COR decreases (i.e., the energy dissipation increases), the
area of the hysteresis loop gets bigger (due to the higher damping
value). In addition, as damping increases, the penetration depth
decreases. Because the area of the hysteresis loop corresponds to
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the energy loss, this area increases as the COR decreases. At
some point, the maximum contact force starts to increase again
in order to compensate for the decreasing penetration depth. This
can be seen in Fig. 4.6d. "

(a) Projected COR vs realized COR for var-
ious models

(b) Force hysteresis of various contact mod-
els, cr = 0.8 .

(c) Maximum force of various contact model (d) Flores model hysteresis loop at various
COR values

Figure 4.6: Coefficient-of-Restitution Analysis [Bondoky et al., 2017a]

4.5 Contact Model Selection

Based on the parametric study results (in Section 4.4), it was observed that
the variation of the initial impact velocity, did not significantly affect the
differences between the considered contact models results. The same ap-
plies for the material type. On the contrary, the COR parameter exhibited
the main differences between the considered contact models. Therefore, it
was concluded that the contact model is mainly dependent on the COR pa-
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rameter, in comparison to the other studied parameters (i.e., initial impact
velocity and material type).

Based on the results in Section 4.4.3.3, it was observed that for COR
higher than 80%, the three models of Herbert and McWhannel, Zihing and
Qishao and Flores et al. are most accurate in comparison to the other
studied models, see Fig. 4.6a. However, for COR less than 80%, the models
of Flores et al., Gonthier, Zihing and Qishao show better results. For the
very low COR values, Gonthier model is the most accurate. Therefore, as
the "Flores" contact model showed more accurate results for a large range
of different COR values, it was selected to be utilized for the considered
docking modeling and analysis.
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1DOF HIL System Model
As mentioned in Section 2.2, a 1DOF HIL testbed is necessary to be designed
to test and validate docking contact dynamics of small and rigid satellites
without artificial compliance. The 1DOF HIL testbed is considered as a
precursor to a 6DOF HIL docking simulator. This chapter prepares for
the 1DOF testbed implementation, design and analysis, while the realized
testbed is presented in Chapter 8.

In this chapter, an investigation of a simplified model of the 1DOF HIL
testbed is presented. Moreover, a simulation of a scenario is presented, in
order to show the effect of modeled hardware (in "HIL Model") on the
1DOF model ("Docking Model"). Afterwards, a detailed parametric study
and analysis of the modeled design-spaces (i.e., spacecraft, docking hard-
ware and contact dynamics) is presented, which was carried out using the
"Generic HIL Testbed Framework Analysis Tool" (presented in Chapter 3).
This study assisted to find the key-parameter of the HIL setup (i.e., parame-
ter which affects the HIL errors the most). Based on that, the relative error
due to the dynamics of the modeled hardware (actuator and force sensor)
was estimated. Accordingly, the required actuator’s figure-of-merits were
identified. The objectives of this chapter are summarized as follows:

1. Present a 1DOF multibody dynamics model of the docking of small
and rigid spacecraft.

2. Present the 1DOF HIL model, as well as the method used to model
the HIL equipment (actuator, force sensor).

3. Present a simulation of one scenario to illustrate the errors due to the
hardware.

4. Present a detailed parametric study of the available design-spaces and
their parameters, in order to identify the key design parameter (most
sensitive).

5. Present the required figure-of-merits of the actuator.
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Firstly, the concept of modeling and analysis of the 1DOF system is pre-
sented in Section 5.1. Secondly, a detailed explanation of how the 1DOF
HIL system was modeled is presented in Section 5.2. Thirdly, the results
of a simulation of a sample scenario is shown in Section 5.3, in order to
demonstrate and explain the HIL errors. Fourthly, in Section 5.4, the anal-
ysis and results of the parametric study are presented. Afterwards, the
required figure-of-merits of the actuator are defined in Section 5.5. Finally,
the chapter is summarized in the conclusion.

5.1 Concept

In order to design and build a HIL testbed for the testing and validation
of docking contact dynamics, the following design process was considered.
Firstly, a dynamic model of the real life docking scenario was built, then
a model of the HIL testbed was built. Afterwards, each model and the
effect of HIL equipment on the original dynamic docking simulation were
analyzed. Based on that, the dynamic properties and requirements of the
HIL equipment were identified. A detailed description of the design process
is presented below and illustrated in Fig. 5.1.

(a) "Real Docking" (b) "Docking Model" (c) "HIL Model"

Figure 5.1: Simplified block-diagram of each model

Firstly, the "Docking Model" (Fig. 5.1b) was built, which modeled the
"Real Docking" scenario (Fig. 5.1a). In the "Real Docking", the whole dock-
ing scenario was simplified into two subsystems: "spacecraft" for the S/C
dynamics and physical properties, as well as "collision" for the impacts that
occur during docking. Accordingly, in the "Docking Model" block-diagram,
the "spacecraft dynamics" subsystem modeled the physical and dynamic
properties of each spacecraft during the docking process (i.e., it calculates
the position and velocity of each spacecraft due to any external forces act-
ing on them). On the other hand, the "contact dynamics model" subsystem
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modeled the generated force when the two spacecraft are in contact.

Secondly, the "HIL Model" was created as shown in Fig. 5.1c. The goal of
the "HIL Model" is to simulate the effect of the dynamics (e.g., time delays,
resolution) of HIL equipment in the HIL test and study how they affect the
simulation. Accordingly, an actuator and a force sensor were modeled in
the "HIL Model".

Figure 5.2: Error estimation due to the dynamics of the modeled hardware [Bon-
doky et al., 2017a]

Afterwards, the HIL errors and fidelity were estimated, when the "HIL
Model" and the "Docking Model" were compared to each other (Fig. 5.2).
Based on this concept, a parametric study was carried out on the available
design-spaces to find the key design parameter in such a setup (the key-
parameter is a parameter in a design-space, which has a high sensitivity to
the metrics under evaluation). Hence, it affects the HIL errors the most
when it is changed. This parametric study can be seen as a sensitivity
analysis. In the parametric study, the simulation was repeated several-
times, while varying the key-parameter. Accordingly, the required figure-of-
merits of the HIL equipment were identified, based on the desired fidelity
percentage. Hence, the figure-of-merits of the HIL actuator was selected.

5.2 Modeling

In this section, the modeling of the 1DOF system is described; starting by
the "Docking Model", then the "HIL Model".
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5.2.1 Docking Model

The "Docking Model" consists of two subsystems: "spacecraft dynamics"
and "contact dynamics".

5.2.1.1 Spacecraft dynamics

"spacecraft dynamics" subsystem is concerned with the physical and dy-
namic properties of two S/C, that are undergoing impact. The two space-
craft (Chaser and Target) are modeled as two rigid-bodies in 1DOF, in a
non gravitational environment, see Fig. 5.3. This subsystem calculates the
dynamics (e.g., position, velocity) of each rigid-body due to any external
forces acting on them and the dynamics are updated in each time-step of
the simulation. The subsystem provides as output the relative-displacement
(δ) and relative-velocity (δ̇) between both bodies, to the "contact dynamics"
subsystem.

Figure 5.3: Left figure depicts the visualization of the multibody system; right
figure shows the multibody model

The Equations-Of-Motion (EOM) of each rigid-body S/C are presented in
Eq. 5.1. As these are rigid-bodies, acceleration, velocity and displacement
of any reference frame of the rigid-body are the same as the Center-Of-Mass
(COM) of the body. The EOMs are as follows

ẍ5(t) = F5(t)
m1

, ẍ7(t) = F7(t)
m6

(5.1)

ẋ5(t) =
∫︂
ẍ5(t)dt+ ẋ5(0) , ẋ7(t) =

∫︂
ẍ7(t)dt+ ẋ7(0)

x5(t) =
∫︂
ẋ5(t)dt+ x5(0) , x7(t) =

∫︂
ẋ7(t)dt+ x7(0)

δ = x5(t) − x7(t) (5.2)

δ̇ = x5̇(t) − x7̇(t) (5.3)
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such that m1 and m6 are the mass of the chaser and target rigid-body,
respectively. F is the external contact force applied on each body during
impact. ẍ5(t), ẋ5(t), x5(t) are the acceleration, velocity and displacement of
chaser rigid-body respectively, while ẍ7(t), ẋ7(t), x7(t) are the acceleration,
velocity and displacement of target rigid-body respectively. In addition, δ
is the relative-displacement (i.e., penetration depth) and δ̇ is the relative-
velocity (i.e., penetration-velocity).

In [Bondoky et al., 2017a] and [Bondoky et al., 2017b], an expanded
1DOF model is presented, where the beam of the Chaser is also modeled.

5.2.1.2 Contact dynamics

The goal of this subsystem is to calculate the magnitude of the contact force
throughout the impact simulation. The detailed description of the Flores
non-linear contact model [Flores et al., 2011] and the reason why it was
selected to be used in this work have been previously presented in Chapter
4. The Flores contact model equation is as follows:

FN = kδn[1 + 8
5 · (1 − cr)

cr
· δ̇
δ̇o

] (5.4)

such that FN is the normal contact force, The Hertzian stiffness k takes
into consideration the Young’s moduli (Ei) and the Poisson’s ratios (νi) of
the bodies. They are both dependent on the type of the material selected.
δ is penetration depth n is the power value which is related to the shape of
contacting bodies (in the considered model, the contact is assumed to be
between a sphere and flat surface, hence n = 1.5). δ̇o is the initial impact
velocity at the very beginning of the impact, while δ̇ is the instantaneous
penetration velocity and cr is the Coefficient-Of-Restitution (COR).

5.2.2 HIL Model

In the "HIL Model" (Fig. 5.1c), two subsystems were added to the "Docking
Model", which are the "actuator model" and "force sensor model". The goal
of the "HIL Model" is to study the effect of the dynamics (i.e., time delays,
accuracy) of the hardware used on the system. Afterwards, when the "HIL
Model" was compared to the "Docking Model", the relative error due to the
dynamics of the used actuator was estimated. Fig. 5.2 depicts the concept
of the verification and error estimation. Based on this concept, the required
properties of the hardware were studied and defined.
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5.2.2.1 Actuator model

In order to find the required technical specifications of the actuator, a simpli-
fied model of the actuator was built in the "HIL Model". Some of the main
actuator’s requirements that were needed to be properly identified were:
bandwidth frequency (fo) and motion properties, such as stroke length, ve-
locity, accuracy, etc.

Based on these main requirements (i.e., delay, motion properties), the
actuator was modeled as a 2nd order Low Pass System (LPS) in order to
simulate the delay of the actuator and a quantizer to simulate the position-
ing resolution of the actuator. The equation of the 2nd order LPS is:

GLP S = 1
1 + 2do

ωo
s+ s2

ω2
o

(5.5)

such that the natural frequency is (ωo = 1
Tc

) and (do = 0.7) is the damping
value. Tc is the time constant of the actuator, which is the time (in seconds)
required by the actuator to reach 63% of its required position. In the 2nd
order LPS, the steady state time is reached at around 3.7 times of the time
constant, i.e., Tss ≈ 3.7 · Tc. Accordingly, in order to compensate for any
extra delays (e.g., control-bus latency, sensor readout delay), it was assumed
that τdel = 4 · Tc. Where τdel is an assumed variable, which represents the
total actuator delays, as well as its communication delays. Consequently,
the bandwidth frequency is calculated as follows:

ωo = 1
Tc

= 4
τdel

(5.6)

fo = ωo

2π = 4
2π · τdel

= 2
π · τdel

(5.7)

In this work, the actuator’s total-delay τdel is referred to as Dact, while
the force sensor’s total-delay is referred to as Df .

5.2.2.2 Force sensor model

The force sensor was modeled in the same way as the actuator in section
5.2.2.1. The force sensor model is a 2nd order LPS to model delay, plus
quantizer to model resolution of measuring. Based on a market survey,
the time constant of the sensor was selected to be small (100 µs) which
corresponds to a frequency of 10 kHz, while the accuracy was set to 1N.
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5.3 Simulation and Results (Docking-model vs HIL-model)

In this section, a simulation based analysis of a sample scenario is presented,
in order to demonstrate the differences between the "Docking Model" and
the "HIL Model".
The simulation ran using a Simulink® model which contained both models
(docking and HIL), such that both ran with the same conditions simulta-
neously. In the results, the relative errors due to the included hardware
models and their effect on the simulation were shown. The goal of this sec-
tion is to explain the effect of hardware dynamics on the docking simulation
and show the errors of this scenario.

Firstly, the simulation (and scenario) properties are explained, then the
results of the simulation on the quality-control parameters (i.e., displace-
ment, velocity and force) are presented.

5.3.1 Simulation and Sample Scenario Properties

This simulation was carried out using Simulink®, Matlab® 2015b. It ran
using ode45 solver with a variable time-step and a maximum time-step of
10µs.

The simulation scenario was an impact between two rigid spacecraft bod-
ies, Chaser (mass m1 is 30kg) and Target (mass m6 is 75kg). The re-
quired initial impact velocity was 0.1m/s. Accordingly, initial parameters
for Chaser are x5(0) = 0.35m, x5̇(0) = 0.1m/s and x5̈(0) = 0m/s2. For
Target x7(0) = 0.36m, x7̇(0) = 0m/s, x7̈(0) = 0m/s2.
For the "contact dynamics", the simulation was carried out using contact
model "Flores et al." with a COR value of 0.8 and the impact was between a
half-sphere of radius 2.5cm (probe-tip) of polyimide and flat surface (target-
surface) of aluminum.

For the actuator model a total time-delay (Dact) of 1ms with a resolution
of 1µm was selected. In addition, for the force-sensor model a total time-
delay (Df ) of 0.4ms with a resolution of 1N was selected.

5.3.2 Results of the Sample Scenario

Each graph of Fig. 5.4 contains two models and the error between them.
The "Docking Model" is shown in plain black, the "HIL Model" in blue
with "o" marker and the error in red with "+" marker. The impact occurs

55



Chapter 5 1DOF HIL System Model

when the relative displacement between two bodies is more than or equal
to zero (i.e., δ >= 0). In Fig. 5.4a, the "Docking Model" starts at time of
0.1 on the x-axis.

(a) Displacement (b) Force. (c) Velocity

Figure 5.4: Results of the simulation of a sample scenario (see Section 5.3.1) run-
ning simultaneously on "HIL Model" and "Docking Model" in order to present
the differences and the HIL errors

In Fig. 5.4b, one observes that the force of the "HIL Model" is slightly de-
layed relative to the "Docking Model". This is due to the delays presented in
HIL equipment models in the "HIL Model". Moreover, maximum impact
force of the "HIL Model" shows to be higher than that of the "Docking
Model". This is again due to the modeled delays and the resolution im-
plemented in the hardware models of the "HIL Model". The same can be
seen in the displacement graph in Fig. 5.4a. In addition, the velocity graph
in Fig. 5.4c shows that the velocity-after-impact of the "Docking Model"
is -0.08m/s, which means that the realized COR is indeed 0.8, as it was
predicted in the contact model (COR = 0.8). However, the velocity-after-
impact in the "HIL Model" (̃-0.12m/s) is much higher than expected in the
"Docking Model".

One reasonable way to explain the reason behind these higher peaks (in
the force and the penetration-depth) and higher velocity is the modeling of
the total delays and the motion capabilities in the hardware models. These
resulted in the impact force being applied on the bodies in the "spacecraft
dynamics" for a longer time in "HIL Model" in comparison to the "Docking
Model". Hence, the "spacecraft dynamics" subsystem in the "HIL Model"
perceived this as follows: a constant force was applied on each body for a
longer time (modeled delay-time), accordingly computed accelerations were
higher. Therefore, there were higher peaks in force and penetration depth,
as well as higher reaction velocity.
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5.3.3 HIL Errors

In this section, the calculated HIL errors of the simulated sample scenario
is presented in Tab. 5.1.

For the 1DOF HIL modeling, three errors were used here; maximum-
instantaneous-error (max. Inst.), modulus HIL-integral-error (i.e., differ-
ence between the area under-the-curve) and velocity error. Maximum-
instantaneous-error considers the difference between the peak value of the
error curve, with respect to "Docking Model". While the HIL-integral-errors
considers the difference between the area-under-the-curve of the error curve
with respect to the "Docking Model". Lastly, the velocity error in per-
centage is how much the error (i.e., difference between the final velocity
of the "HIL Model" and the "Docking Model") differs from the absolute
value of the final velocity of the "Docking Model". The errors definition
and explanation have been previously presented in Section 3.3.

Table 5.1: Relative error due to the actuator and force sensor dynamics

Force Error Displacement Error Velocity Error
max.
Inst.
[N]

max.
Inst.
[%]

HIL
Integral
[%]

max.
Inst.
[µm]

max.
Inst.
[%]

HIL
Integral
[%]

δḟ error

[m/s]
error
[%]

807.34 67.41 45.34 47 45.67 32.63 -0.041 52.52

5.4 Parametric Study

5.4.1 Overview

In this section, the parametric study that was carried out on the different
available design-spaces of the 1DOF "Docking Model" and "HIL Model" is
presented, see Fig. 3.1. The goal of this study is to carry out a system-
atic investigation of the available design-spaces in order to find the "key-
parameters", which are required to be taken into consideration when de-
signing a HIL testbed. A “key parameter” is a parameter in a design-space
which has a high sensitivity to the metrics under evaluation. This study
can be seen as a sensitivity analysis. This study assisted to identify the dy-
namic requirements of the HIL instruments, such that the figure-of-merits
of each hardware were identified according to the desired framework. This
parametric study was carried out using the "Generic HIL Testbed Frame-
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work Analysis Tool" (presented in Chapter 3), which is one of the main
contributions of this work.

5.4.2 Objectives and Study Questions

The objectives of this parametric study are formalized in a form of questions,
which are then answered through this study. These study questions are as
follows:

1. Which is/are the key parameter(s) of the hardware models (in the HIL
simulation model) that have a higher effect on the error percentage?

2. Which are the key parameters in the other design-spaces that affect
the error percentage?

3. What is the predicted error percentage of the HIL simulation, when
the parameters of each design-spaces are varied?

5.4.3 Methodology

In order to find the answer of these study questions, the parametric study
has been carried out by systematically changing the parameters of the sim-
ulation, repeating the simulation and then analyzing the variation of the
error percentages. As the modeled hardware had a higher influence on the
results, it was practical to firstly find the key parameters in the HIL design-
space. Afterwards, the identified key parameter would be varied against the
other design-spaces.

Fidelity Attributes Different attributes were utilized to define quality con-
trol. The HIL errors (described in detail in Chapter 3.3) were calculated
using the values of these attributes at the "HIL Model", in comparison
to the ideal (non-delayed) non-linear physical model (i.e., Docking Model).
These attributes are the following:

1. Normal contact force

2. Penetration-depth (normal relative-displacement)

3. Penetration-velocity (normal relative-velocity)

5.4.4 Simulation Properties

The simulation properties of this parametric study were the same as in Sec-
tion 5.3.1, such that it used the same version of Matlab® and Simulink®.
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All the parameters considered in the parametric study have been as-
signed the same values as noted in Section 5.3.1, unless mentioned otherwise.
Meaning, when a design-space (and its parameters) was under investigation,
a range of values (for each of its parameters) were defined. Accordingly, the
simulation was repeated multiple times and each time a new value from
the defined range was assigned to the parameter. Therefore, unless param-
eters of a certain design-space are explicitly defined, the default simulation
parameters are assigned as in Section 5.3.1.

5.4.5 Discussion and Results

5.4.5.1 HIL Design-Space

In the HIL design-space, the following four parameters were part of the
"HIL Model". The range of values for these parameters were as follows:

1. Actuator total time-delay (Dact)
[0.4, 0.6, 0.8, 1, 1.2, 1.4] (ms)

2. Actuator resolution (Ract)
[0.1, 1, 10] (µm)

3. Force-Sensor time-delay (Df )
[0.1, 0.5, 1] (ms)

4. Force-Sensor resolution (Rf )
[0.1,1,10, 100] (N)

These parameters have been selected after doing a wide market survey. In
addition, the design-framework of the considered system has been taken
into consideration.

Analysis and Results The results of the simulations are shown in the four
figures below. In Fig. 5.6, 5.7 and 5.8, one can see that the error percentage
remains almost the same when each of the parameters (Ract, Df , Rf ) are
varied on different ranges. Their behavior showed that they do not have
big effect on the error percentage. However, on changing the (Dact) in Fig.
5.5, one can see that the error percentage is directly proportional to the
actuator total-delay parameter.
Accordingly, the key-parameter was identified to be the actuator total-delay.
This answered the first study question.
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Figure 5.5: Variation of actuator’s total-delay (Dact)

Figure 5.6: Variation of actuator’s resolution (Ract)
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Figure 5.7: Variation of force-sensor’s total-delay (Df )

Figure 5.8: Variation of force-sensor’s resolution (Rf )
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5.4.5.2 Spacecraft Design-Space

The next subsections focus on the second and third study questions.

The parametric study allowed to show the effect of the selected design-
space parameters on the predicted HIL simulation and how dependent the
error percentage was on them. The results were produced by varying each
of the parameters against different values of the HIL design-space key-
parameter (actuator total-delay Dact).

1. Masses (kg): [10-10, 35-35, 35-70, 50-50, 50-100, 175-375]
The main objective in the investigation of this parameter is to find
an answer to the second and third study questions in Section 5.4.2.
Furthermore, it investigates whether the ratio between the impacting
body masses is an important factor in such impact tests and how the
mass ratio affects the predicted HIL simulation errors.

Figure 5.9: Effect of variation of Spacecraft masses and Actuator total-delay (Dact)
on the predicted HIL simulation errors

Analysis and Results From the results depicted in Fig. 5.9, it is
observed that the body-masses ratio is not the main factor to keep
an eye on, rather the value of the equivalent-mass of both impacting
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Figure 5.10: Contact duration and force hysteresis of different masses at various
Actuator total-delay (Dact)

bodies. Surprisingly, it was observed that masses are inversely pro-
portional to the HIL error percentage. Meaning, when the masses of
both bodies were 10kg, the error percentage showed the highest value
always, compared to the other cases. Accordingly, one could conclude
that the higher the equivalent masses, the lower the predicted HIL
error.

In order to understand this more, the contact-duration of these scenar-
ios were analyzed and the results are depicted in Fig. 5.10. Contact
duration is the time that the two impacting bodies are in contact (i.e.,
touching) with each other.

One observes in Fig. 5.10 that as the equivalent mass becomes smaller,
the contact duration becomes shorter and accordingly the HIL errors
becomes higher (in Fig. 5.9).
A possible explanation for such phenomenon is that the smaller the
equivalent mass, the faster the reaction of the impacting bodies (due
to momentum), hence, the shorter contact-duration. Due to the delay
caused by the actuator model, the HIL errors increase as the contact
duration is shorter. In other words, the shorter the contact duration
is, the faster the required actuator’s response, to catch up with the
motion. A confirmation for this hypothesis is that as the actuator
total-delay (Dact) increases, the HIL errors also increase, see Fig. 5.9.

As a result, it is concluded that the masses of the impacting bodies
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affect the HIL errors. Moreover, it is concluded that the higher the
equivalent-masses are, the longer the contact-duration, which leads to
the lower HIL error percentage.

2. Initial Impact Velocity (cm/s): [7.5, 10, 12.5, 15, 17.5, 20]
In this test, the initial impact velocity has been varied in order to see
how it affects the predicted HIL errors.

Figure 5.11: Effect of variation of initial impact velocity and Actuator total delay
(Dact) on the predicted HIL simulation errors

Analysis and Results It is observed from the results depicted in Fig.
5.11 that the HIL errors are directly proportional to the initial impact
velocity. Meaning, the higher the initial impact velocity, the higher
the predicted HIL simulation errors. However, the difference in errors
is not very large, in comparison to other parameters. Figure 5.12
shows the contact duration of each scenario to observe the effect of
contact-duration on the HIL errors.
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Figure 5.12: Contact duration of different initial velocities at various Actuator
total-delay (Dact)

Accordingly, it is concluded that the initial impact velocity value also
affects the HIL errors, but not as significant as other parameters.

5.4.5.3 Contact Dynamics Design-Space

1. Material [Aluminum(Alu)-Polyimide(Poly), Alu-Alu, Poly-Poly]
In this test, the material of the impacting-bodies has been varied
(between Alu and Poly) in order to see how this affects the predicted
HIL errors.

Analysis and Results In Fig. 5.13 the HIL errors of the different sce-
narios are shown. In the Alu-Alu impact scenario, it is observed that
the HIL error percentage rises drastically, as the total-delay of the
actuator increases. When an impact takes place between Poly-Alu,
or Poly-Poly, the HIL errors rising slope is lower than the Alu-Alu
scenario.
In order to analyze this more, Fig. 5.14 depicts the contact-duration,
as well as the hysteresis (Impact Force vs Penetration-depth), to un-
derstand stiffness and contact duration of each scenario.

It is observed in Fig. 5.14, that the stiffness of the impact in the
Alu-Alu scenario, is much higher than in the other scenarios. In addi-
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Figure 5.13: Effect of variation of impacting materials and Actuator total delay
(Dact) on the predicted HIL simulation errors

Figure 5.14: Contact duration of impacting materials at various Actuator total-
delay (Dact)
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tion, the slope of the HIL errors of the same scenario (Alu-Alu) is also
much higher than in the other scenarios, see Fig. 5.13. As a result, it
is concluded that the stiffer the material of the impacting bodies, the
higher the error percentage of the HIL simulation.
A possible explanation for this phenomenon is that the stiffer the
material, the higher the impact force and the shorter the contact du-
ration, hence the higher the impulse. Therefore, due to the delay of
the actuator, the error of the HIL simulation tends to be higher for
impacts with relatively higher impulses.
Consequently, it is concluded that the material (i.e., a parameter
within the contact dynamics design-space) also affects the HIL errors.

5.4.6 Conclusion of Parametric Study

• As expected the delays are driving the simulation errors. Based on
the market survey, it was found that the force-sensor delays are in
general much smaller than actuator delays, hence the dynamics of
the actuator are mainly driving the HIL simulation errors. This is
confirmed by the analysis of the HIL design-space parameters’ effect
on the HIL errors.
Based on the considered range of values for the total-delays of both
hardware models, the actuator time-delay (Dact) showed to be the
key-parameter of the HIL design-space, as it has the highest effect on
the error percentage. This answers the first study questions.

• After studying the other design-spaces (S/C, contact dynamics), it is
concluded that each of the parameters of each design-spaces affect the
HIL simulation errors, but not with the same effect. This answers the
second and third study questions. Based on this finding, all of these
parameters have been varied and tested in the realized HIL testbed.

• The actuator time-delay (Dact) is the main key-parameter for the
considered HIL design process. It is used to identify figure-of-merits
of the required actuator.

5.5 Actuator’s Figure-of-Merits Definition

5.5.1 Simulation of various actuator time-delay

In order to define the required figure-of-merits of the actuator, a simulation
of the "HIL Model" versus "Docking Model" (exactly like in Section 5.3)
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was run multiple times, with various actuator total-delay (i.e., which means
various bandwidth frequency), in order to calculate the HIL errors and
fidelity. Based on the results and the required fidelity in the HIL testbed
framework, the figure-of-merits were identified.

The simulation properties were exactly the same as introduced in section
5.3.1, except that the actuator total-delay was varied with the following
values:
Actuator total time-delay (Dact) = [0.4, 0.6, 0.8, 1, 1.2, 1.4] (ms)

After running the simulation and comparing the results to the "Docking
Model" (as shown in Fig. 5.2), the errors due to the dynamics of the
hardware models for the HIL simulator were calculated. The summary of
the results are presented in Table 5.2.

Table 5.2: Predicted HIL errors at various actuator’s total-delay

Actuator
Model

Force Error Displacement Error Velocity Error

Dact

[ms]
max.
Inst.
[N]

max.
Inst.
[%]

HIL
Inte-
gral
[%]

max.
Inst.
[µm]

max.
Inst.
[%]

HIL
Inte-
gral
[%]

δḟ error

[m/s]
error
[%]

0.2 162.35 11.36 9.80 8.97 7.18 5.90 -0.008 10.36
0.4 298.11 21.83 17.28 17.11 14.27 11.64 -0.015 19.24
0.6 446.42 34.94 25.91 26.17 23.83 17.90 -0.023 29.14
0.8 617.86 48.57 34.90 36.11 34.43 24.65 -0.032 40.20
1 807.34 67.41 45.34 47.34 45.67 32.63 -0.041 52.52

1.2 997.22 84.60 55.45 59.39 64.12 40.87 -0.052 66.13

5.5.2 Required Figure-of-Merits

One of the main intended uses of the 1DOF HIL simulator is the verification
of the "docking contact dynamics validation concept". Therefore, a perfor-
mance leading to a relative error of up to 60% is acceptable. This is due to
the fact that high requirements on the robustness of the docking process will
be in place anyway; which in turn relaxes the requirements on the fidelity
of the HIL simulation. Consequently, based on the results in Tab. 5.2 and
in order to carry out the experiment with a relative-error of approximately
50% to 60%, an actuator is required with a total time-delay in the range of
[1−1.2] ms, i.e., a controlled bandwidth frequency (fo) of [0.53−0.636] kHz.
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Based on this analysis, the following requirements are defined for the actu-
ator: minimum force capability of 2.6 kN to be used with a polyimide probe-
tip, velocity capability within the range 0.01−0.1 m/s, minimum stroke
length 300 µm, minimum position accuracy 1 µm, minimum acceleration
capability 69 m/s2, position closed-loop controller is required and minimum
controlled bandwidth frequency (fo) required is 0.53 kHz.

5.6 Conclusion

1. In this chapter, a 1DOF docking HIL simulation model has been in-
troduced in detail and studied. Based on simulation results, it is
concluded that the dynamics (total-delay, resolution) of the hardware
used in the HIL simulation, indeed affect the 1DOF docking system.
Accordingly, the HIL errors were calculated and identified.

2. Using the "Generic HIL Testbed Framework Analysis Tool", a detailed
parametric study of the available design-spaces and their parameters
were carried out, in order to identify the key-parameter (most sensi-
tive). Accordingly, it is concluded that the actuator time-delay is the
key-parameter of the HIL design-space and is the main key-parameter
for the considered HIL design process. Therefore, it was used to iden-
tify figure-of-merits of the required actuator.

3. According to the results of the various actuator’s total-delay simula-
tions, the preliminary requirements of the actuator needed for the HIL
simulation were defined. These figure-of-merits are a prerequisite for
the implementation of the HIL testbed and its realization.
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Chapter 6

6DOF HIL System Model
In this chapter, the spacecraft docking model, as well as the Hardware-
In-the-Loop (HIL) model are expanded to a 6 Degrees-Of-Freedom (DOF)
framework. The 6DOF model is more realistic and more representative to
the real life scenario, as it models the dynamics of the free-floating S/C in
space. However, the complexity of 6DOF is higher, in terms of mathematical
modeling, verification of models and computational effort. The objectives
are:

1. Model the 6DOF docking scenario in a generic way, in order to be
adaptable for any test-case. The model shall include rigid spacecraft
dynamics, docking hardware and contact dynamics.

2. Verify various docking scenarios using the multibody dynamics dock-
ing simulation.

3. Identify the properties of the successful and the unsuccessful docking
scenarios of the spacecraft under consideration.

4. Build a 6DOF HIL testbed model based on the existing HIL design-
frame.

5. Carry out performance analysis on the HIL testbed performance model,
to predict and estimate HIL simulation errors and fidelity.

6. Understand the errors of the HIL simulation and identify their sources.

7. Lay the foundation for the 6DOF HIL framework parametric study
using the "Generic HIL Testbed Framework Analysis Tool", which
carries out a systematic investigation of the available design-spaces,
in order to find the HIL testbed key-design-parameters.

Firstly, the concept of the 6DOF system modeling is explained in Section
6.1. Secondly, the modeling method is explained in Section 6.2. Based on
that, the detailed explanation of how the 6DOF "Docking Model" was built

71



Chapter 6 6DOF HIL System Model

is presented in Section 6.3. Likewise, the detailed explanation of how the
6DOF "HIL Model" was built is presented in Section 6.4. In Section 6.5,
one can see the models in action, such that in Section 6.5.1, the simulation
and the results of a docking case-study are presented and discussed. This
case-study allowed to identify the properties of the successful and the un-
successful docking scenarios. Afterwards, in Section 6.5.2, the simulation
and results of the HIL testbed model of a docking scenario are presented,
which demonstrated the "HIL Model" in action and allowed to understand
where the errors come from. Finally, a summary of the chapter is presented
in Section 6.6.

6.1 Concept

HIL Modeling Concept
As mentioned before in Chapter 2, the HIL testbed model is used to study
and to analyze how the modeled HIL instruments (and their dynamics)
affect the HIL simulation, which is done by comparing the HIL testbed
model to the ideal (i.e., without delays) non-linear physical docking space-
craft model.

Following the same naming as in Chapter 2, the ideal physical docking
model is called the "Docking Model", the HIL testbed model is called the
"HIL Model" and the real HIL simulation testbed is called the "Real HIL
testbed".

In the design process introduced in Chapter 2, it was mentioned that
it is required to model the "Docking Model" first, then build a model of
the HIL testbed and finally define the real HIL testbed requirements. This
worked well for the 1DOF system. However, for the 6DOF system, the
geometrical and physical properties of the real docking mechanism, as well
as the (already defined) HIL testbed design-requirements had be taken into
consideration, in order to build the "HIL Model". Therefore, for the 6DOF
HIL system modeling, the "Docking Model" was firstly built. Afterwards,
the real HIL testbed design frame-work ("Real HIL testbed") was studied.
Accordingly, a representative "HIL Model" was built based on the provided
information from the "Docking Model" and the "Real HIL testbed", as seen
in Fig. 6.1.
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Figure 6.1: Illustration of "HIL Model" design concept, using simplified block-
diagrams

6.2 Modeling Methodology

Modeling of spacecraft dynamics in space could be achieved using different
methods, e.g., either by utilizing already existing software (e.g., ADAMS,
Modelica, etc), or Matlab® toolboxes (e.g., SimMechanics, Aerospace, etc)
or by independently building a mathematical multibody dynamics model.
The existing multibody software tools and toolboxes make it very easy to
construct a multibody model, to simulate and to visualize the desired sce-
narios, but this comes at the expense of using some black-box tools which
have some details that can not be modified or even accessed.

One of the objectives of the docking and HIL testbed models is that
they should be adaptable to any S/C docking scenario or HIL testbed that
needed to be modeled. Therefore, the models were required to be built in a
generic way, such that only a few changes need to be applied to simulate a
test-case, but the core concept is generic. Therefore, it was more practical
to build an independent mathematical multibody dynamics model and to
implement it using Matlab® and Simulink®, in order to have access to all
the model properties without any restrictions.

Rigid-body modeling of a spacecraft was adopted in this work for various
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Figure 6.2: 3D Visualization of modeled spacecraft

reasons. First, since HIL simulations run as real-time simulation using a
real-time system, the computational effort of the model in-the-loop plays
a big role on the performance of the HIL simulation. Modeling spacecraft
as flexible bodies, increases the computational effort and time significantly,
therefore, it was decided to stick to the rigid-body modeling. Second, by
describing the shape of the spacecraft as multiple standard shaped rigid-
bodies (as will be explained later in the next section), one would be flexible
to quickly model new spacecraft docking scenarios.

6.3 Docking (Physical) Model

The modeling of the spacecraft docking scenario in 6DOF environment was
more complicated than the 1DOF model presented before in Chapter 5. In
Fig. 6.3, a block-diagram of the concept of the 6DOF "Docking Model" is
depicted.

Figure 6.3: Block-diagram of the 6DOF "Docking Model" Concept
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The 6DOF "Docking Model" is composed of different subsystems, namely:
S/C Dynamics, Contact Detection, Contact Dynamics and Transformations.
In this chapter, the subsystems are explained in detail. Also, the whole
system and the function of each subsystem are briefly explained here, in
order to provide an overview of the system.

Model Description
The "S/C Dynamics" subsystem is concerned with the 6DOF modeling of
the dynamics of each spacecraft in space. Such that the dynamics attributes
of each S/C (position, orientation, linear and angular velocity represented
in the inertial frame, as well as some attributes in the body-fixed frame,
direction-cosine-matrix, etc.) are calculated, based on the external forces
and torques acting on the Center-of-Mass (COM) of the S/C. Afterwards,
in the next subsystem, (Tinertial to ConeBase), the relative motion (pose and
velocity) between both S/C is calculated. Moreover, the dynamic attributes
are transformed (using homogeneous transformations) in the Drogue-Base
frame {F4} (aka ConeBase). Then, the "Contact Detection" subsystem
comes into action, which is concerned with the following tasks: the detection
of contact when it takes place between the two spacecraft (by calculation of
minimum normal distance between impacting surfaces), the calculation of
the normal and tangential unit-vectors of the reaction forces at the point of
impact, as well as the calculation of the normal and tangential velocity be-
tween the impacting surfaces. In order to do that, the docking mechanism
is geometrically modeled inside this subsystem. Accordingly, the outputs
of this subsystem are: penetration-depth, normal and tangential velocity,
normal and tangential force unit-vectors. Afterwards, the "Contact Dynam-
ics" calculates the magnitude of the impact force using the selected contact
model, as well as the friction force model. Then, the force and torque
vectors are all calculated in the ConeBase frame. Finally, the forces and
torques that act on the COM of each S/C are calculated in the required
frames and fed back to the "Spacecraft Dynamics" to update the dynamics
attributes of each S/C accordingly.

6.3.1 Spacecraft (S/C) Model and Dynamics

In the docking scenario under investigation, two small (< 1000kg) and rigid
spacecraft are considered, Chaser and Target, as visualized in Fig. 6.4. The
docking mechanism utilized is the "probe-drogue" docking mechanism, as
it was mentioned before in Section 1.1 why this mechanism was selected.
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Figure 6.4: Visualization of the docking spacecraft models under consideration

Before initializing the "Spacecraft Dynamics" subsystem, the S/C multi-
body system needs to be defined first. Therefore, in Section 6.3.1.1, the
S/C multibody system definition is presented, then in Section 6.3.1.2 the
"Spacecraft Dynamics" subsystem is described, finally in Section 6.3.1.3, the
implementation of the considered S/C docking scenario is presented.

6.3.1.1 S/C Model

In order to easily model any S/C that needs to be considered and to make
it adaptable to any scenarios (i.e., generic modeling), each S/C is defined as
a combination of multiple simple-shaped rigid-bodies, which are connected
and related to each other. Afterwards, all this information is combined
together, out of which one rigid-body S/C is defined, as seen in Fig. 6.5.
[Amirouche, 2007] and [Wohllebe, 2017] provided a good foundation for
building the model. Modeling the S/C as one rigid-body makes it easier to
build simplified S/C models, where the detailed description of bodies are
not required, rather only the main properties of the whole body concen-
trated in its COM. This is very useful for the generic modeling. Moreover,
it is required to keep the S/C multibody model as simple as possible, so
that the computational effort during simulation would not affect the HIL
simulation.
Although each S/C is modeled and is seen as only one rigid-body, modeling
each S/C as a combination of multiple rigid-bodies makes it easier (when
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the need arises) to upgrade each S/C model to a multibody model. In ad-
dition, it can be easily integrated in SimMechanics (toolbox for multibody
systems runs on Simulink®), which has been often used within the scope
of this project.

The simple-shaped rigid-bodies can be a cube, cuboid, sphere, cylinder,
half-sphere or conical frustum. The attributes of each simple-shaped rigid-
body are separately defined, as well as the displacements between each
rigid-body, based on the S/C under consideration that need to be modeled.
The attributes required for each simple-shaped rigid-body are the following:

1. Mass.
2. Geometrical properties (dimensions).
3. Inertia tensor.
4. Displacement w.r.t. to other considered rigid-bodies.
5. Material.

Figure 6.5: Each spacecraft model is made of simple-shaped rigid-bodies.

Each simple-shaped rigid-body is assigned a letter (represents S/C name)
and number. For example, "c3" is Chaser’s simplified-body number three
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and "t2" is Target’s simplified-body number two. Each S/C has a "main-
body" where most of the mass is concentrated in it and it is assigned the
number "1", e.g., "c1", Chaser’s mainbody and "t1" is Target’s mainbody.
Based on all the simple-shaped rigid-bodies defined and the attributes as-
signed for each, a one rigid-body S/C is defined which is assigned a notation
of a capital letter and number zero (i.e., Chaser "{C0}", Target "{T0}").

In order to explain generally, the capital notation B0 is used to describe
the S/C rigid-body and the small notation bi is used to describe the small-
shaped rigid-bodies. Based on that, the following attributes have to be
defined for each S/C model:

1. Total Center-of-Mass (COM)
The total COM is calculated based on the mass of each simple-shaped
rigid-body and the displacement between each rigid-body COM (bi)
and mainbody COM (b1). Accordingly, the total COM (B0) is calcu-
lated using the following equation:

rCOM =
∑︁n

i=1 mbi rb1bi

mB0
= rb1B0 (6.1)

mB0 =
n∑︂

i=1

mbi (6.2)

such that rCOM is the displacement from COM of mainbody (b1) to
the calculated total-COM (B0), n is the number of the simple-shaped
bodies for each S/C modeled and mB0 is the total mass of S/C.

2. Total Inertia Tensor (IB0) (defined w.r.t to the total COM)
The total inertia tensor of the S/C rigid-body is calculated based on
the inertia tensor of each simple-shaped rigid-body in the following
steps.
First, the inertia tensor of each simple-shaped rigid-body (Ibi) is de-
fined in its own COM, w.r.t. the mainbody reference frame (b1) (see
[Wohllebe, 2017] for inertia tensors of various simple-bodies consid-
ered). Inertia tensor of considered simple-bodies are simple diagonal
matrix, as follows:

Ibi =

[︄
Ixx 0 0
0 Iyy 0
0 0 Izz

]︄

Then, using Steiner’s theorem (i.e., parallel axis theorem), the inertia
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tensor of each body is transformed to the total COM (B0) of the S/C
rigid-body. To transform the inertia tensor using Steiner’s theorem,
the following equation is used:

Ip = Is +mbi r̃ps r̃T
ps (6.3)

where Is is the original inertia tensor, rps is the displacement vector
from the old to the new reference point and Ip is the transformed
inertia tensor. Such that in considered generic notation, it is used as
follows:

B0 (Ibi ) = Ibi +mbi r̃biB0 r̃T
biB0 (6.4)

where Ibi is the original inertia tensor in each body’s COM, i is the
number of the simple-shaped rigid-bodies, B0 (Ibi ) is the transformed
inertia tensor of each body in (B0) reference frame. r̃biB0 is the skew-
symmetric matrix of rbiB0 , as follows:

r̃biB0 =

[︄ 0 −r3 r2
r3 0 −r1

−r2 r1 0

]︄
, rbiB0 = [r1 r2 r3]T

Afterwards, in order to calculate the total inertia tensor of the S/C
rigid-body, the summation of all the inertia tensors of the total number
(n) of the simple-shaped rigid-bodies in the total COM is calculated,
giving the total inertia tensor of the S/C rigid-body as output.

IB0 =
n∑︂

i=1

B0 (Ibi ) (6.5)

3. Mass matrix (MB0)
As the S/C is modeled as one rigid-body, its mass matrix would consist
of a 6x6 matrix, which comprises of the mass and the inertia tensor,
as follows:

MB0 =
[︃
mB0Id 03×3
03×3 IB0

]︃
6×6

where mB0 is the total mass, Id is identity matrix and IB0 is the
inertia tensor.
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6.3.1.2 S/C Dynamics

In this section, the equations-of-motion governing the 6DOF motion of each
of the considered S/C w.r.t. the inertial-fixed (aka, World) coordinate frame
{W : Xw, Yw, Zw} are described. The model is built based on [Fossen and
Fjellstad, 1995], as well as [Ploen et al., 2004], [Zipfel, 2007] and [Witkin
and Baraff, 1997].

Assumptions In the model, certain assumptions are made, which simplified
the system of equations of each S/C model, as follows:

1. Each S/C is modeled as a rigid-body with defined attributes, namely:
a body-fixed reference frame {B0}, a total Center-of-Mass (COM),
total mass and total inertia tensor.

2. The body-fixed frame coincides with the total COM of the S/C model.

3. The total inertia tensor of each S/C is defined with respect to its own
total COM.

General vectors and components To describe the 6DOF motion, the fol-
lowing vectors and components (See Fig. 6.6) are used:

Figure 6.6: Body-fixed and World-fixed (inertial reference) frames
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wZ = [wS,Φ]T ; wS = [xw, yw, zw]T ; Φ = [ϕ, θ, ψ]T

bY = [bV,b Ω]T ; bV = [u, v, w]T ; bΩ = [p, q, r]T

bF = [fx, fy, fz]T ; bτ = [τx, τy, τz]T

where wZ is the pose vector in inertial world frame, which is composed of
linear position in world-frame (wS) and euler orientation (Φ). bY is the
body-fixed velocity vector which consists of linear body-fixed velocity (bV)
and angular body-fixed velocity (bΩ).

Equation-of-Motion (EOM) The EOMs that govern the dynamics of the
rigid-body S/C are given as:

1. Translational motion of the rigid-body S/C:

bF = m(bV̇ + bΩ × bV) (6.6)

where the external applied force bF = [Fbx, Fby, Fbz]′ acts on the
body’s COM,m is the constant body-mass, bV is the body-fixed linear
velocity, bΩ is the body-fixed angular velocity.

2. Rotational dynamics of the rigid body S/C:

bτ = IB bΩ̇ +b Ω × (IB bΩ) (6.7)

where bτ is the external applied moment on the S/C COM, Ω is the
angular velocity, IB is the inertia tensor of the S/C represented in its
own COM.

Subsystem Initialization In order to initialize the system model for the
simulation, the following initial parameters are required for each S/C:

1. initial pose in inertial axes (wZ)

wZ(0)[6x1] =
[︃

wS[3x1]
Φ[3x1]

]︃
=

⎡⎢⎢⎢⎢⎢⎣
xw

yw

zw

ϕ
θ
ψ

⎤⎥⎥⎥⎥⎥⎦ (6.8)
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2. initial velocity in body axes (bY):

bY(0)[6x1] =
[︃

bV[3x1]

bΩ[3x1]

]︃
=

⎡⎢⎢⎢⎢⎢⎣
u
v
w
p
q
r

⎤⎥⎥⎥⎥⎥⎦ (6.9)

3. mass of the body (m)

4. Inertia Tensor (I)

Subsystem Inputs The inputs to the spacecraft dynamics system are:

1. bF: Force acting on COM, in body-fixed frame.

2. bτ : Torque acting on COM, in body-fixed frame.

Subsystem Outputs
1. wZ(t): the pose in inertial world-frame

2. bY(t): the velocity in body fixed-frame.
It is composed of linear velocity [u v w]′, as well as the body-fixed
angular-rates [p q r]′.

3. wŻ(t): the velocity in inertial world-frame.
It is composed of linear velocity (in inertial world frame)[ẋw ẏw żw]′,
as well as the Euler-angle rates [ϕ̇ θ̇ ψ̇]′. In order to calculate the
Euler-rates from the body-fixed angular rates [p q r]′, the following
formula is used:⎡⎣ϕ̇θ̇

ψ̇

⎤⎦ =

⎡⎣1 sinϕ tan θ cosϕ tan θ
0 cosϕ − sinϕ
0 sin ϕ

cos θ
cos ϕ
cos θ

⎤⎦ [︄
p
q
r

]︄
(6.10)

4. Direction-Cosine Matrix (DCM) (Rwb): The Euler 321 sequence is
used in the above system. The rotation matrix (Rwb) is generated
from the 3-2-1 intrinsic Euler angles by multiplying the three matrices
generated by rotation about the axis:

Rwb = Rz(ψ) · Ry(θ) · Rx(ϕ) (6.11)
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where,

Rx(ϕ) =

[︄1 0 0
0 cosϕ − sinϕ
0 sinϕ cosϕ

]︄
,Ry(θ) =

[︄ cos θ 0 sin θ
0 1 0

− sin θ 0 cos θ

]︄
,

Rz(ψ) =

[︄cosψ − sinψ 0
sinψ cos θ 0

0 0 1

]︄

Accordingly, the Rwb that transforms from the body-fixed frame (b)
to world reference frame (w) is shown in Eq. 6.12, which contains
the unit vectors of the body-fixed frame described in the world-frame
frame. For simplicity, the "cos" is represented with "c", while "sin"
is represented with "s", e.g., cθ is cos θ:

Rwb =

[︄
cψ cθ cψ sϕ sθ − cϕ sψ sϕ sψ + cϕ cψ sθ
cθ sψ cϕ cψ + sϕ sψ sθ cϕ sψ sθ − cψ sϕ
−sθ cθ sϕ cϕ cθ

]︄
(6.12)

The transformation matrix Rbw can be calculated by obtaining the
transpose of Rwb,

Rbw = (Rwb)T (6.13)

5. Extra outputs: In addition to the outputs mentioned above, some
extra outputs are prepared (in light of generic modeling) so that the
model can be easily used with different models or scenarios. These
extra outputs are:

• Acceleration in body-axes (bV̇);

bV̇ = bF
m

+b V ×b Ω
• Angular acceleration in body-axes (bΩ̇);

bΩ̇ =b I−1[bτ − Ω × (bIΩ)]
• Body rotational rates in inertial frame (wΩ);

wΩ = Rwb ×b Ω

6.3.1.3 Implementation

In this section, the implementation of the modeling of the S/C under consid-
eration is explained. The geometrical properties of the considered spacecraft
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are depicted in Fig. 6.7.

Figure 6.7: Spacecraft geometrical properties illustration (shapes are not to scale)

Chaser Spacecraft The rigid-body model of the "Chaser" spacecraft is de-
fined based on four rigid-bodies. The four rigid-bodies are called, Mainbody,
Rigid-cylinder, Probe-beam and Probe-tip, which are defined as: rigid-cube,
solid-cylinder, solid-cylinder and half-sphere, respectively. The properties
of each body are defined and introduced in Tab. 6.1. Accordingly, the total
COM of all bodies is calculated based on Eq. 6.1 and the "total COM"
position w.r.t. the Mainbody (c1) is [0.1895 0 0]T . Afterwards, using the
Steiner theorem, the inertia of the bodies is transformed to the total COM.
Consequently, a one rigid-body spacecraft model called "Chaser" is defined,
see Tab. 6.2.

Target Spacecraft Likewise, the rigid-body model of the "Target" space-
craft is defined based on three rigid-bodies. The three rigid-bodies are
called, Mainbody, Drogue-Cylinder and Drogue-Frustum, which are defined
as: rigid cube, hollow-cylinder and hollow-frustum respectively. The Drogue
is sometimes referred to as the Docking-Cone. The properties of each body
are defined and introduced in Tab. 6.3. Accordingly, the "total COM" of
all bodies is calculated and its position w.r.t. the Mainbody (t1) is [-0.0123
0 0]T . Afterwards, using the Steiner theorem, the inertia of the bodies is
transformed to the total COM. Consequently, a one rigid-body S/C model
called "Target" is defined, see Tab. 6.4.
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Table 6.1: Physical properties of the rigid bodies, where the rigid Chaser S/C
model is defined

Body Mass
[kg]

Displac-
ement

(rc1−ci)
[m]

Inertia in body’s COM (Ici)
[kg ·m2]

Inertia in total COM
(C0 [Ici ]) [kg ·m2]

Main-
body
(c1)

300
[︄0

0
0

]︄ [︄50 0 0
0 50 0
0 0 50

]︄ [︄50 0 0
0 60.77 0
0 0 60.77

]︄
Rigid
Cylin-
der
(c2)

60
[︄1.1235

0
0

]︄ [︄0.3 0 0
0 31.25 0
0 0 31.25

]︄ [︄0.3 0 0
0 83.59 0
0 0 38.59

]︄
Probe-
beam
(c3)

0.366
[︄1.8845

0
0

]︄ [︄0.028 0 0
0 9.24 0
0 0 9.24

]︄
×10−3

[︄0.028 × 10−3 0 0
0 1.06 0
0 0 1.06

]︄
Probe-
tip
(c4)

0.1
[︄2.0314

0
0

]︄ [︄0.25 0 0
0 0.16 0
0 0 0.16

]︄
× 10−4

[︄0.025 × 10−3 0 0
0 0.34 0
0 0 0.34

]︄

Table 6.2: Physical properties of the rigid Chaser S/C

Body Mass
[kg]

total COM
(rc1−C0) [m]

Inertia in total COM
(IC0) [kg ·m2]

Chaser
Rigid-Body
(C0)

360.466 [0.1895 0 0]T
[︄50.3001 0 0

0 145.76 0
0 0 145.76

]︄
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Table 6.3: Physical properties of the rigid bodies, where the the rigid Target S/C
model is defined

Body Mass
[kg]

Displac-
ement
(rt1−ti)

[m]

Inertia in body’s COM (Iti)
[kg ·m2]

Inertia in total COM
(T0 [Iti ]) [kg ·m2]

Main-
body
(t1)

759.99
[︄0

0
0

]︄ [︄374.726 0 0
0 374.726 0
0 0 374.726

]︄ [︄374.726 0 0
0 374.84 0
0 0 374.84

]︄
Drogue
Cylinder

(t2)
0.77

[︄−0.885
0
0

]︄ [︄1 0 0
0 0.7 0
0 0 0.7

]︄
× 10−3

[︄1 0 0
0 587.1 0
0 0 587.1

]︄
× 10−3

Drogue
Frustum

(t3)
9.24

[︄−0.949
0
0

]︄ [︄0.0023 0 0
0 0.2782 0
0 0 0.2782

]︄ [︄0.0023 0 0
0 8.3932 0
0 0 8.3932

]︄

Table 6.4: Physical properties of the rigid Target S/C

Body Mass
[kg]

total COM
(rt1−T0) [m]

Inertia in total COM
(IT0) [kg ·m2]

Target
Rigid-Body
(T0)

770 [-0.0123 0 0]T
[︄374.729 0 0

0 383.82 0
0 0 383.82

]︄
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6.3.2 Transformations and Reference Frames

Homogeneous Transformation

In multibody modeling, dynamic attributes of any body are defined with
respect to a specific reference frame. Transformation between reference
frames is often required, as in this work. For example, the Chaser probe-
tip’s attributes need to be calculated w.r.t. the world inertial frame {W},
or w.r.t the Target’s drogue-base {F4} when describing the relative-motion
between the two spacecraft.

Homogeneous transformation is adopted in this work, in order to trans-
form from one reference frame to another [Schilling, 1996]. It is a compact
way to describe the rotation and translation between two different frames
in a 4x4 matrix form, as follows:

Ta−b =
[︃
R3×3 P3×1
η1×3 σ1×1

]︃
(6.14)

such that Ta−b is the transformation of frame "b" to ref. frame "a", "R3x3"
is the rotation matrix that describes the rotation from frame "b" to frame
"a", P3×1 is the translation vector, "η" is the perspective vector which was
always set to zero in this work, as well as the scale vector "σ".

One of the advantages of the homogeneous transformations is the simplic-
ity in transforming from one reference frame to another, by multiplying the
transformation matrices by each other in the right order. For example, in
order to transform from frame ”c” to frame ”a”, one would first transform
from frame ”c” to ”b”, then from frame ”b” to ”a”, (i.e. Ta−c = Ta−b ·Tb−c).
In addition, in order to obtain the inverse transformation (i.e., transforma-
tion from frame ”a” to frame ”c”), one can simply obtain the inverse of
the homogeneous matrix, (which is not the same as the inverse of a normal
matrix), as follows:

Tb−a = T−1
a−b =

[︃
RT

3×3 −RT · P3×1

bη1×3 σ1×1

]︃
(6.15)
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(a) Reference frames defined for the modeled spacecraft

(b) Closer view of the docking mechanism’s ref-
erence frames

Figure 6.8: Multibody model reference frames
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Reference frames

Various reference frames have been defined in the multibody model of the
spacecraft, as seen in Fig. 6.8. The reference frames are assigned to specific
positions in each S/C model, which are useful for modeling, analysis of the
system and future HIL simulations. The description of the reference frames
are presented in Table 6.5. In this work, it is required to describe position,
velocity, etc. in different reference frames, in order to simplify the model
and its analysis.

Table 6.5: Reference frames description of the multibody model of the spacecraft

Reference Frame Position
{W} World frame
{C0} Chaser COM
{T0} Target COM
{F1} Solid Cylinder Base
{F2} Docking Probe-beam Base
{F3} Docking Probe-tip base
{F4} Docking Cone Base
{F5} Docking Cone Tip

Using the transformation diagram in Fig. 6.9, one can visualize the trans-
formations required to transform from one reference frame to another. For
example, in order to transform from the drogue-base frame {F4} to the
world frame {W}, (i.e. Tw−f4), one firstly transforms from world frame
to Target COM, then from Target COM to drogue-base, (i.e. Tw−f4 =
Tw−t0 · Tt0−f4).

6.3.3 Contact Detection

In this section, the "Contact Detection" subsystem is explained, which is
mainly concerned with finding whether the 3D geometrically modeled bod-
ies of the docking-hardware are in contact or not.

This subsystem prepares some of the required information for the next
subsystem ("Contact Dynamics") as follows: whether the bodies are in con-
tact or not, penetration depth, penetration velocity, unit-vectors of (normal
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Figure 6.9: Homogeneous Transformation Table

and tangential) reaction forces, tangential relative-velocity (i.e., for friction
force calculation), as well as identifying the position of the impact-point
on each body (or the closest expected impact point, if bodies are not in
contact).

The inputs to this subsystem are: the relative pose and velocity of the
probe-beam base {F2} (or Probe-tip base {F3}) w.r.t. the drogue-base
frame {F4}, represented in the drogue-base frame. Moreover, the pose and
velocity of the Drogue-Base w.r.t. the world frame (W {F4}) are required.
The outputs are: penetration depth, normal penetration velocity, tangen-
tial relative-velocity, contact points position on each body, as well as unit-
vectors of normal and tangential forces.

In the following subsections, the method of calculation of the minimum-
normal-distance (i.e., penetration-depth) between two bodies, as well as
the calculation of the normal and tangential unit-vectors is presented. Af-
terwards, it is explained how the normal and tangential relative impact-
velocities are derived.

6.3.3.1 Minimal Normal Distance Between Bodies

While there are various approaches to find the minimum-normal-distance (or
if bodies are in contact or not), the 3D description of the docking hardware
has to be provided in all these approaches. Some of these approaches are:

90



6.3 Docking (Physical) Model

mesh modeling, volumetric equations [Wohllebe, 2017], or vector-analysis
approach [Bondoky, 2015]. Mesh modeling approach is accurate, however its
computational effort in simulations is quite high, which is not recommended
in HIL simulations. Accordingly, the vector-analysis approach was utilized,
out of the other approaches, because of its accuracy and simplicity. In Table
6.6 the inputs and outputs for distance calculation are presented.

Table 6.6: Required Inputs and Outputs for calculation of minimal normal distance.
See Fig. 6.10 for illustration

Inputs Outputs

P

displacement vector of
probe-tip base {F3}
w.r.t drogue’s base {F4},
represented in {F4}
coordinates

K
Perpendicular displacement
from drogue surface to
probe-tip base.

lc
length of docking
cylinder l

minimum distance to
impact (i.e., penetration
depth)

rc
radius of docking
cylinder

n̂tc,
t̂tc

Unit vector of normal (n̂)
and tangential (t̂) reaction
force from Target to Chaser

θc Docking cone angle n̂ct,
t̂ct

Unit vector of normal (n̂)
and tangential (t̂) reaction
force from Chaser to Target

rp radius of probe-tip Cc

contact-point position
vector on Chaser’s
Probe-tip, w.r.t
Drogue-base

Ct

contact-point position
vector on Target’s Drogue,
w.r.t Drogue-base

Assumptions
Firstly, this approach is based on the assumption that impacts take place
only inside the drogue, not from outward. Secondly, certain assumptions
and time-variant variables have been introduced, in order to simplify the
presentation of the approach to the reader (see Fig. 6.10 for illustration),
as follows:
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• It is assumed that the docking drogue consists of a docking cylinder, a
docking-cone and varying-frustum. Varying-frustum is an imaginary
frustum, where its base coincides with the docking cone, while its top
coincides with the YZ plane that contains the probe-tip base {F3},
that is why its length is varying.

• a: length of varying frustum.

• b: distance from rim of varying-frustum to the tip of the docking
cylinder in YZ plane.

• c: outer radius of varying-frustum.

• i: distance from probe-tip base, to drogue’s base in YZ plane.

• j: distance from probe-tip base, to frustum in YZ plane.

• k: perpendicular distance from frustum surface (in XZ plane) to probe-
tip base.

• l: minimum perpendicular distance between frustum surface and probe-
tip surface in XZ plane.

• γ: angle between i and z-axis, in YZ plane.

• the drogue is divided into different zones, because it consists of differ-
ent shapes. These zones (shown in Fig. 6.11) are:

– Zone A: inside docking cone.

– Zone B: cylinder-tip.

– Zone C: inside docking cylinder.

Approach
The idea in this approach is to separately analyze the different planes (plane
XZ and plane YZ), in order to calculate the required variables based on the
inputs. The condition whether the bodies are in contact or not, is identified
based on the sign of the displacement (l), which is the difference between
the distance (k) and the radius of the tip (rp). If it is negative that means
the bodies are in contact, otherwise they are separated. Therefore, this acts
as the working condition for the contact dynamics subsystem.

In addition, because the drogue is composed of different shapes (frus-
tum and cone), the method of (minimum distance to collision) calculation
slightly changes, based on the position of the probe-tip; whether it is inside
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Figure 6.10: Description of Variables used in the contact detection method. Left
figure shows XZ-Plane. Right figure shows YZ-Plane.

the frustum, or inside the docking cylinder, etc. Therefore, the drogue is
divided into three different zones (as seen in Fig. 6.11). In order to de-
cide in which zone the probe-tip lies, certain conditions are defined w.r.t.
the x-axis of {F4} for each zone. By comparing the x-component of the
probe-tip displacement vector (F4Px) to each zone’s constraint, the zone in
consideration is identified. The zones and their conditions are defined as
follows:

Figure 6.11: The drogue is virtually divided into three different zones.

1. Zone A: inside docking cone (Default Zone)
Condition: (Xconstraint < Px <= (lc + a))
Such that Xconstraint = lc + j cos θ sin θ, is the x-position of the in-
tersection point between the constraint-lines of this zone and the z-
position of the probe-tip.
If Px (x-component of the probe-tip displacement vector) is bigger
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than the constraint defined for zone B and smaller than summation of
the length of cylinder and frustum together, then it lies in the docking
zone.
Properties:
This is considered to be the default zone, such that all variables stay
the same as they were defined.

2. Zone B: cylinder-tip.
(This is the transition-zone between docking-cylinder and cone)
Condition: (lc < Px <= Xconstraint)
If the x-component of the probe-tip displacement vector is smaller
than the constraints defined and bigger than the length of cylinder,
then it lies in this transition zone.
Properties:
This zone looks like a triangle when it is viewed from the XZ plane.
In this zone, the actual (or expected) contact point is always the tip
of the cylinder. In this zone, the outer radius of the varying-frustum,
is non-changing and set to the radius of the cylinder. Accordingly, the
distance (j) in YZ plane is updated. As the expected contact point is
always the tip of the cylinder, the angle (θ) is always updated in this
zone.

3. Zone C: inside docking cylinder.
Condition: ( Px <= lc)
If the x-component of the probe-tip displacement vector is smaller
than the length of the cylinder, this means that the probe-tip is inside
the docking cylinder.
Properties:
In this zone, the shape is a pure hollow cylinder. Therefore, the
variables are updated accordingly. When the probe-tip is in this zone,
the following parameters are over-written: angle (θ) is set to zero, the
outer radius of the varying frustum stays constant and is set to the
same value of the radius of the cylinder, accordingly the distance (j)
in the YZ plane is updated.

Algorithm Overview
For a better understanding, an overview of the steps of solutions are intro-
duced (in the sequence of execution) below:

1. Find j
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a) find c

b) find i, j

2. Constraints calculation and Zone identification.

3. Calculate k and l

4. Calculate n̂tc, t̂tc, n̂ctand t̂ct

5. Calculate K, Cc, Ct

Solution

1. Find j:

a) Plane XZ - Find c:

a = Px − lc (6.16)
b = a tan θ (6.17)
c = b+ rc (6.18)

b) Plane XY - Find i, j:

i =
√︁
Py

2 + Pz
2 (6.19)

j = c− i (6.20)

2. Constraints calculation and Zone identification:

Xconstraint = lc + j cos θ sin θ (6.21)

Zone(Px) =

{︄
A if Xconstraint < Px <= (a+ lc)
B if lc < Px <= Xconstraint

C if Px <= lc

3. Calculate k, l: If the probe-tip lies in the default zone (i.e., Zone
A), then no variables need to be overwritten. However, if the probe-
tip is in any of the other zones, the following variables need to be
overwritten, as in Table 6.7. Accordingly, the variables k and l are
also calculated based on the updated variables, if any.

4. Calculate n̂tc and t̂tc:
To calculate the required unit vectors, the angle gamma γ needs to
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Table 6.7: Variables assignment for each zone.

Zone A Zone B Zone C
c – c = rc c = rc

j – j = c− i j = c− i

θ – θ = arctan( b
j
) θ = 0

k k = j · cos θ k = j
cos θ

k = j · cos θ
l l = k − rp l = k − rp l = k − rp

be firstly calculated. γ is the angle between the imaginary line i and
the z-axis in YZ plane and it is calculated as follows:

γ = atan2(Py, Pz) (6.22)

Accordingly, the unit vectors of reaction normal and tangential forces
from Target to Chaser are as follows:

n̂tc =

[︄ − sin θ
− cos θ sin γ
− cos θ cos γ

]︄
(6.23)

t̂tc =

[︄ − cos θ
sin θ sin γ
sin θ cos γ

]︄
(6.24)

In order to find the reaction normal (and tangential) force from the
Chaser and Target, the negative vector of the previous unit vectors is
simply calculated, as follows:

n̂ct = −1 · n̂tc (6.25)

t̂ct = −1 · t̂tc (6.26)

5. Calculate K, Cc, Ct:
As the closest distance vector (K) is always perpendicular to the sur-
face of the drogue, its unit-vector is the same as the Target normal
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reaction force (n̂tc).

k̂ = n̂tc (6.27)

K = k · k̂ (6.28)

Based on that, the vector of the actual (or closest) impact point on
Target (Ct)and Chaser (Cc) w.r.t. drogue’s base ({F4}) can be cal-
culated as follows:

Ct = P − K (6.29)
Cc = P + rp · n̂ct (6.30)

6.3.3.2 Relative Velocity Components

The relative-velocity components, namely: normal relative-velocity (i.e.,
penetration velocity) and tangential relative-velocity, are required to be
calculated for the calculation of the magnitude of the normal contact force
and friction force, respectively. Therefore, the relative-velocity (F4dV43) of
Chaser’s probe-tip-base ({F3}) w.r.t. Target’s drogue-base ({F4}) is pro-
jected to the tangential and the normal vector.

dVn = n̂ct · (F4dV43) (6.31)

dVt = t̂ct · (F4dV43) (6.32)

6.3.4 Contact Dynamics

In this subsystem, the magnitude of the normal contact force, as well as the
friction force between the two contacting bodies are calculated (Fig. 6.3).
The inputs to this subsystem are: the relative displacement between im-
pacting bodies (which would be called "penetration depth" during impact)
w.r.t. the drogue base, the relative-velocity, location of the contact point,
normal and tangential unit vectors at the contact point. Using these inputs,
the magnitude of the impact force and the friction force are calculated. Af-
terwards, the vector form of the normal impact force and the tangential
friction force is calculated, by multiplying the normal unit vector and the
tangential unit vector at the impact point between the two bodies by the
impact force magnitude and the friction force magnitude, respectively.
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6.3.4.1 Contact model

The magnitude of the impact force is calculated using the selected non-
linear contact model (i.e., Flores model [Flores et al., 2011]), according to
Chapter 4 and in particular Section 4.5. The contact model is implemented
exactly as in the 1DOF simulation in Section 5.2.1.2.

6.3.4.2 Friction model

The friction force is calculated using "Tustin friction model". This model
combines the standard Coulomb friction model with different phenomena of
friction force in one formula. These experimentally discovered phenomena
are: viscous friction, static friction and Stribeck velocity [Geenhuizen, 2008].
Since in this simulation, neither fluids nor lubricants are used in the docking
scenario, the viscous friction force is neglected. Hence, the Tustin friction
model is used as follows:

Ff = −sgn(vrel) · FN · [µ1 + (µ0 − µ1)] exp− vrel
vS (6.33)

such that Ff is the friction force, sgn is the mathematical sign function,
vrel is the relative-velocity between both bodies, FN is the normal force, vS

is the Stribeck velocity, µ0 is the friction coefficient during stiction, µ1 is
friction coefficient during perfect sliding.
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6.4 HIL Testbed Model

As mentioned in the concept of modeling in Chapter 6.2, the actual HIL
testbed has to be taken into consideration during the process of modeling
the HIL Testbed. This is required, so that the "HIL Model" would be a
reliable representation of the actual HIL testbed. Therefore, in this section
the real HIL tested concept and its already existing equipment are described.
Afterwards, the HIL testbed modeling method is explained.

6.4.1 Real HIL Testbed Properties

Figure 6.12: Real HIL Testbed Block-diagram

Concept
The concept of the docking HIL testbed proposed by Airbus DS GmbH
at Friedrichshafen, Germany (where the testbed will be set up) is that a
robotic hardware will be used to realize in real-time the relative motion
between the Chaser and the Target throughout the docking simulation. In
this test, the probe of the real docking hardware will be mounted on the
robotic hardware (see Fig. 1.2), whereas the docking-drogue (aka docking-
cone) will be mounted on a 6DOF forces/torques sensor table. This 6DOF
sensor table will measure the real forces and torques, due to the real impact
between the real docking hardware.

As seen in the block-diagram of the real HIL testbed in Fig. 6.12, the
measured forces and torques are fed back into the S/C dynamic models
(running on the real-time system), where the new pose and velocity of each
S/C is calculated, due to the applied forces and torques. Accordingly, the
relative dynamics (pose and velocity of Chaser’s probe w.r.t Target’s drogue)
are sent to the robotic hardware to emulate the motion.
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Existing Equipment
A 6DOF force/torque sensor table is already existing at the Airbus DS
GmbH facility, which is taken into consideration for the modeling of the
HIL testbed. Although the required robotic hardware that will simulate and
realize the relative motion is not finally defined yet, a 6DOF hexapod robotic
platform is a strong candidate for such an experiment, based on previous
studies for this HIL docking testbed [Bondoky, 2015]. Another robotic
hardware candidate is a 6DOF robotic manipulator. However, hexapod is
more likely to be chosen, due to the foreseen need of fast reaction, high
blocking-force capabilities and workspace requirements.

Figure 6.13: (Left) Assigned reference frames in the "Docking Model" versus (the
conceptual HIL Testbed Visualization and reference frames (Right)
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Real HIL Testbed Description
A visualization of the HIL testbed is depicted in Fig. 1.2 and 6.13. For con-
sistent modeling, the references frames assigned in Fig. 6.13, matches the
reference frames that are assigned in the "Docking Model", in the previous
section (see Fig. 6.8).

6.4.2 HIL Testbed Model

Based on the HIL modeling concept (see Fig. 6.1) and the description of
the real HIL testbed in the previous Section 6.4.1, the model of the HIL
testbed is built.

The goal of the HIL testbed model is to predict the performance of the
HIL simulation and to estimate the HIL errors (compared to the "Docking
Model"), mainly arising from the dynamics and the delays introduced by
the HIL equipment. Therefore, the main addition in the "HIL Testbed
Model" to the "Docking Model" (like in the 1DOF system in Chapter 5),
is the modeling of the HIL equipment, see Fig. 6.14.

Figure 6.14: HIL Testbed Model Block-diagram

The concept of this modeling promotes it to be implemented in industry.
This HIL modeling concept allows the analysis of the docking testbed per-
formance under consideration before building it, which would save efforts
and costs. Accordingly, the system engineer could make a justified decision,
whether a docking HIL testbed needs to built or not, based on the design
requirement.

In the next subsections, the modeling of the HIL equipment (the 6DOF
robotic hardware and the 6DOF Force/Torque Sensor) is explained.

6.4.2.1 Robotic Hardware Model

Following the same concept of the 1DOF "HIL Model", the dynamics of the
generic robotic hardware is modeled in terms of the total-delay time and

101



Chapter 6 6DOF HIL System Model

the resolution. In comparison to the 1DOF model, the robotic hardware of
the 6DOF model is composed of six components: three for linear motion
(S) and three for angular motion (Φ).
Accordingly, each component is modeled as 2nd order Low-Pass System
(LPS) to model the total-delay of the hardware (GLP S), as well as a “quan-
tizer” (Q) to model the resolution (of positioning) of the hardware, as de-
picted in Fig. 6.15
Zero cross-coupling between the DOFs is assumed here. If cross-coupling is
not negligible, it could be supplemented by defining a (6x6) transfer func-
tion matrix.

Figure 6.15: Hardware model in the HIL Testbed model

The equation of the 2nd order LPS is exactly the same as Eq. 5.5 in
1DOF modeling.

6.4.2.2 Force/Torque Sensor Model

The 6DOF force/torque sensor is modeled in the same way as the generic
6DOF robotic hardware. It consists of six components as well, i.e., [fx, fy, fz,
τx, τy, τz]T . A 2nd order LPS is used for each component to model the total-
delay, as well as a quantizer for each component to model the resolution of
the sensor. Like the generic robotic hardware model, it is assumed that
there is no cross-coupling between axes. If it is needed, it could be modeled
by a (6x6) transfer function matrix.
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6.5 Simulation and Results

6.5.1 Docking Model Simulation (Case-Study)

In this section, a case-study of a docking mission is presented, where two
S/C (Chaser and Target) were required to be modeled to simulate vari-
ous docking scenarios and to identify the properties of the successful and
failed docking scenarios, as well as the key-parameters that affect the dock-
ing. This case-study has already been published in [Bondoky et al., 2018],
therefore most of this section was mainly taken from this publication and
shortened for easier understanding.

The results of this case-study was generated (prior to the finalizing of the
"Docking Model") using a SimMechanics-based "Docking Model", which has
the same concept, functionality, design and results of the finalized "Docking
Model presented in Section 6.3.

By understanding this section, one should be familiar with the capabili-
ties of the "Docking Model" presented above and its applications in real-life
problems.

The goals of this case-study are:

• Introduce the key-parameters that affect a docking scenario.

• Simulate different docking scenarios, by varying the key-parameters
systematically.

• Identify the boundary (worst-case) successful docking scenario of the
proposed spacecraft model.

• Simulate and analyze the worst-case docking scenario.

6.5.1.1 Simulation Properties

A) Spacecraft :
The geometrical properties of the spacecraft were the same as the pre-
sented ones in Fig. 6.7, except that the length of the docking-cylinder
was 30mm and the names of the reference frames were varied. For
illustration, a figure of the S/C models of this case-study models are
presented in Fig. 6.16. Moreover, the physical properties of each S/C
are summarized in Table 6.8.

B) Contact Dynamics
To assign the values of the parameters of the contact model equation
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Table 6.8: Physical parameters of simulated spacecraft. Table from [Bondoky et
al., 2018]

Chaser Target
Mass, kg 360 Mass, kg 770
CoG (in "Ch-P"
frame), [m] [-1.833 0 0]T CoG (in "Ta-D"

frame), [m] [0.847 0 0]T

MoI (in CoG) [kg·m2] MoI (in CoG) [kg·m2]
Ixx 50.341 Ixx 374.734
Iyy 122.433 Iyy 385.391
Izz 122.433 Izz 385.391
Probe-tip
Material Polyimide Drogue Material Aluminum

Figure 6.16: Geometrical properties of the spacecraft (Chaser and Target) in this
case-study. Figure from [Bondoky et al., 2018]
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(see Eq. 4.28), the materials and radii were required. The material of
the probe-tip (half-sphere) was assumed to be Polyimide (ν1 = 0.35,
E1 = 4 · 109 Nm−2), while the material of the drogue of the Target was
assumed to be Aluminum (ν2 = 0.34, E2 = 69·109 Nm−2). Meaning, the
modeled contact scenario was between a Polyimide half-sphere (probe-
tip) and an Aluminum plane (surface inside the cone-shaped drogue),
so that the combined Young’s modulus E∗ = 4.3068 · 109 Nm−2. As the
radius of the half-sphere was 25 mm and radius of plane was considered
infinite, the combined radius was R∗ = 25 mm. Finally, the coefficient
of restitution cr was set to 0.8. For such materials, the stiction friction
coefficient (µ0) equals 0.35, while the sliding friction coefficient (µ1) is
0.25. Furthermore, the Stribeck velocity (vS) equals 0.015 m/s.

C) Initial Parameters :
For simplification purposes, the simulation and results were focused on
the 2D motion plane XZ-plane, although the model was capable of sim-
ulating and analyzing the system in 3D motion. Initializing parameters
are presented in Table 6.9. Moreover, the simulation used SimMechan-
ics toolbox in Simulink®and used the (ODE45) Dormand-Prince solver
with a variable time-step and a maximum time-step size of 5µs.

Table 6.9: Initial parameters of spacecraft docking simulation. Table from [Bon-
doky et al., 2018]

Chaser Target
Position (w.r.t
W-frame) [m] based on varying parameters [0.0855 0 0]T

Orientation (w.r.t.
W-frame) [deg] based on varying parameters [0 0 0]T

Velocity [m/s] [0.1 0 0]T (represented in the
"Ch-P" frame coordinates) [0 0 0] T

Angular Velocity [0 0 0] T [0 0 0] T

Acceleration
(linear and
angular)

[0 0 0] T [0 0 0] T

D) Varying key-parameters :
In order to find the worst-case docking scenario, the key-parameters that
affected the docking were varied. In addition to the key-parameters con-
sidered in this case-study, normally, the relative velocity is an important
factor for docking scenarios as well, however, it was selected in this study
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to be set constant at 0.1m/s for simplification. This value was generally
considered as the upper boundary for various previous docking missions.
Accordingly, the considered key-parameters (as seen in Fig. 6.17) were
varied within the following range:

a) Relative attitude: [-10° to 10°] with an incremental value of 2.5°.

b) Relative translation: [-100mm to 100mm] with an incremental
value of 25mm.

Figure 6.17: Docking scenario key-parameters illustration. Figure from [Bondoky
et al., 2018]

6.5.1.2 Successful Docking Criteria

In the original design of the docking mechanism of this case-study there were
different latches that act as a locking mechanism, once the probe-tip reaches
a certain distance inside the docking cylinder. For simplification purposes
of the modeling, only the cone and the cylinder were modeled, without the
latches. Therefore, in this simulation the docking was considered successful,
once the probe-tip touched the inner-wall (Frame Ta-D) of the Target after
passing through the docking cylinder.

6.5.1.3 Case-Study Results

In this section, the results of the docking case-study are presented. Firstly,
the identified worst-case docking scenario is presented. Secondly, the dy-
namic results of the S/C during the docking simulation of the identified
worst-case scenario are presented, such that the displacement, the velocity,
the forces, the torques, as well as the energy analysis of the whole multibody
system are presented.
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A) Worst-Case Scenario Definition
Worst-case docking scenario can also be defined as the boundary docking
scenario, which is important to be identified for each mission beforehand.
If the properties (in particular the key parameters) of the real docking
scenario in space are not within the range of the successful modeled
docking scenarios properties, then the real docking is expected to fail.

In order to find the worst-case docking scenario, the docking simula-
tion was repeated many times and each time one of the key-parameters
defined above in Section 6.5.1.1 was changed within the defined range.
After testing the full range defined for the key-parameters, two mirrored
worst-case docking scenarios were found, as follows:

a) A relative attitude of 7.5° (around Y-axis) and a relative displace-
ment of 75 mm (along Z-axis) between both spacecraft.

b) A relative attitude of -7.5° (around Y-axis) and a relative displace-
ment of -75 mm (along Z-axis) between both spacecraft.

The simulation showed that for the considered S/C, if the relative dis-
placement becomes less than 75 mm (or more than -75 mm), the range
of the successful relative-attitude angles increases. Of course, the identi-
fied values were dependent on the shape of the docking mechanism and
its geometry.

A visualization of the studied successful/failed docking scenarios is de-
picted in Fig. 6.18, such that each line-segment represents one docking
scenario and its docking-probe’s pose, while the color and the line type
(solid or dashed) represent the state of the docking scenario; green-solid
represents successful, red-dashed represents failure.

B) Dynamic Results

i. Displacement, Velocity, Force and Torques:
In Fig. 6.19, the dynamic results of each S/C are shown for analysis.
Linear and angular displacement (see Fig. 6.19a) of each S/C were
important to be analyzed and taken into consideration, especially
if the docking scenario should be verified using a HIL simulation.
The estimated displacements in the results provided an indication
concerning the workspace of a potential robotic hardware for the
HIL simulation. Likewise for the linear and angular velocity in Fig.
6.19b. Moreover, the forces and torques (see Fig. 6.19c) applied
on each S/C during the docking process provided an indication
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Figure 6.18: Two (mirrored) worst-case scenarios have been defined, after carrying
out the docking simulation, using different values of the key-parameters. The
successful and failed docking scenarios are depicted in this figure.

about the required force/torque capabilities of a potential robotic
hardware.

ii. Energy:
In Fig. 6.20, the energy analysis of the whole multibody model
is presented. The mechanical energy of the system throughout the
whole simulation is depicted in Fig. 6.20a. It is composed of the Ki-
netic Energy (KE) of the Chaser and Target, as well as the Potential
Energy (PE) stored during contact, due to the elastic component of
the contact model. On the contrary, the total dissipated energy of
the whole system throughout the docking simulation is depicted in
Fig. 6.20b. The energy dissipation was mainly due to the friction
between both bodies and the dissipation due to impact forces which
is due to the damping component of the contact model.

In order to verify the multibody model, the energy balance of the
whole system was produced by adding the dissipated energy to the
mechanical energy in the system. When adding both of them to-
gether, one should get a constant value (which is equal to the initial
energy of the system before any impacts) during the whole simula-
tion. In such a case, one can verify that energy is correctly modeled
in the system. In Fig. 6.20c, the energy balance of the whole simu-
lation is depicted.
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(a) Linear and angular displacement. (b) Linear and angular velocity.

(c) Forces and Torque.

Figure 6.19: Dynamics Analysis Results of the Chaser and Target throughout the
Docking.
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(a) Mechanical energy components.

(b) Dissipated energy components.

(c) Energy balance of the multibody system.

Figure 6.20: Energy analysis results of the Chaser and Target throughout the
docking simulation.
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6.5.2 HIL Model Simulation

In this section, a simulation of a docking scenario is presented, which is sim-
ulated using the "Docking Model" and "HIL Model" introduced in Section
6.3 and 6.4, respectively. Both models were implemented and ran in the
same Simulink® model, which allowed both models to run simultaneously
under the same simulation conditions (e.g., solver, time-step, etc.). More-
over, the Simulink® model exported the results of each model, as well as the
errors (differences between models) to Matlab® for analysis. In addition,
this Simulink® model made use of the SimMechanics toolbox to visualize
the docking scenario in both models. This Simulink® model was also used
for the the "6DOF HIL Testbed Framework Parametric Study" presented
in Chapter 7.

The goal of this simulation is to demonstrate the main capabilities of the
"HIL Model" and its concept (introduced in Section 6.4.2). In particular,
how the HIL equipment affects the fidelity of the HIL docking simulation in
comparison to the software docking simulation ("Docking Model"). There-
fore, the main goal here is not to check if the docking scenario would be
successful or not (like in the previous case-study in Section 6.5.1), but rather
to compare and analyze how different the docking scenario would be when it
is carried out using the "HIL Model" simulation, compared to the "Docking
Model". Accordingly, the objectives of this simulation are:

• Demonstrate the capability of the HIL modeling concept introduced
and implemented above, which promotes it as a practical tool for
industry.

• Simulate and analyze a selected docking scenario using the docking
"HIL Model" versus the "Docking Model".

• Identify the effect of the HIL equipment dynamics on the docking HIL
simulation, by comparing the results of the "HIL Model" versus the
"Docking Model".

• Identify the fidelity assessment criteria of the docking HIL testbed.

In the following subsections, the simulation properties are firstly described.
Secondly, the simulation conditions and the successful docking criteria are
explained. Thirdly, the results of the simulation are presented and dis-
cussed. Finally, in Section 6.6, the conclusions drawn from the modeling
and simulation presented in this chapter are presented.
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6.5.2.1 Simulation Properties

A) Spacecraft:
The physical properties of the Chaser and Target S/C are summarized in
Table 6.2 and 6.4, respectively. In addition, the geometrical properties
of the S/C are presented in Fig. 6.7.

B) Contact Dynamics
The contact dynamics properties of this simulation were similar to the
one introduced before in the docking simulation of the case-study in
Section 6.5.1.1.

C) HIL equipment
Each hardware model was parameterized with mainly two parameters
(total-delay D and resolution R), which were the same for each of the
six components of each hardware.

i. 6DOF Robotic Hardware:
Drob = 1 (ms)
Rrob = 10−6 (m, rad)

ii. Force/Torque Sensor:
Df = 0.1 (ms)
Rf = 1 (N, Nm)

D) Docking Scenario
This simulation and its results were focused on the 2D motion plane
XZ-plane for simplification purposes (like in the case-study in Section
6.5.1.1), although both models ("HIL Model" and "Docking Model")
are capable of simulating and analyzing the system in 3D motion.

When it came to selecting the docking scenario, the identified (bound-
ary) worst case-scenario from the case-study (Section 6.5.1.1) was ini-
tially selected, in order to test for the worst-case. However, it was
observed that due to the modeled HIL equipment, the "Docking Model"
successfully docked while the "HIL Model" failed, which led to two to-
tally different incomparable trajectories.

Since the objective of this simulation was to focus on the comparison
between the "HIL Model" and the "Docking Model" rather than focus-
ing on successfulness of the docking, a docking scenario was required
where the trajectories of both models (from the beginning till the end
of the simulation) were not very distinct from each other.

Accordingly, the following docking scenario was selected; initial relative-
displacement 7.5mm, initial relative-orientation −7.5° (see Fig. 6.21)
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and initial relative-linear-velocity of 0.1m/s in x-direction of probe-tip
frame. In fact, this docking scenario is a failed scenario for both models,
however, the trajectory of both models are more comparable to each
other than the other tested scenarios. Therefore, the introduced failed
docking scenario was selected for the simulation.

Figure 6.21: Visualization of the selected docking scenario for the ("HIL Model"
vs "Docking Model") simulation.

E) Initial Parameters
For the initialization of the model, the relative-pose (displacement and
orientation) and relative-velocity between the Chaser and Target were
some of the main dynamic attributes required for each scenario. Specifi-
cally, the pose and velocity of the probe-tip w.r.t. the drogue-tip. There-
fore, the initial dynamic attributes of the COM of each S/C were au-
tomatically calculated (in an initialization Matlab® script), based on
the required relative-pose and relative-velocity of probe-tip {F3} w.r.t
drogue-base {F4}. As a result, the initial parameters of the considered
docking scenario are presented in Table 6.10.

F) Solver and Time-step
This simulation ran using the Runge-Kutta solver (ODE45) with a vari-
able time-step, a maximum time-step of 10−4 s, absolute tolerance of
10−7 and relative tolerance of 10−4. The justification for such selections
are explained in Section 7.3.2.

6.5.2.2 Conditions and Docking Criteria

The successful docking criteria were the same as the one introduced in the
"Docking Model" (Section 6.5.1.1), where docking is considered successful
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Table 6.10: Physical parameters of simulated spacecraft

Chaser Target
Position (w.r.t W-frame)
[m] [ -1.8168 0 -0.1642] T [1.0927 0 0]T

Euler angles [deg] [0 -7.5 0] [0 0 0]T

Velocity (w.r.t.
body-fixed COM frame)
[m/s]

[0.1 0 0]T [0 0 0] T

Angular Velocity [0 0 0] T [0 0 0] T

Acceleration (linear and
angular) [0 0 0] T [0 0 0] T

as soon as the probe-tip touches the inner wall of the docking cylinder.
The simulation of ("HIL Model" or "Docking Model") stopped either when
the docking was successful or when the probe-tip became outside of the
drogue.

6.5.2.3 Results

In this section, the simulation results of the selected docking scenario are
presented. Firstly, a visualization of the docking trajectory of each of the
"HIL Model" and the "Docking Model" is shown. Afterwards, the docking
S/C dynamic results of the "Docking Model" versus the "HIL Model", along
with the error (difference between both models) are presented. Based on
the analysis of the results, the S/C dynamic results are presented again but
focusing only on the "first impact". Finally, the energy analysis of both
models of the considered docking scenario are presented.

A) Docking Trajectory
Figure 6.22 shows the trajectory of the probe-tip w.r.t. the drogue
throughout the docking simulation. The figure shows that the only
common impact (out of the 8-9 impacts) between the "Docking Model"
and the "HIL Model" was the first impact.

B) Dynamics Attributes
Figure 6.23 depicts the three main dynamic attributes that were ob-
served during the docking simulation. In order to simplify the com-
parison between both considered models, the analysis was focused on
the magnitude of the selected attributes. These three attributes were
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(a) Docking Model (b) HIL model (c) Both Models

Figure 6.22: Trajectory of relative-displacement of Probe-tip w.r.t. Target’s
Drogue of both (Docking and HIL) models

the same main quality control factors considered in the "Generic HIL
Testbed Framework Analysis Tool" (as explained in Section 3.3), which
are:

i. Contact force.

ii. Penetration-depth (normal relative-displacement).

iii. Penetration-velocity (normal relative-velocity).

The graphs of each of these selected attributes can be seen in Fig. 6.23.
In each graph, the "Docking Model" and the "HIL Model", as well as
the error (difference between both models) are depicted.

It is observed in the relative-displacement (upper graph in Fig. 6.23)
that after the first impact, each of the two models ("HIL Model" and
"Docking Model") starts to behave totally different compared to each
other.

Moreover, it is noticed that the impact forces (middle graph) of the
"HIL Model" are more stiff compared to the "Docking Model", such
that the second impact force of "HIL Model" is greater than that of
"Docking Model" and the same applies for the following impacts.

Based on the results in Fig. 6.23, it is observed that the second impact
in the "HIL Model" takes place earlier than in the "Docking Model",
which is explained by looking at the relative-velocity (bottom graph).
The graph shows that the relative-velocity after the first-impact in the
"HIL Model" is faster than in the "Docking Model". Hence, the second-
impact of the "HIL Model" is earlier than in the "Docking Model".

Therefore, it was noticed that not only after each impact the "HIL
Model" became more intense (higher force, higher penetration-depth
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Figure 6.23: Dynamics attributes for the considered docking scenario of the "HIL
Model" vs "Docking Model" and the error (difference between both models).
(Top graph) Relative displacement between S/C throughout docking. Impact
starts as soon as the relative displacement is more than or equal to zero. Positive
relative displacement means that bodies are in contact, while negative means
they are separated. (Middle graph) Magnitude of the normal contact force.
(Bottom graph) Relative normal velocity.
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and higher relative velocity), but also both models started to behave
totally different, which was mainly due to the modeled dynamics of the
HIL equipment introduced in the "HIL Model". This has made it very
challenging to find a common property for comparison and analysis of
a certain docking scenario simulation using both the "HIL Model" and
the "Docking Model", except for the first impact which was the single
common aspect between both models and it is discussed next.

C) First-Impact Analysis
The "first impact" was the single common aspect between both models,
such that the docking simulation of both models before the first impact
took place were (almost) identical. Therefore, in Fig. 6.24 the three
main attributes are presented and analyzed again but with the focus on
the first impact only.

The errors in the impact arose due to the dynamics (time-delays, as
well as the resolution) introduced in the hardware models (i.e., robotic
hardware model and F/T sensor model) of the "HIL Model". The time-
delay effect can be observed in the three graphs of Fig. 6.24, where
the "HIL Model" (dashed-blue) is delayed compared to the "Docking
Model" (solid black).

In the "Docking Model", during an impact, the continuous contact force
(applied on each of the impacting bodies) was updated at each time-step
of the simulation, based on the penetration-depth and the penetration-
velocity values from the "S/C dynamics". (See Fig. 2.1 and 6.1). This
contact force was then applied to the multibody dynamics at the next
time-step, which accordingly updated the position and velocity. As a re-
sult, the penetration-depth and the penetration-velocity were updated,
therefore contact force was updated. Obviously, the contact force was
held constant for the time duration of each time-step until it was up-
dated in the next time-step.

On the contrary in the "HIL Model", due to the time-delays imple-
mented in the hardware models, the contact force was held constant
for a longer time-period (i.e., as long as the implemented time-delay
of the hardware model), which was longer than the time-step and the
"Docking Model". In this case, the "S/C dynamics" perceived it in a
way that a constant external contact force was acting on the bodies for
a longer time-duration, until the duration of hardware time-delay was
over, afterwards the contact force was updated.

Therefore, as seen in Fig. 6.24, an impact in the "HIL Model" shows to
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have errors (i.e., higher penetration-depth, velocity and contact force)
in comparison to the "Docking Model".

D) Energy
In this section the energy analysis of the whole multibody model are
presented.

Firstly, in Fig. 6.25 the mechanical energy and its components of the
whole multibody system of each model are depicted. Mechanical energy
is composed of the Kinetic Energy (KE) of the Chaser and Target, as
well as the Potential Energy (PE) stored during contact, due to the
elastic component of the contact model. All graphs of the "Docking
Model" showed to be physically reasonable (i.e., KE reduced after each
impact).
On the other hand, the "HIL Model" appeared to be unrealistic, due to
the fact that the KE did not decrease as it should. The reason for that
was the introduced dynamics (e.g., delays) in the modeled hardware.
Due to the modeled time-delay in the "HIL Model", the multibody
dynamics model perceived the delayed-constant-force as a large impulse.
Accordingly, the force and the relative-velocity between the bodies (in
the "HIL Model") became much larger after each impact than they
should have been (as in the "Docking Model"). Since KE energy is
directly dependent on the velocity, the perceived higher relative-velocity
leads to higher KE. Hence, KE errors occurred.

Secondly, in Fig. 6.26, the energy balance (bottom graph), total dissi-
pated energy (middle graph) and mechanical energy (upper graph) of
the whole system are depicted. Physically speaking, the energy is mainly
dissipated due to the friction between both bodies, as well as the impact
force (where energy is dissipated by being converted into other forms
of energy, e.g., heat, vibration). Likewise in the simulation, energy was
dissipated due to friction and impact (due to the damping component
of the contact model). It is observed in the dissipation energy graph
(middle graph in Fig. 6.26) that the "Docking Model" appears to be-
have as expected, (i.e., some energy is lost after each impact, which is
a proportion of the total initial energy of the system).
On the contrary, the "HIL Model" shows a very unrealistic physical
behavior, where the dissipated energy (after many impacts) becomes
larger than the initial total energy of the system, at the beginning of
the simulation. This error occurred due to the introduced dynamics of
the hardware model (i.e., delays).
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Figure 6.24: Dynamics attributes of only the first impact only of the simulated
docking scenario of the "HIL Model" vs the "Docking Model" and the error
(difference between both models). (Top) Relative displacement between S/C
throughout docking. Impact starts as soon as the relative-displacement is more
than or equal to zero. The positive relative displacement indicates that the
bodies are in collision, while the negative means they are separated. (Middle)
Magnitude of the normal contact force. (Bottom) Relative normal velocity.
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Figure 6.25: Mechanical Energy (Bottom) and its components (kinetic energy (Top)
and potential energy (Middle) of the multibody system during docking simula-
tion
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One valid reason why this dissipated-energy error took place is that
the dissipation-energy depends on the damping component of the con-
tact model, which is dependent on the relative-velocity before and after
impact [Kraft, 2016]. By observing the relative-velocity in the "HIL
Model", it is noticed that relative-velocity after-impact is higher than
relative-velocity before-impact. This error occurred after each impact
and it started to accumulate during the simulation. Accordingly, one
observes the dissipation energy error in the "HIL Model".

Finally, to verify the multibody model, the energy balance of the whole
system was analyzed (see bottom graph of Fig. 6.26). The energy bal-
ance is the summation of the dissipated and the mechanical energy in
the system, which ideally should always be a constant value during the
simulation and equal to the initial energy of the system. The energy
balance of the "Docking Model" is shown to be constant through the
whole simulation, which is a validation of the accuracy the multibody
model. On the other hand, in the "HIL Model" (because of the accumu-
lated kinetic and dissipated energy errors discussed before), it appears
that the energy balance (i.e., mechanical energy plus dissipation energy)
of the system increases (at least) two times more than the initial energy
at the beginning of the simulation.
Obviously, that was not physically reasonable, however this simulation
showed a representation of how the docking HIL simulation would re-
act, which provided an estimation of its HIL fidelity. In addition, these
"HIL Model" results would be used as reference for the future real 6DOF
docking HIL simulation.
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Figure 6.26: Energy balance of the whole system during the simulation is used
to verify a multibody system. Energy balance (Bottom) is the summation of
the mechanical energy (Top) and the dissipated Energy (Middle) in the whole
system
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6.6 Conclusions

The following conclusions are drawn from the work introduced in this chap-
ter:

1. "Docking Model" can simulate, visualize and verify docking scenarios.

2. "Docking Model" can be used to estimate the failed and successful
docking scenario’s properties of the two docking S/C (by varying the
docking scenarios key-parameters; pose and velocity). This provides
an insight to the engineers of the docking missions concerning the
scenarios that must be excluded to assure a successful docking. This
promotes the "Docking Model" as a practical tool for the industry.

3. A model of the docking HIL simulation testbed was built, which simu-
lated the effect of the HIL equipment on the docking simulation. The
"HIL Model" gave an insight about the fidelity of the considered HIL
simulation testbed. Moreover, the "HIL Model" results acted as a
reference for the real docking HIL simulation to be built.

4. Based on the simulations in this chapter, the "first impact" was consid-
ered the single common qualitative aspect in the docking simulation
of the "HIL Model" versus the "Docking Model", because it was ob-
served that the errors (differences between "HIL Model" and "Docking
Model") increased and accumulated after each impact, which led to
two incomparable trajectories. Therefore, the fidelity analysis for such
a system (e.g., 6DOF HIL analysis in the following chapter) shall be
focused on what happens exactly during a single impact and how and
why errors occur, rather than focusing on the whole docking scenario.
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Chapter 7

6DOF HIL Testbed Framework
Parametric Study
In this chapter, a 6DOF HIL generic parametric study is carried out using
the "Generic HIL Testbed Framework Analysis Tool" (presented in Chapter
3), which is one of the main contributions of this work. This parametric
study is focused on the considered 6DOF docking system and its HIL testbed
model.
In this chapter, the concept of the the generic parametric study and the
considered parameters are briefly introduced, afterwards the results and
the conclusions of the study are presented and discussed.
The goal of this chapter is to carry out a systematic investigation of the
considered HIL system and analyze it. This helps to identify the preliminary
requirements for the 6DOF HIL testbed. In addition, by investigating the
considered scenario and analyzing the results generated through this tool,
one would understand the capabilities and the functionality of the "Generic
HIL Testbed Framework Analysis Tool".

7.1 Introduction

7.1.1 Overview

In the third step of the work-flow, the investigations of the HIL testbed
framework were expanded from 1DOF to a 6DOF. This 6DOF framework
included the full range of motion of the spacecraft dynamics in space, as
well as the effects of the HIL equipment’s dynamics on the HIL simulation.

The results of this study assisted to identify the key-parameters, which
are required to be taken into consideration when designing a HIL docking
testbed. A key-parameter is a parameter in a design-space which has a high
sensitivity to the metrics under evaluation. This study could be seen as a
sensitivity analysis. With this study one could also identify the dynamic
requirements of the HIL instruments, so that the figure-of-merits of each
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Figure 7.1: In this chapter, the performance analysis on the HIL testbed model is
carried out using the "Generic HIL Testbed Framework Analysis Tool". Anal-
ysis of the "HIL Model" versus the physical "Docking Model" was carried out
and HIL errors were estimated.
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hardware can be identified, according to the desired framework.
This study was built in a generic way such that it would be easily utilized

to identify any HIL testbed design frame, so that one could estimate and
predict the testbed fidelity. Accordingly, a system engineer could make a
justified decision whether a testbed should be implemented or not.

7.1.2 Objectives and Study Questions

Like the 1DOF parametric study, the objectives of this parametric study
were formalized in a form of questions, which were required to be answered
through this study. These study questions are:

1. Which are the key-design-parameters from the "HIL design-space"
that have the most influence on the HIL errors?

2. Which are the key-parameters in the other design-spaces that influ-
ence the HIL errors?

3. What are the predicted errors percentage of the HIL simulation, when
the key-parameters of the design-spaces are varied?

4. Are there critical values of the selected key-parameters, which should
be taken into consideration when designing a HIL testbed for the
system under consideration?

7.2 Methodology

To find the answer of the study questions above, the "Generic HIL Testbed
Framework Analysis Tool" was used to systematically vary the parameters
of each of the considered design-spaces. It allowed to re-run the simulation
in a systematic way, each time one of the considered parameters within the
defined range was changed, in order to study the whole range. Moreover,
it calculated the HIL errors for each scenario. Accordingly, one could inves-
tigate the different scenarios considered to determine how the HIL errors
change, when each of the parameters change. This parametric study could
be seen as a sensitivity analysis as well.

The numerical range of each of the parameters has been selected, after
consideration with the adequate realistic values in real life. The range of
robotic-hardware motion resolution and the robotic-hardware total-delay
have been selected, after doing a market survey of the available hardware.
Likewise for the force/torque sensor. Likewise for the other design-spaces.
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In the same way as in the 1DOF parametric study in Section 5.4, three
design-spaces were considered in this study: HIL, Spacecraft, Contact Dy-
namics. Fig. 3.1 illustrates the available design-spaces and their parameters.
Moreover, Fig. 3.2 depicts all the parameter in a clearer form.

In this study, it was practical to firstly start by investigating which of
the parameters of the "HIL design-space" was more influential, as the HIL
equipment would clearly have a high impact on the docking simulation.
Afterwards, the other design-spaces were considered.

7.2.1 First-Impact Analysis

In this study, only the first impact of the 6DOF docking simulation were
analyzed, due to the following reasons:

1. The first impact was the only common aspect between the "HIL
Model" and the "Docking Model" that could be compared and an-
alyzed in a qualitative manner. After the first impact, the HIL and
Docking models reacted in a very different way. After the first impact
they were seen as two totally independent scenarios. (See Section
6.5.2.1-C for details). Therefore, fidelity analysis was only carried out
on the first impact.

2. One of the parametric-study’s goals is to investigate a wider range of
the design parameters, to see their effect on the HIL fidelity. Therefore,
analyzing the first impact only allowed the expansion to the full range
of the considered parameters in the parametric study.

7.2.2 HIL Fidelity Attributes

Different attributes were utilized to define quality control. The HIL errors
(described in details in Chapter 3.3) were calculated based on the values of
these attributes (from the "HIL Model" and the "Docking Model"). These
attributes are the following:

1. Normal contact force

2. Normal relative-displacement (penetration depth)

3. Normal relative-velocity (penetration velocity)

4. Multibody system energy:

a) Total energy balance

b) Mechanical energy:
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i. Kinetic energy

ii. Potential energy

7.3 Simulation

7.3.1 Simulation Properties

All the parameters considered in the parametric study were assigned specific
constant values as noted below, unless explicitly defined elsewhere. Mean-
ing, each parameter of each design-space was assigned a range of values. The
simulation was repeated multiple times and each time a new value from the
defined range was assigned to the parameter. Therefore, as a rule in this
study, unless parameters of a certain design-space are explicitly defined, the
default simulation parameters are assigned as follows:
Relative-pose vector = [x y z ϕ θ ψ]′ = [0 0 0.075 0 − 7.5 0]′ (m, deg),
Relative-velocity vector = [0.1 0 0 0 0 0]’ (m/s, deg/s),
Chaser-mass = 360 kg, Target-mass = 760 kg,
Probe-tip Material = Polyimide, Drogue Material = Aluminum,
Coefficient of restitution = 0.8 and Contact Model= Flores et al.

7.3.2 ODE Solver

There are many factors that are taken into consideration when a solver and
a time-step are to be selected, such as, accuracy, stability of the system,
simulation time and effort, etc. One possible approach to select a solver
and a time-step for such complex non-linear system is the testing of several
solvers and time-steps and comparing their results to the reference results
in order to assess the quality of these solvers.

Firstly, one has to identify the reference results, which was not trivial for
the considered system, as it was a complex non-linear system. A possible
method to identify the reference results is using the trapezoidal implicit
solver (ode23t), which is considered to be accurate but has a long simulation
computational time. Due to the long simulation computational time of the
ode23t solver, it could not be used as the main solver for this parametric
study. However, it was useful to identify the reference results, because
short simulation computational time was not the main requirement for the
reference results, but accuracy.

Therefore, to identify the reference results, the system was simulated us-
ing Simulink®, Matlab®2015b) with the trapezoidal implicit solver (ode23t),
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with a variable time-step and a maximum time-step set at 10−4 s, which is
the best value that the computer could execute.

After several testing and comparison of the results of the different solvers
to the reference results, the Runge-Kutta ODE solver (ode45) was selected
for this study with a variable time-step, a maximum time-step of 10−4 s, an
absolute-tolerance of 10−7 and a relative-tolerance of 10−4.

7.4 Discussion and Results

7.4.1 HIL Design-space

In the HIL design-space (see Section 3.2 for details), four parameters were
included and were varied systematically within the following range:

1. Robotic-hardware total-delay (Drob)
[0.5, 1 − 10 (step of 1), 20 − 100 (step of 10)] (ms)

2. Robotic-hardware displacement resolution (Rrob)
[0.1, 1, 5, 10, 50, 100, 500, 1000] × 10−6 (m),(deg)

3. Force/Torque sensor total-delay (Df )
[10, 100, 500, 1000] (µs)

4. Force/Torque sensor resolution (Rf )
[0.1, 1, 10] (N),(Nm)

In order to study the results in more detail, the simulation has been
repeated over each of the values within the full range of the considered pa-
rameters. In particular, for dynamics of the robotic-hardware (total-delay
Drob, resolution Rrob), the simulation has been repeated to test them all
w.r.t. each other. Meaning, for each value of total-delay (Drob), the simu-
lation has been re-run each time with a new value of (Rrob) until the full
range of (Rrob) was considered. This assisted not only to identify which
parameters were more sensitive than others, but also at what range they
were sensitive and when.

In the following sections, the results of the parametric study are presented
and discussed in detail.

7.4.1.1 Robotic-Hardware Resolution (Rrob)

Figure 7.2 depicts the HIL errors due to the various robotic-hardware pa-
rameters: Rrob (along the x-axis) and Drob (represented in the legend). The
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Figure 7.2: Effect of varying robotic-hardware resolution (Rrob), at various total-
delay (Drob), on HIL errors
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goal here is to analyze how the robotic-hardware parameters affect the HIL
errors.

In order to analyze the errors, only the "non-integral errors" are firstly
presented and analyzed, then the "integral errors" are followed. Afterwards,
the "energy errors" graphs are presented. Finally, the main conclusions are
presented. For a detailed explanation of the errors, see Section 3.3.

Observations

1. Non-integral Errors:
(Max. Absolute (Fig. 7.2a, 7.2e), Max. Instantaneous (Fig 7.2b,
7.2f))

a) when (Rrob < 10−4m) and (Drob > 4ms):
It is observed in this range that the HIL errors are not no-
tably affected, as Rrob changes along the x-axis within the range:
[10−7 − 10−4] (m). While they are significantly affected as Drob

changes withing the range: [4 − 100] (ms). As a result, one can
conclude that Rrob is not influential in this range, while Drob is
more influential.

b) when (Rrob < 10−4m) and (Drob < 4ms):
It is observed in this range that HIL errors are still significantly
affected, as Drob changes within the range: [4 − 100] (ms). How-
ever, unlike before, the HIL errors are notably affected as Rrob

changes along the x-axis within the range: [10−7 − 10−4] (m).
As a result, one can conclude that in a docking system, there may
be a "trade-off point" between the dominance of two parameters
on the HIL errors, where both parameters shall be considered
influential.
For this system, both parameters (Drob, Rrob) were influential at
the identified "trade-off point", i.e., when (Rrob < 10−4m) and
(Drob < 4ms).

c) when (Rrob > 10−4m):
It is observed in this range that HIL errors are significantly af-
fected, as Rrob and Drob vary within the defined range. However,
while studying the scenarios of (Rrob > 10−4 m), it was observed
that the contact dynamics graphs (i.e., penetration-depth) ap-
pear to be totally distorted.
One reasonable explanation is that the Rrob was greater than
or equal to the maximum penetration-depth (in the "Docking
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Model") in the first-impact (between 0.1mm and 0.2mm). As a
result, the modeled hardware did not simulate motion well and
HIL simulation was not reliable anymore.
Accordingly, it is concluded that the Rrob should be 10 times
smaller (i.e., better) than the expected maximum penetration-
depth in the "Docking Model", otherwise the simulation is not
valid.

2. Integral Errors:
(Absolute Integral (Fig. 7.2c, 7.2g), HIL Integral (Fig. 7.2d, 7.2h))

Surprisingly, it is observed that the HIL errors decrease (i.e., improve),
as the Rrob increases (i.e., worsen), when Drob>10ms.
One possible explanation for this is that quantization was used to
model the robot’s resolution (refer to Section 6.4.2). When larger res-
olution values were modeled (i.e., worse performance), the curve shape
became more distorted, due to the quantization. Accordingly, the to-
tal area-under-the-curve of the quantized signal was smaller compared
to the original signal, which was then perceived as a smaller HIL error.

3. Energy Errors:
The HIL energy errors may be useful for further analysis of HIL dock-
ing system. They are depicted in Fig. 7.3 as an example, but without
analysis.

Figure 7.3: Effect of varying robotic-hardware resolution (Rrob) at various total-
delay (Drob), on the HIL errors
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Conclusion

• Robotic-hardware total-delay (Drob) is a more influential key-parameter
than the resolution (Rrob).

• For this system, if the total-delay of the robotic-hardware is less than
4 ms (Drob < 4 ms), its resolution (and the trade-off point) must be
considered as a key-parameter as well.

• Robotic-hardware resolution (Rrob) should be 10 times smaller than
max. penetration depth. Hence, in the considered model (Rrob)
should be 10 times smaller than 0.1 mm (i.e., Rrob <= 0.01 mm)

• Generally, it is important to identify if there is a "trade-off point" in
each case-study, so that the HIL testbed requirements are accordingly
set.

7.4.1.2 Robotic-hardware Total-delay (Drob)

In order to analyze the previous HIL errors observations deeply, the same
data is presented in Fig. 7.4, however this time the Drob is on the x-axis,
whileRrob is represented in the legend. These graphs provide deeper insights
and confirmation to the analyses of the previous section.

Observations

1. Non-integral Errors:
(Max. Absolute (Fig. 7.4a, 7.4e) and Max. Instantaneous (Fig 7.4b,
7.4f))

a) When (Rrob < 10−4 m):
It is observed that the HIL errors are directly proportional to
the Drob (for all values). In addition, by observing how HIL
errors change (for each Rrob value) as Drob increases along the
X-axis (i.e., slope), it is noticed that the positive slope is steeper
compared to Fig. 7.2. Accordingly, this confirmed that the Drob

is more influential than Rrob.

b) When (Rrob < 10−4 m) and (Drob < 4 ms):
One can notice that the behavior of the HIL error curves slightly
changes before and after the Drob = 4 ms point. The Rrob starts
to slightly affect the HIL errors, only when Drob < 4 ms. This
highlighted the "trade-off point" discussed in the above section.
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Figure 7.4: Effect of varying robotic-hardware total-delay (Drob) at various reso-
lution (Rrob), on the HIL errors
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Hence, both parameters (Drob, Rrob) are required to be taken
into consideration, if the HIL framework lies within this range.

c) When (Rrob > 10−4 m):
It is observed that HIL errors are much larger when Rrob > 0.1
mm and they remain constant (for a certain range) and inde-
pendent of Drob value. Only when Drob value is worse, the HIL
errors start to change. This confirms what was presented in the
previous section that Rrob should be 10 times less than max.
penetration-depth (i.e., in this case ≈ 0.1 mm), otherwise sim-
ulation is not reliable. The same proposed explanation (in the
previous section) applies here as well.

2. Integral Errors:
(Absolute Integral (Fig. 7.4c, 7.4g) and HIL Integral (Fig. 7.4d, 7.4h))

The same surprising observation that was discussed in the previous
section (i.e., integral errors improves, when Rrob is worsened), can
also be seen in Fig. 7.4, when Drob > 10 ms. The same explanation
applies.

3. Energy Errors:
Fig. 7.5 depicts the energy HIL errors again, but in a different format.

Conclusion
By analyzing the same data but in a different form, the same observations
and conclusions of the previous section are confirmed.

7.4.1.3 Force/Torque Sensor Total-delay (Df )

Figure 7.6 shows that Df is not affecting the HIL errors at all, for all the con-
sidered values of the (Drob) and at Rrob of 1µm. Hence, this concludes that
F/T sensor total-delay within the considered range is not a key-parameter.

7.4.1.4 Force/Torque Sensor Resolution (Rf )

Figure 7.7 shows that Rf is not affecting the HIL errors at all either, for
all the considered values of the (Drob) and at Rrob of 1µm. Hence, this
concludes that F/T sensor resolution within the considered range is not a
key-parameter.
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Figure 7.5: Effect of varying robotic-hardware total-delay (Drob) at various reso-
lution (Rrob), on the HIL energy errors

7.4.1.5 Summary

Based on the investigation and the parametric study on the HIL design-
space of the considered system, the following conclusions are drawn (which
answer some of the study questions presented in Section 7.1.2):

1. The robotic-hardware parameters are more influential than the pa-
rameters of the Force/Torque sensor.

2. Based on the observations from the considered range of robotic-hardware
parameters (see Section 7.4.1.1 and 7.4.1.2) and the Force/Torque sen-
sor parameters (see Section 7.4.1.4 and 7.4.1.3), it is concluded that
the robotic-hardware total-delay parameter (Drob) is the most influ-
ential key-parameter in the HIL design-space.

3. If the total-delay of the robotic-hardware is less than 4 ms (i.e., Drob <
4ms), the robotic-hardware resolution (and the trade-off point) must
be considered as an influential "key-parameter" as well.

4. The robotic-hardware resolution (Rrob) should be 10 times smaller
than max. penetration depth. Hence, in the considered model (Rrob)
should be 10 times smaller than 0.1mm (i.e., Rrob <= 0.01mm)
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Figure 7.6: Effect of varying Force/Torque total-delay (Df ) at various robotic-
hardware total-delay (Drob), on the HIL errors
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Figure 7.7: Effect of varying Force/Torque resolution (Rf ) at various robotic-
hardware total-delay (Drob), on the HIL errors
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7.4.2 Spacecraft Design-space

Two parameters in this design-space are considered: the initial relative ve-
locity and the masses. Both parameters were varied systematically against
each of the values of the robotic-hardware total-delay considered range. The
robotic-hardware total-delay is the only parameter that was selected to be
tested against the parameters of this design-space, because it showed that
it has the most significant effect on the HIL fidelity.

The objective here is to see how the performance and the fidelity of the
HIL testbed are affected by the parameters of the spacecraft design-space.
The results of this test are very interesting and useful, as they are relevant
to the real-life applications.

7.4.2.1 Masses

The number of the micro, or mini S/C (e.g., cubesats mass is ≈ 10 kg), or
small S/C (i.e., 100-1000 kg) is increasing in space. The need for such satel-
lites to dock together, perhaps autonomously, would also increase. There-
fore, it is important to know how the masses of the docking S/C affect the
fidelity of docking HIL simulation. Accordingly, the masses of the spacecraft
(Chaser and Target) are varied within the following range, respectively:
[10-10, 35-35, 35-70, 50-100, 175-375 and 360-770] (kg).

The medium or large spacecraft (1-100 ton or more, such as ISS), could
be tested using this tool as well.

Previously, in the 1DOF parametric study (see Section 5.4), it was con-
cluded that:

1. The ratio between the masses of the S/C is not an important factor on
the HIL docking fidelity, rather the equivalent mass of both spacecraft.

2. The smaller the masses of the docking S/C, the more challenging the
HIL simulation becomes. The reason is that the contact duration
during impacts of small spacecraft requires a robotic-hardware with
a fast response to simulate the motion properly. Hence, the required
robotic-hardware figure-of-merits become challenging.

Observations
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Figure 7.8: Effect of varying impacting body-masses, at various robotic-hardware
total-delay (Drob), on HIL errors
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1. Figure 7.8 confirms what was observed in the 1DOF parametric study
that the smaller the equivalent-mass, the higher the errors. The ex-
planation for it was that the larger the mass, the faster the reaction
of the bodies, i.e., the shorter the contact duration (impact duration).
Therefore, due to the delays from the HIL equipment, the shorter the
contact duration, the higher the errors, see Fig. 7.9a.

2. It is also observed that the equivalent mass of the docking S/C affects
the max. impact force, as well as the max. penetration depth, as seen
in Fig. 7.9b. Moreover, the velocity after impact (after separation)
is also affected by the equivalent mass, such that the smaller the
equivalent mass, the worse the velocity error, as seen in Fig. 7.9c.
This is mainly due to the same conclusion above that the faster the
impact, the worse the fidelity of the HIL simulation.

Figure 7.9: Contact dynamics analysis of various impacting body-masses at robotic-
hardware total-delay (Drob = 1ms). Graph (a) shows the duration where bod-
ies where in contact. Graph (b) shows the hysteresis-diagram of force versus
penetration-depth. Graph (c) shows the velocity before and after impact.

Conclusions

• The results from the 6DOF mass variation versus the robotic-hardware
total-delay (Drob) confirmed the same conclusions (about mass varia-
tion) that were drawn in the 1DOF parametric study.

• Masses of Spacecraft (in particular, the equivalent-mass of both S/C)
is one of the significant key-parameters for the HIL simulation.
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7.4.2.2 Velocity

Docking velocity is one of the most important factors that influence the
docking success. Usually, docking takes place with relative velocities less
than 0.1m/s. Therefore, it would be interesting to see the effect of the
relative velocity on the HIL fidelity. Accordingly, the initial relative-velocity
is varied within [0.05 - 0.15] (m/s) in the Chaser’s body-fixed frame, in order
to widen the testing range. Important to mention is that the initial relative-
velocity is not the same as the penetration-velocity. Penetration-velocity is
the rate of change of normal-distance between the two surfaces colliding
with each other.

Observations
The results in Fig. 7.10 show that indeed the initial relative-velocity is
directly proportional to the HIL errors, as it was proved in the 1DOF para-
metric study. However, it is obvious from the results below that varying
the impact velocity is not significant on the HIL errors.

Nevertheless, the initial impact-velocity plays an important role on the
max. impact force, as well as the max. penetration depth, see Fig. 7.11.

Conclusions
Initial impact velocity is not a significant key-parameter for the HIL fidelity.
However, it is important to be taken into consideration as it affects the max.
impact forces and max. penetration dept.

7.4.3 Contact Dynamics Design-space

7.4.3.1 Material

Out of the three parameters in this design-space (i.e., material, coefficient-
of-restitution, contact model), only the material was varied as it is most
relevant to real-life docking scenarios. The materials were varied in para-
metric study against the various considered robotic-hardware total-delay
values. The objective here is to see how the material affects the HIL fidelity,
as well as to check if the material of the impacting body is dependent on
its mass or not. Meaning, would it make a difference if the material of the
Chaser’s (360kg) probe-tip and the Target’s (760kg) drogue were aluminum
and polyimide, respectively or vice versa?
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Figure 7.10: Effect of varying initial impact velocity at various robotic-hardware
total-delay (Drob) on HIL errors
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Figure 7.11: Contact dynamics analysis of various varying initial impact velocity
at robotic-hardware total-delay (Drob = 1 ms). Graph (a) shows the duration
where bodies where in contact. Graph (b) shows the hysteresis-diagram of force
versus penetration-depth. Graph (c) shows the velocity before and after impact.

Two main material variations were considered in this test; Aluminum
(Alu) and Polyimide (Poly).

Observations

1. The results in Fig. 7.12 show that the material type indeed affects the
HIL fidelity. The stiffer the impacting materials, the higher the HIL
error. This has also been previously proven in the 1DOF parametric
study.

2. It is interesting to see that the material combination of the two im-
pacting spacecraft is independent of their masses. This is proved in
Fig. 7.12 and 7.13 that the two cases (Alu-Poly and Poly-Alu) are
exactly the same, even-though the Chaser and Target have different
masses.

3. Figure 7.12a shows that the stiffer the material, the shorter the contact-
duration; hence the higher the error. The hysteresis graph in Fig.
7.13b depicts this more clearly; in case of (Alu-Alu) the max. im-
pact force becomes much higher, compared to the other two scenarios.
Likewise, the stiffer the material, the less the max. penetration depth
becomes.

Conclusion
The material of the impacting parts of the docking mechanism affects the
HIL fidelity. Therefore, material is considered as one of the important key-
parameters for the HIL simulation of the considered system.
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Figure 7.12: Effect of varying the material at various robotic-hardware total-delay
Drob, on the HIL errors
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Figure 7.13: Contact dynamics analysis of various impacting body-material at
robotic-hardware total-delay (Drob = 1 ms). Graph (a) shows the duration
where bodies where in contact. Graph (b) shows the hysteresis-diagram of force
versus penetration-depth. Graph (c) shows the velocity before and after impact.

7.5 Conclusion

In this chapter, a parametric study was carried out using the "Generic
HIL Testbed Framework Analysis Tool" (presented in Chapter 3) in order
to investigate the 6DOF "Docking Model" and the "HIL Model" (which
includes HIL equipment models). In this study, all the available design-
spaces and their defined parameters were investigated. Accordingly, the
key-parameters were identified. Moreover, the errors of various scenarios
have been estimated.

The parametric-study and fidelity-analysis were based on the first im-
pact only, as it is the only common aspect between the "HIL Model" and
the "Docking Model" that can be compared and analyzed in a qualitative
manner.

The summary and the conclusions of this study (based on the considered
docking system and its HIL testbed model) are as follows:

1. The parametric study on the HIL design-space parameters showed
that the robotic-hardware total-delay (Drob) was the most influential
parameter out of the four parameters in the HIL design-space. In
addition, the robotic-hardware resolution (Rrob) did affect the HIL
errors and it must be considered too. (This is especially clear in the
considered model, when the (Drob < 4ms)). Therefore, it is important
to take into consideration both parameters while investigating the HIL
testbed design-space. This answers the first study question.

2. The parametric study on the spacecraft design-space showed that out
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of the two considered parameters (masses, initial impact velocity),
only the spacecraft masses was significant, while the initial impact-
velocity did not significantly affect the HIL results. Furthermore, the
parametric study on the contact dynamics design-space showed that
the material is a key-parameter. This answers the second study ques-
tion.

3. In addition, multiple different scenarios have been simulated which
allowed to analyze how the HIL simulation errors change, as the influ-
ential parameters are varied. This answers the third study question.

4. Moreover, the parametric study showed that the robotic-hardware
resolution (Rrob) should be 10 times smaller than the expected max.
penetration depth. Hence, in the considered model, the Rrob should
be 10 times smaller than 0.1 mm (i.e., Rrob <= 0.01 mm) This answers
the fourth study question.

As a result, it was concluded that it is very challenging to realize a 6DOF
HIL simulation for the whole docking scenario (i.e., not only first impact)
without compliance, due to the challenging robotic-hardware requirements
(i.e., figure-of-merits).
In order to expand and realize a 6DOF non-compliant docking HIL sim-
ulation to the whole scenario, one should study the sources of the errors
in an impact, in order to predict them and compensate for them in the
"HIL Model". This way, errors accumulation shall be relatively compen-
sated, hence; both models ("Docking Model" and "HIL Model") shall have
a comparable whole docking trajectory. This is considered as future work.

148



Chapter 8

HIL Simulation Experiment for
Contact Dynamics Validation
In this chapter, the experimental results of the 1DOF HIL simulation (two-
specimen impact) tests are presented. These results serve as a significant
contribution to the contact dynamics research. The one-of-a-kind testbed
was designed and built specifically for the validation of the contact dynam-
ics of the docking model in this work. Therefore, in addition to the results
presented in this chapter, a detailed explanation of the testbed, its equip-
ment are presented, including how the testbed was set up and validated.
The objectives of this chapter are as follows:

1. Present and explain in detail the unique 1DOF HIL testbed, its model,
as well as the whole setup of the HIL real-time simulation.

2. Identify the model of the controlled-piezoactuator and the force-sensor,
in order to be implemented in the Simulated HIL.

3. Present the effectiveness for using the "Generic HIL Testbed Frame-
work Analysis Tool" to define the accepted and rejected simulation
scenarios, based on the testbed capabilities.

4. Present the experimental results of the (contact dynamics) HIL simu-
lation, by testing the impacts of various materials, velocities, as well
as masses.

5. Provide the results of the contact dynamics HIL simulation of various
scenarios, as a contribution to the contact dynamics research.

The structure of this chapter is as follows: firstly, the HIL simulation
experiment is introduced in Section 8.1, where the motivation behind the
experiment, the experiment overview and the objectives are presented. Sec-
ondly, in Section 8.2, the HIL testbed is introduced in detail, as well as its
equipment, implementation and validation. In that section, the estimated
models of the actual piezoactuator and the force-sensor are presented, which
were inserted in the Simulated HIL model (refer to Fig. 2.3). Thirdly, in
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Section 8.3, it is explained how the HIL simulation was carried-out and its
properties. Fourthly, in Section 8.4.1, the results of one of the scenarios
is presented in detail, while the results of all the other test scenarios are
presented in Appendix C. Finally, the summary and the conclusion of this
chapter are presented in Section 8.5.

8.1 Introduction

HIL simulation is a real-time simulation, which consists of a software part
and a hardware part. The software part consists of a model of the physical
system (or at least part of it) and is carried out on the real-time proces-
sor. The hardware part executes the real physical process and contains the
interface with the real-time processor to receive output signals from the
real-time processor and send the measured values to the real-time proces-
sor. Compared to a full computer simulation, a HIL simulation increases
the realism of the experiment, because of using the actual hardware.

8.1.1 Motivation for Experiment

One of the main motivation aspects to build and run this experiment was the
lack of the validation of contact dynamics model considered (Flores model
[Flores et al., 2011]), under the required test-criteria (i.e., impact velocity,
material, masses). Thus, the need arose to build a 1DOF HIL testbed to
test and validate the contact dynamics model implemented in the docking
model of this work. In addition, this 1DOF HIL testbed acted as a simpler
lower-cost precursor to the 6DOF HIL simulator. Moreover, it allowed to
demonstrate the feasibility and the principle-of-operation performance of
the HIL simulation.

The experimental results of this HIL testbed serve as a significant con-
tribution to the contact dynamics research. Although several contact dy-
namics experiments have been already carried out before to validate contact
models, this testbed outperformed many of them for various of reasons:

1. Many researchers made use of gravitational acceleration for contact
dynamics testing, e.g., free-fall impacts [Zhang and Sharf, 2009]. Al-
though these tests were easy and efficient, they would be very chal-
lenging for the testing of slow-impacts (i.e., 0.01 - 0.1 m/s), due to
the challenge of the exact positioning of the specimen in the required
position at the beginning of the simulation, in order to achieve the
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required speed at impact. In the considered 1DOF HIL test, such
low-velocity impacts were conducted much easier.

2. Another test was carried out using quasi-static testing (using a linear
ball-screw actuator), due to the complexity of finding a fast enough
actuator to realize the real-impact scenario [Boos and McPhee, 2011].
This however totally ignored the damping component of any contact-
model. In the considered HIL testbed, this has been taken care of due
to the use of piezoactuator, which has high acceleration capabilities.

3. Another test used a robotic arm to simulate the impact via HIL sim-
ulation [Gonthier, 2007]. However, the robotic arm’s stiffness and
delay introduce limitations for the proper testing of contact dynamics
models, which requires fast precise micro-meter resolution motion ca-
pability, as well as high force-blocking. This has been overcome in the
introduced HIL testbed by using a 1DOF piezoactuator, which has
a fast precise motion with micro-meter resolution and a high force-
blocking capability.

4. Moreover, in the presented HIL test, the masses and velocities of the
impacting bodies could simply be modified on the computer models,
which allowed the testing of different scenarios easily. In addition, this
testbed allowed to test impacts of various materials with each other.

8.1.2 Experiment Overview

Based on the validation concept introduced in Section 2.3 and Fig. 2.3,
a brief introduction about how the experiment was set up is presented, to
provide an overview of the system. As mentioned before, the HIL simulation
is a real-time simulation that has a software part and a hardware part.

Figure 8.1: Simplified Block-diagram of Testbed

The real-time system "dSpace DS1103" was used as the real-time sim-
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ulator processor. The HIL simulation environment included the following
hardware: a piezoelectric actuator, a force sensor and a displacement sen-
sor (i.e., eddy-current differential-sensor), as seen in Fig. 8.1. The software
contained the 1DOF two rigid-spacecraft dynamics model, as well as the
closed-loop control algorithm designed for the positioning of the piezoactu-
ator.

The piezoactuator emulated the relative-distance (between the two space-
craft), which was calculated by the "Spacecraft Dynamics" model. Once the
piezoactuator impacted the specimen fixed to the force sensor, the real con-
tact force (measured by the force sensor) was fed-back as an input signal
to the "Spacecraft Dynamic" model in the real-time dSpace system. Ac-
cordingly, the position of each spacecraft was updated and thus the new
relative-displacement was sent to the actuator to be emulated.

Each experiment provided all required data that can be used to validate
any contact model, which includes penetration-depth (from the measured
displacement of the piezoactuator), penetration-velocity (from the deriva-
tive of the displacement-data by experiment-time) and impact-force (from
the force sensor). By comparing the HIL experimental data (Real HIL) to
the results of the Simulated HIL (refer to Fig. 2.3), the errors and the fi-
delity were calculated and the results were utilized for the contact-model
validation.

8.1.3 Experiment Objectives

The objectives of this 1DOF HIL simulation experiment are as follows:

1. Pave the way for the design and implementation of the 6DOF HIL
testbed, using a simpler lower-cost simulator.

2. Demonstrate the feasibility and principle-of-operation performance of
the HIL simulation.

3. Proof of the validation concept (refer to Section 2.3), which states that
the 1DOF HIL simulation is sufficient to validate the utilized contact
dynamics model.

4. Present very significant experimental results, as a contribution for the
contact dynamics research.
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8.2 HIL Testbed Setup

8.2.1 Overview

The actual setup of the whole experiment (including all equipment, am-
plifiers, etc.) is shown in Fig. 8.2a. A close-up view of the testbed and
sensors is depicted in Fig. 8.2b and 8.2c. The aluminum frame contained
the piezoactuator, the eddy-current differential-sensor (which measures ex-
ternally the displacement of the piezoactuator) and the force sensor, which
measures the impact force during impact. Moreover, two different specimen
were included: a solid-flat-cylinder and a half-sphere (which represents the
probe-tip of the docking mechanism), see Fig. 8.2c. Each of the specimen
shapes were available in various materials for various tests, which can be
seen in Fig. 8.2b.

(a) Testbed overview

(b) Realized Testbed (c) CloseUp View

Figure 8.2: HIL Testbed

In order to see the physical connection between all the devices and the
relation between each other, a schematic diagram of the configuration of
the whole testbed is depicted in Fig. 8.3.

One required step was to build a closed-loop controller for the piezoactua-
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Figure 8.3: Testbed Schematic Diagram. Adapted from [Lei, 2019]

tor, which required to have the feedback of the actual position. Accordingly,
the eddy-current differential-sensor was used to provide the displacement
feedback. The eddy-current sensor was a better solution than the piezoac-
tuator’s built-in strain-gauge, because eddy-current sensor measured the
actual external displacement of the probe-tip adapter (part 4 in Fig. 8.5).
A block-diagram of the whole system is depicted in Fig. 8.4.

Figure 8.4: Testbed Block-diagram
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8.2.2 Mechanical Design

This experiment dealt with high impact forces and displacement measure-
ments of micrometers, therefore the mechanical frame which held all the
equipment together was required to be very rigid to avoid any bending dur-
ing an impact, which could affect the results. Accordingly, the material of
all the parts that were directly part of the impact (i.e., frame, force-sensor
flange, solid-shims) were of a higher stiffness than the specimen of the ex-
periment. This way, any deformations during an impact would take place
in the less stiff materials (i.e., specimen). The material and description of
all the parts of the testbed are summarized in Fig. 8.5 and Tab. 8.2. Three
different material-pairing were used for the specimen: Aluminum (AL6060),
PEEK and Teflon (PTFE), as seen in Fig. 8.2b. The properties of the
chosen materials are presented in Tab. 8.1.

Table 8.1: Properties of the considered materials

Material Aluminum
(AL6060)

PEEK Teflon

Type EN AW-2007 T4
(AlCuMgPbT4)

Ketron® 1000
PEEK

TEFLON
PTFE

Young’s modulus
(Ei) [GPa]

71 4.34 0.45

Poisson’s ratio (νi) 0.33 0.4 0.42

Moreover, the accuracy of the manufacturing was quite accurate with very
small tolerances, as the experiment dealt with micro-meters. In order to
adjust the air-gap between the half-sphere (probe-tip) and the solid-cylinder
specimen, steel solid-shims of various thicknesses were manufactured and
were used to adjust the air-gap as required.

8.2.3 Equipment

8.2.3.1 HIL Real-Time Simulator

The HIL real-time simulation ran on the DS1103 real-time platform, which
is produced by dSpace. The DS1103 has been specially designed for the
development of multivariable high-speed digital controllers and real-time
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Table 8.2: Description and material of testbed components.

Number Description Material
1 Metal Frame Aluminum (AL7075)
2 Piezoactuator –
3 Actuator Support Teflon (PTFE)
4 Adapter (actuator, specimen) Aluminum (AL7075)
5 Specimen (half-sphere) AL6060/PTFE/PEEK
6 Specimen (solid-cylinder) AL6060/PTFE/PEEK
7 Solid-shims Stainless-steel
8 Force-Sensor Flange Steel
9 Force Sensor –
10 Adapter (Eddy-current sensor, Frame) PEEK
11 Eddy-current differential Sensor –

Figure 8.5: Testbed Design (See Tab. 8.2 for components’ description and material)
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simulations in various fields, see Fig. 8.6a. It is a complete real-time control
system based on a PowerPC processor. [dSpace, 2016]

(a) DS1103 Processor (b) Connector Panel CLP1103

Figure 8.6: HIL Real-time Simulator

The CLP 1103 connector LED panel (Fig. 8.6b) served as an interface
between the DS1103 and all the other external devices (i.e., piezoactuator,
the eddy-current differential-sensor and the force-sensor). The input/output
signals to/from the DS1103 passed through the CLP1103 connector panel.
The connector panel contains 28 BNC connectors; 20 Analogue-to-Digital
(AD) connectors (ADCH1-ADCH20) and 8 Digital-to-Analogue (DA) con-
nectors (DACH1-DACH8). The input/output voltage ranges from -10V to
+10V.

8.2.3.2 Piezoelectric Actuator

Actuator
Nowadays, piezoelectric actuators are widely used in micro/nano meter scale
manipulation and positioning. They have the capability to couple mechan-
ical and electrical properties to each other and can respond to mechanical
loads and electrical signals in a very short time. Piezoactuator allows (with
low energy) to generate a high blocking force and to keep a steady posi-
tion [Muhammad et al., 2015]. Its working principle is the reciprocal of the
piezoelectric effect, which means piezoelectric actuator converts electrical
signal to mechanical behavior (physical displacement).

Due to the challenging required figure-of-merits of the desired actuator
(see Section 5.5.2), it was not possible to find an off-the-shelf solution. There-
fore, a custom made piezoactuator was specifically built for this experi-
ment by PiezosystemJena. It is a voltage steered actuator made of several
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Figure 8.7: (left) Piezoelectric Actuator. (Right) High-voltage switching amplifier

piezostacks and it has a stroke of 300µm. Its operating voltage range is
between −200 and +1000V , its resonance-frequency is 2kHz, its stiffness is
20 N/µm and its max. blocking force is 8kN. [Piezosystemjena, 2019]

High-voltage Amplifier
The piezoelectric actuator amplifier RCV 1000/7 is a high voltage analog
switching amplifier designed by PiezosystemJena, see Fig. 8.7. It is specially
designed for the use of piezoelectric actuators or other capacitive loads with
at least 2 µF capacitance. It has a maximal output voltage of 1000V and a
maximal output current of 7A. This amplifier is very suitable for dynamic
operation [Piezosystemjena, 2016]. The D-SUB 5W1 connector "OUT" on
the device was connected directly to drive the custom-made piezoactua-
tor utilized in this experiment, with an output voltage that ranged from
0 to +1000V. The BNC connector "MOD" received the reference desired-
position signal from the dSpace system. The "MON" connector is a scaled
amplifier’s output ("OUT") by a factor of 0.01, i.e., "MON" outputs volt-
age between 0 and 10.

8.2.3.3 Eddy-Current Differential-Sensor

The eddy-current differential-sensor (Kaman KD-5100-004A) measured the
actuator’s external displacement by measuring the displacement of the alu-
minum adapter fixed to actuator’s moving-part (i.e., part 4 in Fig. 8.5). It
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has a very high measuring accuracy; up to nano-meters [Kaman Precision
Products, 2015]. Two matched sensor coils were positioned relative to the
target (i.e., the adapter), on both sides of the target, see Fig. 8.8. When the
target moved away from one sensor-coil, it moved the exact equal distance
toward the other one.
The sensor coils were powered by an AC current and they generated an
electro-magnetic field, which caused a magnetic coupling between the con-
ductive target (Aluminum AL7075) and the sensor coils.

The principle-of-operation is the impedance variation caused by eddy-
currents induced in the conductive-target located within the measuring-
range of each sensor. When the target is electrically centered between
the two sensor coils, the system’s output-voltage is zero. When the tar-
get starts to move, the impedance between the sensors is no longer equal.
This impedance imbalance is detected by the bridge circuit inside the volt-
age regulator and presented as a linear analog signal proportional to the
target position. [Kaman Precision Products, 2015]

Figure 8.8: Eddy-current differential-sensor consists of two coils, which measured
the displacement of the target placed between them. (Left) Diagram of sensor
setting. (Middle) actual mounting of eddy-current sensor. (Right) Kaman Am-
plifier KD-5100

8.2.3.4 Force-Sensor

The 1DOF force-sensor "9323AA" by "Kistler" was utilized in this exper-
iment, see Fig. 8.9. It has a measuring range of 0 - 10 kN and a resolu-
tion of 0.01N [Kistler Group, 2018]. The sensor’s principle-of-operation is
the piezoelectric effect. Meaning, the force-sensor converts the mechanical
displacement (due to an external force) to an electrical signal. It is the
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inverse process of the piezoelectric actuator. When a force is applied to the
force-sensor, the sensor generates an electrical-charge, which is measured
and amplified by the charge amplifier "Kistler, Type 5015" [Kistler Group,
2013]. This amplifier converts the measured charge into force and outputs
the value as an analog signal (which was connected to the dSpace) and is
then displayed on the LCD display of the amplifier as well.

Figure 8.9: (Left) "Kistler" Force Sensor "9323AA" and the amplifier 5015 (Right)

8.2.4 Real HIL Testbed Model

In this section, the identified model of the HIL testbed is presented, which
was then inserted in "HIL Model" in the Simulated HIL as in Fig. 2.3.
Likewise for the force-sensor. Before modeling the real HIL testbed, the
experiment was calibrated and the closed-loop displacement controller was
designed beforehand, so that the real HIL testbed model would include the
whole controlled-actuator-system and the force-sensor. The calibration of
the piezoactuator and the implementation of the closed-loop displacement
controller are presented in Appendix A.

Concept
In order to predict the results of the Real HIL scenarios and to estimate the
errors using the Simulated HIL (refer to Fig. 2.3), it was required to find
the approximate model of each of the equipment and their noises, in order
to substitute the actuator-model and the force-sensor-model in the "HIL
Model", in the Simulated HIL. For illustration, Fig. 8.10 depicts both the
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"Real HIL Testbed" in comparison to the "HIL Model", where the approxi-
mate models are implemented.

In this section the approximate transfer-function of each of the controlled-
actuator-system (controller, piezoactuator and amplifier, eddy-current sen-
sor and its amplifier), its noise model, as well as the force sensor system
and its noise model are presented.

Figure 8.10: Comparison of block-diagrams of "Real HIL Testbed" and "HIL
Model" for illustration. (refer to Fig. 2.3). Parts of the figure adapted from
[Lei, 2019].

The following abbreviated notations are used for simplification:

{d,w} = 1 + 2d s
w

+ s2

w2 (8.1)

8.2.4.1 Controlled-Actuator-System

A. Transfer-Function (Tact(s))
The frequency-response of the closed-loop system (see Fig. 8.11 for
more details) was taken into consideration, to identify the approximate
transfer-function of the controlled-actuator-system. Accordingly, the
system was approximated as a 2nd order system (as seen in Fig. 8.11),
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as follows:

Tact(s) = 1
{d,w} = 1

{0.8,3000} (8.2)

(a) Frequency response (b) Step response

Figure 8.11: Comparison of experimental closed-loop system, versus approximate
model Tact(s). Figure adapted from [Lei, 2019]

B. Noise model (η2)
The noise of each equipment in this experiment was modeled as a col-
ored noise in Simulink® (see Fig. 8.12) [Janschek, 2012]. As the noise of
the controlled-actuator system was mainly from the actual-displacement-
feedback by the eddy-current sensor, accordingly, the transfer-function
of the sensor was required to be identified, as well as the standard devi-
ation of its noise measurement.

The sensor’s datasheet [Kaman Precision Products, 2015] states that
the sensor amplifier is a standard 2nd order Butterworth configuration.
Therefore, PT2 element was used to simulate the dynamics of the eddy-
current sensor system. Accordingly, the damping constant de in the PT2
was 0.707. The -3dB point is at ≈23kHz [Kaman Precision Products,
2015]. Thus, the transfer-function of eddy-current sensor was as follows:

Te(s) = Ke

{de, we} = 1
{0.707, (2 · π · 23000)} (8.3)

Moreover, the standard deviation was estimated using experimental mea-
surements to be σd = 0.73µm. Power Spectral Density (PSD) was
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Sn = 1.0428 · 10−11 mm2/Hz. Thus, the "Random-number" block
properties were set as follows: mean = 0, seed = 0, sampling time,
Ts = 1

100
2π
w

= 4.3478 · 10−7 sec. Variance: σ2 = Sn
Ts

= 2.3985 · 10−5 mm2

Figure 8.12: Simulink® Model for the colored noise generation

8.2.4.2 Force Sensor

A. Transfer-Function (Tf (s))
Likewise, the force sensor transfer-function was derived based on the
information provided in its data sheet [Kistler Group, 2013], [Kistler
Group, 2018], which states that the sensor amplifier is approximated as
a 2nd order Butterworth filter. The resonant-frequency of the force sen-
sor is much larger (74.5kHz) than the amplifier (the cut-off frequency at
-3dB is 1kHz, was set manually in the settings of the amplifier). There-
fore, PT2 element was used to simulate the dynamics of the force-sensor
system. Accordingly, the damping constant df in the PT2 was 0.707.
The -3dB point is at ≈1kHz [Kaman Precision Products, 2015]. Thus,
the transfer-function of force sensor system was as follows:

Tf (s) = Kw

{df , wf } = 1
{0.707, (2 · π · 1000)} (8.4)

B. Noise Model (η3)
The same transfer-function defined above in Eq. 8.4 was used for the
noise model. In addition, the standard deviation was estimated ex-
perimentally to be σd = 1.5N . Power Spectral Density (PSD) was
Sn = 0.001 N2/Hz. Thus, the "Random-number" block properties
were set as follows: mean = 0.6 (experimentally measured bias error
of 0.6N), seed = 0, sampling time, Ts = 1

100
2π
w

= 1 · 10−5 sec. Variance:
σ2 = Sn

Ts
= 100 N2
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8.3 HIL Contact Dynamics Simulation

In this section, firstly the detailed description of the contact dynamics HIL
test scenario is presented in Section 8.3.1, including the description of the
implemented Simulink® model, as well as the simulation properties. After-
wards, in Section 8.3.2, the various potential scenarios are presented. Then,
in Section 8.3.3, the criteria upon which a scenario was qualified to be sim-
ulated using the testbed or not, is presented. Finally the properties of all
the qualified scenarios are presented in Section 8.3.4.

It is important for the reader to understand well the concept presented
in Section 2.3 before reading the following subsections. The "Spacecraft
Dynamics" in Fig. 2.3 was called "Multibody dynamics" in this HIL test.

8.3.1 HIL Test Description

The "multibody dynamics" block (shown in Fig. 8.14) is exactly the same
as the one introduced in Section 4.4.1. It models the dynamics of two rigid-
bodies (i.e., Body1 is a sphere and Body2 is a cube) in 1DOF and calculates
the relative-displacement and relative-velocity between both bodies at each
time-step, due to any external forces acting on them.
For the considered test, the two rigid-bodies (in the "multibody dynamics"
model) moved towards each other until an impact took place and then
they rebounded due to the impact-force that acted on each one of them.
The considered HIL simulation test emulated the relative-motion using the
piezoactuator and measured the real impact-force using the force-sensor.
The initialization parameters that were varied in each scenario are masses
and initial relative-velocity, while the constant parameters are initial dis-
placement of each body and initial acceleration (set to zero).

For a proper realization of HIL contact dynamics simulation, it was im-
portant to make sure that the "penetration-depth" and the "air-gap" lied
within the limited range-of-motion of the piezoactuator, i.e., 300µm, (the
air-gap corresponds to a real physical air-gap in the testbed for each sce-
nario). An air-gap was required to be considered in order to allow the
piezoactuator to accelerate to reach the desired impact-velocity. Therefore,
in (each scenario of) the HIL test, only a section of the relative-displacement
x from the "multibody dynamics" was considered and it was called, "sim-
ulated displacement" r, see Fig. 8.13 for illustration. The "simulated dis-
placement" consists of an "air-gap" (before the real physical impact takes
place) and a "penetration-depth" (during an impact).
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Figure 8.13: Illustration to visualize "simulated displacement", "penetration-
depth" and "air-gap". Left figure illustrates the "simulated-displacement" sec-
tion on the relative-displacement curve of the "multibody dynamics". Right
figure depicts how the actuator realizes the "simulated-displacement".

Simulink® Model
The Simulink® model of the HIL test (running on dSpace system) was built
according to the above description which is illustrated in Fig. 8.14. The
block "simulated displacement filter" was added to include only data that
lies within the accepted range. Moreover, saturation blocks were added to
protect the equipment by making sure that the allowed values were within
the acceptable range as follows: Saturation1 = [0 - 0.239], Saturation2 =
[0 - 1].

Figure 8.14: HIL test scenario block-diagram. Figure adapted from [Lei, 2019]
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In addition, "Contact Detection" and "Offset" were added to avoid errors
that occurred due to sensor noises. These errors could affect the simulation
quality and reliability, if they were not dealt with. Ideally, the force-sensor
should output 0N when no contact takes place, however, due to the sensor
noise of (+/- 15N), it tricked the "multibody dynamics" that there was a
contact; hence simulation was disrupted. Therefore, a "contact detection"
block was added to the raw output signal of the force sensor, such that if
the measured-force (f) was less than or equal to 22N , it was ignored.
Likewise when the actuator was at rest at zero position (no extension),
the noises that arose from the eddy-current sensor also fluctuated with a
+/−9µm. Therefore, an "Offset" was introduced to the zero position of the
actuator. In most cases, the offset was 20µm, but it was varied depending
on each scenario.

Simulation Properties
The simulation was carried out using Matlab® 2015b and Simulink®. Af-
ter thorough testing and analysis (using the real HIL equipment as well),
the Fixed-Step Solver ODE4 (Runge-Kutta) was selected, with a fixed time-
step of 13.333 µsec (i.e, sampling-frequency of 75kHz) for the Simulated HIL
and real-time Real HIL.

8.3.2 Simulated HIL Simulation

Before running the real HIL test, a simulation of the "simulated HIL" took
place using the contact model under investigation (Flores model [Flores et
al., 2011]). The Simulated HIL was updated with the approximate models
of the closed-loop HIL system in Section 8.2.4. The objectives of simulat-
ing various scenarios using Simulated HIL are: to estimate the results of
each scenario, to identify (based on estimated results) which scenarios are
technically qualified to be simulated by the Real HIL and to estimate the
(predicted) HIL errors.
The "Contact Dynamics" subsystem was initialized with the same initial-
ization in Section 5.3.1, except for the parameters specifically defined below.

Various scenarios were simulated in a systematic order by varying one of
the parameters at each simulation using the "Generic HIL Testbed Frame-
work Analysis Tool". Accordingly, 72 scenarios were simulated (for each
COR value) and the results of each scenario, as well as the HIL errors are
estimated. The whole range of each of the following parameters has been
considered in the simulations:
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1. Velocity (m/s): [0.05, 0.075, 0.1]

2. Material: PEEK-PEEK, PEEK-Alu, PEEK-Teflon, Alu-Alu, Alu-
Teflon, Teflon-Teflon

3. Masses (kg): [35-35, 35-70, 50-50, 50-100]

4. Coefficient-of-Restitution (COR): [0.8, 0.9]

For the selection of the scenarios, mainly all scenarios with COR = 0.8 were
focused on, while for the analysis later on, the scenarios with both COR
values (0.8 and 0.9) were considered.

8.3.3 Qualification Criteria

In order to protect the expensive HIL equipment from any hazardous acci-
dents during the HIL impact test, a theoretical actuator safety-check was
required to be passed for all qualified scenarios. Actuator manufacturer
"PiezosystemJena" (also [Piezomechanik GmbH, 2020]) states that the max-
imum blocking force capability of the piezoactuator is inversely proportional
to how much the actuator is extended. Meaning, when the considered
piezoactuator is at rest, it can withstand up to 8kN. However, the more
the piezoactuator extends, the less the blocking force becomes. Therefore,
the used theoretical safety-check estimated the capability of the actuator
to withstand the predicted external force from the "simulated HIL", with
respect to the expected extension. The theoretical actuator safety-check
was formulated as follows: (the equation is introduced by [Piezomechanik
GmbH, 2020]):

xtest · Fact

Fact − Ftest
< xact (8.5)

such that Fact, xact is the max. force and max. stroke in the data-sheet
of the actuator, respectively. xtest is the predicted max. extension of the
actuator in a scenario. Ftest is the predicted max. force in a scenario. If
the left-hand-side of the equation is indeed smaller than the right-hand-side,
then the safety-check is passed.

Accordingly, only 23 scenarios (out of 72) have passed the safety-check.
Moreover, based on the preliminary HIL testing of various scenarios, an
empirical safety-factor of (20%) was defined, which reduced the number of
possible HIL scenarios to 12 (out of 23) scenarios.
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8.3.4 Qualified Test Scenarios

Based on the simulated scenarios using the Simulated HIL, as well as the
qualification criteria , 12 scenarios passed the qualification criteria and were
indeed simulated using the Real HIL simulation. (See scenarios properties
in Tab. 8.3). Such that Vi is the initial impact velocity. Airgap is the
actual air-gap between probe-tip and specimen (see Fig. 8.13) and offset
represents the zero position of the piezoactuator (see Fig. 8.14).

Table 8.3: Scenarios that were carried out employing the Real HIL simulation

8.4 Results

8.4.1 Experimental HIL Simulation Results

Experimental results of the HIL contact dynamics simulation are presented
and discussed in the following subsections. The results of only one of
the twelve qualified scenarios are presented in this section, which include
contact-dynamic results, predicted and actual error percentages and obser-
vations from the results. The results of the other scenarios are presented in
Appendix C.

8.4.1.1 Selected Scenario Properties

The results of the HIL scenario number four (see Tab. 8.3) is presented
below. This scenario is distinguished because of its properties: a) it has
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the lowest initial impact velocity of considered range (0.05 m/sec), b) its
material pairing (Aluminum-PEEK) is the same as the real docking S/C
docking under consideration, c) the two bodies have the same mass, 50kg.
The airgap for this scenario is 48µm and the piezoactuator has a zero offset
of 20µm (refer to Section 8.3.1). The "HIL Model" presented here used a
COR value of 0.9 and the rest of the properties were the exactly the same
as the realized experimental scenario.

8.4.1.2 HIL Contact-Dynamic Results

As mentioned before, the three main quality-control parameters that were
considered for contact dynamics analysis in this work are: force, penetration-
depth and penetration-velocity, which were all considered with respect to
time. Moreover, the hysteresis diagram of the penetration-depth versus
the contact force is useful to visualize the energy differences in an impact.
Therefore, the behavior of all of these parameters of the considered scenario
are presented in Fig. 8.15.

In each graph in Fig. 8.15, three models are shown; "HIL experiment",
"HIL Model" and "Docking Model". In reference to Fig. 2.3, "HIL exper-
iment" are the actual results from the physical impact using the Real HIL
Testbed, while "HIL model" is the predicted results using the model of the
HIL testbed (built in Section 8.2.4) and the contact model. The "Docking
Model" presents the simulation of the impact using the contact model and
multibody dynamics only, i.e., no hardware (actual or model) are included.
The "HIL experiment" model shown is the smoothed data of the raw data.

Observations
From the graphs in Fig. 8.15, it is observed that the behavior of the pre-
dicted results from the "HIL model" are relatively close to the "HIL exper-
iment" results, but not exactly the same.

In order to analyze the force and penetration-depth graphs, the "max.
absolute" and "integral absolute" differences were taken into consideration
(errors are explained in Section 3.3). "Max. Absolute" considers the differ-
ence between the peak value of two models (e.g., "HIL experiment" model
and the predicted results from "HIL model"). While "Integral absolute"
considers the difference between the area-under-the-curve of both models,
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(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure 8.15: Results of the HIL contact dynamics simulation of the fourth scenario
(refer to Tab. 8.3), which present the behavior of the different models: HIL
experiment vs. HIL model vs. Docking model
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which takes into consideration the time duration of impact as well.

The force and the penetration-depth graphs (Fig. 8.15a, 8.15b respec-
tively) show that even-though the "max. absolute" differences between
"HIL experiment" and "HIL model" are not exactly the same, they are rel-
atively close. On the contrary, the "integral absolute" differences appear
to be relatively large, mainly because the impact in the experimental test
takes a longer span of time than predicted.

Moreover, the hysteresis diagram (Fig. 8.15d) representing the penetration-
depth versus the contact force, shows that the "HIL Model" and "HIL ex-
periment" are not exactly the same, nevertheless they are relatively similar,
i.e, peaks on each axis are relatively close.

In order to study the relative-velocity graph of any scenario, the velocity
before and after impact were observed and compared to the predicted model.
Ideally, in an elastic collision, the velocity-after-impact is the same as the
velocity-before-impact. Therefore, to calculate errors between models the
focus was on the COR parameter and the difference in velocity-after-impact,
since the velocity-before-impact was the same for all models of the same sce-
nario. Based on that, it is observed in the relative-velocity graph of this
scenario in Fig. 8.15c in the relative-velocity graph that the velocity-after-
impact of the "HIL experiment" is relatively close to the predicted "HIL
model".

8.4.1.3 Errors and Fidelity Results

In this section, the errors analysis of the considered scenario is presented in
Tab. 8.4. The definition and the explanation of the "Max. Absolute" and
"Integral Absolute" errors have been presented before in Section 3.3.

The concept of testing and validation of contact dynamics model in this
work (presented in Section 2.3) was to show the differences between Simu-
lated HIL and Real HIL. Therefore, for the considered scenario, all of these
results were summarized in Tab. 8.4. The following abbreviations of errors
and fidelity in the table were used:

• "Simulated HIL Error" (Emd): is the difference between the "HIL
model" (m) and the "Docking model" (d); Emd = m− d. In percent-
age, it is as follows: Emd(%) = m−d

d
· 100.
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• "Real HIL Error" (Ehd): is the difference between the "HIL test" (h)
and the "Docking model" (d); Ehd = h − d. In percentage, it is as
follows: Ehd(%) = h−d

d
· 100

• Fidelity (ζ): is the percentage of how equivalent is the simulated HIL
to the Real HIL, as follows: ζ = Emd

Ehd
· 100

• "HIL Contact Error" (Ehm): is the error between the real impact in
the "HIL test" (h) versus the simulated impact (using contact model)
in the "HIL model" (m); Ehm = h−m. In percentage, it is as follows:
Ehm(%) = h−m

m
· 100

Observations
As discussed before, the "max. absolute" differences between the modeled
and the experimental results were rather relatively close to each other. The
"integral absolute" differences were rather large, due to the longer impact
time of the experimental tests.

In Tab. 8.4, it is observed that the absolute "Real HIL errors" (Ehd) of
the force and the penetration-depth (82.85% and 77.76%, respectively) are
slightly larger than the desired relative-error (i.e., ≈ 20% higher than the
desired 60%), upon which the preliminary actuator’s figure-of-merits were
defined in Section 5.5.2. On the other hand, the integral errors are much
larger.

The "max. absolute" results of the force measurements in Tab. 8.4a
shows that the fidelity of the contact model is 73% (in case of COR 0.9).
Meaning, the contact model predicted the max. force of impact with ex-
actness of 73% of the experimental HIL impact. While, the fidelity of the
"integral absolute" differences was 35.73%.

The "max. absolute" results of the penetration-depth measurements in
Tab. 8.4b shows that the fidelity of the contact model is 56.4% (in case of
COR 0.9). While, the fidelity of the "integral absolute" differences is 24%.

There were two ways to analyze velocity results (both are representing the
same data): first, to focus on the final-velocity only, second is to focus on
COR parameter, which is the ratio between velocity-after-impact to velocity-
before-impact. The expected COR in each scenario are presented in grey in
Tab. 8.4c, while the resultant COR of each model are represented in dark
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blue in the last columns. Accordingly, one observes that the resultant COR
of the "HIL experiment" impact is closer to the "Docking model", than the
"HIL model". As the fidelity was calculated based on the error differences,
one could notice that the fidelity percentage was really high and it was
misleading. Therefore, for velocities, it was better to compare the resultant
COR values for analysis.

8.4.2 General Testbed Results

The general results of this 1DOF HIL simulation experiment are as follows:

1. The presented 1DOF HIL testbed was an attractive option as a simpler
lower-cost precursor to a 6DOF HIL simulator. In fact, it paved the
way for the design and implementation of the 6DOF HIL testbed.

2. It allowed to demonstrate the feasibility and principle-of-operation
performance of the HIL simulation.

3. Most importantly, it showed to be sufficient to validate the contact
dynamics model implemented in the docking simulations. (refer to
Section 2.3).

4. It presented very significant experimental results, as a contribution
for the contact dynamics research.

8.5 Summary and Conclusion

• In this chapter, the 1DOF HIL testbed simulation is presented in de-
tail. The testbed was uniquely designed and built for the contact
dynamics testing and validation, based on the validation concept pre-
sented in Section 2.3. In the presented description, it is explained how
the testbed was built, modeled and then implemented in the Simulated
HIL. Within the testbed setup, a closed-loop displacement controller
was designed and validated, which is presented in Appendix A

• The "Generic HIL Testbed Framework Analysis Tool" showed to be
very useful to simulate various scenarios systematically (based on vary-
ing each of the parameters considered from each design-space). Ac-
cordingly, 144 scenarios were simulated, which predicted the HIL re-
sults and errors. After introducing a qualification criteria to protect
the HIL equipment, 12 scenarios were qualified and were tested using
the HIL Simulation testbed.
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• The analysis of one of the scenarios (scenario number four in Tab.
8.3) was presented in detail. It showed that based on the validation
concept and the HIL testbed set up, the Flores contact-dynamic model
[Flores et al., 2011] under investigation predicted the max. absolute
values with acceptable accuracy, with a fidelity percentage of 73%
for force and 56% for penetration-depth. On the other hand, the
"integral absolute" error appear to be relatively large, mainly because
the impact in the experimental test took a longer span of time than it
was predicted. As a result, for the integral errors, the contact-model
showed a fidelity of 35.7% and 23.7% for force and penetration-depth,
respectively.

• Based on the HIL results, it is concluded that the Flores contact
model could be utilized for the considered system, to provide prelimi-
nary results. For more reliable results, it is recommended to take into
consideration the identified HIL errors within the docking modeling.
Moreover, it is concluded that more research and investigations are
required, in order to find other contact dynamics models, or to de-
sign a new one, which models the real-life impacts at the considered
low-impact velocities and materials. In addition, it is recommended to
utilize the presented 1DOF HIL testbed and the existing experimental
results in the designing process of a new contact model. Hence, a new
contact model would be based on the experimental results. Further-
more, this 1DOF HIL testbed provides a very useful tool for contact
dynamics research, as it allows to test and validate various contact
dynamics scenarios. Hence, contact models can be validated.
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Conclusion
The scope of this dissertation was focused on carrying out a systematic
investigation of the technically possible HIL docking contact dynamics sim-
ulation performances. This included carrying out a performance analysis of
a 1DOF and 6DOF spacecraft docking. In addition, a HIL testing and a
validation of a docking contact dynamics was carried out using a uniquely
designed 1DOF HIL testbed.

Within this work, the following was achieved:

1. Built a generic tool for carrying out a systematic investigation for
exploration of the available design-spaces.

2. Carried out a research and a critical analysis of non-linear contact
dynamics models.

3. Built a model of a 1DOF HIL docking testbed, which allowed to iden-
tify the required figure-of-merits of the desired hardware.

4. Built a generic 6DOF spacecraft docking model, which was utilized to
carry out a performance analysis of various 6DOF spacecraft docking
scenarios.

5. Built a model of a 6DOF docking HIL testbed, which was used to
study and to identify the preliminary requirements for a 6DOF dock-
ing HIL testbed.

6. Designed and built a 1DOF HIL simulation testbed, which was used
for an experimental testing and validation of contact dynamics.

In the next sections, the summary of the results of this work, main con-
clusions and the future work are presented.

9.1 Generic HIL Testbed Framework Analysis Tool

In this work, a "Generic HIL Testbed Framework Analysis Tool" was built to
carry out a performance analysis and fidelity estimation of any HIL testbed
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(presented in Chapter 3). This tool carries out a systematic investigation
of the technically possible HIL docking contact dynamics simulation per-
formances. It was very usefully utilized in this work to identify the key-
design-parameters of the 1DOF and 6DOF HIL testbeds, by exploring the
available design-spaces in the design-framework of the 1DOF and 6DOF
HIL testbeds. Accordingly, the figure-of-merits of HIL instruments were
identified according to the required design-framework.

In addition, it was employed to identify the qualified scenarios that were
carried out using the HIL simulation experiment.

9.2 Analysis and Performance Evaluation of Contact Dynamics

After carrying out an extensive contact dynamics research and analysis
(including a detailed parametric study) on the available contact dynamics
models, it is concluded in Chapter 4 that the "Flores" non-linear contact
dynamic model [Flores et al., 2011] is the most representative contact model
for the considered docking system.

9.3 Investigation and Analysis of 1DOF HIL System.

In Chapter 5, a 1DOF docking HIL simulation model was introduced in
detail and studied. Based on the simulation results, it is concluded that
the dynamics of the hardware used in the HIL simulation indeed affect the
1DOF "docking system". Accordingly, the HIL errors were identified and
calculated.

Using the "Generic HIL Testbed Framework Analysis Tool", a detailed para-
metric study of the available design-spaces and their parameters were car-
ried out. Accordingly, it is concluded that the actuator time-delay Dact is
the key-parameter of the HIL design-space and is the main key-parameter
for the considered HIL design process. Therefore, it was used to identify
figure-of-merits of the required actuator.

According to the results of the various actuator’s total-delay simulations,
the required figure-of-merits of the actuator was defined and is presented in
Section 5.5.2.
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9.4 Investigation and Analysis of 6DOF HIL System.

In Chapter 6 the "Docking Model" which was built in a generic way, is
presented. It is capable of simulating, visualizing and verifying docking sce-
narios. Accordingly, it was used to estimate the properties of the failed and
the successful docking scenarios of a case-study. This model (and its con-
cept) promotes itself as a practical tool for the industry, as it can predict
the properties of the successful and failed docking scenarios of a docking
mission.

A model of the 6DOF docking HIL simulation testbed was built. It simu-
lated the effect of the HIL equipment on the docking simulation and pro-
vided an insight into the fidelity of the considered HIL simulation testbed.
The results act as a reference for the future real docking HIL simulation.

It is concluded that the "first impact" in the 6DOF docking simulation
is very important, as it was the single common qualitative aspect between
the "HIL Model" and the "Docking Model". Therefore, the fidelity analysis
for such a system, should be focused on what happens exactly during the
first impact (i.e., why and how do errors occur?) rather than focusing on
the whole docking scenario. Accordingly, the followed parametric study in
Chapter 7 was focused on the first impact only.

In Chapter 7, a parametric study was carried out (using the "Generic HIL
Testbed Framework Analysis Tool") on the 6DOF testbed’s HIL design-
space. It showed that the robotic-hardware total-delay (Drob) is the most
influential parameter out of the four parameters in the HIL design-space. In
addition, the robotic-hardware resolution (Rrob) affects the HIL errors and
it must to be considered too. (This was especially clear in the considered
system, when the (Drob < 4ms).) Therefore, one has to take into consid-
eration both parameters (Drob, Rrob) while investigating this HIL testbed
design-space.

Moreover, the results showed that the considered robotic-hardware resolu-
tion (Rrob) should be 10 times smaller than the expected max. penetration
depth. Hence, in the considered model, the (Rrob) should be 10 times
smaller than 0.1mm (i.e., Rrob <= 0.01mm).

The parametric study on the 6DOF testbed’s spacecraft design-space showed
that the spacecraft masses are important. In addition, the initial impact
velocity does not affect significantly the HIL results. On the other hand,
the material is considered also as a key-parameter.
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As a result, it is concluded that it is very challenging to realize a 6DOF
HIL simulation for the whole docking scenario (i.e., not only first impact)
without compliance, due to the challenging robotic-hardware requirements.

In order to expand and realize a 6DOF non-compliant docking HIL sim-
ulation to the whole scenario, one should study the errors’ sources in an
impact, in order to predict them, and compensate for them in the "HIL
Model". This way, errors accumulation shall be relatively compensated,
hence both models ("Docking Model" and "HIL Model") shall have a com-
parable whole docking trajectory. This is considered as future work.

9.5 Experimental 1DOF HIL Simulation Testbed

In Chapter 8, the 1DOF HIL simulation testbed is presented in detail. It
was uniquely designed and built for the contact dynamics testing and vali-
dation, based on the validation concept presented in Section 2.3.

Using the "Generic HIL Testbed Framework Analysis Tool", various scenar-
ios were systematically simulated using the Simulated HIL (refer to Section
2.3). Accordingly, 144 scenarios were simulated and they predicted the HIL
results and errors. After introducing a qualification criteria to protect the
HIL equipment, 12 scenarios were qualified and were tested using the HIL
Simulation testbed.

The analysis of one of the scenarios (Scenario 4) showed that based on val-
idation concept and the HIL testbed set up, the Flores contact-dynamic
model [Flores et al., 2011] under investigation predicted in this scenario the
max. absolute values with acceptable accuracy, with a fidelity percentage
of 73% for force, and 56% for penetration-depth. On the other hand, the
"integral absolute" differences appeared to be relatively large, mainly be-
cause the impact in the experimental test took a longer span of time than
predicted. As a result, the contact model showed for this scenario a fidelity
of 35.7% and 23.7% for force and penetration-depth, respectively.

Based on the HIL results, it is concluded that the Flores contact model
could be utilized for the considered system, to provide preliminary results.
For more reliable results, it is recommended to take into consideration the
identified HIL errors within the docking modeling. Moreover, it is concluded
that more research and investigations are required, in order to find other
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9.6 Future Work

contact dynamics models, or to design a new one, which models the real-life
impacts at the considered low-impact velocities and materials.

In addition, it is recommended to utilize the presented 1DOF HIL testbed
and the existing experimental results in the designing process of a new con-
tact model. Hence, a new contact model would be based on the experimental
results.

Furthermore, this 1DOF HIL testbed provides a very useful tool for con-
tact dynamics research, as it allows to test and validate various contact
dynamics scenarios. Hence, contact models can be validated.

9.6 Future Work

In order to expand and realize a 6DOF non-compliant docking HIL simu-
lation to a whole docking scenario (i.e., not only first impact), one should
study the errors’ sources in the single impact, in order to predict the errors
and compensate for them in the "HIL Model", so that both models ("Dock-
ing Model" and "HIL Model") have a comparable whole docking trajectory.

More contact dynamics models should be tested and validated using the
presented 1DOF HIL testbed, to identify more representative contact mod-
els than the one utilized in this work.

More contact dynamics scenarios (i.e., various materials, various impact
velocities, various masses, etc.) should be tested and validated using the
presented 1DOF HIL testbed, to provide more experimental results for the
advancement of the contact dynamics research.

Contact dynamics research should be carried out, to propose a new contact
model that takes into consideration the experimental impact results from
the HIL tests.
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Appendix A

Displacement Closed Loop Controller
Design
This section describes the implementation of the testbed. Firstly, it is ex-
plained in Section A.1 how the displacement sensor was calibrated. Sec-
ondly, it is presented in Section A.2 how the plant was modeled (i.e., identify
the Transfer Function (T.F.) of the plant). Thirdly, in Section A.3, based
on the identified plant T.F. a displacement closed-loop controller that was
designed, is presented.

Most of the ideas and the concepts in this section were developed and im-
plemented by my supervised student "Zhou Lei" during his student-research-
project ("Studienarbeit") [Lei, 2019].

A.1 Calibration

As this experiment was dealing with micro-meters, accurate calibration of
eddy-current differential sensor was required. The laser-sensor "optoNCDT
ILD 2300" by "Micro-Epsilon Messtechnik GmbH" was used (See Fig. A.1a).
The laser sensor operates according to the principle of optical triangulation.
It emits a laser beam on the target, which is reflected to the receiver po-
sitioned at a certain angle to the optical axis of the laser beam inside the
laser sensor. An overview of the calibration setup is shown in Fig. A.1.

The calibration process was automated, so that it could be repeated mul-
tiple times to get the average measurements and to calibrate the sensor
with the highest possible resolution. In a Simulink® model, a stair signal
was used to drive the piezoactuator (see Fig. A.2a). This stair signal in-
creased until it reached the maximum drive voltage of the actuator, then
it decreased. The stair signal had a 5V step for 5 seconds in up-stage and
a -5V step for 5 seconds in down-stage. This 5 seconds period was the
time duration for each step in the stair signal, which guaranteed that the
actuator reaches its steady state.
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(a) (b)

(c)

Figure A.1: Sensor Calibration Setup. (a) Lase sensor "optoNCDT ILD 2300"
Image from: [Micro-Epsilon Messtechnik GmbH, 2008] (b) Close-up of the cali-
bration setup illustrates the laser sensor while measuring the motion of actuator
(projected laser-beam can be shown on the an extended thick metal-piece fixed
to actuator’s moving part) (c) Overview of the calibration setup
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A.1 Calibration

(a) Stair Signal used for calibration. (b) Produced Look-up Table of Eddy-
current sensor and Actual Displacement.

Figure A.2: Method and Result of Sensor Calibration. Figure adapted from [Lei,
2019]

During the calibration process, the eddy-current sensor, as well as the
laser-sensor measured the displacement of the piezoactuator at the same
time. Accordingly, a look-up table of the eddy-current measurements and
the actual displacement (measured by laser-sensor) was built, see Fig. A.2b.
The calibration results in Fig. A.2b describe the relationship between the
eddy-current differential-sensor output voltage in volts and the actuator
displacement in mm. These results were the average taken from five different
measurements.

According to Eq. A.1 [Micro-Epsilon Messtechnik GmbH, 2008], the laser-
sensor output voltage is converted to displacement, using the following equa-
tion:

dls = Vls · 10 · Lmax − Lmin

Vmax − Vmin
(A.1)

where dls is the displacement in mm, Vls is the laser sensor output voltage,
Lmax and Lmin are the maximum and minimum distance that the laser
can detect respectively. Vmax is the sensor maximal output voltage, when
the distance between the laser sensor and the measured object is equal
to Lmax, while Vmin is the minimum output voltage when the distance is
equal toLmin. The laser sensor attributes for this calibration process are
summarized in Table A.1.
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Table A.1: Laser-sensor Settings

Measuring rate 30 kHz
Output Voltage range ([Vmin-Vmax]) [-10V - +10V]
Detection range ([Lmin-Lmax]) [22.5mm - 23mm]

A.2 Plant Model

The goal in this section is to build a mathematical model of the plant (i.e.,
find the transfer function of the plant), see Fig. A.3. The resulted model was
used in the next Section A.3 to design a closed-loop displacement controller
for the piezoactuator.

Various methods are suggested to model such a system, such as:

1. Physical-based modeling, where the model is built based on material
and structure parameters, e.g., piezoelectric force-constants, Young’s
modulus, dielectric constants, etc.

2. "Modeling by experiment", such that the model is determined by
input-output data from the experiment. [Muhammad et al., 2015],
[Janschek, 2012].

3. "System Identification Toolbox" in Simulink®, Matlab®, to identify
the considered system.

In this testbed, the necessary parameters for building the piezoelectric ac-
tuator model were not known and it was not convenient to measure those pa-
rameters experimentally. Therefore, the second method was used to identify
the piezoactuator and plant model and was validated using the Simulink®

toolbox (third method).

A.2.1 Method Description

A colored-noise signal was used as an input-signal to the experiment, in
order to identify the plant model. The block diagram depicting the plant
model identification is shown in Fig. A.3. Such that u is the dSpace-output
signal to the piezoactuator-amplifier. m is the piezoactuator-amplifier out-
put’s signal to the piezoactuator. y’ is the actual physical displacement
of the piezoactuator. y is the piezoactuator displacement measured by the
eddy-current sensor.

Using this method, firstly, the transfer-function of various parts of the
plant were identified independently. Afterwards, the transfer-function of
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Plant

Eddy current differential sensorPiezoactuator

dspace

Dspace+connector 
panel

Actuator 
amplifier

Actuator
Eddy 

current 
sensor

Eddy current 
sensor amplifier

     

Figure A.3: Block-diagram for the plant model identification. [Lei, 2019]

the whole system was identified. The following steps were followed for
frequency response and transfer function identification:

i) Piezoactuator-amplifier: using signal u and m, the frequency response
of the piezoactuator-amplifier is estimated.

ii) Piezoactuator and Eddy-current sensor: using signal m and y, the fre-
quency response of the actuator together with the eddy-current sensor
is estimated.

iii) Whole Plant: using signal u and y the frequency response of the whole
plant is identified.

The following abbreviated notations were used for simplification:

[w] = 1 + s

w
(A.2)

{d,w} = 1 + 2d s
w

+ s2

w2 (A.3)

{w} = 1 + s2

w2 (A.4)

The frequency-response G(jw) of the system under inspection was estimated
using Eq. A.5. The detailed derivation procedure of Eq. A.5 can be found
in [Janschek, 2012]

G (jw) = Suy (jw)
Suu (jw) (A.5)

where u is the input-signal of the researched object, y is the output-signal.
And Suy is the cross spectral density, (see Eq. A.6) and Suu is the power
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spectral density (see Eq. A.7) and are as follows:

Suy(jw) =
∫︂ ∞

−∞
ruy(τ)e−jwτdτ (A.6)

Suu(jw) =
∫︂ ∞

−∞
ruu(τ)e−jwτdτ (A.7)

such that ruy(τ) is the cross-correlation of the signals y(t) and u(t), ruu(τ)
is the auto-correlation of the signal u(t).

A.2.2 Transfer Function (T.F.) Estimation

First, piezoactuator-amplifier only, then piezoactuator with the eddy-current
system and finally the T.F. of the whole system.

i) Piezoactuator-amplifier only (using signal u & m)

Figure A.4: Frequency response of the piezoactuator-amplifier [Lei, 2019]

The frequency-response of the piezoactuator-amplifier is shown in Fig.
A.4. It shows that the piezoactuator-amplifier is a 2nd order system,
because in this bode-diagram there is a resonant peak at the frequency
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approximately 26000rad/s and the phase at the same frequency has a
-180° shift. Thus, the transfer function of the piezoactuator-amplifier
can be defined as Eq. A.8. Accordingly, the parameters K1, d1 and
w1 can be easily determined based on the frequency-response of the
piezoactuator-amplifier.

G1 (s) = M (s)
U (s) = K1

{d1,w1} (A.8)

where M(s) is the Laplace-transformation of the signal m. U(s) is the
Laplace-transformation of the signal u. w1 is the resonant-frequency
of the piezoactuator-amplifier, d1 is the damping constant, K1 is the
gain.

ii) Piezoactuator and Eddy-current sensor (using signal m & y)

Figure A.5: Frequency response of the piezoactuator and eddy-current system (sen-
sor & amplifier). Figure adapted from[Lei, 2019]

The frequency-response of the piezoactuator and the eddy-current sys-
tem (sensor and amplifier) is shown in Fig. A.5. Three red-dashed
circles are added to highlight important attributes. The first circle
marks the first resonant peak (wp1), the second circle marks the first
eigenmode (wz1 and wp2), the third circle marks the second eigenmode
(wp3 and wz2). In order to calculate the damping constants, the domi-
nant characteristics (three peaks and two valleys, marked in Fig. A.5)
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were considered.
Moreover, it is observed in the phase diagram that there is a -180 de-
grees shift at the first dominant resonant frequency, while the phase at
the first eigenmode has firstly a positive jump and then has a negative
jump (i.e., phase increases when there is a zero and decreases when
there is a pole). Also, the phase at the second eigenmode has firstly a
negative jump and then has a positive jump. Therefore, the transfer
function of the piezoactuator and the eddy-current system is defined
as Eq. A.9.

G
′
2 (s) = Y (s)

M (s) = K2

{dp1,wp1}
{dz1,wz1}
{dp2,wp2}

{dz2,wz2}
{dp3,wp3} (A.9)

where Y (s) is the Laplace-transformation of the signal y, K2 is the
gain, wp1, wp2, wp3 is the first, second and third resonant frequency, re-
spectively. In addition, wz1, wz2 is the first and second anti-resonant
frequency, respectively. While, dp1, dp2, dp3, dz1 and dz2 are the damp-
ing constants at frequency wp1, wp2, wp3, wz1 and wz2 respectively.

From the bode diagram (Fig. A.5) of the piezoactuator and the eddy-
current system, the following parameters were known: wp1, wp2, wp3,
wz1, wz2, the magnitudes gp1, gp2, gp3, gz1, gz2 at wp1, wp2, wp3, wz1,
wz2, respectively, as well as the magnitude gdc for DC signal. In order
to identify the damping constants dp1, dp2, dp3, dz1 and dz2, a smart
method was developed by [Lei, 2019] and is presented in detail in the
Appendix B.
Using the developed method (see Appendix B), the required damping
constants were identified, (for the following case: wp1 = 10700, wp2 =
21700, wp3 = 26960, wz1 = 19750, wz2 = 28990, gp1 = −33, gp2 = −44,
gp3 = −45, gz1 = −60, gz2 = −60), as follows: d2

z1 = 0.0035, d2
z2 =

0.0124, d2
p1 = 0.0047, d2

p2 = 0.0006656, d2
p3 = 0.0004326

To simplify the model of the considered system, the third red-dashed-
circle in Fig. A.5 was ignored, such that only the first two resonant
frequencies (wp1, wp2), as well as the first anti-resonant frequency (wz1)
were considered. Accordingly, the simplified model (in contrast to Eq.
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A.9) appears as follows:

G2(s) = K2

{dp1,wp1}
{dz1,wz1}
{dp2,wp2} (A.10)

= 9.195 · 1026s2 + 1.145 · 1030s+ 3.587 · 1035

1.888 · 1021s4 + 4.51 · 1024s3 + 1.093 · 1030s2 + 1.134 · 1038

iii) Whole Plant (using signal u & y)
By combining both models (Eq. A.8, A.10) together, the transfer-
function of the whole plant is as follows:

G(s) = Y (s)
U(s) = M(s)

U(s) · Y (s)
M(s) (A.11)

= G1(s) ·G2(s)

= K1

{d1,w1} · K2

{dp1,wp1}
{dz1,wz1}
{dp2,wp2}

After substituting all the required parameters, the transfer-function of
the plant is as follows:

G(s) =G1(s) ·G2(s) (A.12)

=( 1.758 · 1015

2600s2 + 3.802 · 108s+ 1.758 · 1013 ) ·

( 9.195 · 1026s2 + 1.145 · 1030s+ 3.587 · 1035

1.888 · 1021s4 + 4.51 · 1024s3 + 1.093 · 1030s2 + 1.134 · 1038 )

In order to validate the mathematical model G(s) (developed by Zhou
Lei [Lei, 2019]), the plant model was also identified using the "System
Identification Toolbox" in Simulink®, Matlab®. The comparison of
the frequency response of the different methods incorporated, as well as
the raw experimental frequency response, is shown in Fig. A.6. From
the figure, it is observed that the model estimated by the Matlab®

toolbox has two resonant peaks, but it does not estimate the zero,
while Lei’s model shows the two resonant peaks, as well as the zero
and accordingly Zhou validated his model.
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Appendix A Displacement Closed Loop Controller Design

Figure A.6: Frequency response of the different methods (experimentally estimated,
mathematical modeling by "Zhou Lei" [Lei, 2019], "System Identification Tool-
box") used to model the system plant.

A.3 Controller Design (Closed-Loop)

In this section, the closed-loop controller is presented, which was designed
by [Lei, 2019] to control the piezoactuator displacement, using the eddy-
current sensor as the feedback. The controller was firstly designed based
on the model of plant G(s) (See Eq. A.12 and Fig. A.7). Afterwards, the
controller was improved based on the real plant.
The control block-diagram is depicted in Fig. A.7, such that r is reference
input, w is the filtered reference input (after the prefilter F (s)), e is control
error, u is controller output, y is controlled variable (i.e., displacement of
actuator measured by eddy-current sensor) and η1, η2 are noises.

Figure A.7: Controller Block-diagram [Lei, 2019]
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A.3 Controller Design (Closed-Loop)

A.3.1 Method Description

A structure of two Design-Degrees-Of-Freedom (DDOF) was taken into con-
sideration. Firstly, a closed-loop controller was designed to make the plant
robustly stable. Afterwards, a prefilter was designed to improve the con-
troller’s response based on the closed control-loop. [Janschek, 2012]

The following transfer-functions are defined for the design-process (refer
to Fig. A.7):
Open-loop transfer-function L(s):

L(s) = H(s)G(s) (A.13)

Complementary sensitivity:

T (s) = L(s)
1 + L(s) (A.14)

Reference-input transfer function:

Tw(s) = Y (s)
W (s) = L(s)

1 + L(s) = T (s) (A.15)

Tr(s) = Y (s)
R(s) = F (s)L(s)

1 + L(s) = F (s)T (s) (A.16)

such that T (s) is the closed-loop transfer function. W (s) is the Laplace-
transformation of the signal w. R(s) is the Laplace-transformation of the
signal r.

A.3.2 PID Closed-Loop Controller

To simplify the system’s stability analysis, [Lei, 2019] used Nichols diagram
for the controller design. Figure A.8a shows Nichols diagram with a P con-
troller, where P is unit gain. It shows that it has a bad robust stability and
it requires a PID controller to provide a positive phase shift, to improve sys-
tem stability. Accordingly, a PID controller was designed, which provided
the positive shift (as in Fig A.8b) and hence improved the system stability.
After several attempts, the PID controller H(s) was selected as in Eq. A.17.
A bode diagram of the PID and its effect on the system is shown in Fig.
A.9.
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Appendix A Displacement Closed Loop Controller Design

(a) open-loop, P controller (b) open-loop, PID controller

Figure A.8: Nichols diagrams. Figure adapted from [Lei, 2019]

H(s) = KP ID
{dN ,wN }
s [wD] = 2700{0.1,6500}

s [35000] (A.17)

A.3.3 Prefilter Design

The step response yw of the closed-loop system with the PID controller
(based on the modeled plant G(s)) shown in Figure A.9c, confirms that the
system is stable, however, the transient performance required improvement.
Thus, the second DDOF, prefilter F (s), was necessary to improve the tran-
sient behavior. Accordingly, the prefilter was firstly designed based on the
model of the plant G(s) and presented in Eq. A.18. Afterwards, it was ver-
ified and updated w.r.t. the real plant (i.e., not the model) and presented
in Eq. A.19.

A. Model-based Design
After several attempts and tests, the prefilter was designed (see Eq.
A.18), based on the model of the plant G(s).
From the bode diagram Tw(jw) (see Fig. A.9b), one observes a dip in
the magnitude at frequency of 6500 rad/s. Therefore, an anti-notch
filter {dN1,w0}

{dD1,w0} was used to compensate for that dip. Moreover, the mag-
nitudes at the first and second resonant-frequency were required to be

reduced, therefore, two notch filters {dN2,wp1}
{dD2,wp1} and {dN3,wp2}

{dD3,wp2} were used
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A.3 Controller Design (Closed-Loop)

(a) Bode diagram of PID H(s) only (b) Bode diagram of Tw(jw)

(c) Step response yw for the reference
input w

Figure A.9: Analysis of PID (without prefilter). Figure adapted from [Lei, 2019]
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Appendix A Displacement Closed Loop Controller Design

for the prefilter.

Using only the previous components of the prefilter showed that the
settling time was too long and it required to be improved. (See Fig.
A.10). Therefore, a lead term [wN ]

[wD ] was added, in order to keep the
closed-loop frequency response as flat as possible over the widest possible
frequency band.

F (s) = [wN ]
[wD]

{dN1,w0}
{dD1,w0}

{dN2,wp1}
{dD2,wp1}

{dN3,wp2}
{dD3,wp2}

= [880]
[8000]

{1,6500}
{0.1,6500}

{0.1,11660}
{1,11660}

{0.07,21200}
{2,21200} (A.18)

Figure A.10: Step-response of PID only, versus the different prefilters designed.
Figure adapted from [Lei, 2019]

B. Optimization/Validation
The frequency response Ty/w(jw) of the closed-loop system using the
real plant was experimentally measured and shown in Fig. A.11a. Such
that the reference input w was fed to the the PID controller H(s), which
drove the piezoactuator, while the feedback output y was the actual
displacement measured by the eddy-current sensor. (see Fig. A.7).
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A.3 Controller Design (Closed-Loop)

In the bode diagram in Fig. A.11a, one observes a dip in the magni-
tude at a frequency of ˜6000rad/s, which is clearly caused by the PID
controller (refer to Fig. A.9b). To compensate for the behavior at this
frequency and other frequencies, the prefilter was updated once again.
After multiple attempts, the prefilter equation was selected in Eq. A.19,
as follows:

F (s) = [1200]
[4500]

{1.8,5700}
{0.1,5700}

{0.05,10700}
{1,10700}

{0.1,21700}
{1,21700}

1
{2,14000}

(A.19)

• The anti-notch filter {1.8,5700}
{0.1,5700} was used to compensate the dip in

magnitude of the frequency response Ty/w(jw) caused by the PID
controller.

• The notch filters {0.05,10700}
{1,10700} and {0.1,21700}

{1,21700} were used to reduce
the magnitude at the first and the second peak.

• The second order low-pass filter 1
{2,14000} was used to reduce un-

modeled high-frequency peaks.

• The lead item [1200]
[4500] was used to keep the frequency response of the

output y to the external reference input r as flat as possible over
the widest possible frequency band.

Finally, the frequency response Ty/r(jw) of the closed-loop system in-
cluding real plant, prefilter and PID controller was experimentally esti-
mated and showed to be satisfactory. (Fig. A.11b).
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(a) Ty/w(jw) (without prefilter) (b) Ty/r(jw) (with prefilter)

Figure A.11: Experimentally Estimated Frequency Response of Closed-Loop Sys-
tem. Figure adapted from [Lei, 2019]

A.4 Controller Validation and Results

In this section, the designed controller (PID with Prefilter) was tested with
the real testbed (instead of the model), to show the accuracy of the con-
trolled actuator and its fast response. Firstly, the controlled displacement
of the piezoactuator is presented. Afterwards, the step-response of the
piezoactuator with the controller is presented.

i. Hysteresis Curve
Figure A.12, shows the difference between the piezoactuator motion
with controller and without controller. The realized displacement by
the piezoactuator is on the Y-axis (measured by the eddy-current sen-
sor), while the reference input (required displacement) is on the X-axis.
Accordingly, using the designed controller, the hysteresis effect was com-
pletely compensated for and steady-state error was canceled.

ii. Step-Response of Piezoactuator
In Fig. A.13, three different step-responses of 0.1mm to the piezoac-
tuator were presented: open-loop, PID controller only and PID con-
troller with Prefilter. Using the PID controller with prefilter improved
the transient response significantly and reduced the settling time as
required.
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A.4 Controller Validation and Results

Figure A.12: Piezoactuator Displacement. Hysteresis (no controller) versus com-
pensated displacement (with controller). Figure adapted from [Lei, 2019]

(a) Open-loop (b) PID controller only

(c) PID with prefilter

Figure A.13: Step-response of 0.1mm of Piezoactuator. Figure adapted from [Lei,
2019]
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Appendix B

Damping Constants Identification

In this appendix, the method that was developed by my supervised student
"Zhou Lei" in order to find the damping constants of a model is presented.
The following is quoted from [Lei, 2019]:
" From the bode diagram (see Fig. A.5) of the piezoelectric actuator & the
eddy current sensor, these parameters are known: wp1, wp2, wp13, wz1, wz2,
the magnitude gp1 at wp1, the magnitude gp2 at wp2, the magnitude gp3 at
wp3, the magnitude gz1 at wz1, the magnitude gz2 at wz2 and the magnitude
gdc for DC signal. In order to find out the damping constants dp1, dp12, dp3,
dz1 and dz2 , the following method is applied:

G
′
2 (s) = K2

1 + 2dp1
s

wp1
+ s2

w2
p1

1 + 2dz1
s

wz1
+ s2

w2
z1

1 + 2dp2
s

wp2
+ s2

w2
p2

1 + 2dz2
s

wz2
+ s2

w2
z2

1 + 2dp3
s

wp3
+ s2

w2
p3

(B.1)

Substituting j0 (DC signal, the frequency is 0) for s in Eq.B.1 to calculate
K2,

gdc = 20 ∗ log10|G
′
2(j0)| = 20 ∗ log10K2 (B.2)

Placing K2 in Eq.B.2 to left and organizing the equation,

K2 = 10
gdc
20 = 10

50
20 = 316 (B.3)

Substituting jwp1 for s in Eq.B.1,

gp1 = 20 ∗ log10|G
′
2(jwp1)|

|G
′
2(jwp1)| = 10

gp1
20 (B.4)
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Appendix B Damping Constants Identification

|G
′
2(jwp1)| = (B.5)

K2

2dp1

√︂
(1 − ( wp1

wz1
)2)2 + (2dz1

wp1
wz1

)2√︂
(1 − ( wp1

wp2
)2)2 + (2dp2

wp1
wp2

)2

√︂
(1 − ( wp1

wz2
)2)2 + (2dz2

wp1
wz2

)2√︂
(1 − ( wp1

wp3
)2)2 + (2dp3

wp1
wp3

)2

From Eq.B.4 and Eq.B.5, the following equation is derived,

10
gp1
20 = (B.6)

K2

2dp1

√︂
(1 − ( wp1

wz1
)2)2 + (2dz1

wp1
wz1

)2√︂
(1 − ( wp1

wp2
)2)2 + (2dp2

wp1
wp2

)2

√︂
(1 − ( wp1

wz2
)2)2 + (2dz2

wp1
wz2

)2√︂
(1 − ( wp1

wp3
)2)2 + (2dp3

wp1
wp3

)2

In Eq.B.6 moving K2
2 to left and squaring on both sides,

( 2
K2

10
gp1
20 )2 = (B.7)

1
d2

p1

(1 − ( wp1
wz1

)2)2 + (2dp1
wp1
wp2

)2

(1 − ( wp1
wp2

)2)2 + (2dp2
wp1
wp2

)2

(1 − ( wp1
wz2

)2)2 + (2dz2
wp1
wz2

)2

(1 − ( wp1
wp3

)2)2 + (2dp3
wp1
wp3

)2

In following, a1 is used to represent ( wp1
wz1

)2, A1 represents (1 − ( wp1
wz1

)2)2,
b1 represents ( wp1

wz2
)2, B1 represents (1 − ( wp1

wz2
)2)2, c1 represents ( wp1

wp2
)2, C1

represents (1 − ( wp1
wp2

)2)2, d1 represents ( wp1
wp3

)2, D1 represents (1 − ( wp1
wp3

)2)2,

k1 represents ( 2
K2

10
gp1
20 )2. Simplifying Eq.B.7 by using a1, A1, b1, B1, c1,

C1, d1, D1, and k1,

k1 = 1
d2

p1

A1 + 4d2
z1a1

C1 + 4d2
p2c1

B1 + 4d2
z2b1

D1 + 4d2
p3d1

(B.8)

Moving the denominator in Eq.B.8 to left,

k1d
2
p1(C1 + 4d2

p2c1)(D1 + 4d2
p3d1) = (A1 + 4d2

z1a1)(B1 + 4d2
z2b1)

(B.9)

Developing Eq.B.9,

k1d
2
p1(C1D1 + 4c1D1d

2
p2 + 4C1d1d

2
p3 + 16c1d1d

2
p2d

2
p3) = (B.10)

(A1B1 + 4a1B1d
2
z1 + 4A1b1d

2
z2 + 16a1b1d

2
z1d

2
z2)

XX



Ignoring terms in Eq.B.10 which have fourth power or higher power,because
they have less effect.

4a1B1d
2
z1 + 4A1b1d

2
z2 − k1C1D1d

2
p1 = −A1B1 (B.11)

Similar procedures for wp2, wp3, wz1, wz2 give

4a2B2d
2
z1 + 4A2b2d

2
z2 − k2C2D2d

2
p2 = −A2B2 (B.12)

4a3B3d
2
z1 + 4A3b3d

2
z2 − k3C3D3d

2
p3 = −A3B3 (B.13)

A4d
2
z1 − 4k4b4C4D4d

2
p1 − 4k4B4c4D4d

2
p2 − 4k4B4C4d4d

2
p3 = (B.14)

k4B4C4D4

A5d
2
z2 − 4k5b5C5D5d

2
p1 − 4k5B5c5D5d

2
p2 − 4k5B5C5d5d

2
p3 = (B.15)

k5B5C5D5

Forming Eqs.B.11 − B.15 in matrix,⎛⎜⎜⎜⎝
4a1B1 4A1b1 −k1C1D1 0 0
4a2B2 4A2b2 0 −k2C2D2 0
4a3B3 4A3b3 0 0 −k3C3D3
A4 0 −4k4b4C4D4 −4k4B4c4D4 −4k4B4C4d4
0 A5 −4k5b5C5D5 −4k5B5c5D5 −4k5B5C5d5

⎞⎟⎟⎟⎠ ·

(B.16)⎛⎜⎜⎜⎝
d2

z1
d2

z2
d2

p1
d2

p2
d2

p3

⎞⎟⎟⎟⎠ =

⎛⎜⎜⎜⎝
−A1B1
−A2B2
−A3B3

k4B4C4D4
k5B5C5D5

⎞⎟⎟⎟⎠
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Organizing Eq.B.16,⎛⎜⎜⎜⎝
d2

z1
d2

z2
d2

p1
d2

p2
d2

p3

⎞⎟⎟⎟⎠ = (B.17)

⎛⎜⎜⎜⎝
4a1B1 4A1b1 −k1C1D1 0 0
4a2B2 4A2b2 0 −k2C2D2 0
4a3B3 4A3b3 0 0 −k3C3D3
A4 0 −4k4b4C4D4 −4k4B4c4D4 −4k4B4C4d4
0 A5 −4k5b5C5D5 −4k5B5c5D5 −4k5B5C5d5

⎞⎟⎟⎟⎠
−1

·

⎛⎜⎜⎜⎝
−A1B1
−A2B2
−A3B3

k4B4C4D4
k5B5C5D5

⎞⎟⎟⎟⎠
After substituting 10700 for wp1, 21700 for wp2, 26960 for wp3, 19750 for
wz1, 28990 for wz2, -33 for gp1, -44 for gp2, -45 for gp3, -60 for gz1, -60
for gz2, the numerical value of the damping constants is⎛⎜⎜⎜⎝

d2
z1
d2

z2
d2

p1
d2

p2
d2

p3

⎞⎟⎟⎟⎠ =

⎛⎜⎜⎜⎝
0.0035
0.0124
0.0047

0.0006656
0.0004326

⎞⎟⎟⎟⎠
Using the algorithm introduced above, these damping constants dp1, dp12,
dp3, dz1 and dz2 are calculated. "
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Appendix C

Experimental HIL Simulation Results
In this appendix, the experimental results of the HIL contact dynamics
simulation of all the carried out scenarios are presented. Firstly, in section
C.1, the tables that summarize all the errors and fidelity of all the scenarios
are presented. Afterwards, in section C.2, the HIL contact dynamics results
graphs of all the scenarios are presented.

A summary of the properties of all the scenarios is presented in Tab. 8.3.

C.1 Error and Fidelity Results

The following tables present the errors of "Simulated HIL" and "Real HIL",
the difference between both of them and the fidelity.
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Appendix C Experimental HIL Simulation Results

Table C.1: Force results of HIL contact dynamics simulation of all scenarios demon-
strating the errors of "Simulated HIL" (Emd) and "Real HIL" (Ehd), the dif-
ferences between both of them and the fidelity.
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C.1 Error and Fidelity Results

Table C.2: Penetration-depth results of HIL contact dynamics simulation of all
scenarios demonstrating the errors of "Simulated HIL" (Emd) and "Real HIL"
(Ehd), the differences between both of them and the fidelity.
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Appendix C Experimental HIL Simulation Results

Table C.3: Velocity-after-impact results of HIL contact dynamics simulation of all
scenarios demonstrating the errors of "Simulated HIL" (Emd) and "Real HIL"
(Ehd), the differences between both of them and the fidelity.
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C.1 Error and Fidelity Results

Table C.4: Contact duration results of HIL contact dynamics simulation of all
scenarios demonstrating the errors of "Simulated HIL" (Emd) and "Real HIL"
(Ehd), the differences between both of them and the fidelity.
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Appendix C Experimental HIL Simulation Results

C.2 HIL Contact-Dyanmics Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.1: Results of Scenario 1 (COR = 0.8): Alu-PEEK, Mass=35-35 kg,
Vi=0.05 [m/s]
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C.2 HIL Contact-Dyanmics Results

(a) Force versus Time (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.2: Results of Scenario 1 (COR = 0.9): Alu-PEEK, Mass=35-35 kg,
Vi=0.05 [m/s]

XXIX



Appendix C Experimental HIL Simulation Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.3: Results of Scenario 2 (COR = 0.8): Alu-PEEK, Mass=35-35 kg,
Vi=0.075 [m/s]
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C.2 HIL Contact-Dyanmics Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.4: Results of Scenario 2 (COR=0.9): Alu-PEEK, Mass=35-35 kg,
Vi=0.075 [m/s]
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Appendix C Experimental HIL Simulation Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.5: Results of Scenario 3 (COR=0.8): Alu-PEEK, Mass=35-70 kg, Vi=0.05
[m/s]
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C.2 HIL Contact-Dyanmics Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.6: Results of Scenario 3 (COR=0.9): Alu-PEEK, Mass=35-70 [kg],
Vi=0.05 [m/s]
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Appendix C Experimental HIL Simulation Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.7: Results of Scenario 4 (COR= 0.8): Alu-PEEK, Mass=50-50 kg,
Vi=0.05 [m/s]
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C.2 HIL Contact-Dyanmics Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.8: Results of Scenario 4 (COR= 0.9): Alu-PEEK, Mass=50-50 kg,
Vi=0.05 [m/s]
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Appendix C Experimental HIL Simulation Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.9: Results of Scenario 5 (COR=0.8): Alu-PEEK, Mass=50-100 kg,
Vi=0.05 [m/s]
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C.2 HIL Contact-Dyanmics Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.10: Results of Scenario 5 (COR=0.9): Alu-PEEK, Mass=50-100 [kg],
Vi=0.05 [m/s]
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(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.11: Results of Scenario 6 (COR=0.8): PEEK-PEEK, Mass=35-35 kg,
Vi=0.05 [m/s]
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C.2 HIL Contact-Dyanmics Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.12: Results of Scenario 6 (COR=0.9): PEEK-PEEK, Mass=35-35 [kg],
Vi=0.05 [m/s]
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Appendix C Experimental HIL Simulation Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.13: Results of Scenario 7 (COR = 0.8): PEEK-PEEK, Mass=35-35 kg,
Vi=0.075 [m/s]
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C.2 HIL Contact-Dyanmics Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.14: Results of Scenario 7 (COR=0.9): PEEK-PEEK, Mass=35-35 kg,
Vi=0.075 [m/s]
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(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.15: Results of Scenario 8 (COR=0.8): PEEK-PEEK, Mass=35-70 kg,
Vi=0.05 [m/s]
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C.2 HIL Contact-Dyanmics Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.16: Results of Scenario 8 (COR=0.9): PEEK-PEEK, Mass=35-70 [kg],
Vi=0.05 [m/s]
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(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.17: Results of Scenario 9 (COR= 0.8): PEEK-PEEK, Mass=50-50 kg,
Vi=0.05 [m/s]
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C.2 HIL Contact-Dyanmics Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.18: Results of Scenario 9 (COR= 0.9): PEEK-PEEK, Mass=50-50 kg,
Vi=0.05 [m/s]
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(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.19: Results of Scenario 10 (COR=0.8): PEEK-PEEK, Mass=50-100 kg,
Vi=0.05 [m/s]
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C.2 HIL Contact-Dyanmics Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.20: Results of Scenario 10 (COR=0.9): PEEK-PEEK, Mass=50-100 [kg],
Vi=0.05 [m/s]
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Appendix C Experimental HIL Simulation Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.21: Results of Scenario 11 (COR=0.8): Alu-PTFE, Mass=35-35 kg,
Vi=0.05 [m/s]
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C.2 HIL Contact-Dyanmics Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.22: Results of Scenario 11 (COR=0.9): Alu-PTFE, Mass=35-35 [kg],
Vi=0.05 [m/s]
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Appendix C Experimental HIL Simulation Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.23: Results of Scenario 12 (COR=0.8): PEEK-PTFE, Mass=35-35 kg,
Vi=0.05 [m/s]
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C.2 HIL Contact-Dyanmics Results

(a) Force (b) Penetration-depth

(c) Velocity (d) Hysteresis

Figure C.24: Results of Scenario 12 (COR=0.9): PEEK-PTFE, Mass=35-35 [kg],
Vi=0.05 [m/s]
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