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In this paper, control issues for science orbits about planetary satellites are investigated. The science orbits have
low altitudes, near-polar inclinations, and follow the stable and unstable manifolds of frozen orbits. The effect of orbit
uncertainty caused by initial position errors is studied, and criteria are identified to ensure the desired behavior for
the orbits. Two schemes to control a planetary satellite orbiter are developed as follows: 1) given the terminal
conditions of a science orbit, redesign a new science orbit and execute a low-cost transfer to it, and 2) return the
spacecraft to its nominal trajectory via a two-sequence set of maneuvers. In the first scheme, the method used is a two-
maneuver transfer that is optimized for the smallest total Av. The resulting steady-state costs for transfers of orbits
about Europa are on the order of 30 cm/s/day, corresponding to two maneuvers of 16 m/s each. For the second
scheme, Monte Carlo analysis is used to determine the effect of initial position errors, with results showing that if the
initial trajectory is biased correctly, initial position errors do not significantly affect the trajectory. A two-maneuver
Hohmann transfer is designed to return the spacecraft to the nominal trajectory if needed, with costs on the order of

1 m/s for Europa.

Introduction

HE exploration of planetary satellites by robotic spacecraft is

currently of strong scientific interest. One of the challenges of
planning such a mission is the design of the science orbit, which is the
orbit where the acquisition of scientific data takes place. Science
orbits for missions to planetary satellites have, in general, low
altitudes and near-polar inclinations so that the entire surface can be
mapped, and the science requirements of the mission can be
accomplished. These requirements may include imaging the surface,
determining its composition, and measuring features of the planetary
satellite such as the gravity field and the radiation environment.
However, designing such an orbit can be very difficult because the
dynamical environment of many planetary satellites is highly
perturbed with respect to an integrable two-body system due to their
proximity to their central planet. One such example is Jupiter’s moon
Europa, which has been the subject of a few proposed missions in
recent years.

The analysis of the dynamics governing the motion of a spacecraft
in the vicinity of a planetary satellite has been extensively studied.
One of the primary methods of this analysis is averaging, a technique
which approximates the system by reducing the degrees of freedom,
allowing for analytic studies [1-4]. Once the dynamics of such
systems are better understood, the design of science orbits is
possible. When designing these orbits, the main goal is to find
trajectories that have long lifetimes and that satisfy the criteria
described above. The long lifetime condition is important, even if the
science phase of a mission to a planetary satellite is not going to be
very long. This is because it is necessary to ensure that even if a
maneuver failure occurs, the spacecraft would not immediately
impact with the planetary satellite or leave the region. Itis possible to
design science orbits using techniques other than averaging such as
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the computation of periodic orbits, as in [5]. However, for the results
in this paper, we build on the results in [6], where long lifetime
science orbits are designed using the results from averaging analysis.

There are different ways to approach the problem of the control of
science orbits. What would seem to be the simplest is using constant
thrust to keep the orbital elements frozen. However, analysis of the
cost of using a technique such as this shows that the cost of using a
constant thrust is prohibitively large and is not practical for a mission
[7]. The types of control thrust evaluated were both thrust in the
purely radial direction and thrust in the purely transverse direction
and the required costs were found to range from 10 to 100 m/s/day.
Thus in this paper we investigate the use of impulsive maneuvers to
guide the spacecraft back to a nominal trajectory.

The first technique considered is to allow the orbit to evolve from
its initial point at the minimum eccentricity location [7] on the stable
manifold to the minimum eccentricity point on the unstable
manifold. The minimum eccentricity locations are points on the
stable and unstable manifold where the eccentricity reaches a
minimum on either side of the frozen orbit. Then, two maneuvers are
performed to reset the orbit back to the stable manifold. Instead of
requiring that the spacecraft return to the same initial point, some of
its current characteristics such as the radius of periapsis and
inclination are used to design a new long lifetime orbit. Finally, the
two maneuvers are optimized for the lowest cost transfer to the new
target. The ideal transfer is a circularization maneuver followed by a
maneuver to increase the eccentricity at a location on the transfer
orbit that would set the argument of periapsis appropriately. That
sequence is used as a starting guess for the optimization routine that
optimizes over the total cost of both transfer maneuvers. We find that
the cost to do both maneuvers is fairly low (on the order of
30 cm/s/day for Europa) and is practical for a real mission.

The second control issue discussed is correcting the spacecraft’s
position on the designed long lifetime trajectory if it drifts too far
away. Monte Carlo analysis of trajectories with initial errors shows
that errors within the range of uncertainty for a mission to Europa [8]
can cause the trajectory to follow the wrong manifold path. Because
initial errors in the spacecraft’s position can destroy the long lifetime
properties of the trajectory, it is important to determine ways to get
the spacecraft back on the correct orbit with a relatively low cost. We
show that if the erroneous trajectory is integrated along with the
correct trajectory for several days and then a sequence of maneuvers
is designed to place the spacecraft at the correct location
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Fig. 1 Geometry of the Europa orbiter model.

corresponding to the time of the correction, the cost of the correction
is very low. The transfer is a two-maneuver sequence, optimized for
the total cost. The ideal transfer is a Hohmann-type transfer between
two elliptic orbits and this is used as the initial guess of the
optimization. This technique results in costs of less than 1 m/s (for
Europa) for corrections done up to 10 days after the initial time and is
a realistic technique for a real mission.

Background

In this section, some background information necessary for the
remainder of the results is presented. This information is discussed in
detail in [6], and so only a summary is presented here. However, the
concepts are key to this paper and thus must be restated.

Definition of the System

The physical situation we consider consists of a spacecraft in orbit
about a planetary satellite which is in turn in orbit about a planet (see
Fig. 1). In particular, we consider a spacecraft orbiting Jupiter’s
moon Europa. We include the first-order perturbing effect of the
planet’s gravity on the planetary satellite, as well as the J,, C,,, and
J3 gravity effects of the planetary satellite. Those three terms from
Europa’s gravity field are included because they have been found to
strongly affect the dynamics being considered in this analysis and the
orbit lifetimes. Note that when including C,,, we assume that
Europa’s rotation rate about its maximum moment of inertia is
synchronous with its orbit rate and that its axis with the minimum
moment of inertia is aligned with the Jupiter—Europa line. The
numerical values for the parameters used in this paper are presented
in Table 1.

The perturbing potential is the addition of the four contributing
perturbations [9,10]:
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This potential corresponds to a modified form of Hill’s three-body
problem, incorporating gravity coefficients for the central attracting
body. The general equations of motion for a system in this form are

Table 1 Parameters of Europa

Parameter Symbol Value
Europa radius Rg 1560.8 km
Europa orbital period T 3.55 days
Europa orbit rate N 2.05 x 107 rad/s
Europa gravitational parameter u 3.201 x 10% km?/s?
Nondimensional Europa J, Jy/R%: 4.2749 x 10~
Nondimensional Europa C, * Cy/R% 1.2847 x 10*
Nondimensional Europa J; # J3/Ry 1.3784 x 107*

“Values obtained from John Aiello, personal communication, August 2004.
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where x is measured along the line from the planet to the planetary
satellite, r is the orbital radius from the center of the planetary
satellite, and N and pu are the orbit angular rate and gravitational
parameter, respectively, of the planetary satellite. Equations (2—4)
with the potential in Eq. (1) are referred to as the 3-DOF (degree of
freedom) system.

Science Orbit Design

The design of science orbits about planetary satellites begins with
the analysis of the unstable near-circular, near-polar frozen orbits that
exist in the 1-DOF system. The 1-DOF system is computed by
averaging the 3-DOF system over the orbit of the spacecraft around
the planetary satellite and over the orbit of the planetary satellite
about the planet. The resulting 1-DOF potential is [6]
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Note that the C,, component vanishes under the averaging. The
frozen orbits are the equilibrium solutions to the following Lagrange
planetary equations [11], computed using the 1-DOF potential:
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The frozen orbits considered in this analysis are those that are the
most suitable for the development of long lifetime science orbits,
with near-polar inclinations, near-circular eccentricities, and w =
7/2 [6]. These frozen orbits are unstable, meaning that although they
cannot be used directly as long lifetime science orbits, they can be
used as a first step toward computing them.

Because the 1-DOF system is Hamiltonian, the frozen orbits have
stable and unstable manifolds. If a spacecraft is initialized on the
stable manifold of a frozen orbit, it will drift toward the frozen orbit
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Fig. 2 Stable and unstable manifolds for a frozen orbit, identified with an x, with ¢* = 0.0129,i* =70 deg, »* = —90 deg, and a* = 1682.5 km.

location on the stable manifold, and then follow the unstable
manifold toward impact with the planetary satellite. The manifolds of
the frozen orbits are determined by computing the contour of
constant potential R [6] that passes through the frozen orbit. The
manifolds are plotted in the two different regimes, (%, k) and (G, ),
where h=esinw, k=ecosw, and G = +/pa(l —e?) [10].
Figure 2 shows the stable and unstable manifolds for a frozen orbit
with a 70 deg inclination, with the unstable manifolds numbered I
and IIT and the stable manifolds numbered II and IV. From Fig. 2b,
the number of degrees of @ covered along each of the four paths while
the trajectory is near circular can be determined. Once the trajectory
departs from its near-circular value, the radius of periapsis will
decrease to below the surface of the planetary satellite because the
semimajor axis remains constant (in Fig. 2b, this is where the contour
moves inward). The impact circle is shown in Fig. 2a. The four
possible paths and approximate number of degrees of w covered
along each path are as follows: 1) II — I: 270 deg, 2) Il — III:
180 deg, 3) IV — I: 180 deg, and 4) IV — III: 90 deg.

Different ranges of w are covered along different paths because the
frozen orbits are not circular. The path that produces the longest
lifetime trajectory is the I — I path because the most degrees of w
are covered while the orbit is near circular.

In the 3-DOF system, the trajectory will not follow the manifolds
exactly. It is possible, however, to determine initial conditions such
that this path along the manifold is followed on average and very long
lifetime orbits are attained. The procedure to compute the initial
conditions for long lifetime science orbits is summarized in Table 2
and described in detail in [6]. Note that the minimum eccentricity

point on the stable manifold is the point where the eccentricity
reaches a minimum before increasing to the frozen orbit eccentricity.
It has advantages that are exploited in the orbit control analysis.
Details on how it is computed can be found in [7].

The numerical search over the argument of periapsis values (step 5
in Table 2), called a bias, is sometimes necessary to produce an orbit
that follows the II — I manifold path. The correction is needed
because the initial conditions computed up to step 4 use a
linearization which only approximates the 3-DOF motion. The
method used to compute the bias is a numerical search. It begins with
asearch using a coarse step size through argument of periapsis values
in the vicinity of the initial value (computed in step 4 of Table 2). The
search region is then successively narrowed around the maximum
with decreasing step sizes until the maximum lifetime orbit is found,
to an accuracy of 0.0002 rad. We define a general long lifetime
science orbit as a trajectory that follows the correct (I — I) manifold
path. The trajectory that has the manifold as its exact average (the
frozen orbit contour) is called the maximum lifetime orbit. However,
as will be shown later, this trajectory is generally not practical as a
science orbit for a real mission. Table 3 gives the lifetimes for a few
general and maximum lifetime orbits.

Resetting a Long Lifetime Science Orbit

Although the orbits described in the previous section have long
lifetimes, they are finite and the spacecraft will eventually follow the
unstable manifold to impact with the planetary satellite. It is
important to develop a control strategy to delay impact with the

Table 2 Algorithm for computing a long lifetime orbit

Choose frozen orbit in the 1-DOF system based on its inclination.

[ F SRV S

Compute the minimum eccentricity point on the stable manifold of the frozen orbit.

Compute the corrected initial conditions to the 2-DOF system by using the linearization of the 2-DOF system about the point on the manifold.

Compute the corrected initial conditions to the 3-DOF system by using the linearization of the 3-DOF system about the corrected 2-DOF initial conditions.
Find an argument of periapsis value that produces a long lifetime orbit by numerical search, if necessary.

Table 3 Long lifetime orbits for the Europa system

Frozen orbit inclination Unbiased lifetime, days Maximum lifetime, days Bias, rad
70 deg 105 182 0.0095
75 deg 119 174 0.0026
85 deg 110 171 0.0046
95 deg 96 182 0.0169
105 deg 95 172 0.0254
110 deg 99 188 0.0242
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planetary satellite. Because an algorithm to design long lifetime
orbits already exists, it is natural to use this algorithm during the
development of the control scheme. The technique used to control
the long lifetime orbit is to allow the trajectory to reach the unstable
manifold and then, at a certain point, reset it back to the stable
manifold so another long lifetime orbit can evolve.

Designing the Target

The initial conditions of a long lifetime orbit are computed by
starting at the minimum eccentricity point on the manifold and are a
specific 6-state. The minimum eccentricity point on the manifold
corresponds to a particular frozen orbit which in turn corresponds to a
specific radius of periapsis. As the orbit evolves, the orbital elements
oscillate, and in particular, the radius of periapsis oscillates.
Therefore, when the orbit is stopped on the unstable manifold,
resetting it back to the original long lifetime orbit initial conditions is
very difficult because the modification of all of the parameters of the
orbit would be necessary. Because the goal is simply to prevent the
impact of the spacecraft with the planetary satellite by resetting the
trajectory to the stable manifold, it is not necessary to reset it to the
same long lifetime orbit. Therefore, at the point that the orbit is
stopped on the unstable manifold a new long lifetime orbit is
computed, with parameters consistent with the current orbital
parameters.

Denote the initial conditions of the new long lifetime orbit to be
designed by the target. The first step in designing the target is to
specify its corresponding frozen orbit. Because the algorithm used to
design long lifetime orbits places the spacecraft at the minimum
eccentricity point on the stable manifold, it is logical to stop the orbit
at the minimum eccentricity point on the unstable manifold. This
minimizes the eccentricity changes that will be required during the
transfer. For simplicity in the design, the stopping point used is
actually the first periapsis passage after the minimum eccentricity
point on the unstable manifold. In the ideal 1-DOF system, there are
no oscillations while the trajectory moves from its initial point on the
stable manifold to the stopping point on the unstable manifold. Thus,
to reset the orbit to the stable manifold, only the argument of periapsis
needs to be changed. The easiest way to do this is a two-maneuver
sequence consisting of a circularization at the stopping point and a
maneuver to increase the eccentricity atw + v = w;;, where w; is the
initial argument of periapsis of the original long lifetime orbit.
Because the ideal transfer orbit is circular, this resets the orbit to its
original point on the stable manifold. See Fig. 3 for a diagram of this
reset scheme in the 1-DOF system. Obviously this system is not the
ideal 1-DOF system and there are perturbations present. However,
the ideal transfer can be used to generate a target in the 3-DOF
system.

The first step is to circularize the orbit at the stopping point and let
the orbit evolve in the 3-DOF system until w 4+ v = w;;. Denote this
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Fig. 3 Diagram of the reset scheme in the 1-DOF system in (e, ) space.

point with the subscript “IT” (ideal target). Then, the frozen orbit to
be used in the actual target design has a radius of periapsis equal to 71
and an inclination equal to i;r. The frozen orbit eccentricity can then
be computed along with the minimum eccentricity on the new
manifold. Using all of these values, the initial conditions of a new
long lifetime orbit can be computed using the algorithm in Table 2.
Note that Q;p = Qp — Ntyr. Because the target is always designed
for time equal to zero, 2, = ;7. The orbital elements of the target
are denoted with the subscript 7. A summary of the procedure for
computing the target is as follows:

1) Stop the original long lifetime trajectory at the first periapsis
after the minimum eccentricity point on the unstable manifold.

2) Perform the “ideal transfer” which consists of a circularization
at the stopping point and integrate until @ + v = @yyigina-

3) Let the frozen orbit corresponding to the target have a radius of
periapsis and inclination of i and iy, respectively, and 2, = Qqr.

4) Compute the target position using the algorithm for computing
long lifetime orbits in Table 2.

Transferring to the Target

The next step is determining how to transfer to the target, knowing
that there are perturbations present which prevent the use of the ideal
transfer described previously. Note, however, that the ideal transfer
is a good first estimate. Therefore, we start with the circularization
burn and integrate until w + v = wy. Denote the transfer time ¢,.
Aside from reaching the target, our goal is also to minimize the total
cost of the transfer, which consists of two burns—one at periapsis on
the unstable manifold and one at the target. First, we focus on
reaching the target. Let r; denote the target position and v the target
velocity. Then,

ry =r(t;, 1), Vo + 8V) )

vV = V(tf, Ty, Vo + 6V) (10

where r,, and v correspond to the stopping point (at periapsis) on the
unstable manifold and §v is the first burn. A Taylor expansion of
Eq. (9) yields

ad
rr=r(t;) + o

v v+ - (11)

Iy

Then, keeping only first-order terms and rearranging for §v:

-1
Sv = (ﬁ) (7 — xo) (12)
av, .
f
Denote the state transition matrix as
¢rr ¢rv)
D(0,15) = 13
©.17) (¢w Do (13
Then,
Jr
TVO _¢ru

Also, let ér = (ry — r(t;)). We can converge on the §v necessary for
the transfer orbit to end at the target r; using the following iteration
until ér = 0:

v =204vy+ v, + vy +--- (14)
where
8V, = ot (15)

The above method ensures that the spacecraft reaches the target
position by the end of the transfer orbit. At the target position a
second burn is executed such that the spacecraft velocity is equal to
the target velocity. The first burn is v and the second burn is
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vr — v(t;). However, this method does not optimize the total cost.
Therefore, the next step is refining the transfer orbit and hence the
maneuvers to reduce the cost of both burns. Let Av] = v and
Av; = vy — v(t;). Then, consider a correction to the transfer time ¢,
denoted as 87, needed to optimize the total cost. This necessitates the
introduction of corrections to both burns §v; and év,. The target
position and velocity are now

rr =1(t; + 8t 1), vy + AV} + 6vy) (16)

V= V(t; + 8L, 19, Vo + AV + 8vy) + Av; + 8, (17)

A Taylor series expansion of Egs. (16) and (17) yields

or ar
l'T=l‘(tf)—|—E 8t+w 5V1+“' (18)
ty 0 lry
0 a0
VT=v(tf)+a—: 51—}—8—‘:) v+ -+ AV +6v,  (19)
iy

ty

Then, truncating at first order in the Taylor expansions and noting
that ry =r(t;) and v; = v(t;) + Av;, we obtain the following
expressions for v, and §v,:

ar ) !
v, = —(—r) V(1,51 (20)
v, t
d d
§v, = —(—V + ¥ 8v1)8t @1)
ot|,  0vy|,
! f
Using the definition of the state transition in Eq. (13),
ar
¢rv - aVO y
and
av
¢vv - 3V0 .y

The expressions for §v, and §v, are then

8vy = —¢;,' v(1;)8t (22)

8V2 = _[a(tf) - ¢L'v¢;vlv(t_f)]8t (23)

where a(#;) is the acceleration at ¢;.
The goal of this scheme is to minimize the total cost. Let the cost
function be

J = (AV} + 6v))> + (AVE + 8v,)? (24)

Since §v, and §v, are functions of §z, denote them as v, = ;8¢ and
8v, = a,6t. Then, J can be expressed as

J = |AVi [P + |Avi]* 4 2[(AV) ) + (AV3) )bt
+ (o * + Jay[*)87 (25)

= A8 +2BSt + C (26)

Because the cost J is a function of §t, take the derivative of J with
respect to 87 and set it equal to zero to minimize the cost:

st +2B=0 Q27
a6t

Therefore, the 8¢ required to minimize the total cost is

ot=—

|

(28)

where

A= V(l_f)T¢7uT¢fulV(ff)
+ [a(tf) - ¢vv¢:vlv([f)]T[a(tf) - ¢Uv¢:vlv(tf)] (29)

B =—(Av))"'¢.)v(1y) — (Av3)a(ty) — ¢ V()] (30)

The overall procedure to compute the maneuvers necessary to
transfer the spacecraft from a periapsis location on the unstable
manifold to anew long lifetime orbit initialized on its stable manifold
is as follows:

1) Compute the ideal transfer consisting of a circularization at
periapsis on the unstable manifold and an integration until
 + v = wr. Let the time required for this transfer be ¢;.

2) Use the iteration scheme

8v =68v0 + §v! + §vE 4 - @31
where
Svitl = ¢ l6r; (32)

to compute the necessary correction to the first burn such that ér = 0.

3) Let Avy=4v and Av; =vy —v(t;) and compute new
corrections to the burns, dv, and év,, to minimize the cost using
Sr=—5

4) Repeat steps 2 and 3 until 87, — 8t; < 107°.

The optimization scheme described above does not actually
minimize the total cost, but minimizes the sum of the squares of the
two burns. To minimize the total cost would require
J = |AV} + 8v,| + |Av; + v, |. However, testing of both methods
results in approximately the same total cost for both cases and so the
sum of the squares method is used because it is computationally
simpler.

Examples

The examples detailed in this section show that the technique
described above provides a practical way to reset a long lifetime orbit
with a relatively low cost. As previously mentioned, it is not
necessary to find the maximum lifetime orbit on a particular manifold
because it would not be achievable in a real mission. However, it is
important to ensure that the long lifetime orbit follows the correct
manifold. The long lifetime orbits used in these examples are those in
Table 3 (the unbiased long lifetime orbits, not the maxima). These
unbiased long lifetime orbits all follow the correct manifold path.
However, when the target long lifetime orbit is computed, we must
verify that it too follows the correct long lifetime path. We found that
of the six examples computed, the 85 and 95 deg orbits follow the
correct manifold path and the others do not. For the four that do not
follow the correct manifold path, a bias in the argument of periapsis is
included. This bias does not correspond to the longest lifetime orbit,
but to a long lifetime orbit that follows the correct manifold path and
has a lifetime in the 100-110 day vicinity. This range was chosen so
that all of the target orbits have approximately the same lifetimes.
This eases the comparison of the costs associated with the transfers.

Table 4 shows the details of the examples, identified by the
inclination of the associated frozen orbit of the original long lifetime
trajectory. For each orbit, the magnitude of each of the two burns, the
lifetime of the target trajectory, and the bias used for the target
trajectory (if necessary) are given. The point of comparison for each
example is the average cost per day. This is computed by dividing the
total cost of the two maneuvers by the lifetime of the target trajectory.
It is clear that this method has a much lower cost than both the radial
and transverse low-thrust methods. Specifically, the average cost per
day here is an order of magnitude less than the transverse thrust law
and 2 orders of magnitude less than the radial thrust law. Figure 4
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Table 4 Examples of long lifetime science orbit reset

Frozen orbit inclination Av;,m/s  Av,,m/s Target trajectory lifetime, days Target trajectory bias, rad Cost/day, cm/s
70 deg 16.30 17.94 110 0.06 31.1
75 deg 19.07 21.33 106 0.06 38.1
85 deg 11.20 15.67 99 e 27.1
95 deg 15.45 19.76 103 e 342
105 deg 12.32 16.19 106 —0.04 26.9
110 deg 14.36 18.62 107 —0.095 30.8

shows the 1-DOF manifold of an original long lifetime trajectory, the
integration of an original long lifetime trajectory, and the integration
of a target trajectory. Observe that the target trajectory and original
trajectory are very close to each other. Figure 5 shows the time
histories of the orbital elements for the original long lifetime
trajectory and the target trajectory. Observe that the orbital elements
of both trajectories are very close to each other. This is important
because resetting the orbit is only useful if the extension of the orbit
still satisfies the science requirement of the mission, which it should
if this scheme is used.

Orbit Uncertainty

Up to this point, we have assumed that it is possible to attain the
desired long lifetime orbits. However, in a real mission, it is
important to take the uncertainty of the orbiter’s position and velocity
into account. In [8], Thompson et al studied orbit determination for a
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30-day mission to Europa. They performed simulations using a
science orbit with similar characteristics to our long lifetime orbits. In
particular, their orbit is near polar, near circular, and has an average
100 km altitude. One of the biggest drivers of the uncertainty of orbits
about Europa is the lack of knowledge of the Europa gravity field.
Only some of the second degree terms of the Europa gravity field are
currently known, and they were determined from Galileo flybys of
Europa [12].

The first study performed in [8] uses a worst-case gravity error,
which assumes that no additional knowledge of Europa’s gravity
field is known during the science phase of the mission. This results in
errors in the spacecraft’s radial, cross-track, and along-track position
components on the order of kilometers. These results agree with
those in [13]. These errors are judged to be unacceptable for a Europa
orbiter mission, and so a further assumption is made. It is assumed
that before the science orbit phase of the mission, two weeks of
tracking data during orbit conditions similar to the science orbit are
available. These data reduce the error in the gravity field. The best-
case scenario, which is a lower bound on the gravity error, is
computed to provide a gravity field estimate up to degree 20. This
results in predicted position errors of 5.1, 7.3, and 5.7 m (3-0) for
radial, cross-track, and along-track position components, respec-
tively. The radial component points from the planetary satellite to the
spacecraft, the along-track component points in the direction of the
velocity, and the cross-track component completes the triad.
However, they assume that a more realistic assumption for the
gravity error is in between the best-case and the worst-case (lower
and upper) bounds. Using this gravity error results in predicted
position errors 24 h after a data cutoff of 48, 60, and 35 m for radial,
cross-track and along-track positions, respectively, (also 3-o values).

Using the results in [8] as a guide, we study how errors in the
spacecraft’s position affect the designed long lifetime orbits. To
study the orbit uncertainty of long lifetime orbits, Monte Carlo
simulations are performed. A large number of trajectories are
integrated, each with a random initial position error. The initial
position error is randomly determining for radial, cross-track, and
along-track errors using a Gaussian distribution with a particular
standard deviation. The first set of results are for 3-o values
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Table 5 Monte Carlo results for long lifetime orbits

Original orbit Maximum orbit

Frozen orbit inclination ~ Lifetime Correct %  Lifetime  Correct %

70 deg 105 days 100.0 182 days 47.2
75 deg 119 days 78.0 174 days 50.5
85 deg 110 days 92.5 171 days 52.5
95 deg 96 days 100.0 182 days 56.5
105 deg 95 days 100.0 172 days 51.0

110 deg 99 days 100.0 188 days 48.0

corresponding to the realistic gravity error noted previously. Each of
the six long lifetime orbits with different inclinations that were
previously discussed are considered, with 200 trajectories integrated
for each. Recall that the six long lifetime orbits are initialized at the
minimum eccentricity point and follow the correct unstable manifold
but are not the maximum lifetime orbits for each case.

Table 5 (original orbit column) details the results for all six cases.
The lifetime of the nominal orbit is given, along with the percentage
of trajectories from the Monte Carlo simulation that follow the
correct manifold path. Recall that the correct manifold path is II — I
path (Fig. 2a). Observe that in four of the six cases, all of the 200
trajectories follow the correct manifold path. For the 75-deg
inclination case, 44 of 200 trajectories (22%) follow the wrong
manifold path and for the 85-deg inclination case, 15 of 200
trajectories (7.5%) follow the wrong manifold path. These results are
explained by taking into account the lifetimes of the six original long
lifetime trajectories (Table 2). The two trajectories with the longest
lifetimes are the 75 and 85-deg inclination cases. Graphical analysis
of the numerical results has shown that a longer lifetime means that
the trajectory follows the 1-DOF manifold more closely. The shorter
lifetimes that follow the correct manifold path therefore correspond
with the trajectories that lie slightly above the manifold. Then, the
more closely the correct manifold path is followed, the more likely it
is that an initial position error will cause the trajectory to follow the
wrong manifold path. Because the 75 and 85-deg inclination orbits
have the longest lifetimes, they follow the 1-DOF manifold more
closely and therefore it is not surprising that in some cases an initial
position error results in a trajectory that follows the wrong manifold
path. Further, note that the 75-deg inclination orbit has a longer
lifetime than the 85-deg inclination orbit. It follows then that a larger
percentage of the trajectories in the 75 deg case follow the wrong path
than in the 85 deg case.

The theory that the closer a long lifetime trajectory is to the 1-DOF
manifold, the more susceptible it is to errors in the initial position can
be further verified by performing Monte Carlo analysis of some
maximum long lifetime trajectories. The same maximum lifetime
trajectories as those in Table 3 are used, and 200 Monte Carlo
simulations are run for each case. The initial position errors are once
again determined randomly via a Gaussian distribution with the same
3-0 values as previously. Table 5 shows the results, along with the
lifetimes of the maximum lifetime orbits. Observe that the number of
trajectories that follow the correct manifold is approximately 50% in
each case. This is exactly what is expected because the maximum
lifetime trajectories follow the 1-DOF manifolds very closely.
Therefore, a small initial position error can bump the trajectory either
just above the manifold or just below the manifold. If it is just above
the manifold, it will follow the correct manifold path and if it is just
below the manifold, it will follow the incorrect manifold path.

Itis important when planning a mission to a planetary satellite such
as Europa to ensure that the uncertainty error in the position of the
spacecraft will not lead to impact with the planetary satellite.
Therefore, using the maximum lifetime orbit as the nominal science
orbit is not the best course of action because there is about a 50%
chance that the spacecraft will deviate too far from the nominal
trajectory. The results have shown that the farther above the manifold
the long lifetime trajectory is, the more likely itis to follow the correct
manifold path. However, the farther above the manifold the
trajectory is, the shorter lifetime it has. Choosing the nominal
trajectory is therefore a tradeoff between guaranteeing that it will

follow the correct manifold path and having a long lifetime. In
addition, before the mission starts, the orbit accuracy possible will
not be known exactly. The values used here are based on the
assumption that before the science portion of the mission the gravity
field will be determined with some level of certainty. Even if a
trajectory is chosen such that it will always follow the correct
manifold path for the error levels used here, it is not certain that this
level of orbit accuracy is attainable. Therefore, in the next section we
discuss how to return the spacecraft to its nominal orbit once it has
drifted away due to an initial error.

Science Orbits with Initial Errors

It is inevitable that during the science phase of a mission to a
planetary satellite that the spacecraft will drift away from the nominal
trajectory. This will most likely be due to initial errors in the
spacecraft’s position and velocity. Once it is determined that the
spacecraft is no longer on the nominal trajectory, it is important to
devise a method for returning it to the nominal trajectory so that the
mission can proceed as planned. As shown in the previous section,
due to initial position errors, it is possible that a long lifetime
trajectory will follow the wrong manifold path. If it does so, it is not
possible to use the algorithm to reset the trajectory. Therefore, it is
important to return the spacecraft to its nominal trajectory before it
has the opportunity to follow the wrong manifold path.

Design of the Correction Maneuvers

The original long lifetime orbit under consideration is determined
as usual from the minimum eccentricity point. Initial errors are
introduced by randomly determining position errors as in the
previous section. A time (in days) is chosen to represent the amount
of time until the correction to the trajectory will be made. The amount
of time T, is long enough for the spacecraft to drift away from the
nominal trajectory. The maneuvers to be used for the correction are
two burns corresponding to a Hohmann-type transfer. Therefore, the
initial transfer point should be at periapsis and the target at apoapsis.
The initial transfer point is determined by integrating the erroneous
trajectory until the closest periapsis passage to Ty (either before or
after). Its initial position and velocity are denoted as r, and v,
respectively. In addition, denote its initial longitude of the ascending
node as 2.

The nominal trajectory is the long lifetime orbit with no initial
errors. The goal of this correction scheme is to transfer the spacecraft
to the nominal trajectory. The difficulty lies in determining how to
designate the target on the nominal trajectory. Unfortunately, it is not
as simple as integrating the nominal trajectory for the same amount of
time as the erroneous trajectory and setting the target accordingly.
Using this method creates inconsistencies between the initial and
target longitude of ascending node values which creates difficulties
in converging to the transfer orbit. The method that produces the best
results is to integrate the nominal trajectory until its longitude of
ascending node value is equal to 2 and then finding the closest
periapsis passage to that point (before or after). This periapsis
passage on the nominal trajectory therefore corresponds to a point
where the spacecraft on the erroneous trajectory should be. Then, the
target is set to be the first apoapsis passage following that periapsis
passage on the nominal trajectory. Denote the target position and
velocity as ry and v, respectively.

The goal of the transfer is to reach the target and minimize the sum
of the squares of the costs of the two burns [Eq. (24)]. The exact same
algorithm is used, with the only change being the ideal, first guess
transfer orbit. The first guess for the first maneuver is an eccentricity
change at periapsis such that the transfer orbit arrives at the target at
periapsis. Because, as before, there are perturbations in the system
that prevent the target from being reached by this simple method, it is
used as a first guess and corrections are made. Figure 6 is a diagram of
a Hohmann transfer between two elliptic orbits. Let the semimajor
axis of the transfer orbit a,, be given by

_r0+r,

5 (33)

Ay
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Fig. 6 Schematic of Hohmann transfer between two elliptic orbits.

Then, the velocity of the first guess transfer orbit is

2 1)\.
V= u(———)vO (34)

o Ay

where ¥, is the direction of the initial velocity .

The overall procedure to compute the maneuvers necessary to
return the spacecraft to its nominal trajectory mirrors the procedure to
reset a long lifetime science orbit and is as follows:

1) Compute the ideal transfer consisting of an eccentricity change
at periapsis where the velocity is v, and integrate to apoapsis. Let the
time required for this transfer be ¢,.

2) Use the iteration scheme

Sv="56v0 + v + v +--- (35)
where
Svitl = ¢ )6, (36)

to compute the necessary correction to the first burn such that ér = 0.
3) Let Av{=4v and Av;=v,—v(t;) and compute new
corrections to the burns, v, [Eq. (22)] and dv, [Eq. (23)], to
minimize the cost using ¢t = —% [Egs. (29) and (30)].
4) Repeat steps 2 and 3 until 8¢, — 8¢; < €, where € = 107 for
our simulations.

Results

The algorithm described previously is designed to correct the
position and velocity of a spacecraft after it has drifted away from its
nominal trajectory due to an initial error. The question is, for how
long after the initial error is it possible to correct the position? After a
certain amount of time, the correction algorithm will not converge to
a transfer orbit with maneuvers that have acceptable costs. The
longer a spacecraft follows an erroneous trajectory, the more difficult
it is to correct. Therefore, after a certain point, as long as the
spacecraft follows the correct manifold path, it makes more sense to
reset the orbit once it reaches the unstable manifold instead of using
the technique described in this section.

The first set of examples presented have initial errors that follow
the realistic model of gravity field uncertainty described in [8]. For
each long lifetime orbit case, random initial position errors in the
radial, cross-track, and along-track directions are introduced, and the
trajectory is integrated for 1, 5, 10, and 20 days before the correction
is made. For each case, 40 simulations are performed, and the
average cost for each maneuver is computed. Corrections are not
made after periods of time longer than 20 days because after that
length of time, the trajectory has drifted far enough away from the
nominal trajectory such that this method is not feasible. This is likely
because the method is based on an initial guess which is the ideal

transfer occurring in the absence of all perturbations. It also assumes
that the initial and final orbits are coplanar which is, in general, not
the case. However, for corrections done within 20 days of the initial
error, these assumptions are valid and the algorithm converges to a
transfer orbit with low-cost maneuvers. After the trajectory has
evolved for longer, the algorithm does not always converge to a
transfer orbit, and when it does, the costs are sometimes very large.
Therefore, this method is valid only when the spacecraft has not
drifted too far from the nominal trajectory.

The resulting costs for the two maneuvers with the error model
described above are shown in Table 6. The factors to be considered
when determining when the correction should be made are how
quickly after discovering that the trajectory is not on the nominal
trajectory can the correction be performed, and when it is most cost
effective to perform the correction. In examining Table 6, we see that
the lowest cost correction occurs at the 1 day mark. However,
depending on when it becomes known that the spacecraft is not on the
nominal trajectory, it might not be possible to perform the maneuver
after 1 day. Therefore, the fact that the cost is still relatively low for
corrections after 5 and 10 days is a useful result showing that it is not
necessary to perform the correction very close to the time when the
error is discovered. These results show that performing a correction
maneuver within about a week or two from the time of the initial error
is feasible.

The distributions used to compute initial errors for the results in
Table 6 are those designated in [8] as the most likely orbit uncertainty
values for the science portion of a mission to Europa. As previously
noted, these orbit uncertainty values were obtained by assuming that
before the science phase of the mission, the gravity field of Europa
could be determined more accurately than the currently available
values. Therefore, it is important to study the effect of larger levels of
orbit uncertainty on the ability to make corrections to the spacecraft’s
position. Table 7 shows results corresponding to initial error values
double the size of those in Table 6. In other words, the standard
deviations of the error distributions are 2 times the values in [8]. It is
not surprising that an increase in the initial position error leads to a
decrease in the length of time that can elapse for a correction to be
possible. For the results in Table 7, attempts to do a correction after
20 days caused errors in the convergence of the transfer orbit, and
large costs when a transfer orbit was found. Therefore, the results
shown are for corrections after 1, 5, 10, and 15 days. First, note that
the total cost to return the spacecraft to its nominal trajectory is larger
in this case than for the results in Table 6. This is not surprising
because the initial errors are larger in this case, and so larger
maneuvers are needed. However, the costs for the corrections after 1,

Table 6 Average cost to correct a science orbit after an initial
position error

1 day 5 days 10 days 20 days
Frozen orbit  Av; + Av, Av, + Av, Avy + Av,  Av; + Av,
inclination m/s m/s m/s m/s
70 deg 0.0989 0.1441 0.3733 0.5449
85 deg 0.2190 0.3589 0.8830 2.3885
95 deg 0.1642 0.2986 0.6010 3.7737
105 deg 0.1547 0.2949 0.3299 1.8024

Table 7 Average cost to correct a science orbit after a larger initial
position error

1 day 5 days 10 days 15 days
Frozen orbit Av, + Av,  Avy+ Av,  Avy + Avy,  Av, + Av,
inclination m/s m/s m/s m/s
70 deg 0.2256 0.2466 0.8433 0.7966
85 deg 0.3746 0.7773 1.4339 1.3294
95 deg 0.4414 0.6415 1.3459 2.4245
105 deg 0.2733 0.3783 0.7837 1.8184
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5, and sometimes 10 days are still relatively low, and corrections are
feasible once again even if it is necessary to wait for a few days after
the initial error. The results for both error models are consistent
because as time goes on, the deviation between the erroneous
trajectory and the nominal trajectory gets larger, increasing the cost
of the correction in the same way that a larger initial error also
increases the cost of the correction.

Conclusions

We have described two different techniques that can be used to
control a long lifetime science orbit and apply them to the control of a
Europa orbiter. The first assumes that the trajectory has reached the
unstable manifold of a frozen orbit after having begun on the stable
manifold. The goal of this method is to restart another long lifetime
science orbit with characteristics very similar to the original orbit.
After the target is computed, the two maneuvers necessary for the
transfer are optimized to determine the sequence with the smallest
total cost. We have found that steady-state costs on the order of
30 cm/s/day, corresponding to two burns with costs on the order of
16 m/s each are necessary for this transfer.

The second method is the computation of a transfer sequence that
returns the spacecraft to its nominal trajectory after an initial position
error, applied once again to the Europa orbiter case. Monte Carlo
analysis is used to examine the effect of initial position errors, and it
is found that by initializing the trajectory slightly above the 1-DOF
system manifold, it is more likely that the trajectory will remain on
the correct path, even after an initial position error. Then, a scheme is
developed to return the spacecraft to its nominal trajectory using a
two-maneuver sequence. An optimization is also performed in this
section, such that the lowest total cost is obtained. We find that the
sooner the trajectory is corrected, the lower the cost will be.
However, if it is not possible to do the correction immediately,
waiting up to 10 or 15 days does not increase the total cost too much.
The costs required to return the spacecraft to its nominal trajectory
are on the order of 1 m/s.
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