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Observing the universe in the Ultra-Long Wavelength (ULW) regime has been called the ‘last frontier in
astronomy’—real imaging capabilities here are yet to be achieved. Obtaining an image of the sky in this fre-
quency band can be done by employing a swarm of satellites that together act as an interferometer and collect the
required imaging information pieces throughout the course of their operational life. Meeting the mission
objective is challenging for such a swarm, since this imposes restrictions on the operational environment and the
relative position and velocity vectors between the swarm elements. This work proposes an orbit solution in a
Heliocentric Earth-Leading Orbit (HELO) for an autonomous CubeSat swarm with chemical thrusters. A
distributed formation flying algorithm is used to aid the collection of the required imaging information pieces.
Furthermore, the estimated total mission launch mass is reduced by optimising cost functions and finding
favourable position and velocity at start of operational life, as well as by finding favourable thrust manoeuvre
patterns. The results show that the mission objective—obtaining a 3D map of the Universe in ULW—can be
achieved with 68 6U spacecraft (S/C). Moreover, the swarm can remain in a Radio Frequency Interference (RFI)
quiet zone of >5 x 10 km, whilst not drifting further than ~ 6.6 x 10°® km from Earth for an operational life of
one year.

low with respect to the signals of interest (Cosmic Radio Background
(CRB)). More specifically, the assumption can be made that the CRB
signal should be ~ 3 dB above RFI [5,33]. Since Earth is a major source

1. Introduction

Although the idea of space-based radio astronomy, to overcome

ionospheric effects, dates back to when space exploration was still in its
infancy [17-19,28], real imaging capabilities in the ULW regime
(0.1-30 MHz) are—in contrast to all other major wave bands—currently
yet to be achieved. Imaging in this virtually unexplored region is driven
by a multitude of science cases (e.g. seeking the Dark Ages signal—an
echo of the era from before the first stars were born) and could impact
our knowledge of the Universe in an unprecedented way [7,13,23,33,
46].

Acquiring real imaging capabilities in the ULW regime is chal-
lenging, because it demands that a stringent set of requirements
regarding the instrument’s operational environment, span and dynamic
behaviour is met. To start with, the instrument must operate in an
environment where the background noise levels (RFI) are sufficiently

of RFI (which has both man-made as well as natural causes, such as
lightning, see e.g. Ref. [23]), Earth orbits are not suitable and an oper-
ational location in deep space must be selected—either at the far side of
the Moon (as has previously been shown by the Radio Astronomy Ex-
plorer 2 (RAE-2) mission, see Ref. [1]) or ~ 5 x 10° km from Earth [5,
33] (Bentum and Boonstra [5] conclude this based on extrapolations of
RFI measurements from a number of previous missions). Next to that, to
achieve the required angular resolution, the instrument must have a
span of up to ~ 100 km. Angular resolution j is the ratio between the
wavelength A and the aperture D of a monolithic telescope or the
maximum  baseline length ||yl ©of an interferometer:
a2 4/D = A/||sillmex [33]; note here that an interferometer is a distrib-

uted telescope that comprises multiple smaller antennas; an
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interferometer baseline s; is the relative position vector between each
two of its antennas; a baseline length ||s;|| is the magnitude of sj.
Theoretically, the maximum attainable « for frequencies below 30 MHz
is limited to ~ 1 arcminute (this is due to a number of physical phe-
nomena, such as wave propagation in the Interstellar Medium (ISM) and
the Interplanetary Medium (IPM), see e.g. Ref. [30]). To reach this
resolution, the instrument must have a span (D 0r |[s;j[yex) Of ~ 100 km
[15,33]. Since making a monolithic telescope of ~ 100 km in aperture is
physically not achievable, the ULW instrument must be an interferom-
eter. However, collecting Imaging Information Pieces.

(IIPs) with an interferometer imposes restrictions on the relative
dynamic behaviour of its antennas; because, whilst a monolithic tele-
scope collects all IIPs, that are needed to form one image, simulta-
neously using one single rigid antenna, an interferometer collects the
different IIPs over time (by changing its antenna configuration w.r.t. the
imaging target), using at least two antennas that can potentially move w.
r.t. one another. These different IIPs can eventually be put together and
processed to form a synthesised image. The objective of a ULW instru-
ment is to ideally enable a 3D map of the full sky (capture all signals in
all directions), in which the signals are visualised clearly (are e.g. not
smeared); the quality of the synthesised image can thus be classified by
its level of coverage and clarity, respectively. Logically, the quality of
the synthesised image depends on the characteristics of the IIPs from
which it is synthesised. Notably, the characteristics of each IIP depend
on the characteristics of the baseline state S; = [s;;,s;]” at which it was
obtained. Therefore, the quality of the synthesised image can be deter-
mined by analysing whether a collection of baseline states

NT T
B= {[b, b} {{s}j,s?j,...,sg}, {s;,ss,,sg} } , that is subject to a

number of requirements, has been achieved by the interferometer
throughout its operational life. Note here that the orientation of s; de-
termines in what direction the sky is mapped, whilst its length [|s;]|
determines the size of the background structure that is mapped (longer
baseline lengths can capture smaller background structures, whereas

shorter baseline lengths can capture larger ones); ||s;|| is of influence on

the clarity of each IIP (because the CRB signals are weak, an increase in

exposure time is required, during which ||s;;|| must remain sufficiently

low to prevent smearing of signals). For a more in depth explanation on
how and why the quality of a synthesised image can be derived from the
achieved baseline states, the interested reader can consult e.g. Refs. [10,
38]; furthermore, for a derivation of the requirements on B, the inter-
ested reader can consult e.g. Refs. [15,23,33]. This work includes only
an overview of these B -requirements, as they have previously and
extensively been covered by others. In short, the dynamic behaviour of
the antennas (i.e. interferometer elements or S/C) should: enforce a

large collection of unique baselines b = {silj,sl?j7 ...,sg.}, where sl-lj + sizj £
e sg and q is the total number of baselines € b (q is thus the size of b);

whilst keeping |[|sj|| < 100 km Vs; € b; and whilst keeping the baseline

speed |sy|| <3 m/sVs; € b, where b= {sb7

sg sg} holds the set of
baseline velocity vectors s; that correspond to their respective s; € b.
Then, the level of coverage Qy, is defined by ¢: Qy, = q/ Qmax x 100%j;
here, Qmax is a design parameter. The specification and requirements
regarding Qo,, Qmax and g, shall in this work be defined analogously to
the work of Dekens et al. [15]: real imaging capabilities of the full sky
require that Qy, > 95%, which with a voxel size of 1 km? (i.e., all sj€b
are rounded off to whole km), gives Quqx ~ 4.2 x 108, and amounts to
q >~ 4.0 x 10°. For a further explanation on and a derivation of Qy, and
Qmax, the interested reader can consult Dekens et al. (in short, Qe can
be derived from the span of the instrument in 3D and its voxel reso-
lution—more specifically, it is the number of voxels (3D pixels or cubes)
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of 1 km3, that fit into a theoretical sphere of 100 km in radius).
Currently, space-based imaging in the ULW-band remains still in the
monolithic domain, with aperture sizes reaching the order of meters at
best (see e.g. the Cassini [29] and the Stereo [24] missions)—rendering
real imaging capabilities far from achieved. Previously, several con-
ceptual studies have been proposed. Among others [2,12,14,25] have
suggested lunar surface arrays at the far-side of the Moon. The effects on
imaging capabilities of electrostatic properties of lunar dust and lunar
ionosphere would have to be considered in the design of such arrays [12,
36] (note that the imaging capabilities can be affected by the presence of
free electrons and other charged particles, which can scatter and distort
radio-waves). Burns et al. [11] propose a study of the Dark Ages signal in
the 40-120 MHz band in low selenocentric orbits and mention that a
number of processes that can impact imaging capabilities produce most
of its emission at frequencies below 40 MHz—rendering lunar-based and
low lunar orbits less suitable for imaging at < 30 MHz. Others have
proposed studies for orbiting arrays (in a variety of orbits), such as Low
Frequency Space Array (LFSA) [47], Formation-flying sub-Ionospheric
Radio astronomy Science and Technology (FIRST) [8], Distributed
aperture Array for Radio astronomy In Space (DARIS) [9] and Orbiting
Low Frequency Antennas for Radio Astronomy (OLFAR) [6]—some of
which suggest the use of readily available off the shelf technology to
reduce mission cost or a distributed communication architecture to
make the swarm robust to single point failures. However, none of these
studies have explicitly shown compliance with the collection of afore-
mentioned requirements. Moreover, despite the highly promising sci-
entific return potential of ULW swarms, few in-depth orbit design
studies have been performed [7,33]. Orbitographic design and analysis
is necessary to define the extent in which the IBrequirements are met;
and, to estimate the swarm size required to this end. Dekens et al. [15]
performed an orbitographic study for the OLFAR concept in lunar orbits
and concluded that a coverage of ~ 77 % was feasible with ~ 100 S/C,
after optimisation of the initial state (initial conditions at orbit inser-
tion). However, Dekens et al. [15] indicated that an important

requirement could not be met in lunar orbits: the baseline speed ||s;

was a factor ~ 10 higher than required.

In this article, we propose an orbit solution that complies with the
full set of aforementioned requirements. We use well known models and
methods to this end. Our design involves a CubeSat swarm in a HELO,
inserted at ~ 5 x 10° km from Earth, with distributed communication
and chemical thrusters for actuation. Actuation is used to decrease the
number of S/C needed to reach Qy, > 95% (thus to improve cost effi-
ciency, by reducing the total mission mass) as well as for orbit mainte-
nance (also to improve cost efficiency: by reducing the natural drift from
Earth that occurs over time in HELO orbits, the required power for tel-
emetry—and thus the mass of the power subsystem—can be reduced).
Chemical thrusters are selected even though propulsion systems that are
based on expulsion of charged particles (e.g. electric and ion systems)
offer a higher power density [39] and could thus lead to a more mass
(and thus potentially cost) efficient solutions. However, such systems are
not suitable, because the expulsion of charged particles can scatter and
distort radio waves and thus diminish imaging capabilities.

We must add that the presented solution encompasses a preliminary
mission feasibility study and assumes ideal conditions: no failures; ideal
performance; the aspect of collision avoidance is disregarded. The sig-
nificance of these assumptions on the final design should be investigated
in future research. However, note that the aforementioned previously
proposed orbit design concepts, e.g. by Dekens et al. [15], have not
included these aspects in their simulations either (the Technology
Readiness Level (TRL) for a space-based interferometer with a distrib-
uted communication architecture is simply still quite low).

This paper is organised in the following manner: in Section 2, the
mission objective with its set of requirements is summarised; in Section
3, the equations of motion are defined; in Section 4, a number of
hardware parameters are defined; in Section 5, cost functions are
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defined that aid in the reduction of total swarm mass and the results are
discussed; in Section 6 the discussion and in Section 7 the conclusion is
provided.

2. Problem definition

The problem regarding the B -requirements can be defined more
specifically in terms of the following system. Consider an interferometer
comprising N S/C that are defined by the set./” = {1,2,...,N} and with
S/C elementsiand j for which holds: i,j € {./7i#j} (i.e., elementsiand j
can be any two distinct S/C in the S/C swarm). The state S; = [s;, 5;]” of
element i at time t can be defined by the position vector s;(t)
xi(t),yi(t), 2:(t)]" and the velocity vector s;(t) = [xi(t),y;(t),2(t)]
expressed in reference frame .7,(X,,Y,,Z,) (Sj(t) is defined in an
analogous way), where .7, is a right handed inertial reference frame (i.
e., the centre of the reference frame is the system’s barycentre and the
frame is non-rotating w.r.t. the sky), in which the {X,, Y, } -axes lie in the
plane defined by the movement of Earth around the Sun and Z, is normal
to that plane. Then, the baseline s; and the baseline rate s;, formed at
time t by i and j are:

si(t) = 8;(1) — 8:(t) = [w(r»w;(z»wﬂz)fr
6500 = () — 8,00 = [ufjo),v‘ij(z),wij(r)}

T

(€8]

where u;(t) = x;(t) — x;(t), v (t) =y;(t) — yi(t), wy(t) = Z(t) — 2(t), etc.
The part of the notation that indicates the time will be omitted hence-
forward. The corresponding baseline length HSUH and baseline speed

s;j|| are defined as:

2 2 2

[Is; || = \ g Vi v
-2 tva -2
1/”17 + Vi + Wy

In this work, the mission’s operational life is assumed to be 1 year
(365.25 days). Then, the mission objective can be summarised in the
following way (see also Section 1): the S/C swarm must have achieved
the collection of baseline states B, expressed in .7 ,, that satisfies the
imaging conditions (Eq. (3)(ad)) and can meet the imaging objective
(Eq. (3)(e)), whilst complying with the mission requirement T, =
1 year (Eq. (3)(N):

(2)

Sij

km
] ©)

ooy B B

i i’

HSUH < 100 km,Vs; € b (a)
s5| <3m/s, Vs € by (b)
km km m
] #[] AT @
lIseill > 5 x 10° km (d)
g >~4.0x 10° (e)
T,,s = 365.25 days f)

Here, the notation [s;]" denotes that all components of s; are
rounded off to the nearest integer in km;

[Isil| = \/(x,- —x3)2 4 (Vi —¥e)? + (2 — 25)* is the distance between i

and the centre of mass of Earth s, = [xs,Ys, z@]T.
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3. Equations of motion

Aset of S/C ./, will have achieved throughout its Tyy;, a collection of
states S ;- (the swarm ephemeris):

Si(t0) Si(to + A1) S (fena)
S, = A?z(to) L?z(to + A1) ?z(tend) @
Sn(to) Sn(to + Ar) Sy (tena)

Here, t, and t,,q denote the time at the beginning and at the end of
operational life, respectively; At is the time interval on which the
ephemeris is stored. Note that B (Eq. (3)) can be fully defined from S ,-
(Eq. (4)). Then, S ,(t, +At) can be obtained by integrating the dy-

namics $i(t) [s‘im,s@(t)r - [xia),y‘,-(t),z}(t)»‘c‘i(t),yi(t),ﬁi(t)}T over a

T
time interval At, to obtain S;(t+At) = {si(t-&- At)7s}-(t+At)}

[x:(t + At), yi(t + At), z;(t + At), X;(t + AL), i(t + AL), Zi(t + At) ],

Vie ./ Si(t) is defined by the external and the internal dynamics
models, f,, and f;,, respectively:

Si=5Sil,, + Sil,, )
NG

Sex Sin

where S|, denotes the external dynamics (which stem from the envi-
ronment) and S;|;, the internal ones (which stem from the use of pro-
pulsion).

3.1. External dynamics— f,,

Then, f,, was selected to comprise the Sun-Earth Circular Restricted
Three Body Problem (CR3BP) model f, 53331’ and the Solar Radiation

Pressure (SRP) model fSR°; giving: S|, = Si|SR8F 4 &S8P,

S;|SR3B® are the dynamics from CR3BP and S;|°% are those from SRP.
Note here that the assumptions of the CR3BP, as well as the exclusion of
other major celestial bodies such as Jupiter from f,,, did not influence

the resulting B (note that the required accuracy was 1 km, because the

fsy]"

where

™ entries in B were rounded to whole km).

3.1.1. Circular restricted three body problem — fCR35P

The CR3BP is a well known problem that has been extensively
covered in literature. Here, only a brief overview of this problem and its
dynamics is provided; the interested reader can consult e.g. Szebehely
[37] for more information.

The CR3BP describes the motion of a third body of negligible
mass under the gravitational influence of two major bodies—the
primaries—which move in circular orbits about their common
barycentre with a constant angular velocity [37]:

. . 1- X + xi— 1+
B =y, - LWt ) ple = 1 p)
R@[ R‘F[
L—p)yi  pyi
CR3BP _ ,2_,4(7” L Al 6

fm Y Yi 1 Ril Rii ( )

PR 0

) R(ST/[ R:?Fl

) T T

and thus S; EESBP = {s’i,s"l} 5;‘3‘31’ = {)’ci, Yis Zi, Xi, y’i,ii} S}SEP are then

the normalised dynamics of the minor body in the synodic coordinate
frame .7 5(Xs, Ys, Zs); -7 s is a with Earth co-rotating .7 ,, in which Xg
goes through the centre of mass of both the Sun and the Earth at all
times, because X co-rotates with the centre of mass of Earth; R; and Ry;
are the distances from the minor body to the centre of mass of the Sun
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Table 1

fex constants [26,40]
R 149.597870700€9 m
GHM, 1.32712440018¢20 m®/s?
GM, 3.986004418e14 m®/s?
L 3.839¢26 w
Ciight 299792458 m/s
Csp 1.2 -

(*) G represents the gravitational constant.

and the Earth, respectively:

Ro= /Gt pf 437 42 Rai=f(ti— 1+ 0P 432 +3

and y is a mass ratio:

— M
g - Mo+ M,

with M and M, denoting the mass of the Sun and the Earth, respec-
tively. Eq. (6) is normalised with respect to the system’s total mass M+
M, (which becomes 1 in nondimensional units).

the distance between the primaries R (which becomes 1 as well)
and the orbital period (which becomes 27). The primaries are modelled
as point-masses and are stationary in .7 g, in which they have the co-
ordinates s, = [—,0,0]” and dst s; = [1 — #,0,0]” in nondimensional
units from the barycentre. The constants that are used in this work for
Eq. (6) are defined in Table 1.

Since Eq. (6) is defined in normalised form and the dynamics of Eq.
(5) are propagated as a whole, all states that are fed into Eq. (5) must be
normalised as well (in non-normalised form, Eq. (6) looses accuracy due
to the ‘to the third power’ terms in double-precision floating point for-
mats, which have an accuracy of about 16 digits). To transform an ac-
celeration term from the metric dimensional system to the normalised
units of CR3BP, the following factor can be used:

2
Ros

~GM., + GM., 7

. §
Cn/d

3.1.2. Solar radiation pressure — f5X°
The SRP exerts a force that is repulsive with respect to the Sun; in
normalised form fﬁ'fp is [26]:

. L Ac Soi -
SRP ) - i Csrp o §
S {s i= — Cn/d (€)]
«“ U 4R, my cugn (sl
T|SRP __ T |SRP

with which ;% = [s;, 5758 = [%,;, %, %1, ¥, 2] 55 is then defined
and where L is the solar luminosity, A; the S/C area that is exposed to the
Sun (see Section 4), s, the satellite’s radiation pressure coefficient, cjgy
the speed of light. The constants that are used in this work for Eq. (8) are

defined in Table 1.
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3.2. Internal dynamics - f;,

3.2.1. Poghosyan et al. [31] Define distributed space systems

(DSS), such as swarms, as mission architectures consisting of multi-
ple space elements that interact, cooperate and communicate with each
other, usually resulting in new systematic properties and emerging
functions. In literature, the different control approaches for DSS have
been covered by among others [27,31,33,34]—to which the interested
reader is referred to for more information. The control approach that is
employed in this work is based on the Virtual Model Reference Adaptive
Control (VMRAC) by Ref. [3], which allows the control of relative states
S;; to be autonomous and to be performed in a distributed fashion. Note
that autonomy has a number of advantages—among others, it can
guarantee superior performance with respect to control accuracies (see
e.g. Ref. [34]). Distributed control architecture is advantageous as
well—it enables the swarm as a whole to be more robust to failures of
individual S/C, because it is based on an equal distribution of the leader
function over each S/C; the leader function will therefore not be lost if a
subset of S/C fails [27]. Additionally, note that Poghosyan et al. [31]
mention that the control of a space-based swarm should be distributed
equally over the S/C up until t,,4, to enable the use of identical S/C that
include identical amounts of fuel (to allow for cost reduction due to
series production of S/C).

3.2.2. VMRAC

In this section, a short summary of the VMRAC state consensus
protocol by Baldi and Frasca [3] is provided (see Ref. [3] for a more in
depth explanation). Consider a multi-agent, Linear Time Invariant (LTI)
Single Input Single Output (SISO) system of N agents, defined by the set
./, with initial states x;(ty) and dynamics ¥; = Apx; + bnu;, where x; =
[, %7, ¥ = %, %) and i € .#° = {1,2,...,N}. Then, the VMRAC defines

the consensus protocol u; = fT i a;(x;j)—where a; are the communi-
=

cation links and x; = xj —x; —that can ensure that the states of the
agents synchronise to the state of the Virtual Leader (V/L) x, over time
(i.e., xi— x, = x;;—0, Vi € /) if the following holds: A, + Aibnf" is
Hurwitz, Vi € ./, where 4; are the non-zero eigenvalues of the Laplacian
matrix .2 that can be constructed from the communication matrix .o7.
For clarification, consider the example provided in Fig. 1(I), which de-
picts a distributed network of N =75 elements. This network has a
certain, undirected communication architecture, which can be defined
by the communication links a; for which holds: a; = 1 for a connected
link and a; = 0 otherwise (note here that a; = a;; because the commu-
nication is undirected). For this network holds:

01 1 01 3 -1 -1 0 -1

1 01 10 -1 3 -1 -1 0
“/=|11010| £=|-1 -1 3 -1 0 (C)]

011 01 o -1 -1 3 -1

1 0010 -1 0 0o -1 2

Note here that .2/ (i,j) = ay; £ is constructed from .«/: each diagonal
entry of ./ is the sum of its respective row in .2/, and the non-diagonal

@ . (IT) ;
‘115:‘1/ N2~
(S5~ 5,] S, S, ]

as4=1 Jars=1

8>S, Je>{S;>S,)
asy=1

‘: (1) ,y:lsol S, +As,
E [ 8,15+ A0,)=8,(1,) +] (S0t ] S0y = Sy Ass
E — E o4 = S, TAS,, E
| st a)=5200) 4] (is,onar | Sos = Sothns
- )

Fig. 1. Examples of distributed control architectures; (I) state consensus to S,; (II) state consensus to S,; (III) state consensus to S,; with restricted control effort.
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entries of 1 in .&/ become entries of —1 in .. For more information on
how this algorithm works exactly, the interested reader can consult [3].

3.2.3. VMRAC in 3D with restricted control effort

In this section, the adaptations and restrictions are discussed that are
incorporated into the original VMRAC (Section 3.2.1), to make the al-
gorithm suitable for deploying the swarm with a restricted propulsion
subsystem output.

The original VMRAC consensus protocol can force all S; of a swarm
N, that are under the influence of some dynamics, to reach state
consensus over time with respect to the state of the V/L S,, as is depicted
in Fig. 1(D): §;—S,; note that this leads to ||s;j|| —0. However, to construct
the required B (Eq. (3)), deployment of the swarm is needed (||s;|| # 0),
rather than state consensus (||s;|| = 0). Deployment can be achieved by
using VMRAC in which the perceived location of the V/L is changed for
each S/C by a vector that is defined w.r.t. the V/L As,; = s; — s,, that
will force the states of a swarm to reach state consensus at an offset As,;
w.r.t. the V/L, as is depicted in Fig. 1(II): S;—S, + As,; note that this can
lead to swarm deployment: ||s;|| # O if Aso; # Asoj. Then, using As; to
define the direction of a thrust manoeuvre, the 3D deployment protocol
can be defined as:

N
i =11y ay(xy + Axyi)
)

N
i =f" Y ay(yy + Ayer) (10)
=1

J
N
u =f" Z ajj (zij + AZ,,i)
=1

The original VMRAG, as defined in Section 3.2.1, does not account
for a restriction of the control effort u;. However, for a CubeSat, u; is
restricted by hardware characteristics of the propulsion subsystem, in
terms of 1Fr; and T;; (see Section 4), and additionally depends on my;

more specifically, the following relation must be upheld:

P+
in

with the units of f,,.. Incorporation of these aspects gives the resulting f;:

in

= Fr;/m;. Furthermore, f,, must be made congruent

P FT.ic §
AT T d
C ] m
. Uy i FT,i §
)y = i T 11
fm yr Huz” mic"/d ( )
5= Uz i FT,iC §
i — ——Cn/d
]
where [ui]| = \/u, +u2, +ud; Si| = [§i 8, = [y F X i, s
in
then defined.

4. Hardware parameters

The parameters m; and A; in Eq. (8), and Fr; in Eq. (11), can be
defined by inspecting the hardware characteristics of CubeSat sub-
systems that are considered for the mission.

As mentioned previously in Section 1, one of the core goals of this
work is to test whether the mission objectives (defined by B in Eq. (3))
can be reached in a cost effective manner. Since mission cost is signifi-
cantly influenced by the total mission mass Mgyem that must be
launched, the objective becomes thus to reduce Mgyqm, which is defined
as:

Mvarm :N(Mos,i + MPSJ) 12)
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Table 2

Hardware parameters.
Case 1/2/4 U Case 1 2 4 1)
Mosi 4 kg Mps;; 2 4 8 kg
my; 1.8¢-4 kg/s Tpi 1700 3740 8228 s
Fr; 0.5 N
A; 0.36 m

where Mpsg; is the wet mass of the propulsion subsystem and Mos; is the
mass of all subsystems excluding Mps ;.

With Mos; assumed to be fixed, two parameters remain that can be
adapted in Eq. (12) to influence Mgyqm, namely N and Mpg;. Then, the
following assumptions are made. For each S/C i, the total mass of all
subsystems excluding the propulsion subsystem Mg;s; = 4 kg (based on
the works of [32,33,35]). Additionally, each S/C shall have a propulsion
subsystem (with fuel included) of mass Mps;, for which three different
cases are considered: My, = 2kg, M3{; = 4 kg and MjJ, = 8 kg, with
total available burn time of T{¥ = 1700s, Tg? =3740s and T}V
8228 s, for propulsion subsystem sizes of 1U, 2U and 4U, respectively
(based on the characteristics of the PM200 propulsion system, see
Ref. [41]). The instantaneous mass of a S/C m; is then defined as [48]:

ATy (1)

m;(t) =Mos,; + Mps; — / mydt (13)

o

where n; is the fuel mass flow rate, that can be computed from the
specific impulse I, ; = 285 s and the nominal thrust Fr; = 0.5 N for the
PM200: my; = Fr;/golp; = 1.8e—4 kg/s, where go = 9.80665 m/s? is the
gravity constant at Earth’s surface [48]; ATy(t) is the total time that the
propulsion system has been activated at time t since t,. Lastly, the
assumption is made that A; = 0.36 m? for each case. An overview of the
hardware parameters is provided in Table 2.

5. Reducing the total swarm mass

The total mission cost can be reduced by reducing Mgygm, Which
depends on N, Mys; and Mps; (see Section 4). In this section, the values
of two parameters are identified, by means of a global optimisation
method, that both contribute to reducing Mgyqrm-

Simulations and optimisations were performed using Matlab [42]
and its built-in tool patternsearch [43] (a global optimisation method).
Propagation was performed using ‘ode23tb’ with absolute and relative
tolerances set to double precision machine epsilon = 27°2 ~ 2.22 x
1071 (see e.g. Ref. [20] for more information on machine epsilon and
computational accuracy). Note that ‘ode23tb’ is a built-in, implicit,
Runge-Kutta integration method and is Matlab’s implementation of the
more commonly known Trapezoidal Rule and Backward Differentiation
Formula of order 2 (TR-BDF2) [4,22]. Computational resources
comprised the ‘Thales’ server of the Space Engineering Department of
Delft University of Technology (TU Delft), more specifically: Dell Pow-
eredge R430, which has 56 CPU cores—Intel(R) Xeon(R) CPU E5-2683
v3 @ 2.00 GHz—and a total of 64 Gb of memory.

5.1. Minimising Mos; by reducing maximum telemetry range

Although the value of Mpg; is assumed to be constant in this work, in
reality, it will depend on among others the mass of the power subsystem
for telemetry. By reducing the maximum telemetry range, Mos; and
consequently Mgyqrm can be reduced.

5.1.1. Cost function
Consider a S/C ‘o’ that is propagated using only f,,, from an initial
state S, (to) for the duration of T,,; = 1 year, whose ephemeris is stored
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Table 3
Optimised S, (tp) (Eq. (16)) in .75 , in nondimensional units.
Axes so(to) [-1 So(to) [-]
Xs —972.848226106772e-3 5.74779804244613e-3
Ys 30.8225630496502¢-3 —48.9754918730614e-3
Zs 4.11824301986062¢-3 39.9296398877521e-3
inS,:
S, =[8o(t0) So(t0 + A1) 8, (tena) | a9

from which the set of distances from S/C ‘0’ to the centre of mass of
Earth R, can be derived, i.e. S, F Rgp:

Reo =[Ro(t0) R,(to + At) Ro(tena) ] (15)

where Rg(t) = 5o(t) — so(t). Then, an initial state S,(tp) can be found
that will reduce the maximum achieved R, € R4,, Whilst accounting
for condition (f) in Eq. (3), by minimising the cost function J(S,(to)):

J(S,(fh)) = max{Rq, (1) € Ry, } X
| A———
reduce Mos ;i
(n{Re0(t) € Rey | Reo(t) <5 x 105km} + 1)

Eq.(3)(
whilst S, () F Reo(fo) =

(16)

d)
5 x 10° km

where n{Reco(t) € Rao| Rao(t) < 5 x10°km} is the number of elements
R (t) € Ray that do not comply with condition Eq. (3)(d). Furthermore,
S,(to) in Eq. (16) must be selected such that Ry, (tp) is equal to 5x 106km
(see Eq. (3)(d)).

5.1.2. Results

Then, J(S,(tp)) in Eq. (16) was minimised, where the elements of S,
in Eq. (14) were stored on time intervals At = 300 s. The resulting
So(to), in the normalised .75 , is provided in Table 3, which gave
max{Rg,(t) € Reo} =~ 8.7 x 108km. The corresponding orbit, which is
referred to as the ‘design’ or ‘nominal’ orbit, is depicted in Fig. 2
(propagated for two years to illustrate behaviour).

100 .
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90 ra - —
4 \\ % 0 L -~*~—:_: |
7 \ —, = ~ <.
0 1/ . - /
A\ :' N -5
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5.1.3. Discussion

For rough benchmarking purposes, the orbit of the Kepler Space
Telescope (KST) is plotted as well in Fig. 2. Here, it is plotted twice: once
using the KST ephemeris as provided by NASA [44]; and once using only
the initial state for KST from NASA [44], and propagating it using f,, (for
validation). Fig. 2 shows that KST drifted ~ 15 x 10° km from Earth per
year. Compared to KST, the design orbit found using J(S,(tp)) in Eq.
(16), had a larger offset in Zs -axis from the {Xs, Y5} - plane than KST
had. During optimisation, this trend was observed as well: a larger offset
Zs -axis offset from the {Xg, Ys} -plane can reduce max{Rq,(t) € Rao}.
Compared to KST, that thus drifted ~ 15 x 10° km from Earth per year,
with the found S, (t), the swarm’s maximum required telemetry range
max{Ru,(t) € Reo} was reduced to a mere ~ 8.7 — 5 =~ 3.7 x 10°km
for Tops = 1 year.

5.2. Minimising mission mass regarding N and Mps

Then, the objective is to find the combination of N and Mps; that
gives a preliminary minimal Mgyem (not the absolute minimal per se;
here, not an optimal, but a good enough solution is sought—because the
design space is large, finding an optimal solution is challenging and is
considered to be out of scope in this work), whilst still meeting the
mission objective B (Eq. (3)). This can be done by finding a D_,-(As), for
a number of possible combinations of N and Mps;, that provides a pre-
liminary best result regarding B (Eq. (3)). These results can then be
compared; the combination of N and Mps; that gives a minimal Mgyqm
and meets B (Eq. (3)) can then be considered as a preliminary best so-
lution, from which a preliminary M,qr, estimation can be derived. Note
that the release form launcher and the initial acquisition phase are not
considered here.

5.2.1. Cost function

Consider the swarm ./ that is propagated using f,, + fi, (Eq. (6), (8)
and (11)) from S;(to) = S,(to) (see Table 3) Vi € ./, for the duration of
Tops = 1 year, whose ephemeris is stored in S

S1(t) = S,(t0)  Si(to + A1) S (tena)
S, = s?z(to) = S,(t0) u?z(lo + Ar) ?2(1}114) an
Sn(to) = S,(to) Sw(to + A1) S (tend)
® Sun
Earth
KST orbit (8/3/°10-8/3/12) [40]
- = =KST orbit (simulation)
Design orbit of V/L
0
_\84 5 Q/
= (5) C -50
AN W)
B N
N 100
80
60 -100
40 X
20 X [105 km]
Ys [106 km] 0 150

Fig. 2. Nominal swarm orbit (i.e., without the use of fuel, in solid blue) for T, = 1 year, obtained from J(So(to)) in Eq. (16). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Resulting preliminary maximised coverage Q% as a function of Mgyam.

from which the set of distances from S/C i, Vi € ./, to the centre of
mass of Earth R, ,- can be derived, i.e. S, F Rg, ,:

Rai(to)  Ran (1o + A1) Ry (tena)
Re, = 602 (t0) IfﬁT)Z(IO + A1) 63,2 (tena) 18)
Ron(to)  Ron(to + Ar) R (tona)

where Rg;(t) = si(t)— sa(t), Vie./". Then, a collection of thrust
manoeuvre directions DN(As) can be found, that are defined with
respect to S/C ‘o’ (the design or nominal orbit, see Section 5.1) that serve

as inputs in f;, (Eq. (11)):
As,i gt»,zasz;
AsoZ tb,las[

AsoN (tb.last)

ASor (1) ASo1 (1)

D, (As) :ASOZ(tbl) .ASOZ(th)

19

Asoy (1) Ason(t2)

(where {ty1,t2, ..., th1ase } denote the successive times at the start of the
burn manoeuvres) that will increase the achieved coverage (i.e. aim to
comply with the mission objective Eq. (3)(e)) and (further) reduce the
maximum achieved Rg;(t) € Rs /-(t), Vi € ./, whilst complying with the
imaging conditions (Eq. (3)(a-d)):

J(D.(y,0)) =
max th t RH
o m—ax{ ai(f) € Ry} X penalty
q max{Rg,(t) € Re,} —_—
Eq.(3)(e) reduce Mog, B (20)
100 if min{Rq(f) € Ry} <5 x 10° km
penalty
1 else

g=n{S; € B|Eq.(3)(a—c)}

where max{Ry,(t) € Ry} = 8.7 x 10°km (see Section 5.1.2); q is the
number of elements S; € B that comply with conditions of Eq. (3)(a-c).
To reduce the number of optimisation parameters, each As,; in Eq. (19)
can be defined by 2 angles, 0 < y < 360 deg and 0 < 6 < 180 deg, and
one assumed length; this length is taken as 1 in normalised units;
D.,-(As) then reduces to:

wi(te) vy () Wy ()
01 (ts)  61(12) 0, (tb,hm)
wa(te)  wa(the) W3 (th )
D (w,0)= | 6:(tn) 62(tr2) 0, tb,[mr) 21
() wi(to) W (th.ast)
On(to1)  On(te2) O (thast)

Additionally, for further reduction of design space, the burn ma-
noeuvres for each S/Ci €./, for each case of thruster subsystem size,
were performed synchronously; i.e., they had the same start time t, and
duration for each burn At,; additionally, they were spread with equal
intervals throughout T, where for the start time of the first burn the
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following holds: ty; = t,.

To alleviate computational burden further, simplifications in the
communication topology are adapted. First, the communication flow in
simulations is modelled as time-invariant. Second, each S/C is modelled
to communicate only with its direct neighbours and only the first S/C
has direct access to the V/L state (which is the nominal orbit), e.g. for an
N S/C system the following coordination topology holds:0—1—2— ...
— N; here, ‘0’ denotes the V/L, ‘{1,2,...,N}’ the set of S/C and ‘ — ’ the
communication links (see Fig. 1(III)).

Lastly, the design space was further reduced by considering sym-
Qrax/2

Gnon
where for gnon—sym holds that s; = s; are counted as one unique baseline

(see e.g. Refs. [15,33] for more explanation on these symmetry
properties).

metry properties, by which the term % (in Eq. (20)) becomes

>
sym

5.2.2. Results

Then, J(D_-(y,0)) in Eq. (20) was minimised, where the elements of
S, (Eq. (17)) were stored on time intervals At =300s during non-
actuation and in un-adjusted form during actuation (of which the
stored ephemeris was defined by the integrator and its settings). The
resulting S gave max{Rg;(t) € Ry} ~ 6.6 x 10°km. The resulting
coverage Qo is plotted against Mgyqm in Fig. 3. For Myem of up to 120
kg, for each of the three Mpg; cases (1U, 2U and 4U, see Section 4),
J(D.,(w,6)) was optimised in chunks of 1/60th of a year—which was
necessary to enable the optimisations with the available computational
resources (i.e., some of the scenarios of up to 120 kg could not be
optimised in larger temporal chunks as the computational resources ran
out of memory and the optimisation processes would terminate). The
durations of burn manoeuvres At, that were used were 0.15s, 0.15 s and
0.20 s for Mps; cases of 1U, 2U and 4U, respectively, as these showed
favourable trends. These results are shown in the left plot of Fig. 3,
where the underlying trends are revealed by fitting a second order
polynomial through the data points. The trends imply that, for a given
launch mass, the 1U case can provide a higher coverage. However, none
of the scenarios up to 120 kg are able to provide the required coverage of
95%—i.e., optimisations with larger swarm sizes are required. However,
optimisations with larger swarm sizes were not possible on temporal
sections of 1/60th of a year, since the computational resources ran out of
memory. The duration of an optimisation section had to be decreased to
1/70th, 1/100th and 1/120th of a year for 30, 50 and 60 S/C, respec-
tively. For this reason, the curve in the right plot is obtained using linear
regression, since the results here cannot be fairly compared (it is
assumed here that the results obtained on sections of 1/60th have a
higher probability of finding a better solution than the results obtained
with smaller sections). As can be seen in the right plot in Fig. 3, the
coverage requirement of 95 % (see Eq. (3)(e)) can be met with Myqm =
402 kg, i.e. N =68 S/C for a 1U thruster subsystem.

Note that a second polynomial was selected to fit through the data
points in the left plot of Fig. 3 based on the following reasoning. The
coverage Q, is directly proportional to the number of unique baseline q
(Or Gnon-sym) that is achieved by the swarm throughout the operational
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Table 4

Coverage optimisation settings.
Characteristic Setting
Optimiser Pattern search

Search function
Poll function
‘PollOrderAlgorithm’
Lower bound {y, 6}
Upper bound {y, 6}
Initial mesh size
Final mesh size
‘AccelerateMesh’
Maximum number of
function evaluations
Number of temporal
optimisation sections
in 1 year
Duration of individual
burn manoeuvres At,

Latin hypercubes
‘MADSPositiveBasis2N’
‘success’

{0, 0} deg

{360, 180} deg

180 deg

1 deg

‘on
20
60 (for up to 120 kg);

B

{70, 100, 120} for
{30, 50, 60} S/C (1U)
{0.15, 0.15, 0.20} s for
{1,2,4U

life (Qy = g1-x 100%, see Section 1). In turn, g is approximately
directly proportional to the total number of non-unique baselines at a
point in time Kpgseiines(t) = N(N—1) (or Kpgseiines(t) = 0.5N(N—1) if
Gnon-sym is considered) (because q is essentially the sum of Kpqgefines(t)
over T, that complies with a set of conditions, see Eq. (3)). In summary:

0y % gxKpgsetines (f) = N* — N (22)

Additionally, from Eq. (12), the following relation can be derived:
NoMsyarm; Which together with Eq. (22), can reveal the expected relation
between Q% and Mg,qm:

Q%OC NM2

swarm Mswarm (23)

The results were obtained using Matlab’s built-in tool patternsearch,
of which the settings are provided in Table 4. These settings were
selected as they showed favourable trends regarding the optimisation
results as well as the computational time. The initial guess for D_,-(y, 0)
at t =ty (Eq. (21)) was generated randomly with generator ‘twister’
with seed ‘0’ [45]. The optimisation for each section (each section of
time that is optimised separately and successively), for each case of N

Acta Astronautica 188 (2021) 463-472

and Mps;, was performed in 5 iterations, with each next iteration using
the previous solution as input.

For visualisation purposes, the motion of the S/C is provided relative
to their mean centre [Xaygi(t), Yavgi(t), Zavgi(t)], Where Xqgi(t) = x;(t) —

i=N
Xavg (t) and Xayg(t) =1/N " x(t), in .7 s for t = 0 year to t = 1/120 year,
i-1

in Fig. 4.

5.2.3. Discussion

The obtained results comply with the mission objective as defined in
Section 1 and summarised in Eq. (3). Compared to the results of Dekens
etal. [15], the results obtained in this work required a smaller number of
S/C (~ 68 instead of ~100) to meet Qy, > 95 %. Additionally, the ob-
tained results complied with the relative baseline speed requirement
(see Eq. (3)(b)); the HELO is therefore deemed suitable. The main
concern regarding selecting HELO as the operational orbit was the
maximum telemetry range required for the swarm, since in this orbit this
range can increase ~ 15 x 10°km on a year basis, as was seen in Fig. 2
for KST. However, after performing preliminary optimisations this range
was significantly reduced. Using a 1U propulsion subsystem and an
optimised initial state S;(to), the thrust manoeuvres can be performed in
such a way that the maximum telemetry range is reduced to a mere 6.6
x 100 km (instead of the initially expected ~ 5 + 15 = 20 x 10% km).

6. Discussion

The presented orbit solution shows that the mission objecti-
ve—mapping the full sky in the ULW regime in 3D—can be met with 68
S/C. The total launch mass, that is dependent among others on the
swarm size and the power subsystem for telemetry, can be reduced by
optimising the directions of the executed thrust manoeuvres and by
reducing the maximum drift from Earth. The proposed orbit solution
shows an improvement regarding previously proposed solutions, e.g. by
Ref. [15], regarding the swarm size, as well regarding complying with
the imposed imaging conditions, more specifically with the baseline
speed requirement of <3 m/s.

Due to the framework of assumptions and simplifications that are
applied in this work, a precise prediction of the actual swarm launch
mass is still out of reach. However, this work shows promising results in
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Fig. 4. Motion of the S/C relative to their mean centre [Xaygi(t),Yavg,i(t),Zavg i(t)].
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the proposed orbit solution, in which there have been found no signif-
icant drawbacks (except perhaps for the level of complexity). This work
can serve as a benchmark for future work in which more sophisticated
solutions can be explored. For a more precise estimation of the swarm
launch mass, among others a more exact estimation of Mos; would be
required, for which the in this work found maximum telemetry range
can serve as a guideline for power subsystem sizing for telemetry (i.e.,
the design can be performed in an iterative way). Additionally, for a
more precise estimation of the swarm launch mass, the integration of the
full Guidance, Navigation and Control (GNC) solution can be consid-
ered, which should include the estimated errors and deviations in the
GNC hardware and software, as well as an estimation of expected faults
and failures, with accompanying set of mitigation solutions (e.g.,
including redundant S/C). Note that making a prediction of the failure
rate is not achievable at this point in time (and therefore, neither is the
estimation of the required number of redundant S/C which will allow to
maintain the designed level of swarm performance), as it will majorly
depend on the design of the spacecraft. The importance of failure miti-
gation solution should not be underestimated: a S/C that is faulty, can
negatively affect the performance of the entire swarm (e.g., a rogue S/C
could collide with other S/C). To prevent this, previously, it has been
proposed to incorporate either a form of S/C apoptosis or ex-
communication [16,21]. In apoptosis, a S/C should be able to detect
its own faults and either reboot or remove itself from the swarm network
in terms of communication (or even physically). In ex-communication,
the other healthy S/C should be able to detect the faulty S/C and
either make it reboot or disregard its communication signals in their
decision logic (thus simply stop ‘listening’ to it).

7. Conclusion

The importance of enabling the creation of a map of the sky in the
ULW regime is arguably undeniable. However, the amount of proposed
as well as analysed orbit solutions to this end has thus far, unfortunately,
remained limited. The results found in this work are promising. How-
ever, more research is needed to benchmark these results against
possible solutions in perhaps different orbits, as well as to perform a
more detailed full system analysis.

With the recent advancements in technology, realising a ULW swarm
seems not only achievable, but perhaps even affordable.
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