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ABSTRACT

Due to the unsustainable space debris environment in Low Earth Orbit, debris objects must be removed to ensure future safe
satellite operations. One proposed concept for deorbiting larger space debris objects, such as decommissioned satellites or spent
upper rocket stages, is to use a chaser spacecraft connected to the debris object by an elastic tether, but the required technology is
immature and there is a lack of flight experience. The inoperable satellite, Envisat, has been chosen as a representative object for
controlled re-entry by performing several high thrust burns. The aim of this paper is to develop a control system for the deorbit
phase of such a mission. Models of the spacecraft dynamics, the tether, and sensors are developed to create a simulator. Two
different tether models are considered: the massless model and the lumped mass model. A switched linear-quadratic-Gaussian
(LQG) controller is designed to control the relative position of the debris object, and a switched proportional-integral-derivative
(PID) controller is designed for attitude control. Feedforward compensation is used to counteract the couplings between relative
position and attitude dynamics. An analysis of the system suggests that the tether should be designed in regard to the control
system and it is found that the lumped mass model comes with higher cost than reward compared to the massless tether
model in this case. Simulations show that the control system is able to control the system under the influence of modeling
errors during a multi-burn deorbit strategy and even though more extensive models are suggested to enable assessment of
the feasibility to perform this mission in reality, this study has resulted in extensive knowledge and valuable progress in the
technical development.

SAMMANFATTNING

En ökande mängd rymdskrot har lett till en ohållbar miljö i låga omloppsbanor och föremål måste nu tas bort för att
säkerställa framtida satellitverksamhet. En föreslagen metod för att avlägsna större skrotföremål, såsom avvecklade satelliter
och använda övre raketsteg, är att koppla en jagande rymdfarkost till föremålet med en elastisk lina. Dock är den teknik som
behövs inte mogen och det finns en brist på praktisk erfarenhet. Den obrukbara satelliten Envisat har valts som representativt
objekt för kontrollerat återinträde genom flera perigeumsänkande raketmanövrar. Syftet med detta arbete är att utveckla ett
system för att kontrollera de två sammankopplade rymdfarkosterna under avlägsningsfasen under ett sådant uppdrag. Modeller
för farkosternas dynamik, den sammankopplande linan och sensorer byggs för att utveckla en simulator. Två olika modeller
för linan undersöks: den masslösa modellen och den klumpade nodmassmodellen. En omkopplande regulator designas genom
minimering av kvadratiska kriterier för att kontrollera skrotföremålets relativa position till den jagande farkosten. Vidare designas
en omkopplande proportionerlig-integrerande-deriverande (PID) regulator för att reglera pekningen hos den jagande farkosten.
Kompensering genom framkoppling används för att motverka de korskopplingar som förekommer mellan translations- och
rotationsdynamiken. En analys av systemet visar att linan bör designas med reglersystemet i åtanke och det framkommer att
nackdelarna överväger fördelarna för den klumpade nodmassmodellen jämfört med den masslösa modellen. Simuleringar visar
att reglersystemet klarar att kontrollera systemet under ett scenario med flera manövrar och under inverkan av modellfel. Även
om mer omfattande modeller föreslås för att möjliggöra en fullständig bedömning av genomförbarheten för detta uppdrag så
har denna studie resulterat i en omfattande kunskapsvinst och värdefulla framgångar i det tekniska utvecklingsarbetet.
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ACRONYMS & ABBREVIATIONS

ADR Active Debris Removal
CoM Center of Mass
ECI Earth Centered Inertial
ESA European Space Agency
GNC Guidance, Navigation, and Control
LEO Low Earth Orbit
LQG Linear-quadratic Gaussian
LVLH Local Vertical Local Horizontal
PID Proportional-integral-derivative
PWM Pulse-width Modulation
RCS Reaction Control System
RMS Root Mean Square
SCB Spacecraft Body
VBS Vision Based Sensor

I. INTRODUCTION

A. Background

Since the beginning of the Space Age, more than 6,600
satellites have been launched into orbit by countries around
the world [1]. This is, of course, a great accomplishment for
mankind, but with it comes the problem with space debris.
Not all launched satellites are still intact, and only about
1,000 satellites are still operational as of April 2013 [1].
In fact, the orbits of more than 21,000 debris objects, with
satellite explosions and collisions as the principal source, are
tracked by the United States Space Surveillance Network [2].
About 30% is made up of decommissioned satellites, spent
upper stages, and other mission-related objects [1]. At least
three accidental collisions between objects have already been
documented [3]. In 2007, an anti-satellite test generated more
than 3,300 trackable debris fragments, and another 2,200 were
created as a result of an accidental collision between two
satellites two years later [4].

It has been shown that the space debris population has
reached a critical density in the Low Earth Orbit (LEO) region:
even if no further launches were to take place the number
of debris objects would continue to grow unbounded due to
collisions and decommissioned satellites [3, 5]. Operational
satellites are therefore at a steadily increasing risk to collide
with debris, making them not only inoperable but also subject
to new collisions [6].

The only way to make sure that the space environment is
safe for future operations is to actively remove objects, which
can be done in a more or less efficient manner [7, 8]. By fo-
cusing on objects with high mass, high collision probabilities,
and slow orbital decay, the number of collisions prevented per
object removed can be maximized [7, 9]. By deorbiting five
well selected objects per year, the debris population in the
LEO region can be stabilized within the next 200 years [8].

As one of the high priority topics within the space industry
today, Active Debris Removal (ADR) focuses on the develop-
ment of a debris removal system that has the ability to deorbit
these high risk objects in the LEO region [6]. One proposed

concept for ADR is a chaser satellite that can rendezvous with
and capture the object, connecting it to the target by an elastic
tether [6]. The tether can then be used to transfer momentum
in order to deorbit the object. The development of such a
system is filled with challenges. A large portion of the required
technology is of low maturity and the experience of carrying
out missions that is even close to this is limited [6].

As a representative object for deorbit, the European Space
Agency (ESA) has chosen their own satellite, Envisat, which
is an Earth observation satellite located in a highly important
orbit for future space operations [6]. It is currently inopera-
ble since all communications were lost when it suffered an
anomaly in April 2012. With a mass of almost 8 tonnes,
Envisat poses a risk to the orbital environment and the natural
decay would take decades, eventually leading to an uncon-
trolled, and possibly dangerous, re-entry. This makes Envisat
suitable as a representative object when developing an ADR
concept [6].

B. Problem statement

The mission can be divided into phases including capture,
stabilization, deorbit, and re-entry. This study concerns the
deorbit phase, which starts when the chaser is connected to the
target by the tether and the two are in a stable configuration
ready to start the deorbit maneuvers. The aim of this study
can be divided into two parts: one is to create a simulator that
can be used for investigation and testing of the behavior of the
system during the deorbit phase; and the other is to develop a
concept for Guidance, Navigation, and Control (GNC) during
this phase and implement this in the simulator. Since this
study is the early stages of the technical development, another
important and more overlying objective is to gain knowledge
and identify key problems for further development.

During the deorbit phase, several high thrust burns are to
be made in order to lower the target’s perigee enough to re-
enter into the atmosphere. The GNC concept must make sure
that the maneuvers can be safely performed by controlling the
attitude and the relative position of the chaser to the target.

It is crucial that the chaser is able to maintain the desired
attitude and stack configuration since a strictly limited amount
of fuel demands that all ∆v is applied properly. In addition
to this, the mission is not reversible in the sense that an
interrupted or failed deorbit maneuver could place the object
in an even worse orbit, perhaps subject to a dangerous,
uncontrolled re-entry. It could also mean that the result of the
mission is the opposite to the expected, since the chaser could
end up as another debris object, also subject to collisions or
dangerous re-entry.

The elastic tether adds non-linear dynamics to the system
that needs to be dealt with in order to avoid collisions or un-
desired behavior during the mission. During the deorbit burns,
the control system must be able to handle the discontinuities
arising from main engine ignition and shut down, as well as
the non-linearity appearing in the transitions between slack and
taut tether. In addition to this, there are physical constraints
on the tether that must be fulfilled by not exceeding structural
limits.
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However, the deorbit burns are not the only part of the
deorbit phase. In between the burns, the control system must
ensure a safe stack configuration and position the chaser in
preparation for the next burn. Other difficulties are imposed
by limitations and errors in the sensors that provides mea-
surements for the control system. The control system must be
robust enough to cope with this and ensure reliable control.

C. Previous work

As the space debris issue have received more attention in
the last couple of years, several studies have been made on
different concepts to mitigate the issue by active removal of
objects. Missions aiming to tow space debris in order to deorbit
or re-orbit objects have been studied several times before [10,
11, 12].

In addition to this, much work has been done on a more
general level which is useful in this application. Space tethers
have been subject for research within different applications
since many years and, as a result, there is available information
about how to model tethers in space [13, 14, 15, 16]. Control of
tethered satellite systems is another general topic from which
information is useful in this study [17, 18].

The area of satellite formation flying has also received
attention and is interesting in this study [19, 20]. One particular
example is the PRISMA mission in which fully autonomous
close-range formation flying is realized by demonstrations on
orbit [21, 22, 23].

II. MODELING

This section describes the models used to develop a simula-
tor that enables implementation and testing of a control system
as well as analysis of the system behavior. The simulator
can be divided into different parts: the tether dynamics, the
spacecraft dynamics, and the sensors. The underlying models
used in the simulator are described throughout this section.

A. Tether models

The tether connects the chaser to the target and can be
described as a cable with elastic and viscous properties. The
elasticity implies that energy can be stored in the tether,
making it similar to a spring. External forces can therefore
extend the tether, storing energy in it. The viscous properties
implies that there will be some dissipation of energy when
changing its tension level, similar to a damper.

The tether is assumed to have negligible resistance against
bending and compression, so that the force acting on the end
masses can be described by

F (l) =

{
Ea
l0

(l − l0) + ηa
l0
l̇ if l > l0

0 if l ≤ l0
, (1)

where E is Young’s modulus, η is the viscosity, a is the tether
cross sectional area, l0 and l are the nominal and actual tether
lengths respectively, and ˙[·] = d

dt [·].
By letting k = Ea

l0
and b = ηa

l0
denote the tether stiffness

and damping, (1) can be rewritten as

F (l) = H(l − l0)
[
k(l − l0) + bl̇

]
, (2)

where H(·) is the Heaviside step function.
Two methods to model the tether are considered:
• The massless tether model, in which the tether is modeled

as a single viscoelastic element with properties described
by (2), see Figure 1. In this model, also known as the
slack-spring model, the tether inertia is neglected and the
tether only affects the motion of the end masses when
taut [13, 15].

• The lumped mass model, in which the tether is modeled
as two or more elements connected in series with massive
nodes, each having mass mn, in between [14, 24]. The
elements have equal individual stiffness ke and damping
b and the force from each element is described by (2).
Every element creates a force Fi acting on the end masses
connected to it, see Figure 2.

The major difference is that the tether inertia is taken
into account in the lumped mass model by distributing the
mass amongst the nodes. In comparison to the massless tether
model, the lumped mass model thus captures how the tether
behaves when slack and influenced by the end masses and
external accelerations on orbit. This also means that it can
also exert a force on the end masses when not taut.

mc

mt

F

F

Figure 1. The massless tether model. The end masses are the chaser’s mass
and the target’s mass mc and mt respectively.

mc

mn

mn mtF1

F1

F2

F2

F3

F3

Figure 2. The lumped mass model with three tether elements and two massive
nodes with equal mass mn.

Assume that the center of mass (CoM) positions of the
chaser and the target are described by the vectors rc and rt
respectively. Using the lumped mass model, the number of
tether elements is N and the stiffness and damping for each
element is ke = kN . Further, the positions of the massive
nodes are ri, i = 1, 2, . . . , N−1. The equations of motion
then becomes

mcr̈c = F1 (3a)
mtr̈t = −FN (3b)
mnr̈i = Fi+1 − Fi, (3c)

where [̈·] = d2

dt2 [·] and

F1 = F (‖r1 − rc‖)
r1 − rc

‖r1 − rc‖
(4a)

Fi = F (‖ri+1 − ri‖)
ri+1 − ri
‖ri+1 − ri‖

(4b)

FN = F (‖rt − rN−1‖)
rt − rN−1

‖rt − rN−1‖
. (4c)
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Using the massless tether model, the corresponding equa-
tions of motion becomes

mcr̈c = F (‖rt − rc‖)
rt − rc

‖rt − rc‖
(5a)

mtr̈t = −F (‖rt − rc‖)
rt − rc

‖rt − rc‖
. (5b)

B. Coordinate frames

The Earth Centered Inertial (ECI) coordinate frame is used
as inertial frame. This frame is based on the Earth’s equatorial
plane and is defined by the following unit basis vectors: eX
is aligned with the direction of the vernal equinox at noon on
January 1, 2000; eZ is aligned with the Earth’s rotation axis
towards north; and eY completes the right-handed set. The
origin is located at the Earth’s CoM.

eX eY

eZ rc

ex

ey

ez

Figure 3. The Earth Centered Inertial (eX , eY , eZ ) and Local Vertical Local
Horizontal (ex, ey , ez) coordinate frames.

The Local Vertical Local Horizontal (LVLH) frame is used
to describe the relative motion between the chaser and the
target. The origin of this frame is located at the chaser’s CoM
position rc. It is defined by the following unit basis vectors:
ez towards the Earth’s origin, ey in the opposite direction of
orbit angular momentum, and ex completes the right-handed
set. Figure 3 shows both the ECI and the LVLH frame.

The Spacecraft Body (SCB) frame is fixed relative to the
chaser’s spacecraft body and thus describes the spacecraft
attitude relative to the ECI frame. Its origin is at the predicted
CoM of the chaser.

The rotations of the frames in relation to each other are
parameterized using quaternions. These are defined as

q =

[
q0

qν

]
=

[
cos β2
ν sin β

2

]
, (6)

where ν is the rotation axis and β is the rotation angle around
that axis [25]. The rotations of the LVLH and SCB frames
with respect to the ECI frame are represented by the unit
quaternions qECI→LVLH and qECI→SCB respectively.

The transformation of a vector η1 from one frame to the
other is defined by the operation[

0
η2

]
= q∗1→2 ⊗

[
0
η1

]
⊗ q1→2, (7)

where η2 is the vector expressed in the other frame, [·]∗ de-
notes the quaternion conjugate, and ⊗ denotes the quaternion
product [26].

Two successive rotations defined by the quaternions q1→2

and q2→3 can be done by using the quaternion

q1→3 = q1→2 ⊗ q2→3, (8)

and an inverted rotation can be done using the quaternion
conjugate so that [26]

q2→1 = q∗1→2. (9)

The kinematics of a rotated frame is defined by quaternion
differential equations according to

q̇ =
1

2
q ⊗

[
0
ω

]
, (10)

where ω is the angular velocity of the frame [26].

C. Spacecraft model

The chaser spacecraft is modeled as an homogeneous rigid
body with a mass and moments of inertia. The tether is
attached at a point offset from the CoM which makes it
possible for the tension in the tether to give rise to a torque
about the CoM.

The CoM position of the spacecraft body is, in practice,
suffering from uncertainties and varies with time (e.g. due to
fuel expenditure). It is here assumed that the CoM position is
constant at its predicted (or average) position throughout the
deorbit phase. This position, which is also the origin of the
SCB frame, is assumed to be at the center of geometry.

Two engines are required to be able to apply a sufficient
amount of ∆v close enough to the apogee. Due to redundancy
requirements, the chaser must be equipped with two identical
systems including two engines and one tether each. To accom-
modate both systems on the same panel on the chaser, the two
redundant systems are mounted in symmetry about the SCB z-
axis, see Figure 4. To simplify, the two engines are represented
by one single force vector in the simulator. This vector has its
point of action on the spacecraft body at the tether connection
point. This means that it is assumed that the two engines
produce equal thrust at all times. In practice, the actual engine
thrust from each engine suffers from uncertainties meaning
that the point of action of the resulting force vector varies
with time.

As can be seen in Figure 5, the main engines and tether
are mounted on the same point in the x-z plane. The main
engines are mounted so that the direction of action of the
produced force eMESCB intersects the CoM, so that

eMESCB = −
ρtether

‖ρtether‖
, (11)

where ρtether is the mounting point of the tether and main
engines with respect to the origin of the SCB frame. It is here
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assumed that the direction of action of the resulting force is
ideal at all times while, in practice, it would tend to change
throughout the mission. By tilting the chaser, the line of action
of the tether force can be adjusted so that it intersects the CoM.
In this way, torques from the tether and the main engines can
be avoided. It should, however, be noted that the uncertainties
and variations of the CoM position may cause residual torques
due to improper line up of the main engine and tether force
vectors.

eSCB
x

eSCB
y

eSCB
z

Engine Tether

Redundant
set

CoM

Figure 4. The chaser spacecraft seen in the x-y plane (SCB frame) with
configuration of two redundant systems with two engines and one tether each.

eSCB
x

eSCB
z

eSCB
y

FME

Tether and
main engine
connection

point

CoM

Figure 5. The chaser spacecraft seen in the x-z plane (SCB frame) with
connection point for one of the two systems with tether and main engines.

Apart from the main engines used for deorbit burns, the
chaser is equipped with a Reaction Control System (RCS).
This consist of thrusters which can be used as actuators for
translational as well as rotational control of the spacecraft.
These thrusters are limited in the amount of force and, conse-
quently, torque they can provide. It is here assumed that the
force and torque actuators are independent, while, in practice,
there is normally a dependency between available force and
torque in a RCS since the same thrusters are used for both
purposes. This means that the available force could vary as
the thrusters are occupied creating a torque, or vice versa.

The simulator does support a rigid body model for the
target as well, but it is simplified to a point mass model in
this study. It is further assumed that the target has no means
of translational control by itself. The properties of the two
spacecraft models are listed in Table I.

Table I
PROPERTIES OF THE CHASER AND THE TARGET. NOTE THAT ALL ARE

DEFINED IN THE SCB FRAME.

Parameter Notation Value

Chaser

Mass mc 1500 kg

Dimensions (x, y, z) - (1.5, 1.5, 2) m

Moments of Inertia Ic

[
781.25 0 0

0 781.25 0
0 0 562.5

]
kgm2

Tether attachment point ρtether

[
−0.4
0
−1

]

RCS available force
(x, y, z) -

Lower limit:
(-10, -10, -10) N
Upper limit:
(10, 10, 40) N

RCS available torque
(x, y, z) -

Lower limit:
(-10, -10, -10) Nm
Upper limit:
(10, 10, 10) Nm

Main engine net force FME 840 N

Target

Mass mt 8000 kg

D. Spacecraft dynamics

1) Translational dynamics: Assume that the CoM position
of a spacecraft in the ECI frame is described by the vector r.
It is then affected by gravitational acceleration [27]

r̈g = − µr

‖r‖3
, (12)

where µ = GM⊕. Here, G is the gravitational constant and
M⊕ is the Earth’s mass.

By adding the gravitational acceleration from (12) to (3),
the equations of motion using the lumped mass tether model
becomes

r̈c = − µrc

‖rc‖3
+

1

mc
(F1 + FME + FRCS) (13a)

r̈t = − µrt

‖rt‖3
+

1

mt
(−FN ) (13b)

r̈i = − µri
‖ri‖3

+
1

mn
(Fi+1 − Fi), (13c)

where rc is the chaser’s CoM position in the ECI frame, rt is
the target’s position in the ECI frame, and ri is the position
of node i. Further, FME and FRCS are the force vectors from
the main engines and the RCS respectively.

In the case of a massless tether model, (5) becomes

r̈c = − µrc

‖rc‖3
+

1

mc

[
F (‖rt − rc‖)

rt − rc

‖rt − rc‖

+ FME + FRCS

] (14a)

r̈t = − µrt

‖rt‖3
− 1

mt
F (‖rt − rc‖)

rt − rc

‖rt − rc‖
. (14b)
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2) Rotational dynamics: The rotational dynamics of the
chaser spacecraft body are expressed in the non-inertial SCB
frame. The body is affected by external torques, such as
reaction control torques and forces from tether tension whose
line of action does not coincide with the CoM.

Since the body frame is not inertial, the equations of motion
for a body affected by external torques and forces becomes
[27]∑

i

Ti +
∑
j

ρj × Fj = Icω̇SCB + ωSCB × IcωSCB, (15)

where ωSCB is the angular velocity of the SCB frame relative
to the ECI frame and Ic is the inertia matrix for the spacecraft
body. Furthermore, Ti are torques, and Fj are forces with
corresponding points of action ρj , all expressed in the SCB
frame. Rewriting (15) gives

ω̇SCB = I−1
c (
∑
i

Ti +
∑
j

ρj × Fj − ωSCB × IcωSCB), (16)

which can be used in (10) to calculate the derivative of the
SCB frame quaternion.

E. Sensor models

The sensor models can be divided into three parts cor-
responding to three different sensor subsystems responsible
for measuring different quantities: the first is the attitude
sensor subsystem which measures the attitude of the spacecraft
relative to the ECI frame together with the attitude rate;
the second is the relative position sensor subsystem which
measures the target’s relative position to the chaser; and the
third and last is the tether sensor subsystem which measures
the tension in the tether. The models of the different sensors
are described next.

1) The chaser’s attitude and attitude rate: The subsystem
that provide measurements of the attitude often consist of two
separate sensor units: a star tracker that measures the attitude
and a gyro that measures the attitude rate. The measurements
are then merged in a data fusion filter to provide an estimation
of the actual attitude and attitude rate. Normally, there is no
delay on these values since estimations of the current values
are propagated in the filter from the measurements that was
last received from the two sensors.

This kind of sensor hardware and the data fusion are
not modeled here. Instead, the aim is to mimic the output
characteristics of such a sensor system. Delay has also been
introduced in the model so that the samples are synchronized
with the ones from the relative position sensor and the tether
tension sensor. This makes it easier to combine measurements
from the different sensors in the controllers.

The measurement of the chaser’s attitude is parameterized
by the estimated attitude quaternion q̂ECI→SCB. The measured
angles are the actual angles affected by noise. Assuming that
the noise intensity is low, the small angle approximation can be
used in (6). The noise can then be expressed as a quaternion,
so that

qnoise =

[
1
vθ
2

]
, (17)

where vθ is a three element vector containing uncorrelated,
white, and Gaussian distributed noises with variance σ2

θ .
The measurements are made at discrete time instances and

a time delay is introduced, so that the estimated attitude
quaternion at sampling instance p becomes

q̂ECI→SCB(pTs) = qECI→SCB(pTs − tdelay)⊗ qnoise. (18)

The LVLH quaternion is assumed to be well-known (usage
of a Global Navigation Satellite System [GNSS] for instance1)
and is not affected by any disturbances. It is, however, sam-
pled and affected by delay. The measured LVLH quaternion
becomes

q̂ECI→LVLH(pTs) = qECI→LVLH(pTs − tdelay). (19)

The attitude rate is measured separately and thus requires its
own sensor model. The measurements ω̂ is the delayed and
sampled angular rate of the spacecraft body in the SCB frame
with added noise, so that

ω̂(pTs) = ω(pTs− tdelay) + vω(pTs), (20)

where vω is a vector of uncorrelated, white, and Gaussian
distributed noises with variance σ2

ω . The parameter values used
in the sensor models are shown in Table II.

2) The target’s relative position: To measure the target’s
position relative to the chaser, it is assumed that a vision based
sensor (VBS) is used. This sensor is assumed to estimate the
position of the target’s CoM in the chaser’s SCB frame by
measuring the range and the line of sight.

The sensor is pointing in a constant direction in the chaser’s
SCB frame, which means that the target’s position can be
easily rotated to the frame as seen by the sensor using a
constant and known quaternion qSCB→VBS. According to (8),
the estimated quaternion that describes the rotation of the VBS
frame relative to the ECI frame becomes

q̂ECI→VBS = q̂ECI→SCB ⊗ qSCB→VBS. (21)

In the frame seen by the VBS, the measured quantities are
the range to target d and the two angles φ and γ that represents
the line of sight to target, see Figure 6. The measurements are
taken in discrete time and they are affected by bias, noise, and
delay according to Table II. The target’s position in Cartesian
coordinates is then calculated using the relations

xt =d sinφ (22a)
yt =d sin γ (22b)

zt =d

√
1− sin2 φ− sin2 θ. (22c)

At last, the coordinates are rotated to the LVLH frame using
the estimated quaternion [26]

q̂VBS→LVLH = q̂∗ECI→VBS ⊗ q̂ECI→LVLH. (23)

Note that the quaternions used are estimated, which means
that attitude estimation errors affects the relative position

1Usage of a GNSS permits a position uncertainty in the order of tens of
meters. Integrated together with an Inertial Navigation System, an uncertainty
in the order of centimeters is achievable [28].
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eVBS
y

eVBS
x

eVBS
z

φ

γ

Target

(a)

eVBS
z

eVBS
x

eVBS
y

Target

φ

eVBS
z

eVBS
y

eVBS
x

Target

γ

(b) (c)

Figure 6. The target in the VBS coordinate system shown from three points
of view. The VBS is mounted at the origin and is looking along the z-axis,
why (a) shows how it sees the target in its field of view. eVBS

x , eVBS
y , and

eVBS
z denotes unit basis vectors in the frame seen by the VBS.

measurements. In practice, another source of error could be
inaccurate knowledge of the actual pointing direction of the
VBS in the SCB frame due to inexact mounting or hardware
imperfections.

The model, as implemented in the simulator, can be seen
in Figure 7.

3) The tether tension: This sensor outputs a boolean signal
that reveals if the tether is in tension or not. The signal is
sampled so that it updates the tether state at discrete time
instances. It is assumed that this sensor is exact, and thus not
under the influence of any disturbances. In practice, it would
be based on an extensometer whose output will not be exactly
zero even if the tether is to be regarded as slack, and a certain
tolerance must therefore be determined as a switching law for
the boolean signal.

Table II
PARAMETER VALUES USED IN THE SENSOR MODELS.

Parameter Notation Value

General

Sampling interval Ts 1 s

Delay tdelay 200 ms

Attitude sensor

Attitude error σθ
0.01
3

degrees per axis

Attitude rate error σω 0.004 degrees/s per axis

Relative position sensor

Range error σd
1
3

%

Range bias δd 0.5%

Line of sight error σφ,γ
0.5
3

degrees per axis

Line of sight bias δφ,γ 0.3 degrees per axis

Actual relative position vector
in ECI frame
rt − rc

q̂ECI→VBS

(x, y, z)⇒ (d, φ, γ)

Σ Π

Noise
vφ,γ

Bias
δφ,γ

Noise
1 + vd

100

Bias
1 + δd

100

Sampling and delay

(d, φ, γ)⇒ (x, y, z)

q̂VBS→LVLH

Measured relative position
(x̀t, ỳt, z̀t)

+

φ, γ d
+

+

Figure 7. The relative position sensor model. As can be seen in Table II, the
disturbances on the line of sight are absolute, while the disturbances on the
range to target are relative. vφ,γ and vd are uncorrelated, white, and Gaussian
distributed noises with variances σ2

φ,γ and σ2
d respectively.

III. CONTROLLER DESIGN

The strategy used to control the system is shown in Fig-
ure 8. Considering a multi-burn strategy with several perigee
lowering maneuvers performed at successive apogee passes,
the system must be able to safely orbit around the Earth in
a parking configuration in between the deorbit burns. Each
deorbit burn is then preceded by a preparation phase before the
main engines are started to perform the maneuver. Due to the
springback that occurs when the main engines are shut down
at the end of a deorbit burn, a stabilization phase is required
before the system returns to the parking configuration ready
to initiate the next burn.

When developing a control system for the mission, there is
a number of aspects that need to be considered. The dynamics
can be divided into two subsets: orbital relative motion and
tether interactions. Depending on the state of the system,
different subsets are governing of the overall dynamics. If
the tether is slack, the tether interactions can be neglected
and the system is well described taking into account only the
orbital dynamics. If the tether is taut, the overall dynamics are
governed by the tether interactions which gives rise to larger
accelerations than the contribution from the orbital dynamics.
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Parking
configuration

≈ l0
The stack is in between
deorbit burns and target
is kept at a distance
so that the tether is
slack but just enough
to avoid tangling the
tether around target. The
control system works to
maintain the target on the
LVLH x-axis and in the
VBS field of view as the
stack orbits around the
Earth.

Preparation

> l0

The chaser prepares the
stack for a deorbit burn
by using the RCS to
pretension the tether to
avoid jerks when starting
the deorbit burn. This is
assumed to be controlled
manually in open loop.

Deorbit burn

> l0

Momentum transfer to
target is initiated by
starting the main engines.
The control system works
to actively dampen out
the oscillations in the
tether, maintain the target
on the LVLH x-axis, and
to maintain the desired
thrust direction.

Stabilization

< l0

The main engines are
switched off, causing the
two satellites to approach
each other due to the
tensioned tether. The
control system works to
stabilize the stack and to
maintain the target on the
LVLH x-axis and in the
VBS field of view.

Figure 8. The control strategy with illustrations of the stack configuration in the different phases.

Assuming taut tether, so that l > l0, and neglecting the
damping in the expression for the tether force found in (2), the
equations describing the relative motion in (5) can be written
in component form as

ẍt =m̄kxt

(
l0√

x2
t + y2

t + z2
t

− 1

)
− ux

mc
(24a)

ÿt =m̄kyt

(
l0√

x2
t + y2

t + z2
t

− 1

)
−
uy

mc
(24b)

z̈t =m̄kzt

(
l0√

x2
t + y2

t + z2
t

− 1

)
− uz

mc
, (24c)

where m̄ = mc+mt
mcmt

; xt, yt, and zt are the components of the
target’s position in the LVLH frame; and ux, uy, and uz are the
components of the applied force on the chaser in the LVLH
frame. The massless tether model have been used here, since
the difference between the two tether models is assessed to be
small when the tether is taut. It can be seen that the dynamics
are non-linear and coupled. Thus, linearization is required to
allow for a linear frequency analysis.

A state vector x, which includes the components of the
target’s position and velocity in the LVLH frame (i.e. the
target’s relative position and velocity to the chaser); an input
vector u; and an output vector y are now defined as

x =


xt
ẋt
yt
ẏt
zt
żt

 , u =

ux
uy
uz

 , and y =

xt
yt
zt

 . (25)

By using a first order Taylor expansion, (24) is linearized

around an equilibrium point, defined as [29]

xeq =


xt,eq
ẋt,eq
yt,eq
ẏt,eq
zt,eq
żt,eq

 and ueq =

ux,eq
uy,eq
uz,eq

 . (26)

Note that during nominal burn conditions, the linearization
point will be the point where the tether force and the main
engine force have equal magnitude. The corresponding posi-
tion of the target on the LVLH x-axis can be calculated from
(24a) by letting yt = 0, zt = 0, and ẍt = 0, which gives

− kmc +mt

mcmt
(xt,eq − l0)−

ux,eq

mc
= 0. (27)

By letting ut,eq = −FME in (27), the equilibrium point is given
by

xt,eq = l0 +
FMEmt

k(mc +mt)
. (28)

The linearized system can now be written on state space
form as

˙̃x = Ax̃+Bũ (29a)
ỹ = Cx̃, (29b)

where x̃ = x − xeq, ũ = u − ueq, and ỹ = y − Cxeq are
the deviations from the equilibrium point; A is given in (31a),
where

κ =
m̄kl0

(x2
t,eq + y2

t,eq + z2
t,eq)3/2

; (30)
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and

B =



0 0 0
− 1
mc

0 0

0 0 0
0 − 1

mc
0

0 0 0
0 0 − 1

mc

 (31b)

C =

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

 . (31c)

A perigee lowering burn implies nominal burn conditions
as shown in Figure 9, with the burn direction being opposite
to the along track direction (i.e. in the negative x-direction
in the LVLH frame). The target is positioned on the x-axis
in the LVLH frame to line up the tether force with the main
engine force. By looking at (31a), it can be seen that during
nominal burn conditions, the linearized equations of motion
can be written in component form as

¨̃xt = −m̄kx̃t −
ũx

mc
(32a)

¨̃yt = m̄k

(
l0
xt,eq
− 1

)
ỹt −

ũy

mc
(32b)

¨̃zt = m̄k

(
l0
xt,eq
− 1

)
z̃t −

ũz

mc
, (32c)

where x̃t, ỹt, and z̃t are the components of x̃ describing the
target’s position and ũx, ũy, and ũz are the components of ũ.

Chaser
Target

FME

Ftether x

z

Figure 9. Nominal burn conditions where FME ‖ Ftether and main engine
force is aligned with the desired direction.

From (32a), it can be seen that the dynamics in the longi-
tudinal (along tether direction, i.e. x-direction) dynamics does
not depend on the linearization point, which implies that they
are linear. For this reason, the frequency response from applied
thrust in the x-direction, such as RCS forces or start/shutdown
of the main engine, to x-position is of second order and will
remain the same for different main force engine magnitudes.
The eigenfrequency is given by

ωx =
√
m̄k. (33)

On the other hand, (32b) and (32c) reveals that the dynamics
in the lateral directions (perpendicular to tether direction, i.e

y- and z-directions) depends on the linearization point, which
implies that there are non-linearities. The frequency response
in these directions will change with the main engine force
magnitude (i.e. the tension in the tether at equilibrium) and
the eigenfrequency is

ωy,z =

√
m̄k

(
1− l0

xt,eq

)
, (34)

which means that the dynamics correspond to a second order
integrator when xt,eq = l0. This can be seen in Figure 10,
where examples of the frequency responses in longitudinal and
lateral directions for different equilibrium points correspond-
ing to different main engine force magnitudes are shown.

100 101 102 103

10−9

10−7

10−5

M
ag

ni
tu

de
[d

B
]

Longitudinal frequency response

10−2 10−1 100

10−3

10−1

101

Frequency [rad/s]

M
ag

ni
tu

de
[d

B
]

Lateral frequency response

Figure 10. Frequency response using different linearization points correspond-
ing to main engine force magnitudes of 0 N (solid), 420 N (dashed), and 840
N (dotted).

The second order frequency responses implies that a step
in the input will result in an oscillating motion at the eigen-
frequency. Looking at the x-direction along the tether, this
means that starting the main engine will excite oscillation at
a frequency according to (33).

This oscillating motion needs to be taken into account in
order to ensure stability during burn. In practice, the tether
force will not be aligned with the chaser’s CoM at all times
(e.g. due to modeling errors regarding the CoM position),
implying that it will give rise to a torque acting on the chaser.
Hence, an oscillating tether force would mean that this torque
also oscillates. If not controlled properly, this would lead to
oscillations in the chaser attitude which, in turn, would cause
the burn direction to deviate from the desired direction.

A =


0 1 0 0 0 0

κ(y2
t,eq + z2

t,eq)− m̄k 0 −κxt,eqyt,eq 0 −κxt,eqzt,eq 0
0 0 0 1 0 0

−κyt,eqxt,eq 0 κ(x2
t,eq + z2

t,eq)− m̄k 0 −κyt,eqzt,eq 0
0 0 0 0 0 1

−κzt,eqxt,eq 0 −κzt,eqyt,eq 0 κ(x2
t,eq + y2

t,eq)− m̄k 0

 (31a)
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It is for this reason necessary to take this aspect into
consideration when designing the system, and two main ways
to do this are identified: to ensure that the frequency of the
oscillations is controllable, i.e. within the bandwidth of the
control loop; or to ensure that the amplitude of the oscillation
is low enough not to cause any problems even if not controlled.
A degree of freedom here is the tether properties. By looking
at (33) and recalling that k = Ea

l0
, it can be seen that the

eigenfrequency of the system can be changed by modifying
the length, cross sectional area, and material properties of the
tether.

Another issue that needs to be considered is the non-
linearity in the transitions between slack and taut tether. If the
tether is violently taut, it could cause jerks that are difficult
to handle. One possible way to alleviate this problem is to
pretension the tether before starting the deorbit burn to avoid
aggressive transitions from slack to taut tether.

A. Relative position control

Since the dynamics can be divided into two subsets, where
each describes the governing dynamics when the tether is taut
and slack, it is advantageous to control the system differently
depending on the system state. A switched controller with
modes for slack and taut tether is therefore proposed. By
describing the different dynamics on state space form, as in
(29), the controller modes can be designed using the same
method.

The linearized dynamics in case of a taut tether are de-
scribed on this form with system matrices according to (31).
An expression of the orbital relative motion dynamics is now
required in order to design the controller mode to be used in
case of a slack tether.

In the LVLH frame, the relative motion of two bodies
in circular orbit is well described by the following set of
equations, also known as the Clohessy-Wiltshire equations,
[20]

ẍ = 2ωż (35a)

ÿ = −ω2y (35b)

z̈ = −2ωẋ+ 3ω2z. (35c)

Here, ω =
√

µ
h3 is the orbital mean motion, where h is the

altitude of the orbit. Since (35) is already linear it can be
rewritten on state space form as in (29) by letting xeq = 0
and ueq = 0. The system matrices B and C becomes equal
as in (31b) and (31c) respectively, and

A =


0 1 0 0 0 0
0 0 0 0 0 2ω
0 0 0 1 0 0
0 0 −ω2 0 0 0
0 0 0 0 0 1
0 −2ω 0 0 3ω2 0

 . (36)

The system is under the influence of disturbances, such
as modeling errors and measurement noise. Due to model
uncertainties, the steady state length of the tether during
burn cannot be certainly known in practice. This makes it

difficult to control the relative position in the direction of
the tether, since the reference distance would be unknown.
In addition, not all states are measurable since the relative
position sensor provides only the relative position of the
target, but not the relative velocity. One possible solution is
to estimate the relative velocity, so that the controller can
be designed to control the derivative of the x-component of
the target’s relative position. This eliminates the need of a
reference distance in this direction and enables control of the
oscillations at beginning of deorbit burn, while keeping the
target on the LVLH x-axis. By this reasoning, an LQG (linear-
quadratic Gaussian) controller is proposed, which can take into
account the disturbances and estimate the full state vector to
enable state feedback [30].

In this case there are two input sources: the force from
the main engines and the force from the RCS; both acting on
the chaser’s spacecraft body. The contributions from these two
sources are known, but only the RCS forces are controllable in
the control loop since the main engines will provide constant
force during a predetermined period of time.

The force from the main engines is taken into account
when linearizing the system by using two linearization points;
one being the equilibrium with active main engines and the
other being the equilibrium point with inactive main engines.
In this way, the linearization point will be closer to the
actual operation point making the linear approximation more
conforming to the actual non-linear dynamics. In both cases
the linearizations are made around points on the LVLH x-axis.

The result is three different controllers in between which
switching is made according to the rules shown in Figure 11.
The linearization points xeq and ueq are chosen for each
controller in the following way:

Controller 1: Slack tether
In this case the system need not to be linearized and hence
xeq = 06×1 and ueq = 03×1.

Controller 2a: Taut tether and main engines turned off
The linearization point is the point where the tether is at
its nominal length and the target is on the LVLH x-axis.
Hence,

xeq =

[
l0

05×1

]
and ueq = 03×1. (37)

Controller 2b: Taut tether and main engines turned on
The linearization point is chosen so that the system is in
equilibrium according to (28) with

ueq =

−FME
0
0

 , so that xeq =

[
l0 + FMEmt

k(mc+mt)

05×1

]
.

(38)

To design the three LQG controllers, the state space models
are extended with disturbance models so that the system is
described by [30]

˙̃x = Ax̃+Bũ+Nv1 (39a)
z̃ = M x̃ (39b)
ỹ = Cx̃+ v2, (39c)
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Controller 1
Designed using

slack tether dynamics.

Controller 2b
Designed using

taut tether dynamics.
Linearized around

ueq =

−FME
0
0



Controller 2a
Designed using

taut tether dynamics.
Linearized around

xeq =

[
l0

05×1

]

Main engines on?

Tether
slackens

Tether
slackens

Main engines
turned on

Main engines
turned off

Tether is
tensioned

YesNo

Figure 11. The three relative position controllers and their switching rules.

where v1 is a process noise vector and v2 is a measure-
ment noise vector, both consisting of uncorrelated, white, and
Gaussian distributed noises with covariance matrices R1 and
R2 respectively. The matrix N has been introduced to define
how the process noise affects the state vector. Furthermore,
the vector z̃ is the quantities to be controlled expressed as
deviations from the linearization point, so that z̃ = z−Mxeq.

The matrices M and A are different depending on which of
the three controllers that is being designed: for controllers 1
and 2a, M is chosen so that the relative position of the target
is controlled, and A is given by (36); and for controller 2b,
M is chosen so that the target relative velocity is controlled
in the x-direction together with the relative position in the y-
and z-directions, and A is given by (31a). Table III shows how
M is composed.

The measurement noise covariance matrix R2 is derived
from the disturbance specifications given in Table II. Using the
small angle approximation, the line of sight errors are assumed
to produce errors on the y- and z-coordinates provided by the
VBS. Hence, the standard deviation is approximated as

σy = σz = σφ,γ
π

180
l0. (40)

The range error is assumed to produce error on the x-
coordinate only, so that

σx =
σd

100
l0. (41)

R2 can now be constructed as shown in Table III, where
also R1 is shown. The latter is tuned to achieve desirable
performance in the state estimation.

By introducing xref as the reference signal, the control error
for the system in (39) can be expressed as z − zref, where
zref = Mxref. A design criteria is now setup on the form [30]

min

∫
(z − zref)

TQ1(z − zref) + ũTQ2ũdt, (42)

where Q1 and Q2 are constant cost matrices describing how
control error and control effort ũ are penalized. These matrices

thus governs the control performance and they are tuned to
achieve a cautious and not to aggressive control, but yet fast
enough to react firmly to the springbacks due to tether tension.
In order to effectively cancel out the oscillations during a
deorbit burn, Q1 is slightly different for controller 2b; a higher
cost is associated with the target’s relative velocity in the x-
direction compared to costs on other states and for the other
two controllers, see Table III.

Table III
THE MATRICES USED WHEN DESIGNING THE LQG CONTROLLERS. Q2 ,

R1 , AND R2 ARE THE SAME FOR ALL THREE CONTROLLERS.

Controllers 1 & 2a Controller 2b

M =
[
1 0 0 0 0 0
0 0 1 0 0 0
0 0 0 0 1 0

]
M =

[
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 0 1 0

]
Q1 =

[
10 0 0
0 10 0
0 0 10

]
Q1 =

[
5·103 0 0

0 10 0
0 0 10

]
Q2 =

[
1 0 0
0 1 0
0 0 1

]
R1 =

[
10−6 0 0

0 10−6 0
0 0 10−6

]

R2 =

 σ2
x 0 0

0 σ2
y 0

0 0 σ2
z



The associated matrix Riccati equations [30]

AP + PAT +NR1N
T − (PCT )R−1

2 (PCT )T = 0 (43a)

ATS + SA+MTQ1M − SBQ−1
2 BTS = 0 (43b)

are then solved to obtain the optimal steady state Kalman
gain matrix K and the optimal state feedback gain matrix L
according to [30]

L = Q−1
2 BTS (44a)

K = (PCT )R−1
2 . (44b)

The closed loop system, as modeled here, is shown in Fig-
ure 12.

The state space model for a controller becomes [30]

x̂ = (A−KC −BL)︸ ︷︷ ︸
Γ

x̂+Kỹ (45a)

ũ = −Lx̂, (45b)

where x̂ is the estimated state vector, and the corresponding
discrete time Kalman gain matrix Kd and feedback gain matrix
Ld is then found by discretization of (45) using zero order hold
into [29]

x̂p+1 = Γdx̂p +Kdỹp (46a)
ũp = −Ldx̂p, (46b)

where [·]p denotes sampling instance. Similarly, the corre-
sponding system on the form as in (29) is discretized into

˙̃xp+1 = Adx̃p +Bdũp (47a)
ỹp = Cdx̃p (47b)
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Figure 12. The relative position control loop, as modeled when designing the
controllers.

to obtain the last matrices required for a complete closed loop
implementation in discrete time.

This design process is then carried out for each of the three
controllers, resulting in three different Kalman gain matrices
and three different state feedback matrices.

Before implementing the controllers in the simulator, it must
be taken into consideration that the tether is connected at
a point offset from the CoM. The operating points for the
controllers, here introduced as xop, can therefore not be equal
to the linearization points. This is solved by displacing them
so that

xop = xeq +

[
‖ρtether‖
05×1

]
. (48)

This means that the internal models in the Kalman filters are
calculated using xeq, while the controllers are working around
xop in the simulator. It must also be taken into account that the
controllers are working in the LVLH frame while the available
force from the RCS is defined in the SCB frame. This means
that the force demand must be temporarily converted to the
SCB frame to be properly saturated.

B. Attitude control

The main purpose of the attitude controller is to maintain
a stable attitude throughout the mission. This is important in
order to maintain the target in the field of view of the VBS and
crucial during the deorbit burns to make sure that the thrust
direction is as close to the desired one as possible. Hence, the
attitude controller must be able to cope with the torques that
the tether exerts on the chaser.

The sensors provides measurements of both the attitude
and the attitude rate, which makes for good opportunities to
achieve well-performing control based directly on these mea-
surements. A proportional-integral-derivative (PID) controller
has advantages of being simple and allows using straightfor-
ward pole placement. By using PID control together with pole

placement it becomes easy to overview and determine system
performance.

A complication, however, is that the attitude dynamics are
affected by the tether. It is for this reason expected that the
attitude dynamics will be significantly different depending on
whether the tether is taut or slack. Related to this is the
oscillations in the tether caused by ignition of the main engines
at start of deorbit burn, which could possibly create oscillating
torques acting on the chaser. Another problem is that the
actuators are limited in the amount of torque they can provide
which could cause windup problems in the integrating part of
a PID controller during actuator saturation.

This leads to the approach of using two switched
proportional-integral-derivative (PID) controllers with anti-
windup functionality. One controller with higher bandwidth is
used during deorbit burn to handle the more aggressive dynam-
ics associated with the tether. The other is used otherwise to
avoid actuating the system at unnecessarily high frequencies,
thereby preventing excessive fuel expenditure.

The controller is working in the chaser’s SCB frame and
inputs are the angle error vector and rate error vector and the
output is a vector of demanded torques, see Figure 13.The
angle error is calculated by comparing the estimated attitude
quaternion with a reference attitude quaternion. The refer-
ence attitude quaternion describes a desired attitude of the
spacecraft body relative to the LVLH frame and is denoted
qLVLH→SCBref .

The estimated error quaternion is then found to be[
∆q̂0

∆q̂

]
= q̂∗ECI→SCB ⊗ (q̂ECI→LVLH ⊗ qLVLH→SCBref), (49)

where the quaternion has been divided into one scalar part and
one vector part.

Looking at (6), it can be seen that the same rotation can be
represented by two quaternions where one equals the other
with the opposite sign on all elements. Hence, the error
quaternion is defined as[

|∆q̂0|
sign(∆q̂0)∆q̂

]
=

[
cos ∆θ̂

2

ν̂θ sin ∆θ̂
2

]
, (50)

where ν̂θ is the estimated rotation axis and ∆θ̂ is the estimated
rotation angle about that axis [26]. Here, | · | denotes the
absolute value.

Assuming that the rotation is small, (50) can be approxi-
mated as [

|∆q̂0|
sign(∆q̂0)∆q̂

]
≈
[

1
∆θ̂
2

]
, (51)

where ∆θ̂ are the estimated error angles in the SCB frame.
By using (51), the estimated error angles are calculated from

the error quaternion found in (49), so that

∆θ̂ = 2 sign(∆q̂0)∆q̂. (52)

Similarly, the rate error is found by comparing the measured
angular rate in the SCB frame with a desired rate. The desired
rate is assumed to be constant in the LVLH frame and needs
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to be transformed into the SCB frame using the estimated
quaternion

q̂LVLH→SCB = q̂∗ECI→LVLH ⊗ q̂ECI→SCB. (53)

This yields an estimated reference angular rate ω̂ref expressed
in SCB frame and the estimated error rate becomes

∆ω̂ = ω̂ref − ω̂, (54)

where ω̂ is the measured angular rate in the SCB frame.
The gains of the PID controller are found using pole

placement [31]. By choosing the angular acceleration as input
and the attitude angle as output, the plant to be controlled is
modeled as

P (s) =
1

s2
. (55)

The transfer function of the PID controller is

C(s) = KP +KDs+KI
1

s
(56)

and the closed loop transfer function becomes

Gc(s) =
P (s)C(s)

1 + P (s)C(s)

=
KDs

2 +KPs+KI

s3 +KDs2 +KPs+KI
,

(57)

which is a third order system. A suitable closed loop charac-
teristic equation for such a system is [31]

(s+ αω0)(s2 + 2ζω0s+ ω2
0) = 0, (58)

which has two poles in ω0(−ζ ± i
√

1− ζ2 ) and a third
real pole in −αω0. Comparison of the coefficients in the
denominator in (57) with the coefficients in the expansion of
(58) gives the gains to use in the PID controller as

KI = αω3
0 (59a)

KP = ω2
0(1 + 2ζα) (59b)

KD = ω0(2ζ + α). (59c)

Due to limitations in available control torque, anti-windup is
implemented by means of back-calculation with the coefficient
Kaw [31]. Recalling that the system model used here takes the
angular acceleration as input, the output from the controller
is multiplied with the moments of inertia to give the torque
demand. A block diagram of the controller is shown in
Figure 13.

C. Decoupling of attitude and position dynamics during de-
orbit burn

Because of the offset between the tether connection point
and the chaser’s CoM, there is a coupling between the trans-
lational (relative position) dynamics and attitude dynamics as
soon as there is a deviation from the nominal burn conditions,
see Figures 14 and 15.

The influence from the couplings are reduced in the con-
troller by using feedforward. Using knowledge of the attitude,
the undesired accelerations from a misalignment in the burn
direction can be counteracted by using the RCS. The same
is valid when the target’s position deviates from the desired
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Figure 13. The discrete time PID controller used for attitude control.
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Figure 14. Coupling from translational to attitude dynamics. Desired burn
direction is maintained but the target is not aligned with the tether connection
point and the chaser’s CoM. This gives rise to a torque acting on the chaser.
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Figure 15. Coupling from attitude to translational dynamics. The chaser is
pointing in the wrong direction which gives rise to accelerations in LVLH
y-z plane and thus deviations from the linearization point.
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position. In this case, the expected torque from the tether can
be calculated and a counteracting torque can be applied using
the RCS. Hence, feedforward control is required both in the
relative position controller and in the attitude controller.

1) Relative position control: In the relative position con-
troller, the feedforward part is active during deorbit burn. It is
implemented by calculating the deviations from ueq caused by
an attitude error. The unit vector expressing the direction of
action for the main engine force in the LVLH frame eMELVLH

is found by using (7) and (9) with the quaternion from (53).
The main engine force vector in the LVLH frame becomes

FMELVLH = FMEeMELVLH . (60)

This force is then compared to the desired force, so that

F̃ME = FMELVLH − FME

−1
0
0

 . (61)

The relative position controller is now extended, so that the
force required to counteract F̃ME is added to the RCS force
demand from the state feedback uL. The saturation is taken
into account by feeding the Kalman filter with the actual forces
acting on the spacecraft, i.e. both the RCS forces and the main
engine forces. Hence, the input to the Kalman filter is

uact = Sat(uL − F̃ME) + F̃ME, (62)

where the saturation is done in the SCB frame, see Figure 16.
Thus, when the saturation is inactive F̃ME is fully counteracted
and the Kalman filter only receives the demanded force from
feedback, so that uact = uL. When the saturation is active,
the Kalman filter receives not only ucom, but also the force
that cannot be counteracted due to the saturation. This is then
taken into account in the state propagation, so that uact =
ucom + F̃ME.

When implemented in the simulator, the commanded RCS
force is rotated to the ECI frame before it is fed into the
spacecraft dynamics part of the simulator. Also, the inputs
to the controller becomes the measurements from the VBS.
Figure 16 shows how the relative position controller, extended
with feedforward, is implemented in the simulator.

2) Attitude control: Feedforward in the attitude controller is
implemented by compensation of the torque that is created by
the tether force during burn. This means that the feedforward
part is active only when performing a deorbit burn. The unit
vector expressing the expected direction of action for the tether
force in the LVLH frame is determined from the target’s
estimated position as

êtLVLH =

[
x̂t ŷt ẑt

]T
‖x̂t ŷt ẑt‖

. (63)

By using the quaternion from (53), this is rotated to the SCB
frame according to (7) to yield êtSCB .

The magnitude of the force is assumed to be the tether force
at steady state, i.e. when any oscillations have been dampened
out. In practice, the magnitude of the force will change over
time, why this assumption makes it impossible to completely
cancel out the torque at all times. It will, however, act as a
compensation.

xref
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q̂LVLH→SCB

Saturation

q̂SCB→LVLH
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ΣKalman filter

[
x̀t ỳt z̀t

]T

Σ
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uact
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+ −

+

x̂

Figure 16. The relative position controller, as implemented in the simulator,
extended with feedforward link. The Kalman filter is working around the
operation point xop and the force demand is temporarily converted to the
SCB frame for proper saturation. ucom is the commanded RCS force and is
converted to the ECI frame before fed to the spacecraft dynamics model.

This force can be calculated in a similar way as in (27) and
(28), which gives the steady state tether force as

Ftetherss = k(xt − l0) = FME
mt

mc +mt
. (64)

The expected torque on the chaser from the tether then
becomes

T̂tether = ρtether × Ftetherss êtSCB , (65)

where ρtether is the tether connection point in the SCB frame.
To prevent high frequency content from the attitude mea-

surement passing through to the control signal, the expected
torque is filtered through a low pass filter defined in the
Laplace domain as

Flp(s) =
1

τlps+ 1
, (66)

where τlp is the time constant of the filter; here chosen to be
100 s. This avoids high frequency changes in the RCS, and
thus prevents unnecessary fuel expenditure. At last, the signal
is discretized using zero order hold before implemented in the
model [29].
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The required counteraction torque is then added to the
demanded torque from the feedback part TdemPID , so that the
total torque demand from the RCS becomes

Tdem = TdemPID − T̂tether. (67)

IV. RESULTS

A. Comparison of the tether models

Simulations using both the massless tether model and the
lumped mass tether model are run to compare the models. The
tether properties used in the simulations are shown in Table IV.

Table IV
TETHER PROPERTIES USED IN THE SIMULATIONS FOR MODEL

COMPARISON.

Parameter Notation Value

Nominal length l0 200 m

Cross sectional area a 20 mm2

Young’s modulus E 100 MPa

Damping coefficient b 0.3 Ns/m

Mass mtether 5 kg

The simulations are run for 300 seconds with the main
engines constantly on and without any active control system.
The initial altitude is set to be 800 km and the initial velocities
of the spacecraft are equal and in accordance to a circular
orbit. In the simulations with the lumped mass model, the
initial conditions are such that each tether node has equal
velocity as the spacecraft and the nodes are evenly spaced over
the distance between the spacecraft. Furthermore, the initial
distance between the two masses is set to be 190 meters to
capture the dynamics in the transitions between slack and taut
tether. This causes the system to shift between slack and taut
tether. Orbital accelerations are taken into account, both on the
end masses and on the massive nodes in case of the lumped
mass model. The Runge-Kutta method is used to propagate
the differential equations.

The lumped mass model becomes stiff, due to small inertia
in the nodes compared to the end masses. Thus, a higher
sampling frequency is required compared to when using the
massless model. The required frequency also gets higher with
an increased number of nodes, since the inertia in each node
decreases.

In order to enable assessment of required sampling fre-
quencies for different number of elements, a reference dataset
of how the relative distance between the chaser and the
target evolves over time is created using the massless tether
model with a sampling frequency of 100 Hz. Simulations
are then run using the lumped mass model with different
number of elements and different sampling frequencies. The
relative distance is sampled at a frequency of 100 Hz during
all simulations, making the number of generated data points
equal.

The acquired datasets are then compared to the reference
dataset by calculating the root mean square (RMS) difference
as

εRMS =

√√√√ 1

Nd

Nd∑
n=1

(ξn − ξref
n )2, (68)

where Nd is the number of data points, and ξn and ξref
n are the

relative distances between the spacecraft using the massless
model and the selected lumped mass model respectively. A
lower value on εRMS thus means that the resemblance with the
reference simulation is high.

The number of elements is increased from two up to 64 and
the sampling frequency is increased from 103 Hz to 106 Hz.
The results are shown in Table V.

Table V
THE RMS DIFFERENCE [M] AND THE CHANGE (GRAY SHADED) WHEN

INCREASING THE SAMPLING FREQUENCY FOR THE DIFFERENT LUMPED
MASS MODELS COMPARED TO THE MASSLESS MODEL WITH SAMPLING

FREQUENCY 100 HZ.

No. of
elements

Sampling frequency [Hz]

103 104 105 106

2 1.5214 1.4953 1.4926 1.4923

- -0.026 -0.003 -0.000

4 2.0364 1.8733 1.8592 1.8572

- -0.163 -0.014 -0.002

8 2.2737 1.7097 1.6816 1.6790

- -0.564 -0.028 -0.003

16 15.9636 2.0911 2.0132∗ 2.0146

- -13.873 -0.078 0.001

64 -† 9.0691 1.7711 1.7524

- - -7.298 -0.019

∗ It is unclear why this is smaller compared to when using higher sampling
frequency. A possible explanation could be numerical errors in the simulator,
such as round-off.
† This resulted in error during simulation as one or more states diverged,
which is a consequence from the sampling frequency being too low.

It can be seen that the RMS difference decreases with
increased sampling frequency. By looking at the different
numbers of elements, the results show that the lumped mass
model with two elements gives the best correspondence to
the massless model. However, this does not mean that two
elements gives the most realistic model. Reasonably, a higher
number of elements should imply that the model better re-
sembles an actual physical tether where the mass is equally
distributed along the length. By this reasoning, nothing can be
said about the true difference from reality for each model due
to lack of empiricism.

The values in Table V can, however, be used to determine
the minimum sampling frequency in order be sure that the
differential equations can be solved with sufficient accuracy.
Since a higher sampling frequency means more computations,
this becomes a trade-off between the time it takes to run a
simulation and the accuracy in the propagation of the differen-
tial equations. It should also be taken into consideration that a
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higher number of elements increases the degrees of freedom in
the model, requiring more computations. It is desirable to use
a sampling frequency that is high enough to provide reliability
in terms of accuracy, but low enough to avoid unreasonably
or unnecessarily long simulation times.

For all numbers of elements, it can be seen that the resem-
blance with the reference simulation converges towards some
value when the sampling frequency is increased. If increasing
the frequency results in a significantly lower value compared
to for the lower frequency, this indicates that εRMS has not
yet converged and the results of the simulation is not reliable.
For instance, this behavior can be seen when increasing the
sampling frequency from 103 Hz to 104 Hz in the model with
8 or 16 elements or when increasing the frequency from 104

Hz to 105 Hz in the model with 64 elements. This can be
compared to when the frequency is increased from 105 Hz to
106 Hz in the model with two elements where the decrease in
RMS difference is small.

Hence, the difference in εRMS when increasing the sampling
frequency can be used as a quantitative measurement of the
accuracy convergence by comparing it to a criteria. This cri-
teria is defined so that the accuracy has converged sufficiently
to be able to rely on the model if the change in εRMS when
increasing the frequency from f1 to f2 fulfills

|εRMS(f2)− εRMS(f1)| ≤ 0.05 m. (69)

The required frequencies using this criteria is shown in
Table VI, where it can be seen that it follows the expected
pattern with an increased frequency as the number of elements
is increased. Based on the assumption that a higher number of
elements better resembles an actual physical tether, the model
with 64 elements would be the best choice. The results show
that decreasing the number to 16 elements would not allow
for a lower frequency, which suggests that the model with 64
elements is the better one out of these two. If one prioritizes
simulation time, the number of elements can be decreased to
16 to reduce the degrees of freedom or to four or eight to also
allow for a lower sampling frequency.

Table VI
THE REQUIRED SAMPLING FREQUENCY FOR DIFFERENT NUMBERS OF

ELEMENTS WHEN USING THE LUMPED MASS MODEL.

No. of
elements

Required
frequency [Hz]

2 104

4 105

8 105

16 106

64 106

Considering that the 64 element model should provide the
closest resemblance to reality, that particular simulation is
compared to the massless tether model in Figure 17. It can be
seen that the models gives similar results. Based on the facts
that the lumped mass model is simulated using a frequency
104 times as high, resulting in remarkably higher simulation

time, and that the complexity of this model is higher, the
assessment is that the massless model is advantageous over
the lumped mass model when designing the controller and
running simulations. The lumped mass model can, however,
be useful for verifying simulations or when the simulation time
is not prioritized.

It should also be noted that since the tether inertia is
neglected in the massless model, it is reasonable to assume
that the difference will be larger for larger tether masses.
In addition, a higher tether mass counteracts the stiffness of
the model. Hence, the lumped mass model might be more
rewarding in case of a larger tether mass. In this regard, the
material and the dimensions of the tether becomes interesting.
Assuming that some aramid fiber is used, such as Kevlar R©
or Technora R© with densities of 1.44 g/cm3 and 1.39 g/cm3

respectively, the mass of a tether with cross sectional area as
in Table IV would be slightly less than 30 g/m [32, 33]. This
is close to what has been used in the simulations but it should
be mentioned that the flexibility of the tether used here has
been intentionally exaggerated to expose differences between
the models. This has been done by using a lower value on
Young’s modulus than that for Kevlar or Technora, why it
cannot be said that any of these materials has been assumed
here [32, 33].
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Figure 17. Distance between the two spacecraft when using the massless
tether model with a sampling frequency of 100 Hz (solid) and the lumped
mass tether model with 64 elements and a sampling frequency of 106 Hz
(dashed). One period of the oscillations is shown.

B. Closed loop simulation

To evaluate the closed loop performance with the devel-
oped control system, a simulation is run using the following
procedure:
Initial conditions

The initial altitude is 800 km and the velocities of the
spacecraft are set to be equal and in accordance with a
circular orbit. The target is positioned at the LVLH x-
axis and the tether is assumed to be tensioned using a
net force from the RCS in the negative x-direciton in
the LVLH frame with magnitude 20 N. Furthermore, the
chaser is oriented according to nominal burn conditions,
meaning that the tether connection point is lined up with
the target and the origin of the SCB frame. According to
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(27), the state vector when the tether force is balancing
the RCS force becomes

xinit
t =

l0 + ‖ρtether‖+ 20
mt

k(mc +mt)
05×1

 , (70)

where ‖ρtether‖ has been included to take into account the
location of the tether connection point.

Deorbit burn
The main engines are started immediately and shut down,
after a duration of 20 minutes, at 1200 s. Relative position
controller 2b is active and receives the reference signal

xref =

[
l0 + ‖ρtether‖

05×1

]
. (71)

Since the controller is designed to control the second,
third, and fifth state, the controller works to counteract
the target’s velocity in the x-direction and the position in
the y-z plane.

Stabilization
This phase lasts for 5 minutes between 1200 s and 1800 s.
To avoid jerks as the controller brings the system back to
a steady state, the reference signal to the relative position
controller implies a distance to target which is slightly
lower than the nominal tether length, so that

xstabilization
ref = xref −

[
1

05×1

]
. (72)

Parking configuration
After 1800 s, the relative position controller is set to bring
the system back to the parking configuration where the
tether is equal to its nominal length. The reference signal
is reset to xref. Since the first, third, and fifth state is
controlled, the relative position is controlled in all three
dimensions.

In addition to the chaser and target properties given in Ta-
ble I, the tether is here assumed to have properties as described
in Table VII. Note that these properties are similar to those
of Kevlar or Technora and thus reflects a practically feasible
tether [32, 33]. The mass of a tether made of any of these
materials and with these dimensions would be approximately
300 g, which implies that there is little or no reason to use
the lumped mass tether model.

Table VII
TETHER PROPERTIES USED IN THE CLOSED LOOP SIMULATIONS.

Parameter Notation Value

Nominal length l0 70 m

Cross sectional area a π mm2

Young’s modulus E 73.3 GPa

Damping coefficient b 0.3 Ns/m

Breaking strength - 3.4 GPa

A modeling error is introduced regarding the chaser’s CoM
position. Nominally, this is assumed to be at the origin of
the SCB frame. The error is introduced by letting the actual
CoM position in SCB frame be offset from the origin. This

introduces disturbance torques on the chaser, since the forces
from the tether and the main engines will not be aligned with
the CoM at the nominal burn conditions. The CoM is therefore
displaced in a direction perpendicular to the line of action of
the forces from the main engines and tether, so that

ρCoM = ρCoMeMESCB ×

0
1
0

 , (73)

where ρCoM is the distance to the actual CoM position from
the nominal position, whose value is chosen to be 2 cm.

Figure 18 shows the x-component of the target’s position in
the LVLH frame immediately after starting the main engines
to point out how the control system actively dampens out the
oscillations. Furthermore, Figures 19 and 20 shows the target’s
position in the LVLH frame and the applied force from the
RCS in the SCB frame respectively, and Figures 21 and 22
shows the chaser’s attitude error and the applied torque from
the RCS in the SCB frame respectively.

The results shows that the control system is able to handle a
deorbit burn with modeling errors regarding the CoM position.
The tether becomes slack for some time during the stabiliza-
tion phase, which is due to the initial tension in the tether
forcing the two satellites to approach each other. The system
is safely brought back to parking configuration, meaning that
it is compatible with a multi-burn strategy.

The maximum tension in the tether is approximately 450
MPa, which is well below the breaking strength.
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Figure 18. The target’s x-position in the LVLH frame immediately after
initiating a deorbit burn. Note that the initial distance is 71.078 m > l0 due
to pretensioning and the fact that the distance from the chaser’s CoM to the
target is shown.

V. DISCUSSION

Throughout this section, limitations in the simulator and the
control system created as part of this study are discussed from
a critical point of view and suggestions for future work are
presented.

A. Limitations of the simulator

The rotational dynamics of the target has been left out in
this study, mainly due to the fact that the connection point
of the tether on the target’s spacecraft body is difficult to
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Figure 19. The target’s relative position in the LVLH frame.
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Figure 20. The applied force from the RCS in the SCB frame.

define properly. This connection point is highly dependent
on the capture mechanism used. A suggested method is to
capture the target using a net, which would probably result
in a connection point that is flexible instead of fixed in the
target’s SCB frame. It has been assessed that in order to get an
adequate model of the target’s rotational motion, the behavior
of the connection point needs to be modeled in some way. This
requires extensive models of the net and the target’s spacecraft
body, which places it outside of the scope of this study.

There is, however, reason to believe that this could be of
great importance when studying this mission, especially since
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Figure 21. The chaser’s attitude error in the SCB frame.
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Figure 22. The applied torque from the RCS in the SCB frame.

the target is relatively large both in size and mass. An example
of a problem related to this is tangling the tether around the
target. Another is when angular momentum from the target is
transferred to the chaser via the tether as the tether connection
point moves when the target rotates. In practice, this means
that the rotational motion of the target most certainly needs to
be controlled in some way. It is therefore suggested that this
is taken into account in future studies.

Air drag has also not been modeled, mainly due to lack
of a model of the rotational dynamics of the target. The air
drag strongly depends on the drag coefficients, which usually
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varies with the spacecraft attitudes. This means that models
of the rotational dynamics are required to model the air drag
in a meaningful way. Since the target is significantly larger in
size than the chaser, it is likely that the greatest contribution
from air drag arises here. Also, it is not sensible to model
air drag only for the chaser. It has therefore been assessed
that modeling the air drag would not improve the overall
performance of the simulator given the current circumstances.
The influence of air drag could, however, be significant as
the altitude of the stack gets lower at the end of the deorbit
phase. Hence, this is a reason to model the rotational motion
of the target and thus enable the extension of the simulator by
modeling the air drag in order to improve the scope of validity.

The model of the Earth’s gravitational field used in this
study is a relatively simple two-body model. This has been
chosen mainly due to the short duration of the mission which
means that perturbations, such as Earth oblateness effects,
does not have a significant impact on the orbital motion.
However, more extensive models could be used with the cost
of added computational complexity. Related to this is the effect
of gravitational fields from other bodies, such as the Moon,
which has not been studied here.

Another limitation is imposed by the simplifications made in
the models of the thrusters. In practice, the thruster forces are
controlled using pulse-width modulation (PWM) to achieve
an average force over time equal to the commanded force.
There is therefore not only an upper threshold on the available
force for a thruster, but also a lower threshold associated with
the shortest possible pulse time. There is also uncertainties in
the average thrust level, meaning that the actual thrust level
is unknown. The lower average force threshold has not been
modeled, nor any uncertainties, and it has been assumed that
the thruster will provide any commanded force between zero
and the upper threshold without any error. Related to this is
the fact that an RCS is, in practice, made up of a constellation
of thrusters placed strategically on the vehicle and there is a
system that commands each individual thruster to achieve a
net force or torque acting on the vehicle. This distribution of
actuator commands has not been modeled, and it has been
assumed that the thruster constellation provides the desired
forces and torques without any spillover. The actuators are, of
course, important to capture the true dynamics of the system
and it would for this reason be advantageous to model the
distribution of actuator commands in the RCS as well as the
PWM of the thrusters.

At last, the lack of a model for the VBS should be
mentioned. The VBS is an advanced system with a camera
and possible aiding equipment, such as artificial light sources
at different wavelengths or traceable objects on the target (i.e.
reflective objects placed on the net in this particular mission),
and image recognition software to determine the location of
specific parts of the target’s spacecraft body in the field of
view. Such a system comes with major difficulties and there
are several possible error sources in the determination of, in
this case, the target’s CoM position. Some disturbances have
been included in the model of the VBS in this study, but
these are not based on any empiricism. No model of how
the VBS actually determines the target’s CoM position using

image recognition and camera hardware have been developed.
The performance of the VBS and the possibilities to accurately
determine the target’s CoM position is crucial to the achievable
control performance, why it is suggested to investigate this in
more detail when further studying this kind of mission.

The fact that the mission relies on such a complex system
as a VBS may be seen as one of the major drawbacks of
this particular method for ADR. It should, however, be noted
that also alternative methods often requires capturing the target
in one way or another to enable momentum transfer, meaning
that they too require accurate knowledge of the target’s relative
position and attitude. An example of an alternative method is
to use a robotic arm to grasp the target, which would likely
require an even more precise knowledge of the target’s attitude
and rotational motion together with a higher reliability of the
VBS since the chaser is operating in close proximity to the
target.

B. Control system considerations

In this study, the control system consist of two separate
controllers extended with feedforward parts to handle the
couplings. A suggestion for future studies is to use a single
controller for both orbital motion and attitude. This could be
done by setting up a combined model which includes both
attitude and translational dynamics as well as the coupling in
between. In this way, the couplings can be handled in a more
implicit way in the controller and the need for separate feedfor-
ward cross-connections between the two separate controllers
can be eliminated.

A suggestion for addition to the current control system is a
filter on the feedforward part that takes care of the decoupling
in the relative position controller. Currently, this is done by
means of a low pass filter in the attitude controller to reduce
the required torque and avoid unnecessary fuel expenditure.
There is reason to believe that similar benefits can be obtained
by using a suitable filter in the relative position controller as
well.

In regard to the control strategy, it has here been assumed
that the pretensioning in the preparation phase can be con-
trolled in open loop. Problems may arise in case of a stiff
tether, as it would be important that the transition from slack
to taut tether is cautious. One solution could be to let the
control system control the target’s y- and z-position in the
LVLH frame in closed loop, while ramping up the force from
the RCS in the negative x-direction with a bandwidth lower
than the eigenfrequency of the system in this direction. This
would also allow for doing this automatically. It is considered
possible to solve and should not affect the validity of the
results of this study.

Another aspect related to the stiffness of the tether is the
sensitivity of the VBS and the tether tension sensor. A stiff
tether would not elongate as much as if it were more flexible,
which means that only a small elongation would separate a
taut tether from a slack and the amplitude of the oscillations
would be smaller. This places demands on the sensitivities of
these sensors in order to deliver adequate measurements to the
control system.
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An interesting aspect that arose in this study is the impor-
tance of the eigenfrequency in the two-mass spring system
that is made up by the stack. This frequency has shown
to be important because it affects both the possibilities and
the requirements for the control system. A stiff tether that
gives a high frequency above the bandwidth of the control
loop could cause problems when it leads to oscillations in
attitude and thus oscillations in the thrust direction of the
main engines. This reduces the efficiency of the deorbit burn
since ∆v is applied in undesired directions. It also means that
the attachment point of the tether on the spacecraft bodies
will be affected by more aggressive forces and jerks arising
from transitions between slack and taut tether will be more
difficult to handle. On the other hand, a more flexible tether,
and consequently a lower frequency, leads to higher amplitude
oscillations and more energy stored in the tether. This could
cause problems, both when controlling the oscillations and
also when handling the springback that occurs when the main
engines are shut down. More energy stored in the tether means
a more aggressive springback and thereby a higher risk for
collision, but the force acting on the spacecraft bodies will be
more gentle.

A way to look at this is that the tether properties can be
useful to the control design. A stiff tether can be used to avoid
a need to cancel out oscillations, but it must be assured that the
forces are not too aggressive and that the oscillations does not
lead to unacceptable fuel expenditure. A more flexible tether
introduces requirements on the control system since it must
be able to cancel out the higher amplitude oscillations, and it
could also lead to springbacks that are impossible to control
safely.

Another aspect worth discussing is the robustness of the
controller. In practice, this kind of system is under the influ-
ence of a variety of modeling errors. A number of parameters,
especially those related to the target, will be estimated and
their actual values cannot be known with certainty. It could
also be about influences of external factors not modeled. This
has not been analyzed to any greater extent and a suggestion
for future work is therefore to investigate controller robustness
to ensure that the control system is able to control the system
safely under the influence of such errors. Additional modeling
errors should be introduced in the model and a Monte Carlo
dispersion analysis and a thorough frequency analysis of the
system could be made.

Related to this is the fact that it has been assumed that the
mass of the chaser does not change during the mission. In
practice, a large portion of the mass is made up of fuel to be
used for the deorbit burns. In the case of a multi-burn strategy,
this means that the chaser’s mass will be significantly lower
during the last burn compared to the first. This means that
the oscillation frequency will change throughout the mission
and one has to make sure that the frequency stays in the
desired region. Also, the models which constitutes the base of
the controller design becomes invalid. This could be handled
either by making sure that the controllers are robust enough
to modeling errors or by estimation of the mass during the
mission. Managing this has been assessed as possible, mainly
because it should be possible to estimate the mass with good

accuracy, but it is suggested that this is included in future
studies.

The altitude of the orbit is another parameter that changes
during the mission and sets requirements on controller robust-
ness. Similarly to the problem with decreasing chaser mass,
this could be handled by adjustments of the controllers or by
specifying requirements on robustness to modeling errors in
the controller design. Since the altitude can be assumed to be
well known throughout the mission, this has also been assessed
as manageable.

Another idea related to the controller that arose during
the work is to introduce an extensometer to measure the
elongation, and thereby the tension, of the tether and use its
measurements in the Kalman filter to improve state estimation
accuracy.

VI. CONCLUSION

Since this is a preliminary study in an early stage of the
technical development, the main goal was to gain knowledge
and understanding of the problems that must be solved in order
to proceed. Other aims concerned the creation of a simulator
that could be used for testing and implementation of control
systems together with development towards a solution of the
control problem during the deorbit phase. Next, the outcomes
from this study are discussed in relation to these aims.

A versatile simulator including dynamics of spacecraft
bodies, sensor models and control system interactions has been
successfully created. The simulator enables implementation
and testing of control system for this kind of missions and
can be extended with more advanced models.

Two ways to model the tether has been implemented and
compared. The results indicate that the difference between the
models is small for the tether properties used in this study. The
increased resemblance with reality that comes with the lumped
mass model comes with a higher cost, in terms of complexity
and simulation time, than reward. However, it should be noted
that the situation could be different in a case where the tether
mass is larger. In such a case, it could be more valuable to
capture the tether inertia.

The significance of the tether physical properties for the
control system possibilities have been discovered and it sug-
gests that the tether should be designed in regard to the control
system. This is useful for further development facing this kind
of mission.

A concept of a functioning control system has been elab-
orated and implemented in the simulator and it has been
shown that this system is able to control the stack when
performing multiple deorbit burns. Within the scope of this
study, the results support the feasibility to perform such a
mission. Hence, further research regarding this kind of mission
is encouraged.

It should, however, be mentioned that the assumptions made
in this study implies that the possibilities of actually using the
developed control system in a real scenario cannot be assessed
with certainty. Hence, further analysis is required before the
feasibility of actually carrying out this kind of mission in
reality can be confirmed. Nonetheless, this study has been
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rewarding in the sense that valuable progress in the technical
development has been achieved with gained knowledge and
understanding of key aspects.
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