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Abstract

The aim of this thesis is to review and further investi-
gate orbital maneuvers on satellite flight formations using
relative orbital elements. The study of flight formations
applies to twin satellites as well as swarms and constel-
lations of thousands of them, with applications from au-
tonomous rendezvous and docking maneuvers of manned
spacecrafts, to Earth and deep space observation through
swarms of satellites acting as a virtual radar dish, over-
coming the difficulties associated with big, single satellite
missions.

After proposing the derivation of the state transition
matrices that model the perturbed orbital dynamics, ma-
neuvering schemes found in literature are employed to
solve formation reconfiguration problems, highlighting par-
ticularly economic or optimal strategies. A new maneu-
vering strategy is then developed to combine the out-of-
plane burns to the in-plane ones, allowing for propellant
expense reduction. The relation between orbital elements
variations and combined maneuvers’ costs are investigated
through a series of parametric studies, which find delta-v
reductions up to 14.8%.
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vector (collection) of maneuvers’ mean latitudes
vector of classical orbital elements

vector of relative orbital elements

relative semimajor axis

relative mean longitude

relative eccentricity vector

relative inclination vector

relative inclination vector components

velocity impulsive variation in the Hill reference
frame

effective relative orbital elements change, net of
perturbations

true anomaly

mean argument of latitude difference

relative pericenter

natural dynamics state transistion matrix
perturbed dynamics state transition matrix
argument of periapsis

right longitude of ascending node



List of Figures

0O Ui Wi

Ne

10

11
12
13
14
15
16
17
18
19

20
21
22
23
24
25
26

Swarm satellites . . . . . . ... ... L 6
MMS tetrahedral formation . . . . .. ... .. ... ....... 6
60 Starlink satellites stacked together before deployment . . . . . 7
Free body diagram in the inertial reference frame . . . . . . . . . 10
Orbits of various eccentricity, having common focus and periapsis 11
Geocentric equatorial frame . . . . . ... ... ... L. 12
Classical Orbital Elements . . . . . . . . ... ... ... ..... 13
True anomaly as a function of mean anomaly and apoapsis alti-

tude h, with periapsis altitude h, = 400km . . . .. .. ... .. 15
Examples of zonal, sectorial and tesseral harmonics Jgg, Jss, Js7

onthesphere . . . . .. ... .o o 16
Regression of nodes and advance of apsis for near-circular orbits

of altitudes 300 to 1100 km . . . . . . . ... ... 17
Relative orbits in reconfiguration E1, tangential-radial plane . . . 38
Cost function of scheme ¥10 solving E1 . . . . ... . ... ... 39
Possible values for ug in scheme N13 . . . . . .. ... ... ... 39
Relative orbits in reconfiguration E2 . . . . . ... .. ... ... 40
Cost function scheme N3 . . . . . . ... ... ... ... ... 41
Cost function scheme N9 . . . . . . .. ... ..o 41
Cost function scheme N11 . . . . . . . ... ... .. ... 41
Relative orbit N12 solving B2, up =157 . . . . . . . . . .. ... 42
Relative inclination vector’s second component variation follow-

ing the two approaches . . . . . . . . .. ... 44
In-plane ROEs variation, AQ =0.6° . . ... ... ... ..... 50
Delta-v values for AQ) variations . . . . . . ... ... ... ... 50
In-plane ROEs variation, Ai =0.6° . . . . . .. ... ... .... 52
Delta-v values for Ai variations . . . . . ... .. ... ... ... 52
In-plane ROEs variation, Aw=3° . .. ... .. ... ...... 53
In-plane ROEs variation, Aw =45° . . . . .. ... .. ... ... 54
Delta-v values for Aw variations . . . . . ... ... ... .... 54

List of Tables

= © 00 O Ok Wi

Problem E1 and solutions . . . . . ... ... ........... 37
Problem E2 and solutions . . . . .. ... .. ... L. 40
Out of plane maneuvers’ comparison . . . . . . .. .. ... ... 44
New three dimensional problems . . . .. ... ... ... . ... 45
Three dimensional problems’ solutions . . . . . . .. ... .. .. 46
Starting orbital parameters . . . . . ... ... ... ... 47
Delta-v values in m/s and their reductions . . . . . . . ... ... 48
Delta-v values and reductions . . . . . . . ... ... ... .... 51
Delta-v values and reductions . . . . . .. ... ... ... .... 53






1 Spacecraft Formation Flight

The spacecraft formation flight has been studied since the early six-
ties, at the beginning of the manned space program, when the chal-
lenge was to get two spacecrafts to rendezvous and dock. This was
critical for the Apollo space program. In 1969 the US, Soviet Union
and European Space Research Organization satellites studied the
interaction between solar flares and Earth’s magnetic field, achiev-
ing the first spatial sampling by a group of separated spacecrafts
[1]. In 1978 Antoine Labeyrie proposed in his paper “Stellar inter-
ferometry methods” [2] a multi-telescope system in space, free from
disturbances present on Earth like microseism and wind. Having
multiple satellites flying in a specific geometry avoids the technical
and financial challenge of building a radar dish of the equivalent
size.

These satellite formations can have diameters up to several kilo-
meters. Attempting to build, control, and navigate a structure that
could span such surfaces would be challenging and not cost effective,
while having a multitude of satellites form a virtual radar dish avoids
many of these issues. The formation flight of satellites today has
many other applications, such as positioning systems (like GPS), in-
ternet services, cloud observation for better weather forecasting and
climate research, Earth observation regarding monitoring of volca-
noes, earthquakes and environment pollution, communication and
connection to remote and developing areas.

Traditionally these tasks were done by sending large satellites
equipped with big payloads and complex on-board systems. Large
satellites require big launch vehicles leading to high costs and mis-
sion complexity and are more affected by orbital disturbances, re-
quiring bigger correction maneuvers. Besides, in case of failure of
one satellite, it is easier to replace one of the spacecrafts during the
mission instead of repairing a subsystem of a big spacecraft in space.
Modern miniaturization progresses of microprocessors, batteries, ac-
tuators, and other hardware parts allow to build smaller satellites
able to fly in formation to accomplish the same tasks of bigger, single
satellites. A swarm of smaller satellites can offer higher redundancy,
and the ability to launch small vehicles as co-passengers of heavier
satellites launch, leading to reduced launch costs [3].

Formation flight poses its challenges such as limited propulsion



capabilities and batteries capacity, communication between many
satellites with limited bandwidth and attitude perturbations. A
successful mission that exploits formation flight will then require a
precise position and attitude control of the satellites, in order for
them to fly with minimum deviations from their intended orbits,
despite orbital perturbations such as J2 effect, atmospheric drag,
gravity gradient and solar pressure.

Satellite formations can be made of just two spacecrafts called
twin satellites, or from hundreds of them. They can be arranged
in trailing formations, swarms, or constellations. While in trailing
formation they orbit the same path, clusters (or swarms) are groups
of satellites moving very close together in almost identical orbits, and
in constellations they’re typically placed in sets of complementary
orbital planes. As an example, the following are completed or in
progress missions that count from two to more than 2000 satellites
flying in formation, orbiting both Earth and the Moon:

e Gravity Recovery and Climate Experiment (GRACE): carried
on by NASA and DLR (German Aerospace Center), it used
twin satellites to look for Earth’s gravity field anomalies from
its launch in March 2002 to the end of the mission in October
2017. By measuring gravity anomalies, GRACE showed how
mass is distributed around the planet and how it varies over
time. Data from the GRACE satellites is an important tool for
studying Earth’s ocean, geology, and climate

e Gravity Recovery and Interior Laboratory (GRAIL): carried
on by NASA, two small satellites were launched on September
2011 and reached their orbits around the Moon 25 hours apart.
By measuring changes in their relative distance as small as one
micrometer, the two satellites mapped the gravitational field of
the Moon to obtain its geological structure.

e Swarm: ESA’s first swarm mission for Earth observation. The
mission consists of three identical satellites which were launched
on November 2013 into a near-polar orbit. Swarm is dedicated
to creating a highly detailed survey of the Earth’s geomagnetic
field and its temporal evolution as well as the electric field in
the atmosphere



f s = ik 1
Figure 1: Swarm satellites

e Magnetospheric Multiscale Mission MMS: NASA’s mission to
study Earth’s magnetosphere using four identical satellites in
a tetrahedral formation, launched on March 2015. In 2016 the
mission achieved a new record, with its four spacecraft flying
only 7 kilometers apart, the closest separation ever of any for-
mation as reported on NASA’s website.

Figure 2: MMS tetrahedral formation



e Starlink: a satellite internet constellation operated by SpaceX,
providing satellite Internet access coverage to 33 countries, aim-
ing for global coverage. As of May 2022, Starlink consists of
over 2,400 mass-produced small satellites in low Earth orbit
which communicate with ground transceivers.

Figure 3: 60 Starlink satellites stacked together before deployment

While the concepts of formation flight apply to the rendezvous
and docking maneuvers of spacecraft, the difference with the control
of clusters of satellites lies in the different time of flight. Rendezvous
and docking maneuvers require little time compared to the lifetime
of the vehicle or the missions, and feedback control laws can com-
pensate for orbit modeling errors. Swarms and constellations of
satellites are significantly more sensitive to this kind of errors, since
formation has to be maintained over the entire life span of the ve-
hicles, which will require more fuel for orbit corrections and can
dictate a shorter lifetime of the formation.

Future missions intend to further test formation flight capabilities
of small satellites, to achieve relevant scientific goals and perform
scientific measurements not possible otherwise, within a small cost.
Proba-3 is a technological demonstration mission planned by ESA to
observe the Sun corona. It consists of two independent spacecrafts,
which will fly close to each other on elliptical orbits up to 60500
km of altitude. The two satellites must be at 150 meters from each
other, and maintain this position with accuracy up to the millimeter.
Proba-3 will also demonstrate formation flight technologies: station
keeping up to 25 meters of distance, approaching and separating in



formation, resizing and re-targeting maneuvers [4].

A novel architecture proposed is the Swarms of Silicon Wafer
Integrated Femtosatellites (SWIFT), that would enable 100-gram-
class spacecraft to be flown as swarms (100s to 1000s) in low Earth
orbit, with applications to sparse aperture arrays and distributed
sensor networks.The femtosat swarm architecture aims to demon-
strate the flexibility and robustness that can be achieved by dis-
tributed spacecraft systems [5].






2 Introductory Topics

2.1 The Two Body Problem

The two body problem consists in determining the motion of two
bodies due solely to their own mutual gravitational attraction. The
two bodies are treated as particles and their rigid body motion is
neglected. Assuming that the two masses mj, ms are moving in
space, and the position vectors Ry, Ry are measured relative to an
inertial reference frame, the position of msy relative to m; is the
vector

r = RQ - R1
Z, my
F
R, 12
FN\ "2
R,
@) Y

X

Figure 4: Free body diagram in the inertial reference frame

Using Newton’s equation of motion, the inertial equations of mo-
tion for each body are written as

. Gm1m2
miRy = 3
r
. Gm1m2
ma Ry = — 3

where G is the universal gravity constant. The gravitational coef-
ficient is defined as = G(m; + my) and can be approximated as
i~ Gmy being my > mo true for many systems. By subtracting
the two equations of motion:

r = —ﬂr
r3
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This last equation envelops a system of three coupled, nonlinear,
scalar differential equations, which decouple only in the particular
case of circular orbit. An analytical solution still exists in the most
general case. By integrating this equation the fundamental integrals
of an orbit are found, one of them being the specific angular momen-
tum vector h = r X 7, later used to define the orbital parameters.
Moreover, it is found that the orbit of the secondary body of mass
mso around the primary one is a conic section, with body m, at the
focal point. The equation for the orbit will be, in polar coordinates
r,0:

a(l —e?)

r = —

1+ ecosé
where the angle 6 is measured from the periapsis in the direction
of motion. The semi-major axis a indicates the size of the orbit,
and the eccentricity e its flattening. Different values of e correspond
to different geometries of the orbit: e = 0 will be a circular orbit,
0 < e < 1 an elliptic orbit, e = 1 a parabolic orbit, e > 1 a
hyperbolic orbit.

Figure 5: Orbits of various eccentricity, having common focus and periapsis

2.2 Classical orbital elements

[6][7][8]To define the orbital elements it is necessary to introduce
the geocentric equatorial reference system. The X axis points in
the vernal equinox direction, the XY plane is the Earth’s equatorial
plane, and the Z axis coincides with the Earth’s axis of rotation and
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points northward. The unit vectors I , J ,K form a right-handed
triad. This coordinate systems is not truly inertial, since the center
of the Earth is always accelerating towards a third body, but this
phenomenon can be ignored in the two-body formulation.

K
Satellite

Celestial north pole |Z

Celestial sphere

Earth's equatorial plane

--------------------

Intersection of equatorial
and ecliptic planes

ea
-~

Celestial equator

Vernal equinox, y

Figure 6: Geocentric equatorial frame

Assuming no orbit perturbations, any two-body orbit geometry
can be described through six scalar parameters, called orbital ele-
ments. The orbital elements are constant, except for the position of
the body within the orbit. A commonly used set of COEs is

a=(a,ei,Quw,b)

The first two elements are the semi-major axis and the eccentric-
ity, which determine the orbit size and shape. The following three
scalars are the Euler angles that define the orbit plane orientation
in space:

e Inclination 4: the angle between the third component of the
geocentric-equatorial coordinate system K and the angular mo-
mentum vector h

e Longitude of ascending node (2: the angle in the equatorial
plane measured eastward from the first coordinate axis I to
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the ascending node, which is the point where the spacecraft
crosses the fundamental plane while moving to the northern
hemisphere

e Argument of periapsis w: the angle in the orbit plane between
the ascending node and the periapsis, measured in the direction
of the spacecraft’s motion

K
Earth’s north polar axis
Z e

Satellite
i | Perigee
i YA 0

h r
w
Earth’s equatorial plane
1 ¥ J

Ascending node
X

v, ]

Node line N

Figure 7: Classical Orbital Elements

Finally, the true anomaly 6 specifies where the object is within
the orbit at time ¢, and is measured from the periapsis passage,
meaning from the eccentricity vector. The orbital elements can be
found from the Cartesian components of the position and velocity
vectors r,v. First the angular momentum and eccentricity vectors
are computed:

h
h=rxwv e:v>< _r
1 r
then the following unit vectors:
~  h . r | N K xh . e
h:—’ ’r':—, n:—:A—7 e = —
h N |IK xh ¢
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These vectors are centered in the center of mass of the primary body
and define respectively the directions normal to the orbit plane,
towards the spacecraft, towards the ascending node, and towards
the periapsis. The orbital elements are then given by:

e = el

p="h/p—a=p/(l-e
cosi = hz/h

e cosQ=mn; (Q>7 if Ny <0)
ecosw=mn-€é (w>mn if e3<0)
ecos=e-r (0>7 ifr-r<0)

The mean anomaly M can be used instead of the true anomaly.
These two angles are related by Kepler’s equation:

. [ 1
E —esinE = g(t—to):M

where ty is the time of periapsis passage and FE is the eccentric
anomaly defined as

e+ cosf

1+ ecosd

The right quadrant of E is found by knowing that if 0 < # < 7 then
0 < F < 7m. The mean anomaly changes by 27 during one orbital
revolution, but differently from the true and eccentric anomaly it
does it linearly with time. The mean anomaly can then be calculated
as M = My+n(t—to), where ¢y could also be an arbitrary reference
epoch.

cos F =

When dealing with circular or near-circular orbits it is convenient
to use the argument of latitude u = 6 4+ w to express the position of
the spacecraft along its orbit, measured from the ascending node to
the spacecraft at time ¢. The argument of latitude can be written
in terms of mean anomaly, ©u = M + w, called mean argument of
latitude.

14
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Figure 8: True anomaly as a function of mean anomaly and apoapsis altitude
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2.3 Effect of Earth’s oblateness

[6]The external potential of a perfectly spherical Earth, with an
homogeneous mass distribution is described by

1

r

Where r is the distance from Earth’s center of gravity. Considering
the general case of a body with arbitrary shape, its gravitational
potential may be written as

ot (BY N (BN e
ot [1 -3, () Pasine) = 25 (£) i sintie) coslmh = )

n=2 m=2

Where P, are Legendre’s polynomials of degree n, and P)" are Leg-
endre’s polynomials of degree n and order m, r is the distance from
the mass center of the body, ¢ and A are respectively the geocen-
tric latitude and geographic longitude of the generic point. The
first term of the perturbed potential represents the gravitational
potential of a perfect sphere, while the second term represents the
influence of deviations of the shape and mass density distribution
in north-south direction (zonal harmonics), and the third term rep-
resents the influence of deviations of the shape and mass density

15



distribution in north-south and east-west direction (tesseral and sec-
torial harmonics). For the tesseral harmonics holds m # n; for the
sectorial harmonics m = n.

These effects are larger when the satellite is closer to the Earth.
The value of the coefficient of the first perturbing term is J, =
1.083-1073, while all other .J coefficients are three or more orders of
magnitude smaller. So the first term produces the largest perturbing

force.
A non symmetric gravitational potential will make the orbital
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Figure 9: Examples of zonal, sectorial and tesseral harmonics Jgg, Jgs, Js7 on
the sphere

elements ) and w vary with time. There will be a precession of the
node line, and hence, of the orbital plane:

. Jo R? .

Q= —3? mn COS 7

For prograde orbits the node line will drift westward, since 0 <1 <
7/2 means €2 < 0, this phenomenon is called regression of the nodes.
If m/2 < i < 7 then 2 > 0, so for a retrograde orbit the line of nodes
advances eastwards. For polar orbits the node line is stationary. In
a similar fashion the argument of periapsis varies as

3 Jy R?

_ 2
W = 55@(5(308 1 — 1)

This expression shows that if 0 < ¢ < 63.4° or 116.6° < ¢ < 180° then
the perigee advances in the direction of the motion of the satellite,
otherwise it regresses, moving in the opposite direction. i = 63.4°
and ¢ = 116.6° are the critical inclinations at which the apse line
does not move.
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Figure 10: Regression of nodes and advance of apsis for near-circular orbits of
altitudes 300 to 1100 km

2.4 Chief-deputy formation

[7]The formation under investigation is composed of a chief and a
deputy satellite. The chief satellite is the one about which all other
satellite motions are referenced, and it is uncontrolled, or passive.
The deputy satellite then flies in formation with the chief, it is con-
trolled by a three dimensional thrust input, also called an active
satellite. The relative orbit seen by the chief satellite can be an-
alyzed by introducing the Hill coordinate frame. Its origin is at
the chief position, its three axis will constitute a radial-tangential-
normal triad o,, 0y, 0. The 0, vector will be in the chief’s radius
direction, o5, will be parallel to the orbit’s momentum vector, and
0y completes the right-hand coordinate system. These vectors are

defined as:

N T
0, = —

Te
69:6h><0r
. h
O = —

h
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Deput
Satellite

Chief Iner’tial Orbit

If the chief orbit is circular, then 0y is parallel to the satellite velocity
vector. If the two satellites travel on the same circular orbit, the
spacecrafts separation will remain fixed, because the two vehicles
are moving at the same orbital speed. If the orbit is elliptic, then
the spacecraft separation will contract and expand, depending on
whether the formation is approaching the orbit apoapsis or periapsis.

2.5 Relative orbital elements
The set of classical orbital elements is now defined as:
a = (a,u,i,, e, ey)T

where u = M + w is the mean argument of latitude, and e is the
eccentricity vector, which is useful to avoid singularities in near-
circular orbits [9]:

e = (ese,)" = (ecosw,esinw)’
A set of relative orbital elements do is then defined as:
Sa = f(ag,ae,ic) — flQ, ace,ic) = (8a, 6, diy, iy, de,, de,) "

Where da is the relative semi-major axis and )\ the relative mean
longitude. Assuming no perturbations, d\ is the only time-dependent

ROE, which can be written as a function of the mean latitude and
da:

IA(u) = —g(u — ug)da + oA (ug)

18



The last four components of da constitute the relative eccentricity
vector de and relative inclination vector d:
o= (26) =ae (9) si= (0) =g (00
dey sin Oty sin
The angle ¢ is the relative pericenter, and 6 is the argument of

latitude at which the deputy spacecraft crosses the orbital plane of
the chief spacecraft, defining the relative ascending node Nj,.

/ oe

Equatorial y
plane

f is a non-linear function of the COEs set a:
a/a,
u + €2 cos i,
. 1
Fotid = | s
€ Ccosw
esin w

so that
agfa. — 1
(ug — ue) + (g — Q) cos i,

ig — 1
oo = d- T
(Qq — ) sini

€4 COS Wy — €. COS W,

eqSinwy — €. sin w,

19



The relative orbital elements give an insight on the geometry of the
two orbits. Both the inclination angle difference and the RAAN
differences affects the out-of-plane motion of the deputy spacecraft.
01, will specify how much out-of-plane motion the relative orbit will
have as the satellite flies over high latitude regions, while 67, shows
how much out-of-plane motion there is over equatorial regions [7].

maximum

(a) Inclination angle difference (b) Ascending node difference

The relative orbital elements can be linearly mapped to the Carte-
sian state expressed in the Hill coordinates frame

- de dy dz T
- Ivya dt7dt)zu dt

according to x = Mda

1 0 —cosu —sinu 0 0

0 1 2sinu —2cosu 0 0
M(u,n)= |0 0 nsinu —ncosu 0 0

0 0 0 0 sinu —cosu

0 0 0 0 ncosu nsinu

The ROE framework has the following peculiarities [10]:

e The availability of a simple and complete closed-form state-
transition matrix for the perturbed relative motion, which avoid
the need to propagate the orbit by solving differential equations

20



e The geometrical meaning of each component of the ROEs vec-
tor

e The functional structure, later introduced, of the relations be-
tween instantaneous velocity variation in the Hill coordinates
frame and the effect on the ROEs component

e Distances in the ROE space constitute a metric of the recon-
figuration cost.

This last point will be exploited in section 4.6 to understand the
numerical results when combining normal and in-plane orbital ma-
neuvers.

21



3 Model of J; perturbed satellite relative mo-
tion

3.1 Unperturbed motion

For the Keplerian two-body problem the classical orbital elements
are constant, with the exception of the mean argument of latitude
u, which varies with a rate of

i= /5 (1)

If the two spacecrafts lie on orbits with different semi-major axis,
then there will be free drift between them, because of the different
rate of variation of u. It is possible to relate du and da by taking the
differential of Eq.(1) and then considering finite differences: A(-)

—— = ——nda (2)

This relation is valid for Aa smaller than the chief’s orbit’s radius.
By integrating Eq.(11) w.r.t. time:

ou(t) = — ;n&LAt

Where At = t — to. For the unperturbed motion €2 and 7 are
constants, so the mean relative longitude oA will vary with time as
Ad. It is now possible to write a state transition matrix ® (¢, o)
that will map a current state da to a new state da according to
the unperturbed dynamics:

6@(75) = @H(t, t0)5a0

-1 0000 0
~3nAt 10 0 0 0
0 01000
ertt)=1 o 9010 0
0 00010
0 0000 L
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3.2 J; perturbed motion

The J, effect varies a satellite’s COEs according to the following
equations [11]:

da _de _di _
dt — dt  dt

dQ :

— = —3yncost

dt 3
dw 3 (3)
i 5771(5 cos?i — 1)

dM 3 9.

2 -1
7 277771(3 cos“i — 1)

2
where n = 1 —¢€2, ~ = %354' To link these equations to the
ROESs’ time derivatives, every component of da is linearized in the
vicinity of the chief orbit as follows:

fi
daj |

(SO(Z' ~

AO!J'

where the index ¢ accounts for the component of f that is being lin-
earized, and j for the COE with respect which we're differentiating.
The partial derivatives are evaluated on the COEs of the chief (C)
spacecraft. Then dq; is differentiated with respect to time:

9y
50‘1 Z ai

(4)

c
with g; = df;/dt.
3.2.1 g; derivatives
f5 is differentiated w.r.t. time:
d de d
g5 = a(e COSW) = COS W + ea(cosw)

Since the J; effect doesn’t alter the orbit’s eccentricity the first term
of the sum will be zero. The second one is written with Eq.(3) and
using esinw = ey:

g5 = —e smwd—f = —§7eyn(5 cos?i — 1)
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Now g5 is differentiated w.r.t. every COE:

895 3 9 . 0
295 _ 2 B
9 2ey(5 cos” i )8a (yn)
where )
LRy |p 0 71
= nt V a’ — 8a(7n) -~y
thus giving:
895 . 21 9 .
e —Zey(5 cos”i — 1)7715

Now deriving w.r.t. the eccentricity e:

995
de

3( )_ﬁR_JQEﬁ e \__ 3+l
9e" ' T 2 a2 e (1—e2)2) e

And writing the numerator as 4e? — €% + 1:

9 ey = - [144(C :

86/}/ - ’7 n
%——3 n(5cos®i — 1) sinw 1—|—2 ¢ 2
ge ! i 2 n

Then gs is differentiated w.r.t. to w and then to :

3 2 0
=—5n sin(w)(5cos®i — 1)%(76)

Finally:

9, 3 0 3
—8‘(35 = (—ﬁven(5 cos®i — 1)) % sinw = —§'yexn(5 cos?i — 1)
1
% = (—g’yen Sinw) %(5 cos’i—1) = gfyney sin(247)

The function g5 does not depend by any other classic orbit element.
Its time derivative is computed from Eq.(4), where K = 5cos?i — 1

d . 6g5

—56 — ZJ° 895 895 895 .
dt Oa

(aqg — ac) + %(ed —ec) + a_w(“’d —we) + E(Zd —ic)
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d

dt

By substituting the different derivatives and recognizing the ROEs

“da;d“c = da and iy — i, = 01, we get to:

4 2 2

21 1 e\’ 3 15 N
dey, = —ynKeyda—3ynK | - +2( = (ea —ec) — zynKey(wq — we) +5V”€y sin(21)d4,
n

X
(5)
We look for a time derivative which is function of only ROEs, but
this equation still presents some classic orbit elements. An approx-
imation valid for small Ae and Aw between the two orbits is in-
troduced. The deputy’s orbital parameters are written as small
increments of the chief ones: e; = e. + Ae and wyg = w, + Aw.
They are substituted in the definition of de,, dropping the ”¢”
subscript which is the only last one:

dey ~ (e + Ae) sin(w + Aw) — esin(w)

By using the angle sum identity, the following approximation holds
for small values of Aw:

sin(w+Aw) = sin(w) cos(Aw)+cos(w) sin(Aw) = sin(w)+cos(w)Aw
and the second order increment AeAw is neglected:
dey, =~ e.Aw cosw, + Aesinw, (6)
By operating in the same way we can find an approximation for de,:
0e, ~ Aecosw, — e.Aw sin w, (7)
These two approximations are then substituted in Eq.(5), where for
the sake of clarity 3 + 2 ( )2 = f(e):

N = —3ynK sin(w.)f(e)(eq — e.) — gvnKer(wd — W)
= —ynKk [f(e) sin(w.)(eq — e.) + %ew(wd - wc)}
= —3ynK {f(e) sin(w.)Ae + %ewa}

Since e, = e.cosw, we get:

1 1 2
N=—-3ynK [5 sin(w.)Ae + ¢ cos(we) Aw + 2 <E) sin(w.)Ae
n
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By neglecting the first term inside square brackets, because of small
Ae, and by using Eq.(6) we finally get to:

1
N~ —3ynK <§5ey)

Which substituted back in Eq.(5) leads us to the result:

d 21 3 15
%563& ~ ZynKey&L - 57”K56y + 5 Tney sin(2¢)di, | (8)

3.2.2 g derivatives

The same strategy can be used to find an expression of d(dé,)/dt.
From the definition of gg:
d d
g6 = E(e sinw) = ecos(w)d—j = 57671(5 cos?i — 1) cosw
which gets differentiated w.r.t. the COEs. Using the previous results
for O(yn)/0a and J(ve)/de we get:
09 21 1
% = —Zvnex@ cos?i — l)a
896 - 2 .
e = 3yn cos(w)(5cos”i — 1) f(e.)
e

896 3 .
o —é'yeyn(5 cos?i — 1)

0 15
% =~ e sin(21)

The time derivative of de, is written with Eq.(4):

d 21 3 15
%(561,) R~ —Z’ynedea+3”yn cos(w)K f(e)(eq — e.) — EfyeynK(wd — W) —5 e sin(21)di,
g >

Writing once again e; and wy as small increments of e, and w, we
can get to the following expression:

2
d=3ynK <% cos(w)Ae — %ec sin(w.)Aw + 2 cos(w) (E) Ae)
n
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Neglecting the term which depends from (£)?Ae and using Eq.(6):

<
1
d=~3ynK (5(565,;)

and finally:

4
dt

21 3 15
de, = —ZWTL%K(M + iynK(Sex — 5 M sin(24)0i, (9)

3.2.3 Integrating g5 and gg

Equations (8) and (9) link the time derivatives of de, and de, to
these functions themselves, that are functions of time because are
affected by the J, effect. These two first order differential equations
can be integrated as a system of ODEs. Eq.(8) and Eq.(9) can be
further simplified by neglecting the terms dependent on da or i,
which is possible with the assumption of small eccentricity e of the
chief’s orbit.
Then, since the coefficient in front of both de, and de, is the

derivative of the relative perigee w.r.t. the mean latitude

3 de

2 K= du v
the following system of differential equations can be written:

d

E(éex) = —¢'nde,

d

%(663/) = ¢'nde,

and by differentiating each equation w.r.t. time we get to two

second-order differential equations with known analytical solutions:
d2

ﬁ((seﬂﬂ) +(¢'n)de, =0 R de, = 0ego cos(p' At) — deyo sin(@’ At)
d? de, = deyo cos(¢ At) + deyo sin(p' At)

o (6ey) + (m)ie, =0

3.2.4 g, derivatives

f1 has to be derived w.r.t. time:

d s
— f1 = —sini, = —3yn cosisini,

94 =t dt
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then differentiated w.r.t. a,e and i, where d9y/de = 4~e/n*:

—— = —An— cosisini,
oa 2 1"
094 . ) e
—— = —12vncosisini. [ —=
de ! (772)
094 .
—— = 3ynsinisin i,
01

The derivatives are summed according to Eq.(4), using % = da,
iq — 1. = 01, and sin(i.) cos(i.) = sin(2i.)/2:

d
dt

€c

21
8iy = —7ynsin(2ic)da + 3ynsin®(ic)di, — 6ynsin(2i.)(eq — e.)—
n

4

For near-circular orbits e ~ 0, which also means 1 &~ 1, so the last
term in the sum can be neglected:

d

21
E&y = “—ynsin(2i.)da + 3ynsin®(i.)di, (10)

4

3.2.5 ¢go derivatives

The second component of dax is fo = u + Qcosi.. First go = du/dt
is differentiated w.r.t. every COE, then a change of variables is
performed, in order to get an expression for d(d\)/dt. Using d\
instead of du will decouple the in-plane and out-of-plane motion.

d d
= d_lzf = g — Qcosi,
Where the mean argument of latitude is defined as u = M + w. To
compute its time derivative Eq(3) is used:

du d 3

92

Where H = 3cos?i — 1 is a constant. ¢, can now be differentiated
w.r.t. the COEs:
dg, 3 0 21 1

= 2(K +nH)— = n—(K +nH
9 2( +n )aa(vn) 4%@( +nH)
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9 0 (3 R% 1 9 3H
992 _ G (22 © (g 1_2H)) = SRy 22
de  Oe (2 2 a2 (1- €2>2( + e*H) Syne n? 3 n

dg: 3
% = -3 sin(24)(5 + 3n)
The derivatives can now be combined according to Eq.(4):
d 21 2 3
E(éu) = _ZWL(K +nH)da + 3yne. <EK + %H) (eq — e.)+
3
—5m sin(27)(5 + 3n)di,

(11)

Using the approximations Eq.(7) and Eq.(6) it can be shown that
the coefficient e.(eq — €.) in the second term of the sum is equal to
eg0e, + e ey

ezde, + e de, = ecosw(coswAe — esinwAw) + esinw(sinwAe + e coswAe)
= e cos® wAe — e sinw cos wAw + esin® wAe + e sin w cos wAw

~ eAe(sin? w + cos? w) = eAe = e.(eq — e.)

Where the terms dependent on e? have been neglected, because of
the near-circular orbits hypothesis. Thus the second term of Eq.(11)
is the only one dependent on e, since e,de, = e, cosw(eg — e.) o €2,
and it can be neglected:
d 21 3 e .
a(éu) = —Z’yn(K +nH)da — Sm sin(27) (5 + 3n)di,
The mean relative longitude - mean relative latitude relation du =

O\ — 0ty cot i, is now differentiated to get:

d d do
E((S}O = E(éU) + COt(Zc)%(S((SZy)
By substituting in this last equation the expressions for d(du)/dt
and Eq.(10), and by factoring out the ROEs we get:
d 21 . o 3 ey . TV
E@)\) =7 —yn(K+nH)+cot(i.)ynsin(2i) | da+ —57n sin(2¢)(3n + 5) + 3 cot(i.)yn sin(i) | i,
The first term in square brackets is equal to —2yn[H (n+1)], while
the second one can be simplified using the identity cot (i) sin?(i.) =
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sin(2i.)/2, leading to —3ynsin(2i.)(3n+4). The resulting equation

1S:

d
E@)\)

= —’yn

21
4

[H(n+ 1)]da + 2771 sin(2i.)(3n + 4)d1,

3.2.6 & ;, Matrix

(12)

Equations (10) and (12) can be easily integrated w.r.t. time, since
their right hand sides are not functions of ¢. It is then possible to
arrange all the developed equations in a matrix ®;(¢,ty), which is
summed to @y (,)):

D;(t,t) =

—ZyH(n+1)At

2Ly sin(20) At

0

0

0
0

OO O O oo

0
—3sin(2i)(3n + 4) At
0

3 sin?

o O

da(t) = ®(t,t9)dag

(i) At

D(t,tg) = Py(t, to) + ®y(t,to)

and ®(t,ty) maps a current state day in a future state da.

o O O O

cos(¢'At)
sin(p’At)
(13)

(14)

From now on, the state transition matrix will be written as ®(t1,ty) =
®, o. Moreover, the following identity is true: ®9; - ®1 9 = Py
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4 Orbital maneuvers computation and forma-
tion reconfiguration
4.1 Orbital maneuvers computation

An impulsive maneuver at the mean argument of latitude wy, pro-
duces the following ROEs variations:

Ada r 0 2 0 7
AN -2 0 0 S
Adi, | _ 1 0 0 CoS Uy 5UR
Asiy |~ na 0 0 sin uy, 5UT
Ade, sinuy  2cosus 0 N
Ade, | —cosuys 2sinuyy 0 |
Ada = B(up)ov (15)

Some considerations about these equations [12]:

e There are two possible ways to establish a d \ variations: through
the natural dynamics of the system along a certain time span,
or through a radial delta-v

e da and de are both varied by tangential burns, with Ade de-
pending on the maneuvers’ locations u,;. Thus there are values
of uys that reduce the required delta-v

e e can be varied by pure radial or tangential burns. The tan-
gential maneuvers will require half the delta-v of the radial
ones.

e Tangential burns allow to change all in-plane ROEs: da and de
are directly changed, while 6\ will vary with time.

When j maneuvers have to be performed, the initial state day will
meet the final one dap as follows, according to Eq.(14) and Eq.(15)

(5041 = @1@(5@0 + B1(5U1
5@2 = @2716(11 + BQ(SUQ = @270500 + (1)27131(5’01 + BQ(SUQ

5aj = @ijéocj + Bjé'vj
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Then, the reconfiguration dag —> dap can be written as
[(I)F,lBla cey @ijBj]é’U = (5ap — <I>F70(5a0
Mév = Adax

4.2 In-plane reconfiguration with two maneuvers

[12] The two maneuvers solution can establish not more than three
ROEs through a pair of tangential-radial burns. The dv values are
found solving the in-plane reconfiguration problem:

M(uF,ul,f)(S'v = A5d|lp (16)

where M is the following 4 x 4 matrix, derived from the equations
of ROEs variations:

0 2 0 2
_ -2 =3(up —uy) 2 —3(up — (ug +§))
sin g 28in uy sin(uy + &) 2 cos(uy + &)
— COS Uy 2 cos uy —cos(uy + &) 2sin(uy + &)

ov is the following vector:
6v = (Ovp1, dvr1, SVRe, Ours) = (21, T2, T3, 24)"

and Ada|;, represents the in-plane components of the vector of vari-
ation of ROEs:

Ada = (Ada, AN, Ade,, Adé,)" = (A, L, E, F)T

While treating the in-plane reconfigurations it will be used the no-
tation Ada for the sake of clarity.

Solution N3 employs only tangential burns, and can achieve a re-
configuration only when a correction of the relative semi-major axis
is needed (A # 0). wu; and § are computed numerically, by mini-
mizing the cost function J = dv?'dv, where the delta-v expression is
found analytically as Jv = M ~1Ada. The v values are then com-
puted from the expressions derived from Eq.(16) with z; = 23 = 0:

_ 3A(UF—€—u1)+2L

T — 68
_ 3A('U,F7’M1)+2L
Ty = —T
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Solution N8 regards a pure radial maneuver (xo = x4 = 0) where
Ada and Ad\ are zero. The optimal, double pulse, radial maneuver
is distinguished by & = w. The first burn is located at an angle

N . E
w =4+ kmw 1 = arctan (_F)

with £ being an odd integer. The delta-v vector is then written as
1 T
5v = 5 |ell(g, —9)

Using the following expression for the variation of the relative
eccentricity vector component:

1
alde, = Eévr sin uq (17)

and given that that sinus = sin(uy + 7) = —sinwg, it follows that
in order to achieve a non-null relative eccentricity variation the two
burns must have different signs. The sign of the first pulse can be
determined from Eq.(17):

sgn(E)
sen(dv,) = sgn(ay) = g = ————
g ( 1) g ( 2) g Sgn(Sanl)

The value of g is correct regarding the sign of Ade, as well, given
the following equation for its variation, and the different values of

u; as a function of £ and F':

1
alAde, = ——0vR CcOS Uy
n

uy = arctan _E k=™ < (5’2) lf. sgn(E) = sgn(F)
F uy € (m,5m) if sgn(E) # sgn(F)

where k = 1 has been chosen.

Solution N9 regards a more general case where Ada V Ad\ are
not null. The pulses will have both radial and tangential compo-
nents, spaced once again by & = w. The cost function J will be a
transcendental function of wy, which will be found by minimizing .J
numerically.
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Solution N10 regards reconfigurations with only relative eccen-
tricity variations. The radial-tangential pulses latitudes wuy,us are
not spaced by 7 anymore; both are found by minimizing J numeri-
cally.

Solution N11 is the most general case, where any ROE can be
established and wu;,& are found by minimizing J numerically. In
NO,N10 and ¥11 v components are then computed by Eq.(16)

4.3 In-plane reconfigurations with three maneuvers

[12]Considering three impulsive in-plane maneuvers, the reconfigu-
ration problem is written as

M (up,uq,uz, u3z)dv = Ada (18)

where dv = (1, %9, T3, 24, 5, 76)T . We consider only tangential
maneuvers by imposes 1, = x3 = x5 = 0. The number of unknowns
is now six.

Solution ¥12 considers maneuvers that occur at multiples of half
the orbital period of the following mean latitude:

_ ‘ F
@ = arctan | —
E

which is the phase of the total variation of the relative eccentricity
vector de. The maneuvers’ latitudes will then be u; = u + k;m,
with k; being an odd integer. This spacing is a necessary condition
of the minimization of the total delta-v. The optimal coefficients
set (K1, ko, k3) can be found by solving Eq.(18) for every admissible
combination of k; coefficients (such that ky < ky < k3 and uz < up),
and picking the one the minimizes the sum dvy; = | 22| + |24] + | 26|

Solution ¥13 imposes a constraint on the first and third impulses’
locations u; = uy and uz = up, reducing the number of unknowns
to four and allowing to exploit the whole transfer time to achieve
the reconfiguration. us is found by solving numerically the following
equation

fug) = ug — K cosuy — Psinus — Q =0

where

D = 3 cos(ug)(Asin(up)—F)—3FE sin(up)+sin(ug)[3E—3A cos(ur)+3F cos(up)]
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K = —[3uo(F—Asin(up))+3Aup sin(up)+2L sin(up)—3Fup—2L sin(ug)] /D
P = —[3uo(A cos(up)—3E)—3Aup cos(up)—2L cos(up)+3Bup+2L cos(ug)] /D
Q = — [cos(uo)(—3Aup sin(up) — 2L sin(up) + 3Fup) + 3ug(E sin(up)+

— Fcos(up)) + sin(ug) (3Aup cos(up) + 2L cos(up) — 3FBur)]/D

For values of |Q| sufficiently small, f(us) has more than one zero,
leading to different (ug, us, ur) solutions, with different total delta-v
costs. The admissible solution has to satisfy uy < us < up. It is
then possible to solve Eq.(3) for every set of mean latitudes and pick
the one that minimizes dvy;.

Number of dvs | ¥ | ov direction | dv Locations (uy,€) | Conditions on Adex
3 T-T ug, € A#0
Two 8 R-R U+, A=L=0
1 9 RT-RT Uy, T -
pulses 10| RT-RT uy, € A=L=0
11 RT-RT ug, € -
Three 12 T-T-T u+ k;m -
pulses 13 T-T-T Ug, U, U -
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4.4 In-plane reconfiguration: numerical results

This section presents the results of the simulations of two differ-
ent reconfigurations. Both of them have the same starting ROEs
vector dag and a different final aimed state dar. E1 represents a
reconfiguration between two bounded orbits, where only the rela-
tive eccentricity vector needs to be varied. E2 requires a relative
semi-major axis and relative mean longitude variation as well, but
the dominant correction is needed on de.

The chief spacecraft orbit is circular at 750 km altitude, with
an inclination ¢ = 63.4°. The reconfiguration has to occur in 2.5
orbital periods, starting with the deputy satellite at the ascending
node, meaning uy = 0 and up = 57.

4.4.1 Problem E1

The next table uses ada = a(da, 6\, de,, de, )T, since the out of plane
dynamic is not considered:

El

ada [m] adap [m]
0 -10000 200 -10 0 -10000 230 50

N U U u3 dVR1 dvry dVR2 dvry  Odvrz  durs Mot
- rad m/s

8 2.6885 5.8301 - 0.0361 0 -0.0361 0 - - 0.0722
10 0.0871 5.2899 - -0.0322 0.0083 -0.0322 -0.0083 - - 0.0665
12 4.2487 7.3903 10.5319 0 -0.009 0 0.0181 0 -0.009 0.0361
13 0 4.6356  15.7080 0 0.0231 0 -0.0327 0 0.0098 0.0656

Table 2: Problem E1 and solutions

Solution N12 achieves the final state with the lowest total delta-
v, which matches the delta-v lower bound. The lower bound LB is a
function of the aimed ROEs variation and can be written as follows:

LB = max {%HMeH, %Ma*}
where:

Ada* = max{|(5ap - 5&0‘, ‘5&;(1715]” - 5a0|7 ‘5a:ransf - (5aF‘}
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with 6a;,,,.; = 2A0\/3Au being the minimum relative semi-major
axis for accomplishing a given d\ variation over the Au = up — ug
mission’s mean latitudes span. Figure 11 shows the relative orbits
in the tangential-radial plane obtained from solutions in Table 1.

400 400
. Start point
> Aimed end point
2004 = Endpoint 200
0F E 0
o
-200 -200
[#8] [#10]
-400 L . . -400 L . L
-1.1 1.05 1 -0.95 -1. -1.05 -1 -0.95
4 4
100 - T m] 00 400 T m] <10
200 F 200
of £ o
o
-200 -200
[®12] [®13]
-400 L . . -400 L . L
-1.1 1.05 -1 -0.95 -1.1 -1.05 -1 -0.95

Figure 11: Relative orbits in reconfiguration E1, tangential-radial plane

The following plots show the cost function J(uy,§) as a function
of one of its variables when the other one is fixed at its optimal
value, set from the function minimization. The red circle shows

these optimal values.
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J[m?/s?]

10

Figure 12: Cost function of scheme N10 solving E1

Lastly, the plot of the function f(uy) used by scheme N13 is
presented. For this particular reconfiguration |@Q| happens to be
small enough that more than one zeros are found. The chosen uy =
4.6356 rad minimizes dvy;

f(u,) for Q=7.854

u [rad]

Figure 13: Possible values for ug in scheme N13

4.4.2 Problem E2

E2

adag [m] adap [m)
50 -10000 230 -50 0 -9800 150 O

Problem E2 is solved also by schemes N3, N9 and N11, for which
is necessary a non null variation of relative semi-major axis A # 0
The less expensive solution is given by scheme N13, but the total
delta-v is still greater than the lower bound, which for E2 amounts

to LBgs = 0.0496 m/s.
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sF T T T ‘

L — el

o~

@
|- T NE 4 |-

=
[ 7 2 -
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N Uy Us us OVR1 ovy 0VR2 OvTo 0vrs  Ovrs OVyot
- rad m/s
3 5.1180 10.4547 - 0 -0.0645 0 0.0382 - - 0.1027
9 5.4458  8.5874 - -0.1206 -0.0370 -0.1479 0.0107 - - 0.2744
11 0 9.4040 - -0.0215 -0.0343 -0.0307  0.008 - - 0.0722
12 2.5830 5.7246  15.1494 0 -0.0088 0 -0.0379 0 0.0205 0.0672
13 0 5.2906  15.7080 0 -0.0099 0 -0.0314 0 0.0150 0.0563
Table 3: Problem E2 and solutions
400} 400}
200¢r
200 ok 200
of E-200f E of
x [%O @
=400
-200 -200
[#®3] -600 ¢ [W11]
-400 1 1 1 1 ! | | -400 1 1 1
1.1 -1.08 -1 -0.95 -1.1 -1.05 -1 -0.95 1.1 -1.05 -1 -0.95
Tm 10t Tm <10 Tm  «10*
400 400
®  Start point
* Aimed end point
200F 200 ®  End point
D b= E D b=
o
200 f -200
[#12] [#13]
-400 4 L L -400 . L 4
=11 -1.05 -1 -0.85 11 -1.05 -1 -0.95

Figure 14: Relative orbits in reconfiguration E2

40



Cost function at £=5.3367 rad Cost function at u1=5.1 18 rad

008 T T T T T
0.02} \V ]
0.06 .
& G 0.015F .
= L
EO0 1 g oo 1
- -
0.02 1 0.005 - i
0 0 | | | | | |
16 2 4 6 8 10 12 14 16
£ [rad]
Figure 15: Cost function scheme N3
Cost function at £=n
0.4 T | T
0.3 .
-
o
(\T" 0 2 I 4
E,
|
0.1 .
0 | | | | | | |
0 2 4 6 8 10 12 14 16
u, [rad]
Figure 16: Cost function scheme N9
Cost function at u2=9.404 rad Cost function at u1=0 rad
0.4t § |
% 03| 1 o3 1
Eoaf ] E02 1
- =
0.1F 1 |
0 2 10 12 14 16 4 6 8 10 12 14 16
u, [rad]

Figure 17: Cost function scheme ¥11

The delta-v lower bound is is met with solution W12 and an
allowed time span of 7.5 orbital periods
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N12 Solving E2, up = 157

Uy Un us dvgpr  Ovp1  Ovge  dvra  Ovrs  Ovurs 0ot
rad m/s
5.7246 40.2821 43.4237 0 -0.0331 0 0.0116 0 -0.0048 0.0496
400 —
& Start point
| > Aimed end point
300 *  End point
200
100
E ok
o
-100
-200
-300
400 | | 1 1 | | 1 |
-1.1 -1.08 -1.06 -1.04 -1.02 -1 -0.98 -0.96 -0.94

T [m] «10*

Figure 18: Relative orbit N12 solving E2, up = 157
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4.5 Out-of-plane reconfiguration

The out-of-plane reconfiguration can be solved by two equations in
Eq.(15) with unknowns uy, and dvy:

{naA(%x = cosup0UN (19)

naAdi, = sinupydvy

The change in the inclination vector Adz can then be achieved by
the following delta-v at latitude uy;:

AGi,

Iy

uy; = arctan < ) + km, vy = nallAdi||

This formulation doesn’t account for the J, perturbation described
by the state transition matrix, leading to errors on the final state.
According to the ®;, matrix in Eq.[13] the element 07, will drift
linearly with time and proportionally to di,. To account for orbital
perturbations the procedure described on [13] can be followed. First
the equations for a single delta-v reconfiguration are written:

@F71B15U = 5aF — @F,0(500 = Adex

The two equations regarding the out-of-plane dynamics are the fol-
lowing:

{cos updoy = nAddz = nAdi, 20)

[%)\](UF — Upr) COS Uy + sin uM] vy = nAdoy = nAégy
Where \; = 3nysin?i. By dividing the second equation of this sys-

tem by the first one a transcendental function of the delta-v latitude
is found, which has to be solved numerically:

1 Adi
E)\](UF — upr) + tan(uy) = A(Si

Then the first equation in the system can be used to compute the
delta-v magnitude as:

The two maneuvers can be compared by applying them to the follow-
ing problem: the chief satellite lies on a circular orbit of semi-major
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axis a = 6828 km and inclination ¢ = 78°. The initial and final rela-
tive orbital elements of the chief-deputy formation are the following,
where only the relative inclination vector is non-zero and has to be
varied:

CL(S’I:O = (10, 70) m
adip = (400, 120) m
(aAdiy, aAdi,) = (390,49.405) m

The reconfiguration has to be achieved in a time span of seven orbits,
meaning Au = 147.

Equations iz ¢ [m] diy ¢ [m]  wy, [rad] vy [m/s]
19 400 143.14 0.126 0.4399
20 400 120 0.0672 0.4374

Table 4: Out of plane maneuvers’ comparison
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—FEq.10
Desired | |
Eq.21

80

70 1 1 1
0 1 2 3 4
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Figure 19: Relative inclination vector’s second component variation following
the two approaches

It is clear how the first maneuver described by Eq.(19) corrects di,
to the desired value, but without accounting for the .J, perturbation
that will make it drift from it during the following seven orbits. On
the other hand, Eq.(20) gives a slightly different value of uy; and
dvy that alter the ROE of interest so that it will match the desired
value at the final time. ¢i, is not affected by the Jy perturbation
and will be corrected to the desired value by both approaches
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4.5.1 Combined maneuver

The combined maneuver involves one or more impulses with both in
plane and out of plane thrust components. The combined maneuver
is less expensive than the separated one when the normal impulse
required to correct the relative inclination vector should be located
at the same mean latitude of one of the in plane impulses. This
particular relative inclination vector can be found from Eq.(20) with
the following approximation:

Adiy,  Ap

Adi. ~ E(UF — uy) + tan(uy) (21)

This expression is an approximation because the left hand side term
should be equal to igz, which would involve the state transition
matrix terms and longer computations. By choosing E2 as in-plane
reference problem and a starting relative inclination vector adiy =
(81x,01,)8 = (0,0)T it is found adip = (50, —31.75)7. The normal
deltav required to accomplish the out of plane reconfiguration would
be executed at u = 2.5615, while the in plane problem E2 solved
with scheme N12 requires a first impulse at u = 2.5643, showing
that the approximation used is accurate enough.

Taking E1 as in-plane reference problem the procedure is the
same: by imposing adzy with null components it is found by using
Eq.(21) adirp = (50,103.095)". The out of plane maneuver would
then require a normal impulse at v = 1.11 rad, but the first tangen-
tial pulse that solves E1 with scheme N12 is located at u = 4.2581
rad. This difference arises from the apparently periodic behavior of
the second equation of Eq.(20), which has more than one zero. By
imposing the normal impulse at u = 4.2581 rad the reconfiguration
is achieved with a combined deltav 5.466% smaller than the sepa-
rated one.

adag [m] adap [m]

E1 0 -10000 O O 200 -10 0 -10000 50 103 230 50
E2 50 -10000 O O 230 -50 0 -9800 50 -31.75 150 O

Table 5: New three dimensional problems

The combined maneuver requires an overall deltav 5.47% smaller
than the separated maneuver in E1 and 6.07% smaller in E2.
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U Ug U3 dvrt et dvra  Ounz  Ovurs  OUNZ  OUcomb  OUsep

rad m/s
4.2581 7.3996 10.5412 -0.009 -0.1197  0.018 0 -0.009 0 0.147  0.1555
2.5643 5.7059 15.1307 -0.0085 -0.0632 -0.0381 0 0.0203 0 0.1222  0.1301

Table 6: Three dimensional problems’ solutions
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4.6 Combined Maneuvers - Parametric studies

The purpose of this chapter is to show a parametric study where
reconfigurations with different variations of inclination, longitude of
ascending node and argument of periapsis Ai, A2, Aw of the deputy
spacecraft’s orbit are solved in two different ways. The first one
called the T solution solves the in-plane problem with schemeN12
and the out of plane one through Eq.(20). The second one, called
RT solution solves the three dimensional problem with a combined
maneuver. The first attempt of combined maneuver has been shown
in the previous section of this document: given an out of plane
problem represented by a variation of the relative inclination vector
0%, an in plane problem [A, L, E, F] was found such that uy = ur.
In these parametric studies, chief and deputy’s initial orbits will
be defined by their classical orbital elements ., a4, and the initial
relative elements day of the formation will be computed. Then,
deputy’s semi-major axis, eccentricity and mean latitude variations
Aa, Ae, Au will be fixed for the three analysis. Regarding the last
three elements i, ) or w, their variations’ values will be fixed two at

a time according to Table 7, while the remaining element variations
are defined by Eq.(22)

« Chief | Deputy || Aa | Deputy
alkm] | 7000 7010 Aa -0.05
e 0 0.05 Ae -0.01
i 45° 44.5° A 0.5°
Q 0 0 AQ 0.2°
w 0 0 Aw 1°
U 0 0 Au 0°

Table 7: Starting orbital parameters

AQ=0,0.2°...,1°
Ai=0,0.2°...,1° (22)
Aw =1°2°...,5°
The reconfigurations has to occur in 2.5 orbital periods. RT solution
computes the maneuvers as follows:

1. Scheme N12 will solve the in-plane problem, providing the three
tangential impulses magnitudes dvr and their mean latitude
arguments ur
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2. The problem Eq.(20) is solved to find dvy and uy

3. The closest element of uwr to uy is made equal to uy. This
means that one of the in-plane maneuvers will be executed at
the same time of the normal one, as to combine them and
reduce the total cost.

4. The values of the in-plane delta-vs are computed again by solv-
ing Eq.(18), in order to still achieve the in-plane ROEs vari-
ations with the new maneuvers’ mean argument of latitudes
ur

The system of equations at Eq.(18) is overdetermined, having

three unknowns and four equations. The solutions found by using
ur = u + k;7m as in scheme N12 always led to the desired in-plane
ROESs variations. By changing wr according to the out of plane
problem, no acceptable solutions are found, meaning the final ROEs
errors are always big, so the reconfiguration is not achieved.
This problem is overcome by allowing radial maneuvers in the solu-
tions, removing the constraint xy = x3 = x5 = 0. This means that
the system will be underdetermined with two degrees of freedom,
having now 6 unknowns (three tangential and three radial delta-v
values) but still four equations.

4.6.1 Longitude of ascending node variations

The longitude of the deputy’s orbit ascending node will be varied
from 0 to 1°with variations of 0.2°. The following table shows the
in-plane, out of plane and total delta-v calculated by T and RT so-
lutions for every value of AQ),. Since increasing Af2 increases the

T RT
AQ[°] | vy 0Voop OVtot 0vip Voop Vot | In plane red.% | total red.%
0 45.24 | 65.85 | 111.09 | 45.13 | 65.85 | 107.39 0.25 3.33
0.2 47.21 | 68.33 115.54 | 38.17 | 68.33 | 102.07 19.14 11.66
0.4 49.18 | 75.47 | 124.66 | 39.53 | 75.48 | 109.80 19.64 11.92
0.6 51.16 86.13 137.28 | 41.54 86,13 121.73 18.81 11.33
0.8 53.13 | 99.16 152.29 | 43.86 | 99.17 | 136.36 17.44 10.46
1 55.10 | 113.77 | 168.87 | 46.32 | 113.78 | 152.68 15.94 9.59

Table 8: Delta-v values in m/s and their reductions

magnitude of the final relative inclination vector, the out of plane
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delta-v will increase as well. This values will be independent of the
in-plane control strategy, so they don’t change between the T and
RT case. The longitude of ascending node also affects the relative
mean longitude 0\, so the in-plane delta-vs will vary as well with
AQ. The two different solutions present different in-plane delta-v
values, with the RT one being up to 19.6% cheaper at AQ = 0.4°.
The in-plane delta-v reduction comes from the introduction of one
radial burn which is performed with one of the tangential ones. This
means lower total delta-v values, up to 11.92%. The total delta-v
reduction is affected by the combined normal maneuver as well.
Since dvy is the same between the two solutions, combining it to an
in-plane burn will always result in a reduction of total delta-v. This
can be seen from the reconfiguration at AQ = 0, on the first row
of Table 8. The in-plane delta-v reduction amounts to 0.25% in the
RT solution, while the reduction of total delta-v amounts to 3.33%.
These results can be analyzed in the ROEs space, more specifically
in the 0\, 0a and de,, de, planes. In these plots the initial condi-
tion is marked by a green circle, it then evolves through a series
of segments in order to reach the red circle, which marks the final
condition. Grey segments show ROEs variations due to the natural
dynamics (Keplerian motion and J; effect) which affects d\ and de,.
Black segments show impulsive ROEs variations due to performed
maneuvers, FEq.(15) can be recalled to remember that tangential
burns don’t affect )\, and radial burns don’t affect da.

The length of the black segments is related to the total mission’s
cost. In fact, [10] shows how the cumulative delta-v cost associated
to the daxy — dap reconfiguration can be written as a quadratic
function of the ROE corrections not related to the natural dynamics,
i.e. related only to the m maneuvers performed:

m m m m

Totan = Y_(aA6a)} + Y (alIN)} + Z(IlaMell)? + > (llandi]);

i=1 i=1 i=1

In the ROEs space this is a metric of distance measuring the length
of black segments, so minimizing J,,, means connecting doy to dop
with the minimum path, which represents a minimum path prob-
lem. The following pictures show the ROEs evolution in the T and
RT solutions for AQ = 0.6°. Initial and final relative eccentricity
vectors are out of phase by just Aw = 1°, so the scale on the de,
has been dilated by approximately two orders of magnitude in order
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Figure 20: In-plane ROEs variation, AQ = 0.6°

to distinguish all the different segments. The RT solution biggest
difference from the T one lies in smaller da variations performed by
tangential burns, associated to smaller tangential delta-vs. Further-
more, the de, variations (larger than the de, ones) are all three with
the same sign, meaning the delta-v isn’t spent to increase that ROE
and then decrease it to reach the final aimed state as in the T so-
lution. In this example the introduction of the radial burn allowed
to a reduction of in-plane delta-v by 18.8%, and an overall 11.3%
delta-v reduction. The following plots summarize the behavior of
the various delta-vs as a function of the required RAAN variations.

v T solution av. RT solution
i 150

5 * —————————————9 5 ° ———9

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
AQ [deg] AQ [deg)

Figure 21: Delta-v values for AS) variations
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4.6.2 Inclination variations

In this case five formation reconfigurations where the deputy space-
craft’s inclination is varied from 0 to 1°with 0.2°steps are solved.
All the other COEs variations are fixed by table 7. Table 9 shows
how in-plane delta-vs don’t change with A7 in the T solution, since
scheme ¥12 solves the in-plane problem without accounting for 2
variations. This doesn’t hold for the RT solution, since in-plane
delta-vs are computed again as a function of the normal burn mean
argument of latitude uy. Out of plane delta-vs magnitudes are still
equal between the two solutions, and increase as Ai increases.

T RT
AilP] | ovgp Moop OVt 0vip Moop 0Vt | In plane red.% | total red.%

47.21 18.92 66.13 | 41.59 | 19.03 59.01 11.92 10.78

0.2 47.21 | 32.28 79.49 | 38.53 | 32.32 67.74 18.39 14.79
0.4 47.21 | 55.79 | 103.01 | 37.98 | 55.80 89.81 19.56 12.81
0.6 47.21 | 81.07 | 128.28 | 37.84 | 81.07 | 114.63 19.85 10.64
0.8 47.21 | 106.86 | 154.07 | 37.79 | 106.85 | 140.23 19.95 8.98
1 47.21 | 132.87 | 180.08 | 37.77 | 132.85 | 166.14 20.00 7.74

Table 9: Delta-v values and reductions

Again, total delta-v reductions up to 14.8% are shown, as a result of
the introduction of a radial burn and the combined normal maneu-
ver, which reduces the in-plane delta-v up to 20%. The following
plots on figure 22 show the ROEs evolution for A7 = 0.6°, with sim-
ilar differences between the two solutions as noticed in the previous
example: impulsive da variations are smaller in the RT solution,
and there are no de, variations with different signs between them,
while variations of e, are still from one to two orders of magnitude
smaller.

Finally the delta-v costs as functions of the desired inclination
variation are summarized in figure 23.

4.6.3 Periapsis argument variations

Lastly, reconfigurations with different variations of deputy’s argu-
ment of periapsis wy are studied. Their values will range from 0 to
5°, and variations of ; and 74 will be fixed by table 7. This means
that only the in-plane ROEs variations [A, L, FE, F| will be varied,
while Adz will be a constant, meaning that dvy and uy will be the
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Figure 22: In-plane ROEs variation, Ai = 0.6°
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Figure 23: Delta-v values for Ai variations

same for every Awy and in both T and RT solutions. The in-plane
total delta-vs computed with the RT solution are now bigger than
those obtained with scheme ¥12 in solution T, for Aw > 1°, with
in-plane delta-v increases up to 69%. Combining the normal ma-
neuver with one of the in-plane burns moderates this loss, but the
total dv is still approximately 14% bigger in the RT solution.

This phenomenon can be better understood by solving a prob-
lem with a much bigger variation of Aw = 45°. This will allow
equal scales on both de, and de, axis, to show the actual length
of the path connecting the two vectors in figure 25. The reconfig-
uration cost is driven by de variations, so in order to achieve an
economic enough maneuver, a minimum path traveled by the black
segments in this plane will be the priority. This condition is en-
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ad a[m]

T RT
Aw[®] | 0vip | OVoop | OVior Oip | 0Voop | OVt | In plane red.% | total red.%
0 47.26 | 68.33 | 115.59 | 37.91 | 68.33 | 101.97 19.78 11.78
1 47.21 | 68.33 | 115.54 | 37.89 | 68.33 | 102.07 19.74 11.66
2 37.87 | 68.33 | 106.20 | 64.01 | 68.33 | 121.33 -69.04 -14.25
3 38.23 | 68.33 | 106.56 | 64.02 | 68.33 | 121.83 -67.47 -14.33
4 38.81 | 68.33 | 107.14 | 64.44 | 68.33 | 122.71 -66.03 -14.53
5 39.61 | 68.33 | 107.94 | 65.25 | 68.33 | 123.94 -64.74 -14.83
Table 10: Delta-v values and reductions
T solution RT solution
x10* 15000 x101 15000
®  Start @®  Start Start
® End ® End End
10000 10000
1= E E /
5000 . 5000
0 0
-15  -10 -5 0 -3 -2 -1 0 0 1 2 3 4
ai [m] x10% de [m] %108 adh [m] %108 de [m] «10°

Figure 24: In-plane ROEs variation, Aw = 3°

sured by scheme N12, without any radial burns. As remarked by
[11], when [|Ade|| > |Ada x|, the absolute minimum cost is achieved
whenever the traveled path length in the relative eccentricity vector
plane lays parallel to the vector der — deg. This happens when all
maneuvers occur at some arguments of latitude whose modulus-7
equals the one of .
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Figure 25: In-plane ROEs variation, Aw = 45°

The minimum path length is shown by the T solution; chang-
ing wr in order to combine the normal burn to one in the orbital
plane will result in a longer path, so in a larger overall mission’s
cost. Moreover, the covered path is longer also in the 0\, da plane,
making the RT solution even less optimal. The in-plane delta-v cal-
culated with the T solution is 16.67% smaller, but a normal burn
not combined with an in-plane one makes the overall cost just 6.63%
smaller than the RT solution’s. Finally, the delta-v values of table

10 are summarized in image 26:
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Figure 26: Delta-v values for Aw variations
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5 Conclusion

This thesis showed the mathematical derivation for the state transi-
tion matrix needed to compute relative orbital elements variations
of a Jo-perturbed satellites formation. Various in-plane maneuvers
available in the referenced literature has been tested on two differ-
ent reconfiguration problems, showing the resulting relative orbits,
mission costs and cost function diagrams, highlighting optimal ma-
neuvers.

Out of plane maneuvers has been tested on a different reconfig-
uration, showing the precaution needed to compensate for J, effect
on the relative inclination vector

Lastly, a procedure to combine out of plane and in plane ma-
neuver has been developed and applied to reconfigurations with dif-
ferent deputy’s COEs variations. Solutions are found by allowing
radial burns, which along with the combined normal burns lead to
delta-v savings up to 14.8% compared to the separated maneuver.
This maneuvering scheme was not always optimal, since for a re-
configuration’s cost dominated by de variation, radial burns are less
efficient than tangential burns as in scheme N12.

Future works on this topic may investigate how the reconfigura-
tion cost changes with the mission’s allowed time span, new models
of atmospheric drag and solar pressure disturbances effects on for-
mation flight through state transition matrices, and different ma-
neuvering schemes to compensate for these perturbations’ effects on
final ROEs of the formation.
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