B Universit
of Glasgovz

Peloni, A., Mclnnes, C. R. and Ceriotti, M. (2018) Osculating Keplerian
elements for highly non-Keplerian orbits. Journal of Guidance, Control,
and Dynamics, 41(11), pp. 2489-2498. (doi:10.2514/1.G002867)

This is the author’s final accepted version.

There may be differences between this version and the published version.
You are advised to consult the publisher’s version if you wish to cite from
it.

http://eprints.gla.ac.uk/163595/

Deposited on: 08 June 2018

Enlighten — Research publications by members of the University of Glasgow
http://eprints.gla.ac.uk


http://dx.doi.org/10.2514/1.G002867
http://eprints.gla.ac.uk/163595/
http://eprints.gla.ac.uk/163595/
http://eprints.gla.ac.uk/
http://eprints.gla.ac.uk/

Osculating Keplerian Elements for Highly Non-Keplerian

Orbits

Alessandro Peloni,” Colin R. Mclnnes,” and Matteo Ceriotti

University of Glasgow, Glasgow G12 8QQ, United Kingdom

I. Introduction

Celestial mechanics conventionally deals with Keplerian orbits, treating any non-Keplerian effect as a
perturbation to the classical Keplerian orbit. However, a non-Keplerian orbit is defined as an orbit in which a
perturbative or propulsive acceleration acts in addition to the gravitational attraction of the primary body. Following

the definition given in McKay et al. [1], a highly non-Keplerian orbit (NKO) is characterized by the magnitude of

the average propulsive acceleration over one orbit [, equal or greater than the sum of gravitational and
centripetal force experienced by the orbiting body ||VU || That is, introducing a parameter A to represent this ratio,

a NKO is characterized by 4 =|ja,, |/[VU]>1.

New families of NKOs can be generated using continuous low-thrust propulsion [1-4]. These include orbits
displaced above/below the orbit plane of a conventional Keplerian orbit using out-of-plane thrust, or inside/outside a
Keplerian orbit using radial thrust. For a given NKO radius, displacement distance and orbit period the required
thrust magnitude and direction can be determined analytically [2]. In addition, the linear stability properties of the
families of highly non-Keplerian orbits can be determined and it can be shown that while unstable families of orbits

exist they are in principle controllable using feedback to the thrust direction and/or modulation of the thrust
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magnitude [3]. Moreover, the nonlinear stability properties of NKOs have also been investigated, and the sufficient
and necessary conditions for stability of motion near the equilibria have been obtained [5].

In addition, by terminating the low-thrust perturbation, a Keplerian orbit will result allowing Keplerian and
highly non-Keplerian orbits to be patched together to generate rich and complex families of composite orbits that
have yet to be fully explored [6]. Potential applications of NKOs include orbits displaced above/below the
geostationary ring to increase the number of available slots for communications platforms [4] and on-orbit
inspection by formation-flying above/below or inside/outside the orbit of a target spacecraft [7]. For example, a
displacement distance of 35 km north/south of the geostationary ring allows a platform on a displaced highly non-
Keplerian orbit to sit above/below the standard 70 km station-keeping box of a conventional geostationary platform.
Such an orbit would require a thrust of 200 mN for a 1000 kg spacecraft, which is achievable with a single QinetiQ
T6+ thruster [4].

To date, several studies have been undertaken to investigate families of NKOs. As demonstrated in the survey
presented by McKay et al. [1], the problem has been tackled by considering different propulsion technologies and
different dynamical models. Different mission applications are also outlined for NKOs, such as telecommunications
[7], Earth or Sun observation [8, 9], planetary science [10] and climate engineering [11]. The coupling between orbit
and attitude dynamics has been investigated for both a solar sail [12] and an electric sail [13] in a NKO displaced
above the ecliptic plane. The use of out-of-plane displaced NKOs is shown advantageous also for towing near-Earth
asteroids [14]. Note that all the cited studies deal with a subset of NKOs, which are those displaced above/below the
plane of the corresponding conventional Keplerian orbit. For this reason, the term “highly non-Keplerian orbit”
coined by McKay et al. [1] is preferred in this note against the term “displaced non-Keplerian orbit”.

As discussed above, all prior studies on highly non-Keplerian orbits have focused on orbit and mission-design. A
key open issue in the analysis of the families of NKOs is the generation of a mapping from the NKO geometry to a
corresponding set of osculating orbital elements. This is of importance both to support the future operational use of
NKOs and to understand the signature of a highly non-Keplerian orbit. Since families of NKOs are generated using
a strong, continuous perturbation, their osculating orbital elements will be time-varying, although still periodic.
Similarly, the inverse problem is also of importance to deduce the NKO geometry from observations of orbital
elements. Once these elements are known, the thrust-induced acceleration magnitude and direction required for the

highly non-Keplerian orbit can also be determined.



To pursue these questions, the key objectives of this note are to: a) map the properties of families of NKOs onto
the classical orbital elements; b) generate an inverse mapping from orbital elements to the properties of the NKOs;
and c) determine the key signatures of NKOs. These objectives represent a largely unexplored aspect of the

dynamics of families of NKOs and offer a route towards their future operational use.

I1. Highly Non-Keplerian Orbits

Circular highly non-Keplerian orbits can be obtained considering the dynamics of a low-thrust propelled
spacecraft in a rotating reference frame [2]. The free parameters of the problem are the angular velocity of rotation

of the reference frame @ , the out-of-plane displacement z, the radius of the orhit p, the inclination of the orbit |,

and the right ascension of the ascending node (RAAN) of the orbit ¢ (Fig. 1). Note that the symbols {j,f} have

been used for the description of the NKO elements inclination and RAAN because these elements should not be
confused with the osculating counterparts. It can be demonstrated that stationary solutions of the equations of
motion in this rotating reference frame correspond to periodic, displaced, circular orbits with the orbital plane

parallel to the plane defined by j and ¢ when viewed from an inertial reference frame (the Earth-Centered Inertial
(ECI) frame {X Y, 2} is considered in this note). The acceleration needed to generate such stationary solutions can

be derived in a closed, analytical form [2]. The thrust vector lies in the plane spanned by the radius vector and the

orbital angular momentum unit vector h, as shown in Fig. 1. Following [2], it can be shown that the propulsive

acceleration vector can be described, as a function of the NKO elements x,,, =[Z,p,w, j,g]T , by its magnitude

J]aj| and pitch angle « , as follows.

||a(z,p,w, j,§)|| = \/p2 (ZD'Z —wf)z +2°@!

tana(z,p,w,j,é){{l‘(zﬂ

The term @, =+/u/r® in Eq. (1) is the orbital angular velocity of a Keplerian orbit of radius r=./p? + 2% .

M

Viewed from an inertial reference frame, the orbits generated by the acceleration described in Eq. (1) correspond to

circular orbits displaced above the central body and with an orbit plane rotated following the rotations



R, (f) - Rl(j). The angular velocity of the rotation of the reference frame @ corresponds to the angular velocity

of the circular orbit viewed from an inertial reference frame.

The acceleration defined in Eq. (1) is that required to generate stationary solutions in the rotating reference frame
(ie. JaJ=[VU]). Therefore, such solutions are characterized by A=1 and so are defined as highly non-Keplerian

orbits.

Fig. 1 Schematic out-of-plane displaced highly non-Keplerian orbit with thrust-induced acceleration.

Three families of NKOs can be defined based on the value of the angular velocity of the rotating reference frame
[2]. Type 1 NKOs are defined as those orbits with the minimum required acceleration. From Eq. (1), the requirement
of minimum acceleration leads to an angular velocity of the rotating reference frame for Type 1 NKOs defined as
shown in Eq. (2). A second family of NKOs is characterized by orbits synchronous with a body on a circular
Keplerian orbit in the z=0 plane with the same orbit radius. Lastly, a third family of NKOs is defined by setting
the orbital period to a fixed value. The angular velocities that characterize the three families of NKOs are shown in
Eq. (2).

s =N T =N P Trpes =, @)

Note that Type 1 and Type 2 NKOs are, by definition, orbits displaced out-of-plane respect to the corresponding
Keplerian orbits. In fact, one fundamental characteristic of both Type 1 and Type 2 NKOs is that the primary body is
not contained within the orbital plane. On the contrary, Type 3 NKOs can be characterized by either an out-of-plane

or an in-plane displacement with respect to the corresponding Keplerian orbits.



I11. Forward Map: Highly Non-Keplerian Orbit to Osculating Orbital Elements

In this section, the mappings between NKO elements and the osculating orbit are derived in closed, analytical

form for the direct problem. Two sets of orbital elements are chosen to describe the osculating Keplerian orbit: a)

classical Keplerian elements (KEP) x,., =[a,&i,Q o, S]T , and b) modified equinoctial elements (MEE)
Xyee =[P, f,g,h,k,L]T .

Starting from the NKO elements x,,, =[z, p,@, j,g]T , the Cartesian position vector r and velocity vector v
are given by

p(cosécos(mt)—cos jsin£sin(amt))+ zsin jsin&
r =| p(sin&cos(at)+cos jcosEsin(amt)) - zsin jcos & (3)

psin jsin(at)+zcos j

—cos&sin(a@t)—cos jsin & cos(amt)
Vv =ap| —sin&sin(@t)+cos jcos & cos(awt) (4)
sin jcos(at)

From the Cartesian position and velocity vectors described in Egs. (3) - (4), the forward maps are derived in the
following sections for each one of the osculating orbital elements considered.

Moreover, a sensitivity analysis has been performed to study the behavior of the mappings in presence of errors
in the NKO elements. Both analytical and numerical sensitivity analyses have been carried out to confirm the results

found. The analytical sensitivity analysis is centered on the computation of the Jacobian J of the mapping.

A. NKO to Osculating KEP
From Egs. (3) - (4), the NKO to osculating KEP map can be derived following the conversion from Cartesian

position and velocity to KEP, as described in [15]. The resulting map is shown in Eg. (5).

* For the full derivation of this and the following maps, the interested reader is referred to: Peloni, A., Mclnnes,
C. R. and Ceriotti, M., “Osculating Keplerian Elements for Highly Non-Keplerian Orbits”, University of Glasgow -
Air Force Office of Scientific Research, Report No. AD1031622, 2017, 27 March 2017, pp. 99,

http://www.dtic.mil/docs/citations/AD1031622 [retrieved 06 February 2018].


http://www.dtic.mil/docs/citations/AD1031622

The first important characteristics of the osculating Keplerian orbits that describe an NKO have already been
shown in the forward map. In fact, from the formulation of the true anomaly in Eq. (5), it can be noted that a
spacecraft on a NKO is always either at the apocenter or pericenter of the osculating Keplerian orbit. Moreover, it is

important to underline that Q2 =0 is arbitrarily chosen in the case of a planar NKO.

It is interesting to study the case for which the orbital plane of the NKO is parallel to the X -Y plane. That is,

j=¢&=0. In the reminder of this note, this case will be referred to as the “vertical-displacement model” to highlight

the fact that there are no changes in the orientation of the orbital plane with respect to the X -Y plane.
Considering the vertical-displacement model, the forward map shown in Eq. (5) can be rewritten, after algebraic

manipulations, as shown in Eq. (7).

It is worth noting that the case (z #0Apu=a’p’p® +1° ) is not considered in the formulation of » and 4 in

Eq. (7). However, this case corresponds to an osculating circular orbit, which is not possible for the types of NKOs
considered within this study. Equation (7) shows that @ =0 only if z=0A x=a@’p’, which is the condition for a

Keplerian orbit. Lastly, it can be noted that the osculating argument of pericenter is always constant for an out-of-
plane-displaced NKO.

For the sensitivity analysis, an analytical study can be carried out only on those elements characterized by a
continuous function (i.e. semi-major axis, eccentricity, and inclination). Only a numerical sensitivity analysis can be
carried out on the last three elements of the map. The parameters used to test the sensitivity of the mapping to

uncertainties in an NKO element x; depend on the classical Keplerian element and are (Eq. (8)): a) relative error of

the semi-major axis; b) absolute error of the eccentricity; ¢) normalized error of the general angles y = {i,Q,a), 9} .

B. NKO to Osculating MEE

To have a mapping with no singularities, a map from Cartesian position and velocity to osculating modified
equinoctial elements is derived. In fact, MEE have been introduced to avoid singularities occurring in Keplerian
orbits in the case of planar and/or circular orbits [16]. Starting from the expressions of the Cartesian position and

velocity vectors (Egs. (3) - (4)) and the analytical mapping of the osculating KEP shown in Eq. (5), the mapping

from NKO elements to osculating MEE is shown in Eq. (9), in which Q" and » are defined in Eq. (6).



As for the case of the use of classical Keplerian elements, also here the map is characterized by a piecewise
formulation for three elements. Nevertheless, if the vertical-displacement model is considered, the map shown in Eqg.

(9) can be rewritten, after some algebraic manipulation, as shown in Eq. (10).

,u\/pm ez‘ﬂ_wsz /p2+zz
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Cos j—zsin jsin(at 0 ifz=0Aj=0
i =arccos ik isin(at) =9 .AJ
/pz + 72 Q" otherwise

0 if u=a’p*\p° +7°

ot ifj=0Az=0Au<a’p’
w=lr+tot ifj=0Az2=0Au>a’p’ (5)

o if (y—wsz\//ﬁ)(zcostrpsinjsin(wt))so
27—  otherwise

ot fz=0Apu=a’p’

9=10 if,u<w2p2\/,m

T if,u>w2p2\/ﬁ

in which

. |arccos(N, /N) ifN, >0
27 —arccos(N, /N) otherwise

N = \/22 cos’ (at)+(psin j+zcos jsin(wt))2
N, = psin jcos& +z(cos jcos&sin(wt)+sin & cos(amt))
N, = psin jsin& + z(cos jsin ésin(wt)—cosécos(wt)) (6)

o = arccos(—ysgn (ﬂ—wzpz,/pz +17° ))
sin jcos(at)p* +2°

\/22 cos” (awt)+( psin j+zcos jsin(wt))2

}/:



2 2 [2, 2
2 2 —wo +Z
Joi+z V P AP
a= HNP €=
2u—w’p’p*+1° H

i = arccos P
b2+f

0 ifz=0
Q = Jarccos(sin (@t )sgn(z)) if (cos(at)<0Az>0)v(cos(mt)20Az<0)
27 —arccos(sin(@t)sgn(z)) otherwise
0 ifz=0Au=a’p’
ot ifz=0Au<a’p®

r+aot ifz2=0Au>o’p’
w =

z/2 if (Z >O/\,u<w2p2\/p2+22)v(z<0/\,u>w2p2«/pz+22)
3z/2 if (Z >O/\,u>w2p2«/p2+22)v(z<0/\,u<w2p2«/pz+22)

ot ifz=0Apu=a°p° @)
9=10 ifu<a’p’p*+17°
x ifu>a’p’p’+17°
J, . 0% mod(J,, , -OX,
‘ga,x - - I|’ ge,x - JE,X '§Xi|’ gwx = ( i I ”) (8)
a ' " 7
ZUzpz (p2+zz)
u
cos(at) ifz=0Aj=0
2 2 [2 2
_OPANP I K cos(Q" +arccos(y)) ifzcos j+ psin jsin(at) 20
7
cos(Q" —arccos(y)) ifzcos j+ psin jsin(at) <0
sin(at) ifz=0Aj=0
2 2 [2 2
_T PP T TR sm(Q +arccos(7/) if zcos j+ psin jsin(wt) >0
7,
sin(Q" —arccos(y)) if zcos j+ psin jsin(awt) <0
_ [Np*+2* —(pcos j-zsin jSIn(wt)) psin Jcos§+z(cosjcosgsm(wt)+sm§cos(wt))
\/p2+z +(pcos j—zsin jsin(at)) \/22cos +(psin J+2005]S|n(wt))
NP2 (pcosj—zsinjsm(wt)) pSi 'sin§+z(cosjsin§sin(wt)—cos§cos(wt))
\/p +2* +(pcos j—zsin jsin(at)) \/zz cos’ psmj+zc0515m(wt))
ot ifz=0Aj=0
L=4Q" +arccos(y) ifzcos j+ psin jsin(at) > ©

0
Q" —arccos(y) ifzcos j+ psin jsin(a@t) <0



NAURES) an(e)p- o7
# z
COS(ZUt)(p—\/m)

cos(awt) k= . (10)

(PPN AT —p
U
2 2 [ 1722y
g:wp L ysm(wt) L =t
U
It is worth noting that, in Eq. (10), there are no singularities in the formulations of the out-of-plane MEE in the

case of zero out-of-plane displacement orbits. It can be seen, in fact, that Iir’rg h=Ilimk =0. Moreover, it is important
7>

70
to note that no assumptions have been made in the derivation of this map. Indeed, the functions that describe the
NKO to osculating MEE map are continuous in the whole spectrum of the NKO elements for the vertical-
displacement model.

The parameters used to test the sensitivity of the mapping to uncertainties in an NKO element x; depend on the
MEE and are (Eg. (11)): a) relative error of the semi-latus rectum; b) absolute error of the general element

y={f,9,h,k}; and c) normalized error of the true longitude L.

x|, e, = (11)

1V. Inverse Map: Osculating Orbital Elements to Highly Non-Keplerian Orbit

After the forward mappings from families of highly non-Keplerian orbits to osculating orbital elements
described in the previous section, two different inverse mappings from orbital elements to NKO geometry have been
generated for the vertical-displacement model. These mappings have been derived in closed, analytical form. A
sensitivity analysis has been performed to understand the impact of uncertainties in the orbital elements on the NKO
properties. Only a numerical sensitivity analysis has been carried out by computing the values of the osculating
elements from the perturbed input elements and then computing the errors with respect to the nominal values. The
parameters used to test the sensitivity of the mapping to uncertainties in the osculating orbital elements are as
follows.

e Absolute error of the vertical displacement. The absolute error has been chosen against the relative error
because all the NKOs feasible with near-term technology are characterized by small vertical

displacements.



o Relative error of the orbit radius. The relative error has been chosen against the absolute error because
usually NKOs with small vertical displacements are characterized by large orbit radii.

e Relative error of the orbital angular momentum.

A. Osculating KEP to NKO

Recalling that the radius of the osculating orbit can be expressed, in terms of KEP, as r = a(l—e2 )/(1+ecos 9),

the position and velocity vectors in the orbital reference frame {f,.ﬁ, ﬁ} are given by

r, =[rcosd rsing 0, vorbz[r'cos&?—rsin&é Fsin 9+rcos 99 OT (12)
in which
i a(1-¢?
PRI (2 )
r r
2 2\ein g (13)
0 a(l—e) ea(l—e )5|n39 1 i
F=— = — = ~esing
ot|1+ecosd |  (1+ecosd) a(1-¢’)

Therefore, the position and velocity vectors shown in Eq. (12) can be written in the ECI frame by following the

rotations R; (—®) — R (=i) = Ry (—Q). As such, the map from osculating KEP to NKO elements is summarized as

a(l-e’)
=——Zsinisin(w+39)
1+ecos&
a(1-¢e?
P=m\ﬁmos(mﬁmos(ﬂaﬁ3))sin2i (14)
U 1+e”+2ecos 4
= |——2(1 3
@ a3(1—e2)3 (L+ecos )\/3+cos(2i)+2005(2(a)+3))sin2i

B. Osculating MEE to NKO
From the formulation of Cartesian position and velocity vectors as a function of MEE given in [17], the inverse

map from osculating MEE to NKO elements is derived as

z :%(hsin L—kcosL)

r RN )
p:g\/1+(h +k?*)" +2pcos(2L)+4hksin(2L) (15)

wzf\/z 1+ f2+g%+2f cosL+2gsinL
r\p 1+(h2+k2)2+2ﬂcos(2L)+4hksin(2L)




in which

r= P s=1+h?4k?, B=hi-K? (16)
1+ fcosL+gsinL

V. Determination of Spacecraft Thrust-Induced Acceleration

The magnitude and direction of the spacecraft thrust-induced acceleration used to generate families of NKOs
have been derived by using the inverse mapping from the orbital elements discussed in Sec. 1V as inputs for Eq. (1).

This analysis links the thrust-induced acceleration to the highly non-Keplerian orbit geometry.

A. Classical Keplerian elements
From Eq. (1) and using the mappings shown in Eq. (14), the magnitude of the thrust-induced acceleration and

pitch angle are obtained as

H(1+ecos 9
Ja(xe ) = 57220 (17)
2a° (1-¢*)
4(1+e*+2 4
tan o (Xyep ) = — _\_/U—l 1- (L+e +2ecos 9) (18)
2sinisin(w+9) o,(1+ecos9)

in which

A=4(1+ecosd) sin’isin®(w+9)
B:al(1+ecosl9—4(1+e2+2ecos&1)/al)2 (19)

o, =3+¢0s(2i)+2cos(2(w+9))sin’i

B. Modified equinoctial elements
From Eq. (1) and using the mappings shown in Eq. (15), the magnitude of the thrust-induced acceleration and

pitch angle are obtained as shown in Egs. (20) — (21).

(14 f2+g°+2f cosL+2gsinL) |
"a(XMEE)Hzg 4q2(kCOSL—hSinL)2+o'2{Q— ( g - 9 )} (20)
2
s?(1+ f2+g®+2f cosL+2gsinL
tan o (Xyee ) = _\/OTZ 1- ( g gsinL.) 1)
2(hsinL—kcosL) q-0,

The terms s and S in Egs. (20) — (21) are defined in Eqg. (16), whereas g and o, are



g=1+fcosL+gsinL
(22)

o, =1+(h* + kz)2 +2/3cos(2L)+4hksin(2L)
V1. Numerical Test Cases

Several test cases are chosen to assess the validity of the mappings, investigate the behavior of the osculating
elements and understand the impact of uncertainties on the mappings. An analytical and numerical sensitivity
analysis is performed for the case of the vertical-displacement model, for which both forward and inverse analytical
mappings are available. For what concerns the general model with an arbitrary orientation of the NKO plane (which
will be referred to as the “arbitrary-orientation model”), key signatures of highly non-Keplerian orbits are then
sought. However, these are valid only when the orbit properties are perfectly known. For this reason, a preliminary
study is provided which considers the impact of noise on the orbit determination process. This gives a different view
of the key signatures with a more practical focus on the orbit determination issue.

For the sake of conciseness, only the most interesting results are shown here. In the following sections, the test

cases related to both the vertical-displacement and arbitrary-orientation models are shown and discussed.

A. Vertical-Displacement Model
A Geostationary Earth Orbit (GEO) is chosen as the reference Keplerian orbit. In terms of NKO elements, a
GEO is characterized by [18]

z=0
GEO: { p=ry, =42,164.1696 km (23)
@ =1/t
Two displaced GEOs are chosen as test cases in this study: a Type 1 NKO and an in-plane Type 3 NKO. Station-

keeping regulations currently require a station-keeping box of 0.1-0.2 deg [18]. Therefore, the out-of-plane

displacement for the Type 1 NKO is chosen such that the spacecraft hovers just above the GEO station-keeping box.

The same displacement is considered in the in-plane case. The NKO elements of the two test cases are then

z=435km z=0
Type 3 NKO
- (in-plane) g
T =Wgeo = :u/rGEO U =Wgeo = /u/rGEO

Type 1NKO: < p =1y €08(2/lsg0 ) = loeo s P =Tyo £35km (24)



1. Forward Maps

Figure 2 shows the Type 1 NKO with z >0 as described by Eq. (24), together with its osculating Keplerian
orbits, corresponding to the instantaneous orbital elements of the spacecraft if the thrust is nulled. In this case, it is
shown how the semi-major axis and eccentricity of the osculating orbits do not change, but the osculating orbit plane
rotates around the vertical axis. In fact, Q is the only osculating KEP that varies with time. All other osculating
KEP are constant, as shown in Eq. (7). The spacecraft is always at the apogee of the osculating Keplerian orbits,
which then describes the corresponding desired NKO. Therefore, the envelope resulting from the osculating

Keplerian orbits after an entire orbit of the NKO is well approximated by a truncated cone, characterized by height

H and radii of the bases r,,r, (Eq. (25)).

=
1l

a(1-e)cosi

r (25)

H =|z|+|a(1—e)sini|

N)

Figure 3 shows an in-plane Type 3 displaced GEO with p =r,, +1000 km, together with its osculating
Keplerian orbits. The arrows shown in Fig. 3 point to the perigee of each orbit. In this case, it is shown how the
semi-major axis and eccentricity of the osculating orbits do not change, but the osculating argument of pericenter
rotates around the vertical axis. In fact, o is the only osculating KEP that varies with time. All other osculating
KEP are constant, as shown in Eq. (7). The spacecraft is always at the perigee of the osculating Keplerian orbits,

which again describes the corresponding desired NKO.
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Fig. 3 Type 3 NKO 1000-km in-plane displaced
GEO (solid black line) and osculating Keplerian

Fig. 2 Type 1 NKO displaced GEO (solid black

line) and osculating Keplerian orbits.
orbits.



To investigate the sensitivity analysis of the forward maps, the relative error of the NKO elements is considered
fixed and constant, such that ¢, =¢, =¢, =10". Considering the characteristics of the orbits shown in Eq. (24), the

absolute errors on the NKO elements considered for the sensitivity analysis are

0z, =¢&,z, =0.15km 02, =¢&,z, =0.15 km

Type 1 Type 3 NKO

NKO D 0p=¢,p =422 km " (in-plane) D0y =¢,p=42.2km (26)
ow, = ¢, m, =0.36 deg/day 6w, = ¢,m, =0.36 deg/day

Note that the term 6z, in Eq. (26) depends on the displacement of the Type 1 NKO. This is made on purpose to
have a non-zero error for the out-of-plane displacement.

Figure 4 shows the evolution over one orbit of the osculating in-plane MEE f for the case of the Type 1 NKO.
The nominal value and the values due to errors in the NKO elements are shown. The error on the in-plane element
f due to uncertainties in the NKO elements is of the same order of magnitude as the uncertainties themselves. The

same behavior is noted in the other in-plane modified equinoctial element g. On the other hand, Fig. 5 shows the

evolution over one orbit of the out-of-plane MEE h for the case of Type 1 NKO. The nominal value and the values

due to errors in the NKO elements are shown. Figure 5 shows that the error on the out-of-plane element h due to
uncertainties in the NKO elements is orders of magnitude smaller than the value of the uncertainties. The same
behavior is noted in the other out-of-plane modified equinoctial element k. Here, the semi-latus rectum shows a
constant error due to uncertainties in the NKO elements of the same order of magnitude as the uncertainties
themselves. Lastly, the true longitude exhibits a linearly increasing error due to a 0.1% uncertainty on the orbit

angular velocity. After one orbit, the absolute error on the true longitude is therefore 0.36 deg .
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2. Inverse Maps

The same test cases used to study the forward maps are now considered for the study of the inverse maps. All the
results of the mappings have been numerically verified against their nominal values. That is, the osculating orbital
elements have been obtained through the forward mappings starting from the nominal NKO elements. Then, the
inverse mappings are used to obtain the original NKO elements. The errors between the nominal values of the NKO

elements and those obtained after the conversion gives an estimate of the accuracy of both forward and inverse
mappings. This results in errors of less than 10° km for z and p, and errors of less than 10 deg/day for & .

This validates the inverse maps.

For the sensitivity analysis, the errors of the osculating KEP and MEE are considered fixed and constant, as

follows.
g, =107 (relative) &, =107 (relative)
KEP: &, =107 (absolute), MEE: {&; 4,4 =107 (absolute) 27)
Ei0ws = 10° -7 g =107

in which the errors relative to angular quantities are considered as 0.1% of the maximum possible error ().

The sensitivity analysis demonstrates that the planar elements (i.e. p,@ ) of both mappings are robust to
uncertainties in the osculating orbital elements. Both mappings of the out-of-plane displacement z are robust to
uncertainties in the in-plane osculating elements. However, the out-of-plane displacement is very sensitive to errors
in the out-of-plane osculating elements. This is understandable if the osculating Keplerian orbit has a small
inclination and a large semi-major axis (a ~ Iy, in this case).

Figure 6 shows the relative error evolution of the orbit radius p over one orbit obtained from the osculating
MEE with an error of 0.001 in the in-plane MEE f . Both test cases are shown. It is shown that the relative error on
the orbit radius is at most the same order of magnitude as the initial uncertainty itself. Figure 7 shows the evolution
of the out-of-plane displacement z over one orbit obtained from the osculating MEE. Both test cases are shown.
Both the nominal value and an error of 0.001 in the out-of-plane MEE h are considered. It is shown how a small

error in the out-of-plane element can cause a large error in the out-of-plane displacement, as discussed above.
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3. Thrust-induced acceleration

The acceleration, in terms of magnitude and pitch angle, resulting from both Egs. (17) — (18) and Egs. (20) —
(21) has been validated using two separate checks. In the first check, the values of the magnitude and pitch angle are
compared with those given directly by using Eq. (1). The values of both the magnitude and direction of the

acceleration have been verified for all test cases considered with both sets of elements. The errors in magnitude and
direction of the acceleration are |da]<10™ mm/s® and |dc| <107 rad, respectively. The second check has been
carried out by propagating the equations of motion with the propulsive acceleration given by Egs. (17) — (18) and

Egs. (20) — (21), respectively. The relative errors in position and velocity vectors between the initial state and the

state after one orbital period are used to validate the acceleration. A variable order Adam-Bashford-Moulton PECE
solver (as implemented in MATLAB odel113) with relative and absolute tolerances equal to 10™° and 107,
respectively, has been used for the propagation of the equations of motion. The relative errors in the final position

and velocity are |or|/|r]|=[ov]/|v] <107°.

Lastly, the accelerations required for the test cases have magnitudes [a]| ={0.19,0.56} mm/s® for Type 1 and
Type 3 NKOs, respectively. Considering a 1000-kg spacecraft, such accelerations can be converted into maximum
required thrusts T, = {0.19,0.56} N that are feasible values for near-term low-thrust technology [19].

4. Summary
The use of classical Keplerian elements to describe the osculating orbits is impractical for the forward map

mainly because of the piecewise formulation of most of the elements. On the other hand, KEP are good candidates



to be used for the inverse map because of their easy formulation and robustness to uncertainties. The use of modified
equinoctial elements to describe the osculating orbits is also a good choice due to their easy formulation and
robustness to uncertainties. Moreover, for the same reasons, MEE are good candidates to be used for the inverse
map as well. In conclusion, the use of MEE guarantees an easy and robust formulation for both forward and inverse
mappings in the case of the vertical-displacement model, with the NKO orbital plane parallel to the equatorial plane.
Lastly, the analytical formulations of the thrust-induced acceleration starting from both KEP and MEE have been
demonstrated to be valid.

A summary of the advantages and drawbacks of the mappings for both the direct and inverse problems is shown
in Tables 1 and 2, respectively, for the two sets of osculating elements considered.

Tablel Map from NKO to osculating orbital elements. Summary of advantages and drawbacks.

KEP MEE
« Easy to understand  Easy formulation (no
* Only one element is time piecewise cases)
dependent » Robust to uncertainties

Advantages « Robust to the switch

apocenter/pericenter
+ No singularities
* Piecewise formulation « 5elements are time
* Very sensitive to dependent
uncertainties
Drawbacks * Issues around z=0
+ Singularity: Q=0ifz=0
* Very sensitive to the switch
apocenter/pericenter

Table 2 Map from Osculating orbital elements to NKO. Summary of advantages and drawbacks.

KEP MEE
« Easy to understand « Easy formulation
Advantages  « Easy formulation » Robust to uncertainties on
* Robust to uncertainties in-plane elements
« Out-of-plane displacement + Out-of-plane displacement
very sensitive to uncertainties very sensitive to
Drawbacks A L
on inclination uncertainties on out-of-

plane elements

B. Arbitrary-Orientation Model
Three scenarios have been tested to both verify the validity of the arbitrary-orientation forward mappings and

investigate the behavior of the osculating orbital elements. The three test cases have been chosen to represent



feasible mission scenarios in the near future. For this reason, only small-displacement NKOs are considered which
can be generated with near-term technology.

The first scenario consists of a 35-km out-of-plane (Type 1) and in-plane (Type 3) displaced GEO, as described
in the case of the vertical-displacement model. The second scenario is a 5-km out-of-plane (Type 1) and in-plane
(Type 3) displaced global positioning system (GPS) orbit. In this scenario, the spacecraft hovers above/below or
inside/outside the GPS spacecraft for visual inspection. Moreover, a distance of 5 km can be considered within the
range for proximity operations [20]. The third and last scenario considered is a 1-km out-of-plane (Type 1) and in-
plane (Type 3) displaced Sun-synchronous orbit (SSO). As for the previous scenario, a 1-km range can be used for
visual inspection of the SSO satellite and is within the range for proximity operations. In terms of NKO elements,

the characteristics of the GEO orbit are defined in Eq. (23) together with j=&=0. The GPS and SSO orbits are

characterized, in terms of NKO elements, by

z=0 z=0
P =T =26,560.9478 km p =Ty, =7378.16 km
GPS: & = Ju/r2, , SSO: o= Julre, (28)
j =55.2885 deg j =99.4845 deg
&=77.7881 deg £=0

1. Signatures

These test cases have been used to seek key characteristics of signatures that can provide a simple and reliable
indication that a spacecraft is being forced along a highly non-Keplerian orbit. Both KEP and MEE are characterized
by four elements that can be used to identify a NKO. Therefore, assuming perfect knowledge of the NKO geometry,
the elements that show a peculiar trend are shown in Eq. (29), in which 7 is the semi-amplitude of the cosine wave

related to the element ¢ and ¢ is a generic phase.

i(t)=icos(mt+p) ifz=0Aj=0 £(t)= fcos(wt+¢7)
Q(t)=Q, +at ifz#0Aj=0 -
a _ ! g(t)=gcos(at+¢)
KEP: {Q(t)=Qcos(at+¢p) ifz=0Aj=0, MEE: X ; ” (29)
o(t) = o, + ot if2=0v j#0 (t)=hcos(at+g) ifz20
9(t)=4, k(t)=kcos(awt+¢) ifz=0

2. Impact of noise
The impact of noise on the NKO elements is considered here to investigate the signatures of NKOs in the

presence of noise on orbit determination. As such, a set of practical preliminary guidelines can be drawn to



understand, from observation data, whether a spacecraft is being forced on a highly non-Keplerian orbit. The same
scenarios used to study the signatures have been considered. However, only the Type 1 NKOs with a positive
displacement are considered.

Three values for the noise have been considered in this study, consisting of upper/lower boundaries and a value
inside this range. The upper boundary considers tracking instrumental errors, whereas noise due to statistical

filtering is considered as the lower boundary. The three sets of errors considered here are the following [21].

Case 1 |Ar|=24 m |ar]=2.4m
(pper bound) : 4 |Ai|=0.01deg , Case2: { |Ai|=0.001deg
PP 180 deg if GEO 180deg  if GEO
A9 =10 01 4 : a0 = : (30)
.01deg otherwise 0.001deg otherwise
Case 3 [Ar|=0.1m Jar]=1m
lower bound) GEO: { |Ai|=10° deg , GPS/SSO: {1 |Ai|=10"* deg
(lower bound) |AQ| =2x10"° deg |AQ|=10"" deg

The errors {||Ar||,|Ai|,|AQ|} are used to estimate the noise to be considered for the NKO elements. A Monte

Carlo analysis has been carried out with 500 samples of NKO elements in a normal distribution. The mean values

considered are the nominal values of the NKO elements {zo,po, jo,afo}, whereas the standard deviations are

{||Ar||sin(zo/p0),J§||Ar||,|Ai|,|AQ|}, respectively. The value of the angular velocity is simply given by

@=+u/p’ , inwhich p isthe NKO orbit radius with noise.

Figures 8 and 9 both show GEO and Type 1 NKOs in the presence of noise from Eq. (30) for cases 1 and 2,
respectively. Both figures have been generated using the Cartesian position vectors resulting from the osculating
KEP obtained through the forward map from NKO elements with noise. The figures show that the Keplerian GEO
and the NKO are clearly distinguishable for the noise related to Case 2. On the contrary, the same is not true for the

three-dimensional orbits of both the GPS and SSO cases. That is, in the GPS and SSO cases, one cannot determine if

the orbit is Keplerian or highly non-Keplerian. The thrust-induced acceleration and the evolution of the MEE k
among all scenarios and noise levels are shown in [21] and not reported here for the sake of conciseness.
3. Summary

In Table 3, the impact of noise on the mappings is summarized. Those signatures that, despite the noise, can

provide a clear and reliable indication that a spacecraft is being forced along a highly non-Keplerian orbit are



highlighted for each case study under consideration. It is important to note that, in this case, both sets of elements

(KEP and MEE) are important in the understanding of the NKO signatures in the presence of noise.

GEO

80 —Type 1 NKO - Out-of-plane displaced GEO

<10t 0 I e 5
’ 0

Y [km] 5 5 X kil %10

Fig. 8 GEO and NKO. Noise level case 1.

—GEO
40 f_Type 1 NKO - Out-of-plane displaced GEO

5

- X [km] %10

Fig. 9 GEO and NKO. Noise level case 2.

Table 3 Summary of the impact of noise on the NKO signatures.

Signatures

Issues

GEO and NKO are clearly defined from the
following (Cases 2-3 only):
« 3D orbits
GEO  Osculating inclination

a| (vertical-displacement analytical
approach)

GPS/SSO and NKO are clearly defined from
the following (Cases 2-3 only):

« Elements {i,Q,h,k}

a| (vertical-displacement analytical
approach)

GPS ‘
SSO

» Case 1istoo noisy
+ From {Q,,9} and all MEE, GEO and
NKO are not clearly defined

» Case 1 is too noisy

« From {®, 3}, GPS/SSO and NKO are not
clearly defined

» The magnitude of the in-plane MEE is too
small

» GPS/SSO and NKO are not clearly defined
from the 3D orbits

* |la|| can be used only if i and Q are
known.

V1. Conclusions

This note has presented a mapping between highly non-Keplerian orbit (NKO) geometry and classical orbital
elements for both the direct and inverse problem. Two sets of elements have been discussed which are the classical
Keplerian elements (KEP) and the modified equinoctial elements (MEE). The forward map has been derived in

closed, analytical form for a generic NKO, which is the so-called arbitrary-orientation model. Furthermore, a



A A

specific case, in which the NKO orbital plane is parallel to the X —Y plane (the so-called vertical-displacement
model), has been studied in detail and both direct and inverse mappings have been derived in closed, analytical
form. For the vertical-displacement model, it has been shown that the main drawback of using the KEP is due to the
piecewise formulation required for a forward mapping. The MEE, on the other hand, provide both a simple
formulation and have low sensitivity to uncertainties in both the forward and inverse mappings. For the arbitrary-
orientation model, it has been shown that both KEP and MEE are characterized by piecewise formulations. Three
test cases have been chosen that show a broad range of applicability of the maps. Using the same test cases, noise
has been added to the initial NKO elements to assess the impact on estimates of the classical orbital elements. It has
been demonstrated that, despite the noise, signatures exist that can provide a clear and reliable indication that a
spacecraft is being forced along an NKO. Both KEP and MEE have equal advantages and drawbacks in the case of
the arbitrary-orientation forward map in the presence of noise. Therefore, in order to clearly distinguish a Keplerian

orbit from a NKO using their orbital elements, it is important to look at: a) three-dimensional orbit; b) osculating i

and Q; ¢) osculating out-of-plane MEE h and k ; and d) magnitude of the thrust-induced acceleration. This can

provide an initial understanding for future, detailed analysis of optimal estimation using statistical filtering.
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