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SUMMARY

The orbits around the Earth are filled with satellites, space stations and more and many of these
objects are non-functioning, non-cooperative objects. For many years, and especially during the
cold war, objects have been launched into orbit without an End-of-Life(EOL) strategy and while
space stands as a synonym for infinite, the orbits around the Earth are anything but.

Over the last decade the space debris problem has gotten some public awareness, with major
newspapers covering stories about the problem and no three months pass by without the Interna-
tional Space Station(ISS) having an impeding collision warning and needs to perform a Just-in-time
Collision Avoidance(JCA) manoeuvre. Public awareness, however, is not a guarantee for a quick
solution.

While money plays a major part in the reason why there is no solution at hand, the technologi-
cal challenges involved in removing debris from Earth orbits is definitely not to be overlooked. One
of the biggest challenges of removing debris from Earth orbits is that they are rotating over multi-
ple axes at speeds exceeding 10 rpm, making them hard or even impossible to grapple, while non-
grappling techniques, like a space harpoon, could achieve a successful de-orbit mission, but due to
the penetrative nature of the harpoon it creates smaller pieces of debris, which are untraceable with
conventional techniques.

Research papers have stated that, for mechanical docking to become manageable, with the as-
sociated relative motion sensing and control, the spin rate should be less than 0.5 rpm. Docking
with an uncooperative object would also allow for On-Orbit Servicing(OOS), which could generate
more interest in a solution for the space debris problem.

It can, thus, be concluded that there is a need for a solution that can detumble a large amount
of the debris population to allow for Active Debris Removal(ADR) missions, because if no measures
are taken, then it is not a question if, but when two objects will collide in orbit again.

In order to detumble space debris, eddy current braking(ECB) is chosen as an ideal candidate,
primarily because it is a contact-less technology that works both in LEO and GEO and can be used
for a large range of shapes and sizes. The major downside of using ECB to brake the rotation of
uncooperative objects is that it requires these objects to be partly made out of conductive materials.

Before the detumbling can be simulated, suitable targets need to be found. The most crowded
region in Low Earth Orbit(LEO) is located around 950 km above the Earth. This region consists
mainly of Kosmos-3M upper stages, which are due to their cylindrical shape and materials, ideal
candidates to be detumbled by ECB.

Therefore, this thesis models the shape of the second rocket stages of the Kosmos-3M rockets,
which are clustered together in LEO, and simulates the tumbling of these rocket stages to assess the
braking force generated by using an ECB, in order to show that large uncooperative objects in space
can be detumbled by the use of an ECB. Mainly, it focuses on the detumbling time and magnetic
interactions.

An ECB consists of an electromagnet, which generates a magnetic field that needs to be aimed
towards the target, which in this case is the Kosmos-3M second stage. First of all, this electromagnet
needs to be designed in order to estimate the strength of the magnetic field that can be created.
A high-temperature super-conducting electromagnetic coil is the ideal candidate in order to allow
a strong magnetic field to be created. More specifically magnesium diboride will be used as the
material for the coil. Based on the maximum coil radius, critical current density of M g B2, number
of loops, the maximum configuration of the coil will have a diameter of 1 meter, 500 windings and
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a current of 68.5 Ampere, which leads to a magnetic field of around 0.022 Tesla being created at the
center of the coil. This design is within the power, size and weight constraints and will be used to
detumble the Kosmos-3M second rocket stages.

After the magnetic field is simulated, objects can be placed within that magnetic field to assess
the braking forces, detumbling time and more. First of all, basic shapes such as the sphere, cylinder
and double silo are modelled and their Magnetic Tensor, which describes how a conductive object
will react when it is placed in a magnetic field, simulated in order to verify the model. Furthermore,
the torque is simulated in order to get an initial impression of the magnitude of the torque and the
detumbling time. Different magnetic field vectors and rotational vectors are chosen for the different
shapes in order to show different scenarios and their result.

After the detumbling of uncooperative objects in LEO is verified by using basic shapes, the shape
of the Kosmos-3M upper stage is used as input in the model, together with a revision of the input
parameters in order to better represent the real-life situation in orbit. Specifically, the position of
the magnetic field vector relative to the chaser fixed frame in which the target rotates is focused on,
and it is shown that for the ideal situation, when the magnetic field vector and rotation vector are
perpendicular, that the Kosmos-3M second rocket stage can be detumbled in the space of 7 days.

The simulation of the torques generated by placing the Kosmos-3M in a magnetic field neglects
certain forces, torques and perturbations present when using an electromagnet as ECB. The chaser
and target fly in formation for the duration of the mission, with formation flying being a proven pro-
cess. However, the electromagnet presents a new factor, influencing this formation, adding other
magnetic interactions to the problem. More specifically, the non-uniformity of the magnetic field
leads to a decrease in size in the elements of the Magnetic Tensor, leading to an increase in detum-
bling time. Furthermore, the interaction of the Earth’s magnetic field with the chaser and target is
simulated in order to confirm that Attitude Determination and Control Systems(ADCS’s) are capable
of counteracting the torques generated on the chaser and assess the influence on the detumbling
time. And, finally the interaction of the magnetic field generated by the ECB and ferromagnetic
materials present in the Kosmos-3M rocket is assessed. A first estimation of the torques due to the
interaction of the magnetic field with the ferromagnetic materials on the Kosmos-3M second stage
shows that it will have a relatively small influence on the detumbling mission.

The final simulation adds the magnetic interactions to the detumbling mission.
The non-uniformity of the magnetic field has a negative effect on the detumbling time of the

Kosmos-3M second rocket stage, with detumbling times being generally around 1.5 times longer.
Furthermore, the influence of the Earth’s magnetic field is shown to influence the detumbling over
the z-axis, decreasing the efficiency of the ECB, with the influence on the rotation over the x- and y-
axis being relatively small in comparison, for short term detumbling missions. For missions lasting
more than 100 days, the Earth’s magnetic field has a stronger influence on all rotations compared to
short term missions. And finally the presence of ferromagnetic materials and closed current loops
in the target only lead to small disturbances when the rotational velocity of the uncooperative object
is close to zero.

Combining all the magnetic interactions, it is concluded that they have a negative effect on the
detumbling time and state, with the detumbling taking both longer and converging to a higher rota-
tional velocity compared to the case where no magnetic interactions are considered. Therefore, an
alternate mission is proposed that consists of three phases, namely a first detumbling phase lasting
15 days, a realignment of the chaser phase and a final detumbling phase. It is shown that when the
angle over which the chaser realigns itself relative to the uncooperative object is close to 90 degrees,
all rotations converge to a value close to 0 degrees per second within the space of 31 days.
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INTRODUCTION

The orbits around the Earth are filled with satellites, space stations and more and many of these
objects are non-functioning, non-cooperative objects. For many years, and especially during the
cold war, objects have been launched into orbit without an End Of Life (EOL) strategy and while
space stands as a synonym for infinite, the orbits around the Earth are anything but.

Over the last decade the space debris problem has gotten some public awareness, with major
newspapers covering stories about the problem and no three months pass by without the Interna-
tional Space Station (ISS) having an impeding collision warning and needs to perform a Just-in-time
Collision Avoidance (JCA) manoeuvre. Public awareness, however, is not a guarantee for a quick so-
lution. Many similarities can be found between the space debris problem and the junk and plastics
floating around in the oceans, which are international waters. There are many parties responsi-
ble for said junk, and public awareness is high, yet no one is taking up responsibility to clean it up
because in essence it is not their problem, since they float around in international territory. Fur-
thermore, no economical advantage is perceivable, at least not in the near future, for the party that
would clean up the oceans. Both of these arguments are also relevant for the space debris problem,
with the uncooperative objects floating around in space, which is no one’s territory and with only
few economical advantages to be perceived. One economical advantage of cleaning the Earth’s or-
bits is On-Orbit Servicing (OOS), which can pose as a significant cost reduction compared to launch-
ing a new satellite and is especially noteworthy since in the recent past the debris generated due to
on-orbit failures are exceeding the debris created by launch failures.

However, only adding to the problem of space debris removal is international space law, which
states that without consent from the owner or country, a non-functioning space object cannot be
interfered with regardless of its functional status and regardless of the danger it poses.

As a result, funding for solutions to the junk problem in the oceans and the debris problem
in Earth orbits, is lacking and research for both problems is only recently picking up some steam.
While money plays a major part in the reason why there is no solution at hand, the technological
challenges involved in removing debris from Earth orbits are definitely not to be overlooked. One
of the biggest challenges of removing debris from Earth orbits is that they are rotating over multi-
ple axis at speeds exceeding 10 rpm, making them hard or even impossible to grapple, while non-
grappling techniques, like a space harpoon, could achieve a successful de-orbit mission, but due to
the penetrative nature of the harpoon it creates smaller pieces of debris, which are untraceable with
conventional techniques.

Research papers have stated that, for mechanical docking to become manageable, with the as-
sociated relative motion sensing and control, the spin rate should be less than 0.5 rpm. Docking
with an uncooperative object would also allow for OOS, which could generate more interest in a
solution for the space debris problem.

It can be concluded that there is a need for a solution that can detumble and remove or service
a large amount of the debris population, because if no measures are taken, then it is not a question
if, but when two objects will collide in orbit again.

The objective of this thesis is to prove that a tumbling Kosmos-3M second rocket stage can be
detumbled with the use of an eddy current brake by designing an electromagnet or ECB and simu-
lating the generated magnetic field, modelling the shape of Kosmos-3M upper rocket stages, simu-
lating their tumbling motion, and modelling the torque induced by the ECB.

xxi



xxii 0. INTRODUCTION

Chapter 1 describes the research in more detail and provides an overview of the steps taken.
Chapter 2 presents a literature review of the published papers on the subject. Then the magnetic
field generated by the chaser is analysed and discussed in Chapter 3, followed by a simplified initial
detumbling mission by an ECB of differently shaped debris in Chapter 4. Chapter 5 analyses the
detumbling of a Kosmos-3M second rocket stage and presents an initial conclusion. In Chapter 6
the magnetic interactions are discussed, which includes the influence of the Earth’s magnetic field.
Finally, the detumbling of the second stage, including the magnetic interactions, of a Kosmos-3M
rocket is presented in Chapter 7. The conclusion and recommendations of this Thesis can then be
found in Chapter 8.



1
PROJECT DESCRIPTION

This thesis will discuss the principles of an Eddy Current Brake (ECB) and the simulation of the brak-
ing force induced by the generation of eddy currents when a conductive, uncooperative tumbling
object, such as the second stage of the Kosmos-3M, is placed within the magnetic field generated
by the ECB. A more in-depth look at the project and how it was chosen, is provided in this Chapter
together with the research, modelling and simulation process used to arrive to the final result.

1.1. WHY DETUMBLING IS NECESSARY
The reason why the Thesis focuses on the magnetic interactions of a chaser, equipped with an ECB,
and a target, more specifically the second stage of the Kosmos-3M, is already shortly touched upon
in the introduction, but will be discussed further to justify the decision to focus on the detumbling
of space debris by means of an ECB.

The definition of space debris covers a wide range of objects floating around in space, from
truck-sized satellites to shrapnel no larger than a bullet[1–3]. In Chapter 2 more details on what
debris is and the debris population is presented, but the most important conclusion is that all space
debris is uncooperative, meaning that their state cannot be controlled without external interference
(a chaser)[1]. Additionally most of the debris has a very long lifetime and that without an Active
Debris Removal (ADR) strategy, they will take decades to re-enter into the Earth’s atmosphere[4].
This re-entry will be uncontrolled, resulting in a chance, however small it may be, that some parts
will not burn up in the atmosphere and crash in populated areas. Space debris, thus, not only poses
dangers in Earth orbit, but also on the surface of our planet.

In order to mitigate these dangers, a combination of ADR and On-Orbit Servicing (OOS) strate-
gies is necessary. A typical ADR or OOS mission first launches a satellite or chaser, which performs
a rendezvous with the selected uncooperative object in order to de-orbit it by means of space har-
poons, docking, de-orbiting kits, ion-beam shepherd or some other technology[1, 2, 5–10]. After
that object has safely been de-orbited, the same chaser moves to the next target. The sequence of
the targets that are to be removed or repaired is crucial to a ADR or OOS mission since the targets
are always in motion. However, the success or even possibility of most, if not all, techniques heavily
depend on the rotation rate of the uncooperative object to be de-orbited[11]. Most research papers
have incorporated some sort of rotational rate of their target objects, however, they mostly assume
that the debris rotates over one axis and/or they assume a stable target with a low rotational ve-
locity. These assumptions greatly simplify the actual situation in orbit, where objects can rotate at
high velocities over multiple axis, making the alignment of the chaser with the target improbable
or even impossible[3]. Furthermore, attempting to grab a rotating target can potentially lead to the
grappling arms, or other weaker structural elements, breaking, creating more debris in the process,
which is the opposite of what the mission tries to achieve.
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Therefore, a prior detumbling phase is necessary. Only few techniques have been proposed in
order to detumble debris, but the most promising are: using a brush, ECB, detumbling modules,
ion-beam shepherd braking and touchless electrostatic detumbling. However, the brush and de-
tumbling modules both have the same problems and limitations as the ADR techniques, such as
the creation of smaller pieces of debris and the difficulty to attach a detumbling kit to a rotating
target. Analysing the other techniques for reliability, detumbling time, additional debris creating
potential and shape and size dependence, shows that ECB is the most promising technique. Touch-
less electrostatic is discarded because it is not suitable for missions in Low Earth Orbit (LEO), since
the technique only works in Geostationary Earth Orbit (GEO), meaning that it cannot remove ob-
jects from the most at-risk regions, which will be discussed in Chapter 2[12]. The ion-beam shep-
herd technique, on the other hand, poses too many technical challenges and is uncertain to be able
to actively control the despin of the target, due to the imprecise knowledge of the target, together
with imprecise knowledge of the exhaust characteristics and the exhaust deflecting of time-varying
surfaces[12].

1.2. PROJECT OVERVIEW
The detumbling of space debris is a necessary step for a wide range of uncooperative objects in
LEO before they can be de-orbited by the use of an ADR technique, with ECB being a promising
candidate. However, while an ECB is widely used in train brakes, few research has been performed
on the matter, which only recently led to some breakthroughs. Therefore, a project overview and
delineation of the most relevant research topics needs to be established, in order to maximize the
contribution this thesis can make to the simulation of the working of an ECB in near real-life cir-
cumstances.

Detumbling an uncooperative object with the use of an ECB poses many challenges and consists
of different steps. This thesis will focus solely on the detumbling mission, meaning that the chaser
has been launched and performed a rendezvous with the target object, placing it at a fixed distance
from the target. Then the ECB is turned on and the detumbling mission starts. The simulation or
detumbling mission stops when all angular velocities have converged.

Placing an object in a magnetic field and generating a magnetic field on a chaser creates different
challenges and induces different forces. The most important and vital magnetic interaction is the
induced torque on the target generated as a result of placing a conductive target, in this case the
Kosmos-3M second stage, in a magnetic field, which generates eddy currents and induces a braking
force. This torque will be analysed and simulated for objects of different shapes and sizes to finally
be able to detumble the second stage of a Kosmos-3M.

The other magnetic interactions include the influence of the Earth’s magnetic field and the pres-
ence of ferromagnetic materials in the uncooperative objects.

RESEARCH, MODELLING AND SIMULATION PROCESS

Before the magnetic interactions of a target that is actively being detumbled by an ECB on a chaser,
can be modelled and simulated, first a basic understanding of what space debris is and why it poses
such a danger to current and future space missions is needed. Then the regions in LEO will be listed
with the highest risk of having a collision between two uncooperative objects or an uncooperative
object and a functioning satellite or other space object. This will provide a basic understanding of
the region in which the chaser, equipped with an ECB will operate.

Secondly, a close analysis of the second rocket stages of Kosmos-3M rockets is performed in
order to assess their dimensions, rotational motions and more.

After the region and the target object have been defined, the theory behind and working princi-
ple of an ECB is discussed, together with a justification of why the magnetic interactions are an ideal
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candidate for this thesis research, which concludes the background and theoretical framework.
The first step in modelling an ECB is making a preliminary design for the electromagnet and

modelling the magnetic field, which will be based on current technology, including High Temper-
ature Superconducting wires (HTS). The model allows to simulate a wide range of magnetic fields,
based on different electromagnets, based on size, coil windings and more. Based on launcher capa-
bilities, the maximum dimensions of such a magnet are defined, which, together with the state of
current technology are the only limitations placed upon the electromagnets design.

After the model for the magnetic field is completed, different objects are simulated by the use of
a frame model, in order to test the basic detumbling of debris of different shapes, namely a sphere,
a cylinder and a cylinder with hemispherical ends, named a double silo. Their Magnetic Tensor will
be simulated, which represents the objects sensitivity when placed in a magnetic field, allowing for
a fast and accurate simulation of the induced torque and thus detumbling time.

After the model for the basic shapes is verified based on past research, the actual shape of the
Kosmos-3M rocket will be modelled by the same method. Its Magnetic Tensor will be determined
and an initial simulation takes place, investigating the converged rotational velocities and detum-
bling times.

Up until this point is has been assumed that the chaser consists either entirely out of conduc-
tive non-magnetic materials like aluminum or consist of a combination of conductive and non-
conductive, such as plastics, non-magnetic materials. However, as will be discussed in Chapter 2,
the second stage of the Kosmos-3M has ferromagnetic elements, leading to a change in attitude of
both the target debris and the chaser, while they are slowly pulled towards or pushed away from each
other. These effects will be studied, mitigation strategies will be examined and if necessary attitude
control strategies will be proposed. Furthermore, the influence of the Earth’s magnetic field will be
analysed, together with other disturbances like the non-uniformity of the generated magnetic field.

Finally, the final detumbling of a Kosmos-3M rocket can be simulated taking into account all
magnetic interactions. The final detumbling is presented and the feasibility of using an ECB to
detumble upper rocket stages will be discussed. After which a conclusion and recommendations
for future research can be made.





2
BACKGROUND AND THEORETICAL

FRAMEWORK

This Chapter explains that there is a need for ADR and OOS due to the ever increasing debris popu-
lation in LEO. The most crowded region in LEO is located around 950 km above the Earth and mostly
Kosmos-3M upper stages reside there. These stages are, due to their cylindrical shape and materi-
als, ideal candidates to be detumbled with the use of an ECB. Therefore, this chapter also presents
the theory behind an ECB including the necessary equations and tools required to perform eddy
current braking.

2.1. SPACE DEBRIS
Before explaining the research objective more in depth, first a definition of what space debris is and
why they pose (are becoming) a major risk for current and future space missions needs to discussed.

2.1.1. DEFINITION

Defining what space debris is, is a complex matter and an agreed upon definition does not even
exist. The Inter-Agency Space Debris Coordination Committee (IADC), whose members are all the
major Space Agencies, formulated a technical definition of space debris as follows: "Space debris,
also known as orbital debris, are all man-made objects, including fragments and elements thereof,
in Earth orbit or re-entering the atmosphere that are non-functional"[13].

However, this definition only covers non-functional objects in space and excludes functional but
non-manoeuvrable space objects, which can also be classified as space debris[14]. Additionally this
definition is not a legal definition, adding another level of complexity to the space debris problem.
Laws and regulations, such as outlined in the Outer Space Treaty, will need to be altered before space
debris can be removed from orbit en masse[15].

Furthermore, this definition does not include any differentiation between types of space debris.
For example, based on different tracking methods space debris can be categorized into different size
classes, with each class having a different source providing information about the objects in that
class. The objects in the first category, which include launch stages, spacecraft and other debris,
are tracked by established surveillance systems. Most of these objects are monitored on a regular
basis and are officially catalogued. The second category, which includes fragmentation debris and
others, can be detected by ground-based sensors. Efforts are being made to develop a catalogue-like
database for this category. And finally the third category’s presence is hardest to track and mostly
consist of shrapnel. Collisions with space objects that have returned to Earth, can provide some
insight in how many of these objects float around[16].
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6 2. BACKGROUND AND THEORETICAL FRAMEWORK

Due to the, relatively, small size of debris in the third category, an ADR strategy to remove debris
from this category is improbable. Therefore, most proposed solutions in research papers aim to de-
orbit objects from the first two categories and this Thesis will focus on the Kosmos-3M second or
upper stage, which is a member of the first size category.

2.1.2. DANGERS AND CONSEQUENCES

The importance of OOS and ADR was already proven by numerous studies as early as the 1980s and
even the National Aeronautics and Space Administration (NASA) realized their importance early
on[5]. Yet, only recently the awareness of how big a problem it is or could become is growing.

One reason for the increased public awareness is the media covering stories about the dangers
of debris colliding with the International Space Station (ISS). Space stations like the ISS have al-
ready performed numerous manoeuvres called Just-in-Time Collision Avoidance (JCA) and will be
required to do so in the future[17]. However, not only large objects, but also regular sized satellites
are affected. Envisat, for example, has seen an ever growing number of warnings between 2009 and
2011, as can be seen from Figure 2.1. This increase in warnings is due to a combination of the im-
provement of tracking techniques and an ever increasing space debris population in LEO[18]. Addi-
tionally, European Space Agency (ESA) lost contact with Envisat in 2012, making Envisat effectively
space debris.

Figure 2.1: Warnings and avoidance manoeuvres Envisat[19]

Since the race to the moon started between the United States of America and the Soviet Union,
thousands of satellites have been put in Earth orbits by thousands of launchers and there are no
signs that the industry is slowing down, instead it is only accelerating. As already stated, the debris
in orbit is steadily increasing over time, but the biggest risk space debris poses is that in-orbit colli-
sions can, have and will generate non-traceable fragments. In recent history there were two events
that exponentially increased the number of objects in the third size category and almost doubled
the space debris population as a whole. The first being the Chinese Anti-Satellite Weapon (ASAT)
test in 2007, which increased the debris population by almost 25%. And the second being the colli-
sion of Iridium 33 and Cosmos 2251 in 2009. In Figure 2.2 these two events are clearly visible, with
fragmentation debris more than doubling.

The probability of collisions are only increasing and have already seen a dramatic increase over
the last years. Not only non-functioning satellites , but also functioning ones are in danger of col-
lisions, due to the many uncooperative objects of the first and second size-categories. In order to
stabilize the current environment 5 to 10 objects per year need to be removed, especially in some
parts of LEO where we mathematically have surpassed the "critical density"[18].

It can be concluded that in order to assure continued space exploration a space debris reduction
program needs to be implemented[20, 21].
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Figure 2.2: History of debris population[18]

2.1.3. CRITICAL ZONES IN LEO
The space debris problem does not also exist in LEO, but also in GEO. However, this thesis will
focus on LEO since the most critical regions are located there, with a high spatial ratio of space de-
bris. B. Bastida and H. Krag defined three orbital regions in LEO, which are most critical because of
their large concentration of debris[1]. These regions are most likely to trigger the Kessler Syndrome,
which is a cascading effect first proposed by Donald J. Kessler in 1978, when he was a NASA scien-
tist. It can be described as the idea that one collision of space debris generates more space debris,
which in turn collides with other space debris, until the entirety of LEO is covered with scrap[1].

The three critical regions can be found by using the online Satellite Catalog (SATCAT) as pro-
vided by CelesTrak, from which the Two-Line Elements (TLEs) of all present objects in space can be
retrieved. This dataset contains only intact objects, i.e. inactive satellites and rocket bodies. Fig-
ures 2.3 and 2.4 are a crude representation expressed in % of the spread of debris over LEO in terms
of attitude and inclination.

Figure 2.3: Spread of debris in LEO based on
altitude[22]

Figure 2.4: Spread of debris in LEO based on
inclination[22]

As can be seen from Figure 2.3 the most critical zone lies somewhere between 900 and 1000
km altitude, which has the highest probability that a number of catastrophic collisions will occur in
the next 200 years[1]. This region contains 317 objects, most of which are Launch and Mission Re-
lated Objects (LMRO’s), greatly simplifying the ADR strategy needed, as will be explained in subsec-
tion 2.1.4. Many of these objects have a very long lifetime and also belong to the same constellation,
while their mass ranges from 500 to 1500 kg[2].
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Splitting this region even more, the most critical region is found to be at an altitude between
925−999 km with inclinations ranging from 82.83o to 82.99o as can be seen in Figure 2.4[4, 23]. This
region consists of 135 objects, resulting in the highest spatial density and highest risk of collision.
Additionally, this cloud mainly consists of Kosmos-3M upper rocket stages, which simplifies both
the legal issues and capture process for ADR.

2.1.4. DEBRIS CHARACTERISTICS AND THE KOSMOS-3M
As discussed in subsection 2.1.3, the most critical region in LEO consists mainly of Kosmos-3M
rocket stages. Rocket stages are ideal candidates for ADR and OOS since they have many advan-
tages over non-functioning satellites, such as[2]:

• They have a standard cylindrical or spherical shape

• They have no or few appendages

• They are robust

• They are tolerant to high acceleration loads

• They can be spun to high acceleration rates

• Their center of mass is aligned with the main engine axis

• They have a nozzle extension where a de-orbiting device can easily be installed

• They cannot be confused with functioning satellites

• They are not subject to any confidentiality restrictions

However, even for rocket stages, there are still many uncertainties in the de-orbiting process.
For many debris objects no design data is available or they are damaged, and as a result, no de-
tailed mass is available and the inertial characteristics of the target are unknown[11]. As a result,
performing ADR is still quite challenging.

Rocket stages are the ideal candidate for a detumbling and subsequent de-orbiting mission,
taking into account the advantages LMRO’s have compared to non-functioning satellites and the
fact that the Kosmos-3M second rocket stages are located in a small critical region in LEO.

In Figure 2.5 the Kosmos-3M rocket is depicted, of which the second or upper stages are located
in that critical region in LEO and are orbiting the Earth uncontrolled. The first stages returned back
to the surface of the Earth and landed or crashed in non-populated areas right after launch. A real-
life Kosmos-3M upper stage can be seen in Figure 2.6, while Figure 2.7 depicts the upper stage in
orbit.

Figures 2.5 to 2.7 give us a general idea about the shape and dimensions of the second stage.
However, finding detailed information about the materials used, precise size characteristics and
more is a challenge since the Kosmos-3M is a Russian rocket and most of the information is in
Russian and even some of it is protected. Additionally there are other uncertainties.

For example: not every upper stage will be exactly the same due to manufacturing processes
or due to the fact that they have collided with other debris, penetrating it or even tearing parts of.
Therefore, in order to compute the other object’s characteristics, an idealized model of the Kosmos-
3M will be used as is presented in Figures 2.8 and 2.9 to calculate characteristics as Center of Mass
(CoM) and moment of inertia matrix, in which all parts of the rocket body are represented as hollow
cylinders with a certain thickness, with an evenly distributed mass for each section.
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Figure 2.5: Kosmos-3M
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Figure 2.6: Kosmos-3M upper stage
Figure 2.7: Komos-3M upper stage in orbit with Rubin
1 mounted on top[23]

In order to model the detumbling of the Kosmos-3M its characteristics need to be known. The
data that will be used in this Thesis to model the debris can be found in Table 2.1 and includes pa-
rameters like mass, length and mass moment of inertia of the Kosmos-3M second stage, where the
rocket body has been broken down into three sections: the propellant cylinder, a thruster combus-
tion section and a nozzle, which is represented in Figures 2.8 and 2.9.

Figure 2.8: Idealized model of the Kosmos upper stage
Figure 2.9: Kosmos upper stage centre of pressure and centre of
mass

The resulting mass moment of inertia about the x and y axis as depicted in Figure 2.8 can then
be found by taking the sum of the mass moment of inertia components as presented in Table 2.1
about the x- and y-axis. The moment of inertia about the longitudinal axis or z-axis as depicted in
Figure 2.8, can be found by:

Iz = Iz,t + Iz,c + Iz,T 1 + Iz,T 2 = mt R2

2
+ mc

2

(
R2 +R2

i n

)+ mT 1R2

2
+ mT 2

2

(
R2

T +R2
T i

)
(2.1)

The mass moment of inertia matrix, which represents an important parameter in the detum-
bling process, of the upper stage then equals:

IK osmos =
5592.2 0 0

0 5592.2 0
0 0 1442.9

kg m2 (2.2)

By combining the mass moment of inertia vector with the angular velocity vector, found through
observations, the angular momentum can be computed with the following straightforward relation:
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Table 2.1: Parameters idealized model of the Kosmos-3M second stage

Symbol Description Value
mT Total mass of the rocket stage 1443 [kg ]
mt Mass of the fuel cylinder top 32.8 [kg ]
m f Mass of the fuel cylinder 655.9 [kg ]

mT 1 Mass of the thruster mechanism 655.9 [kg ]
mT 2 Mass of the nozzle 98.4[kg ]

e Thickness of the fuel cylinder 0.00508 [m]
l f Length of the fuel cylinder 4.39 [m]
lt Length of the thruster 1.32 [m]
ln Length of the nozzle 0.88 [m]
R Outer body radius 1.2 [m]

RS Inner body radius 1.15 [m]
RT Outer radius of nozzle 0.7 [m]
RT i Inner radius of nozzle 0.6 [m]

dcom CoM from the intersection of the fuel cylinder and thruster mechanism 0.68 [m]
It z Mass moment of inertia for the fuel cylinder top 469.7 [kg m2]
I f z Mass moment of inertia for the fuel cylinder 3013.5 [kg m2]
IT 1z Mass moment of inertia for the thruster mechanism 1504.3 [kg m2]
IT 2z Mass moment of inertia for the nozzle 604.7 [kg m2]

h = Iω (2.3)

Previously in this section it was already discussed that there are still uncertainties concerning
the shape, dimensions and materials used due to collisions of the Kosmos-3M second stage with
other space debris and an incomplete dataset.

Additionally, objects in space also degrade over time, influencing the shape and thus the detum-
bling process. The age of Kosmos-3M second stages ranges from 10 years old up until 40 years old,
with most of them launched in the 1970’s until the 1990’s, giving them a higher average age, which,
due to outgassing and atomic oxygen, means that the rocket bodies have degraded over time, and
will be more fragile than when they were launched, which can play a crucial part in the success of
the detumbling mission[2]. For example if the magnetic elements have been degraded, they can be
pulled loose when the body is placed in a magnetic field and is therefore an important factor that
needs to be taken into account when designing a mission to detumble space debris.

One element of the dataset that is incomplete is the list of materials and their location in the
rocket body. The main propellant cylinder is aluminium, but even this big shell contains wiring and
other materials[3, 4]. Ferromagnetic materials are bound to be present in an object launched 40
years ago and will influence the detumbling mission due to its interaction with the electromagnet
used as an ECB.

Since accurate data is lacking, a conductivity and magnetic ratio will be defined, which will be
further discussed in Section 2.2 and will be applied in Chapter 4 and Chapter 6.

2.2. EDDY CURRENT BRAKING
Before delving into how an ECB works on a mathematical level, the concept will be elaborated upon
to create a solid understanding of its working principles and how it can possibly brake the tum-
bling of an uncooperative object in space. Afterwards, the dynamics needed in order to model the
detumbling process will be presented.

The concept of eddy currents and the induced torque created by those currents are based on
Faraday’s law of induction, which states that by varying the magnetic field with time, an electric
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current is induced in a conductive loop or coil. This phenomenon is known as electromagnetic in-
duction. Normally, an Electromotive force (emf) is connected to a coil, which generates the current,
however, in this example the change of magnetic flux through the coil generates the current and is
called an induced emf[24].

Faraday’s law of induction states that the induced emf, ε, in a coil is proportional to the negative
of the rate of change of magnetic flux,ΘB [24].

ε=−N
dΘB

d t
(2.4)

Where N is the number of loops.
Faraday’s law of induction, thus, demonstrates that a current is generated in a coil when a mag-

netic field varies over time. The direction of this induced current can then be found by Lenz’s law,
which states that the induced current produces magnetic fields which tend to oppose the change in
magnetic flux that induces such currents. As a result a magnetic force is generated which opposes
the motion[24].

It can thus be concluded that when a conducting loop moves through a magnetic field, a cur-
rent is induced as a result of changing magnetic flux. When considering a solid conductor, like
the Kosmos-3M second stage, the induced current appears to be circulating and is called and eddy
current[25].

Eddy currents can be defined as closed loops of induced current circulating in planes perpen-
dicular to a magnetic flux. Thus, eddy currents form when non-magnetic, but conductive object,
moves within a static magnetic field. The interaction between the eddy currents and the magnetic
field, results in a magnetic force being generated and thus a torque due to the angular velocity of
the Kosmos-3M second stages. The red lines in Figure 2.10 represent the eddy currents generated
by the magnetic field acting upon the surface, generated by a coil through which a current flows[25].

Figure 2.10: Eddy current principle and the skin effect[25]

Furthermore, Figure 2.10 also shows the phenomenon known as the skin effect, which describes
how the eddy current density decreases exponentially with depth[25]. This effect will be classified
as a perturbation, but due to the small skin thickness compared to the surface area of the Kosmos-
3M second stage, this effect will be assumed negligible for the remainer of this Thesis, meaning
that the current generated do not diminish with depth due to the electrical resistance in the skin.
Future research can be performed to assess if there is any noticeable effect when the skin effect is
implemented into the model.
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When a rotating object is placed within a magnetic field, eddy currents are generated and an in-
duced torque is created, working in the opposite direction of the rotation and effectively braking the
rotational motion. This technique is already used in the braking system of trains, where a magnetic
field is applied to a rotating disk (the wheels), which brakes the spinning motion[26].

A schematic representation of eddy currents working on a tumbling uncooperative object can
be found in Figure 2.11.

Figure 2.11: A schematic illustration of the detumbling process by using eddy currents[27]

In order to visualize the working principle of an ECB on a rocket body which is rotating over its
longitudinal axis a simplified problem set-up is presented in Figure 2.12. In the red circle a simpli-
fied uniform magnetic field enters the rocket body from the outside. In order to assess the effect
of the magnetic field on the rotating conductive body, four different cases will be looked at where a
small portion, of equal size as the area affected by the magnetic field, will enter and then leave the
area affected by the magnetic field.

In phase a, the circle of skin is not inside the magnetic field and no eddy currents are created.
Phase b represents the circle of skin entering the magnetic field. Induced or eddy currents are

then created since the circle of skin wants to go back to its previous state (Lenz’s law), meaning that
it wants to go back to a state where no magnetic fields was present. Therefore, induced currents
are created, which generate a magnetic field that cancels the magnetic field working upon it. The
interaction of the induced currents with the external magnetic field generates small forces, whose
resulting force works in the opposite direction as the rotational motion.

After the piece of skin has passed the magnetic field and has thus been in a state where the
area of the magnetic field and the skin area matched, phase c begins, which represents the circle
of skin leaving the magnetic field. Again, the circle of skin wants to go back to its previous state,
which is now to be fully engulfed in a magnetic field. Therefore, induced currents, in the opposite
direction of phase b, and a resulting magnetic field are created. Similar to phase b, the interaction of
the induced currents with the external magnetic field generates small forces, whose resulting force
works in the opposite direction as the rotational motion.

Finally, phase d again represents a moment in time where the circle of skin has left the magnetic
field, and no change in state is perceived, thus leading to no eddy currents being created.

Shortcomings of the representation in Figure 2.12 are that it only shows the case where mag-
netic field lines are going into the cylinder, while they also go out of the back of the cylinder. The
induced currents are opposite there, but the forces they create do not cancel the forces, as shown
in Figure 2.12, but instead add to those forces, thus only leading to a bigger induced torque. Fur-
thermore, it only shows the case where the debris is rotating over one axis, while there are many
potential targets that rotate over multiple axes.
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Figure 2.12: Eddy Current Braking on a cylinder rotating about its longest axis
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Additionally, research has shown that not only do eddy currents damp the main rotational mo-
tion, but can also damp the nutational motion, thus only improving the state of the uncooperative
object for capturing[28][29].

Figure 2.13 is a simpler representation of the working principle as shown in Figure 2.12 and
visualizes the resulting force.

Figure 2.13: Simplified representation of working principles eddy current brake [30]

2.2.1. ELECTROMAGNETS AND THE MAGNETIC FIELD

Before discussing the working principle of the ECB more in depth, first the magnetic field in which
the rocket body is placed or which is placed upon the rocket body, needs to be discussed.

Due to the size of the Kosmos-3M upper stages and other potential targets, a strong magnetic
field will be needed to be able to detumble the debris in a reasonable amount of time.

A magnetic field can either be trapped or generated. The first option is to use a trapped magnetic
field, which does not need an external energy source to operate. Recently a trapped field of 17.6 Tesla
has been achieved with two stacked superconducting bulk samples of 25 mm diameter, which is not
only lightweight, but also very small in size[31]. Its small size is a big advantage since it is easier to
launch, operate, etc. However, the downside of using a trapped magnetic field is that it cannot be
turned off, and as a result could affect the orbits of other missions, detumble functioning objects
and even attract small pieces of debris, which could possibly penetrate the active chaser. Therefore,
a trapped magnetic field is not considered to be a viable option.

The second option to generate a magnetic field is by using electromagnets, of which many dif-
ferent types exist. A disadvantage is that an electromagnet needs an external power source, which
needs to be delivered by an on-board power source, possibly shortening the mission lifetime.

The ECB used in train brakes uses electromagnets. Since the objects that need braking (the
wheels) are relatively thin, a near-uniform magnetic field can be easily generated, which increases
the effectiveness of an ECB. However, in order to create a near uniform magnetic field big enough to
engulf a rocket body as large as the Kosmos-3M second stage is nearly impossible. The first option
would be to place two equal electromagnets on either side of the debris, similar to a Helmholtz coil,
which thus allows a near uniform field to be generated[32]. Another option is to have the debris sit in
the center of the electromagnetic coil, where the magnetic field is uniform and strongest. However,
for both cases, creating such an electromagnet is impossible due to the high mass and volume re-
quirements of an electromagnetic coil. Launching such a mission, with a coil having a diameter that
exceeds 11 meters, is not feasible and is outside the limits of current launching capabilities. As an
alternative, deployable coils are being investigated which could possibly allow for coil with a large
enough diameter to be launched[28]. However, for the purpose of this Thesis, it will be assumed
non-feasible since the technology is not currently available.

It can be concluded that the simplest and most straightforward approach to create a magnetic
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field is to use a single coil electromagnet and aim it at the target from a certain distance as repre-
sented in Figure 2.13. However, the challenge here is that the magnetic field created needs to be
strong enough to detumble the rocket body in a reasonable amount of time. Therefore, supercon-
ducting coils will be used.

Superconducting magnets are already used in Magnetic Resonance Imaging (MRI) scanners, but
most can only operate at temperatures close to 0 Kelvin. And while in space it can get as cold as 2.7
Kelvin, in Earth orbits this is certainly not the case.

Recent progress has seen superconducting magnets operate at higher temperatures, which are
called HTS, which can operate at a temperature of up to 77 Kelvin, producing a magnetic field be-
tween 5 and 32 Tesla and have a weight up to 2300 kg[33]. The size and weight of the supercon-
ducting magnet will thus play an important role in the range of magnets that can be used for space
missions.

While superconducting magnets are not yet used for a purpose similar to a space ECB, a recent
study at European Space Radiation Superconducting Shield (SR2S), in cooperation with European
Organization for Nuclear Research (CERN), is developing a superconducting magnet to protect as-
tronauts from cosmic radiation. The superconducting coils for their prototype are made of mag-
nesium diboride,M g B2, which is the same type of conductor that was developed for a project at
CERN’s Large Hadron Collider. The biggest advantage of using M g B2 is that it can operate at high
temperatures of up to about 40 Kelvin[34][35][36].

As already stated, a superconducting magnet operates at temperatures of about 0 Kelvin. In
space it can get as cold as 2.7 Kelvin, but in LEO the chaser can get as hot as 395 K when in di-
rect sunlight, but also as cold as 116 K when in the shade[37], which is nowhere near the operating
temperature. Therefore, the electromagnet will need to be cooled actively to cryogenic temper-
atures during operation and/or should passively be shielded against radiation. The temperature
differences in orbit will also depend on the speed of the chaser and thus the target. A faster orbital
velocity results in a steadier temperature, which means a lower temperature difference overall, sim-
plifying the cooling process. However, the orbital velocity strongly depends on the orbital velocity
of the target.

Actively, the electromagnets could be cooled by cryogenic liquids[38], but these require addi-
tional subsystems in the chaser, adding to the complexity, and are limited resources, meaning that
when the cryogenic liquids run out, the mission ends.

In order to shield the coils (passive cooling), they can be insulated. Traditionally, space missions
are equipped with insulation, protecting the vulnerable parts within. As a result, only the outer
layers of the insulating blankets are affected and not the craft itself[39]. But completely insulating
a thin magnetic coil that is always outside of the body of the chaser is difficult. Additionally, in
order to get more concentrated magnetic flux lines, the electromagnetic coils need to be wound
with very close spacing. Thus adding more insulation will increase the spacing and thus decrease
the effectiveness of the magnet, leading to longer detumble times. Most current electromagnetic
coils are coated with enamel insulation[40], but in space mylar, which is used in space blankets,
could also be used to seal it from radiation[41].

Furthermore, the instruments on the chaser also need to be protected from the magnetic field
it creates. The electric magnet or coil will either be held by a robotic arm or similar deployable
structure, or be part of the rigid structure of the chaser. The latter will require shielding of sensi-
tive instruments on the chaser with ferromagnetic material, while the former adds another level of
complexity to the chaser[42]. For the purposes of this Thesis the electromagnet will be assumed to
be held by a robotic arm at a certain distance from the main body.

The working principle and magnetic field that can be created will be discussed in more depth in
Chapter 3.
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2.2.2. CONDUCTIVITY OF TARGETS

In Section 2.1 it was explained that few information is available about the materials used in the
Kosmos-3M upper stages. However, these materials will influence the detumbling process greatly.
In order to find a good estimation of the types of materials in the rocket body, the ratio of conductive
materials versus total mass is introduced, where the conductive materials are typically aluminium
or titanium alloy. When comparing different upper stages of different rockets, it can be found that
they typically have a ratio of conductive material of about 30%[28]. This ratio will be used in order
to model the detumbling process and will be extended upon in Chapter 5.

In order to evaluate the influence of the conductivity ratio, the characteristic time of decay is
introduced for an uncooperative object with the shape of a spherical shell[28]:

τ= 4ρc

σB 2

(
1+ 3

5

mnc

mc

)
(2.5)

Where B is the magnetic field, σ is the conductivity of the sphere, ρc is the skin density, mnc is
the total mass of non-conductive materials and mc is the total mass of conductive materials in the
rocket body.

Figure 2.14 shows the influence of this ratio on the characteristic time of decay for a spherical
shell.

Figure 2.14: Braking time for a spherical shell for different ratios of conductive material[28]

It can be concluded that for an ECB to be feasible, the targets need to have a relatively high
conductive material to mass ratio. Preferably uncooperative objects with a ratio of more than 25%
or higher should be targeted, making rocket bodies the perfect targets to be detumbled by an ECB.

2.2.3. DYNAMICS OF AN EDDY CURRENT BRAKE

After the basic working principle of an ECB has been explained, a more in depth analysis of the
dynamics involved can be presented.

First of all it is important to know which parameters influence the resulting braking force, as
mentioned earlier, on the rocket body. The force, applied to the rotating object, as a result of eddy
currents, is related to the current in the electric magnet, I0, the windings of the electric magnet,
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ne , the velocity of the electric magnet, v , and the distance between the coil and the object, x, as
follows[30]:

f ∝ v,
1

x2 , I 2
0 ,n2

e (2.6)

Modelling the eddy current torque for different shapes and sizes has proven difficult. A general
way to evaluate the torque is to use a Finite Element Method (FEM) to divide the volume into a grid
and solve the Laplace equation with Neumann conditions. However, it is not practical to solve this
problem for each time step and some of these calculations possibly need to be run on-board of the
chaser and need to run in near-real time.

An alternative is to use specific formula’s which represent the resulting force as a function of the
specific shape of the uncooperative object. However, only for a limited range of shape and sizes and
specific orientations of the angular velocity vector ~ω and the Magnetic Field ~B analytical solutions
of the eddy current torque have been found[43, 44].

For a spherical shell, the analytical solution of the induced eddy current torque is[43]:

~T = 2∗π
3

σR4e(~ω×~B)×~B (2.7)

Where R is the radius of the spherical shell, B is the magnetic field, e is the thickness of the shell
and σ is the electrical conductivity.

And for an open cylindrical shell, the analytical solution of the induced eddy current torque
is[44]:

~T =πσBxωR3eL

(
1− 2R

L
tanh

(
L

2R

))(
Bx~i −Bz~k

)
(2.8)

Where R is the radius and L the length of the cylinder, e is the thickness and σ is the electrical
conductivity.

However, since the object to be detumbled, the Kosmos-3M upper stage, is neither a sphere
nor a cylinder, the model to simulate the detumbling process will not make use of these analytical
expressions. Instead they will be used to verify the model.

A more promising technique to model the detumbling process of complex shapes is the one de-
veloped by N.O. Gomez, namely the Magnetic Tensor, M . This technique also uses a FEM technique,
but only at the first time step in order to model the shape of the target, after which only matrix di-
visions or multiplications are necessary. By introducing a Magnetic Tensor, which describes how
a conductive object will react when it is placed in a magnetic field, the complex and time inten-
sive Laplace equation with Neumann conditions can be avoided. Therefore, the Magnetic Tensor
technique will be used in this thesis due to its relative simplicity and low computation time.

In order to model the Magnetic Tensor and subsequent induced torque, the target’s shape needs
to be modelled by use of a frame model.

THE FRAME MODEL AND MAGNETIC TENSOR

The easiest way to model a target’s shape, size and characteristics, is to make a simplified frame
model of the target to be detumbled, with the possibility to add complexity afterwards.

A frame model can be seen as a simple FEM model, where a rigid body is divided into m bars
and n nodes. Each bar has a length Lk , a conductivity σk and a cross section Ak [28]. A constant Dk ,
which is a combination of the conductivity, cross section and length of a bar can then be defined for
each bar k as:

Dk = σk Ak

Lk
(2.9)
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A visual representation of a frame model can be found in Figure 2.15.

Figure 2.15: Frame model[28]

Only by increasing the number of nodes in the model does the accuracy of the model increase.
As a result, the accuracy of the simulation of an ECB working on that model also increases, until it
converges.

In order to find the Magnetic Tensor, M , the electric intensity of each bar, Jk , needs to be defined,
which relates to the Magnetic Tensor as follows:

~Ωt M~Ω=
m∑

k=1

J 2
k

Dk
= J t D−1 J (2.10)

Where −~Ωt M~Ω is the dissipative energy per unit time due to the eddy currents, ~Ω=~ω×~B is the
electrical current density vector, ~B is the magnetic field vector and ~ω is the rotation vector.

In order to find the electric intensity of each bar, first the coordinates of the center of the target
need to be defined. Then each bar can be assigned a local coordinate lk , and a center of gravity
given by the position vector ~rk .

~rk = ~Lk /Lk (2.11)

Then, the electric intensity of each bar, Jk , is the product of the electric current density jk and
the cross sectional area of the bar.

Jk = Ak jk (2.12)

A general solution for the current density vector ~j , can be found to be[28]:

jk = ~jk
~lk = Dk

[
1

2

(
~rk × ~Lk

)
~Ω−∆φk

]
(2.13)

Where φk = φbk −φak is the effective potential difference between the nodes ak and bk of bar
k.

Equation (2.12) can be rewritten as a matrix so it accounts for all bars as follows:

J = D

(
1

2
S ~Ω−∆φ

)
(2.14)

Where J becomes a vector (m×1) with the intensities of each bar. D is a diagonal matrix (m×m)
with D = di ag (Dk ), S is a matrix (m ×3) that contains the cross product ~rk × ~Lk and ∆φ is a vector
(m ×1) that contains the effective potential difference.
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This results in a linear system of n equations with m unknown variables. Introducing a matrix
H which links all the bars, the linear system can be expressed as follows:

H .J = 0 (2.15)

∆φ=−H Tφ (2.16)

And J can then be found to be:

J = 1

2
(I −D F )D S~Ω (2.17)

Where:

F = H T K −1H = H T (
HD H T )−1

H = F T (2.18)

Finally, the Magnetic Tensor can be found by filling in Equation (2.17) into Equation (2.10):

M = 1

4
ST D(1−F D)D−1(I −DF )DS (2.19)

From Equation (2.19) it is clear that the Magnetic Tensor only depends on the geometry and
conductivity of the target and has dimensions of [S.m4], where S is the Siemens unit. The magnetic
tensor is a 3x3 matrix. A special property of the Magnetic Tensor occurs when the object can be
mirrored over all three axis, making the Magnetic Tensor a diagonal matrix, which will be used to
test the model in Chapter 4:

M =
M1 0 0

0 M2 0
0 0 M3

Sm4 (2.20)

The Magnetic Tensor can then be used to find the force and the induced torque on the target
as the result of an ECB. The eddy current torque can be expressed as the cross product of ~m and
~B , where magnetic moment vector, ~m, can be found by finding i-component mi of the magnetic
moment by[28]:

mi =
3∑

j=1
Mi jΩ j (2.21)

The induced torque then equals:

~T = (
M~Ω

)×~B =~r ×~r (2.22)

Where ~f is the force vector and r is the position vector from the point where the force is working
relative to the axis of rotation.

In order to better grasp the different aspects of detumbling a conductive target with the use of
an ECB and provide a proof of concept, an experimental approach is presented.
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AN EXPERIMENTAL APPROACH

An experimental approach to detumble an uncontrolled satellite with a contactless force by using
an ECB has been executed by F. Sugai, et al and will be used to prove that the theory presented does
work in real-life applications[29, 30]. The goal of this experimental approach is to show that the
Climate Satellite Himawari 5 can be detumbled using an ECB.

This satellite has a mass of 345 kg, a diameter of 2.15 m and a height of 3.54 m.
In order to prove the Climate Satellite Himawari 5 can be detumbled with the use of an ECB,

an experimental set-up was used, which can be found in Figure 2.16, where an ECB acts upon a
tumbling target, which is a hollow cylinder. More specifically, an aluminium plate with a width of 50
mm and a thickness of 0.5 mm was affixed to an acrylic cylinder. The acrylic cylinder was set on a
one axis spinning motion table, which spun the cylinder up to 3π rad/s with constant acceleration.
Furthermore, instead of an electromagnet, three permanent magnets were used, which were placed
in a row at a distance of 1 mm from the aluminium plate[29, 30].

Figure 2.16: Experimental set-up

Since the cylinder in the experimental set-up is not rotating in free space, but instead being
spun up at constant acceleration to an angular velocity of 3π rad/s, the torque was measured for the
case with and without the magnets. Without magnets only anti-torque was measured, while with
magnets a maximum torque of 0.13 Nm was observed, which can be seen in Figure 2.17.

Figure 2.17: Experimental Torques[29]
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Furthermore, as can also be seen from Figure 2.17, does the induced torque linearly increases
with angular velocity.

F. Sugai, et al then translated the experimental result into a simulation to detumble the Climate
Satellite Himawari 5[29, 30]. As initial conditions, the target was rotating at a spin rate of 100 rpm
and has a nutation angle of 30 degrees, which is represented in Figure 2.18. Then, assuming the
magnets have the same capabilities as those in the experimental set-up, ?? shows that the total
angular velocity converges to zero after a little more than 5 hours, with the angular velocity rapidly
decreasing when the nutation angle has converged to zero.

Figure 2.18: Tumbling target with Eddy Current
Brake[30] Figure 2.19: Simulation result

The experimental approach, thus, proves that a large object can be detumbled with the use of
an ECB even when it is tumbling over multiple axes.

However, due to an incomplete dataset, the results presented by F. Sugai, et al, are only used as
a proof of concept in this thesis.



3
MAGNETIC FIELD MODEL

In Section 2.2 it was concluded that an electromagnetic HTS coil is the ideal candidate to generate
the magnetic field. More specifically magnesium diboride will be used as the material for the coil.
This Chapter will model the magnetic field with the general relation of the vector magnetic field of
a circular current loop as developed by R. A. Schill[45], which allows for a variety of electromagnets
to be designed. Based on the maximum coil radius, critical current density of M g B2, and number of
loops, the configuration of the coil which generates the strongest magnetic field, will have a diame-
ter of 1 meter, 500 windings and a current of 68.5 Ampere, which leads to a magnetic field of around
0.022 Tesla being created at the center of the coil. This design is within the power, size and weight
constraints and will be used to detumble the Kosmos-3M second rocket stage.

3.1. GENERAL RELATION FOR THE VECTOR MAGNETIC FIELD OF A CIRCULAR

CURRENT LOOP
In order to model the magnetic field, generated by a circular current loop, first a coordinate system
needs to be defined. A cylindrical coordinate system is chosen because of the circular shape of the
coil. The cylindrical coordinate system,(rc ,Φ, z), will have the loop axis of the coil along the z-axis
in the z = z0 plane, where the current I0 is oriented to flow in theΦ direction.

An important characteristic that influences the magnetic field generated, is the permeability of
free space, µ0, which is a global variable and for use of an ECB in LEO will be assumed to be[45]:

µ0 = 4π 10−7 (3.1)

In order to model the magnetic field, the procedure as described in Figure 3.1 will be used.
As can be seen in Figure 3.1 the first step in modelling a magnetic field is generating a mesh,

which defines the spatial density of the model, after which the radial component rc can be calcu-
lated for every point in the mesh.

rc =
(
(x −xc )2 + (

y − yc
)2

)5
(3.2)

Where xc , yc and zc are the coordinates of the coils center point and are assumed to lie at the
center of the mesh for this model.

Then, the radial component and the z-component of the magnetic field can be found:

Brc (rc ,φ, z) = µ0I0

2π

(z − zc )

rc
[
(rc +a)2 + (z − zc )2

] 1
2

[
−K (kc )+ r 2

c +a2 + (z − zc )2

(rc −a)2 + (z − zc )2 E(kc )

]
(3.3)
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Figure 3.1: Magnetic field modelling procedure

Bz (rc ,φ, z) = µ0I0

2π
[
(rc +a)2 + (z − zc )2

] 1
2

[
K (kc )− r 2

c −a2 + (z − zc )2

(rc −a)2 + (z − zc )2 E(kc )

]
(3.4)

Where K (k) and E(k) are the elliptic integral function of the first and second kind and a is the
coil radius.

In order to convert the radial components into Cartesian form the following relationships can
be used:

Bx = Brc

x −xc

rc
(3.5)

By = Brc

y − yc

rc
(3.6)

As a result the magnetic field vector and strength are modelled for every point on the mesh when
a current loop is placed at the center of the mesh.

In order to find the magnetic field generated by a coil with multiple loops or windings, the com-
ponents of the magnetic field, Bx By and Bz , are either multiplied times the amount of loops or
each winding is represented as a separate current loop, which are placed at a fixed distance from
each other. For the sake of simplification, the magnetic field will be multiplied times the number of
windings.

The model as presented in Figure 3.1, now needs to be verified. However, in order to model
the magnetic field vectors and strength, first the different parameters that influence it need to be
presented:

• The coil radius a

• The coil current I0

• The coordinates of the coils center point xc , yc and zc

• The amount of loops ne

• The spacing of the windings lsp
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The magnetic field model needs to be able to easily simulate a large range of magnetic fields
based on these parameters. In order to limit the amount of design possibilities, design ranges for
every parameter will be introduced.

Firstly, the design range for the coil radius, a, is influenced by the launch capabilities of the
launchers. In Section 2.2 it was mentioned that expandable coils were being researched. However,
it was chosen that in this Thesis expandable coils will not be used in order to give a more realistic
representation of the working of an ECB. Therefore, the upper limit of the coil radius is chosen to be
1 meter, while the lower limit is chosen to be 0.2 meter, since it needs to be large enough to create a
magnetic field of relative strength.

Secondly, the coil current is limited by both the material of the coil and the power source on the
chaser. Since the coil will be HTS, there exists a critical current density, where the superconductor
starts to act like a normal conductor. This is due to the fact that magnetic fields kill superconductiv-
ity, meaning that a superconductor has a critical field strength at which it becomes a normal con-
ductor. The critical current and critical current density can be found in Equations (3.7) and (3.8)[46].

Ic = 2πaBc (3.7)

Jc = 2
Bc

a
(3.8)

Bc = Bc (0)

[
1−

(
T

Tc

)2]
(3.9)

Which is thus dependent on the coil radius, a, and on the critical magnetic field, Bc , the operat-
ing temperature, T , and the critical temperature of the coil, Tc [46].

The critical magnetic field, thus, is heavily dependent on the effectiveness of the cooling system.
The coordinates of the coil center point will be, for simplicity, chosen to be (0,0,0).
The design range for the amount of loops, ne , is limited by weight, size and manufacturing con-

straints.
And finally the spacing of the windings will, as discussed in Section 2.2, need to be kept as small

as possible and are dependent on the coating used for the wires in order to keep the HTS in operating
temperature. This design space will range from zero to several millimetres.

In order to verify that the model for the magnetic field is correct, the magnetic field strength
of the model for different mesh points will be compared to the magnetic field strength computed
using another approach.

First, the magnetic field strength at the center of the loop, which coincides with the (0, 0, 0)
point of the mesh, can be verified by using the Biot-Savart law for a magnetic field from a current
element[47]:

dB = µ0I0dL sinθ

4πa2 (3.10)

Which can be simplified because the angle θ is 90 degrees for all points of the mesh and the
distance to the field point is constant[47]:

B = µ0I0

4πa2 2πa = µ0I0

2a
(3.11)

The parameters in Table 3.1 are then used as input for model as described in Figure 3.1 and
Equation (3.11) for the verification of the magnetic field strength at the center of the coil.

For the model, the magnetic field in the center of the mesh, which is also the center of the coil,
is compared to the value found by Equation (3.11). Both lead to a value of 3.141610−4 Tesla, which
is exactly π to the power minus four, which is due to the fact that the permeability of free space is
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Table 3.1: Input parameters verification magnetic field model

a 2 [m]
I0 1000 [A]
ne 1 [-]
lsp 0 [m]

(xc , yc , zc ) (0,0,0) [m]

dependent on π. It can thus be concluded that the magnetic field strength calculated by the model
at the center of the mesh and thus the coil, is verified.

In Chapter 2 it was defined that the electromagnet will be placed at a certain distance from the
Kosmos-3M second rocket stage. Therefore, the magnetic magnetic field strength modelled at a
certain distance from the center of the coil needs to be verified.

In the model and the mesh, the magnetic field lines are assumed to be flowing through the
current loop from the negative to the positive z-axis.

In order to find the magnetic field strength of a current loop at a certain distance along the z-axis
from the center of the coil, the Biot-Savart law for the z-component can be used[47, 48]:

dBz = µ0I0dL

4π

a(
z2 +a2

) 3
2

(3.12)

Where only the distance element dL is not constant, leading to:

Bz = µ0

4π

2πa2I0(
z2 +a2

) 3
2

(3.13)

Again using the parameters in Table 3.1 and varying the distance, z, the model can be verified
by comparing the value found by the model at a distance, z, to the values found by Equation (3.13).
The results of the verification can be found in Table 3.2.

Table 3.2: Input parameters verification magnetic field model along the z-axis

z [m] Model [T] Biot-Savart [T]
2 1.107 10−4 1.107 10−4

4 2.8099 10−5 2.8099 10−5

6 9.9346 10−6 9.9346 10−6

8 4.4820 10−6 4.4820 10−6

The values generated by the model and values from the Biot-Savart equations match perfectly.
It can thus be concluded that the model is verified, meaning that it can be used for the modelling of
the magnetic field for an ECB.

3.2. THE DESIGN OF AN HTS COIL AND ITS MAGNETIC FIELD
In Section 3.1 the design ranges for the different input parameters of the model for a HTS coil were
discussed. In order to design an electromagnetic HTS coil that can generate the strongest magnetic
field within the design ranges of the input parameters, these parameters need to be discussed more
in-depth.
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In order to design an electromagnet, first the material of the electromagnetic coil needs to be
chosen. The material magnesium diboride, M g B2 is chosen as a baseline, as discussed in Chap-
ter 2, which has a critical magnetic field strength at zero Kelvin Bc (0) of 14.8 Tesla and a critical
temperature of 39 Kelvin [49], after which it is no longer a superconductor. From these data, the
critical magnetic field strength and critical current can be found, which are dependent on operating
temperature and the material used. For this thesis, an operating temperature of 20 Kelvin is chosen,
since only current technology HTS coils will be used and in order to achieve a strong magnetic field.
In order to achieve a temperature of 20 Kelvin, the electromagnetic coil needs to be cooled with
passive and active cooling systems.

The critical current and accompanying critical magnetic field strength in terms of the coil radius
can then be computed by using Equations (3.7) and (3.9).

If the maximum value of the design range of the diameter is used, 2 meters, then the critical
current density is around 68.5 Ampere. Furthermore, based on literature, the number of windings
is chosen to be 500[28]. The input parameters for the model for configuration A, which is the maxi-
mum configuration, can then be found in Table 3.3.

Table 3.3: Input parameters magnetic field model for configuration A

a 1 [m]
I0 68.5 [A]
ne 500 [-]
lsp 0 [m]

(xc , yc , zc ) (0,0,0) [m]

The spacing of the windings will thus be assumed to be zero, which simplifies the model and
minimizes the computation time, while still resulting in an accurate result[45].

When the electromagnetic coil is placed at the center of the mesh in the xy-plane, with the mag-
netic field lines flowing from negative to positive on z-axis and the x-axis pointing upwards, the
magnetic field strength in the y- and z-direction can be plotted and is presented in Figure 3.2. The
dashed yellow lines are the transition lines from areas with a certain magnetic field strength to an-
other.

Finally, the magnetic field strength in z-direction is plotted, since the ECB will be assumed to aim
the magnetic field’s centreline, the z-axis in the model, at the target. Thus, the values of the magnetic
field strength along this centreline will be used in Chapter 4 and following chapters. Figure 3.3 shows
the strength of the magnetic field in the z-direction along the centreline of the current loop.

It can thus be seen that magnetic field strength rapidly decays and slowly converges to zero at a
distance of 6 meter from the center of the coil.

However, the magnetic field will not be uniform over the entire surface of the uncooperative
object. Therefore, in order to visualize the flow of a magnetic field, the field is plotted as a vector
flow, which is shown in Figure 3.4. The influence of the non-uniformity on the working of an ECB
will be discussed further in Chapter 6.

Since there is no baseline for an electromagnet that can be used as an ECB to detumble the
Kosmos-3M second stages, a different configuration of the electromagnet will also be modelled,
called configuration B. For this configuration the diameter is chosen to be four times smaller than
that of configuration A, which drastically decreases the size of the chaser. In the following chap-
ters, configuration B can possibly be used when fast detumbling times are measured and a weaker
magnetic field can also detumble the target in a reasonable amount of time.

The parameters of configuration B can be found in Table 3.4.
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Figure 3.2: Strength of the magnetic field in the yz-frame in configuration A

Figure 3.3: Magnetic field strength along the z-axis of the current loop in configuration A

Table 3.4: Input parameters magnetic field model for configuration B

a 0.5 [m]
I0 34.3 [A]
ne 500 [-]
lsp 0 [m]

(xc , yc , zc ) (0,0,0) [m]
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Figure 3.4: Vector flow in the yz-frame in configuration A

For this configuration the strength of the magnetic field in the y- and z-direction is plotted in
Figure 3.5. Furthermore, the strength of the magnetic field in the z-direction along the centreline of
the current loop, is shown in Figure 3.6.

Figure 3.5: Strength of the magnetic field in the z-y frame in other configuration

When comparing the two configurations, it is immediately noticeable that, while the magnetic
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Figure 3.6: Magnetic field strength along the centreline of the current loop in other configuration

field strength at the center of the coil is comparable, the magnetic field strength decays faster over
distance. Increasing the number of loops can achieve a stronger magnetic field close to the center
of the coil. However, the trend at which the magnetic field strength converges to zero remains the
same, as can be seen in Figure 3.7. However, this is a relative representation, meaning that the
strength of the magnetic field is relatively small at a distance of 5 meter compared to the strength
of the magnetic field at the center of the coil. In the following Chapters, it will be investigated if the
magnetic field is strong enough to detumble a large target such as a Kosmos-3M second stage.

Figure 3.7: Magnetic field strength along the centreline of the current loop in other configuration with 1000 loops
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FINAL DESIGN

In order to achieve a fast detumbling time of the Kosmos-3M rocket, the configuration A of the
coil will be used initially, as presented in Table 3.3, which generates the strongest magnetic field.
However, other constraints placed upon operation of the electromagnet need to be discussed in
order to assess the viability of this chosen configuration.

The most important constraint is the power supply. In order to supply the power needed to
operate the electromagnet a Direct Current (DC) or Alternating Current (AC) power supply can be
used. An AC power supply has the advantage of cancelling some forces generated by the ECB as
will be discussed in Chapter 6. However, in practice, any voltage change through the electromagnet,
will result in a voltage spike across the eddy currents and even mechanical stresses in the windings,
possibly leading to a magnetic quench. As a result, current changes need to be done gradually in
order to limit the voltage spikes and avoid a magnetic quench, which partially voids the usefulness
of using an AC power supply.

Therefore, a high current, very low voltage DC power supply will be used. A low voltage is
present, due to the resistance of the feeder wires. In order to estimate the voltage created, dis-
tributors of power supplies and their products for superconducting magnets are looked at, leading
to the conclusion that for a current between 60 and 80 Ampere, a voltage of around 10 Volts will be
created[50, 51].

Another important aspect is the power needed in order to operate the ECB. This power can be
divided into two categories, being: the power needed for the electromagnet and the power needed
to cool the electromagnet.

The power needed for the electromagnet can easily be found by multiplying the voltage with the
current, which leads to around 700 Watts needed to operate the ECB without cooling.

Secondly, the power needed to cool the electromagnet is dependent on the cooling system cho-
sen, the size of the magnet, windings, etc. As a result, this research will not provide an estimation of
this power, but instead will include some safety factor in the design.

Finally, the feasibility of a satellite continuously providing around 1000 Watts of power while op-
erating the ECB can be assessed, by comparing the power to that of operational satellites. For exam-
ple, typical research satellites operate with only 200 to 800 Watts of electricity generated by sunlight
and solar panels carried by the satellites[52]. As a result, it can be concluded that the chaser’s ECB
can be powered by solar panels. However, future research is necessary in order to design the chaser
in more detail.

The parameters of the final design of the electromagnet can then be found in Table 3.5.

Table 3.5: Parameters magnetic field model for the final design

a 1 [m]
I0 68.5 [A]
V 10 [V]
P 685 [W]
ne 500 [-]
lsp 0 [m]

(xc , yc , zc ) (0,0,0) [m]





4
DETUMBLING OF GENERIC,

UNCOOPERATIVE OBJECTS

In Chapter 3 the magnetic field was modelled for the ECB. In this chapter, basic shapes, such as
the sphere, cylinder and double silo will be modelled and their Magnetic Tensor and the torque
simulated in order to verify the model. Different magnetic field strength vectors and angular velocity
vectors will be chosen for the different shapes in order to provide an overview of the capabilities of
an ECB.

4.1. MODELLING PROCEDURE
Before the basic shapes will be discussed, first the process of modelling the Magnetic Tensor and
simulating the induced torque needs to be discussed, which can be found in Figure 4.1. It describes
how the basic model functions and which elements of the model are verified.

First the target/shape needs to be chosen. The basic shapes used in this Chapter will be a sphere,
a hollow cylinder and a hollow cylinder with two half spheres on either side, which will be called the
double silo. In Chapter 5 and following the Kosmos-3M second rocket stage shape will be used as
input.

After the shape has been chosen, their characteristics, which will differ based on the shape cho-
sen, and the input parameters of the model need to be defined. The input parameters are:

• Radius of both sphere and cylinder R

• Length of cylinder L

• Skin thickness e

• Magnetic field strength ~B

• Angular velocity of target ~ω

• Conductivity of target σ

The shapes can then be modelled using a frame model consisting of nodes and bars, as dis-
cussed in Chapter 2. The most important parameter influencing this model is the mesh size, which
defines how accurately the object is presented by the model. Increasing this mesh size will increase
the accuracy of the solution, but also increase the computation time. Therefore, a trade-off will take
place to define the ideal mesh size for the different objects, taking computational time and accuracy
of the solution into account.

33
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Figure 4.1: Detumbling and Magnetic Tensor modelling procedure

When a mesh has been chosen and the shape has been modelled, the Magnetic Tensor of the tar-
get can be calculated by using the method described in Section 2.2, where first an electric intensity
J is assigned to every bar in the frame model.
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Analytical expressions for both sphere and cylinder, listed in Section 2.2, can then be used to
verify the solution of the Magnetic Tensor obtained by the model. If no good match has been found
the mesh size has to be increased and the Magnetic Tensor calculated again until a good match has
been achieved.

After the Magnetic Tensor has been found and is verified, the induced force and the resulting
torque can be simulated. This torque can then be applied to the target/shape in order to model the
detumbling.

Again, using analytical expressions as presented in Section 2.2, the torque found by the model
can be verified. And similarly, if no good match has been found, the mesh size needs to be increased,
the new Magnetic Tensor calculated and a new resulting torque applied to the shape.

The detumbling of the target then leads to a new steady state of the target, after which it is either
safe to capture or is still tumbling over axes that were not damped to zero by the ECB. In order to
damp all angular velocities, the direction of the magnetic field needs to be altered and the force and
torque calculated over again until all angular velocities are sufficiently small for an ADR mission.

4.2. BASIC SHAPES
In order to verify and validate the model as described in Figure 4.1, basic shapes will be used as
reference shapes. These shapes will be symmetric over all axes of the body reference frame, making
the Magnetic Tensor a diagonal matrix as discussed in Section 2.2. However, before discussing the
basic shapes, first the reference frames that will be used in this and subsequent chapters need to be
discussed.

The target will be tumbling in an orbital reference frame, with its origin in the Center of Gravity
(CoG) of the target, with the x-axis pointing in the along track velocity, the z-axis pointing in nadir
direction, and with the y-axis being perpendicular to the orbital plane. Furthermore, this reference
frame is assumed to be fixed to the reference frame of the electromagnet carried by the chaser, where
the center of the coil is the origin, and the axes are pointing in the same direction as the reference
frame of the fixed at the CoG of the target. The chaser and target and thus their orbital reference
frames are assumed to be at a fixed distance from each other for the duration of the detumbling
mission. For simplicity, the reference frame in which the targets rotate will be called the chaser
fixed frame.

Additionally, a body reference frame, which moves together with the target’s rotation will be
used, with the origin in the CoG of the object, the z-axis running along the longitudinal axis and the
x- and y-axis perpendicular to each other and the z-axis.

This Thesis aims to prove that an ECB is a viable option to detumble debris. In order to simulate
and prove the workings of an ECB other accelerations and torques as a result from perturbations
present for objects operating in Earth orbits, of non-magnetic nature are neglected. This assump-
tion can be made since satellites flying in formation already orbit the Earth with success and it can
be assumed that with current technology, the relative distance between chaser and target can be
retained.

4.2.1. SPHERE

The most basic shape is the sphere, which can be approximated as a 3D frame model. In Section 4.1
it was explained that increasing the number of nodes increases the accuracy of the model, which
can be seen in Figures 4.2 and 4.3, where the sphere is plotted in the body reference frame. The first
frame model uses 171 nodes and the second 4851 and are both plotted in the body frame.

In order to model Figures 4.2 and 4.3, the radius of the Kosmos-3M cylinder tank is used, in order
to get a reasonable representation of the detumbling of the Kosmos-3M second stage. Furthermore,
configuration A of the M g B2 coil will be used together with the skin thickness of the Kosmos-3M, as
presented in Chapter 3 and the sphere will be placed at at an arbitrary distance of 8 meters from the
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Figure 4.2: Frame model sphere with 171 nodes Figure 4.3: Frame model sphere with 4851 nodes

coil. The rotational motion of the sphere will be assumed to be over the x- and y-axis, as discussed
in Section 2.2 and finally, the target is assumed to be made entirely of aluminium, which, together
with the temperature (for now assumed to be 293.15 Kelvin), defines the electrical conductivity σ.

The input parameters of the model can be found in Table 4.1.

Table 4.1: Input parameters sphere

R 1.2 [m]
e 0.05 [m]
~B [0 37.8 0] [µ T]
~ω [72 72 0] [deg/s]
σ 3.5 107 [S/m]

Using the frame model in Figure 4.2 and the method in Figure 4.1 the Magnetic Tensor, using
the body reference frame, can be found to be:

MS171 =
7.4942 0 0

0 7.4962 0
0 0 6.7556

106[Sm4] (4.1)

Since a sphere is symmetric over any imaginable axis that runs through its center, the Magnetic
Tensor will only have elements on its diagonal and those elements are equal[28]. It can already
be concluded that Figure 4.2 is not a good representation of a sphere, which translates itself in the
Magnetic Tensor. In order to find a good representation of a sphere, the mesh size will be increased
until it closely matches the Magnetic Tensor calculated using the analytical method. In order to
verify the solution, the torque calculated with the analytical model and the torque calculated by the
model will be compared.

The analytical solution of the Magnetic Tensor of a spherical shell is[28]:

Mver = 2π

3
σR4e

1 0 0
0 1 0
0 0 1

 [Sm4] (4.2)

Using the parameters in Table 4.1, the analytical solution for Magnetic Tensor becomes:
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Mver =
7.6001 0 0

0 7.6001 0
0 0 7.6001

106[Sm4] (4.3)

As can be seen from the Magnetic Tensor obtained via the analytical method, the elements of
its diagonal equal. Furthermore, when comparing it to the Magnetic Tensor obtained via the model
with 171 nodes, it can be concluded that the first two elements of the diagonal already match those
of the analytical solution closely. However, in order to find a good match, the mesh size is increased
stepwise until the solution converges and the error between the analytical solution match. The
mesh size is defined by a trade-off between computation time and accuracy.

The final shape of the sphere was decided to be the frame model defined in Figure 4.3 which has
4851 nodes. As a result, the Magnetic Tensor becomes:

MS4851 =
7.5929 0 0

0 7.5929 0
0 0 7.5711

106[Sm4] (4.4)

The diagonal elements of the Magnetic Tensor are now closely matched, indicating that the
model approaches the shape of a sphere, with an error smaller than 0.4%.

From the Magnetic Tensor, the torque can be calculated by using Equation (2.22), which is de-
pendent on the Magnetic Tensor, the magnetic field (which are both assumed to be constant over
time for this example) and the rotation rate of the sphere. As a result the torque varies over time
since the objects angular velocity is slowly decaying over time due to the ECB. Furthermore, Equa-
tion (2.22) also indicates that the rotation rate can never truly become zero, but instead will slowly
converge to zero, since a torque is only created when there is a relative motion between the electro-
magnet and the target.

This torque, working on the sphere, affects the angular velocity vector, which changes the torque
in return. In order to find this rate of change a relation for the rotation rate is needed, which can be
found in Equation (4.5)[53].

~ωt+1 =~α ∆t +~ωt (4.5)

Where the factor α is the angular acceleration over an axis, which equals the torque on that
axis divided by the inertia of the object on that axis. The moment of inertia of targets that can be
mirrored over every axis will only have non-zero elements on its diagonal. However, for more more
complex shapes, such as the Kosmos-3M second rocket stage, the inertia matrix will also have other
non-zero elements, reflecting its asymmetry.

In order to find the angular acceleration, the relation of the angular acceleration and the torque
needs to be found, which are based on Newton’s three fundamental law’s of motion. When consid-
ering a particle with a momentum ~p and a position vector ~r , which is measured from the axis of
rotation, a variable~l can be defined[53, 54]:

~l =~r ×~p (4.6)

After differentiation, a torque equation is found:

~T =~r ×~F (4.7)

And using the following relation, the torque in relation to the angular acceleration can be found[53,
54]:

d~v

d t
=~a =~α×~r (4.8)
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~T = I~α (4.9)

Where ~a is the acceleration vector. The above relation is valid for both a single particle and for
larger rigid bodies composed of a large number of particles[53, 54].

In this thesis, in order to simplify the calculations the inertia matrix will be assumed to only have
non-zero values on its diagonal. This assumption can be made since the non-zero elements that are
not on the diagonal are small compared to those on the diagonal. As a result, Equation (4.9) can be
rewritten to compute angular acceleration over the x-, y- and z-axis:

~α= ~T I−1 (4.10)

Alternatively, since the inertia matrix will only have non-zero values on its diagonal and all di-
agonal elements will be non-zero, this equation can be rewritten as:

αi = Ti

Ii
(4.11)

For a sphere, the mass moment of inertia I is the same for every axis and can be calculated by:

Ix,y,z = 2

3
Mtot R2 (4.12)

Where the total mass of the spherical shell, Mtot , can be found by multiplying the volume of the
spherical shell by its density, which is 2700 kg /m3 for aluminium.

As can be seen from Table 4.1 the magnetic field vector is pointing in the positive y-direction
and the sphere is rotating over both the x- and y-axis in the chaser fixed frame. As a result there
will only be a torque generated for the rotation over the x-axis, since the magnetic field vector is
perpendicular to the x-axis and parallel to the y-axis. Furthermore, there is no initial angular velocity
over the z-axis, therefore there is also no torque present during the time the ECB is active, since there
needs to be a relative motion between the ECB and the object in order to exert a torque. The angular
velocity over the y- and z-axis will thus remain the same.

The analytical expression for the torque produced by an ECB working on a sphere has been given
in Equation (2.7). Furthermore, the analytical solution of the Magnetic Tensor can be used together
with Equation (2.22) to obtain the solution via a different route, which will also be used to check the
value of the model against.

In order to check this reasoning, the torque needs to be simulated. The analytical expression for
the torque for a sphere as found in Equation (2.7), with input parameters listed in Table 4.1, results
in the following torque vector:

Tvana =
[−0.0136 0 0

]T
[N m] (4.13)

As predicted the torque only works over the x-axis, thus damping only the angular velocity over
the x-axis. In order to assess the Magnetic Tensor model, the torque vector obtained by using the
analytical solution of the Magnetic Tensor, as found in Equation (4.3), can be calculated by Equa-
tion (2.22) and be compared to the analytical solution of the torque.

Tvtens =
[−0.0136 0 0

]T
[N m] (4.14)

As can be seen the torque matches perfectly, which leads to the conclusion that the Magnetic
Tensor model is verified.

In order to verify the model built for this Thesis, the torque found by the model at the start of the
detumbling mission, when the magnet has just been turned on, will be compared to the analytical
and Magnetic Tensor torques found above. The torque vector found by the model at the time t = 0.
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Tmt=0 =
[−0.0135 0 0

]T
[N m] (4.15)

In order to verify the model and simulate and accurate detumbling mission, the torque vectors
are compared. The values of the torque vector found by the model closely match the torque vectors
found by using the analytical approach, with the error being smaller than 0.01%. This error exists
because the frame model of the sphere does not represent a perfect sphere. However, for the pur-
poses of this thesis, the error is assumed to be small enough to prove that a large conductive target
can be detumbled with the use of an ECB.

It can thus be concluded that the model is verified for a spherical shell. However, in order to
make sure the model works for different and more complex sizes, additional shapes will also need
to be verified.

Now that the model has been checked, the torques can be modelled, and are presented in Fig-
ure 4.4. When the magnetic field vector is perpendicular to an angular velocity, the largest torque is
generated, which is ideal for the detumbling time as presented in Figure 4.5.

Figure 4.4: Absolute torque over time on the sphere in the
x-direction

Figure 4.5: Angular velocity over time of the sphere in the
x-direction

Another way to represent the detumbling of the sphere is to look at the total angular velocity
over time, which can be found in Figure 4.6. Since there was no initial angular velocity over the z-
axis, and the angular velocity over the x-axis was completely damped as presented in Figure 4.5, the
total angular velocity decreases over time until only the velocity over the y-axis remains.

However, the object will realign itself during the detumbling motion due to the fact that an an-
gular velocity over one axis is not damped while the others are gradually damped over time. As a
result, the object will realign itself gradually over an angle of 45 degrees over the x-axis from the ini-
tial angular velocity vector, which needs to be the case since the initial angular velocities over the x
and y-axis are equal.

In order to be able to damp the total rotation of the sphere, a subsequent detumbling phase
is necessary, in which the chaser realigns itself to the target in such a way that the magnetic field
generated by the ECB is perpendicular to the angular velocity of the object. This will not be simu-
lated here, but will be further discussed for different cases in the subsequent Chapters, which try to
eliminate the need to move the chaser relative to the target in order to damp all angular velocities.

4.2.2. CYLINDER

Another basic shape is a hollow cylinder with no tops. Again, the shape of the cylinder will be ap-
proximated by the model by using a frame model, where an increase in the number of nodes in-
creases the accuracy of the model.
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Figure 4.6: Resulting angular velocity of the sphere over time

Figure 4.7 uses 100 nodes and Figure 4.8 uses 4900 nodes, and represent both the initial position
of the cylinder in the chaser fixed reference frame and the object in the body reference frame, which
is fixed to the cylinder.

Figure 4.7: Frame model cylinder with 100 nodes Figure 4.8: Frame model cylinder with 4900 nodes

Similarly to the sphere, the cylinder will be modelled to best represent the shape of the Kosmos-
3M second stage. Furthermore, the cylinder will be assumed to be made entirely of aluminium, the
magnetic field will be working upon the object in the x and z-direction and the cylinder will rotate
over its z-axis. This different set-up of magnetic field and angular velocity is chosen in order to
represent what happens to the rotation of the object in different set-ups.
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The input parameters of the model for the cylinder can then be found in Table 4.2.

Table 4.2: Input parameters cylinder

R 1.2 [m]
L 6.585 [m]
e 0.05 [m]
~B [37.8 0 37.8] [µ T]
~ω [0 0 72] [deg/s]
σ 3.5 107 [S/m]

Using the frame model in Figure 4.7, the Magnetic Tensor can be found to be:

MC100 =
4.8676 0 0

0 4.8676 0
0 0 2.2217

107[Sm4] (4.16)

A cylinder is symmetric over all diametral axes, resulting in the first two elements of the Mag-
netic Tensor being equal. The cylinder is also symmetric over the z-axis, resulting in a smaller Mag-
netic Tensor element compared to the first two.

Again, it can be concluded that Figure 4.7 is not a good representation of a cylinder, which trans-
lates itself in the Magnetic Tensor. The number of nodes needs to be increased in order to find an
accurate Magnetic Tensor. Similarly to the sphere, in order to find a good representation of a cylin-
der, the mesh size will be increased up until it closely matches the Magnetic Tensor calculated using
the analytical method.

The analytical solution of the Magnetic Tensor of a cylindrical shell is[28]:

MCver =πσR3eL

γ 0 0
0 γ 0
0 0 1

2

 [Sm4] (4.17)

Where:

γ= 1− 2R

L
tanh

L

2R
(4.18)

This analytical solution confirms the fact that the first two elements of the diagonal are equal.
Using the parameters in Table 4.2, the analytical solution for Magnetic Tensor becomes:

MCver =
3.9946 0 0

0 3.9946 0
0 0 3.1279

107[Sm4] (4.19)

In order to verify the model, the mesh size is gradually increased until the error lies below 1%.
Using the frame model in Figure 4.3 with 4900 nodes, the Magnetic Tensor becomes:

MC4900 =
3.9985 0 0

0 3.9985 0
0 0 3.0356

107[Sm4] (4.20)

The solution obtained by the model closely matches the analytical solution, with an error of
around 1%. It can thus be concluded that the model can simulate the Magnetic Tensor of a cylinder
accurately given a high enough number of nodes in the frame model.
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From the Magnetic Tensor the torque vectors can be calculated using the same procedure as the
one used for the sphere, except that the elements of the diagonal of the inertia matrix need to be
calculated differently as shown in Equations (4.21) to (4.23).

Iz = Mtot

2

(
(R −e)2 +R2) (4.21)

Ix = Iy = Mtot

12

(
3
(
R2 + (R −e)2)+L2) (4.22)

I =
Ix 0 0

0 Iy 0
0 0 Iz

 (4.23)

From the magnetic field vector and the initial angular velocity vector it can be concluded that a
torque will work on both x- and z-axis, while there will be no torque on the y-axis due to the absence
of both magnetic field and initial angular velocity.

Using the analytical expression for the Torque of an ECB working on a cylinder, as given in Equa-
tion (2.8), this reasoning can be checked.

The analytical expression for the torque, for a cylinder with input parameters listed in Table 4.2,
results in the following torque vector:

Tcana =
[
0.0717 0 −0.0717

]T
[N m] (4.24)

The analytical torque shows that there is indeed no torque working over the y-axis.
Secondly, the analytical solution of the Magnetic Tensor can be used together with Equation (2.22)

to obtain the solution via a different route in order to check the Magnetic Tensor method and to pro-
vide another data point to which the model’s solution can be compared to.

Tctens =
[
0.0717 0 −0.0717

]T
[N m] (4.25)

These torque vectors can then be compared to the torque found by the model at the start of
the detumbling mission when the magnet has just been turned on. The torque vector found by the
model at the time t = 0.

Tmt=0 =
[
0.0717 0 −0.0717

]T
[N m] (4.26)

The values of the torque vector found by the model closely match the torque vectors found by
using the analytical approaches. It can thus be concluded that the model is verified for a cylindrical
shell without tops.

After the torque is verified, the torque and detumbling over time can be simulated. The absolute
values of the torque working on rotation over the x and z-axes is represented in Figures 4.9 and 4.10.
Again, there is no torque in the y-direction since there is no magnetic field working on nor an angular
velocity over the y-axis.

Different from the sphere, due to a different magnetic field and angular velocity, the torque on
the cylinder is working on the x- and the z-axis. However, earlier it was said that an ECB requires a
relative rotational motion between the chaser and the target in order to exert a torque and initially
there is no angular velocity over the x-axis. Yet, as can be seen in Figure 4.9, there is a torque working
on the x-axis. This is due to the fact that the object slowly aligns itself over time to the magnetic
field vector, which lies at an angle of 45 degrees from the x-axis in the xz-plane, as can be seen in
Figure 4.11. Therefore, there is a relative motion between chaser and target over the x-axis and thus
a torque will be present.
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Figure 4.9: Absolute torque on the cylinder in the x-direction
Figure 4.10: Absolute torque on the cylinder in the z-
direction

Figure 4.11: Cylinder aligning itself with magnetic field

As a result, the angular velocity over the x-axis increases, while it decreases over the z-axis, as
can be seen from Figures 4.12 and 4.13.

Due to the fact that the object aligns itself to the resulting magnetic field vector, the cylinder’s
rotation will not completely be damped, as is again represented in Figure 4.14. Instead it converges
to another constant angular velocity, meaning that the rotational motion is parallel to the magnetic
field, resulting in no torque being produced.

This approach shows that the object will rotate to realign itself parallel with the magnetic field
vector, whenever this magnetic field vector and the angular velocity vector are not perpendicular.

As a result, a subsequent detumbling phase will be needed with a magnetic field working on the
object from a direction that is perpendicular to the target’s angular velocity. A magnetic field in the
y-direction would be the ideal candidate to damp both of these remaining angular velocities.
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Figure 4.12: Absolute torque on the cylinder in the x-
direction

Figure 4.13: Absolute torque on the cylinder in the z-
direction

Figure 4.14: Angular velocity of the cylinder in the body frame

4.2.3. DOUBLE SILO

The two basic shapes have verified the model. The double silo, which is essentially a combination
of the sphere and cylinder, will try to approach the shape of the Kosmos-3M second stage as close
as possible in order to have a reference point to which the results obtained in Chapter 5 can be
compared.

The shape of the double silo will be approximated by a frame model, where Figure 4.15 uses 180
nodes and Figure 4.16 uses 4900 nodes.

The sphere and cylinder were assumed to be made completely of aluminium. However, in Chap-
ter 2 it was stated that the Kosmos-3M consists out of aluminium, but also other, non-conductive,
materials. Therefore, in order to approximate the Kosmos-3M rocket better, the double silo will not
be modelled to be made entirely out of aluminium, but instead its body will have a certain percent-
age of aluminium, as described in Section 2.2. For initial modelling parameters, the amount of alu-
minium in the body is 25% of its total mass, which will be randomly distributed over the body as an
initial guess, but will be adapted to match reality better in Chapter 5. The conductivity of the body
will be included in the model by using a random generator, which generates uniformly distributed
random numbers, where the value ′1′ means conductive material and a ′0′ means non-conductive
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Figure 4.15: Frame model double silo with 180 nodes Figure 4.16: Frame model double silo with 4900 nodes

material. The conductive bars are assigned the value of the electric conductivity as found in Ta-
ble 5.2. The bars that are not have been labelled as non-conductive material are not assigned a zero
value, since everything can be considered a conductor, with for example Polyethylene Terephthalate
(PET) having an electrical conductivity of 10−21S/m. The eddy currents will not follow the path of
least resistance, since current will follow any path that is available to it-. However, more current will
flow through the path of least resistance compared to the path with higher resistance.

The input parameters of the model for the double silo can then be found in Table 4.3, where the
radius of the cylinder is also the radius for the top and bottom half-spheres of the silo. In order to
stay compare the Magnetic Tensor of the double silo to those of the sphere and cylinder, the wall
thickness will be assumed to be 5 cm. In Chapter 5, these input parameters will be revised to match
the Kosmos-3M second rocket stage.

Table 4.3: Input parameters double silo

R 1.2 [m]
L 4.185 [m]
e 0.05 [m]
~B [37.8 0 0] [µ T]
~ω [0 72 72] [deg/s]
σ 3.5 107 [S/m]

There exist no analytical solutions or different methods for the Magnetic Tensor simulated by
using double silo as input for the model. However, N.O. Gomez and S.J.I. Walker simulated the
Magnetic Tensor and detumbling times for the Ariane 4 H10 Upper Stage as a double silo.

The input for their simulation can be found in Table 4.4
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Table 4.4: Input parameters Ariane 4 H10 Upper Stage

R 1.3 [m]
L 4.772 [m]
e 0.01 [m]
~B [37.8 0 0] [µ T]
~ω [28.8 28.8 28.8] [deg/s]
σ 3.5 107 [S/m]
I [28000 28000 3000] [kg m2]

mcon 32.5 [%]

Their simulation resulted in a Magnetic Tensor as can be found in Equation (4.27).

MS Alu =
5.908 0 0

0 5.908 0
0 0 1.951

106[Sm4] (4.27)

Using the input parameters as defined in Table 4.4 in the model as described in Figure 4.1, with
the conductive mass equalling 32.5% of the total mass and being randomly distributed, the fol-
lowing Magnetic Tensor is found by gradually increasing the number of nodes until the solution
converges:

MSver =
6.4612 0.0395 0.0581

0.0395 6.4612 0.0216
0.0518 0.0216 2.4180

106[Sm4] (4.28)

The converged solution uses 4900 nodes, and while the two Magnetic Tensors are similar, they
do not match perfectly with an error of around 9%. This is due to the fact that the ratio of con-
ductivity in the body has been defined by N.O. Gomez and S.J.I. Walker, but not how the conductive
material is distributed over the body. For example, more conductive material could be present in the
cylindrical part, compared to the two half spheres, which results in a different Magnetic Tensor[28].

Furthermore, they assume that the conductive materials are still distributed in a symmetric
manner in the body, which results in a Magnetic Tensor with with only non-zero elements on its
diagonal, while the rest of the elements are zero. For this double silo, with the conductive mass
equalling 32.5% of the total mass and being randomly distributed, the object is not symmetric over
any axis, leading to the Magnetic Tensor only having non-zero elements.

However, since the Magnetic Tensors are of the same order of magnitude, it is a good indicator
that the model works for different shapes and sizes, which is further supported by comparing the
detumbling times of both Magnetic Tensors.

Figure 4.17, shows the evolution of the angular velocity vector, between the target body reference
frame and the orbital reference frame leading to a changing direction in the angular velocity over
time, for angular velocity over the x- and z-axis. The detumbling times in the orbital reference frame
resulting from the model can be found in Figures 4.18 and 4.19.

When comparing Figure 4.17 with Figures 4.18 and 4.19, the detumbling times closely match.
As an additional verification step, first the Magnetic Tensor of the object, when made entirely

out of aluminium will to be simulated. The model was verified for both sphere and cylinder by
using analytical approaches, which allows more complex shapes as input for the model. However,
as a check, an analytical expression for the Magnetic Tensor of a double silo cannot be used, since it
has not been found yet, but instead the Magnetic Tensor will be compared to the one of the cylinder.
Additionally, since both sphere and cylinder approached the shape within a certain error margin



4.2. BASIC SHAPES 47

Figure 4.17: Angular velocities over the x- and z-axis between the target body reference frame and the orbital reference
frame as found by N.O. Gomez and S.J.I. Walker [28]

Figure 4.18: Angular velocity over the x-axis for Ariane4 H10
upper stage

Figure 4.19: Angular velocity over the z-axis for Ariane4 H10
upper stage

when using 4900 nodes and the Magnetic Tensor of the double silo of the Ariane 4 upper stage
converges to a solution at 4900 nodes, the Magnetic Tensor of the double silo will be simulated by
using 4900 nodes.

MS Alu =
6.70565 0 0

0 6.70565 0
0 0 2.7039

107[Sm4] (4.29)

As can be seen the Magnetic Tensor still only has elements on its diagonal, due to its symmetry,
with the first two elements being equal and the third being smaller than the first two. Since the
object has increased in length due to the addition of the tops, the third element is relatively smaller
compared to the first two elements than that of the Magnetic Tensor of the cylinder. Furthermore,
the first two elements have increased because of the object’s increase in size, which can be verified
since the Magnetic Tensor of the cylinder is bigger than that of the sphere due to the increase in size.

In order to approximate the shape and materials of the Kosmos-3M second rocket stages, 25%
of the bars in the frame model will, randomly, with the random generator discussed previously, be
assigned to be aluminium and the other to be non-conductive. As a result, the Magnetic Tensor
will no longer only have elements on its diagonal due to the objects conductive materials not being
symmetrically distributed over the body.

The Magnetic Tensor of the double silo with 25% conductive materials then becomes:
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MS Alu25
=

 115.76 −2.915 −2.5971
−2.915 218.22 3.7223
−2.5971 3.7223 69.583

105[Sm4] (4.30)

When looking at the magnetic field vector and initial angular velocity vector, it can be seen that
there is no initial angular velocity over the x-axis and that the magnetic field is parallel to the x-axis,
leading to the conclusion that no torque will be induced over the x-axis.

For Chapter 5 and subsequent Chapters, the effect the amount of conductive material in the
target has on the detumbling time is investigated. Therefore, the detumbling time in both the y-
and z-direction is plotted in Figures 4.20 to 4.23, for the two cases discussed above.

Figure 4.20: Angular velocity of the silo made entirely out of
aluminium in the y-direction

Figure 4.21: Angular velocity of the silo made 25% out of alu-
minium in the y-direction

Figure 4.22: Angular velocity of the silo made entirely out of
aluminium in the z-direction

Figure 4.23: Angular velocity of the silo made 25% out of alu-
minium in the z-direction

As can be seen, the angular velocity over the z-axis converges to zero more quickly than the an-
gular velocity over the y-axis. For this case, the angular velocity over the z-axis gets damped 3.5 times
quicker, because the magnetic field vector points in the along track direction and the z-direction is
perpendicular to the orbital plane. For the cylinder, this effect was not noticeable since the angular
velocity was not damped to zero and the object slowly turned to align itself to the magnetic field
vector.
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Furthermore, when the body has less conductive materials, 25% in this case, the body will be
detumbled more slowly, since weaker eddy currents and therefore, a weaker torque will be produced
by the ECB. Over the z-axis, this results in a detumbling time around 3 times as large, while for the
y-axis a detumbling time of 4 times the detumbling time of a fully conductive object is found.

As can be seen from Figures 4.21 and 4.23, the rotational velocities converge to zero over time,
and since there was no initial angular velocity over the x-axis and no torque present on the x-axis,
the total angular velocity will converge to zero, as is presented in Figure 4.24.

Figure 4.24: Angular velocity of the double silo in the body frame

Finally, since both angular velocities are perpendicular to the magnetic field working on the
object, the object will not realign itself over time, but will remain in its initial position, as can be
seen in Figure 4.25.

Figure 4.25: Influence of magnetic field on the initial position of the double silo
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4.3. CONCLUSION
The model is verified for both basic shapes, being the cylindrical shell and the spherical shell, to-
gether with a more complex shape, being the double silo. As a result, the Kosmos-3M upper stage
shape can be used with confidence as an input for the Magnetic Tensor model. More specifically,
a 3D frame model of the Kosmos-3M second stage will be designed, which defines the Magnetic
Tensor.

Furthermore, the combination of the magnetic field vector and initial angular velocity vector,
defines the new state to which the angular velocity vector converges over time. Chapter 5 will further
investigate the influence of the magnetic field vector and the initial angular velocity vector on the
detumbling mission.



5
INITIAL DETUMBLING OF KOSMOS-3M

SECOND STAGES

In Chapter 4 the model to simulate the detumbling of uncooperative objects in LEO was tested and
verified by using basic shapes. In this Chapter the shape of the Kosmos-3M upper stage is used as
input in the model, together with a revision of the input parameters in order to better represent the
real-life situation in orbit. Specifically, this Chapter focuses on the position of the magnetic field
vector relative to the chaser fixed frame in which the target rotates and it is shown that for the ideal
situation, when the magnetic field vector and angular velocity vector are perpendicular, that the
Kosmos-3M second rocket stage can be detumbled in the space of 7 days.

5.1. THE KOSMOS-3M SECOND STAGE AND INPUT PARAMETERS
In order to simulate the detumbling of the Kosmos-3M second stage, the shape of the upper stage
needs to be approximated by the use of a frame model. In Figures 5.1 and 5.2 the shape of the
Kosmos-3M upper stage is approximated by using, respectively, 220 and 9060 nodes. When com-
paring this model to Figures 2.6 and 2.7, the major noticeable difference is the absence of the fuel
cylinders, which have been excluded due to the difficulties in approximating a shape by the use of a
mesh.

The first noticeable change compared to the objects in Chapter 4 is that the CoG and thus the
reference frame does not lie precisely in the center of the object, as defined in Table 2.1. This change
will not affect the Magnetic Tensor, but does affect the detumbling process, as will be further dis-
cussed in this and subsequent chapters.

Before the detumbling of the Kosmos-3M can be simulated, first all the input parameters need
to be revised, since certain assumptions have been made in Chapter 4 in order to simplify the sim-
ulations. In Chapter 4 only crude estimations of some of the parameters were used, therefore, these
parameters will need to be properly estimated in order to match the reality better.

First of all, the electric conductivity, σ, was calculated for aluminium at room temperature,
which is not the case in space.

As stated in Chapter 2, objects in LEO can get as as cold as 116 Kelvin or as warm as 395 Kelvin.
The temperature affects the conductivity of the materials, as it will fluctuate as the satellite orbits
the Earth and the Earth orbits the sun. For the simulation, the temperature could be set as time
dependent, however, this would require a Magnetic Tensor to be computed at every time instant,
leading to computation times exceeding a week. Therefore, an average temperature of 255 Kelvin
is chosen as the temperature of the Kosmos-3M upper stages. In Equation (5.1) the dependence of
electrical resistivity on temperature is presented.

51
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Figure 5.1: Frame model of the Kosmos-3M upper stage
with 220 nodes

Figure 5.2: Frame model of the Kosmos-3M upper stage
with 9060 nodes

ρ = ρ0 (1+αT (T −T0)) (5.1)

Where ρ is the electrical resistivity, ρ0 is the electrical resistivity at room temperature, αT is a
temperature coefficient which is dependent on the material (aluminium for this case), and T and
T0 are the actual and room temperatures. The values of the unknowns can be found in Table 5.1.

Table 5.1: Parameters that influence the electrical conductivity of the upper stage

T0 293.15 [K]
T 255 [K]
αT 0.00429 [-]
ρ0 2.6510−8 [Ωm]

The electrical conductivity can then be found by using Equation (5.2):

σ= 1

ρ
= 4.512 107 S

m
(5.2)

Comparing this electrical conductivity coefficient to the one used in Chapter 4 shows that in
a colder environment aluminium becomes more conductive, which results in a bigger electrical
conductivity coefficient. In turn, this will have a positive influence in terms of detumbling time.

Secondly, the minimum distance between the chaser and the target needs to be defined, which
will influence the strength of the magnetic field.
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The Kosmos-3M rocket as modelled is 6.9159 m tall, however, it will be rotating over its CoG.
The maximum length from the CoG to any part of the outer shell of the object can be found by using
the data in Table 2.1 and equals 4.41 m, which means that depending on the angular velocity of the
object, the magnetic coil needs to be located at least 4.41 meter from the CoG of the object. Adding
some safety factor to it, this means that the chaser will be located at a distance of 5 meter or more
from the target.

The magnetic field that will be used can then be determined. For initial detumbling, the maxi-
mum configuration of the coil will be used as defined in Chapter 3, which means it will have a radius
of 1 meter and 500 windings.

Thirdly, when comparing the Magnetic Tensor of the double silo based on Kosmos-3M upper
stage dimensions versus the one using Ariane 4 H10 upper stage dimensions, a large difference is
found. This is due to the fact that the thickness of the skin was given an arbitrary value of 5 cm,
while in fact it equals 5.08 mm, which will make the Magnetic Tensor considerably smaller, leading
to longer detumbling times.

And finally, the Kosmos-3M rockets can be tumbling up to speeds of 12 rpm and are known to
mostly rotate about their major axis of inertia which is their diametral axis, meaning that in the
chaser fixed frame, the object will rotate over the x- and y-direction, while only a small or even no
angular velocity is present over the z-axis. Furthermore, in Chapter 4, different tumbling speeds
over different axis were simulated, where all initial tumbling speeds were set as 12 rpm, while for
the real mission to detumble the Kosmos-3M mission the total angular velocity will equal 12 rpm.

All the initial input parameters for the model of the Kosmos-3M upper stages can then be found
in Table 5.2.

Table 5.2: Input parameters Kosmos-3M upper stage

Rc yl 1.2 [m]
Lc yl 4.39 [m]
Ltr 1.32 [m]

LCOM 3.71 [m]
e 0.00508 [m]
~B [162.4 0 0] [µT ]
~ω [50.63 50.63 7.53] [deg /s]
σ 4.512 107 [S/m]
I [5592.2 5592.2 1442.9] [kg m2]

mcon 25 [%]

5.2. DIFFERENT CONFIGURATIONS OF THE UPPER STAGE
Before modelling the actual Magnetic Tensor of the Kosmos-3M upper stages, first the Magnetic
Tensor is calculated where a skin thickness of 0.05 m is used and the object is assumed to be fully
conductive, in order to compare it to the Magnetic Tensor of the double silo in Equation (4.29).

Due to the increase in complexity of the shape, the number of nodes has also been increased to
9060 in order to ensure that the Magnetic Tensor has converged and that the error is small.

In Equation (5.3) the Magnetic Tensor, modelled by using a frame model with 9060 nodes and a
skin thickness of 0.05m, is presented.

MK osmosver =
7.8776 0 0.0563

0 7.8776 0
0.0563 0 2.4953

107Sm4 (5.3)
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Due to the shape of the object and the fact that it is no longer symmetric over its diametral axes,
the Magnetic Tensor has two non-zero elements besides the diagonal elements, representing this
asymmetry.

When comparing this Magnetic Tensor, to that of the double silo in Chapter 4 it can be con-
cluded that they are of the same order of magnitude. Similar to the comparison of the Magnetic
Tensors of the double silo and the cylinder, the Magnetic Tensor of the Kosmos-3M first two ele-
ments of its diagonal are larger and the third element is smaller due to the increase in length of the
object.

The Magnetic Tensor for the Kosmos-3M upper stage, with input parameters as defined in Ta-
ble 5.2, will be smaller, since the skin thickness decreases by a factor ten, which will also drastically
increase the detumbling time. The Magnetic Tensor, where the Kosmos-3M upper stage is entirely
made out of aluminium, can be found in Equation (5.4).

MK osmos100 =
10.318 0 0.0737

0 10.318 0
0.0737 0 3.268

106Sm4 (5.4)

As can be seen, is Equation (5.3) around the order of ten times larger than Equation (5.4), which
is the result of the skin thickness decreasing.

In order to model the Magnetic Tensor to better represent the real object, 25% of the bars in the
frame model will be considered conductive materials, as was defined in Chapter 2. This will be in-
cluded in the model by using a random generator, which generates uniformly distributed random
numbers, where the value ′1′ means conductive material and a ′0′ means non-conductive material.
The non-conductive materials will be assigned a small electric conductivity, while the others are as-
signed the value of the electric conductivity as found in Table 5.2. The bars that are not made out of
conductive material are not assigned a zero value, since everything can be considered a conductor,
with for example PET having an electrical conductivity of 10−21S/m.

This results in a smaller Magnetic Tensor, as presented in Equation (5.5).

MK osmos25 =
 2.5162 −0.1122 −0.0359
−0.1122 2.5162 −0.0275
−0.0359 −0.0275 0.8043

106Sm4 (5.5)

For Equation (5.5), the random generator, as discussed previously, has assigned which bars are
considered conductive and which are not, meaning the bars are randomly distributed over the body.
However, for the real upper Kosmos-3M stage, most of the conductive material is located in the
cylinder, with only a fraction located at the top and bottom parts. Therefore, a new and final Mag-
netic Tensor is modelled where 75% of the conductive material is located in the cylinder, and the
other 25% is randomly distributed over the remaining elements of the body.

MK osmos =
1.9993 0.0835 0.0377

0.0835 1.9153 −0.0288
0.0377 −0.0288 1.0022

106Sm4 (5.6)

As can be seen are the first two elements on the diagonal of the Magnetic Tensor smaller than in
Equation (5.5), while over the z-direction it is bigger. This is due to the fact that the conductive part
of the object resembles the shape of a cylinder, virtually decreasing the length of the object, due to
most of the conductive materials located in the cylindrical part, with the other conductive material
located randomly at the top and bottom part of Figure 5.2.

It can be concluded that the Magnetic Tensor in Equation (5.6) best represents the Kosmos-3M
upper stage and will, therefore, be used in this and subsequent Chapters to model the detumbling
of the rocket stage.
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Now that the Magnetic Tensor of the Kosmos-3M upper stage has been finalised, the detumbling
can be simulated. Using the values as in Table 2.1, the detumbling over the y- and z-axis is presented
in Figures 5.3 and 5.4.

Figure 5.3: Detumbling of Kosmos-3M upper stage over
the y-axis

Figure 5.4: Detumbling of Kosmos-3M upper stage over
the z-axis

As expected, the angular velocity over the x-axis is not damped, which is similar to the detum-
bling of the sphere in Chapter 4. Furthermore, the angular velocity over the z-axis is already damped
after 2 days, while for the y-axis it takes close to 12 days. This is both due to the difference in initial
detumbling speed and due to the fact that the angular velocity in the z-direction is perpendicu-
lar to the along track direction in which the magnetic field vector lies, which is comparable to the
detumbling mission of the double silo as described in Chapter 4.

Furthermore, due to the detumbling by the ECB and the damping of the angular velocity over
the y- and z-direction, the object realigns itself over time, as can be seen in Figure 5.5.

Figure 5.5: Influence of magnetic field on the initial position of the Kosmos-3M upper stage

It can thus be concluded that detumbling a real object in space, in this case the Kosmos-3M
second stage, is possible in a reasonable time frame of 12 days. However, the angular velocity over
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the x-axis is not damped, which means that a subsequent detumbling mission is necessary. Addi-
tionally, the magnetic field created by the ECB carried by the chaser can be pointing in a different
direction, thus influencing the detumbling process. Therefore, Section 5.3 will investigate how de-
tumbling is influenced when the magnetic field vector points in different directions.

5.3. THE DETUMBLING TIMES OF THE KOSMOS-3M UPPER STAGE
It is possible to detumble the Kosmos-3M upper stage given the initial position as given in Table 5.2.
However, the magnetic field vector can also be pointing in a different direction than shown in Fig-
ure 5.5, which will affect the torque vector and thus the detumbling time. Therefore, this Section
will look at how the placement of the electromagnetic coil relative to the reference frame influences
the detumbling time.

This will help formulate an answer to the question whether the state and angular velocity of the
object need to be known beforehand and thus a prior detection phase needs to be performed before
the ECB is turned on, or if the object is detumbled after a certain period of time regardless of where
the Magnetic Field vector is pointing. This would be ideal, since it would allow the ECB to be used
on wide variety of objects with different rotation rates over different axis, which would be a big step
forward in finding a solution to the debris problem.

First the magnetic field vector, ~B will be altered and the resulting detumbling time analysed
for ten different cases. In Table 5.3 the different magnetic field vectors used for this analysis are
presented.

Table 5.3: Selection of magnetic field vectors

Case Magnetic field vector [µT ]
1 [162.4 0 0]T

2 [0 162.4 0]T

3 [0 0 162.4]T

4 [81.2 81.2 114.8]T

5 [81.2 -81.2 114.8]T

6 [81.2 -81.2 -114.8]T

7 [-12 -12 161.5]T

8 [0.2 0.2 162.4]T

9 [114.2 114.2 17]T

10 [112.3 112.3 33.8]T

The first three cases have the magnetic field vector pointing in the positive direction along the
major three axis, with the first case already simulated in Section 5.2.

The second case will be very similar to the first case, since the initial angular velocity over the x-
and y-axis is the same, with the only difference being that not the angular velocity over the y-axis is
damped, but the one over the x-axis. Simulation confirmed that the object is detumbled over the x-
and z-axis and that the detumbling times match that of case 1 exactly.

For the third case, both the angular velocity over the x- and y-direction are perpendicular to
the magnetic field, leading to both angular velocities being damped completely, as can be seen in
Figures 5.6 and 5.7. This only leaves the angular velocity over the z-axis, which is not damped over
time since the magnetic field and the rotation axis are parallel.

The fourth case is different since the magnetic field vector does not point along the major axis,
but instead is located at a certain angle from those axes. In this case, the magnetic field vector lies
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Figure 5.6: Detumbling of Kosmos-3M upper stage for
case 3 over the x-axis

Figure 5.7: Detumbling of Kosmos-3M upper stage for
case 3 over the y-axis

at an angle of 45 degrees from every axis. And as can be seen in Table 5.3, this leads to a magnetic
field in x, y and z-direction, where the magnetic field in the z-direction is the square root of the two
others and the resulting magnetic field vector equals 162.4 µT .

The detumbling simulation for the fourth case over the x and z-axis can be found in Figures 5.8
and 5.9, where the simulation of the ECB over the y-axis is equal to the one over the x-axis, and
is thus not shown. As can be seen from the two figures, the angular velocity does not converge
to zero, but instead converges to a new steady state. For the x- and y-axis the angular velocity is
damped to 10 degrees per second, while the angular velocity over the z-axis increases to 13 degrees
per second, resulting in an angular velocity of around 18 degrees per second. This is due to the fact
that the object aligns itself over time to the magnetic field vector, resulting in the torques generated
converging to zero, which is similar to the cylinder case discussed in Chapter 4.

Figure 5.8: Detumbling of Kosmos-3M upper stage for
case 4 over the x-axis

Figure 5.9: Detumbling of Kosmos-3M upper stage for
case 4 over the z-axis

Case 5 is similar to the fourth case, with the difference that the magnetic field vector is pointing
to another quadrant of the reference frame. For the fourth case, the resulting angular velocity vector
was located at an angle smaller than 45 degrees from the magnetic field vector, leading to the object
aligning itself over time to the magnetic field vector. However, for the magnetic field vector lying
in quadrants which are not the negative of the quadrant in case 4, this angle will be bigger than
45 degrees, leading to the object not aligning itself, but instead damping the angular velocity over
all axes. The angular velocity over the x and z axis are shown in Figures 5.10 and 5.11. It can be
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concluded that the total angular velocity is damped in under 10 days, which means it is ready for
ADR.

Figure 5.10: Detumbling of Kosmos-3M upper stage for
case 5 over the x-axis

Figure 5.11: Detumbling of Kosmos-3M upper stage for
case 5 over the z-axis

Case 6 is similar to case 5, except that the angle between the magnetic field vector and the angu-
lar velocity vector is close to 90 degrees, meaning that it will detumble the object faster. For case 6,
the angular velocity over the y-axis converges to zero after 9 days, which is also the total detumbling
time for the object.

For case 7, the magnetic field vector lies in the plane perpendicular to the initial angular velocity
vector. This plane represents the optimal configuration of the ECB for the parameters as described
in Table 5.2. Case 7 should thus lead to the fastest detumbling time, which is presented in Fig-
ures 5.12 and 5.13. The angular velocity over all axes is damped after 6.8 days. When comparing
this detumbling time to the others, it is found that case 3 detumbles the object faster over the x- and
y-axis. However, it does not damp the angular velocity over the z-axis, which means that the total
angular velocity does not converge to zero. This leads to the conclusion that case 7, and all other
cases where the magnetic field vector is perpendicular to the angular velocity vector, are the optimal
solutions to detumble the Kosmos-3M rocket over all axis.

Figure 5.12: Detumbling of Kosmos-3M upper stage for
case 7 over the x-axis

Figure 5.13: Detumbling of Kosmos-3M upper stage for
case 7 over the z-axis

Other interesting cases present themselves when the magnetic field vector is close to parallel
with one of the major axes of rotation. In case 8, the magnetic field vector is near parallel with the
z-axis in the orbital reference frame. The result of the simulation can be found in Figure 5.14. As can
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be seen, the angular velocity over the z-axis converges to a similar value as in case 4, only for this
case the detumbling time is a lot longer before it converges.

Figure 5.14: Detumbling of Kosmos-3M upper stage for case 8 over the z-axis

For case 9, the resulting magnetic field vector and the initial angular velocity vector perfectly
align, which leads to no torques being generated and thus no angular velocities being damped.

If there is only a small angle between these two vectors, the objects angular velocity vector will
align itself to the magnetic field vector as presented in case 10, resulting in a new steady state, where
the rotational motion is only damped slightly. Case 10, thus, represents the case where the magnetic
field vector is close to parallel to the initial angular velocity vector, and is presented in Figures 5.15
to 5.17.

Figure 5.15: Detumbling of Kosmos-3M upper stage for case 10 over the x-axis

It can be concluded that the position of the initial acceleration vector relative to the resulting
magnetic field vector has a large influence on the effectiveness of the ECB. The ten cases paint a
clear picture as to how the detumbling time is affected in terms of the relative position between
these two vectors, but an overview is still missing.

Therefore, the rotational velocity the model converges to for magnetic field vectors in fixed
planes is plotted over 360 degrees in order to provide an overview of the detumbling times. Multiple
planes, in which the magnetic field vectors lie, are used in order to get a 3D 360 degrees overview of
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Figure 5.16: Detumbling of Kosmos-3M upper stage for
case 10 over the y-axis

Figure 5.17: Detumbling of Kosmos-3M upper stage for
case 10 over the z-axis

how effective the ECB is to detumble the Kosmos-3M second stage.
Figures 5.18 and 5.19 present an overview of the converged rotational velocity and matching

detumbling time where the magnetic field vector plane is rotated 0 degrees over the y-axis. Since
the plane is rotated 0 degrees over the y-axis, it is perpendicular to the y-axis, resulting, for the entire
360 degrees, in the angular velocity over the y-axis being damped completely. On the other hand,
the angular velocity over the x-axis and z-axis are only damped in certain areas, while in other areas
it even increases. Figure 5.18 shows that when the magnetic field vector is under a positive angle,
relative to the yz-plane of around 90 degrees until around 180 degrees, the rotational velocities over
every axes are damped to zero. Furthermore, it also shows that the converged angular velocity from
zero to 180 degrees, perfectly matches that of 180 to 360 degrees.

Another important aspect besides the converged rotational velocity is the time it takes the ECB
to detumble the target to that velocity, which is presented in Figure 5.19. The detumbling time for
the rotational motion around the y- and z-axis does, relatively, require less time, compared to the
angular velocity over the x-axis, which can require detumbling times up to 3000 days or close to 9
years, which is due to the fact that the magnetic field vector approaches the x-axis of rotation at
certain instances. Around 180 degrees the figure shows some peaks and valleys. The first valley goes
exactly to zero for an angle of 180 degrees, which corresponds to the point where the angular velocity
over the x-axis is parallel to the magnetic field vector, meaning no torque is being generated on the
x-axis. The first high peak is the result of the angle between the magnetic field vector and the x-axis
being close, but not parallel, leading to extremely high converge times. The second peak, located
around 180 degrees, is due to the fact that the magnetic field vector and the rotational velocity vector
are close to parallel leading to long converge times. No additional valley is to be found around 180
degrees, since the magnetic field vector and the rotational velocity vector never truly align.

For the second set of converged detumbling velocities and times, the angle of the plane over the
y-axis equals 45 degrees, which results in the converged rotational velocities over both x- and y-axis
to match perfectly for the total range of 360 degrees, which can be seen in Figure 5.20. This is due
to the fact that the magnetic field vectors are located precisely in the middle of the x- and y-axis.
Furthermore, the detumbling times for the angular velocity over the x- and y-axis in Figure 5.21 fol-
low the same trend. The second valley and accompanying peaks again correspond to the magnetic
field vector being perpendicular to both x- and y-axis, while the first peak is located at some degrees
from 180, equal to the square root of 6, with 6 degrees being the rotation angle of the angular velocity
vector over the xy-plane.

The third set of converged detumbling velocities and times, presented in Figures 5.22 and 5.23,
with the angle of the plane over the y-axis equalling 90 degrees, results in a copy of the first set,
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Figure 5.18: Converged rotational velocity for a magnetic
field vector plane at 0 degrees over the y-plane

Figure 5.19: Detumbling time in a magnetic field vector
plane at 0 degrees over the y-axis

Figure 5.20: Converged rotational velocity for a magnetic
field vector plane at 45 degrees over the y-plane

Figure 5.21: Detumbling time in a magnetic field vector
plane at 45 degrees over the y-axis

apart from the fact that now the trend over the x-axis equals that over the y-axis of the first set and
vice-versa.

Figure 5.22: Converged rotational velocity for a magnetic
field vector plane at 90 degrees over the y-plane

Figure 5.23: Detumbling time in a magnetic field vector
plane at 90 degrees over the y-axis
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Set four, shown in Figures 5.24 and 5.25, presents a case where the angle of the plane over the y-
axis equals 135 degrees, which means that the magnetic field vector is close to perpendicular to the
rotational velocity vector, leading to almost all rotational velocities being damped completely over
the entire 360 degrees. The peak for both detumbling time and rotational velocity is due to the fact
that the magnetic field vector and the rotational velocity vector are close, but not perfectly aligned.

Figure 5.24: Converged rotational velocity for a magnetic
field vector plane at 135 degrees over the y-plane

Figure 5.25: Detumbling time in a magnetic field vector
plane at 135 degrees over the y-axis

Finally, the fifth set presents the case where the angle of the plane over the y-axis equals 180
degrees. When comparing Figures 5.26 and 5.27 with Figures 5.18 and 5.19 it can be seen that they
are mirrored, which is as expected, since the two planes are located at an angle of 180 degrees from
each other, meaning that they are at an equal but opposite distance from the angular velocity vector.

Figure 5.26: Converged rotational velocity for a magnetic
field vector plane at 180 degrees over the y-plane

Figure 5.27: Detumbling time in a magnetic field vector
plane at 180 degrees over the y-axis

5.4. CONCLUSION
The Kosmos-3M second stage can be detumbled with the use of an ECB in a span of 7 days when
the magnetic field vector is perpendicular to the initial angular velocity vector. However, the de-
tumbling time is strongly influenced by the position of the ECB relative to the target. Depending
on the position of the magnetic field vector the angular velocity either converges to zero or con-
verge to a new steady state over time. Furthermore, when the magnetic field vector approaches any
of the major axes of rotation, or the angular velocity vector, long detumbling times are measured,
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which exponentially increase with diminishing angle between the angular velocity vector and the
magnetic field vector.

It can be concluded that in order to detumble the Kosmos-3M second stage in a reasonable
amount of time (<30 days) a prior state determination mission is necessary, or that the chaser must
reposition itself over time in order to detumble the target completely. Chapter 7 will simulate the
possibilities of realigning the chaser during the detumbling mission and optimize said realigning in
order to damp all angular velocities independent of the initial position of the chaser and the target.

However, in this and previous chapters, other magnetic interactions have been ignored for the
sake of simplicity. In Chapter 6 these interactions will be investigated and their influence on the
detumbling mission assessed. As a result, a final detumbling of the Kosmos-3M second stage can be
simulated using more accurate data in Chapter 7.





6
MAGNETIC INTERACTIONS

In Chapter 5 the Kosmos-3M was detumbled for a simplified model that neglected certain forces,
torques and perturbations present when using an electromagnet as ECB.

The chaser and target fly in formation for the duration of the mission, with formation flying
being a proven technology. However, the electromagnet presents a new factor, influencing this for-
mation. Therefore, this Chapter will focus on the magnetic interactions, besides eddy currents, in
order to assess their influence on the detumbling mission. More specifically, the non-uniformity of
the magnetic field will be discussed, showing that due to the non-uniformity the elements of the
Magnetic Tensor decrease in size, leading to an increase in detumbling time.

Furthermore, the interaction of the Earth’s magnetic field with the chaser and target is simu-
lated in order to confirm that Attitude Determination and Control Systems (ADCS’s) are capable of
counteracting the torques generated on the chaser and the influence on the detumbling time will
be assessed.

Finally the interaction of the magnetic field generated by the ECB and ferromagnetic materials
present in the Kosmos-3M rocket is assessed. A first estimation of the torques shows that it will have
a relatively small influence on the detumbling mission.

6.1. NON-UNIFORMITY OF THE MAGNETIC FIELD
In Section 2.2 it was discussed that by using a single coil which has a limited diameter due to launch
and weight constraints, no uniform magnetic field can be achieved, meaning that the magnetic field
vectors are not parallel and that the magnetic field strength varies over the length of the target.

As a result, the non-uniformity of the magnetic field influences the ECB mission. In previous
chapters, it was assumed that the magnetic field was of uniform strength along the entire object
and that the magnetic field lines were parallel. The value of the magnetic field strength was, for
each shape, chosen to be the magnetic field strength at the CoG of the object, while the magnetic
field strength at the top and bottom are significantly different.

The non-uniformity cannot be incorporated in the magnetic field vector, since it varies over the
surface of the target. Therefore, an efficiency factor µe for the Magnetic Tensor is introduced, which
represents this uniformity.

However, modelling this efficiency factor is a complex and intensive process. Therefore, it is
chosen to only focus on the efficiency factors of the Magnetic Tensor’s diagonal, as shown in Equa-
tion (6.1). Ignoring the influence of the efficiency factors of the other elements of the Magnetic
Tensor only leads to a small error since the size of those other elements are less than 1% of the size
of the diagonal elements. As a result, the efficiency factors for the diagonal will still introduce a good
approximation of the Magnetic Tensor under a non-uniform magnetic field.

65
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Me =
µex,y M11 M21 M31

M12 µex,y M22 M32

M13 M23 µez M33

Sm4 (6.1)

N. Ortiz Gómez and S.J.I. Walker developed a relationship to model these efficiency factors,
which shows that µe is dependent on the radius of the differential eddy current loop, R0, and the
distance between the chaser coil and the target and the shape and size of the target[28].

A non-homogeneous field acting upon a target is presented in Figure 6.1, where the red circle is
the differential eddy current loop, R0.

Figure 6.1: Non-homogeneous magnetic field on a quasi-spherical body[28]

µe =
Mei

Mi
=

∫
V0
ρe R2

0 dV0∫
V0

R2
0 dV0

(6.2)

µe =
∫

V0

~B0
~BG

B 2
G

R2
0∫

V0
R2

0 dV0
dV0 (6.3)

Where R0 = 2S0
L0

, S0 is the surface area, L0 is the longitude of the eddy current loop, V0 is the

volume of the electrical circuit and ~B0 and ~BG are, respectively, the magnetic field in center of the
eddy current loop in Figure 6.1 and in the CoG of the body.

Due to the symmetry of the Kosmos-3M rocket, there will be two efficiency factors, namely
µe−x,y and µe−z . In order to get a clear overview of the influence of µe−x,y and µe−z , they will be
modelled for a varying distance from the ECB to the Kosmos-3M rocket between 0 and 10 meters,
the result of which can be found in Figure 6.2.

The trend line of µe−z is steeper than that of µe−x,y , which is due to the fact that the Kosmos-3M
rocket longest axis is along the z-axis, while its shortest axis is along its diametral axis, as presented
in Figure 5.2. Since the object is longer about the z-axis, and the magnetic field vector is pointing
along a diametral axis the variation in magnetic field at a short distance will be bigger, resulting in
small efficiency factor, while at greater distance the influence of the non-uniformity rapidly dimin-
ishes. On the other hand, the efficiency factors for both x- and y- direction with a magnetic field
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Figure 6.2: Influence of the non-uniformity of the magnetic field on the Magnetic Tensor

vector pointing in the z-direction has a flatter trend line, which is due to the fact that the diameter
of the Kosmos-3M is smaller than its length.

The Magnetic Tensor simulated with the influence of the non-uniformity of the magnetic field
then becomes:

MK osmos =
1.7394 0.0835 0.0377

0.0835 1.6663 −0.0288
0.0377 −0.0288 0.9521

106Sm4 (6.4)

6.2. INTERACTION WITH EARTH MAGNETIC FIELD
Another factor that influences the detumbling of the Kosmos-3M by an ECB is the Earth’s magnetic
field, which affects both the detumbling of the target and the working of the chaser.

For the detumbling of the target, the contribution of the Earth’s magnetic field means that there
is an extra magnetic field creating eddy currents on the conductive surfaces of the Kosmos-3M,
effectively changing the resulting magnetic field vector as defined in Chapter 5.

In order to estimate the influence and strength of the Earth’s magnetic field an arbitrary orbit of
a Kosmos-3M rocket will be used, with a height of 950 km and an inclination of 82.9 degrees, which
are average values of the critical cloud as defined in Chapter 2 where the Kosmos-3M second stages
reside.

An estimate of the ground track of a Kosmos-3M second rocket stage orbit can be found in Fig-
ure 6.3 in a Mercator projection with rotating Earth, where the orbit is assumed to have zero ec-
centricity, zero degrees in longitude of ascending node for the starting point and a zero degrees
argument of periapsis.

Then, using the latitude and longitude values of Figure 6.3, the World Magnetic Model (WMM)
can be used to calculate the Earth’s magnetic field at a specific location and time. Using Matlab®,
which has the WMM package pre-installed, the strength of the magnetic field can be found for the
arbitrary orbit in Figure 6.3. The output of the function gives the magnetic field vector, horizontal
intensity and total intensity of which the first and last can be found in Figures 6.4 and 6.5, plotted in
a North-East-Down (NED) reference frame.

As can be seen from Figures 6.4 and 6.5 the total magnetic field varies between 17 and 40 µT and
the biggest magnetic field strength is measured in the z-direction. In order to verify this result, the
Earth’s magnetic field strength can be approximated by[55]:
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Figure 6.3: Arbitrary orbit of a Kosmos-3M second rocket stage for 5 orbital periods

Figure 6.4: Strength Earth’s magnetic field in the x-, y- and
z-direction for an arbitrary orbit for one orbital period

Figure 6.5: Total strength Earth’s magnetic field for an ar-
bitrary orbit for one orbital period

BE = 2M

Rc
(6.5)

Where M is the magnetic moment of the Earth, equalling 7.96 1015 Tm3, and Rc is the distance
from the center of the Earth to the spacecraft, equalling 7321.14 km.

As a result the Earth’s magnetic field strength at a distance of 950 km equals:

BE950 =
2M

Rc
= 40.5702µT (6.6)

It can thus be concluded that the model as presented in Figures 6.4 and 6.5 is verified.
Furthermore, when comparing these values to that of the magnetic field vector of the ECB pre-

sented in Chapter 5, it can be concluded that they are of the same order of magnitude and that the
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Earth magnetic field will thus have an impact on the detumbling of the Kosmos-3M second stage,
which shall be further discussed in Chapter 7.

The other effect that the Earth’s magnetic field has on the mission is the interaction with the
ECB generated magnetic field. Similar to the working principle of a magnetorquer, which are used
for attitude control, a torque is induced due to the interaction of the coil generated magnetic field
and the Earth’s magnetic field[6]. This induced torque will, over time, align the magnetic dipole of
the coil with the Earth’s magnetic field.

This torque needs to be counteracted, in order for the relative position of the chaser to the tar-
get to remain the same over the duration of the detumbling mission, by using reaction wheels or
Control Moment Gyros (CMGs). Another option would be to use an AC power source for the elec-
tromagnetic coil, effectively leading to a null perturbing torque on the coil for each cycle of the AC
current[6]. However, this approach has the disadvantage that the current cannot be changed rapidly
as discussed in Chapter 3.

In order to assess the feasibility of this mission, the torque induced by the ECB in combination
with the torque induced by the Earth’s magnetic field needs to be simulated and compared against
existing ADCS’s.

In order to find the torque created by the interaction with the Earth’s magnetic field, the mag-
netic dipole moment of the chaser needs to be found, which can be calculated by using Equa-
tion (6.7)[28].

µc = ne I0 Aem (6.7)

Where ne is the number of windings, I0 is the current through the electromagnet and Aem is the
loop area of the electromagnet. Using the values as presented in Chapter 3 results in a magnetic
dipole of the chaser equalling 107,600 Am2.

The torque acting on the chaser can be found by taking the cross-product of the magnetic dipole
vector of the chaser and the strength of the Earth’s magnetic field:

~T =~µ×~Bext (6.8)

Where ~Bext is the Earth’s magnetic field in this case and µ is the magnetic dipole vector:

~µ= I0 ×ne~Aem (6.9)

For this problem, the Earth’s magnetic field vector is given in the NED frame, while the magnetic
dipole of the chaser is simulated in the frame as defined in Chapter 4. Therefore, the magnetic dipole
will be converted to the NED frame before the torque is calculated. Furthermore, the maximum
magnetic field vector of the Earth will be used in the calculations since the maximum torque that
can work upon the chaser at any moment in time needs to be found.

First, the torque will be calculated using Equations (6.6) and (6.7), which is a simplified repre-
sentation of the actual situation. The torque can then be found to be:

Tc =µc BE950 = 4.3654N m (6.10)

Then, using the maximum value, taking into account that the Earth’s magnetic feild changes
direction and magnitude throughout the orbit, from Figure 6.5, the torque vector can be found:

~TE =~µ×~BE = [−0.1997 0.3459 0.8285]T N m (6.11)

Which leads to a total torque of around 0.92N m. This torque is significantly smaller than the
torque found by using the simplified representation of the actual situation, which is due to the fact
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that the verification torque calculates the maximum torque without 3D-effects, while for the torque
vector, the magnetic field vector and its position relative to the magnetic field vector of the Earth, it
influences the torque generated and leads to a smaller total torque.

Adding this torque to the torque generated by the ECB and the chaser, gives a good estimate of
the torque that needs to be counteracted while the ECB is active.

The maximum torque vector generated by the ECB occurs at the start of the detumbling mission
when the rotation is largest and when the magnetic field vector is placed perpendicular to the initial
angular velocity vector, which leads to a maximum torque vector of:

~TEC B = [−0.0426 −0.0448 −0.0065]T (6.12)

The total maximum torque vector working on the chaser then equals:

~Ttot = ~TE +~TEC B = [−0.2423 0.3011 0.8220]T (6.13)

It can be concluded that the torque generated by the ECB is relatively small compared to the
torque generated by the Earth’s magnetic field and that the total torque is around 1N m. The most
obvious choice in order to counteract these torques is by using CMGs, of which the M50 Control Mo-
ment Gyroscope by Honeywell is an example, which shows that with the use of current technology,
these torques can be easily nullified[56].

6.3. INFLUENCE OF FERROMAGNETIC MATERIALS
In previous chapters it was assumed that the Kosmos-3M rocket only consisted of conductive non-
magnetic materials. In reality, there are closed current loops in instrumentations, which together
with ferromagnetic materials leave residual permanent magnetism in the rocket body[57].

These residual permanent magnets will either be attracted or repulsed by the magnetic field
generated by the ECB.

First, the magnetic field strength of the residual permanent magnets in the Kosmos-3M second
stages needs to be estimated, which is strongly dependent on the magnetic field in which the ferro-
magnet is placed or which is placed upon the ferromagnet.

Applying a magnetic field to ferromagnetic materials results in the atomic dipoles aligning them-
selves to the magnetic field, thus resulting in a magnetic flux density, which can be expressed as[57]:

Bi = Hi +4πIi (6.14)

Where Bi is the internal magnetic flux density, Hi is the internal magnetic intensity and Ii is the
internal intensity of magnetization, which equals Ii = K Hi where K is the magnetic susceptibility of
the material.

If the permeability of the materials, µ, is known, than the above equation can be simplified as
follows[57]:

Bi =µHi (6.15)

Even when the magnetic field is removed, part of the alignment will be retained, leading to the
material being magnetized and will stay magnetized forever until a magnetic field in the opposite di-
rection is applied to the material. It can thus be concluded that ferromagnetic materials and closed
loops in instrumentation will be magnetized due to the interaction with the Earth’s magnetic field.
Furthermore, when the ECB is placed upon the object, these materials and closed current loops will
be magnetized further.

In order to simulate the influence of these residual permanent magnets, the ferromagnetic ma-
terials in the object will be represented as rods.
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The torque generated by the interaction of the magnetic field of the ferromagnetic materials
and the combinations of the Earth’s magnetic field and the magnetic field of the ECB, will again be
simulated using Equation (6.8), where µ is the magnetic dipole vector of the rods.

The magnetic dipole or moment can then be found by[58]:

µh = BhVh

µ0
(6.16)

Where Bh is the magnetic flux induced in the rod, Vh is the volume of the rod and µ0 is the
permeability of free space, which was already defined in Chapter 3.

The volume of the rod will be approximated by the percentage of ferromagnetic materials in the
Kosmos-3M second stage. The magnetic flux Bh can be approximated by using the mathematical
method proposed by Kumar, which is based on an induced flux density developed by Flately[59, 60]:

Bh = 2

π
Bs tan−1 [

γ (H ±Hc )
]

(6.17)

Where γ is a constant defined as:

γ= 1

Hc
tan

(
πBr

2Bs

)
(6.18)

Where H is the component of the magnetic field strength aligned with the rod. Furthermore,
when d H/d t < 0 Hc is positive and negative otherwise.

The most common ferromagnetic materials used in spacecraft are iron-alloys and steel magnets.
In order to approximate the other unknowns average values will be used, which can be found in
Table 6.1[61].

Table 6.1: Selection of magnetic field vectors

Coercivity Hc 5.600 [A/m]
Saturation flux density Bs 1.78 [T ]
Remanence flux density Br 0.95 [T ]
Density ρ 8.05 [g /cm3]

As a result, the constant γ can be approximated as 0.1986. In order to approximate the induced
magnetic flux, Bh , first a hysterisis loop diagram needs to be made. This is necessary since the
magnetic field strength varies over time as the object rotates, which means that the component of
the magnetic field strength aligned with the rod, H , also varies over time.

Even without the ECB working on the Kosmos-3M rocket, the ferromagnetic materials are mag-
netized due to the interaction with the Earth’s magnetic field. When the magnetic field is alternated,
the magnetization will trace out a loop, called a hysterisis loop. However, for the Kosmos-3M second
stage detumbling mission an DC power source is used, meaning that there will not be an alternating
magnetic field. Additionally, due to the fact that the Earth’s magnetic field is not uniform along the
orbit, presented in Figure 6.3, and the fact that the object is rotating over time, the magnetic field
varies over time, which in turn affects the induced magnetic flux in the rods, which is represented
in Figure 6.6.

In order to model the variation in magnetic flux in the ferromagnetic rods, the magnetic field
strength, H , needs to be modelled, which is dependent on the magnetic field and the permeability
of the material, which in the case of this mission is an average value as was already defined.

The maximum magnetic field strength will be calculated to assess the maximum influence on
the deorbiting mission, which will be further investigated in Chapter 7. The maximum magnetic
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Figure 6.6: Hysterisis loop

field strength occurs when the rods are parallel to the magnetic field vector, using Equation (6.15)
this results in a magnetic field strength of 6.4810−4 A/m.

Then, using Equation (6.16) the maximum magnetic dipole of the object can be found, when
assuming 0.01% of the body consists of ferromagnetic materials. The maximum magnetic dipole of
the target due to the presence of ferromagnetic materials and closed current loops, equals 19.014
A/m2.

Finally, the maximum torque on the target, due to ferromagnetic materials in the body, can be
found:

Tt =µhBtot = 0.00308N m (6.19)

When comparing the torque generated by the interaction of ferromagnetic materials with the
Earth’s magnetic field and the magnetic field, as created by the ECB, in Equation (6.19) to the torque
generated by the ECB Equation (6.12), it can be concluded that the presence of ferromagnetic ele-
ments will have an influence on the detumbling mission. In Chapter 7 this effect will be applied to
the detumbling mission of the Kosmos-3M second stages as presented in Chapter 5.

In order to more accurately represent the real-life situation, a safety factor to the torque in Equa-
tion (6.19) will be added to represent the decay of the materials over time due to their interaction
with the space environment, which represent the decay in the ability of the ferromagnetic materials
to carry a current.



7
FINAL DETUMBLING OF A KOSMOS-3M

SECOND STAGE

In this Chapter the magnetic interactions described in Chapter 6 will be added to the detumbling
mission as was simulated in Chapter 5. Due to the non-uniformity of the magnetic field, the detum-
bling of the Kosmos-3M second rocket stage takes significantly longer. Furthermore, the influence
of the Earth’s magnetic field, for short term detumbling missions, is shown to have a big influence
on the detumbling over the z-axis, with the influence on the angular velocity over the x- and y-axis
being relatively small in comparison. For missions lasting more than 100 days, the Earth’s magnetic
field has a large influence on all angular velocities. And finally the presence of ferromagnetic mate-
rials and closed current loops in the target lead to small disturbances when the rotational velocity
of the uncooperative object is close to zero.

Combining all the magnetic interactions, it is concluded that they have a negative effect on the
detumbling time and state, with the detumbling taking both longer and converging to a higher ro-
tational velocity compared to the results in Chapter 5. Therefore, an alternate mission is proposed
that consists of three phases, namely a first detumbling phase lasting 15 days, a realignment of the
chaser phase and a final detumbling phase. It is shown that when the angle over which the chaser
realigns itself relative to the uncooperative object, all angular velocities converge to a value close to
0 degrees per second within the space of 31 days.

7.1. MAGNETIC INTERACTIONS
This section will add the magnetic interactions separately to the model as shown in Figure 4.1 in
order to assess their influence on the detumbling mission. In Section 7.2 these magnetic interac-
tions will be combined in the model and the final detumbling of the Kosmos-3M upper stages will
be simulated.

7.1.1. EARTH’S MAGNETIC FIELD

In order to include the effect of the Earth’s magnetic field, first the orbital period of a Kosmos-3M
rocket needs to be calculated. The same input parameters will be used as in Section 6.2.

Tor b = 2π

√
a3

µear th
≈ 1.734 days (7.1)

When comparing the orbital period of an arbitrary orbit of a Kosmos-3M second rocket stage as
shown in Figure 6.3 to the detumbling times as presented in Chapter 5, it can be concluded that the
detumbling mission spans multiple orbital periods.
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In Figure 6.4 the magnetic field is plotted in the x-, y- and z-direction in the NED frame plotted.
Since the detumbling mission spans multiple orbital periods, the simulation of the Earth’s magnetic
field strength needs to be expanded. However, for the sake of simplicity and to limit the computa-
tion time, the trend found in Figure 6.4 is assumed to be repeated every orbit. In Figure 6.3 it can
be seen that the orbit lanes are spaced with a constant distance. However, since the magnetic field
varies especially with latitude and only slightly with longitude, the assumption to use the trend in
Figure 6.4 for the entire mission will be a good approximation.

Furthermore, Figure 6.4 shows that the biggest variation and therefore the largest magnetic field
occurs in the z-direction, which is the down direction in the NED frame. The z-axis of the NED frame
coincides with the z-axis of the chaser fixed frame, leading to the conclusion that the variation of the
magnetic field due to the influence of the Earth’s magnetic field will be the largest in the z-direction.

In order to better grasp the influence of the Earth’s magnetic field on the detumbling mission, a
case as defined in Table 5.3 will be used.

Due to the variation of the Earth’s magnetic field during the duration of the detumbling mission,
the detumbling over the different axis will have disturbances. In order to assess these differences,
first case 7 in Table 5.3 will be used as the magnetic field generated by the ECB at the CoG of the
target, which is the optimal case. The result of this simulation can be found in Figures 7.1 to 7.3. The
inputs of the model can be found in Table 5.2, which means that the influence of the non-uniformity
on the magnetic field has not yet been included.

Figure 7.1: Detumbling of Kosmos-3M upper stage for
case 7 over the x-axis with the influence of the Earth’s mag-
netic field

Figure 7.2: Detumbling of Kosmos-3M upper stage for
case 7 over the y-axis with the influence of the Earth’s mag-
netic field

When comparing Figures 7.1 to 7.3 to Figures 5.12 and 5.13 it can be seen that the detumbling
of the x- and y-axis remains relatively similar. However, the Earth’s magnetic field does have a major
influence on the angular velocity over the z-axis with the rotation rate not converging to zero, which
means that the magnetic field vector and the angular velocity vector have aligned over time.

Additionally, a worst case scenario, with a long detumbling time, will also be tested on the in-
fluence of the Earth’s magnetic field. Therefore, case 10 in Table 5.3 will be used. The result of the
simulation can be found in Figures 7.4 to 7.6.

The first noticeable difference between Figures 7.4 to 7.6 and Figures 5.16 and 5.17 is the fact
that the detumbling over the x- and z-axis do not match, which is due to the fact that the Earth’s
magnetic field is different over the x- and y-axis. However, both angular velocities still converge to a
non-zero rotational velocity in around the same period of time. Similarly to case 7 with the influence
of the Earth’s magnetic field, the angular velocity over z-axis takes 5 times longer, but does converge
to a similar rotation rate as the case where only the magnetic field of the ECB is present.

It can thus be concluded that the Earth’s magnetic field has a big influence on the angular ve-
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Figure 7.3: Detumbling of Kosmos-3M upper stage for case 7 over the z-axis with the influence of the Earth’s magnetic
field

Figure 7.4: Detumbling of Kosmos-3M upper stage for
case 10 over the x-axis with the influence of the Earth’s
magnetic field

Figure 7.5: Detumbling of Kosmos-3M upper stage for
case 10 over the y-axis with the influence of the Earth’s
magnetic field

Figure 7.6: Detumbling of Kosmos-3M upper stage for case 10 over the z-axis with the influence of the Earth’s magnetic
field

locity over the z-axis in the chaser fixed frame, with the influence on the angular velocity over the x-
and y-axis being relatively small in comparison.
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7.1.2. FERROMAGNETIC MATERIALS AND CLOSED CURRENT LOOPS

In Chapter 6 it was concluded that the influence of ferromagnetic materials and closed current loops
will have a relatively small influence on the detumbling mission. However, in Chapter 6 the maxi-
mum torque was calculated, while for the duration of the detumbling mission, the torque will vary
over time due to the variation of the Earth’s magnetic field and the relative position of the ferromag-
netic bars of the Kosmos-3M to the resulting magnetic field vector.

Similarly to the addition of the Earth’s magnetic field, in order to better grasp the influence of
the presence of ferromagnetic materials and closed current loops on the detumbling mission, cases
7 and 10 of Table 5.3 will be used.

Again, leaving out the non-uniformity of the magnetic field and the Earth’s magnetic field, case
7 with the addition of ferromagnetic elements as defined in Chapter 6 leads to the detumbling sim-
ulation as presented in Figures 7.7 to 7.9.

Figure 7.7: Detumbling of Kosmos-3M upper stage for
case 7 over the x-axis with the influence of ferromagnetic
materials

Figure 7.8: Detumbling of Kosmos-3M upper stage for
case 7 over the y-axis with the influence of ferromagnetic
materials

Figure 7.9: Detumbling of Kosmos-3M upper stage for case 7 over the z-axis with the influence of ferromagnetic materials

When comparing Figures 7.7 to 7.9 to Figures 5.12 and 5.13 it can be seen that they differ only
slightly, with the angular velocity over all axis approaching zero faster, but taking longer to converge.
However the velocity never truly converges, which is due to the fact that when the rotational velocity
approaches zero, the influence of the torque due to the ferromagnetic materials becomes larger than
the influence of the torque created by the ECB.
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In Figures 7.10 to 7.12 case 10 is simulated with the addition of ferromagnetic materials. How-
ever, for case 10 the rotational velocities do not converge to zero, but instead converge to a new
steady state where there is still a rotational velocity present. As a result, the influence of the torque
due to the ferromagnetic materials is relatively small compared to the total rotational velocity, lead-
ing to no noticeable effect to be perceived when looking at the mission over a long period of time
(days).

Figure 7.10: Detumbling of Kosmos-3M upper stage for
case 10 over the x-axis with the influence of ferromagnetic
materials

Figure 7.11: Detumbling of Kosmos-3M upper stage for
case 10 over the y-axis with the influence of ferromagnetic
materials

Figure 7.12: Detumbling of Kosmos-3M upper stage for case 10 over the z-axis with the influence of ferromagnetic mate-
rials

It can thus be concluded that the presence of ferromagnetic materials in the Kosmos-3M rocket
will only have a small influence on the detumbling mission. However, if eddy current braking was
to be applied to an uncooperative object with a higher percentage of ferromagnetic materials on its
body, then the interaction of the ferromagnetic materials and the ECB will have a more noticeable
influence on the detumbling mission.

7.2. FINAL DETUMBLING OF KOSMOS-3M UPPER STAGES
In order to more accurately simulate the detumbling of the Kosmos-3M second stages, compared to
Chapter 5, all magnetic interactions discussed in Chapter 6 will be added to the model as presented
in Figure 4.1. This results in new steps to be taken and a different flow of the model, as can be seen
in Figure 7.13.
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Figure 7.13: Final detumbling modelling procedure
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In Section 7.1, it was shown that the magnetic interactions do not lead to the uncooperative
objects’ rotational velocities converging to zero independent of the magnetic field vector’s position.
This leads to the conclusion that either a prior mission is necessary in order to accurately determine
the target’s state or that the chaser needs to realign itself over time or after a certain amount of time
in order to assure that all angular velocities are damped within the limit as defined in Chapter 2. The
latter will be tested and simulated in this Section.

In order to simulate the realignment of the chaser, first the operating time of the ECB needs
to be defined. In Figures 5.18, 5.20, 5.22, 5.24 and 5.26 the time the ECB needs to detumble the
Kosmos-3M second rocket stages to a new steady state was represented, and as a result the average
detumbling time can be found. The time, without the outliers since they represent undesirable
cases with long detumbling times, after which 99% of all angular velocities have converged, equals
15 days.

The mission will thus consist of three phases, namely: an initial detumbling phase equalling 15
days, a chaser realigning phase assumed to last 1 day and a final detumbling phase.

Case 4 of Table 5.3 will be used to test the assumption that all rotational velocities can be damped
with realigning the chaser over a fixed angle. This angle will be assumed to be 90 degrees initially.
Later in this Chapter, the sensitivity of the angle on the detumbling mission will be investigated.

In Figures 7.14 to 7.16 Case 4 is plotted for the new mission design consisting of the three phases.
The rotational velocity over all axes converge to a value close to zero degrees per second.

Figure 7.14: Detumbling of Kosmos-3M upper stage for
case 4 over the x-axis with all magnetic perturbations

Figure 7.15: Detumbling of Kosmos-3M upper stage for
case 4 over the y-axis with all magnetic perturbations

Figure 7.16: Detumbling of Kosmos-3M upper stage for case 4 over the z-axis with all magnetic perturbations
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In order to test if all angular velocities will converge to zero with this new mission design con-
sisting of three phases, an overview in different planes, similar as in Chapter 5, is presented in Fig-
ures 7.17 to 7.21. The rotational velocity the model converges to, is plotted over 360 degrees in fixed
planes separated by 45 degrees in order to provide an overview of the new steady states.

Figure 7.17: Final converged rotational velocity in a plane 0
degrees rotated over the z-axis

Figure 7.18: Final converged rotational velocity in a plane
45 degrees rotated over the z-axis

Figure 7.19: Final converged rotational velocity in a plane
90 degrees rotated over the z-axis

Figure 7.20: Final converged rotational velocity in a plane
135 degrees rotated over the z-axis

Figures 7.17 to 7.21 show that all angular velocities, except for one outlier in Figure 7.17, are
damped to a value close to zero degrees per second. For some cases, the angular velocity converges
to a negative value, which is due to the magnetic interactions added to the model. It can thus be
concluded that the Kosmos-3M second rocket stage can be detumbled without prior knowledge on
its state. Furthermore, the period in which the object is detumbled takes on average 19 days, and
can take as long as 31 days.

However, realigning the chaser perfectly over an angle of 90 degrees could prove to be difficult,
therefore, the sensitivity of the realignment of the chaser will be tested by rotating the chaser over
an angle of 60 degrees instead, the result of which can be found in Figures 7.22 to 7.26.

As can be seen in Figures 7.22 to 7.26, the rotational velocity still converges to a value close to
zero, indicating that the chaser does not need to be realigned over exactly 90 degrees relative to the
chaser. The smaller the angle over which the chaser realigns itself, the larger the detumbling times,
since the magnetic field vector and the angular velocity vector are nearly parallel for cases where
the chaser realigned itself over an angle smaller than 45 degrees.
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Figure 7.21: Final converged rotational velocity in a plane 180 degrees rotated over the z-axis

Figure 7.22: Final converged rotational velocity in a plane 0
degrees rotated over the z-axis

Figure 7.23: Final converged rotational velocity in a plane
45 degrees rotated over the z-axis

Figure 7.24: Final converged rotational velocity in a plane
90 degrees rotated over the z-axis

Figure 7.25: Final converged rotational velocity in a plane
135 degrees rotated over the z-axis

It can thus be concluded, that in order to minimize the detumbling time and assure that the
Kosmos-3M upper stages are detumbled to a near-zero value, the chaser needs to realign itself after
the first detumbling phase over an angle that is close to 90 degrees, after which a second detumbling
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Figure 7.26: Final converged rotational velocity in a plane 180 degrees rotated over the z-axis

phase needs to be initiated.



8
CONCLUSION AND RECOMMENDATIONS

8.1. CONCLUSION
No matter what measures are taken, space debris will remain a problem for current and future space
missions. Ever since the space race between the USA and the Soviet Union, the Earth orbits have
been cluttered with debris, many smaller than 1 cm. Removing all these objects is impossible, but
removing or repairing the objects that pose the most risk at colliding with other debris or current
and future missions could drastically reduce these risks. However, before an active debris removal
or on-orbit servicing mission can be undertaken, the debris needs to be detumbled.

This Thesis focuses on the most common types of debris in Earth orbits, which are second rocket
stages. More specifically, a high spatial density of debris is located at an altitude between 800 and
900 km. The Kosmos-3M upper stages make up more than half of the uncooperative objects in this
altitude range and are considered ideal targets. They are of equal size and shape, they are robust
and have few appendages, which simplifies the debris removal mission greatly. Furthermore, their
body has a high percentage of conductive material, which is necessary to achieve fast detumbling
times when using the eddy current braking technique.

All target shapes in the thesis are detumbled by the use of an eddy current brake (ECB), which
means that a magnetic field is created and aimed at the uncooperative object by an electromagnet
carried by a chaser. This electromagnet will be an electromagnetic coil made from magnesium di-
boride M g B2, which is a high temperature superconductor, with a radius of 1 meter, 500 windings
and a current of 500 Ampere. This electromagnet will output a magnetic field with a strength of
0.022 Tesla at the center of the coil and a magnetic field strength of 162.4 µT at a distance of 5m
from the center of the coil which coincides with the CoG of the object.

Ideally, the detumbling technique, ECB, needs to work for a wide range of shapes and sizes in or-
der to be able to detumble a large amount of the debris population. Therefore, different shapes and
sizes were used for the Magnetic Tensor model in order to show that they can be detumbled with the
use of an eddy current brake (ECB). More specifically, a sphere, cylinder, double silo and Kosmos-
3M second rocket stage were modelled. The sphere, cylinder and double silo were only tested for
specific scenario’s, but the results are a good indicator that targets of different shapes and sizes can
be detumbled with the use of an ECB. For fully conductive shapes or targets, the angular velocity
was shown to converge to a new steady state after no more than 12 days for the test scenario’s.

Furthermore, since all materials can be considered a conductor, where a good conductor has
a low resistance and a bad conductor a high resistance, the ECB technique can also be applied to
targets that have a relatively low ratio of high conductive material. This is shown for both the double
silo and Kosmos-3M second stage configurations, with the ratio of high conductive material to the
total mass varying between 32.5 and 25 %. The ratio of conductive material in the body of the target,
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influences the strength of the induced torque and thus the detumbling times, with a smaller ratio of
conductive material leading to a weaker induced torque and longer detumbling times.

The initial detumbling simulation of the basic shapes and the Kosmos-3M second rocket stage
ignores all forces and torques except for the torque induced by the ECB. The detumbling of the
Kosmos-3M second rocket stage, with an angular velocity vector equalling [50.63 50.63 7.53] deg/s,
was tested for different magnetic field vectors, meaning that the magnetic field vector is pointing
in a different direction for each simulation. It was concluded that a Kosmos-3M second stage can
be detumbled with the use of an ECB in the span of 7 days when the magnetic field vector is per-
pendicular to the initial angular velocity vector. However, the detumbling time and new steady
state are dependent on the combination of the magnetic field vector and the angular velocity vec-
tor. More specifically, when the magnetic field vector approaches any of the major axes of ration or
approaches the angular velocity vector, long detumbling times are measures, which exponentially
increase with diminishing angle between the angular velocity vector and the magnetic field vector.

In order to model the detumbling of the Kosmos-3M upper stages more accurately, additional
magnetic interactions were added to the model. It was shown that the non-uniformity of the mag-
netic field has a negative impact on the detumbling time. Furthermore, the Earth’s magnetic field
has a large influence on the detumbling of the z-axis for short detumbling times, while for longer
detumbling times, all angular velocities experience a strong effect from the Earth’s magnetic field.
Finally, the presence of ferromagnetic materials in the Kosmos-3M second stages only has a notice-
able influence over the entire detumbling mission when the angular velocity converges to a value
close to zero degrees per second.

It can be concluded that the detumbling of the Kosmos-3M upper stages, which combines all
magnetic interactions, cannot be guaranteed without a prior mission to asses their state or a sub-
sequent detumbling phase. An alternate mission design, which includes a first detumbling phase,
a realignment phase, where the chaser realigns itself over a certain angle relative to the uncooper-
ative object, and a second detumbling phase, guarantees the Kosmos-3M upper stages to converge
to a rotational velocity close to zero degrees per second. However, the angle over which the chaser
realigns itself strongly influences the detumbling time. For ideal circumstances, the Kosmos-3M
upper stages can be detumbled within the space of 19 days, while the worst case scenario, where
the chaser has realigned itself over an angle smaller than 45 degrees, the detumbling can take as
long as 3 years.

8.2. RECOMMENDATIONS
In this thesis, an initial design of the ECB was made. In order to assess the statement that the elec-
tromagnetic coil can be powered solely by solar panels on the chaser, a more detailed electromag-
net can be designed together with a detailed chaser design. In order to arrive to a final detailed
chaser design, the mission as a whole will need to be designed, where the chaser operations from
the moment they are launched need to be simulated, including flying to an uncooperative target,
performing a rendez-vous, flying in formation, realignment of the chaser relative to the target and
flying to the next uncooperative target. This design includes the mission lifetime, from which the
number of space debris objects that can be removed from Low Earth Orbit follows, an overview
of the flight times, and the fuel necessary in order to perform in-orbit manoeuvres. Additionally,
the non-magnetic aspects of formation flying and how it influences the detumbling mission can be
assessed to test the viability of the mission as a whole and to investigate which instruments and
attitude determination and control systems are best suited for this mission.

Alternatively, future research can also focus on the targets. Eddy Current Braking can be applied
to different shapes and sizes than those presented in this thesis, with different conductive material
ratios in order to assess the efficiency of using an ECB for different shapes, materials, etc. Further-
more, in order to more accurately simulate the detumbling of the Kosmos-3M upper stages, the
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materials used and their place in the rocket body can be updated to better represent the real-life
situation.
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