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Application of active feedback control for investigation of debris mitigation strategies on a density-based
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Abstract

The population of objects in space faced an unforeseeable growth in the last decades. There-
fore, it is now imperative to reiterate the debris mitigation guidelines and reconsider the approach
to the debris proliferation problem. Different counteractions are available to deal with the sit-
uation. However, how to efficiently combine and apply these methods for sustainable use of
the space environment is still an open question. To respond to this need, the GREEN SPECIES
project, funded by a consolidator grant of the European Research Council, will develop a con-
trolled model of the space debris population to define optimal mitigation policies. In its current
version, the system exploits a statistical model in which debris and intact objects move in a
one-dimensional domain in orbital radius and binned in spherical shells. The evolution of the
environment is modelled in terms of the objects’ density dynamics. The system includes the
effect of atmospheric drag, sources as launches and in-orbit fragmentations, and artificial sink
mechanisms such as post mission disposals and active debris removals. The resulting set of ordi-
nary differential equations is integrated with a state-dependent linear feedback controller to tune
different inputs and reach a predefined target. The novel appraoch exploits the benefits of control
techniques to investigate the effectiveness of diversified rules in space and time to mitigate the
debris proliferation and its risk to missions in low Earth orbit.
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Nomenclature Acronym/Abbreviations
A [ms] State weight matrix ADR Active Debris Removal
a [m] Semi-major axis LEO Low Earth Orbit
B [variable]  Control weight matrix MPC Model Predictive Control
C [m_s!] Disturbance matrix PD Proportional Derivative
D [-] Gain matrix PMD Post Mission Disposal
e [m>] State error SDRE State-Dependent Riccati Equation
e[-] Eccentricity SDDRE State-Dependent Differential Ric-
F[s] State matrix cati Equation
G [variable] Control matrix
J[-] Cost function
N[ Number of items 1. Introduction
n [m3] Spatial density
P [-] Collision probability At the beginning of the space era, Earth’s orbital en-
n [m3s1] Density rate vironment appeared as an infinite resource. Nowadays
7 [m] Orbital radius and in the future, all the new missions and actors that
S [m™] Gain matrix want to access space will have to face the debris prob-
S [m*] Surface lem. The number of derelict objects orbiting Earth is in-
t[s] Time creasingly growing [[1]. Each of them, be it a large, dis-
V [m’] Volume posed satellite or a very small fragment, poses a serious
vy [ms?] Radial velocity risk to every newly launched spacecraft, and each newly
WiI-] Gain matrix launched spacecraft is by itself a threat to others in case
x [m”] State of in-orbit collisions that would aliment the growing de-
o [-] ADR percentage bris population. Since the first approach to the problem
Al PMD compliance at the end of the 20" century, several studies have been
o [m’] Cross-sectional area conducted exploiting observational data and on-ground
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tests, to understand and predict the evolution of this ac-
cumulation of objects (e.g. [2]], [3]], [4]]). As a result of
this campaign, different counteractions have been for-
mulated to mitigate the problem, such as widespread
implementation of Post-Mission Disposal (PMD) op-
tions or passivation of items with residual stored en-
ergy. These actions came in the form of mission de-
sign guidelines in 2002 [5]. Afterwards, the scientific
community continued to analyse the current and esti-
mated future scenarios of the space environment pop-
ulation, developing evolutionary models progressively
more advanced and accurate and reporting the results of
their investigations on a yearly basis [|1]. Recent results
clearly show that the present approach to deal with the
debris proliferation problem is insufficient and update
of the mitigation strategy is a pressing necessity. Some
new actions have already been taken by the European
Space Agency (ESA), as the definition of internal miti-
gation guidelines and policy [6].

It is not the first time that humanity has to face such
an exponentially growing environmental stressor. Since
industrialisation began, carbon dioxide concentration in
the atmosphere started to grow progressively faster, caus-
ing today’s climate change problem. Debris prolifer-
ation is behaving similarly to the trend of CO, atmo-
spheric concentration throughout the years. The latter is
a long and widely studied phenomenon in which loop-
ing between analysis of Earth’s environmental data and
update of intergovernmental instructions has been go-
ing on for decades. The scientific community for cli-
mate change developed models to investigate the physi-
cal and socio-economical effects of CO, excessive emis-
sions and its mitigation measures, the integrated assess-
ment models, one of the most popular being the DICE
model [[7]. A visual interpretation of the common ap-
proach of looping between analysis of observational data
and scientific theory and the definition of a reaction strat-
egy towards sustainability is given in Fig. [1} for both
CO; mitigation in climate change economics and de-
bris mitigation in the space field, a process that began
with the rise of the space era and is getting faster ev-
ery decade. The GREEN SPECIES project, funded by
the European Research Council through a consolidator
grant, aims at developing a “Robust control of the space
debris population to define optimal policies and an eco-
nomic revenue model for sustainable development of
space activities”. Core activity of the project is the de-
velopment of an actively controlled model of the evo-
lution of the population of objects in space, which is
a quite new field of investigation. The integrated sys-
tem will enter the loop in Fig. |1|and provide the space
scientific experts directly with an ideal strategy to face
efficiently the debris proliferation and ease guidelines
definition. A common approach to the problem includes
the control of a simplified statistical model with reduced
number of dimensions. In literature there are many ex-
amples of statistical models to capture the evolution of
the number of objects in a binned domain or Particle-
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In-a-Box (PIB) models. Talent was one of the first to
exploit a PIB approach for debris environment analysis
[2], the FADE model was developed at the University of
Southampton [8]], while an Italian example is the STAT
system by Rossi et al. [3]]. These representations have
been used throughout the years to investigate the effect
of the different parameters with which humans can act
on the debris environment, such as deployment rate of
objects in [9] and [[10]]. Lately, their integration with
an active control is gaining popularity. In [[11] the au-
thors apply an adaptive strategy to tune the yearly rate of
Active Debris Removals (ADR) within the model CAS-
CADE for the one-dimensional propagation of the num-
ber of objects orbiting Earth in altitude shells. MISSD
by Somma et al. [[12] exploited a similar system of first-
order, non-linear, ordinary differential equations to de-
scribe the rate of change of the number or density of ob-
jects in space under the effect of source and sink effects.
A feedback controller is applied to adjust the ADR rate
based on proportional, linear or quadratic control logic
in the state error. More recently, a Proportional-Deri-
vative (PD) controller and a nonlinear Model Predic-
tive Control (MPC) approach have been used on the
MOCAT-SSEM [13]], developed at MIT, where space
objects move and interact similarly to Somma’s work.
In that study, the controllers act on each family of ob-
jects in orbit to define suitable launch and ADR rates to
minimise a defined cost objective. Following the pre-
liminary work described in [[14]], the statistical model
developed and used in this work accounts for the evolu-
tion of the density of objects per altitude shell under the
effect of drag, launches, post-mission disposal, active-
debris removals and in-orbit collisions. A linear feed-
back controller acts on the system to tune the inputs and
minimise a quadratic cost function.

The paper is structured as follows: first each effect mod-
elled in the analysis is described and the control logic
derived in Sections [2]and 3] then the system is applied
to study cases with common target and different con-
trol strategies in Section 4] and finally in Section [3|the
main conclusions with considerations on future work
are summarised.

2. The debris model

As clear from the previously cited works, a statistical
model limited in size is beneficial from a control sys-
tem standpoint. It would be too computationally expen-
sive and often unfeasible to apply modern robust control
techniques to highly nonlinear multi-dimensional sys-
tems.

Consequently, the novel integration of a density-based
approach and an active control is exploited to repre-
sent the spatial evolution of the objects’ distribution, as
previously done in [14]. The objects around Earth are
considered as a continuous flow that moves in a one-
dimensional space under the action of environmental ef-
fects, sources and sinks. A graphical representation of
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Fig. 1. Scientific approach loop applied over time to study the climate change and the debris situation. From
observations of empirical data models are reconstructed, the results of the analyses are then interpreted by the
scientific community to support definition of guidelines. These will change the observed environment and will

be updated to adapt to the changed situation.

the model is given in Fig. 2| The lower Earth orbital re-

Fig. 2. Graphical representation of the model. The do-
main is divided in spherical shells and in each of them
the density of the number of objects is affected by
atmospheric drag, launches, in-orbit collisions, and
PMD and ADR above the re-entry limiting radius.

gion between 200 km and 2000 km is divided in spheri-
cal shells of constant width of 50 km and the only spatial
dimension considered is the orbital radius that identifies
each bin. Starting from a reference population of intact
objects and debris fragments in orbit, the spatial density
n(r) in each shell is computed from the orbital parame-
ters of each item (semi-major axis a, eccentricity e and
orbital radius ) with Kessler’s derivation in Equation
[T] [15]. The contribution of each element in a shell is
weighted on the time spent by the same in an infinitesi-
mal volume around the central radius of the considered
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bin, and the overall density at r obtained summing the
contributions.

1
Sy ey ey SN

n(r) = £ n;(r)

With this definition, information on the orbit’s shape
of the objects is lost, and they are considered moving
along circular paths. The dynamics of the initial profile
is computed enforcing conservation in time and space
of the overall number of objects of the system through
the integral form of a continuity Equation2]in each vol-
ume V, where S is the boundary surface of the shell, v,
the radial velocity associated to r in that shell, and 7
and n~ are sources and sinks density rates.

s {_/S(vrn)ds+/vﬁ+—/vﬁ] @

This density-based approach is a novel approach used
for propagation of populations of objects and that has
been also adopted for space debris applications. McInnes
proposed a density formulation of the distribution of
nanosatellites constellations [16]], Letizia et al. devel-
oped the CiELO suite for debris clouds analytical prop-
agation in time and orbital radius [17]. Then, several
works performed at Politecnico di Milano extended the
model to describe the evolution of the overall debris
population [|18] and to account for feedback effect of
in-orbit fragmentations on the background objects [[19]].
More recently, the Starling 2.0 and COMETA suites
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have been developed at Politecnico di Milano to sim-
ulate the evolution of debris clouds alone or within a
populated environment, exploiting the density formula-
tion for the smaller particles in a up to 7D phase space
and under any orbital regime [[20]][4].

In the current formulation of the model, Equation |2 is
propagated in time, applying a finite volume method
with respect to the binned environment, similarly to the
work in [4]]. In Fig. [2]all the contributions that affect the
evolution of the density in each shell are represented.
The initial population is divided in two species: intact
objects and fragments. The former include payloads,
rocket bodies and large debris whose sectional area is
above 1 m? and no manoeuvrability is assumed, the lat-
ter include all the smaller debris. A more detailed divi-
sion will be considered in future work based on objects’
type and physical properties.

For each family, the first contribution in Equation2Jmod-
els the stretching of a shell volume due to environmental
effects. Atmospheric drag is the major perturbation act-
ing in LEO and, when looking at the long-term effects,
the J, perturbation acting on shorter time scales can be
neglected. So the evolution of the volume bin in time,
identified in the orbital radius one-dimensional radial
velocity term v,. in Equation 2] is described through the
King-Hele drag force model proposed in [21]]. The at-
mospheric density is modelled as a sum of exponential
functions and the solar flux effect is included through
a time-varying sinusoidal function, following the ap-
proach in [4].

The sources and sinks considered in the analysis are:
launch traffic, PMD operations, ADR and collisions be-
tween two intact objects in the same shell and between
intact objects and fragments in a volume. The extended
dynamical system with all the contributions in the i
shell, delimited by radii 7jouer and rypper, is given in
Equation for both species in all the N shells.

dnobji _ 1 2
= v | (4mobj VT

X 2
_47Tn0b-7’i /U” rilower )

N, n,; (tr)
TR
lyear Vi, lyear
NiADR
-« lyear Ciohj—obj
fOI‘ izl,...,Ns (3)
dnfrag; _ 1 2
a  — V| 47Tnfm91,+1v”+1riuppe7-

_ 2
AT frag; Ur; Tizowey-)

7PCobj—f7‘ag + PCObj*fTag Nnc
+PC7’obj—obj ¢
for 1=1,...,N;

An historical repetition of the launch traffic of the 5
years prior to the initial epoch of the simulations is con-
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sidered, similar to the analysis performed in [22]][4], un-
der the assumptions that the future space activities will
not differ much from the recent ones. For each shell, the
number of objects deployed in a year is retrieved and a
constant yearly launch rate applied in terms of density

deposition rate 115627

The post-mission disposals are based on the launch traf-
fic implemented, similarly to [|14]. Given a constraint
in terms of re-entry time of the disposed objects, the
effect is active only on the shells above the minimum
altitude satisfying this requirement, the re-entry radius
limit in Fig. 2] As an example, to satisfy the 25 years
rule [|5] only spent objects in the shells above 630 km
are disposed below this limit, according to the King-
Hele drag model. At each time instant ¢ the number of
objects launched at a previous time ¢, and that are now

at end of life in the current volume shell (its getrieved as
77,qu L

e where tr,

in the third term of Equation 3} [ .
isdefinedast;, =t —t,_<pyp withty_<ppp time
between launch and PMD and where the density rate of
launches at time ¢y, is integrated over the shell volume
stretched back in time up to tz,. A percentage A of these
objects eligible for disposal is instantaneously removed
and placed in the first shell completely below the re-
entry limit.

It is difficult to make assumptions on the future of ADR,
its application is beginning nowadays and no historical
data are available for this effect. So, when the ADR rate
is not a control input, as a first assumption a constant

yearly effect in each shell is considered as « Aiy“ﬁgf ,in
terms of a fixed percentage v of a maximum number of
removals per year in each shell. In future work, more ac-
curate time-varying profiles could be easily included in
the model. Moreover, similarly to the PMD approach,
also the removals are considered applied only above the
limiting radius in Fig.

According to Kessler’s theory proposed in [23]] and as
demonstrated by recent investigations, on-orbit collisions
are the major contribution to debris proliferation, a phe-
nomenon that is growing and self-sustaining. In the
model collisions are included adopting the approach in
[12]. Only impacts between two intact objects or be-
tween fragments and intact object are modelled, with
the strong assumption that all the generated particles
are injected in the shell of the fragmentation. The colli-
sion probability in a shell, P, in Equation [3] is defined
through the kinetic theory of gases as in Equation
whose definition can be found in [15]. In Equation
Oob; 18 the average cross-sectional area of the impacting
object, which is assumed much larger than the impact-
ing fragments’ area. It is obtained averaging the o;,,;
values of each object in the initial population and kept
fixed.

1
Pciobg—obj = §JOijTin0bji (nobjivi - 1) @)

Ciobj—frag = Oobj Ur; nObji nfTagi ‘/74
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Two objects are removed for each impact within the
intact objects family, which are all considered catas-
trophic, while collisions between intact objects and frag-
ments are considered non-catastrophic. The correspond-
ing number of particles added in the shell is computed
from the NASA Standard Breakup Model formulas in
[24], Ny, and N, for non-catastrophic and catastrophic
impacts respectively.

The definition of a corrective factor to scale the over-
estimation of collisions cited in [12] is left for future
work, along with a better distribution of the generated
fragments in different altitude shells and inclusion of
explosions.

3. The control

The possible control actions in Fig. [2] with which hu-
mans can influence the evolution of the objects’ dis-
tribution in space are launch rate, post-mission dispos-
als and active debris removals. In particular, previous
works focused on efficient regulation of PMD compli-
ance (e.g. [22]]) and ADR rate (e.g. [11]). Given a
constant maximum number of ADR per year, the time-
varying percentage of removals term « is considered as
input for the derivation of the control logic, which ex-
ploits a State-Dependent Differential Riccati Equations
approach (SDDRE), but the same derivation applies to
the other inputs, with appropriate modifications of the
matrices. The feedback loop of the control action on the
model is graphically represented in Fig.

The system of ordinary differential Equations [3|is re-
formulated in state-space fashion (see Equation |5)) and
the resulting dynamics are time-varying and nonlinear
in the state, due to the collision term. The state matrix is
given by the sum of drag effect and collisions contribu-
tions, the former F» in Equation[6]is only time-varying,
the latter F.. in Equation[7]is also state-dependent. For
the ADR controlled case considered, matrices G and C
are defined as in Equations 8]and [9]

x=[Fp+F]x+Gu+C (5)

where:

_ | Xobj
X frag
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Extending from previous work [14] a state-dependent
optimal linear quadratic feedback controller is consid-
ered to tune the inputs. The method benefits from the
extensively studied linear control techniques even in pres-
ence of state or control nonlinearities in the system.

The coefficient parametrisation in the state matrix F. in
Equation [3]is not unique, but this choice allows to cor-
relate the different species through collisions, enforcing
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SDDRE backward propagation:
Desired state S(ti Xigpgp) = S(tp = > ti > > t)
Xp W (ti, Xigppe) = W(tr > >ty = > t)
D(ti Xigpgp) = D(tr = =t > o > tg)

ADR

u; = =B 1G] (Six; + W; + D)

State forward propagation:

Launches
PMD
}7 Drag ‘l
Intact
e = Fragments
objects Collisions

x(t; = tig1)

Fig. 3. Block scheme of the integrated system. In the model, the dynamics of intact objects and fragments is
propagated at each time step under the effect of drag, launches, PMD, collisions and the controlled action of
ADR. The feedback technique described in Section[3]is exploited in the control block to obtain the ADR removals

based on the local error of the state at each time instant.

controllability of the system. The optimal control prob-
lem of the quasi-linear dynamics in Equation[3]is written
as the minimisation of a quadratic cost function in the
state error e with respect to a reference profile and con-
trol variables in Equation[I0] in which weighting matri-
ces A and B are positive definte and adequately chosen
to bring the initial state to the final target scenario in a
given time interval with acceptable levels of control and
acceptable levels of the state [25]].

ty
J= %efsfef + %/ (e"Ae+u”Bu)dt (10)
to

Applying the theory of calculus of variations and solv-
ing for the conditions of optimality, the control law in
Equation [L1] is derived, where S is a positive-definite
matrix obtained solving the state-dependent differential
optimal control Equation which is an extension of
the differential Riccati equation used in [14]. More-
over, to track a reference evolution x4 of the environ-
ment, matrix W is included in the control definition and
since vector C in Equation [9] includes terms which do
not depend on the state nor on the control inputs, they
must be rejected as disturbances, which are launches
and PMD in the ADR-controlled case. These effects
are accounted for through the D matrix in Equation [T T]
W and D are obtained solving backward the differential
Equations[13]and [T4] which derive from the conditions
of optimality [25[][26[][27]]. A numerical approach is ex-
ploited to obtain the control matrices.

u=-B'G”(Sx + W+D) (11)

T
. F
S=—SF+SGB'G’S — A - FTSs — (gxx) S
S(ty) =S¢

(12)
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: OF \ 7
W =SGB'GTW — FT'W + Ax, — (x) w

ox
W(tf) = —Sfxd
(13)
D =SGB'G'D — F'D — SC — OF TD
- ax (14)
D(tf) =0

The backpropagation of Equations with final con-
ditions is not straightforward, since it requires informa-
tion of the state at future times, which is not available a
priori. Different approaches have been proposed in lit-
erature for the solution of the nonlinear differential op-
timal control Equations[I2HI4} forward integration with
frozen coefficients approximation [28]], backward inte-
gration [26[][27]][29]], solution of an approximated se-
quence of Riccati equations [[28]], state transition matrix
solutions [26][29] and Lyapunov-based methods [26]
[27] 28] [29]. The performance accuracy of backward
integration techniques has been widely proven [29]][28]].
An auxiliary trajectory is used to obtain the state of the
system at each backward step of the matrices’ integra-
tion. As suggested in [26] [27] [28]] [29]] the sub-optimal
State-Dependent Riccati Equations (SDRE) are
used as control logic to get the auxiliary trajectory, which
are algebraic and where the derivative terms in the state
have been discarded.

—SF+SGB'GTS—A—FI'S=0 (15
SGB™'GTW — FTW + Ax; = 0 (16)
SGB'G'D-F'D-SC=0 (17)

Different methods have been studied in literature for

solving the SDRE Equations, as the power-series ap-

proximation [[26]][|30] and online numerical solution. The
latter one is considered for the optimal gains derivation

in GREEN SPECIES applying the Schur method [31]].

Afterwards, matrices S, W and D are used in a forward

propagation of the state under optimal control.

The SDDRE method allows systematic control of many
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nonlinear dynamical systems, performing automatic anal-

yses of different future evolutions of the debris envi-
ronment. This is done in expense of some computa-
tional time than other faster but less-optimal controller
designs, which is deemed acceptable since no online
control of a real actuator is required in the GREEN SPE-
CIES framework. Moreover, the method could be easily
extended to account for control nonlinearities in non-
affine systems, different cost functions and control ap-
proaches could be investigated changing Equation
and robust techniques could be combined with the SD-
DRE approach [26].

4. Analyses

Application of the controller described in Section |3|is
now tested on different study cases. A common target
is first defined and different controls to reach it within
a 100 years period are analysed. The initial population
is the one used in [22]]. Only intact objects and frag-
ments species are considered in the model of Section[2]
so payloads, rocket bodies and large derelict objects are
included in the former group, while fragments whose
area is less than 1 m? define the second family. The
launch traffic considered is a repetition of the yearly
number of objects launched in the 5 years between 2017
and 2021, which are represented in Fig. [l As an exam-

Fig. 4. Launch traffic profile from historical data, re-
peated every 5 years of the simulation.

ple of application of the methodology in Section [3] the
target scenario is defined as a fixed profile of the num-
ber of objects in each shell. It is visible in Fig. |5|and
it has been obtained limiting up to a maximum of 50%
the increase in the number of intact objects and frag-
ments in each shell after 100 years, when simulating the
species evolution under the effect of drag and launches
only (see Fig. [5). Other initial settings of the analysis
are given in Table The weight matrices of the cost
function Equation |10] are constant, diagonal and defi-
nite positive, where each diagonal element is equal to
a;; = —+—— for the A matrix and bii = —

2
’ Lr€S iman U iman

for the B matrix. The maximum acceptable absolute er-
rors e; ;... for intact objects and fragments in Table
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Parameter =~ Common input

iy 100 years

1x 107 8m;m—3

5x 10718m=3

ei7i7nu.:l;obj

Ciimaz;,,,

Parameter Casel Case 2
u A A a
Ui 1 [1,1]
A 50%
Nispr Biear Oyear

Table 1. Simulation settings.

have been set slightly different in order to account for
the different orders of magnitude of the two contribu-
tions that enter the cost definition. The same weight
U; 4,..., Nas been applied to the different control actions
considered.

Two cases will be analysed, in the first only changes in
the PMD compliance are inputs to the system, so the A
parameter in Equation[3|for each altitude shell, while the
launch traffic in Fig. [4]is included as additional source.
In the second case, the ADR percentage of a maximum
number of 5 removals per year per shell is added as a
control input, so the « parameter in Equation [3] leaving
launches as source in the C matrix of Equation 3]

In Fig. [6|and[7] the resulting number of objects profiles
per species is compared to the target one, the initial one
and the only-launches scenario. The corresponding evo-
lutions of the number of objects profiles are given in the
same figures. The profiles in time of the relative errors
with respect to the target are given in Fig. [8and [9] for
the two cases analysed. Finally, Fig. [I0}[TT]and[T2]rep-
resent the control inputs evolution and cumulative ac-
tion in time in each study. Fig. [I0]is for PMD control
only, and Fig. [[T|and[I2]are for the case with PMD and
ADR control. The objects in the controlled space, from
the shell including the 630 km re-entry limit on, appear
mainly in two regions: between 1400 km and 1600 km
and between 800 km and 1000 km. These regions will
be considered separately to analyse the results.

Region 1: 1400-1600 km.  Looking first at the ob-
jects’ distribution between 1400 km and 1600 km, it is
clear form Fig. A that no or few launches are performed
there and consequently no PMD action is possible (see
Fig. [10). In case 1, the final number of intact objects and
fragments generated by collisions are equal to the only-
launches scenario, since no mitigation is applied (see
Fig. [6). In case 2 when the possibility of tuning ADR
is available, more intact objects are removed between
1400 km and 1600 km (see Fig. [12)), lowering the num-
ber of possibly colliding objects there and consequently
the number of generated fragments (see Fig. [7). It must
be considered that the target profiles in the number of
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Fig. 5. Number of intact objects (left) and fragments (right) distributions: target scenario, only-launches simulation

and initial population profile.

intact objects and in the number of fragments put con-
trasting objectives on the controller. In fact, in order to
reduce the number of fragments it is necessary to reduce
the number of intact objects and reduce collisions, how-
ever the desired number of objects is still close to the
only-launches scenario. The control on ADR requires
an initial large removal of intact objects, reaching satu-
ration limit, to mitigate the fragments growth. When the
error on the number of intact objects becomes predomi-
nant over the fragments one, no more ADR is performed
and the number of fragments is allowed to increase mit-
igating the error on the number of objects (see Fig. [9).
In case 2, the controller defines an equilibrium between
the contrasting objectives given the weights provided
and the limited control possibilities. In the results, no
deposition effect of intact objects is actively controlled,
such as the launch rate, so the requirement on their final
number in this region cannot be met.

Region 2: 800-1000 km.  Similarly to region 1, the
target profiles in the number of intact objects and in the
number of fragments put contrasting objectives on the
controller. From the initial profile and the target dis-
tribution of intact objects in Fig. [5|it is possible to see
how between 900 km and 1000 km the number of in-
tact objects should be kept constant. In case 1, satura-
tion of the control is required to act on the error in the
number of fragments, causing an increasing error in the
number of intact objects (see Fig. [§]and[I0). However,
even saturation of the control is not sufficient to limit
the growth of fragments. Similarly in the lower shells,
the number of objects is first reduced through saturation
of PMD compliance, increasing the relative error of this
species’ profile in the region, but keeping the evolution
of the number of fragments close to the target shape.
Then, both families are allowed to grow in number to
try and match the final desired distribution, reducing the
relative errors with no control action needed (see Fig. [6]
and[I0). ADR is exploited in case 2 to reduce more the
number of intact objects between 900 km and 1000 km
causing a limited growth in the number of fragments at

IAC-24-A6,1PB,19,x86639

the beginning of the simulation, this allows to limit the
final error on the fragments, that increases again when
the error in the intact objects contribution becomes dom-
inant, in expense of a slightly worse final result of the
intact objects than case 1 (see Fig. [9}[T1}[I2)). Below 900
km, the combined inputs act to change the distribution
of intact objects, in order to control indirectly the profile
of the fragments and keep both relative errors low. The
numbers of the two species are allowed to increase as
targeted but in a controlled way, so as to progressively
approach the final profile in the simulation time given.
ADR control takes on most of the mitigation action, re-
ducing much the PMD required with respect to case 1.
In case 2 PMD is saturated only at the end, when the
controller tries to get closer to the final target (see Fig.
[IT). Saturation of ADR up to 5 removals per year is
reached only at the initial years of the simulations (see
Fig. [12)). Still, not all the requirements in terms of fi-
nal objects and fragments values in each shell can be
met, but a balance between contrasting objectives is en-
forced.

When more flexibility on the input action is given to
the controller it defines a more efficient strategy to ap-
proach the target scenarios, with contrasting objectives
for intact objects and fragments, given the weights pro-
vided. This highlights the effects reachable with lim-
ited control. Separate weights for state and inputs have
a strong influence on the criteria for strategy selection
and many more scenarios can be investigated by chang-
ing them. Different inputs can be considered singularly
or combined, and different costs of their implementa-
tion accounted for in the control objective.

5. Conclusions and future work

Debris proliferation can be considered as an environ-
mental stressor of Earth’s orbital environment. As such,
its studying and mitigation activities follow the same
scientific approach of other climate phenomena. Tak-
ing example from the widely spread and recognised re-
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(a) Case | - Left: final distribution of the number of intact objects compared with the profiles of Fig. [5] Right: evolution over time of the
number of intact objects distribution. The vertical dotted line defines the limit of the control action for PMD.

(b) Case 1 - Left: final distribution of the number of fragments compared with the profiles of Fig. [5} Right: evolution over time of the number
of fragments distribution. The vertical dotted line defines the limit of the control action for PMD.

Fig. 6. Case 1 - Resulting number of objects distribution of the two species, final profile and evolution in time.

search in integrated assessment models of climate eco-
nomics, the GREEN SPECIES project aims at devel-
oping a socio-economic controlled system of the space
debris environment. Currently, a statistical one-dimen-
sional model in orbital radius is considered to predict
the future evolution of the spatial density of objects,
in each altitude shell in which the domain is divided.
In the modelled dynamics, intact objects and smaller
fragments’ distribution evolve under the effect of at-
mospheric drag, launches, post-mission disposals, ac-
tive debris removals and in-orbit collisions. A state-
dependent linear feedback controller is applied to the
system to tune inputs and reach a desired target scenario
minimising a quadratic cost function. Different contri-
butions can act as control inputs, separately or com-
bined: launch rate, post-mission disposal compliance
and active debris removal rate. The SDDRE method
allows systematic control of many nonlinear dynami-
cal systems. Two application cases showed the capabil-
ity of the controller to deal with contrasting objectives
reaching a balanced final result. Combination of ADR
input with PMD compliance input in case 2 of Section

TIAC-24-A6,IPB,19,x86639

provides a beneficial larger flexibility in the control
action.

The system’s capability to represent a realistic evolu-
tion of the environment of orbiting objects is still lim-
ited. Actions for future work include: addition of ex-
plosions to the model and investigation of different pro-
files for launch traffic and ADR. Study of the versatility
and wide range of application of the actively controlled
system has just started. Different control logics will be
tested in future developments of the project, with both
continuous and discrete approaches. Different inputs
combinations and cost functions definition will also be
considered.
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(a) Case 2 - Left: final distribution of the number of intact objects compared with the profiles of Fig. [5] Right: evolution over time of the
number of intact objects distribution. The vertical dotted line defines the limit of the control action for PMD and ADR.

(b) Case 2 - Left: final distribution of the number of fragments compared with the profiles of Fig. [5} Right: evolution over time of the number
of fragments distribution. The vertical dotted line defines the limit of the control action for PMD and ADR.

Fig. 7. Case 2 - Resulting number of objects distribution of the two species, final profile and evolution in time.
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