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Abstract

The growing of space debris orbiting around the Earth has become a significant
problem for active spacecraft and future missions, due to the risk of collision and
the accumulation of artificial objects, especially in Low Earth Orbit (LEO). In or-
der to mitigate the problem, new solutions have been proposed. Space robotics has
been included in on-orbit services to help human activities in the space environ-
ment, and in particular robotic manipulators can play a key role in active debris
removal. The purpose of this thesis is the development of a flexible spacecraft dy-
namics and control model including a space manipulator. A hybrid approach is used
for implementing the main body and the manipulator dynamics. In particular, the
manipulator equations of motion are obtained from Lagrangian formulation, while
the main body dynamics is expressed with Euler equations for a rigid body. The
robotic arm is a two Degrees Of Freedom (DOF) planar manipulator with two links.
The main structural properties are chosen after a comparison of space robotic arms
from literature. On the other hand, the JAXA micro-satellite PRoximate Object
Close flYby with Optical Navigation (PROCYON) is used as the main body of the
spacecraft. As in PROCYON spacecraft, a system of four reaction wheels in pyra-
midal configuration is considered. All modelling and simulation phases are made in
MATLAB/SIMULINK environment.
Another important aspect of this work is the flexible part of the satellite, repre-
sented by the four solar panels of PROCYON spacecraft. A Finite Element Method
(FEM) analysis with PATRAN/NASTRAN is conducted to obtain the natural
modes and frequencies necessary for the model and a coupling matrix between
rigid and flexible part is also evaluated.
The second part of the thesis is about control strategies. Two different controllers
are used for the movement of the manipulator and the main body attitude control.
A simple Proportional-Integral-Derivative (PID) controller is implemented for the
robotic arm, with the purpose of achieving the desired joint angle position for de-
bris/target capture. For attitude control, an Active Disturbance Rejection Control
(ADRC) with a Linear Quadratic Regulator (LQR) as control law is used, in order
to obtain a fast and stable response with the rejection of all internal and exter-
nal disturbances acting on the system. The satisfactory results in the simulation
environment demonstrate the capability of the ADRC to perform attitude control,
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although the high disturbance due to the manipulator movement and the vibrations
of the solar panels. The PID itself ensures good performance and allows to obtain
a stable response of the manipulator.
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Chapter 1

Introduction

Space robotics has a relevant role in space missions and explorations. There are sev-
eral activities that space robots can do to help human exploration, such as assembly
and maintenance of large structures in Earth’s orbit, sampling on outer planets sur-
faces, space debris removal, or assistance for astronauts. All of these tasks represent
a hard challenge for humans and robotics can provide greater access beyond human
limitations in the harsh environment of space [1]. In order to have a classification,
as in [1], space robots can be divided in orbital robots and planetary robots. Or-
bital robots (Fig. 1.1) are used for repairing satellites, assembling large structures
as telescopes, capturing and returning asteroids, deployment of instruments for sci-
entific investigations. On the other hand, planetary robots (Fig. 1.1) play a key role
in all the activities involved in the exploration of extraterrestrial surfaces, such as
planets or natural satellites.
This thesis aims at developing a flexible spacecraft dynamics and control model, in-
cluding a robotic manipulator and four solar panels. The 50 kg-class micro-satellite
PROCYON developed by JAXA is chosen as the main body of the spacecraft. The
attention is focused on the robotic manipulator that can be used to capture a tar-
get. The target can be represented by a collaborative spacecraft, as for a docking
manoeuvre, but also by a non-collaborative object, as in the case of a space debris.
In recent years, lots of space agencies have got more involved in this problem and
they are looking for new solutions in order to manage the space junk issue and
minimize collisions in space [2].
In this introduction two different topics are discussed:

• Generic space missions with a robotic manipulator.

• Space debris mitigation.

Firstly, an historical overview about space robots with their multiple applica-
tions is argued. In particular, the main focus of the discussion is on space missions
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1 – Introduction

including manipulators. In the second part, a brief review about space debris prob-
lem and robotic arms used for debris removal is presented. In addiction, a section
is dedicated to the scope of the thesis in terms of the control strategies adopted
for the attitude control, included in the Guidance, Navigation and Control (GNC)
system. Finally, an overview of the work is presented in order to provide a brief
description of all the parts of the thesis.

(a) Orbital robot [3]. (b) Planetary robot [4].

Figure 1.1: Space robots typology

1.1 Space missions with manipulators
The manipulators are robotic arms that are used for space operation, assembly
and servicing [5]. Robotic On-Orbit Service (OOS) is a class of mission in which
a robotic servicer (chaser) spacecraft intercepts and performs servicing tasks on
a client (target) spacecraft [6]. OOS comprises all aspects of on-orbit assembly of
parts into systems, maintenance of equipment, replenishment of consumables, up-
grade, repair, and target capture and removal. Over more than a decade, numerous
projects around the world have dealt with OOS of spacecraft supported by space
robotics. A major subset of OOS consists of unmanned OOS missions that use a
space robot. [7].
As early as the 1980s, the National Aeronautics and Space Administration (NASA)
realized the importance of robotics on-orbit servicing operations. The first robotic
arm used in a space mission was the Space Shuttle Remote Manipulator System
[8]. After that, other two manipulators followed, Space Station Remote Manipula-
tor System (SSRMS) and Special Purpose Dextrous Manipulator (SPDM). These
three manipulators are of special importance due to its size and design complexity
[5]. Moreover, space manipulator robotics has played a significant role on the In-
ternational Space Station (ISS) [6], with three manipulator systems: the Canadian

2



1 – Introduction

Mobile Servicing System (MSS), that includes the SSRMS and SPDM mentioned
before, the Japanese Experiment Module Remote Manipulator System (JEMRMS),
and the European Robotic Arm (ERA). There have been several technology demon-
strator missions beginning with the foundational ETS-VII mission [6], such as RO-
TEX and DARPA program. In the following sections a brief description of some of
the most important applications of space manipulators in past and current space
missions is presented.

1.1.1 Space Shuttle Remote Manipulator System
Developed by the Canadian Space Agency (CSA) [9], the Shuttle Remote Manip-
ulator System (SRMS) (fig. 1.2), also called as Canadarm, is a mechanical arm
that manoeuvres a payload from the payload bay of the Space Shuttle orbiter to
its deployment position and then releases it [8]. It can also grapple a free-flying
payload and berth it to the payload bay of the orbiter. The SRMS comprises a 6
degree-of-freedom, 15.2 m long arm attached to the port longeron of the shuttle
orbiter cargo bay, a display and control system and the payload interface, as shown
in Fig. 1.3. Control of the arm is effected by the use of hand controllers, a ded-
icated RMS display and control panel, and CRT monitors located in the orbiter
crew compartment. This is augmented by the orbiter CCTV monitors, and Gen-
eral Purpose Computer (GPC). From the point where the RMS is attached to the
Orbiter, the arm is comprised of 2 single degree-of-freedom shoulder joints (should
yaw and shoulder pitch), a 21 ft. long upper boom, an elbow (pitch) joint, a 23 ft.
long lower boom, 3 single degree-of-freedom wrist joints (wrist pitch, wrist yaw and
wrist roll), and a snare end effector which interfaces with a grapple fixture mounted
to the payload [10, 11].

Figure 1.2: Space Shuttle Remote Manipulator System [12].

The first test in orbit of Canadarm was done in 1981, on Space Shuttle Columbia’s
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1 – Introduction

Figure 1.3: SRMS arm assembly [13].

STS-2 mission, while the first operational mission of the arm was on STS-3 to de-
ploy and manoeuvre the Plasma Diagnostics Package [14]. The main tasks of SRMS
in Space Shuttle flight missions were payload deployment or berthing, and also as-
tronauts assistance in Extra-Vehicular Activities (EVAs). The cooperative use of
SRMS and human EVAs allowed spacewalks, maintenance missions, such as the
repair of the Hubble space telescope (Fig. 1.4), and construction tasks of the In-
ternational Space Station have also been successfully, as the connection of the first
two modules [8].

Figure 1.4: An astronaut anchored to the end of the Canadarm is being lifted up
to the top of the Hubble telescope to install protective covers on the satellite [15].
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1 – Introduction

1.1.2 ISS manipulator systems
The International Space Station (ISS) is the largest international technology project,
with 15 countries making significant cooperative contributions [8]. In order to fa-
cilitate various activities on the station, there are several robotic systems.

Space station remote manipulator system

The Space Station Remote Manipulator System (SSRMS), also known as Canadarm2
(Fig. 1.5), has been successfully installed on-orbit, checked-out during STS-100 in
April 2001, and performed its first Space Station assembly task during STS-104 in
July 2001 [16]. The arm is 17.6 m long when fully extended and has seven degrees
of freedom [17]. SSRMS can be placed on the Mobile Base System (MBS) attached
to the structure of ISS. This component has 1 DOF and can work jointly with
SSRMS [5]. The arm has several applications on the ISS: in addition to move itself
around the station, the Canadarm2 can use a gripple fixture to move any object or
large segments into the required place on the space station. It also can be used to
capture and dock cargo spacecraft like the SpaceX Dragon, the Cygnus spacecraft
and Japanese H-II Transfer Vehicle (HTV), and to undock and release them after
use.

Special Purpose Dextrous Manipulator

The Special Purpose Dextrous Manipulator (SPDM), also known as Dextre (Fig.
1.5), was launched on March 2008. As reported in [8], the SPDM is a dual-arm
manipulator system, where each manipulator has seven degrees of freedom and is
mounted on a one-degrees-of-freedom body joint. Its primary function is the change-
out of small equipment on the Space Station’s exterior. Other SPDM tasks include
scientific payload servicing, inspection and monitoring in support of extravehicular
activities. The SPDM can either be operated from the end of the SSRMS (see Fig.
1.6) or as a stand-alone manipulator system. This is an example of multi-arms co-
operation [9]: two arms can work together to achieve difficult tasks that would be
otherwise impossible to complete with only a single arm. This occurred on April
28, 2001 when SSRMS transferred a piece of equipment over to SRMS. This event
is known as the handshake in space of the two Canadian robotic arms.

Japanese Experiment Module Remote Manipulator System

The Japanese Experiment Module Remote Manipulator System (JEMRMS) (fig.
1.7), built by the Japan Aerospace Exploration Agency (JAXA), is a robotic ma-
nipulator system intended for supporting experiments conducted on the Exposed
Facility (EF) of the Japanese Experiment Module (JEM) [21]. This robot includes
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1 – Introduction

(a) Space station remote manipular system [18]. (b) Special Purpose Dextrous Manipula-
tor [19].

Figure 1.5: ISS-Mounted Manipulator Systems

Figure 1.6: The Robotic Refueling Mission (RRM) investigation uses the Inter-
national Space Station’s Canadarm2 and the Canadian Dextre robot (right) to
demonstrate satellite-servicing tasks [20].

a 6-DOF, 10 m long main arm, and a 6-DOF, 2 m long Small Fine Arm (SFA) de-
signed to perform dexterous tasks [9]. The arm can be used to handle and relocate
the components for the experiments and observations on the exposed facility [8].

European Robotic Arm

In March 1996 European Space Agency (ESA) signed a contract with Fokker Space
on the full scale development of the European Robotic Arm (ERA)(Fig. 1.8), that
represents a co-operative development with the Russian Space Agency used to as-
semble and service the Russian Segment of the International Space Station [23].
ERA is a 11 m long manipulator with 7-DOF, two booms and a re-allocable base
to be attached to the Russian segment of the ISS [9]. It will be the first robot arm
able to work on the Russian space station segments under its own control, perform-
ing many tasks automatically or semi-automatically. Specific application of ERA

6
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Figure 1.7: CubeSat deploy from NRCSD at tip of JEMRMS [22].

include installation, deployment and replacement of solar arrays, inspection of the
ISS, handling of external payloads and astronauts’ assistance during space walks.

Figure 1.8: European Robotic Arm [24].

1.1.3 ROTEX

The German RObot Technology EXperiment (ROTEX) is one of the milestones of
space robot technology [7] (Fig. 1.9). ROTEX was developed by German Aerospace
Agency (DRL). A multi-sensory robotic arm was flown on the Space Shuttle Columbia
in 1993 [8], and it was operated by an on-board astronaut and an operator from
ground. ROTEX was the first remotely controlled robot in space, and several key
technologies were successfully tested, such as a multi-sensor gripper, tele-operation
from the ground, shared autonomy, and time-delay compensation by a predictive
3D-stereo-graphic display [25].
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1 – Introduction

1.1.4 ETS-VII
Another important milestone in the development of space robot technology and the
first robotic OOS demonstration mission is the Japanese Engineering Test Satel-
lite VII (ETS-VII), shown in Fig. 1.9. It was an unmanned spacecraft developed
and launched by the National Space Development Agency of Japan (NASDA, cur-
rently JAXA) in 1997 [8]. ETS-VII system consists of two satellites: the chaser and
the target [26]. A 2-m long is installed on the chaser satellite, providing a 6 DOF
manoeuvring capability [27]. The objective of the ETS-VII mission is to verify tech-
nologies for autonomous rendezvouz, and docking and robotic servicing in space.
These technologies include teleoperation from the ground with a time-delay, robotic
servicing task demonstrations, such as deployment of a space structure, dynamically
coordinated control between the manipulator’s reaction and the satellite’s response,
and capture and berthing of a target satellite [7].

1.1.5 Orbital Express
The Orbital Express space operations architecture program is a Defense Advanced
Research Project Agency (DARPA) program developed to validate the technical
feasibility of robotic on-orbit refueling and reconfiguration of satellites, as well as
autonomous rendezvous, docking, and manipulator berthing [8]. The Orbital Ex-
press was successfully launched and accomplished in 2007. The system consists of
two satellites (Fig. 1.9): the Autonomous Space Transport & Robotic Orbital ser-
vicer (ASTRO) spacecraft, developed by Boeing, and the NextSat, a client satellite
provided by Ball Aerospace [28]. A 6 DOF rotary joint robotic arm is mounted on
the ASTRO vehicle and is used to capture and service the NextSat. As an advanced
OOS technology demonstration mission, the Orbital Express mission demonstrated
autonomous capture of a fully unconstrained free-flying client satellite, autonomous
transfer of a functional battery On-Orbit Replaceable Unit (ORU) between two
spacecraft, and autonomous transfer of a functional computer ORU. These oper-
ations were executed as part of a mission scenarios that demonstrated complete
sequences of autonomous rendezvous, capture, berthing and ORU transfer.

1.1.6 SUMO
Another DARPA OOS program was the Spacecraft of the Universal Modification
of Orbits (SUMO)(Fig. 1.9), executed by the NRL (Naval Research Laboratory)
in 2002 [9]. The program aimed at combining a detailed stereo photo-grammetric
imaging with robotic manipulators to grapple space objects of an existing spacecraft
for servicing. In 2005, the program was renamed to Front-end Robotics Enabling
Near.term Demonstration (FREND), which included a 7-DOF flight manipulator
with the objective of performing autonomous rendezvous and docking with satellites
not pre-designed for servicing [7]. The FREND robotic arm was used in a new
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DARPA’s Phoenix program in 2012, with the objective of removal and reuse of
some existing parts of decommissioned satellites in (Geostationary Earth Orbit)
GEO. Moreover, another goal of the Phoenix program was to demonstrate the
ability to create new space systems at greatly reduced cost [29].

(a) ROTEX manipulator arm [8]. (b) ETS-VII [7].

(c) Orbital Express:(a)ASTRO
and (b)NextSat [30].

(d) SUMO [7].

Figure 1.9: Space robot technology.
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1 – Introduction

1.2 Space debris mitigation
Since the launch of Sputnik-1 in 1957 the number of human-made objects in space
has been constantly increasing [31] (Fig. 1.10). After that, the North American
Aerospace Defence Command (NORAD) began compiling a database (the Space
Object Catalog) of all known rocket launches and objects in orbit around the Earth,
such as satellites, protective shields and upper-stages of launch vehicles.

Figure 1.10: Space debris problem [32].

Collisions at orbital velocity represent a highly hazard for functional satellites
and can produce even more space debris after the impact [30]. In 2019, the US
Space Surveillance Network reported nearly 20,000 artificial objects in orbit above
the Earth, including 2,218 operational satellites [33, 34]. All the objects classified
as space debris include non-operational satellites, derelict launch vehicle stages,
mission-related hardware and fragments resulting from explosions or collisions [31].
In particular, two recent events have greatly worsen the situation:

• In 2007, a Chinese anti-satellite test used a missile to destroy the old mete-
orological satellite Fengyun FY-1C, and generated 2400 debris pieces larger
than 10 cm and 35,000 pieces below the resolution limit at 860 km altitude,
increasing the space debris population by 30% [6].

• In 2009, a defunct Russian satellite collided with and destroyed a functioning
U.S. Iridium 33 commercial satellite and the decommissioned Cosmos 2251.
The collision added more than 2,000 pieces of debris [35] at 790 km altitude.

After these events, the Space Shuttle and ISS increased the numbers of warnings
and avoidance collision manoeuvres [30]. For example, the ISS was manoeuvred into
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a 1 km higher orbit in 2001 to avoid collision with Russian SL-8 upper stage [6].
The most densely populated region in terms of number of objects in orbit is the
Low Earth Orbit (LEO) region, extending from the beginning of the space envi-
ronment up to an altitude of 2000 km. Below 800 km of altitude, the dominant
presence of atmospheric drag ensures a low orbital decay, while at altitudes above
the levels where atmospheric drag is significant, the time required for orbital delay
is quite long, and these objects can remain in orbit for centuries or millennia [31].
In particular, the LEO population at 800-1000 km sun-synchronous polar orbits
around 86 − 110◦ inclination are close to the Kessler limit, which is expected to
be reached by 2055 [6]. The Kessler limit is the point beyond which the debris
population becomes self-perpetuating and grows uncontrollably [36]. Simulations
have demonstrated that even if the orbital debris population remains as it is today
with no further objects added to space, the level of fragmentation in LEO will con-
tinue to escalate exponentially [37, 38]. The only way to mitigate this problem is
to actively reduce the mass of debris in orbit [31].

1.2.1 Active debris removal technologies
Debris mitigation is a role to which robotic on-orbit servicers can naturally adapt
themselves. Indeed, robotic capture is the most controllable approach in which the
debris is captured, manoeuvred to a lower orbit (LEO) or graveyard orbit (GEO)
and/or a de-orbit device [6]. Many high-level studies on Active Debris Removal
(ADR) have been conducted to characterize the types of systems required to cap-
ture and remove hazardous debris objects. There are two types of technologies:
contact and non-contact [39]. Contact methods (Fig. 1.11) require a physical con-
tact between the chaser spacecraft and the target debris object, while non-contact
methods operate at distance. As reported in [39], popular contact technologies in-
clude:

• Robotic manipulators: manipulators have been used in several on-orbit tasks,
hence are characterized by a high Technology Readiness Levels (TRL).

• Throw-nets: these technologies are deployed from a canister and used to en-
veloped the target. After that, the debris object can be pulled by a tether
attached to the chaser.

• Harpoons: harpoons are fired to attach to the target. The chaser is then able
to pull the target using a tether.

Some of non-contact methods mentioned in [39] include:
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• Ion-Beam Shepherd (IBS): Ibs employs ions generated by electric propulsion
on-board the chaser to exert a force on the target and re-orbit or de-orbit it.

• Electromagnetic forcing: EM forces are generated on the target using electric/-
magnetic fields in order to de-orbiting, re-orbiting or de-tumbling the target.

• Laser ablation: lasers are employed to ablate the surface of the target and
generate a small but continuous resulting force on it.

(a) A chaser spacecraft approach-
ing a tumbling rocket body debris
target using a gripper arm [40].

(b) Harpoon technology [41].

Figure 1.11: Contact technologies for debris capture

1.2.2 Space debris removal missions
Space debris mitigation alone is therefore non sufficient, and it is necessary to in-
troduce a program that is actively involved in space debris problem [42]. The name
of this program is Active Debris Removal (ADR), and some agencies like ESA and
NASA are conducting studies in order to find new solutions and strategies to sta-
bilize the growth of space debris. In this section, some of the current and future
missions and initiatives focused on ADR are presented, especially those with a
robotic manipulator.

ESA’s e.Deorbit mission

ESA is actively working to support the guidelines for the long-term sustainability
of outer space activities from the UN Committee on the Peaceful Uses of Outer
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Space (COPUOS) [43, 44]. The e.Deorbit mission, being developed through ESA’s
Clean Space initiative and scheduled to be launched in 2024, was going to be the
first ADR mission conducted by ESA. This mission aimed at removing a large
ESA-owned space debris (Envisat) from its current orbit in LEO and performing
a controlled re-entry into the atmosphere [42]. The baseline capture method is a
robotic arm (Fig. 1.12) for the derelict satellite’s catching, and additional capture
method technologies were investigated, including a net and a harpoon [45] (Fig.
1.12).

(a) e.Deorbit robotic arm concept [45]. (b) e.Deorbit system study for ADR - cap-
turing the satellite in a net attached to a
tether [46].

Figure 1.12: ESA’s e.Deorbit mission

Unfortunately, funding of the mission stopped in 2018 [47]. After that, ESA
member states got involved in Clear Space One mission (figure 1.13), the follow-up
of e.Deorbit. This mission aims at using e.Deorbit’s tentacles option to capture the
Vega Secondary Payload Adapter from 2013 Vega flight VV02 for de-orbiting [48].

DEOS mission

Deutsche Orbital Servicing Mission (DEOS) is a on-orbit servicing satellite concept
developed by DRL Space Administration from 2012. DEOS consisted of two satel-
lites, a ’client’ and a ’servicer’ (Fig. 1.14). Main goals of the mission were capturing
a tumbling non-cooperative satellite using a manipulator mounted on a free-flying
service-satellite, demonstrating a servicing application and de-orbiting the capture
satellite within a pre-defined re-entry corridor [50]. According to planning, DEOS
was to be ready for launch in 2018, but the project was cancelled after the definition
phase [51].
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Figure 1.13: VESPA removal with Clearspace-1 illustration [49].

Figure 1.14: DEOS demonstration mission [52].

RemoveDebris

RemoveDEBRIS is a low cost mission aiming to perform key active debris removal
technology demonstrations including the use of a net, a harpoon, vision-based nav-
igation and a dragsail in a realistic space operational environment [53]. The core
concept behind the mission, is to use a small-satellite as a ‘mothership’, on which
the payloads are carried, and from which CubeSats are released and used as ‘pseudo-
debris’ targets [54]. The craft was launched to the ISS on the 2nd of April 2018,
on board a Dragon capsule. In the following years, the in orbit demonstration were
successfully done, in particular the demonstrations of the Net and Harpoon tar-
get technologies have confirmed that these are indeed viable technologies for the
removal of large space debris [55] (Fig. 1.15). Hence, The RemoveDebris mission
has been the first ADR mission to give in orbit demonstrations of cost effective
technologies that can be used to observe, capture and dispose of space debris.

14



1 – Introduction

Figure 1.15: N1 to N4: net experiment, V1 to V3: vision-based navigation experi-
ment, H1 to H4: harpoon experiment, D1 to D3: dragsail experiment [55].

1.3 Goals of the work
The scope of this thesis is the development of a simulation model where the Guid-
ance, Navigation and Control (GNC) of a flexible spacecraft is performed. In gen-
eral, a GNC system consists of three main parts (Fig. 1.16) [56]:

• Guidance: provides at each point the reference values for the state vector in
time, that is then compared with the estimated actual values, provided by the
navigation function.

• Navigation: consists of a Kalman filter, which provides the controller and the
guidance functions with the necessary information on the actual state of the
spacecraft.

• Control: provides the force and torque commands necessary to achieve the
desired corrections in attitude and trajectory.

The GNC system includes both the components used for position determina-
tion and the components used by the Attitude Determination and Control System
(ADCS) [57]. The ADCS part includes all the sensors for the attitude determina-
tion, such as star trackers, sun sensors, horizon sensors, magnetometers, and gyros.
The controller provides the torque required to correct the attitude of the space-
craft, knowing the attitude error between the reference signal and the actual signal
from the sensors. This torque is the input of the actuator system, that can include
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Figure 1.16: Attitude GNC system.

thrusters, reaction wheels, and magnetic torquers. In this work, the navigation sys-
tem is not studied, and the actual state informations are given by the plant of the
system, defined by the attitude kinematics and dynamics. Moreover, the actuator
system is represented by the reaction wheels, and the attention is focused on the
control part of the ADCS system. This thesis aims at using a combination of two
control strategies for the achievement and maintenance of the desired attitude of
the spacecraft: the Linear Quadratic Regulator (LQR) and an Active Disturbance
Rejection Control (ADRC). This choice is due to the need for a more efficient re-
jection of all the external and internal disturbances, together with an optimized
response of the controller. In fact, the higher value of the robotic arm’s distur-
bance, compared with other external and internal disturbances, justifies the choice
of these two controllers. The LQR is recurrent in spacecraft control algorithms,
due to the achievement of an optimal behaviour, as can be seen in [58, 59]. The
innovative aspect of this thesis is the use of the ADRC combined with the LQR for
the attitude control. As reported in [60], the study of an ADRC strategy for the
attitude control is advantageous in terms of the disturbance rejection capability.
Traditional PID regulator is indeed too simple to obtain high attitude performance,
while modern control technologies, such as adaptive control, genetic algorithms and
neural network are too complicated to apply in practical applications [60]. ADRC
has the properties of inherent robustness, good disturbance rejection and simple
design form which make it applicable in aerospace engineering field, as stated in
the study of the spacecraft attitude discussed in [61].
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1.4 Overview of the thesis
This thesis has different parts to be analysed in order to have a complete study of a
flexible spacecraft. Firstly, the robotic manipulator dynamics model has been stud-
ied and implemented in MATLAB/SIMULINK environment, and a PID controller
has been chosen to achieve the desired joint angles. Subsequently, the attitude dy-
namics and kinematics of the spacecraft is studied and modelled. In addiction, the
flexible solar panels dynamics has been added to the model and the first results are
obtained. A finite element analysis with PATRAN/NASTRAN was required in or-
der to obtain the natural modes, frequencies, and eigenvectors useful for the model
implementation. Once the dynamics model of the flexible spacecraft was completed,
the attention was focused on the GNC system for a flexible spacecraft, in particular
the choice of two attitude controllers, instead of a guidance and control strategy.
A LQR and ADRC algorithms were implemented in MATLAB/SIMULINK with
the goal of achieving the desired orientation, and maintaining the correct attitude
even after the disturbances due to the robotic arm and the solar panels. A tuning
of all the parameters of the two controllers was required to obtain a satisfactory
performance. The work is completed with the realization of the spacecraft CAD
in SolidWorks, and the use of the 3D World Editor tool for the animation of the
solar panels’ deployment, an attitude manoeuvre, and the movement of the robotic
manipulator.
Now a general overview of the thesis is summarized as follows:

• Chapter 2: all the system mathematical models of this thesis are introduced
and divided in three main sections: attitude kinematics and dynamics, space
manipulator, and flexible spacecraft.

• Chapter 3: the control strategies are presented, both for the robotic manipula-
tor and the attitude control. Firstly, the generic PID controller is discussed and
then applied to a robotic arm. After that, the LQR with active disturbance
rejection through the implementation of the ADRC algorithm is argued.

• Chapter 4: this is the part where the simulation scenario is reported, and all
the results regarding the previous sections can be found.

• Chapter 5: the conclusions and future works are discussed.
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Chapter 2

System mathematical model

The spacecraft model is constituted by three main parts: the main body satellite, a
2 Degree-Of-Freedom (DOF) robotic manipulator with two links and four flexible
solar panels. In Fig. 2.1 the body frame FB = (xB, yB, zB) is fixed to the main
body and it has the origin in its Center of Mass (CoM). The x axis is parallel to the
longer edge of the spacecraft and it is in the direction of the deployed robotic arm,
the z axis is parallel to the shorter edge of the spacecraft and the y axis completes
the right-handed Cartesian triad. The body frame represents the orientation of the
spacecraft with respect to an inertial reference frame. The robotic arm is a planar
manipulator in the xz plane, while the solar panels are deployed in the y and z
directions.

Figure 2.1: The scheme of flexible spacecraft with robotic arm and solar panels.

PRoximate Object Close flYby with Optical Navigation (PROCYON) has been
chosen as the main body of the spacecraft (Fig. 2.2). It is an asteroid flyby space
probe for deep space exploration, developed by the University of Tokyo (UT) and
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Japan Aerospace Exploration Agency/Institute of Space and Astronautical Science
(JAXA/ISAS). PROCYON was launched on the 3rd December, 2014 together with
the Hayabusa2 asteroid landing probe. The mission had two main goals: the demon-
stration of a 50-kg class micro-spacecraft bus system for deep space exploration,
and the close flyby of an asteroid, including the scientific observation mission (’geo-
corona’ imaging mission) [62].

Figure 2.2: PROCYON top and bottom views (Image credits: JAXA/UT).

In the following sections the mathematical models of the attitude spacecraft, the
manipulator and the flexible solar panels are discussed. A hybrid approach is used
for implementing the main body attitude dynamics, including the solar panels, and
the manipulator dynamics.

2.1 Attitude kinematics and dynamics
In this section a discussion about attitude dynamics and kinematics of a rigid
body is done. The attitude kinematics of the spacecraft is studied through the
quaternions, while Euler’s equation is used for the attitude dynamics implementa-
tion. After that, a brief overview about internal and external torques acting on the
spacecraft is done.

2.1.1 Attitude kinematics
The attitude kinematics of the spacecraft is described through Euler parameters,
known as quaternions. A quaternion q is a four-component vector composed by a
three-vector part qv and scalar part q0:

q =
C
q0
qv

D
(2.1)
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where qv = [q1, q2, q3]T .
The kinematics equation for the quaternion is in the form [63]:

q̇ = 1
2Ξ(q)ω (2.2)

where Ξ(q) is defined by:

Ξ(q) =
C
q0I3 + qx

v

−qT
v

D
(2.3)

where I3 ∈ R3x3 is the identity matrix and qx
v ∈ R3x3 is the skew-symmetric matrix:

qx
v =

 0 −q3 q2
q3 0 −q1

−q2 q1 0

 (2.4)

2.1.2 Attitude dynamics
The main body is assumed to be a rigid body. The conservation of angular momen-
tum is used to compute the equations for the attitude dynamics of a rigid body
[63], known as Euler’s equation:

ḢI = MI (2.5)

In particular, this equation tells that HI is constant in absence of any external
torques. This equation can be written in a body reference frame, due to the easier
expression of the external torques in this frame:

ḢB = MB − ωBI
B × HB (2.6)

where ωBI
B is the angular velocity of the spacecraft in the body frame. The angular

momentum expressed in the body frame is given by:

HB = JBω
BI
B (2.7)

where JB is the moment of inertia expressed in the body frame. Combining (2.6)
with (2.7), Euler’s rotational equation is obtained:

ω̇BI
B = (JB)−1[MB − ωBI

B × (JBω
BI
B )] (2.8)

When a set of principal axes is chosen as the body axes, the inertia tensor JB is
diagonal [64] :
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JB =

Jx 0 0
0 Jy 0
0 0 Jz

 (2.9)

The Euler’s equation of motion for a rigid body are given by:

Jxω̇1 + (Jz − Jy)ω2ω3 = Mx

Jyω̇2 + (Jx − Jz)ω3ω1 = My

Jzω̇3 + (Jy − Jx)ω1ω2 = Mz

(2.10)

Eq.(2.8) and the quaternion kinematics equation (2.2) provide a complete descrip-
tion of the motion of a rigid body [63].

Internal torques

The spacecraft is constituted by several parts connected by joints and cannot be
considered as a single rigid body. There are internal torques acting on the spacecraft,
due to the presence of reaction wheels (RWs), control moment gyros (CMGs), the
flexibility of some bodies of the spacecraft, or the slosh of liquid fluids. In this
section the reaction wheels dynamics is discussed. Reaction wheels are known as
momentum exchange devices, due to the capability of generate internal torques
to the spacecraft without changing the overall angular momentum. In this case a
system of four reaction wheels is considered, as in PROCYON spacecraft. The RWs
system is modelled with a first order filter and a saturation block for each wheel
in SIMULINK environment (Fig. 2.3). The reaction wheels are subjected to two
limitations: a torque saturation, due to the maximum torque that the wheels can
provide for electrical limitation, and a momentum saturation, due to a mechanical
limitation. When the wheel reaches the maximum velocity, it is not able to further
accelerate and "desaturation" with reaction control thrusters or magnetotorquers is
needed.

Figure 2.3: Reaction wheels model.

The reaction wheels block has the required control torque from the controller as
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input, and gives the reaction wheels torque (2.11) and momentum (2.12) as output:

Twheeli = − 1
τs+ 1 · Tcmdi

(2.11)

hwheeli = 1
s

· Twheeli (2.12)

where i = 1, ..., na, with na equal to the number of actuators. The four reaction
wheels are set in a pyramidal configuration as in Fig. 2.4, where the wheels spin
axis are pointing towards the faces of a pyramid with square base (Fig. 2.4).

Figure 2.4: Reaction wheels pyramidal configuration.

The torque in Eq. (2.11), computed for each reaction wheel, has to be decom-
posed into the three inertia axis. For this purpose, a Zrws (2.14) transformation
matrix is used:

hx = h1 cos β cosα− h2 cos β sinα− h3 cos β cosα + h4 cos β sinα

hy = h1 cos β sinα + h2 cos β cosα− h3 cos β sinα− h4 cos β cosα

hz = h1 sin β + h2 sin β + h3 sin β + h4 sin β

(2.13)

Zrws =

cos β cosα − cos β sinα − cos β cosα cos β sinα
cos β sinα cos β cosα − cos β sinα − cos β cosα

sin β sin β sin β sin β

 (2.14)

The final expressions for the torque and angular momentum of the reaction
wheels are given by:
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Mrws = Z3×na
rws ·


Twheel1

...
Twheelna

 (2.15)

Hrws = Z3×na
rws ·


hwheel1

...
hwheelna

 (2.16)

The generalization of the Euler’s equation (2.8), including the reation wheels, is
given by:

ω̇BI
B = (JB)−1[MB − Mrws

B − ωBI
B × (JBω

BI
B +Hrws

B )] (2.17)

where the angular momentum of the reaction wheels is given by:

Hrws
B = Jrwsωrws (2.18)

with Jrws is the reaction wheels moment of inertia, and ωrws is the angular velocity.
The negative sign before M rws

B on the right side reflects Newton’s third law of
motion.

External torques

External torques involve the interaction between the spacecraft and the entities ex-
ternal to it. In this thesis the spacecraft attitude dynamics is studied in a different
way with respect to the robotic manipulator. Hence, the manipulator represents
an external disturbance for the spacecraft, and it causes the change of the overall
momentum of the spacecraft. In general a spacecraft is subjected to different per-
turbations in space, such as gravity gradient, magnetic field, aerodynamic torque,
or solar radiation pressure torque, due to the space environment. In this case the
only external disturbance of the robotic arm is considered, due to its higher value
compared with the other disturbances.
Refer to the section (2.2) for the discussion about the robotic manipulator dynam-
ics and the disturbance torques acting on the spacecraft. For the principle of action
and reaction, the torques generated by the manipulator are considered with a neg-
ative sign in Euler’s equation. Hence, Eq. (2.16) can be written as follows:

ω̇BI
B = (JB)−1[Mext − Mrws

B − ωBI
B × (JBω

BI
B +Hrws

B )] (2.19)
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where Mext is the external disturbance due to the robotic arm.

2.1.3 State-space equation
Euler’s equation (2.8) is expressed in a non-linear form. In this section the lineari-
sation of the dynamics equation is reported in order to apply the LQR controller
discusser in the following section. As reported in [59], the angular velocity of the
spacecraft in body axes can be linearised as:

ωBI
B =

 φ̇− ψω0
θ̇ − ω0
ψ̇ + φω0

 (2.20)

where ω0 is the initial orbital angular velocity of the spacecraft given by:

ω0 =
ò
µ

r3 (2.21)

where µ = 3.98600411 × 1014 m3/s2 is the gravitational parameter, and r = R⊕+h
is the sum of the Earth radius and the altitude. The time derivation is given by:

ω̇BI
B =

 φ̈− ψ̇ω0
θ̈

ψ̈ + φ̇ω0

 (2.22)

In these equations, Euler angles are roll φ, pitch θ and yaw ψ. φ represents the ro-
tation about the x-axis, θ is the rotation about y-axis, and ψ is the rotation about
z-axis. Substituting Eqs. (2.20) and (2.22) in Eq. (2.10), the following mathematical
models are obtained:

φ̈ = Iz − Iy

Ix

ω2
0φ+ Ix − Iy − Iz

Ix

ω0ψ̇ + τx

Ix

θ̈ = τy

Iy

φ̈ = −Iy − Ix

Iz

ω2
0ψ − Iz + Ix − Iy

Iz

ω0φ̇+ τz

Iz

(2.23)

where MRW = [τx, τy, τz]T is the control torque given by the reaction wheels.

The state-space equation is in the form:

ẋ(t) = Ax(t) +Bu(t) (2.24)
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where the states and matrices are defined as follow:

x =



φ
θ
ψ

φ̇

θ̇

ψ̇


, ẋ =



φ̇

θ̇

ψ̇

φ̈

θ̈

ψ̈


(2.25)

u =

 τx

τy

τz

 (2.26)

A =



0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

ω2
0(Iz−Iy)

Ix
0 0 0 0 ω0(Ix−Iy+Iz)

Ix

0 0 0 0 0 0
0 0 −ω2

0(Iy−Ix)
Iz

ω0(Iy−Ix−Iz)
Iz

0 0


(2.27)

B =



0 0 0
0 0 0
0 0 0
1
Ix

0 0
0 1

Iy
0

0 0 1
Iz


(2.28)

These equations can be written including the gravity-gradient term as an exter-
nal disturbance, in the case of an Earth-pointing spacecraft. The gravity-gradient
torque is given by [65]:


TGx = 3ω2

0(Jz − Jy)φ
TGy = 3ω2

0(Jz − Jx)θ
TGz = 0

(2.29)

The new matrix A of the state-space equation, including the gravity-gradient term,
is obtained:
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A =



0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

4ω2
0(Iz−Iy)

Ix
0 0 0 0 ω0(Ix−Iy+Iz)

Ix

0 3ω2
0(Iz−Ix)

Iy
0 0 0 0

0 0 ω2
0(Ix−Iy)

Iz

ω0(Iy−Ix−Iz)
Iz

0 0


(2.30)

In this thesis Eq.(2.27) is used.

2.2 Space manipulator
In this section the robotic manipulator dynamics is presented. There are two ap-
proaches to model a manipulator dynamics:

• Newton-Euler formulation

• Lagrange Formulation

In this thesis the Lagrange Formulation is used, hence an energy-based approach
is proposed in order to obtain the dynamic equations of motion in a closed form.

2.2.1 Lagrangian Equations
The Lagrangian of a mechanical system is composed by the difference between its
kinetic energy T and potential energy V [66]:

L = T − V (2.31)

All the interactions that are not derived by a potential energy are considered as
generalized Lagrangian forces.
The Lagrangian equation is given by the following expression:

d

dt

∂L

∂q̇i

− ∂L

∂qi

= Qi, i = 1, ..., N (2.32)

where:

• L is a scalar function of (q, q̇);

• qi, i = 1, ..., N are the components of the generalized Lagrangian coordinates
vector q;
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• Qi, i = 1, ..., N are the generalized Lagrangian forces.

Substituting Eq.(2.31) in Eq. (2.32), the Lagrangian equation can be written as:

d

dt

∂T

∂q̇i

− ∂T

∂qi

+ ∂V

∂qi

= Qi, i = 1, ..., N (2.33)

2.2.2 Dynamics of the two-link planar manipulator
In this thesis a two-link planar manipulator with 2 DoF is considered, as shown in
Fig. 2.5.

Figure 2.5: 2 DOF planar manipulator scheme [67].

To apply the Lagrange equation to the space manipulator, it is necessary to
calculate the kinetic and potential energy of the links as a function of the joint
angles and velocities [67]. Each of the two links is assumed to be a rigid body,
hence the kinetic and potential energy can be defined in terms of its total mass and
moments of inertia about each link’s center of mass. The links are considered as
homogeneous rectangular bars with massmi and moment of inertia tensor given by:

Ii =

Ixi 0 0
0 Iyi 0
0 0 Izi

 , i = 1,2 (2.34)

The inertia tensor is relative to a frame with its origin in the CoM of each link and
aligned with the principle axes of the bar. In the scheme shown in Fig. 2.5, r1 and
r2 are the distances between the ith-joint and the CoM of each link, l1 and l2 are
the lengths of each link, and θ1 and θ2 are the joints angles.
A manipulator can have two types of joints: prismatic and revolute. Two revolute
joints (Fig. 2.6) are considered in order to connect the main body of the spacecraft
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and the first link, and the two links each other. Hence, each link as 1 DoF, repre-
sented by the θi joint angle, and a planar configuration is chosen.

Figure 2.6: Revolute joint [68].

By returning to the Lagrange equation (2.33), in the case of a spacecraft the
potential energy is assume to be null due to the absence of gravity in space. and the
rigidity of the links, without considering the flexibility. At this point, the kinematics
of the mechanism is used in order to express the kinetic energy in terms of the
generalized coordinates [67]. The manipulator reference frame shown in Fig. 2.5 is
used to express the kinematics, and it has the origin in the first joint that connects
the main body to the first link. The axes of this frame are parallel to the body frame
presented in Fig. 2.2, with x-axis aligned with the two links when θ1 = θ2 = 0, and
z-axis aligned with the first link when θ1 = 90◦.
From direct kinematics, the following expressions can be derived, based on the
geometric method:

x̄1 = r1c1 ˙̄x1 = −r1s1θ̇1

ȳ1 = r1s1 ˙̄y1 = r1c1θ̇1

x̄2 = l1c1 + r2c12 ˙̄x2 = −(l1s1 + r2s12)θ̇1 − r1s1θ̇1

ȳ2 = l1s1 + r2s12 ˙̄y2 = (l1c1 + r2c12)θ̇1 + r2c12θ̇2

(2.35)

where si = sin θi, sij = sin(θi + θj), ci = cos θi, and sij = cos(θi + θj).

Considering Eq.(2.31), the vector of the generalized coordinates is:

q =
C
θ1
θ2

D
(2.36)

Letting the potential energy equal to zero, the Lagrange equation becomes:
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d

dt

∂T

∂q̇i

− ∂T

∂qi

= Qi, i = 1,2 (2.37)

The kinetic energy is given by:

T (θ, θ̇) = 1
2m1 ë v1 ë2 +1

2ω
T
1 I1ω1 + 1

2m2 ë v2 ë2 +1
2ω

T
2 I1ω2 (2.38)

where:

ω1 =

 0
θ̇1
0

 , ω2 =

 0
θ̇1 + θ̇2

0

 (2.39)

The motion of the manipulator is restricted to the xz plane, hence ë vi ë is the
magnitude of the xz velocity of the CoM and ωi is a vector in the direction of the
y-axis, with ë ω1 ë= θ̇1 and ë ω2 ë= θ̇1 + θ̇2.

The kinetic energy becomes:

T (θ, θ̇) = 1
2m1( ˙̄x2

1 + ˙̄y2
1) + 1

2Iy1θ̇
2
1 + 1

2m2( ˙̄x2
2 + ˙̄y2

2) + 1
2Iy2(θ̇2

1 + θ̇2
1) (2.40)

where the moment of inertia are given by:

Iy1 = 1
12m1l

2
1, Iy2 = 1

12m2l
2
2 (2.41)

Substituting the Eqs. in (2.35) in (2.40), the following expression of the kinetic
energy is obtained:

T (θ, θ̇) = 1
2

C
θ̇1
θ̇2

DT C
α + 2βc2 δ + βc2
δ + βc2 δ

D C
θ̇1
θ̇2

D
(2.42)

where

α = Iy1 + Iy2 +m1r
2
1 +m2(l21 + r2

2)
β = m2l1r2

δ = Iy2 +m2r
2
2

At this point, the partial derivatives of the kinetic energy with respect to qi and
q̇i, ∂T /∂q̇i and ∂T /∂qi, are computed and substituted into Lagrange’s equations
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(2.37). Qi represents the joint torques due to the actuators, τ = [τ1, τ2]T . The final
equations of motion obtained from the Lagrange formulation are in the form [69]:

M (q)q̈ +C(q, q̇)q̇ = τ (2.43)

where:

• M is the non-linear symmetric mass matrix;

• C contains the components associated with the centrifugal and Coriolis terms;

• τ is the vector of generalized external forces.

After some calculation, the following equations of motion for the dynamics of a 2
DoF robotic manipulator are obtained:

τ1 = [(m1 +m2)l21 +m2l
2
22m2l1l2c2]θ̈1 + [m2l

2
2 +m2l1l2c2]θ̈2

−2m2l1l2s2θ̇1θ̇2 −m2l1l2s2θ̇
2
2

(2.44)

τ2 = (m2l
2
2 +m2l1l2c2)θ̈1 +m2l

2
2θ̈2 +m2l1l2s2θ̇

2
1 (2.45)

These dynamics equations can be resumed in the following form, as reported in [67]:C
α + 2βc2 δ + βc2
δ + βc2 δ

D C
θ̈1
θ̈2

D
+
C
−βs2θ̇2 −βs2(θ̇1 + θ̇2)
βs2θ̇1 0

D C
θ̇1
θ̇2

D
=
C
τ1
τ2

D
(2.46)

2.3 Flexible Spacecraft
This thesis also deals with the problem of the spacecraft with flexible structures.
The appendages of a spacecraft consist of lightweight, flexible, deployable solar
panels, antennas, or booms [70] (Fig. 2.7). Flexible spacecraft is expected to achieve
high pointing and fast attitude manoeuvring, that can introduce levels of vibration
to flexible appendages due to the rigid-flexible coupling effect, which can cause
the deterioration of its pointing performance [71]. The attitude controllers perform
some functions such as pointing the antennas in a desired direction, pointing solar
panels toward the sun, keeping sensors and equipment away from the sun’s light
and heat [70]. Attitude manoeuvres can create significant vibration in the satellite
body. This section aims at modelling the dynamics of the solar panels and the
coupling effect between the rigid and flexible parts.
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Figure 2.7: Flexible spacecraft appendages [72].

2.3.1 Flexible Spacecraft Dynamics
The flexible part of the spacecraft is represented by the four solar panels of PRO-
CYON spacecraft (Fig. 4.7).

Figure 2.8: Solar panels of PROCYON spacecraft [73].

The Euler’s equation (2.19) is written including the flexible appendages. The
flexible dynamic equations are given by [74]:
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Jω̇ + δT η̈ = Mext +MRW − ω × (Jω +HRW + δT η̇) (2.47)

η̈ +Cη̇ +Kη = −δω̇ (2.48)

Eq. (2.47) represents the Euler’s equation, including the flexible solar panels, in
body reference frame. The rigid dynamics of the total angular momentum is given
by [74]:

χ = Jω + δT η̇ (2.49)

where:

• J represents the symmetric inertia matrix of the whole structure, that is the
sum of the main body’s inertia matrix Jmb, positive defined, and a symmetric
inertia matrix due to the flexible structure;

• δ is the coupling matrix between the elastic and rigid structures;

• η is the modal coordinate vector

Eq. (2.48) describes the flexible dynamics, under the assumption of small elastic
deformations. K and C are defined as follow:

K = diag
î
ω2

ni, i = 1, ..., N
ï

(2.50)

C = diag {2ζiωni, i = 1, ..., N} (2.51)

Eqs. (2.50) and (2.51) are respectively the stiffness matrix and the damping matrix.
N is the number of elastic modes, ωni are the natural frequencies, and ζi are the
corresponding damping ratios. In this work, the damping matrix is obtained from
the stiffness matrix multiplied by a coefficient γ:

C = γK (2.52)

It is indeed not easy to compute the damping ratios without a detailed structural
model or a experimental analysis, but this problem is not part of the thesis topics.
It is worth noting that the solar panels are four, as in PROCYON spacecraft.
Therefore, four contributions represented by δi, i = 1, ..., nSAP have to be considered
in Euler’s equations, with nSAP = 4, number of solar panels:

HSAP =
nSAPØ
i=1

δT
i η̇i (2.53)
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MSAP =
nSAPØ
i=1

δT
i η̈i (2.54)

where HSAP represents the contribution of the flexible parts to the total angular
momentum, whileMSAP is the contribution to the total disturbance torque acting
on the spacecraft. The flexibility of the solar panels included in the model is an
internal disturbance with respect to the spacecraft, as in the case of the reaction
wheels explained in section (2.1.2). Including Eqs. (2.53) and (2.54) in (2.47), the
final expression of Euler’s equation becomes:

ω̇ = J−1[−ω × (Jω +HSAP +HRW ) −MSAP +Mext +MRW ] (2.55)

η̈i = −δiω̇ − (Kηi +Cη̇i), i = 1, ..., nSAP (2.56)

It can be demonstrated that δTδ represents the contribution of the flexible parts
to the total inertia matrix [74]. Therefore, the total inertia matrix of the whole
structure, that appears in Eq. (2.55), is defined as follow:

J = Jmb + JSAP (2.57)

where:
JSAP =

nSAPØ
i=1

δT
i δi (2.58)

2.3.2 Coupling matrix
A particular attention is given to the interaction between spacecraft attitude con-
trol systems and flexible structures. The traditional assumption considers that the
dynamic response to attitude control devices is uncoupled from vehicle vibrations,
but some appendages cannot be designed with sufficient rigidity to justify it [75].
Therefore, it is necessary to compare the coupled equations of vibration with the
attitude dynamics given by Euler’s equation. This section is dedicated to the com-
putation of the coupling matrix δ between the flexible and rigid structures of the
spacecraft, that appears in Eqs. (2.47) and (2.48). As reported in [76], the coupling
matrix is defined as the following N by 3 matrix:

δ̄ = −φTM (Σ0E − ΣE0
æR− årΣE0) (2.59)

where [75, 76]:

• δ is the coupling matrix 6n× 3, with n equal to the number of sub-bodies in
which each panel is divided. The bar over δ indicates that it is a truncated
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matrix of dimensions N×3, with N equal to the number of appendages modal
coordinates retained after truncation, or the normal modes;

• φ represents the matrix of the eigenvectors of the appendages of dimensions
6n × 6n. Also in this case, the bar over φ indicates the truncation of the
eigenvectors matrix, defined as a 6n×N matrix;

• M is a 6n× 6n matrix of masses and inertias of appendages sub-bodies;

• Σ0E and ΣE0 are 6n× 3 matrix operators;

• R is a 3 × 1 matrix, defined below. The (∼) operator indicates the skew-
symmetric 3 × 3 matrix.

• år is a 6n× 6n matrix, defined below.

For simplicity, the bar over δ and φ truncated matrices is omitted. Now the
matrices in all the matrices in Eq. (2.59) are defined. Before that, it is important to
remember that n represents the total number of rigid bodies in a discrete parameter
model of an appendage, as shown in Fig. 2.9.

Figure 2.9: Discrete-parameter appendage sub-body coordinates [76].

In this work, it is assumed n = 9, hence each of the four solar panels has been
divided into nine sub-panels, as shown in Fig. 2.10, where, for simplicity, the divi-
sion of only one solar panel is represented.
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Figure 2.10: Front and upper view of spacecraft with sub-panels division.

The M matrix is defined in terms of 3 × 3 partitioned matrices:

M =



m1 0 0 0 ... 0 0
0 I1 0 0 ... 0 0
0 0 m2 0 ... 0 0
0 0 0 I2 ... 0 0
... ... ... ... ......... ... ...
0 0 0 0 ... mn 0
0 0 0 0 ... 0 In


(2.60)

For example, in the specific case of n = 1, the M matrix becomes:

M1 =
C
mi 0
0 I i

D
=



m1 0 0 0 0 0
0 m1 0 0 0 0
0 0 m1 0 0 0
0 0 0 Ix1 0 0
0 0 0 0 Iy1 0
0 0 0 0 0 Iz1


(2.61)

where mi = miE, with E equal to the identity matrix, and I i represents the sub-
panel inertia tensor with respect to the sub-panel CoM. TheM j matrix in the case
of n = 9 sub-panels becomes:
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M j =



m1 0 0 0 0 0 ... 0 0 0 0 0 0
0 m1 0 0 0 0 ... 0 0 0 0 0 0
0 0 m1 0 0 0 ... 0 0 0 0 0 0
0 0 0 Ix1 0 0 ... 0 0 0 0 0 0
0 0 0 0 Iy1 0 ... 0 0 0 0 0 0
0 0 0 0 0 Iz1 ... 0 0 0 0 0 0
... ... ... ... ... ... ......... ... ... ... ... ... ...
0 0 0 0 0 0 ... mn 0 0 0 0 0
0 0 0 0 0 0 ... 0 mn 0 0 0 0
0 0 0 0 0 0 ... 0 0 mn 0 0 0
0 0 0 0 0 0 ... 0 0 0 Ixn 0 0
0 0 0 0 0 0 ... 0 0 0 0 Iyn 0
0 0 0 0 0 0 ... 0 0 0 0 0 Izn



(2.62)

where the index j = 1, ..., nSAP represents the number of solar panels.

In general, ΣE0 and Σ0E are defined as follow:

ΣE0 =



E
0
...
E
0

 , Σ0E =



0
E
...
0
E

 (2.63)

where:

E =

1 0 0
0 1 0
0 0 1

 , 0 =

0 0 0
0 0 0
0 0 0

 (2.64)

For n = 9, ΣE0 and Σ0E are composed by these 3 × 3 matrices repeated n times.

The term R represents the vector from the CoM of the spacecraft to the jth-
point Qj, , with j = 1, ..., nSAP . It is important to remember that in Eq.(2.59) all
the matrices are expressed in the body-frame.
For R = [R1, R2, R3]T . the term æR that appears in Eq.(2.59) is the corresponding
skew-matrix:

æR =

 0 −R3 R2
R3 0 −R1

−R2 R1 0

 (2.65)

36



2 – System mathematical model

For the computation of the matrix år, the solar panels frames in Fig. 2.11 are
considered. The rji vectors go from point Qj, that represents the central joint be-
tween the main body and each solar panel, and the CoM of each sub-panel (2.10).
It is worth noting that, after the computation of these vectors in each solar panel
frame, they have to be transformed in the body reference frame.

Figure 2.11: Solar panels reference frames.

In general the vector r and the corresponding år that appears in Eq. (2.59) are
defined as follow:

r =



r1
0
r2
0
...
rn

0


(2.66)

år =



år1 0 0 0 ... 0 0
0 0 0 0 ... 0 0
0 0 år2 0 ... 0 0
0 0 0 0 ... 0 0
... ... ... ... ......... ... ...
0 0 0 0 ... årn 0
0 0 0 0 ... 0 0


(2.67)

where each term åri, for i = 1, ..., n, is the corresponding 3 × 3 skew-matrix.
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Finally, the last term of Eq. (2.59) to be defined is the 6n×6nmatrix of eigenvec-
tors φ. In order to evaluate the eigenvectors for each solar panel, a Finite Element
Method (FEM) analysis is done. For a complete explanation of this analysis, refer
to the next section.

2.3.3 FEM analysis
A significant aspect of this thesis is the FEM analysis conducted with MSC Patran
software and Nastran. This analysis is necessary in order to evaluate the natural
modes and frequencies that appear in the stiffness and damping matrices (Eqs.(2.50)
and (2.51)), and the eigenvectors. The geometry is realized in Patran (Fig. 2.12),
with a central surface that represents the top part of the satellite, and the four
surfaces for the solar panels. The panels are modelled as aluminium plates with
the 2D shell property. The body is assumed to be rigid, and the four surfaces are
connected to it through a fixed constraint. In Fig. 2.12, it can be noted a mesh with
quad-elements. In order to obtain the values mentioned before, a modal analysis is
done using the solver Nastran, and the post-processor Patran for the results.

Figure 2.12: Solar panels model on Patran.

From these analysis, it is expected to obtain the shape modes in Fig. 2.13 for
each solar panel, in the case of a fixed joint.

For the computation of the natural frequencies of the model, the approximate
Raleigh-Ritz Method reported in [78] can also be used. According to this method,
the natural frequencies in [rad/s] of a cantilever plate of dimensions a× b× h can
be expressed by:

ωn = λn

a2

ó
D

ρn
(2.68)

where D = Eh3/[12(1 − ν2)] is the flexural rigidity of the plate, E is the Young’s
Modulus, ν is the Poisson’s ratio, and ρ is the mass density. Known the aspect
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Figure 2.13: First six modes of a solar panel fixed to a satellite [77].

ratio (b/a), the value of the frequency parameter λ can be obtained, and from it
the natural frequencies.

Finally, a discussion about the eigenvectors matrix φ can be done. As explained
in section (2.3.1), the damping matrix is chosen after knowing the stiffness matrix,
hence the FEM analysis is done without including the damping coefficient.
In general, the free vibration of motion for a linear and undamped structure may
be expressed in the matrix notation [78]:

Mü+Ku = 0 (2.69)

where M is the mass matrix, K is the stiffness matrix, u is the displacement vec-
tor.
For a linear system, free vibrations are harmonic, and can be expressed in the form:

u = φ sinωt (2.70)

where φ is the eigenvector or mode shape, and ω is the natural frequency. Substi-
tuting this equation in Eq.(2.69), and after simplifying, the equation becomes:

(K − ω2
iM )φ = 0 (2.71)

that is also known as the eigenvalues problem.
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In general, when a linear elastic structure is vibrating in free or forced vibration,
its deflected shape at any given time is a linear combination of all of its normal
modes [79]

u =
Ø

i

φiξi (2.72)

where u is the vector of physical displacements, φi is the i-th mode shape, and ξi

is the modal displacement.

Through the FEM analysis software, it is possible to obtain the eigenvectors for
this model. The eigenvector matrix φ can be defined as follow:

φN
n =


φ1

1 φ1
2 ... φ1

n

φ2
1 φ2

2 ... φ2
n

... ... ......... ...
φN

1 φ2
N ... φN

n

 (2.73)

where n is the number of sub-panels each panel is divided in, and N is the number
of shape modes. For the definition of the eigenvectors matrix, the eigenvectors of
the nodes corresponding to the CoM of each sub-panels are considered. For each
node and for a N − th shape mode, a φi matrix, for i = 1, ..., n, is defined:

φi = [T1, T2, T3, R1, R2, R3] (2.74)

where T1, T2, T3 are the translational eigenvectors, and R1, R2, R3 are the rotational
eigenvectors obtained by the modal analysis with Patran/Nastran (Fig. (2.14)).

Figure 2.14: Real eigenvectors/eigenvalues from natural frequency analysis [79].
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Chapter 3

Controllers

In this thesis different control strategies are analysed. In the case of the robotic ma-
nipulator, a simple Proportional-Integral-Derivative (PID) controller is adopted, in
order to reach the desired angular position, while an Active Disturbance Rejection
Control (ADRC) with a Linear Quadratic Regulator (LQR) as control law is imple-
mented for the spacecraft attitude. In the following sections, a general discussion
about these controllers is presented.

3.1 PID Controller
The first controller to be introduced is the PID controller. PID controllers are the
most employed controllers in industrial field due to their capability to provide a
satisfactory performance for many control problems [80]. The logic of the PID con-
troller lies in the propagation of a weighted sum of the input signal, its integral,
and its first derivative to the output [81]. The output signal in the time domain is
given by:

y(t) = kP · x(t) + kI ·
Ú
x(t)dt+ kD · dx(t)

dt
(3.1)

The input to the PID controller is the control error ε(t), given by the difference
between the reference signal and the actual signal measured by the sensors, as
shown in Fig. 3.1. In the Laplace domain the transfer function is given by:

Y (s)
X(s) = kP + kI

s
+ kDs = kDs

2 + kP s+ kI

s
(3.2)

The constants kP , kI and kD are adjustable and optimized for the specific type of
process and control goal.

Proportional component
A high proportional term kP can lead to a low sensibility, small steady-state error,
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Figure 3.1: Block diagram of a PID controller.

and good disturbance rejection. On the other hand, kP has some upper limits, ei-
ther physical or related to stability and overshoot.

Integral component
The integral component kI is responsible for eliminating the steady-state error. In-
deed, if the input of the PID controller is the control error ε, then the integrator
component changes the corrective action until ε = 0. Compared to kP , the integral
component is kept relatively small, due to undesirable transient responses, over-
shoot increase, and even instability.

Derivative component
The derivative component kD helps providing a rapid transient response. If a tran-
sient disturbance or a sudden change of the set-point occur, then the first derivative
is huge, and causes a correspondingly strong control action [81]. The derivative com-
ponent also contributes to the increase of the system’s stability.

Tab. 3.1 resumes the consequences of the increase of each PID gain [82]

Table 3.1: PID gains

Rise Time Overshoot Settling Time Steady State Error Stability
kP ↑ decrease increase small increase decrease degrade
kI ↑ small decrease increase increase large decrease degrade
kD ↑ small decrease decrease decrease minor change improve
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3.1.1 Robotic arm control
The PID controller is applied to the two links robotic manipulator. A different PID
controller is considered for each link in order to control separately the two parts of
the robotic manipulator. The input of the PID controller is given by the angular
position error, defined as the difference between the desired joint angle and the
actual joint angle output from the plant, as shown in Fig. 3.2.

Figure 3.2: Block diagram of the robotic manipulator PID controller

The PID controller returns the corrective actuator’s torque that has given as
input to the corresponding link, in order to achieve the desired joint angle.

3.2 Attitude control
In this section the attitude control strategy is presented. As told in the previous
sections, a Active Disturbance Rejection Control, together with a Linear Quadratic
Regulator, is implemented to cancel all the disturbances acting on the model and
achieve the desired attitude. Firstly, the traditional ADRC is described, and then
the combination of ADRC and LQR is presented.

3.2.1 ADRC
Active disturbance rejection control (Fig. 3.3) technology was proposed in 1998 by
Jingqing Han, and first introduced in English by Z. Gao [83]. The main idea of
this new control strategy is to estimate and compensate the unknown internal and
external disturbances as one signal by using an Extended State Observer (ESO),
and then to impart this signal to the control law. ADRC consists of a Tracking
Differentiator (TD), an Extended State Observer and an error-based control law.
It has fine control performances, such as quick response, small overshoot and good
robustness because of its non-linear dynamic structure. For these reasons, it easily
finds application in aviation, aerospace, power and chemical industries [84]. The
ADRC main parts can be resumed as follows [84, 85]:
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• The Tracking Differentiator is used to arrange the transition process for the
input of a system in order to achieve smooth input signals and differential
ones.

• The Extended State Observer compensates internal and external disturbances.

• The non linear equation error feedback controller combines the tracking signal
and differential signal from TD, and the system’s estimated states given by
ESO to achieve the control signal.

Figure 3.3: Traditional ADRC configuration

In this thesis an ADRC controller is developed, including TD, ESO and an LQR
as control law. The Linear Quadratic Regulator is chosen, instead of the classic
non linear controller proposed by Han, in order to achieve an optimal behaviour
response from the system [83].

Tracking Differentiator

The Tracking Differentiator algorithm is based on differential signals. These sig-
nals play a significant role in control practices, but they are suggested to noise
corruption. Firstly proposed by Han [86], the discrete-time optimal control based
TD, with the noise-tolerant characteristic, is used in filtering and differentiation
acquisition [87].
To construct a TD, the first procedure is to determine a control algorithm for a
double-integral system, that is described by the following system:ẋ1 = x2,

ẋ2 = u, | u |≤ r,
(3.3)
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where r is a constant constraint of the control input. The resulting control algo-
rithm that drives the state from any initial point to the origin in the shortest time is:

u = −rsign
A
x1 − υ + x2 | x2 |

2r

B
(3.4)

where υ is the desired value for x1. The desired trajectory and its derivative are
obtained solving the following equations [86]:υ̇1 = υ2,

υ̇2 = −rsign
1
υ1 − υ + υ2|υ2|

2r

2 (3.5)

Extended State Observer

The most important part of the ADRC is the Extended State Observer [88]. ESO
represents an augmented state with the role of estimating the states of the system,
recognizing and eliminating all the internal and external disturbances.
For the sake of simplicity and clarity, a general Single Input Single Output (SISO)
second-order system is taken as example [86], although this type of control algo-
rithm is applicable to most non-linear Multi Input Multi Output (MIMO) systems,
as in the case of this thesis. The SISO system is given by:

ẋ1 = x2

ẋ2 = f (x1,x2,w(t), t) + bu

y = x1

(3.6)

where y is the output of the plant, measured and to be controlled, u is the input,
b is a constant, and f(x1,x2,w(t), t) is a multi-variable function of the states x1
and x2, the external disturbances w, and time t.
The objective is to make y behave as desired using u as the manipulative variable.
For this purpose, F (t) = f(x1(t),x2(t),w(t), t) does not need to be expressively
known, and is denoted as the "total disturbance".
Treating F (t) as an additional state variable, x3 = F (t), and letting Ḟ (t) = G(t),
with G(t) unknown, the original system (3.6) becomes:

ẋ1 = x2

ẋ2 = x3 + bu

ẋ3 = G(t)
y = x1

(3.7)

The extended state observer is defined in the following form:
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
e = z1 − y
ż1 = z2 − β01e

ż2 = z3 + bu− β02fal(e, a1, h)
ż3 = −β03fal(e, a2, h)

(3.8)

where β01, β02, and β03 are the observer gains to be selected for the problem, a1 and
a2 are assumed to be respectively equal to 0.5 and 0.25, h is the sampling period
and fal(•) is the saturation non linear function [89] described as follow:

fal(e, a, h) =


e

h1−a
, | e |≤ h,

| e |asign(e), | e |> h
(3.9)

The output variable of ESO can track the state variable of the system, namely:

z1 → x1, z2 → x2, z3 → x3

The inputs to ESO are the plant output y and the control signal u, while the output
of the ESO provides the estimation of the states and the total disturbance.(fig. 3.4).

Figure 3.4: ESO input and output

The control signal of the system is given by:

u = u0 − z3

b0
(3.10)

where b0 is a rough approximation of the coefficient b in the plant within a ±50%
range [86], and u0 is the output of the controller. The system in the final form is
given by: 

ẋ1 = x2

ẋ2 = x3 + b0

3
u0 − z3

b0

4
y = x1

(3.11)
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LQR control law

The LQR controller is designed to achieve a optimal behaviour, specifically, a fast
response, a small overshoot, and no steady-state error [83]. The main idea of this
controller is to find a cost function and minimize it [59]. After the cost function is
minimized, the system states are fed back by a gain-matrix.
This is an optimization problem that consists of finding a linear control law of the
following type:

u(t) = −Kx(t) (3.12)

where K is the feedback gain-matrix. The control signal u has to be found in or-
der to minimize the cost function. For this purpose, the Performance Index (PI) is
defined:

J(x,u) = 1
2

Ú ∞
0

1
xTQx+ uTRu

2
dt (3.13)

Substituting Eq.(3.12) in (3.13), the cost function in the following form is obtained:

J = 1
2

Ú ∞
0
xT

1
Q+KTRK

2
dt (3.14)

where the feedback gain matrix K is given by:

K = R−1BTP (3.15)

where P is the solution of algebraic Riccati equation:

ATP + PA+Q− PBR−1BTP = 0 (3.16)

In this equation Q ≥ 0,R > 0,P ≥ 0 are symmetric, positive definite and semi-
positive matrices, respectively defined as state and control weighting matrices:

Q = diag [Q1, Q2, ...QnS
] (3.17)

R = diag [R1, R2, ...Rna ] (3.18)

In this case, nS is the number of the states and na is the number of actuators.

Q and R matrices are adjusted in the developed MATLAB code until the de-
sired performance is achieved. After that, the feedback gain matrixK is calculated
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in MATLAB using the following syntax command:

[K,P ,E] = lqr (A,B,Q,R)

The state-feedback law in Eq.(3.12) minimizes the quadratic cost function for
the state-space model. The MATLAB syntax lqr also returns the solution P of the
Riccatiequation, and the closed-loop eigenvalues E = eig(A−B ∗K). The block
diagram of LQR optimal controller is shown in Fig. 3.5.

Figure 3.5: Block diagram of LQR optimal controller

3.2.2 ADRC/LQR for attitude control
In this section the ADRC/LQR controller is discussed for the specific case of the
control attitude of a flexible spacecraft. The scheme in Fig. 3.6 illustrates the con-
figuration of the ADRC/LQR used in this thesis.

Figure 3.6: Block diagram of ADRC/LQR for attitude control
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It is worth noting that three different TD and ESO systems have been consid-
ered for each Euler’s angle, in order to control separately the roll, pitch, and yaw
responses. The angle errors, derived from the TD/ESO system, are the input of
the LQR controller, that is the same for each angle. Using the state-space model
described in Chapter 2, the gain-matrix K is found for the optimized problem.
As can be seen from the scheme, the ESO only needs the informations from the
plant and the reaction wheels block to estimate the total disturbance acting on the
system.

The Euler equations for the flexible spacecraft, obtained in Chapter 2, are re-
ported below:ω̇ = J−1

è
−ω

1
Jω +HRW + δT η̇

2
+Mext +MRW − δT η̈

é
η̈ = −δω̇ − (Kη +Cη̇)

(3.19)

In order to define the total disturbance, Eq.(3.19) can be written in the following
form:

ẋ = f + bu (3.20)

where
x = ω, ẋ = ω̇ (3.21)

b = J−1 (3.22)

u = MRW (3.23)

The total disturbance acting on the system can be expressed as:

f = J−1
è
−ω

1
Jω +HRW + δT η̇

2
+Mext − δT η̈

é
(3.24)

In the specific case, three ESO system derive for the MIMO system considered.
Hence, in Eq.(3.8) z1 represents the Euler angle, z2 its derivative, and z3 the dis-
turbance acting in the corresponding axis. In this thesis the attention is particularly
focused on the pitch axis, due to the higher disturbance given by the robotic ma-
nipulator.
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Chapter 4

Simulation results

4.1 Overview of the mission
The mission scenario is characterized by a spacecraft orbiting in the LEO region
for in-orbit servicing, including the capture of space debris, thanks to the robotic
manipulator located on the bottom of the spacecraft. The spacecraft main body
is the JAXA PROCYON micro-satellite, that includes the four solar panels and
the system of four reaction wheels in a pyramidal configuration. The robotic arm
configuration is chosen after a comparison of some space manipulators, as in [90].
In Tab. 4.1 the mission specifications and the main characteristics of the spacecraft,
including the specification of PROCYON mission [62, 91, 92] used for this thesis,
are resumed. Moreover, in Tab. 4.2 the actuators specifications for the robotic arm
and reaction wheels are reported.
The next sections are organised as follows: an overview of the simulation envi-
ronment is presented, referring to the main subsystems. After that, the results of
this work are resumed in three main areas that have characterized this thesis: the
robotic manipulator dynamics and control, the solar panel’s FEM analysis and dy-
namics, and finally the attitude dynamics and control. Firstly, the manipulator and
solar panels results are discussed in the case of the spacecraft being in the desired
attitude. Subsequently, in the last section, the attitude dynamics and control is
performed, and the influence of all the spacecraft subsystems is analysed.
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Table 4.1: Mission specifications

Specifications

Orbital parameters Orbit altitude (LEO): 400 km
Orbit angular velocity: 0.0011 rad/s

Spacecraft main body

Size: 0.55 m x 0.55 m x 0.67 m
Mass: 67 Kg (including SAP)
Moments of inertia in body frame: Ix = 12.5102 Kg/m2,
Iy = 15.5375 Kg/m2, Iz = 15.5375 Kg/m2

Robotic arm

Size Link 1: 0.5 m
Size Link 2: 0.5 m
Mass Link 2: 3 Kg
Mass Link 2: 3 Kg

Solar Array Panels (SAP)

Size of each SAP: 0.47 m x 0.47 m x 0.002 m
Mass of each SAP: 1.24 Kg
Material: aluminium
Euler Modulus: 7 · 1010 N/m2

density: 2810 Kg/m3

Poisson ratio: 0.33

Table 4.2: Actuators specifications

Specifications
Robotic arm actuators Maximum torque: 0.25 Nm

Reaction Wheels

Max. spin rate: 6000 rpm
Max. angular momentum: 0.45 Nms
Max. angular acceleration: 300 rpm/s
Moments of inertia: 7.16 · 10−4 Kg/m2

Max. torque: 0.0225 Nm
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4.2 Simulation environment
All the phases of modelling and simulation are performed in MATLAB/SIMULINK
environment, with a sample time ∆t = 0.001s, and the differential equations are
solved with the Runge-Kutta ode4 solver. In Fig. 4.1 the block scheme in Simulink
is presented. There are three main subsystems:

• The manipulator dynamics subsystem, that includes the equation of motion
of the robotic arm. The input is the control torque from the PID controller,
and the output are the joint angles θ1, θ2.

• The PID controller subsystem, that receives in input the joint angles from the
manipulator plant, and provides the manipulator’s control torques in output.

• The most complex subsystem is the attitude dynamics and control subsystem.
It includes the spacecraft attitude dynamics and kinematics, through the Euler
equations and quaternions, the solar panels’ dynamics, and the ADRC/LQR
controller for attitude control. This subsystem receives in input the external
disturbance of the manipulator, while gives in output the Euler angles and the
quaternions.

Figure 4.1: Spacecraft block scheme in Simulink
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4.3 Robotic manipulator results

The robotic manipulator motion and the PID action in Fig. 4.2 are studied for
the specific mission scenario of the spacecraft that has reached the desired attitude
configuration and moves the robotic arm. It can be observed that, when one of the
two links moves to reach the desired joint angle, the actuators of the other link
exert a torque in order to maintain the angular position. This occurs, for example,
after 40 s: the second link moves to reach the angular position θ2 = 20◦, and exerts
a disturbance torque on the first link that, thanks to the PID controller, can return
to the desired angle. Moreover, in Fig. 4.3 the saturation of the actuators torque is
equal to 0.25 Nm. The PID gains for both links are in Tab. 4.3. Both the two PID
controllers provide a stable response, with no overshoot and a rise time of about 3 s.
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Figure 4.2: Robotic manipulator motion
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Figure 4.3: Robotic manipulator actuators toques
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Table 4.3: PID controller gains

Link 1 Link 2
kP 15 10
kI 0.001 0.001
kD 20 15

4.4 Flexible solar panels results
For the flexible solar panels dynamics, a FEM analysis is performed in order to
evaluate the natural frequencies and modes, and the eigenvectors matrix used in the
model. The FEM analysis is conducted with PATRAN and NASTRAN software.
The four solar panels are modelled in Patran as aluminium plates, and a modal
analysis is performed. After that, the frequencies and eigenvectors obtained from
the analysis are used in the simulation. A code is written in MATLAB to evaluate
all the matrices in the dynamics equation of the flexible part, and the δ coupling
matrices defined in Chapter 2 are computed.
This section is divided in two parts: firstly, the FEM analysis results are reported,
and then the simulation results are discussed.

4.4.1 FEM analysis results
The results obtained from the FEM analysis in terms of frequencies and normal
modes for each solar panel are shown in Tab. 4.4 and Figures 4.4, 4.5 and 4.6.
The first three normal modes have been evaluated with the modal analysis in PA-
TRAN/NASTRAN: the first and third are bending modes, while the second one is
a torsional mode. For the computation of the coupling matrices δi, for i = 1, ...,4,
the first two bending modes have been taken into account.

Table 4.4: PID controller gains

Natural frequency [rad/s] Damping
Mode 1 48.2283 0.0482
Mode 2 118.1524 0.1182
Mode 3 295.7264 0.2957
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(a) First solar panel mode. (b) Second solar panel mode.

(c) Third solar panel mode. (d) Fourth solar panel mode.

Figure 4.4: Mode 1.

(a) First solar panel mode. (b) Second solar panel mode.

(c) Third solar panel mode. (d) Fourth solar panel mode.

Figure 4.5: Mode 2.
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(a) First solar panel mode. (b) Second solar panel mode.

(c) Third solar panel mode. (d) Fourth solar panel mode.

Figure 4.6: Mode 3.

4.4.2 Solar panels simulation results
The values of natural frequencies in Tab. 4.4 are used to compute the stiffness ma-
trix K and the damping matrix C, for γ = 0.002. Knowing the damping matrix,
the damping values in Tab. 4.4 can be obtained.
From the modal analysis, the eigenvectors for the sub-panels of each solar panel are
evaluated. Hence, the four N × 3 coupling matrices between the rigid hub and the
flexible solar panels are obtained, with N = 2, equal to the number of shape modes:

δ1 =
C
0 −0.5305 0
0 −0.1901 0

D ñ
Kg/m2

δ2 =
C
0 0 −0.5404
0 0 0.1817

D ñ
Kg/m2

δ3 =
C
0 −0.5305 0
0 0.1901 0

D ñ
Kg/m2

δ4 =
C
0 0 0.5404
0 0 −0.1817

D ñ
Kg/m2
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Two mission scenarios are presented in order to evaluate the internal disturbance
due to the flexible solar panels. A first simulation is performed when the spacecraft
is in the desired attitude and moves the robotic arm, as in section 4.3. The results
of this simulation are shown in Fig. 4.7. It can be observed a vibration of the solar
panels due to their flexibility when the movement of the manipulator occurs. Be-
cause of the damping coefficient included in the model, this vibration is damped
in a few seconds. In this case the disturbance torque of the panels affects just the
pitch axis, due to the movement of the robotic arm in the xz plane.
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Figure 4.7: Solar panels disturbance torque

The second simulation starts with an initial quaternion q0 = [0.5, 0.5, 0.5, 0.5]T ,
and a desired quaternion qdes = [1,0,0,0]T . Note that, in this case, a disturbance
on the yaw axis occurs too, due to the attitude manoeuvre, as shown in Fig. 4.8.
The disturbance on z axis is two order of magnitude lower than the torque on y
axis, due the influence of the robotic arm that represents the higher disturbance
acting on the spacecraft. The disturbance torque on the z axis is higher in the first
seconds of the simulation, when the spacecraft starts to move towards the desired
attitude.
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Figure 4.8: Solar panels disturbance torque during an attitude manoeuvre

4.5 Attitude control results
This section in organised as follows: the attitude results in terms of quaternions and
Euler angles are reported in the general case of the spacecraft with an initial quater-
nion q0 = [0.5, 0.5, 0.5, 0.5]T that reaches the desired quaternion qdes = [1,0,0,0]T .
To obtain this result, a tuning of all the parameters of the two attitude controllers
was required. Firstly the attitude results are discussed without the external dis-
turbance of the manipulator. Subsequently, the manipulator’s disturbance is added
to the model, and the results are argued. After that, a section is dedicated to the
discussion of the parameters tuning of the two controllers. Finally, a comparison be-
tween the ADRC/LQR controller implemented in this thesis and a simple LQR for
attitude control is provided to analyse the advantages of the disturbance rejection.

4.5.1 Attitude control without the manipulator movement
The simulation starts with an initial quaternion q0 = [0.5, 0.5, 0.5, 0.5]T . The desired
quaternion is qdes = [1,0,0,0]T . The system of the four reaction wheels is in a
pyramidal configuration, with α = 0◦ and β = 30◦. For the definition of these
angles, refer to Fig. 2.4 in section 2.1.2. The system of actuators is characterized by
a torque limitation of 0.0225Nm and a maximum angular momentum of 0.45Nms,
as in the specifications of PROCYON spacecraft. The parameter of the low pass
filter used in the reaction wheels model is assumed to be τRW = 1.
In Figures 4.9, 4.10 and 4.11 the quaternions, Euler angles and angular velocity
responses are shown. It can be observed the achievement of the desired attitude
around 150 s. In Fig. 4.12, the reaction wheels torques required for the attitude
manoeuvre are shown, in particular the repartition of the torques provided by each
of the four reaction wheels on the three axes.
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Figure 4.9: Quaternions response without the manipulator disturbance
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Figure 4.10: Euler angles without the manipulator disturbance
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Figure 4.11: Angular velocity without the manipulator disturbance
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Figure 4.12: RWs torque commands without the manipulator disturbance

4.5.2 Attitude control with the manipulator movement

In this section the general case of the spacecraft reaching the desired attitude
qdes = [1,0,0,0]T during the movement of the robotic arm is argued. It is interesting
to note the influence of the robotic arm on the spacecraft attitude. In this thesis
the external disturbance of the manipulator is the higher disturbance acting on
the spacecraft, and for this reason a particular attention is given to the control
of the pitch angle, as discussed in the next section. For the sake of completeness,
the gravity gradient external disturbance has been evaluated to demonstrate the
lower order of magnitude of this torque, equal to 10−5 Nm with respect to the solar
panels internal disturbance (Fig. 4.7) and the manipulator disturbance (Fig. 4.3).
In Fig. 4.13, the gravity gradient torque is shown.
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Figure 4.13: Gravity gradient torque
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The results regarding the quaternions, Euler angles, angular velocity and reac-
tion wheels torques are reported in the next figures. It can be observed that the
disturbance of the robotic manipulator is evident in the results. Thanks to the
ADRC/LQR controller the spacecraft is capable to contrast this high disturbance
and takes the spacecraft to the desired attitude. In this simulation the following
movement of the manipulator is performed, as in Fig. 4.2: after 10 s the first link
starts moving towards the desired joint angle of 30◦, and then reaches 40◦ after 30
s, while the second link reaches 20◦ after the command given at 40 s. It is evident
how the reaction wheels react to the movement of the arm, and provide the required
torque in order to correct the attitude and reject the disturbance.
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Figure 4.14: Quaternions response with the manipulator disturbance
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Figure 4.15: Euler angles with the manipulator disturbance
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Figure 4.16: Angular velocity with the manipulator disturbance
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Figure 4.17: RWs torque commands with the manipulator disturbance

4.5.3 ADRC/LQR parameters tuning
This section is reserved to the parameters chosen for ADRC/LQR. The weighting
matrices for the Linear Quadratic Regulator are given by:

Q = diag([1, 0.1, 1, 0.01, 0.01, 0.01]) · 10−6

R = diag([0.08, 0.05.0.8]) · 10−3

The fundamental part of the ADRC/LQR tuning was the choice of the TD and
ESO coefficients. In this work three different TD and ESO systems are considered
for each Euler angle, due to the adaptability of the ADRC to MIMO systems. In
Tab. 4.5 all the coefficients used for ADRC controller are resumed.
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Table 4.5: Parameters of ADRC

φ θ ψ

Tracking Differentiator r = 5 r = 5 r = 5

Extended State Observer

a1 = 0.5 a1 = 0.5 a1 = 0.5
a2 = 0.25 a2 = 0.25 a2 = 0.25
h = 0.001 h = 0.001 h = 0.001
b0 = 0.0799 b0 = 0.0618 b0 = 0.0618
β1 = 200 β1 = 120 β1 = 200
β2 = 100 β2 = 4800 β2 = 100
β3 = 0.001 β3 = 64000 β3 = 0.001

The parameters of the ADRC are adjusted until a satisfactory response from the
controller is obtained. The objective of this type of controller is the estimation of
the states of the system, and in particular the total disturbance. As discussed in
Chapter 3, the states x1 and x2 are respectively the Euler angles and its derivatives,
while x3 is the total disturbance, defined by the variable f . The output of the Ex-
tended State Observer z1, z2, and z3 follow respectively x1, x2, and x3. The tracking
of the three states for each axis is observed in the following figures. In detail, the
black lines are the actual states of the system, while the red dashed lines are the
estimated states.
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Figure 4.18: Estimation of Euler angles with ESO.
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Figure 4.19: Estimation of Euler angles derivatives with ESO.
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Figure 4.20: Estimation of total disturbance f with ESO.

As can be seen in Figures 4.18 and 4.19, the states z1 and z2, represented by the
red dashed lines, are able to estimate the Euler angles and the relative derivative
terms. The results in Fig. 4.20 are the most significant in terms of the estimation
of the total disturbance of the system that has to be rejected. As has already been
said, in this work the attention is focused especially on the pitch axis, due to the
high disturbance that affect the pitch attitude. For this reason, the coefficients of
the ESO system should be suitably chosen to obtain an optimal response from the
z3 variable. Referring to the estimation of fy in Fig. 4.20, the controller starts with
a non-zero initial condition set in the integrator, and tries to track the signal of
the total disturbance on the pitch axis. First, the signal and its estimation are not
coincident as in the case of z1 and z2, but subsequently the controller is able to track
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the signal quickly. The fast tracking response is subjected to the correct tuning of
all the ADRC parameters, that can be adjusted to obtain a better response since
the first seconds of the simulation.

4.5.4 Comparison of ADRC/LQR and LQR controllers
A final comparison between the ADRC/LQR controller implemented in this thesis
and a simple LQR is provided in order to verify the improvement of the results
when the disturbance rejection is included in the model, through the Extended
State Observer. In the following figures the comparison of the two types of con-
trollers in terms of quaternions and Euler angles is shown. In Tab. 4.6 the time
domain specifications of the ADRC/LQR and the LQR controllers are compared.
The ADRC/LQR controller reaches the desired attitude with a faster response
compared to the LQR controller in the case of the pitch and yaw angles. Refer-
ring to the Figures 4.25, 4.26 and 4.27, the ADRC/LQR controller is able to reject
better the disturbance due to the manipulator motion, and it tries also to reduce
the overshoot that can be observed in the LQR response, In detail, for the pitch
dynamics an overshoot occurs at 30 s, as shown in Fig. 4.26. The roll control with
the LQR performs better than the ADRC/LQR for the rising time, but it has a
slower response, a greater settling time, and an overshoot of 3%. The pitch control
is the most critical parameter in this thesis, and, thanks to the ADRC/LQR, a
satisfactory response is obtained, although the higher overshoot in the first 30 s.
The disturbance rejection combined with the LQR acts better for the yaw control
compared to the LQR, with a good performance in terms of rising and settling
time, at the cost of a small overshoot.

Table 4.6: Resulting time responses of ADRC/LQR and LQR

Euler Rising Settling Steady-states Overshoot
angles time [s] time [s] error

ADRC/LQR
φ 26.57 64.02 0 0
θ 4.31 50.08 0 21%
ψ 43 121.8 0 3%

LQR
φ 23.34 69.47 0 3%
θ 2.05 88.04 0 0
ψ 63.1 135.9 0 0
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Figure 4.21: Comparison of q0.
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Figure 4.22: Comparison of q1.
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Figure 4.23: Comparison of q2.
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Figure 4.24: Comparison of q3.
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Figure 4.25: Comparison of φ.
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Figure 4.26: Comparison of θ.
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Figure 4.27: Comparison of ψ.

4.6 CAD model and animations
The last part of this chapter is relative to the CAD model realized with Solid-
Works software, and the animations obtained with the 3D World Editor tool of
MATLAB/SIMULINK. This work was useful in order to have a 3D animation of
the manoeuvres performed by the spacecraft, for example the simulation of the
deployment of the solar panels, the achievement of the desired attitude, and the
deployment of the robotic manipulator. In Fig. 4.29 the CAD models of the space-
craft are shown. The CAD has been imported in the 3D World Editor tool, and
connected to the model in the SIMULINK environment through the VR Sink block
(Figures 4.28).

Figure 4.28: VR Sink block graphics interface.
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Figure 4.29: Spacecraft CAD model
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Chapter 5

Conclusions and future
works

This thesis aims at developing the dynamics and control model of a flexible space-
craft with a robotic manipulator, taking the JAXA PROCYON satellite as the
main body of the spacecraft. Different tasks are dealt with in this work: the manip-
ulator dynamics and control model for in-orbit servicing, such as the space debris
capture, the dynamics of flexible solar panels, and the implementation of the atti-
tude control strategy. First, a hybrid approach is chosen for studying the robotic
arm and the spacecraft dynamics. In particular, the Lagrangian formulation is used
to obtain the equation of motion of the manipulator, while the attitude dynamics
is studied through the Euler equation, including the reaction wheels and the solar
panels’ model. A PID controller is used for the manipulator control to achieve the
desired joint angles. The results obtained are satisfactory and ensure a fast and sta-
ble response. In order to have a complete and accurate model of the spacecraft, the
flexible solar panels have been studied through a modal analysis with PATRAN/-
NASTRAN. The natural frequencies and eigenvectors obtained have been used for
the implementation of the flexible panels’ model in MATLAB/SIMULINK. In this
thesis, the evaluation of the coupling matrix between the rigid hub and the flexi-
ble appendages is found, together with the stiffness and damping matrices for the
specific solar panels of PROCYON spacecraft. Thanks to this analysis, the distur-
bance torque due to the vibration of the flexible panels is studied and controlled.
Furthermore, the final and main task of this work is the development of a GNC sys-
tem for flexible spacecraft. Particular attention is focused on the implementation of
an attitude control strategy capable of rejecting all the disturbances acting on the
spacecraft and ensuring a good performance. The spacecraft is subjected to the high
disturbance of the robotic manipulator, which has an order of magnitude greater
than the vibration of the solar panels and the other external disturbances. For this
purpose, the combination of the LQR controller and the ADRC strategy is taken

70



5 – Conclusions and future works

into account to contrast the internal and external disturbances, with the optimal
behaviour of the LQR controller. Three different ADRC systems are considered
for each Euler angle, including a Tracking Differentiator and an Extended State
Observer for the estimation of the states and the total disturbance of the system.
The pitch control is studied with particular attention due to the disturbance of the
arm acting on this axis. The results show that the ADRC/LQR controller performs
better than the traditional LQR, in particular for the pitch and yaw control, justi-
fying the combined use of the two controllers for the disturbance rejection.
Possible future works are relative to the development of a more accurate model
of the robotic manipulator, including the end effector movement, and a trajectory
tracking algorithm for the target/debris capture. Moreover, the position dynamics
and control can be implemented, together with the attitude dynamics, to have a
complete model of the spacecraft. Finally, the ADRC algorithm requires a good
knowledge of all the parameters involved, hence a more detailed study of the opti-
mal response from this type of controller can be interesting to further explore.
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