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Abstract

This paper faces the design of the trajectory of a tetheriomige Saturn. To reduce the hyperbolic excess
velocity at arrival to the planet, a gravity assist at Juggencluded. The Earth-to-Jupiter portion of the
transfer is unpropelled. The Jupiter-to-Saturn trajgchas two parts: a first coasting arc followed by a
second arc where a low thrust engine is switched on. An opétitin process provides the law of thrust
control that minimizes the velocity relative to Saturn aibwal, thus facilitating the tethered orbit insertion.

1. Introduction

The outer planets are of particular interest in terms of wiey can reveal about the origin and evolution of our solar
system. They are also local analogues for the many extea-ptanets that have been detected over the past twenty
years. The study of these planets furthers our comprehensiour neighbourhood and provides the foundations to
understand distant planetary systems. The giant plaredtisest have their own special place in our quest for leagnin
about our origins and our search for life, and robotic missiare essential tools for this scientific goal. As an example
exploring the moons dbaturn particularlyEnceladusis an important goal of planetary science, the more so fancée

of life outside the Earth. As a consequence, missions to ther lanets have been prioritized by NASA and ESA,
and this has resulted in important space projects for théioeagon of the Jupiter’s system, such as NASAs Europa
Clipper spacecraft and the ESA's Jupiter Icy Moons Explort.

The visit to the neighborhood of a Giant Planet (Ice or Gaglires that the & be decelerated and captured
by planets’ gravity upon arrival from an interplanetanjecory. In fact, insertion into orbit around any outer pan
is highly demanding in terms of propellant. Casgthiygens travelled to Saturn following/&V-VVEJGA trajectory.
Then, in order to capture the@ a Saturn Orbit Insertion (SOI) manoeuver was performék avbipropellant engine
which produced a velocity variation of 622srand burnt approximately 800 kg of fuef. The impact of an impulsive
Ol manoeuver on the mass budget and eventually on the sizevanall cost of the mission is high.

Note that no mission to Uranus or Neptune —similar to the @askiygens— has ever been undertaken due
to the prohibitive amount of propellant required in the Olmoauver. However, as regarding the scientific exploration
of Giant Planets, an interesting option can be found irBleetrodynamic Tethe{ET) concept. In particular, the bare
self-balanced electrodynamic tether conéepiuld play a significative role in this field because it makgmssible to
capture the & using a conductive tether.

When an ET is used for the capture, a paramount parameterdapiiure éiciency defined as the ratims,c/m,
that is, is the & -to-tether mass ratio. Whereas use of ET’s is readily ptes&r Jupitert® the case for the other three
Outer Giant Planets, Saturn, Uranus and Neptune, pressuss, basically because their magnetic self-fieid
grossly weaker (thefBciency of spacecraft capture with an ET goes dowB%s

But even the most distant planets can be visited exploitiegharacteristics of ET’s. Recently (see referéhce
the tether-assisted capture of a probe by Neptune has basideced showing that treapture ficiencycan be reach
values of the order of 12. This preliminary analysis shovet tising ET’s in a mission to Neptune provide similar
efficiencies than in Jupitor in Saturnt’
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The analysis carried out in this paper focuses on Saturrgrbirhportant part of it can be extended to the other
Giant Planets. Considering the Saturn case, however,liéthtive velocity between thgS and Saturn at the encounter
is suficiently decreased, the capture of the probe can be perfameercktliable way by using the electrodynamic drag
provided by the ET (see reference 17).

The ET concept open the door tar@nor missionto explore Saturn and its moons with masses below the ton
(the mass of the Cassikiuygens spacecraft at launch pad was about 5,600 kg). Tdtisfzkes easy the design of the
interplanetary trajectory that leads to the world of Satlura to the lower value of the launch enefgy The influence
of theC3 parameter on the maneuver has been studied in detail in @thenunication presented at this conferéfice
and in a previous papé?.

The benefit of decreasing hyperbolic excess velocity in tiewenter with Saturn turns out to be important for
several reasons. The present contribution is a feasilsilitsly of a strategy to minimize the hyperbolic excess speed
upon arrival at Saturn and thus the amount of propellantireqdor the SOI manoeuver, with a consequent larger
available payload mass fraction.

The analysis focuses on the combined use oftwatsavailable in interplanetary missions: 1) a gravity assist i
Jupiter, and 2) an optimization of a low thrust trajectoryret Saturn arrival. A more detailed analysis of some parts
of this paper can be found .

This article is the result of the jointtert of two research groups, at the Khalifa University andRioéytechnic
University of Madrid.

1.1 Proposed approach and preliminary results

Some preliminary solutions where calculated as a base
for further analysis for this work. In both cases, the mis- N g —
sion consisted in reaching Saturn performing a planetary zp0a203s
flyby around Jupiter, to increase the spacecraft's semi-
major axis and reduce the relative speed at the encounter
with Saturn. The two solutions presented were calcu-
lated with the MGA (multiple gravity assist) strategy;
no constraints were added to the computation, as the re-
sults were to be further processed in the following sec-
tions of this work. The planetary ephemerides were cal-
culated from the planets’ state vectors at a given time,
after removing out-of-plane components in order to ob- .
tain planar orbitsThe keplerian parameters are therefore Artualat Setum

affected by inaccuracies, and do not account for secu- 7 :

lar variations which, in a final analysis, should be taken ' k)
into account given the long times involved in the mission.
This will not affect the validity of the calculations carried
out subsequently, as they would only need to be corrected
with the real planetary ephemerides. The two solution oiffedin the way the cost function was formulated: in the
first case a global optimum solution is searched, accoufdinthe total cost of launch, maneuver and planetary cap-
ture; in the secondo case, only the maneumeis minimized, resulting in a free Jupiter flyby. The detaifstte
optimization process can be foundfh.

y [km]

Earth departure
19/07/2035

05

Figure 1: First optimized trajectory

1.2 First case: global optimization

In this case the global impulse
AVtot = AVigunch+ AVp + Voo 5

is optimized including the impulse, imparted in the Jupiter flyby. The current orbit sequencebisined with the
following Av’s:

(] AV|aunch =6.304 km’S,
e Avip = —0.3584 knjs (fired against the spacecraft’s speed);
* Vo5 = 14245 knijs.

The flyby has its close approach to Jupiter in 205871 km. Tallemmarizes the most significative parameters.
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Table 1: First trajectory (Figure 1)

Earth Jupiter Saturn

Transfer 1  Transfer 2

Encounter date
e
w (deg)
6 (rad)
a (km)
Hdepanu re(rad)

Oarrival (rad)
AT (years)

J07/2035 2804/2038 26102047
0.01136 0.04589 0.05377
130.100 11.4535 92.003

3.0177 1.9407 3.185
1.5194e08 7.7453e08  1.425e09

3.1399
2.78

0.6729
302.745

0.00445

0.3246
96.2015

0.46159
3.1117
9.50

Table 2: Second trajectory (Figure 2)

Earth Jupiter Saturn

Transfer 1  Transfer2 Flyby Orbit

Encounter date
e
w (deg)
0 (rad)
a (km)
Odeparture(rad)
Barrival (rad)
AT (years)
re (km)

¥302037 23032040 1902/2047
0.01136 0.04589 0.05377
130.100 11.4535 92.003
4.1776 2.8938 3.0540
1.5194e08 7.7453e08  1.425e09
0.07414
3.0027
2.44

/

0.6880
5.2134

1

3.1121

0.4553
88.6728

1.6851
147.244

.54606 /

/

/
2.7072e06

6.91
/

1.3 Second case: pure flyby

In this casevip = 0. The current orbit sequence is ob-
tained with the followingAv’s:

L J AV]aunchZ 6.435 le)'S;

& dupiter fiyby
23/03/2040

o Avip = 6.08-1012kmys;

y [km]

* Voos = 2.2102 knfs.

Table 2 summarizes the most significative parameters.
A few basic concepts can be extrapolated from the

previous examples. First of all, when implementing a

global optimization technique we obtain the best result

Earth departure
913/10/2037

o
Arrival at Saturn
19/02/2047

in terms of totalAv, but it is not possible to control each
one of the terms that add up to the total impulse: this
results in a quite highivs,, which would require a con-
siderable fuel consumption. When optimizing the global
Av the algorithm stabilizes on a solution that is very close
to performing two Homann'’s transfer orbits, with the true

L
0.5

anomalyd going from values close to 0 at departure time to values dtmsaevhen approaching the destination: this is
only feasible with the additional degree of freedom giverthm® maneuver at the pericenter of the flyby orbit. In the
second case, the flyby maneuver is reduced to near-zero nedukting in a free flyby; as a consequence, there is no

.
15
x10°

. .
0 05
x [km]

Figure 2: Second optimized trajectory

a priori control overAviaunch andve s. As far as the first term is concerned, the user will need to@the solutions
in order to find those that grant®iaunch COmpatible with available launcher technology. Mags usually falls in the

range [23] km/s, depending on the real positions of departure and arriuatal the planets’ ellipticity. The maneuver

2The perigee argument of the flyby orbit is to be intended asittuge measured from Jupiter’s transversal velocity corapband the position

of the pericenter of the hyperbolic flyby orbit.
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in Jupiter apparently looks beneficial for the final encoumtigh Saturn, lowering the hyperbolic excess velocity to
Veo,s = 1.4245 knjs, which is better than what can usually be accomplishedavghre flyby, but still sffers the high
costs required by the maneuver. Tests were run to try to fiagdtution with the lowest hyperbolic excess speed at
Saturn’s sphere of influence; the best results obtained arenndv., s = 1.3 knys, at the expenses of more intense
maneuvers in the other phases of the mission: this meansrttatler to reduce the relative velocity at the encounter
with Saturn, other strategies need to be implemented.

2. Optimizing the Capture with Low Thrust

In this section the results of the analysis conducted upitopbint will be summarized and perfected. The Cassini
Mission reached Saturn with a hyperbolic excess speed, &f 5.6 knys and, to have the spacecraft captured in the
sphere of influence of the planetAa = 622 nys was necessary; this required a consumption of 800 kg offiesp;
which had a severe impact on the mass budget of the missioredMer, the spacecraft was put onto a highly elliptic
orbit around Saturn, and several subsequent flybys of Satmwons were necessary to lower the semimajor axis of
the orbit and to circularize &.

Since the energy of the hyperbolic orbit entering Sat-
urn’s sphere of influence is directly proportional to the pa-
rametercs = V2, reducing the relative speed means facilitat-
ing the capture maneuver. In order to ddowa-thrusted arc
will be inserted in the transfer orbit from Jupiter to Saturn
the low thrust will be provided by an electric thruster; the
main parameters involved will be:

o the acceleration provided by the thruster
¢ the orientation anglg of the thrust vector

o the time during which the thruster is turned Bg,

¢ the delay times to be waited from the departure from
Jupiter before turning on the thruster

The parameters will be chosen according to the perfor- Figure 3: Comoving orbital frame of reference
mances of dferent types of electric thrusters available on
the market (ion thrusters, Hallfect thrusters...) based on the best fitting parametersnaatéiy the simulations.

2.1 Dimensionless Gaussian Planetary Equations

The method implemented to integrate the motion of the spafteadong the thrusted arc will be integrating tBaus-
sian Planetary Equation&PE). It is necessary to point out that applying a thrusteda an extended period of time
makes it impossible to work with classical Keplerian orbitse spacecraft is subject to non-conservative forces (the
thrust) and Keplerian theory does not apply. During its motilong the thrusted arc the spacecraft will occupy, at
each instant, a specific position in spdogith a certain velocity; knowing the state vector allows to calculate the
Keplerian parameters of th¢@in that specific instantthe osculating parametenghich correspond to thesculating
orbit.

Most of the Keplerian parameters involved in the GPE are dsioaless, others, like the semimajor axjsare
not. The calculations would require several operationgdeh dimensionless parameters, usually close to unit value
and parameters with values that are several orders of malgnitigher than unity (all the parameters that express a
length). The best way to approach the integration is theedfy using dimensionless variables: from now on, plain
variables will be intended as dimensionless, while vadahlith a hat will represent variables with the respective
dimensions. The procedure follows from the selection ofedesiengthag:

length:ag=L — a=apa

time: wo = ‘/% = 7 =wof

velocity: Vo = agwo = V= vV

accelerationag = aow3 = @ = aga
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e angular momenth = adwoh
Dimensionless parameters likandé will be left unchanged. We introduce the dimensionlessipatary:

X:1+ecos9:Fp

and point out the relatioh= +/p, that can be proved by:

ﬁz A 40.)2
b= T ap—n= s
With these considerations, the dimensionless GPE assuaferth:
dQ /P sin(6 + w)
—_ = — Q7
dr X  sini
1)\ . -
d—w = ﬂ {—cos@ax + (1+ —)smeay— g cotisin(0+ w)az}
dr e X X
ﬂ = ﬂcos(0+w)az
dr X
da a2, .
E = ﬁ {eSII’IQa/X +Xay}
de . 1 e
— = 0 1+-— O+ —
= \/_p{sm ay + ( +)()CO +)( ay}
o  x* P 1)\ .
& W+? coYax — 1+; sinfay

In these equationsy,ay,a7) are the components of the nondimensional thrust accilariat the orbital frame (see
figure 3). The orbital frame moves with the satellite, witl #haxis along the orbital radius and thexis parallel to
the angular momentum. Those components are:

ax = asing
ay = aCoB
az = 0

At this point, a few last steps can be taken to simplify theatigms. First of all, in the hypothesis of working
with planar orbits, there will be no need to provide an ouplaine component of the acceleration, which implies: 0
eliminating a few of the terms. It can be noticed that bothgheameter$2 andi depend entirely or;: this means
that the first two equations can be removed from the compuiagince the two parameters involved do not play any
role. It will prove to be convenient to work with two alteregiarameters: the longitutie 6+ w will be substituted to
w and the semiparametpr= a(1 - %) will be substituted te. While the derivative of the longitude can be calculated
adding the two GPE fof andw, the derivative of the semiparameter needs to be calcullatedgh the chain rule:

dp da de
E = E(l—ez)—zaea

For each step of the integration the eccentricity can bevééfroma andp: e= /1— g. We finally get to the final
form of the four GPE that will be used to describe the dynamics

d—a = 28" {esinea + ya }

dr % X y

dp B p3/2

dr 2 X @

de ¥> P 1)\ .

E = W ? COS@ax— l+; S|neay
d %

& T e
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Table 3: Transfer orbit

Transfer orbit

e 0455335 a 0.6873765
i 0.0 Odeparure(rad)  1.546061
w(deg) 88.6728 famva (rad)  3.112125
o) / AT 1.365526

From the point of view of the analysis the values
of the Keplerian elements({, ps) of the final osculating
orbit play an important role. In fact, we will use the fol-

lowing dimensionless version of them: sl ag is not reached
as P+
§=—, n=_— 1)
as as

whereag is the semimajor axis of the Saturn’s orbit.
In this analysis there is a curve in the plagen]

ag is reached

— theTI curve— that plays a very important role. 0sr
1 curve
r:2-Z-7=0 . | | _——
é: 0 0.5 1 15 2 25 3

This curve is the locus of points that correspond to an
orbit that has its apogee on Saturn’s orbit; all the points
below the curve correspond to orbits that intersect Sat-
urn’s orbit, while those lying above correspond to orbits
that do not.

Figure 4: Thd" curve for planets circular orbits

3. Implementation and Results

In this section we will summarize the results obtained in aoalysis applying the same optimization technique de-
scribed in other communication of our grotfbThe basic rule used in the optimization process is as followsn
each point of the trajectory the angleg is selected in such a way that the final hyperbolic excess velty at arrival

to Saturn is decreasedFor the sake of brevity the details of the optimization gsswill be omitted. The interested
reader can found the complete analysis8in.

The orbital design considered involves a free flyby
around Jupiter; the parameter chosen as length scale is, -
the heliocentric radius of the intersection point between
Saturn and the transfer orbaiy = f. This choice proves
to be dficient because it reduces all length quantities to 15|
values lower than 1, and with= 1 the parameterg (i)
and @,y) result numerically equal to the dimensionless
values of &s, ps) and @s, ps) respectively, avoiding ad- = 1
ditional manipulation. The Gaussian Planetary Equations
will be solved using MATLAB®/ Simulink implement-
ing the Runge-Kutta(4,5) method (ode45). In the simula- o5
tion, the thrust appears in the form of a square wave with N
amplitude equal to the acceleration in the time interval
while the thruster is on, and equal to zero when turned °; 08 L s 5 oo N
off; the simulation terminates when the orbital radius of ¢
the transfer orbit reaches= 1. The dimensionless pa-
rameters of the transfer orbit are summarized in table 3.

As mentioned previously, there are four main dé=igure 5: Evolution along thet(n) plane withe = 0.3 and
sign drivers in the optimization process;3, Ty ands.  Tthr = S years
The angles can be derived from the optimal control law,

T

0;, =0.0553

o =0.0059
out

Transfer Orbit
(&) path




[dimensionless]

tot

T

Tmt [years]
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and is therefore defined in every circumstance. This anghelependent from the acceleratiemprovided: intuitively,
this means that the acceleration does rifgtci the path that joins flerent points on the£(r) plane, but only the time
it requires the thruster to cover that path. In each of théyara presented the anglevas calculated in order to reach
tangency condition first, at to move along fheurve subsequently. Figure 5 shows an example of the ewalofithe
transfer orbit in the4,n) plane.

Optimal choices for a, Tinr and 6: Several simulations were run with a variety of values forheparameter:
the purpose is to identify significant correlations amorgypghrameters and optimal values for the implementation of
the method that are not evident from a first mathematicalamsalThe test values for the accelerationa@re][0.2,0.4]
which correspond, for a spacecraft with a mass of 1000 kg,thoust that falls in the rangg € [10,25] mN; these
values were chosen based on the performances of a varieiy tiriusters and hallfeect thrusters currently available
on the markét* so that the thruster’s power requirement would not exceedhiticative value of 400 W, which can be
provided through RTG’s. The values fog,, correspond to several years of activity, as electric tiemsatsually have a
life expectancy of above 2 yeats Hypothetically, should a thruster requirda, longer than its own estimated life,
more thrusters can be utilized in sequence to provide thvhieh the firs one(s) cease to function, as electric thrusters
have a very low impact on the mass budget of the mission.

In what follows we present three runs of simulations:

e simulations with constanf,
e simulations with constant
e simulations with optimal values &f(in the next section)

Simulations with constantTy,,. Several simulations were run assumagonstant value forTy,, = 2.5 years.
The independent variable in the plots is the delay maurves are given for éierent values of.

17

0.04

165

a=0.20
a =025
0.03 F a=0.30( 4

16r

155

2
15F & 002

g
IS
a

0.01

1.4r

1.35

0 0.2 0.4 0.6 0.8 1 1.2 0

, , , , ,
cr ) 0 0.2 0.4 0.6 0.8 1 1.2
¢ [dimensionless]

¢ [dimensionless]

2
o= g'ig =020
«a =0,
a=0.25
: b 15 a=0.30] |
’ —a=0.35
a=0.40
@
g
= 1
>
<
0.5
0 , , , , , ,
7 0 1 2 3 4 5 6 7
4 [years] 4 [years]

Figure 6: (Left): Total time of flight for dferent values of anda. (Right): v., for different values of anda

As it can be seen from the graphs a higher thrust results inéhrower relative speed at the encounter. As
a downside, a higher thrust implies a higher total flight timg it can be visualized in fig. 6 (left part). There is an
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optimal choice for the delay tim& In effect, looking at fig. 6 (right part), it can be noted titfa¢ minimum relative
velocity for each curve is reached when the thruster is turnd on exactly 2.5 years before the end of the total
fight time. This means that the optimal position for the thrusted aat the exact end of the transfer orbit.
Simulations with constanta. In this second set of simulations, the acceleration paterhas been kept constant
to a = 0.3, while the time of thrusTy, is the parameter that changes in thffatient curves. Again the independent
variable is the delay timé.

18

0.035
T =25Ys 003 Ty =25Ys
Tine =2875ys i T, =2875ys /
L7 Tihe =325y 0.025 Ty =325ys | |
Tine =3:625ys T, =3625ys
T =40ys 5 002 T =40ys |
1.6 5
® 0015 8
15l 0.01 8
0.005 B
14 , , , , . 0 . . i T .
0 0.2 0.4 0.6 0.8 1 12 0 0.2 0.4 0.6 0.8 1 12
¢ [dimensionless] J [dimensionless]
9 2
Tlhr =25ys T =25ys
Ty =2875Yys Ty =2875ys
85F Ty =325ys T =325ys |
Ty = 3.625ys - Ty =3625ys
T =40ys E T‘hr =4.0ys
8L i~ il
>
<
751 7
7 0
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

4 [years] 4 [years]

Figure 7: (Left): Total time of flight for dterent values of andTy,,.  (Right): v, for different values of and Ty,

In this case as well, the behavior of the curves is qualgstigimilar: increasing i, allows to reduce the.,,
at the expenses of a higher total flight time, as it can be seég.i 7 (left part). Once more, looking at fig. 7 (right
part) the optimal value for the dela@yappears to be the one consisting in placing the thrustedt @ine &xact end of
the transfer orbit. One interesting observation aboutlesst charts is the fact that for valuessuficiently high, the
curves at dferentTy,, overlap: this makes sense because when the thruster islitonnéor example, 2.5 years before
reaching Saturn’s altitude, the integration is nfi¢eted by how long the thruster can keep working, and will stoge
the conditiorr = 1 is reached, regardless of how long the thruster could lngtiotlly keep working.

4. Simulations with optimal § values

The analysis of the previous section shows that:

o the optimal location of the thrusted arc is at the end of thedfer orbit, regardless of the other parameters
involved

o for each pair of values oty Ty,) there is an optimal value &f, namelys*(a, Tir), for which thevs, is minimum

In this section the degree of freedom associated withremoved. Thus, for each combination of parameters
(a, Tinr), the value ob considered is

0= 6* (Q’, Tthf)
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Table 4: Parameters of the regression line (all data points)

m q R Tthrmax (YS)
a=020 -0.32317 2.13741 0.99834 6.614
a=025 -0.41143 2.13307 0.99903 5.185
a=030 -0.51230 2.15437 0.99957 4.205
a=035 -0.60861 2.16363 0.99975 3.555
a=040 -0.70551 2.17328 0.99989 3.080

in order to reach the minimum,, of each curve. The curves provide the relative veloeityas function of the thrust
time, for different values of the acceleration, and can be visualized.i8fia

The curves are not drawn for the entire domain as
the variableTy,, needed to be discretized due to the high
non-linearity of the problem and the insurgence of some
numerical instability around,, — 0. 15

Figure 8 shows that,, appears to have a quas
linear dependance from the time of thrdsg,. A re-
gression analysis is conducted to verify the accuracy with
which the curves could be approximated by a straight line
having the equation: 05

i,
@
S
=

Voo =M:-Tinr +0

The parametd®? visualized in the table 4 is called dtie oot 2 2s 8 8 4 48
cient of determination and represents the reliability with
which the actual curve can be approximated by the re-
gression line: the best result is obtained wh&n= 1.
Moreover, from the equation of the regression line, weFigure 8:v., as function ofTy, for different values o
can extrapolate the value ®fnmax Which is the time of

thrust that needs to be provided to, hypothetically, rebelbest condition,, = 0.

2 2

a=0.20 Z
18 = j N ——a=020] |
a=025 18 =025

a=0.30

J =030
1.6 \ ——a=035 1.6 N ——a=035] ]
=040

1.4 N\ 1 14 =040} |
120 O\ N : 121 i
L i WL |

0.8

[km/s]
[km/s]

Vint
Vlnf

0.8

0.6 0.6

0.4 r N\ b 0.4+

02 N\ . 02
o ! \ ! . ! o | ) | | |
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Ty years] T, years]

Figure 9: (Left): Regression line (all data points). (RigiRegression line (last 5 data points).

As it can be visualized in fig. 9 (left part), there is a bettencurrence between curve and regression line for
higher values ofr, but only because they were calculated for a smaller numibdaita points closer to the respective
value of Tirmax A better estimate can be calculated utilizing, for eaclveponly the last five data points, obtaining
a regression line that approximates the slope of the curie fhal end (fig. 9 right part). New simulations were run
adopting, for each value of the acceleration, Tagmax Values extrapolated from fig. 9 (right part): the results are
visualized in fig. 10, where the, is plotted versus the delay tinde The best results, expressed in the table 6, show
that thev., has been reduced by an additional order of magnitude, dowadtes of 10 n/s. The results calculated from
the extrapolated data fdfnr max do not produce,, = 0 yet, meaning that there are errors that are implicit withi
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Table 5: Parameters of the regression line (last 5 datag)oint

m q R Tthrmax (YS)
a=0.20 -0.29024 2.00037 0.99991 6.892
a=025 -0.38258 2.01401 0.99998 5.264
a=030 -0.49077 2.08275 0.99980 4,244
a=035 -0.59212 2.11564 0.99993 3.573
a=040 -0.69587 2.14922 0.99995 3.089

Table 6:v., versuss with optimal value forT max

Tthrmax (YS)  Veo,min (MV/S)

a=0.20 6.892 59.50
a=0.25 5.264 11.83
a =030 4.244 11.72
a =035 3.573 11.68
a =040 3.089 11.67

approximation, but with further iterations and more datasoan exact final result could theoretically be calculated
Nevertheless, the results provided are already very gotiteiperspective of minimizing the relative velocity, and ar
only afected by the limitations given by the life expectancy of edattric thrusters.

2~

a=0.20
a=0.25
a=0.30
a=0.35
a=0.40

18r

16

141

12k

1f

Av [km/s]

0.8

0.6

04

0.2r

4 [years]

Figure 10:v,, versuss with optimal value forT max

5. Orbital Design of the Mission

In this section the theory and the results developed so flhb@iused to obtain a preliminar design of a mission to
Saturn. The parameters selected for this initial desighneil be speculative, but chosen from state-of-the-artgsec
of technology to evaluate the feasibility of the mission @adostoutcome ratio.The total mass of the spacecraft will
be assumed to be 1000 kg, while the initial orbital desighlralthat presented in table 3 involving a pure flyby around
Jupiter

As part of this initial design, appropriate values shouldsk&ected for the parametetsand Ty,,. The best
way to provide for the thruster’'s and the satellite’s poweeds throughout the mission is given Badioisotope
Thermoelectrical Generators (RTG’sAssuming to install two RTG’s to supply for the thruster ahd satellite’s
other needs, a good choice would imply a power requiremeB806f400 W maximum. The models of RTG’s used
in both the Galileo and Cassini missions would bffisient for this mission. The appropriate thruster needsfoes
to be picked in order to require a total power consumptiohiatches the capabilities of the RTG’s. An interesting
and newer model is the PPK00 currently being developed at Safran: this Hall thrustdseing designed to work

10
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Table 7: Transfer orbit from Jupiter to Saturn

Transfer orbit
Jupiter Flyby 0#03/2040 Arrival at Saturn 268/2047

e 0.455335 a (km) 1.0319469€09
 (deg) 87.4732 AT (ys) 7.47279

within the power range of [200,1000] W to meet a variety offpenance requirements; the optimal design point is at
650 W, providing 40 mN of thrust with arficiency equal to that of the best state-of-the-art modeldadbial® The
PPSX00 is expected to be available on the market by 2820.

From the operating envelope of this thruster it is
possible to obtain an estimate of the thrust available with
our problem constraints. This thruster can be used for
the mission, with a power input of 300 W, a thrust out-
put of 19 mN and a specific impulse of 1150 s, as we 1
are interested in maximizing the thrugthis leads to the
definition of the acceleratiom = 0.3228 which falls in
the range of parameters previously investigated. As for
the choice ofTy, we assume to use only one thruster, _
therefore a total functioning time of 2.5 yeérs of / aosnosc 1

For the sake of brevity we omit here the selection
of the launch windows and other details that, if desired,
can be consulted in the referendeWe present the final
orbit obtained from the theory carried out in the previous
pages. The parameters of the transfer orbit from Jupiter |
to Saturn are summarized in table 7.

The thruster is turned on aftef = 0.98139= S
4.97065 years: with the engine working continuously for ~ *°| rival at Sahum
2.5 years.The final trajectory can be visualized in fig. 11, 2010812047
where the green transfer trajectory is the hypothetical so- 15 1 s 0 05 15
lution to Lambert’s problem than connects Jupiter and X fkm] x10°
Saturn in the same time, but without the thrusted arc.

The orbit with the thrusted ardi@rs a better solu- x10° ‘ ‘ ‘ ‘
tion to the problem of approaching Saturn, as it can be ™[ Samonit | |
seen from the figure, because it is tangent to Saturn’s, 4| ey B
orbit at the intersection point, while the normal trans-
fer orbit is not. The orbit in green reaches Saturn with 149 P~
Veo = 2.12135 knfs, while with the final design forthe € | T—
thrusted orbit the hyperbolic excess speed is reduced to: -

-1.51 b

x10°
7 .

Earth Orbit
Jupiter Orbit
Saturn Orbit
Transfer Orbit 1
Transfer Orbit 2
Thrusted Orbit | 7
—=+=Thrusted Arc

0.5

y [km]

-0.5

i

Voo ~ 0.757 kny's

-1.52 - b

6. Capture 10 5 0 5
X [km] %107

In the previous sections, the aim was to reduce the rel-
ative speed between the spacecraft and Saturn at the en-
counter. In this section we want to describe, very suc-
cinctly, de real benefits of this design, which consist inireaghe capture procedure of the spacecraft into Saturn’s
gravity field. To avoid further propellant consumption tlapture will be performed by a bare electrodynamic tether
(EDT); the study of feasibility carried out in the followimpgges will follow the procedures outlined by E. C. Lorenzini
and J. R. Sanmartin in referenée%:10-17

The current induced on the tether is the so called orbitaiandimited current om. This currentis limited the
tether’s short circuit valuecEnA and is a function of a characteristic lendtk,, which gauges ohmicfiects on the

Figure 11: Final transfer orbit with thrusted arc
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bare tethet? The expression folte is:1°

4 26EnL
éeNE_pichh ,/7'1 N — roEmA

where the following terms are involved: € me, Ne: electron charge, mass and density in the plasma enviranmen
respectively, ii)p: perimeter of the tether, iiiA: cross section of the tether, and ir}: electric conductivity of the
tether.

Since it is more convenient to obtain lower values gk, the preferable shape of the tether is that of a tape
of width w and thicknes#, to reduce the ratié\/p. For a thicknes# that's negligible compared to the width, the
expression above reduces'to:

4  2wlen [2€Enlen h2/3gl/3
ée’\b x Mo :UcEmWh:> Lch(xw

ThelowmL current can be calculated through a length-averaged dwaérei,,: 1’

lome _; (L)
ocEmwh '\ Len

where smali,, correspond to negligible ohmidfects and,, ~ 1 to dominant ohmic ffects. The value ofyy is a
function ofL/L¢n, with L being the actual tether length

The capture operation performed by an ET strongly dependseoplanetary space environment, namely on the
magnetic fieldB and the electron density of the ambient plaskaa The magnetic field in Saturn es well known.
However, the plasma environment around Saturn in extrediegrse and articulated: it is therefore complicated to
provide a model that describ&& with precision. The most detailed and up-to-date infororatf Saturn’s plasma
ambient come from the observations of the spacecraft Ga&sBiortunately, the data permit to assure that the values of
the averaged curreiy, will be close to unity for a wide range of plasma densities.

In order to dfectively perform a planetary capture, the Lorentz drag a¢edbe able to perform a woil/y| to
reduce the eccentricity from a hyperbolic vakye> 1 to an elliptic valuese < 1. This work is:

2

Ve, en—€e [Wal Msic en—ee
Wyl = Ms/c -2 - - - :
Wal=Msic o1 " m2/2- m  en-1

The rearranged expression on the right hand side is patlgulseful because it reduces the problem to a limited
number of dimensionless ciieients:

Ms,c
Mk

. % . it depends on the eccentricities before and after the a@whgec;e, is usually known and very close to

1:e_h—1—>0;

. . itis the ratio between the spacecraft’'s mass and the tethss;

[Wal

mV2, /2
spacecraft’s trajectory.

. it is the dimensionless drag work, and summarizes all theathyc dfects of the drag force on the

The work|Wg| takes the following nondimensional valWég,, for a retrograde orbit:
® (ry +rodre
1 réVr -1

Assuming the periapse to be very close to the surface of iSanat the hyperbolic excess speed to be that of a non-
thrusted transfer orbit after a Jupiter flyby & Rs andv., ~ 2.5) leads to:

;=2I’KA8/3 '<iav>

en—€ Msic
-1
At periapse, the characteristic lengthLig ~ 26 km; designing the tether to be 52 km long leads e 0.5 at periapse,

where the magnetic field is at its strongest value. Assunisa as in first approximation, that the final orbit be exactly
parabolic & = 1) provides:

=< ia\/ > '6.13

M
25 o3
my

12
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which is comparable to the values for a Jupiter applicatioRor a spacecraft mass of 1000 kg this leads to a tether
massm, = 333 kg, which in the case of aluminium provides: 24 cm forh = 102 mm.

We want now to analyse the possible benefits of reducing therdplic excess speed in comparison to the results that
have previously been calculatedlihthe dependance from, is clear in the expression de”gz. A lower v, results in

a value for the eccentricity that will be closer to unity; sifieally, maintaining in both cases the hypothesiss Rs

we obtaine! = 1.009930 forvl, = 2.5 knys ande!! = 1.001589 forv!l, = 1 knys. The reference valug, = 1 knys has

been chosen for a conservative analysis, even though titeveespeed, as has been shown previously, can be deduced
to a lower value. We assume that none of the parameters edalange besides the dimensions of the tdthrdw:

as a result of this assumption, the characteristic lehgitstays unchanged as well as the result of the integral in the
expression folV*, which was calculated with the hypothesis of the orbits tb@arabolic.

Reducing the tether massmy is definitely of great
interest for the entire mission: assuming to have a con- :
stant space maddg,c in both cases, a lower tether mass
allows a higher mass fraction to be utilized for payload.
The two parameters that are object of the optimizationare ;|
length and width; the thickness is kept constant as well
as the material density. The calculations from previous o7f
sections remain valid, providing a characteristic length
of Leh = 26 km at periapse. We want the tether to be at
most as long as it is in the first case analyzed (52 km), butz ;-
preferably shorter to be in the range whereitheurrent =
is a linear function of the ratia/Lcn, which in the case o4r
of a constant characteristic length translates igtoc |.
In this analysis we assume that the final orbit be barely 2T
elliptical (e. — 1) so that the eccentricity ratios equal 1. ,|

0.9

0.6

k=25

These considerations result in: =437
01h Kk =6.25
mg |II 2;26125
=k 0 ‘ ‘ s s s s s s s
rn[ | 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

|“ / II
wherex = 6.25 is the squared ratio between the hyper-
bolic excess speeds in the first and second case:

Vil 2

(o)
K=o

Veo

Expressing the tether massras= plwh leads to the ultimate:

w1112
W (T') =1
which can be interpreted as follows: in the case with a redinggerbolic excess velocity, the capture is performed
equivalently by an electrodynamic tether that times narrowery!' = kw'') or v times shorterl{ = vkI"'). Combi-
nation of the two are also possible, reducing both the dimmassfollowing the plots in fig. 12 obtained reformulating
the last equation.

With the massm being directly proportional to bottv andl, the best solution to reduce the total tether mass
would be that consisting in leaving the length unchangedraddcing the width by a factor. Unfortunately, with
the tether width being of the order of magnitude of centimgetié might not be safe to scale it down so much without
risking the rupture of the tether. In this circumstance,lidth can be reduced to the minimum safe value, while a
fraction ofx can be 'implemented’ in a reduction of the tether length

Figure 12:w'! /w! versud'! /' for differentx values

7. Conclusion and future works

This paper present the initial design of a tether missioretm®. It is important to highlight the following aspects of
the mission that is proposed:

e itis a small mission involving a global mass of the order dd@8g, much lower than the mass of th/€®f the
CassiniHuygens.

13
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e it considers a flyby around Jupiter

e it incorporates a low thrust engine which provides a thmatein the final part of the trajectoryThis thrusted
arc permit to decrease the hyperbolic excess velagity at arrival to Saturn to values lower than 1 fam

e the capture is carried out by a bare electrodynamic tethee. [dw values oW, s allow improve the design of
the tether reducing, basically, its mass, and making roarifmer payloads.

Obviously there are many aspects that must be consideredmesplanetary mission like this one. In the future
many parts of this analysis will be improved and modified idesrto get a more solid and well-founded proposal.

One of the future works is to improve the tether design, ifgials, to visit some moons of the Saturn following
the trail of the analysis performed fA.
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