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Abstract: The Institute of Space Systems at Technische Universität Braunschweig has long-term
experience in the field of space debris modeling. This article reviews the current state of ongoing
research in this area. Extensive activities are currently underway to update the European space
debris model MASTER. In addition to updating the historical population, the future evolution of
the space debris environment is also being investigated. The competencies developed within these
activities are used to address current problems with regard to the possibility of an increasing number
of catastrophic collisions. Related research areas include, for example, research in the field of orbit
determination and the simulation of sensor systems for the acquisition and cataloging of orbital
objects. In particular, the ability to provide simulated measurement data for object populations in
almost all size ranges is an important prerequisite for these investigations. Some selected results on
the distribution of space debris on Earth orbit are presented in terms of spatial density. Furthermore,
specific fragmentation events will be discussed.

Keywords: space debris modeling; MASTER; long-term evolution; space situational awareness;
orbit determination; active debris removal

1. Introduction

An important research field of the Institute of Space Systems is modeling of the space debris
environment (cf. Figure 1).

For more than two decades, the Institute has been responsible for developing the European
reference model for description of the space debris environment. The model is called MASTER
(Meteoroid and Space debris Terrestrial Environment Reference) and is distributed by the ESA’s Space
Debris Office (https://sdup.esoc.esa.int). The space debris group of the Institute has many years of
experience in the field of scientific description of the various sources of space debris, especially in
the small particle size regime. This includes the comparison of the scientifically generated particle
population with actually obtained measured values. For the validation of the MASTER population, a
tool is used that simulates the detection capability of different detection sensors such as radars and
telescopes. This tool, called PROOF (Program for Radar and Optical Observation Forecasting), uses the
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MASTER population and simulates detection rates of the observational measurements [1]. It allows a
comparison of simulations with actual measurement campaigns and is therefore used to validate the
MASTER model. The first version of PROOF was developed in cooperation with the Astronomical
Institute of the University of Bern (AIUB) and the Fraunhofer Institute for High Frequency Physics
and Radar Techniques (FHR, formerly FGAN). The current version of PROOF is described in [2].

Figure 1. Visualization of the space debris environment for objects with d > 1 cm in 2018.

The ongoing research at the Institute covers a broad spectrum of space debris related topics
ranging from providing a sophisticated model for the space debris environment over the evaluation of
upcoming mega-constellations to Space Surveillance and Tracking (SST) infrastructures, precise orbit
determination and Active Debris Removal (ADR). This article is a summary publication that aims
to present the current state of research at the Institute. Many of the current activities are based on
the expertise in the field of space debris modeling. From this main area, many spin-offs have been
derived. The contribution to the full research field of space debris is significant when it comes to the
MASTER model. The provided space debris population is used in engineering tools that provide risk
assessments for operational spacecraft, e.g., debris and meteoroid flux levels or collision avoidance
maneuver frequencies, but also provide detailed insight into the space debris situation in terms of
highly populated orbit regimes and temporal evolution of the environment. In addition, future
population trends are provided that are especially interesting for risk analyses of future satellite
missions and the upcoming mega-constellations. The research also spans the development and
evaluation of different ADR measures, which combines the longtime experience in orbital dynamics
with the development of satellite hardware that will help stabilize the constantly growing space debris
environment. Furthermore, the Institute provides support to any space observation segment in terms
of design, operation and maintenance. The current state of research in these fields is mentioned and
selected research results are presented and discussed.

2. Fragmentation Events

Fragmentation events refer to on-orbit explosions and collisions. They yield the highest
contribution to the space debris environment in terms of numbers for objects larger than approximately
1 cm in diameter. The history of events shape the spatial distribution of the historical population
that can be validated against observation data from radars and telescopes. The validated historical
population of the MASTER Model is provided up to a specific reference epoch. This epoch is mostly
related to the release date of the model. The last version of MASTER has the reference epoch of
1 May 2009 [2]. However, since that time, there have been more on-orbit fragmentations that contribute
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to the space debris environment up to this day. In order to maintain an accurate space debris model,
a fragmentation list that contains all historically confirmed fragmentations needs to be maintained.
Preliminary work in this field has been done in [3]. There have been several new events. On average
today, about five events per year can be expected (cf. Section 2.1). Another important task is to review
known events. This is required when new measurement data concerning a historical event is available.
In particular, the Fengyun-1C event requires an update since recent measurements indicate that
significantly more debris has been released [4] as it was expected in 2009 (cf. Section 2.2). Therefore, and
above all, the object population must be significantly adjusted in about 800 km altitude [5]. The number
of objects in this altitude consequently is much higher today. In the following, the current state of
knowledge about this event will be presented.

2.1. Event History

To establish an accurate space debris model, not only recent events have to be considered,
but also the complete history of on orbit fragmentations have to be maintained on a regular basis.
Currently, there are 261 considered fragmentations and each of them is modeled as an individual event.
There are some additional events that were categorized as unknown anomalies; however, they are
neglected in the fragmentation modeling process [6]. All considered events are categorized as explosion
or (non-)catastrophic collision including detailed information on the event characteristics such as
the involved mass or collision velocity. Out of these 261 events, 247 are categorized as explosions
(≈95%) [6]. The remaining 14 events are categorized as confirmed (e.g., the Fengyun-1C Anti-Satellite
Test) and assumed collisions. However, looking at the total amount of tracked debris by the Space
Surveillance Network (SSN), there are twice as many explosion fragments than collision fragments.
Figure 2a shows the number of fragmentations over the last 60 years.
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Figure 2. Evaluation on history of breakup events. (a) number of on-orbit breakups per year;
(b) histogram data on number of objects per fragmentation mass.

The mean number of fragmentations per year accounts to 4.9 (SD = 2.8) with no sign of regression
or fundamental change. However, there was a slight decrease in fragmentations for three years after
the introduction of the Inter-Agency Space Debris Coordination Committee (IADC) Space Debris
Mitigation Guidelines in 2010. An examination of the fragmented mass over the years is shown in
Figure 2b. It is shown that most of the objects that experienced a breakup had a mass less than 500 kg.
Looking at the other extreme of the histogram, there are two events with a fragmentation mass of
26,000 kg and 30,000 kg. These events happened in the late 1960s during the Apollo program, but,
due to their low event altitude of below 300 kg, almost all fragments re-entered into Earth’s atmosphere
and consequently do not contribute to the space debris environment in the long term.



Aerospace 2018, 5, 37 4 of 21

Looking at the difference between the event fragmentation (breakup) epoch and the initial
launch of the corresponding payload, the age of the object can be obtained. A histogram covering all
fragmentations showing the object’s age is shown in Figure 3.
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Figure 3. Age of object on breakup epoch.

It is evident that most breakups occur during the first year of operation in space. The exact reasons
for the breakups are very difficult to uncover, but there are a few likely possibilities such as propulsion-
or electrical-related events. Over 80% of the objects experienced a breakup during the first 10 years of
operation. However, there are also single events that happened over 30 years after launch. They are
mostly old and non-passivated upper stages with some stored rest energy. The events with the biggest
generation of trackable debris up to date are shown in Table 1.

Table 1. Fragmentation events with the highest number of initially generated trackable fragments
(as of 2018) [4,7] (* assessed number).

COSPAR ID NORAD ID SAT NAME EVENT EPOCH DEBRIS (2018)

1999-025A 25730 Fengyun-1C 11 January 2007 3438
2006-057A 29651 USA-193 21 February 2008 2191 *
1993-036A 22675 Cosmos-2251 10 February 2009 1667
2006-006B 28944 Breeze-M R/B 19 February 2007 1460

The Fengyun-1C event is still by far the most prominent event to date. Due to the relatively high
event altitude, most of the objects are still in orbit and consequently could collide with other spacecraft.
The second largest event was the deliberate destruction of USA-193. However, due to its low event
altitude, no objects pose a long-term thread for other spacecraft [8]. These two events have a deliberate
cause of their fragmentation, whereas the Cosmos-2251 and the Breeze-M fragmentations have not.
There is a trend in the number of generated objects in a way that deliberately destroyed objects yield a
higher number of objects.

2.2. Fragmentation Characteristics of Individual Events

To explain the properties and model approaches of individual events, the fragmentation
characteristics of four exemplary events will be mentioned in the following. These are the
fragmentations of Fengyun-1C (2007), Cosmos-2251 (2009), DSMP-F13 (2015), and NOAA-16 (2015).
A more detailed representative analysis will be shown for the Fengyun-1C event. The TLE (Two-Line
Elements) catalog is a free source for the amount of cataloged debris each related to the parent
object [4]. However, only objects enter the catalog that could be tracked, correlated and re-tracked.
Objects that were tracked and correlated but never re-tracked do not enter the catalog. When modeling
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individual fragmentation events, it is important to consider the total number of detected objects related
to the same event. If not, modeling these events could lead to a high underestimation in terms of
object numbers. The initial procedure for obtaining the total number of generated fragments are
initial publications by the SSN as well as more refined data from the Orbital Debris Quarterly News
(orbitaldebris.jsc.nasa.gov). One specific case of missing objects in the catalog is the explosion of the
Breeze-M (2012-044C) in 2012. Although there were about 700 reported detections on this event [9],
only 112 objects entered the catalog to this day [4]. During the MASTER population generation,
detailed research and data acquisition are performed to include the correct number of detected debris
originating from each event.

One of the most important models is the standard NASA breakup model [10], which is used
in a modified version also in MASTER-2009 [2]. Furthermore, the recommendations concerning
the implementation given by Krisko [11] are considered. Therein, a power law describes the
number-size-distribution of a fragmentation cloud right after the event. The NASA breakup model
provides two power laws for the cumulated number of fragments due to explosions and collisions:

N(d > Lc) =

{
s f · 6 · L−1.6

c , for explosions,

0.1 · M0.75
tot · L−1.71

c , for collisions,
(1)

with N(d > Lc) representing the total number of fragments with a diameter d larger then a
characteristic length Lc (usually the mean diameter of the fragment). Additionally, s f is an object type
depending scaling factor between zero and one and Mtot the mass involved in the collision. However,
this approach must not be applied ignoring the number of detected objects because these are shaping
the power law. To illustrate this, the number-size distribution of the NASA breakup model for the
Fengyun-1C fragmentation is shown in Figure 4a.

(a) (b)

Figure 4. Number-size distributions for the Fengyun-1C cloud. (a) NASA breakup model approach
for the Fengyun-1C event as of 2018; (b) simulated Fengyun-1C event for a different number of
TLE fragments.

To match the number of detected objects with the number-size-distribution, the shape has to
be moved to intercept the number of detected objects at the sensor minimum trackable diameter.
This calibration is performed for each event in the fragmentation database to ensure a consistent
modeling approach based on the underlying detection data. However, the number of cataloged TLE
fragments is not static but is increasing over the years, which forces reevaluation of clouds with new
information on the debris number. The time history on number of TLE fragments for four different
events is shown in Figure 5.

orbitaldebris.jsc.nasa.gov
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Fengyun-1C debris number evolution
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COSMOS-2251 debris number evolution
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DMSP-F13 debris number evolution
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NOAA-16 debris number evolution
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Figure 5. Temporal evolution on total number of cataloged debris for selected events in monthly
discretization using data from [4]. (a) Fengyun-1C; (b) Cosmos-2251; (c) DMSP-F13; (d) NOAA-16.

These include the Chinese anti-satellite test regarding Fengyun-1C [12], fragments from
Cosmos-2251, which was involved in the Cosmos-Iridum collision in 2009 [13] and the explosions
of DMSP-F13 [14] and NOOA-16 [15]. Therein, the shaded areas show the time from the last
number update until today. In particular, the numbers of TLE fragments for the Fengyun-1C and
Cosmos-2251 event have been significantly increasing over the last 6–7 years. After the Fengyun-1C
event, the number of cataloged TLE objects was constantly increasing for almost one year. During the
MASTER-2009 population update, the numbers had increased to around 2000 and have now stabilized
to 3438 objects [4]. At each population update, the underlying clouds were generated based on the
most recent available data. The evolution of the number-size-distribution for the different number
of TLE objects for the Fenyun-1C event is shown in Figure 4b. Over a time frame of 10 years, the
total number of objects larger than the minimum trackable diameter, which is approximately 10 cm,
increased by almost a factor of 3.5. This has a direct consequence on the object numbers in the 1 cm
regime. Table 2 gives an overview over the total number change over the years.

The increasing factor for objects d > 10 cm is also fully applied on the smaller diameter regime.
This results in a number increase of objects larger than 1 cm from 60,000 to 204,000.

All fragmentation events undergo the same number change according to their update on cataloged
fragments. The process is done for all events but poses some challenges regarding recent or relatively
new events. The number of TLE fragments for the DSMP-F13 and NOAA-16 event have increased
since the initial tracking of the cloud (cf. Figure 5c,d). Since the events occurred in the beginning



Aerospace 2018, 5, 37 7 of 21

of and late 2015, and the fragmentation altitude for both events were between 800 km and 900 km,
it is expected that these events will lead to more detected fragments in the future with a long-term
contribution to the space debris environment.

Table 2. Number evolution of the Fengyun-1C event over the years at event epoch.

Epoch Total Simulated Number of Objects
d > 1 cm d > 10 cm

2007 60,000 1000
2009 120,000 2000
2018 204,000 3438

Validating this modeling approach is done by comparing measurement data from dedicated
space debris observation campaigns to the MASTER model population. These so-called “beam-park”
experiments usually have a lower minimum detection diameter of around 1 cm in Low-Earth Orbit
(LEO), which allows for a more refined calibration of the population. Comparing measurement data
with the model data is performed with PROOF and is a crucial step in the validation phase [16–18].

One optional step in the model verification is to visualize the initial cloud evolution of each event,
as shown in Figure 6.

(a) (b)

Figure 6. Orbital distributions of two selected clouds approx. one orbit revolution after the event
epoch. (a) Fengyun-1C; (b) Cosmos-2251.

These visualizations are created with a tool called DOCTOR (Display of Objects Circulating in
Terrestrial Orbits) and help to identify major modeling issues, data integrity as well as supporting
illustrative publications [19–21]. One major benefit in modeling the space debris environment source
wise is that every object can be related to a specific event and source and visualized using a source
specific color code. Especially when interpreting measurement data, the MASTER model can be used
to check the integrity of dedicated space debris observation campaigns.

3. Sodium Potassium Droplets

Space debris is made up of very different sources. In the centimeter range, the dominant source
is fragments followed by slag particles from solid rocket motors. The third largest contribution is
sodium-potassium droplets (NaK droplets) that have been released from orbital nuclear reactors and
are highlighted here as an example. These droplets are found today mainly in orbits near 900 km
altitude and are treated as a historical source due to their early generation but relatively late discovery.
The NaK droplets were a major new contribution to the space debris environment in the 1980s. It has
been suggested that about 16 nuclear reactors leaked into space during an end-of-life (EOL) procedure,
which is reactor core ejection mostly in orbits near 950 km altitude. During the opening of the reactor
casing, inevitably the primary cooling loop was opened. Consequently, the coolant contained therein,
the eutectic NaK alloy, could probably escape into space in this way. For 16 satellites, such reactor core
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rejection is suspected; however, only for 13 satellites is it detected by observations. The modeling of this
source has already been described in detail and has been part of the MASTER model for years [2,22].
Today, it is estimated that approximately 5.3 kg of NaK per ejection event has been released into
space [23].

However, there is a small supplement that has been added to this source. In addition to the
16 reactor core ejections, there have recently been two leakages that have now been added as single
events. These two leakages affect two other reactors of a different type that were launched in the late
1980s for testing purposes [24]. The cooling system was initially tight, but was broken in both cases a
few years ago. As a result, smaller amounts of NaK droplets have leaked, which make only a very minor
contribution to the space debris environment. An estimated 250 g have been released per event [23];
however, since these droplets were observed during radar measurements [25], they are considered in
the model for the sake of completeness. In total, there are now about 20,000 droplets in space, mostly in
orbits near 900 km altitude [26]. Today, the NaK droplets are dominating the centimeter population;
however, droplets that are smaller than half a centimeter have virtually completely reentered the
atmosphere. The contribution of droplets in the entire centimeter population at 800 km altitude today
is about 10% [23]. Even if it is only a historical contribution to the space debris environment, the
droplets still make the second largest contribution to space debris at this altitude.

4. Spatial Density

With the software tools developed at the Institute of Space Systems (IRAS), a scientific description
of the distribution of the objects on orbit is possible. If the number of objects is averaged per altitude
shell, a very simple representation is received, with which the distribution of debris over different
altitudes can roughly be represented. This is the spatial density. It indicates how many objects per unit
volume can be found at a certain altitude. In the following, the spatial density of the last release of
the MASTER Model in its version of the year 2009 will be compared with current modeling results.
It should be noted that the current data has not yet been finally validated and updated intermediate
results are presented. These are advanced analyses of results that have already been published before.
Figure 7 shows the spatial densities in low Earth orbits for three different size classes.

The illustrations refer to 1 May 2009. The analysis is limited to orbits between 200 km and 2000 km
altitude. The reason is that these orbits today show the highest spatial density, which is related to the
high space activities on low earth orbits. As size classes, objects with d > 1 mm (Figure 7a), d > 1 cm
(Figure 7b) and d > 10 cm (Figure 7c) were selected. In all three size classes, it can be observed that the
spatial density at about 800 km altitude is the highest. In lower orbits, the air drag is still such that the
life of debris objects is relatively low. According to the new modeling results, the number of debris at
about 800 km is significantly higher than originally assumed. This is mainly due to the revaluation of
the Fengyun-1C event.

In the context of this study, however, not only individual events were examined. All event lists
have been updated as well. This causes smaller changes in the results. In Figure 7a, the distribution of
debris in the millimeter range at about 1500 km is shown, which changes a little bit. This has to do
with updating the list for the solid-rocket motor firings. In this case, a more precise assignment of the
positions where the firings have been carried out has led, as far as we know today, to expect somewhat
lower numbers of slag particles in the millimeter range at 1500 km altitude.

Basically, however, it can be said that the results presented here are qualitatively consistent with
those of the past and that they quantitatively meet the expectations that existed before the investigation
began. In the case of the Fengyun-1C event, simply the number of observed objects has increased
significantly. It is therefore necessary to consider these new findings in the model. The final results
may differ slightly from those presented here. An important intermediate result, however, can already
be seen clearly. The collision probability, especially on the sun-synchronous orbits, is higher than
originally assumed.
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(a) (b)

(c)

Figure 7. Evaluation of spatial density in LEO for different size regimes. (a) d > 1 mm; (b) d > 1 cm;
(c) d > 10 cm.

5. Long-Term Evolution

While modeling the historical space debris distribution, existing measurement data is used to
validate the scientifically generated population. As a result, important population reference points
are created that ensure model reliability. For the future population, referring to the extrapolated
population that might stabilize in the next decades, this is not possible. Hence, a meaningful estimate
must be made about the expected evolution of the space debris environment. The scientific challenge
here is the development of algorithms for the long-term propagation of orbits. Both analytic and
numerical methods are available at the Institute. A very important field of research is the investigation
of algorithms for calculating the probability of a catastrophic collision. A catastrophic collision is
defined as an impact event in which the target, e.g., an upper stage or active payload, is hit so severely
that it is completely fragmented. The released debris in this process can cause further catastrophic
collisions in the long-term; the Institute has done much research and made many contributions in
this field during the last several decades [27,28]. A crucial step in modeling future population trends
is the prediction of future traffic in space and assessment of post-mission disposal rates. To be able
to carry on safely with space exploration, it is necessary to know the dynamic behavior of the space
debris environment. Long-term simulations provide the opportunity to gain insight into a temporal
evolution of the future space debris environment. Usually, long-term simulations start with a so-called
business-as-usual (BAU) scenario that forecasts the development of parameters such as launch rates,
post mission disposal (PMD) rates, number of explosions and solid rocket motor firings. The history of
these parameters are analyzed and extrapolated to establish future population models that are based on
the current and past space flight activities. In most cases, it is reasonable to extrapolate the parameters
for different categories (such as countries and orbits) separately to be capable of considering effects
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that influence only single categories. A famous example of such an effect is the end of the Soviet Union,
but also the increasing number of launched objects from private companies in the past few years can
be included in this way.

5.1. Simulation Tools

After designing the BAU scenario, long-term simulations are conducted with the calculated
parameters and in most cases also with its variations. At the Institute, there are currently two tools
for long-time simulations under development: ESA’s DELTA4 [29] and the in-house tool LUCA2 [30].
The general approach for long-term simulations is shown in Figure 8.

Figure 8. Exemplary program flow for long-term simulations.

The starting point of all simulations is represented with the creation of an initial background
population, usually including objects larger than d = 10 cm. During the proceedings of the simulation,
the different modules seen in Figure 8 are executed at every time step until the desired time frame
(e.g., 200 years) is reached. The first step is launching new objects, such as payloads and upper
stages, based on the predefined launch rates. In some special cases, it is also possible to launch
mega-constellations (cf. Section 5.2). Objects of mega-constellations have the ability to execute
maneuvers for spiraling up to their desired orbits with electrical propulsion engines. The next steps
are the generation and calculation of explosion as well as collision events. For both, there are several
approaches to calculate the number of events. In the case of explosions, the first option includes a fixed
number of explosion events per year and the second is described through a time dependent explosion
rate. For the calculation of collision events, the first approach (called “CUBE”) discretizes the space
around Earth into small cubes, usually with an edge length of ten kilometers. With a time step of
five days, a collision probability is calculated for each pairing of objects that are in the same cube.
The second approach is called Orbit Trace and compares all orbits to find crossings within a defined
maximum collision distance. Additional filtering within the algorithm avoids collisions between
synchronized objects, e.g., constellation satellites. The third algorithm to calculate the collision rate
uses the object-flux. Taking into account the time dependent object-flux on a target object, the algorithm
extracts the number of collision events using a Poisson distribution. In addition to collision events,
active objects have the possibility to perform collision avoidance maneuvers. For the propagation
of the population, a various number of different propagators are available. Regarding the amount
of simulation time, semi-analytical propagators are used. Nevertheless, numerical propagators like
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NEPTUNE [31] can also be included. At the end of each simulation time step, different mitigation
measures are performed, such as PMD and Active Debris Removal. For PMD, there are different
kinds of maneuvers possible—for example, an eccentric orbit with less than a 25-year lifetime or
a graveyard orbit for objects in Geostationary Earth Orbit (GEO), which conforms with the IADC
Mitigation Guidelines. In the past, simulations only took chemical propulsion systems into account
when modeling PMD maneuvers. To investigate the impact of different systems, there are also
possibilities to include electrical propulsion systems as well as the use of solar/drag sails. Because of
randomized parameters within the algorithm, especially for collisions, the simulations are conducted
within Monte Carlo Runs to get a statistic variation of these parameters.

5.2. Kessler Syndrome and Mega-Constellations

One of the most important problems currently being investigated is the possible beginning of
the collisional cascading effect, the so-called “Kessler Syndrome” [32]. This effect has to be taken into
account in long-term simulations, since it cannot be ruled out that it will become the dominant effect
in the generation of space debris in the distant future. Although today catastrophic collisions in space
are still relatively rare, a gradual transition from the linear increase in the space debris population
by entering new objects to the exponential increase by the onset of Kessler syndrome is possible.
Several studies are currently investigating the instability, especially of the LEO population [33,34].
Due to the high spatial debris density at 800 km altitude, it is expected that the Kessler syndrome
will occur at these altitudes. Deviating from this expectation, however, the mega-constellations must
also be examined separately [35,36]. If such constellations will be established, the problem of space
debris may also occur on different orbits. Mega-constellations are characterized by an extraordinarily
high number of operational satellites. Although these constellations should preferably be installed
at altitudes at which there is a low debris density today, it is to be expected that this can lead to
inter-constellation collisions, if the control over the satellites is lost. In particular, the question of
the disposal of these satellites from their orbits at the end of their operation life time is of crucial
importance for the stable operation of such a constellation. These questions are currently being studied
intensively. The Institute has already been involved in associated work [37]. The most important
statement is that constellations can perhaps be operated stably if a reliable post-mission disposal of
satellites can be guaranteed. However, the requirements for such a maneuver are extremely high and
the technical reliability must be guaranteed.

6. Space Situational Awareness

Recently, the existing skills are being extended for the field of Space Situational Awareness (SSA).
The focus of the research in the field of Space Surveillance and Tracking (SST), i.e., the awareness of
current Resident Space Object (RSO) environment around Earth, which includes all space debris objects,
is to optimize SST systems to a point where awareness is as “live” and accurate as possible. This is
leading to the necessity of building capabilities to continuously survey and track RSOs. This is done
by an orchestration of sensors, sensor-near data processing and data centers with orbit determination,
cataloging and sensor tasking capabilities. The Institute is developing a simulator for such an SST
system being built from specialized software tools (cf. Figure 9) [38].
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Figure 9. Top-level data flow of the SST System Simulator.

The MWG tool produces artificial radar sensor measurements in the form of sets comprised of,
among others, azimuth, elevation and range values. These sets are called tracklets and are coordinated
by the PROCOR tool for further processing. PROCOR assigns the tracklets to instances of another tool
called SMART to derive orbit data from them. The orbit data is saved in one of multiple maintained
object data catalogs. The catalog data is used for evaluation purposes, such as visualization by a
tool named DOCTOR and statistical analyses by a tool named CAT. In order to keep the stored orbit
data fresh, the CAMP tool predicts where and when objects can be seen by sensors (“Passes”). These
passes can be used by sensors or artificial measurement generators like MWG to rediscover the objects
and produce new measurements. In particular, the existence of a validated population including the
non-trackable objects plays an important role. It is about knowing in which orbits a high number of
objects can be expected. This knowledge is a necessary prerequisite for being able to optimally design
observation and tracking systems. In addition, it is possible to provide the basis for the effectiveness
with which orbit determination of the observed objects is possible. An important spin-off research
field based on the modeling skills is the orbit determination. With knowledge of the space debris
environment, simulated detections can be provided to test algorithms that can be used to simulate the
orbit determination of a large number of objects. Based on these competences, the Institute can simulate
detections for selected sensors. It must now be decided whether the quality of the detection is sufficient
to carry out a subsequent determination of the orbit. Above all, the duration of the observation and the
possible repetition of the detection of the same object play an important role. It also simulates whether
enough information has been collected to create an initial orbit. In the field of orbit determination,
extensive investigations are currently underway. Several algorithms for initial orbit determination
and orbit improvement may be utilized. The SST system is augmented by a sophisticated radar
measurement generator to produce artificial measurements. The state of the overall system is that it
implements the whole data flow from sensors and pre-existing RSO catalogs back to the tasking of
sensors. The system is used to evaluate the performance of a given SST system configuration. Another
area of research focuses on the oncoming requirements for SST systems connected to networks of
sensor networks, and a technology named Data Stream Management Systems (DSMS) is researched in
the SST context. The concept of DSMS arose from conventional database management systems being
able to respond to technological advancements. An ever-increasing amount of relatively small devices
is capable of producing sensor data and distributing it over networks. The conventional approach to
save all raw data and to process it in batches regularly can often not keep up with the demand to get a
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near-real-time view on what is happening. DSMSs continuously process incoming data streams and
produce output data streams to solve this problem (cf. Figure 10).

Figure 10. Comparison of conventional Database Management Systems (top) and Data Stream
Management Systems (bottom). The different filled shapes represent different data, the different
empty shapes represent queries. Illustration by German Wikipedia user JakobVoss, derivative work by
German Wikipedia user Clavipath and Sven Müller, License: CC-BY-SA 3.0.

The processing is data-centric, meaning that processing is triggered one element at a time as
soon as a data element arrives into the system. The execution of one of the main SST functionalities,
initial orbit determination, has successfully been evaluated using the DSMS approach and the execution
performance has been benchmarked [39]. It has been found that initial orbit determination on raw
measurement data output by a radar sensor poses no problem for a DSMS, even on consumer hardware.
This leads to the idea that DSMS could be able to enhance conventional SST systems. Such so-called
SST System Architecture Enhancements have been conceptualized and designed for a DSMS [40].
One specific SST System Architecture Enhancement where a DSMS aggregates sensor measurements
on-the-fly has successfully been implemented and tested. In summary, the results show that DSMS can
help conventional SST systems to cope with new requirements like (near-)real-time processing.

7. Orbit Determination

Two Line Elements that are provided by the Joint Space Operations Center (JSpoC) have a
low precision due to the analytic SGP4-propagation theory, which can amount to several hundred
meters [41,42], whereas precise orbit data is not accessible to publicity. Nevertheless, the need for
independent data, which is achieved by telescope and radar sensors, arises for many applications as
for the determination of collision probabilities. These sensors, however, can not track every object
at every orbit revolution, which is why the objects have to be propagated into the future to get their
orbital data. This propagation increases the uncertainty. Thus, the initial uncertainty has to be as
low as possible. This is achieved by the field of precise orbit determination (POD). In POD, new
measurements of position and velocity of objects have to be achieved—for example, by telescopes,
radars or GPS. These measurements are used to correct the predicted orbit using, e.g., least square
methods or Kalman filters [43]. The latter refine the state vector without processing previous detections,
and thus these are applicable to real-time applications.
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At the Institute, different Kalman filters are in use. These are the Extended Kalman Filter
(EKF) [44], Unscented Kalman Filter (UKF) [38,45], and the Ensemble Kalman Filter (EnKF). The first
linear Kalman filter (KF) was proposed in [46]. The basic idea of Kalman filters is to use the detections
and additionally a mathematical model, which describes the orbit of the objects [43], for the refinement
of the detections. Kalman filters consist of two basic parts: the time update and the measurement
update [47]. Within the time update, the state vector and its uncertainty (usually described by
covariance matrices) are propagated to the epoch of the next available detection. The uncertainty of the
model, the process noise, has to be considered. Within the measurement update, the propagated state
vector is updated using the respective detection. Firstly, the Kalman Gain is calculated. This is a matrix
(for multivariate distributions) that states whether the state vector or the real detection corresponds
with the truth. Then, the propagated state vector and covariance matrix are modified by the Kalman
gain to achieve the update values.

The KF is applicable to linear applications, and, thus, it is not suitable for orbit determination.
The EKF extends the time update by a linearization using Jacobi matrices to propagate the
uncertainty [43]. However, Jacobi matrices are complicated to implement and yield to instability [48].
The UKF, however, does not use Jacobi matrices, but propagates the uncertainty using a set of sampling
points, which are called sigma points [48]. These sigma points map the uncertainty of the state vector,
or, more precisely, the uncertainty of the position and velocity. Figuratively, the sigma points span an
ellipsoid around the mean, which can be seen in Figure 11.

Orbit

State Vector / Object
Sigma Points

Figure 11. Sampled sigma points around the state vector that map the uncertainty (covariance matrix).

They are threatened as usual state vectors that are propagated within the filtering process.
For simplicity, only six sigma points are shown. The propagation yields to a new distribution of
the sigma points that describes the uncertainty of the propagated state vector. To generate these
sigma points, a Gaussian distribution of the uncertainty is considered, whereas the state vector is
its mean and the covariance matrix contains the standard deviations in the respective coordinate
directions. Applying the Unscented Transformation (UT), 13 equally distributed sigma points are
sampled [48,49]. In the literature, different statements are given whether the state vector can be
regarded as a sigma point or not [48,50]. Thus, 12 sigma points are considered, if the state vector is
not accounted for. After propagation, the sigma points are merged to get the propagated covariance
matrix. The covariance matrix is achieved by the calculation of the deviations of propagated sigma
points in comparison to its mean value. Within the measurement update, state vector and covariance
matrix are updated using the Kalman gain [43,48].

A further extension of the KF is the EnKF that was originally proposed for the data filtering
within ocean models [51], and then applied to other applications such as geological sciences [52]
or weather forecasting [53]. Within the research at the Institute, the EnKF is tested within orbit
determination. Similar to the UKF, the EnKF uses sampling points, called ensembles, that approximate
the covariance matrix. Certainly, the ensembles are randomly distributed. The ensembles are
propagated likewise to achieve the propagated ensemble, whereof the covariance matrix is calculated.
Another difference is that the uncertainty of the detection (the measurement noise) is approximated
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by sampling points [51,54], which are used within the measurement update. Finally, the ensemble is
merged to achieve the desired state vector and covariance matrix.

8. Active Debris Removal

The orbital lifetime of many disused spacecraft, especially in the already densely populated orbits
at 800 km altitude, is so high that many of these objects can serve as a potential collision partner for a
long time. A catastrophic collision event can lead to a drastic increase of the population in these orbits,
making these objects pose a high risk. Active Debris Removal (ADR) is, in addition to consequent
mitigation, the only possibility to stabilize critical space debris environment regions in the long term.
Therefore, the Institute also deals with the problem of actively removing such objects in important
secondary areas. The major challenge of a debris removal mission is the non-cooperativity of the
target, i.e., the absence of Global Navigation Satellite System (GNSS) data, attitude or orbit control,
reflectors for vision based navigation, or a specific interface for docking. For this reason, two major
areas are investigated:

• Proximity operations: development and verification of guidance, navigation and control concepts
to rendezvous with a non-cooperative target.

• Docking and capture technologies: development and verification of suitable mechanisms to dock
or capture with a non-cooperative target.

The overall objective is to identify innovative key technologies for ADR and prove their relevance
by achieving high Technology Readiness Levels (TRL).

8.1. Proximity Operations

Guidance, navigation and control problems typically have a nonlinear design space,
several constraints as well as competing objectives. Therefore, a simulation-based design approach—as
depicted in Figure 12—is being developed to achieve efficient and high TRL design processes.
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Figure 12. Simulation-based design approach.

Preliminary design stages are performed in lower fidelity environments to assure fast concept
verification and low development costs. To this purpose, a Mathematica-based symbolic simulation
environment has been created. De-Orbit, Formation Flight and Re-Entry Analytical Toolbox
(DIFFRACT) provides a modular set of analytical and semi-analytical tools employed to model motion
dynamics, perturbation forces and guidance schemes. The relative motion is modeled using state
transition matrices based on a quasi-nonlinear parametrization of relative orbital elements (ROE) [55].

For more advanced design stages, the closed loop performance of several subsystems
need to be evaluated. SpaceCraft ATTitude and Orbit numERical simulator (SCATTER) is a
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Matlab/Simulink-based (2017b, MathWorks, Natick, MA, USA) high fidelity simulation environment
developed to this purpose. Compared to the symbolic simulation environment, SCATTER allows the
additional modeling of Clohessy–Wiltshire (CW) equations, nonlinear relative motion and attitude
dynamics (six degrees of freedom), detailed perturbative forces and Torques, and major subsystems of
the spacecraft such as propulsion and attitude determination and control subsystems. The environment
is composed of several Matlab scripts and a Simulink library of standard (modified) and own-created
blocks. This enables the interconnection of different models to assemble the components of the
system to be designed. Both stated environments have been verified, demonstrating their successful
implementation and the achievement of design requirements. The verification process included
the following steps: sanity checks by comparing simulation results to the analytical solution for
simplified models (e.g., CW equations), comparison of SCATTER and DIFFRACT against each other,
and comparison to already validated and verified software such as the NEPTUNE propagator. The
results show good concordance. Figure 13 depicts the relative trajectory during the closing phase of a
rendezvous mission simulated via DIFFRACT (Figure 13a) and SCATTER (Figure 13b).
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Figure 13. In-plane relative trajectory during closing computed via DIFFRACT, using non-perturbed
ROE-based relative motion model (a) and via SCATTER using unperturbed nonlinear cartesian-based
relative motion, reaction wheel and thruster models (b).

The symbolic simulation uses an unperturbed quasi-nonlinear relative motion model and an
idealized impulsive maneuver scheme, while the numerical simulation uses a nonlinear motion model,
a reaction wheel model, and thruster model and thus includes an Linear Quadratic Regulation (LQR)
position controller and a PD attitude controller. The figure shows that the computed radial impulsive
guidance scheme works well for ideal conditions and even under the presence of actuator uncertainties
due to the good performance of the closed-loop attitude and position control. The maneuver execution
errors result in additional hops during the closing. To refine the design for on-orbit qualification and
achieve advanced TRL, a Hardware-In-the-Loop (HIL) simulation environment has been constructed.
The Experimental Lab for proxImity operations and Space Situational Awareness (ELISSA) uses an
air-bearing table to emulate orbital relative motion and the contact dynamics during the docking phase.
The air-bearing table consists of modular aeromechanical platforms with embedded nozzles, which
are supported by an aluminum structure. The airflow is supplied by two side channel blowers to the
platforms, which generate an air cushion to support propeller driven satellite mockups. The mockup’s
thrust control is achieved via Pulse Width Modulation (PWM). An optical capture system has been
installed and tested, achieving position uncertainties under ≈1 mm. ELISSA provides the possibility of
replacing inaccurate or complex models (such as docking mechanisms) with real-world counterparts
and test the system under real-time constraints. Mechanisms that are currently in preparation and will
be tested soon on the table employ gecko-inspired dry adhesives.
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8.2. ADR Mechanisms

The Institute investigates several technologies for ADR, namely gecko inspired adhesives [56],
robotic arms and grippers [57], and tether systems [58,59]. In this section, an overview is given
on the tether system research activities. The use of a net to capture the target is a promising
solution because the net does not need any specific interface to capture the target. However,
the control and stabilization of the target after capture proves to be much more ambitious. Thus,
it is required to perform a fast stabilization of the captured target to avoid roll up/collision of the
flexible connected objects.

Since 2002, Airbus DS (Bremen, Germany) has been developing a Net Capture System (NCS).
The In Flight Demonstration (IFD) of the NCS is planned for 2018, as part of the RemoveDebris
Mission [60]. The IFD marks an essential step in the development chain of the whole system towards
an operational usage.

However, in addition to the validation of the mechanism, issues regarding the control of the
system needs to be resolved. Therefore, the Institute develops in cooperation with Airbus a software
tool (Tether Dynamics Toolbox—TDT). This Matlab/Simulink Toolbox provides the capability to
analyze a ADR mission (with flexible link) starting from the initial capture (including the stabilization
phase) until the de-orbiting of the ADR system [61].

To validate the simulation environment in 2017, the Synchronized Position Hold, Engage, Reorient,
Experimental Satellites (SPHERES) Tether Demo experimental study have been carried out. More than
16 different test scenarios had been pre-defined to gain experimental data for the validation of the
tether dynamics simulation. The results are yet to be published.

9. Conclusions

The Institute of Space Systems of the Technische Universität Braunschweig has long-term
experience in the field of space debris. The research fields cover a broad range of disciplines starting
from the scientific and fundamental creation of the space debris environment to direct application in
the SSA/SST domain and Active Debris Removal concepts. Whereas the main goal of the Institute
is to support sustainable space flight in terms of risk analysis and collision counter measures, it also
supports other organizations for space debris related research activities such as planning space debris
observations, experimental campaigns or re-entry predictions.

As a non-profit organization, the Institute of Space Systems of the TU Braunschweig can support
any company in the space debris sector while no information will be disclosed without an agreement.
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Abbreviations

The following abbreviations are used in this manuscript:

AIUB Astronomical Institute of the University of Bern
ADR Active Debris Removal
BAU Business-As-Usual
COSPAR Committee on Space Research
CW Clohessy-Wiltshire
DELTA Debris Environment Long-term Analysis
DIFFRACT De-Orbit, Formation Flight and Re-Entry Analytical Toolbox
DOCTOR Display of Objects Circulating in Terrestrial Orbits
DSMS Data Stream Management Systems
EKF Extended Kalman Filter
ELISSA Experimental Lab for proxImity operations and Space Situational Awareness
EnKF Ensemble Kalman Filter
EOL End-Of-Life
ESA European Space Agency
ESOC European Space Operations Centre
ESTEC European Space Research and Technology Centre
FHR Fraunhofer Institute for High Frequency Physics and Radar Techniques
GEO Geostationary Earth Orbit
GNSS Global Navigation Satellite System
HIL Hardware-In-the-Loop
IADC Inter-Agency Space Debris Coordination Committee
IFD In Flight Demonstration
JSpOC Joint Space Operations Center
KF Kalman filter
LEO Low Earth Orbit
LQR Linear Quadratic Regulation
LUCA Long-term Utility for Collision Analysis
MASTER Meteoroid And Space debris Terrestrial Environment Reference
NEPTUNE Networking/partnering initiative Ephemeris Propagation Tool with Uncertainty Extrapolation
NCS Net Capture System
PMD Post Mission Disposal
POD precise orbit determination
PROOF Program for Radar and Optical Observation Forecasting
PWM Pulse Width Modulation
RSO Resident Space Object
SCATTER SpaceCraft ATTitude and Orbit numERical simulator
SPHERES Synchronized Position Hold, Engage, Reorient, Experimental Satellites
SSA Space Situational Awareness
SST Space Surveillance and Tracking
TDT Tether Dynamics Toolbox
TLE Two-Line Elements
TRL Technology Readiness Levels
UKF Unscented Kalman Filter
UT Unscented Transformation

References

1. Krag, H. A Method for the Validation of Space Debris Models and for the Analysis and Planning of Radar
and Optical Surceys. Ph.D. Thesis, Technische Universität Braunschweig, Braunschweig, Germany, 2003.

2. Flegel, S.; Gelhaus, J.; Möckel, M.; Wiedemann, C.; Kempf, D.; Krag, H.; Klinkrad, H. Maintenance of
the ESA MASTER Model; Final Report; ESOC Contract No. 21705/08/D/HK; Institut für Luft- und
Raumfahrtsysteme: Braunschweig, Germany, 2011.

3. Wiedemann, C.; Flegel, S.; Kebschull, C. Additional orbital fragmentation events. In Proceedings of the
65th International Astronautical Congress (IAC 2014), Toronto, ON, Canada, 29 September–3 October 2014;
IAC-14.A6.P.57.

4. Space-Track. Available online: http://www.space-track.com (accessed on 2 February 2018).
5. Wiedemann, C.; Lorenz, J.; Radtke, J.; Kebschull, C.; Horstmann, A.; Stoll, E. Space debris—Modeling

and detectability. In Proceedings of the SPIE 10254, XXI International Symposium on High Power Laser
Systems and Applications, Gmunden, Austria, 5–9 September 2016.

http://www.space-track.com


Aerospace 2018, 5, 37 19 of 21

6. ESA. Database and Information System Characterising Objects in Space. Available online: https://
discosweb.esoc.esa.int (accessed on 17 November 2016).

7. Liou, J.C. Chinese Anti-satellite Test Creates Most Severe Orbital Debris Cloud in History. Orbital Debris
Q. News 2007, 11, 2–3.

8. Wiedemann, C.; Horstmann, A.; Kebschull, C.; Flegel, S.; Stoll, E. Die Auswirkung vorsätzlich
herbeigeführter Fragmentationsereignisse auf die Weltraummüllumgebung. In Proceedings of the
Deutscher Luft- und Raumfahrtkongress, Rostock, Germany, 22–24 September 2015; Paper No.:
2015-370033. (In German)

9. Liou, J.C. Upper Stage Explosion Places LEO Satellites at Risk. Orbital Debris Q. News 2017, 17, 1–8.
10. Johnson, N.L.; Krisko, P.; Liou, J.C.; Anz-Meador, P. NASAs new breakup model of EVOLVE 4.0.

Adv. Space Res. 2001, 28, 1377–1384, doi:10.1016/S0273-1177(01)00423-9.
11. Krisko, P. Proper implementation of the 1998 NASA breakup model. Orbital Debris Q. News 2011, 15, 1–10.
12. Johnson, N.L.; Stansbery, E.; Liou, J.C.; Horstman, M.; Stokely, C.; Whitlockd, D. The characteristics

and consequences of the break-up of the Fengyun-1C spacecraft. Acta Astronaut. 2008, 63, 128–135,
doi:10.1016/j.actaastro.2007.12.044.

13. Pardini, C.; Anselmo, L. Physical properties and long-term evolution of the debris clouds produced by
two catastrophic collisions in Earth orbit. Adv. Space Res. 2011, 48, 557–569, doi:10.1016/j.asr.2011.04.006.

14. Letizia, F.; Colombo, C.; Lewis, H. Analytical Model for the Propagation of Small-Debris-Object Clouds
After Fragmentations. J. Guid. Control Dyn. 2015, 38, 1478–1491, doi:10.2514/1.G000695.

15. Shoots, D. Recent NOAA-16 Satellite Breakup. Orbital Debris Q. News 2016, 20, 1–2.
16. Horstmann, A.; Stoll, E.; Krag, H. A Validation Method of ESA’s MASTER 1 cm Population in Low Earth

Orbit. In Proceedings of the 18th Advanced Maui Optical and Space Surveillance Technologies Conference
(AMOS), Maui, HI, USA, 19–22 September 2017.

17. Krag, H.; Beltrami-Karlezi, P.; Bendisch, J.; Klinkrad, H.; Rex, D.; Rosebrock, J.; Schildknecht, T.
PROOF—The extension of ESA’s MASTER Model to predict debris detections. Acta Astronaut. 2000,
47, 687–697, doi:10.1016/S0094-5765(00)00106-5.

18. H., K.; Bendisch, J.; Klinkrad, H.; Rex, D.; Rieger, T.; Rosebrock, J.; Schildknecht, T. Debris model validation
and interpretation of debris measurements using ESA’s PROOF tool. Acta Astronaut. 2001, 48, 243–965,
doi:10.1016/S0094-5765(01)00072-8.

19. Möckel, M.; Wiedemann, C.; Flegel, S.; Gelhaus, J.; Vörsmann, P.; Klinkrad, H.; Krag, H. Using parallel
computing for the display and simulation of the space debris environment. Adv. Space Res. 2011,
48, 173–183, doi:10.1016/j.asr.2011.03.003.

20. Möckel, M. High Performance Propagation of Large Object Populations in Earth Orbits. Ph.D. Thesis,
Technische Universität Braunschweig, Braunschweig, Germany, 2015, doi:10.5281/zenodo.322256.

21. Moeckel, M.; Wiedemann, C.; Flegel, S.; Gelhaus, J.; Braun, V.; Klinkrad, H.; Krag, H.; Vörsmann, P.
Visualizing the Space Debris Environment. In Proceedings of the 62th International Astronautical Congress
2011 (IAC 2011), Cape Town, South Africa, 3–7 October 2011; Paper No.: IAC-11.A6.2.14.

22. Wiedemann, C.; Flegel, S.; Gelhaus, J.; Krag, H.; Klinkrad, H.; Vörsmann, P. NaK release model for
MASTER-2009. Acta Astronaut. 2011, 68, 1325–1333, doi:10.1016/j.actaastro.2010.10.014.

23. Wiedemann, C.; Gamper, E.; Horstmann, A.; Braun, V.; Stoll, E. The contribution of NaK droplets
to the space debris environment. In Proceedings of the 7th European Conference on Space Debris,
Darmstadt, Germany, 18–21 April 2017; Flohrer, T., Schmitz, F., Eds.; ESA Space Debris Office: Darmstadt,
Germany, 2017.

24. Wiedemann, C.; Gamper, E.; Horstmann, A.; Braun, V.; Stoll, E. Release of liquid metal droplets from
Cosmos 1818 and 1867. In Proceedings of the 67th International Astronautical Congress 2016 (IAC 2016),
Guadalajara, Mexico, 26–30 September 2016; Paper No.: IAC-16.A6.2.9.

25. Krisko, P.; Vavrin, A.; Anz-Meador, P. NASA orbital debris large-object baseline populations in ORDEM
3.0. In Proceedings of the 64th International Astronautical Congress 2013 (IAC 2013), Bejing, China,
23–27 September 2013; Paper No.: IAC-13-A6.P9.

26. Wiedemann, C.; Gamper, E.; Horstmann, A.; Braun, V.; Stoll, E. Der aktuelle Beitrag der NaK Tropfen zum
Weltraummüll. In Proceedings of the Deutscher Luft- und Raumfahrtkongress, TU München, München,
Germany, 5–7 September 2017; Paper No.: 2017-450048. (In German)

https://discosweb.esoc.esa.int
https://discosweb.esoc.esa.int


Aerospace 2018, 5, 37 20 of 21

27. Eichler, P.; Rex, D. Chain reaction of debris generation by collisions in space—A final threat to spaceflight?
Acta Astronaut. 1990, 22, 381–387, doi:10.1016/0094-5765(90)90043-K.

28. Eichler, P. Analysis of the necessity and the effectiveness of countermeasures to prevent a chain reaction of
collisions. Acta Astronaut. 1992, 26, 487–493, doi:10.1016/0094-5765(92)90119-4.

29. Martin, C.; Walker, R.; Klinkrad, H. The sensitivity of the ESA DELTA model. Adv. Space Res. 2004,
34, 969–974, doi:10.1016/j.asr.2003.02.028.

30. Radtke, J.; Mueller, S.; Schaus, V.; Stoll, E. LUCA2—An Enhanced Long-Term Utility for Collision Analysis.
In Proceedings of the 7th European Conference on Space Debris, Darmstadt, Germany, 18–21 April 2017;
Flohrer, T., Schmitz, F., Eds.; ESA Space Debris Office: Darmstadt, Germany, 2017.

31. Braun, V. Providing Orbit Information with Predetermined Bounded Accuracy. Ph.D. Thesis, Technische
Universität Braunschweig, Braunschweig, Germany, 2016, doi:10.5281/zenodo.228164.

32. Kessler, D.J.; Cour-Palais, B.G. Collision frequency of artificial satellites—The creation of a debris belt.
J. Geophys. Res. 1978, 83, 2637–2646, doi:10.1029/JA083iA06p02637.

33. Dolado-Perez, J.; Revelin, B.; di Costanzo, R. Sensitivity Analysis of the Long term Evolution of the Space
Debris Population in LEO. In Proceedings of the 65th International Astronautical Congress, Toronto, ON,
Canada, 29 September–3 October 2014; Paper No.: IAC-14-A6.2.3.

34. Liou, J.C.; Johnson, N.L. Instability of the present LEO satellite populations. Adv. Space Res. 2008,
41, 1046–1053, doi:10.1016/j.asr.2007.04.081.

35. Bastida Virgili, B.; Dolado, J.; Lewis, H.; Radtke, J.; Krag, H.; Revelin, B.; Cazaux, C.; Colombo, C.;
Crowther, R.; Metz, M. Risk to space sustainability from large constellations of satellites. Acta Astronaut.
2016, 126, 154–162, doi:10.1016/j.actaastro.2016.03.034.

36. Peterson, G.E.; Jenkin, A.B.; Sorge, M.E.; McVey, J.P. Implications of proposed small satellite constellations
on space traffic management and long-term debris growth in near-earth environment. In Proceedings of
the 67th International Astronautical Congress (IAC 2016), Guadalajara, Mexico, 26–30 September 2016;
Paper No.: IAC-16.A6.7.8.

37. Radtke, J.; Kebschull, C.; Stoll, E. Interactions of the space debris environment with mega
constellations—Using the example of the OneWeb constellation. Acta Astronaut. 2017, 131, 55–68,
doi:10.1016/j.actaastro.2016.11.021.

38. Kebschull, C.; Reichstein, L.; Stoll, E. A Simulation Environment to Determine the Performance of
SSA Systems. In Proceedings of the 18th Advanced Maui Optical and Space Surveillance Technologies
Conference (AMOS), Maui, HI, USA, 19–22 September 2017.

39. Müller, S.; Stoll, E. Data Stream-Centric SST System Architecture Enhancement. In Proceedings of the 1st
IAA Conference on Space Situational Awareness (ICSSA), Orlando, FL, USA, 13–15 November 2017.

40. Müller, S.; Kebschull, C.; Stoll, E. Evaluation of Data Stream Management Systems in the Context of
Space Surveillance and Tracking. In Proceedings of the 7th European Conference on Space Debris,
Darmstadt, Germany, 18–21 April 2017; Flohrer, T., Schmitz, F., Eds.; ESA Space Debris Office: Darmstadt,
Germany, 2017.

41. Kebschull, C.; Flegel, S.; Braun, V.; Gelhaus, J.; Möckel, M.; Wiedemann, C.; Vörsmann, P. Reducing
variability in short term orbital lifetime prediction. Adv. Space Res. 2013, 51, 1110–1115,
doi:10.1016/j.asr.2012.11.003.

42. Klinkrad, H. Space Debris—Models and Risk Analysis; Springer: Berlin/Heidelberg, Germany, 2006.
43. Vallado, D.A.; McClain, W.D. Fundamentals of Astrodynamics and Applications; Microcosm Press: Portland,

OR, USA, 2013.
44. Hesselbach, S. Analysis and Implementation of Different Methods for Orbit Determination; R 1520 S;

Student Research Project, Institute of Space Systeme—Technische Universität Braunschweig: Braunschweig,
Germany, 2015.

45. Gamper, E. Analysis and Implementation of an Unscented Kalman Filter for Orbit Determination; R 1516 S;
Student Research Project, Institute of Space Systeme—Technische Universität Braunschweig: Braunschweig,
Germany, 2015.

46. Kalman, R.E. A New Approach to Linear Filtering and Prediction Problems. J. Basic Eng. 1960, 82, 35–35,
doi:10.1115/1.3662552.

47. Tapley, B.D.; Schutz, B.E.; Born, G.H. Statistical Orbit Determination; Elsevier Academic Press: Cambridge,
MA, USA, 2004.



Aerospace 2018, 5, 37 21 of 21

48. Julier, S.J.; Uhlmann, J.K. New extension of the Kalman filter to nonlinear systems. Proc. SPIE 1997,
3068, 12, doi:10.1117/12.280797.

49. Haykin, S.S. Kalman Filtering and Neural Networks; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2001.
50. Stauch, J.; Jah, M. Unscented Schmidt–Kalman Filter Algorithm. J. Guid. Control Dyn. 2015, 38, 117–123,

doi:10.2514/1.g000467.
51. Evensen, G. The Ensemble Kalman Filter: Theoretical formulation and practical implementation.

Ocean Dyn. 2003, 53, 343–367, doi:10.1007/s10236-003-0036-9.
52. Reichle, R.H.; Walker, J.P.; Koster, R.D.; Houser, P.R. Extended versus Ensemble Kalman Filtering for Land

Data Assimilation. J. Hydrometeorol. 2002, 3, 728–740, doi:10.1175/1525-7541(2002)003
53. Thorey, J.; Mallet, V.; Chaussin, C.; Descamps, L.; Blanc, P. Ensemble forecast of solar radiation using TIGGE

weather forecasts and HelioClim database. Sol. Energy 2015, 120, 232–243, doi:10.1016/j.solener.2015.06.049.
54. Tang, Y.; Ambandan, J.; Chen, D. Nonlinear measurement function in the ensemble Kalman filter.

Adv. Atmos. Sci. 2014, 31, 551–558, doi:10.1007/s00376-013-3117-9.
55. Ben Larbi, M.K.; Stoll, E. Spacecraft formation control using analytical finite-duration approaches.

CEAS Space J. 2018, 109, 63–77, doi:10.1007/s12567-017-0162-8.
56. Trentlage, T.; Mindermann, P.; Ben Larbi, M.; Stoll, E. Development and Test of an Adaptable Docking

Mechanism Based on Mushroom-Shaped Adhesive Microstructures. In Proceedings of the AIAA Space
and Astronautics Forum and Exposition, AIAA SPACE, Long Beach, CA, USA, 13–16 September 2016;
Paper No.: 2016-5486.

57. De Alba-Padilla, C.; Trentlage, C.; Stoll, E. Vision based Robot Control for Grasping Space Applications
Using Gecko Material. In Proceedings of the Symposium on Advanced Space Technologies in Robotics
and Automation, Long Beach, CA, USA, 13–16 September 2016.

58. Zachrau, H.J.; Becker, M.; Stoll, E.; Retat, I.; Roascio, D.; Sternberg, D. ISS spheres tether dynamics
experiments evaluation of tethered active debris removal issues. In Proceedings of the ISS R&D Conference,
Washington, DC, USA, 17–20 July 2017.

59. Becker, M.; Retat, I.; Stoll, E. Tether Dynamics Toolbox—Simulation of Tethered Space System and Active
Debris Removal Missions. In Proceedings of the AIAA/AAS Astrodynamics Specialist Conference,
Long Beach, CA, USA, 13–16 September 2016.

60. Axthelm, R.; Klotz, B.; Retat, I.; Schlossstein, U.; Tritsch, W.; Vahsen, S. Net Capture Mechanism for
Debris Removal Demonstration Mission. In Proceedings of the 7th European Conference on Space Debris,
Darmstadt, Germany, 18–21 April 2017; Flohrer, T., Schmitz, F., Eds.; ESA Space Debris Office: Darmstadt,
Germany, 2017.

61. Becker, M.; Stoll, E.; Retat, I. Approaches and models for flexible tether connections in active debris
removal missions. In Proceedings of the 7th European Conference on Space Debris, Darmstadt, Germany,
18–21 April 2017; Flohrer, T., Schmitz, F., Eds.; ESA Space Debris Office: Darmstadt, Germany, 2017.

c© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Fragmentation Events
	Event History
	Fragmentation Characteristics of Individual Events

	Sodium Potassium Droplets
	Spatial Density
	Long-Term Evolution
	Simulation Tools
	Kessler Syndrome and Mega-Constellations

	Space Situational Awareness
	Orbit Determination
	Active Debris Removal
	Proximity Operations
	ADR Mechanisms

	Conclusions
	References

