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Optimal Low-Thrust Trajectories Combined
with an Aeroassist Maneuver
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Various optimal powered aeroassisted orbit transfers using solar electric propulsion are presented. These trajec-
tories use a combination of solar electric propulsion and controlled atmospheric perturbations. Single revolution
coplanar and plane change trajectories are considered. The objective of the coplanar trajectory is to circularize the
orbit, and the objective of the plane change trajectory is to maximize the reduction in orbital inclination. Optimal
trajectories are presented for both cases to show the benefits of combining atmospheric perturbations and solar

electric propulsion.

Nomenclature

a,e i, w,v = classical orbital elements: semimajor axis a,
km; eccentricity e, inclination i, deg;
longitude of the ascending node €2,°;
argument of periapse w, deg; and the true

anomaly v, deg

Cp = drag coefficient

Cpo = minimum drag coefficient

Cy = lift coefficient

c = exhaust velocity, m/s

D = drag force, N

N atmos = altitude of negligible atmosphere, m

Rmin = minimum altitude, m

h, = reference altitude, m

h = spacecraft altitude, m

K = induced drag coefficient

L = lift force, N

m = mass of the spacecraft, kg

p. f. & h,k, L = modified equinoctial orbital elements

o = heating rate, W/cm?

Omax = maximum heating rate, W/cm?

r = radius magnitude, m

rp = periapsis, m

r,v = radius and velocity vector, m and m/s

S = reference area, m?

T = thrust magnitude, N

U, Up Uy, = radial; tangential, and normal thrust direction
cosines

\%4 = velocity magnitude, m/s

Ve = circular orbit velocity at sea level, m/s

o = angle of attack, deg

B = inverse of the scale height, m™!

y = flight path angle, deg

A = perturbing acceleration vector, m/s’

Ay = atmospheric perturbing acceleration vector,

m/s*
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Ar = thrust acceleration vector, m/s?

Ay, Ao, Ay, = perturbing accelerations in the radial,
tangential, and normal directions, m/s?

¢ = out-of-plane thrust angle, deg

n = in-plane thrust angle, deg

" gravitational constant, m3/s?

0 = atmospheric density, kg/m?

Or reference density, kg/m3

Lo = density at sea level, kg/m3

o = bank angle, deg

Introduction

OLAR electric propulsion (SEP) and aeroassist technologies

are enabling technologies of future space exploration missions.
Recently, the Deep Space 1 (DS1) spacecraft successfully demon-
strated the use of SEP for interplanetary missions. Aeroassist tech-
nologies were used for the Magellan spacecraft about Venus and
recently for the Mars Global Surveyor spacecraft. Many future mis-
sions may use both of these technologies to save propellant mass
and reduce transfer times.

Aeroassisted orbit transfers to reduce fuel consumption were pi-
oneered by London' in 1962. Since that time, many papers have
been published on the subject. Munk and Powell? explained some
of the aeroassist technologies and their usefulness in future missions.
Aerobraking uses atmospheric drag to change the spacecraft’s or-
bit. This procedure was implemented on the Mars Global Surveyor
over a period of nine months in order to lower the apoapse from an
altitude of 56,000 km to 400 km, saving approximately 1200 m/s
of velocity change in fuel. Aerocapture uses a single atmospheric
pass to change the orbit from a hyperbolic arrival trajectory to an
elliptic capture trajectory. Powell® and Striepe et al.* discuss the use
of aerocapture and precision landing in the future Mars Surveyor
Program. Precision landing is guided aeroentry, which the Space
Shuttle routinely performs. Lohar et al.’ presented results of an
aerogravity assist around the planet Venus with heating rate con-
siderations. Aerogravity assist uses the atmosphere and the planets’
gravity to perform a larger bend angle, allowing smaller planets to
be as effective as larger planets in providing velocity change.

Vinh and Hanson® presented results on optimal aeroassisted orbit
transfers from high Earth orbit. In 1981, an extensive work by Vinh’
presented various optimal atmospheric trajectories. Recently, Rao
et al.® presented optimal aeroassisted orbit transfers from low Earth
orbit to geostationary orbit with a large plane change. A work by
Naidu® presented the formulation and results of aeroentry, aeroas-
sisted, and guidance problems as well as aerocruise. Aerocruise
uses thrust to cancel the drag term, leaving the lift vector to achieve
plane changes without loss of orbital energy or altitude changes.
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Lohar et al.'” also presented the aerocruise problem for a coplanar
minimum fuel case without a heating rate constraint and Lee and
Hull'! presented this for an optimal plane change with a heating rate
constraint.

The heating constraint is an important consideration in plan-
ning future missions. The accelerations produced by the atmosphere
around a planet also increase the spacecraft temperatures, which can
cause damage to onboard systems. Seywald'? applies Pontryagin’s
minimum principle to an aeroassisted minimum energy loss trajec-
tory with a heating rate constraint, and Horie and Conway'® present
the results of optimal aeroassisted orbital interceptions with a heat-
ing rate constraint. Wetzel and Moerder'* show optimal aerocapture
trajectories at Mars with a convective heating constraint.

The objective of this paper is to combine the technologies of
SEP with aerobraking to achieve optimal orbit transfers about the
planet Mars. Owing to the recent increase in interest and the mul-
tiple planned missions, Mars was chosen as the focus of this work.
This combination will be useful in evaluating these technologies
and planning future missions to Mars and can be extended to other
planets.

Problem Formulation

Equinoctial orbital elements are a set of nonsingular orbital ele-
ments that overcome the difficulties associated with the singularities
that occur with classical orbital elements.'> One set of these that are
valid for all types of orbits are the modified equinoctial orbital el-
ements. The modified equinoctial orbital elements in terms of the
classical elements are defined by the following'>:

p=a(l—¢é) (D
f=ecos(w+ Q) 2)
g =esin(w + Q) A3)
h = tan(i /2) cos C)
k = tan(i /2) sin 2 )

L=Q+w+v (6)

The differential equations for the modified equinoctial orbital
elements are'®

P = (2p/w)y/p/nbe N
f=vp/u{A sinL + [(w+ Dcos L+ f1(Ag/w)
— (hsinL —kcosL)(gA,/w)} ®)

g =/p/if=A, cos L+ [(w + Dsin L + g1(Ag/w)

4+ (hsinL —kcos L)(fA,/w)} )

h=/p/u(s*Ay [2w) cos L (10

k=1/p/u(s’Ay/2w)sin L (1)

L = Jupw/p)* + (1/w)y/p/p(hsin L — kcos L)A, (12)
where

w=1+ fcosL+ gsinL (13)

sP=1+n"+k (14)

The perturbing acceleration due to the atmosphere of Mars and
the thrusting of the spacecraft for this problem is

The assumption of a spherical nonrotating atmosphere for Mars
is made in this paper. This gives a simple exponential equation for
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Fig. 1 Atmospheric forces on the spacecraft.

the density of the Martian atmosphere!”:
p = pyexpl—p(hy — h,)] (16)

The forces on the spacecraft introduced by the atmosphere are the
drag force opposite to the velocity vector and the lift force perpen-
dicular to the velocity vector and rotated about the velocity vector
by the bank angle as depicted in Fig. 1'8:

D = 1pSCp(a)V? (17
L=1pSCL(a)V? (18)

The drag coefficient is modeled with a parabolic drag polar'®:
Cp = Cpo+ KCp(@)? (19)

In the radial-tangential-normal coordinates, the atmospheric per-
turbing accelerations become

L sino cos y —siny
A, =—|sinosiny | + — | —cosy (20)
m m
cos o 0
. rTy o)
siny = —
v rv

_ Flight through the Martian atmosphere introduces a heating rate
Q, which is defined as follows!>!:

0 =19,987.49./p/po(v/v.)*"> Wicm? (22)

This heating rate is important to maintain at a level appropriate for
the thermal control system of the spacecraft to dissipate. If this does
not occur the spacecraft will suffer damage and possible loss of
operability.

The perturbing acceleration for a thrusting spacecraft and the
additional differential equation for the change in mass are

uy
T
Ar=—|up (23)
m
Uup
. T
m=—— 24)
C

A nonlinear programming (NLP) algorithm, FMINCON from
MATLAB, is used to determine optimal control parameter val-
ues for the given problem subject to the constraints. FMINCON
finds the minimum of a scalar function subject to linear and nonlin-
ear constraints. It uses a sequential quadratic programming (SQP)
method that closely mimics Newton’s method for unconstrained
optimization.?

The atmospheric trajectories have one linear and two nonlinear
constraints. The linear constraint consists of bounds on the control
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Table 1 Physical properties

Property -
h'dtmf)g 150 km
- 50 km
A 11.69 m?2
Cpo 2
: 1.4
m 48379 kg
Pr 7.8 x107* kg/m3
: 31.800 x 10° m
ﬁ 104 m-!
£0 0.020 kg/m3
Ve 3.5528 km/s
AK
N
Reference Plane ? |
| J
: 1
1
1
1
S 25
............................................................... g
Trajectory R

Fig. 2 Thrust direction parameters.

parameter C. The upper and lower bounds are given by the geom-
etry of the vehicle. For this paper, they were selected as shown in
Eq. (25):

0<C, <1 (25)

The constraints for the minimum altitude and maximum heating rate
are nonlinear in terms of the modified equinoctial elements:

hs > hmin (26)
0 < Oumax 27

The properties of a typical atmospheric transfer orbit vehicle
(ATOV) are shown in Table 1 along with minimum altitude and the
altitude at which the atmosphere is assumed negligible at Mars.'?

The NSTAR (NASA Solar Electric Propulsion Technology Ap-
plication Readiness Program) ion thruster used on DS1 was cho-
sen for the simulations. This gives an approximate mass flow rate
m =1.2272 mg/s and thrust 7 =35.084 mN, using a power of
1.0308 kW and the equations in Refs. 21 and 22.

The thrust direction was determined by the choice of an in-plane
angle referenced to the local horizontal and an out-of-plane angle
(Fig. 2). A set of equal-time-spaced thrust directions was deter-
mined, and a spline was used in the same fashion as the atmospheric
controls segment. This was done in order to interpolate the thrust
direction during numerical integration. The thrust acceleration is
described in the following form:

cos¢ siny
Ar = — | cos¢cosn (28)
" sin ¢

and the constraints on the new control parameters are
—180 deg < n < 180 deg (29)

—180 deg < ¢ < 180 deg 30)

For each case the full set of modified equinoctial orbital element
differential equations is used. The thrust is on only during those
portions of the trajectory outside of the atmosphere in order to al-
leviate the physical coupling of the atmospheric controls and the
thrust pointing controls. The coefficient of lift and bank angle are
chosen for the atmospheric portion of the trajectory, and the thrust
angle parameter values are chosen for the remainder of the trajec-
tory. The chosen values are then interpolated between to provide a
continuous input to the full modified equinoctial element differential
equations, which are then integrated using a fourth-order Runge—
Kutta integrator. The Hermite cubic spline was chosen for its ability
to interpolate plateaus in the data as well as reducing undulation in
the interpolation. The Hermite cubic spline uses calculated slopes
at each data point to aid in reducing undulation when compared
with a cubic spline. The slope values were determined from each
point’s forward neighbor and setting the slope to zero at the maxi-
mum and minimum allowed values. If undulation in the interpolant
is not reduced, the optimizer would select control parameters such
that significant overshoot would occur above the constrained max-
imum value, thereby producing the undesirable effect of violating
the constraint for periods of time.

Coplanar Circularization Results

Single-revolution coplanar optimal low-thrust aeroassisted trajec-
tories about the planet Mars are considered. The goal of the optimal
trajectory is to circularize the orbit while maintaining the periapse
at the same altitude. This is achieved by minimizing the final value
of the eccentricity subject to the periapse at the initial time equal to
the periapse at the final time.

For the coplanar cases, the bank angle is set to —90 deg and the
out-of-plane thrust angle is set to 0 deg to maintain a coplanar trajec-
tory, whereas the coefficient of lift and the in-plane thrust angle are
allowed to vary. The NLP FMINCON chooses optimal values of the
parameters C;, and n at 15 equally spaced time nodes. The parameter
Cy is chosen for the atmospheric portion of the trajectory. Owing
to a lack of a priori knowledge of this time period, an estimate is
used. This estimate starts with the atmospheric entry time and ends
with the projected atmospheric exit time of an unperturbed trajec-
tory. Additional minutes are included in the estimate to allow for a
possible longer atmospheric phase due to perturbations in the trajec-
tory. The parameter 7 is chosen for a time period of the atmospheric
entry time to one period of the initial orbit. During altitudes within
the atmosphere, the thrust is turned off. The time is referenced to
the periapse passage of the initial unperturbed orbit. Atmospheric
control parameters are chosen only for one atmospheric pass, and
so for large times where the spacecraft may enter the atmosphere
again, accelerations due only to the propulsion system and not to
atmospheric acceleration terms are modeled.

Two sets of initial orbital elements shown in Table 2 are used. The
trajectory is started at atmospheric entry and ends after one period
based on the initial elements from Table 2. The first set with the
maximum heating rate of 556.5 W/cm? has an optimal solution as
shown in Figs. 3 and 4. The vertical lines in the plots represent the
atmosphere entry and exit points, and time is referenced to periapse
passage of the initial unperturbed orbit. For the atmospheric portion
of the trajectory, C, starts at low values in order not to violate
the heating rate constraint. After the maximum heating rate occurs
around the initial periapse, C rises to a constant value of 1.0 in
order to lower the apoapse. The segment of the spline for C, that
dips below zero due to undulation is negligible. For the thrusting
portion of the trajectory, the in-plane thrust angle starts at —180 deg
in order to lower the apoapse and then raises the periapse to the

Table 2 Initial orbit properties

Property First set Second set
a 5209.5 km 3831.3 km
e 1/3 1/11

rp 3473 km 3483 km

Period 190 min 120 min
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Fig. 3 Time history of the coefficient of lift: Qmax = 556.5.
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Fig. 4 Time history of the in-plane thrust angle: Qmax =556.5.

initial periapse in the second half of the trajectory. This uses 0.0131
kg of propellant mass, which saves propellant mass over thrusting for
the entire trajectory without atmospheric perturbations for the same
initial orbital elements. This savings comes at no cost and actually
produces 135% greater change in eccentricity, which produces a
less elliptic orbit.

For the same initial elements but with no maximum heating rate
constraint, the optimal solution is the parameter C; chosen at 1.0
for the entire atmospheric portion of the trajectory. A similar time
history of the in-plane thrust angle occurs as in the preceding con-
strained case. This gives a Ae = —0.0539, which is an improvement
over the constrained case with no additional mass expended and a
maximum heating rate of 565 W/cm?. Table 3 compares these results
with those of the thrust-only case.

The second set of initial orbital elements shown in Table 2 has an
optimal solution, with a maximum heating rate of 238.5 W/cm?, as
shown in Figs. 5 and 6. The control parameters have a time history
similar to that in the preceding case. This gives a Ae =—0.0202,
which reduces the eccentricity more than the thrust-only case, as
seen in Table 4. This occurs with no added cost and saves 0.0016 kg
of propellant mass.

For the same initial elements but with no maximum heating rate
constraint, the NLP selects the parameter C, optimally at 1.0 and
the in-plane thrust angle has a similar time history. This gives a
Ae =—0.0285, which is an improvement over the constrained case
with no additional mass expended and a maximum heating rate
of 256.4 W/cm?. Table 4 compares these results with those of the
thrust-only case.

Plane Change Results

Single-revolution optimal low-thrust aeroassisted trajectories
with a plane change about the planet Mars are also considered. The

Table 3 Result comparison: me =565

Case Ae Aeg, km?/s? Am, kg
Unconstrained —0.0539 —0.3322 —0.0131
Constrained —0.0510 —0.3142 —0.0131
Thrust only —0.0217 —0.1338 —0.0140
Table 4 Result comparison: Quax = 256.4
Case Ae Ag, km?/s? Am, kg
Unconstrained —0.0285 —0.1751 —0.0072
Constrained —0.0202 —0.1244 —0.0072
Thrust only —0.0149 —0.0919 —0.0088

0.8, ; -
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Fig. 5 Time history of the coefficient of lift: Qmax =238.5.
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Fig. 6 Time history of the in-plane thrust angle: Qmax =238.5.

goal of the optimal trajectory is to perform a plane change toward an
equatorial Martian orbit while maintaining the periapse at the same
altitude. This is achieved by minimizing the change in inclination
subject to the equality constraint of the initial periapse equal to the
final periapse.

The bank angle and out-of-plane thrust angle are allowed to vary
in order to achieve a plane change. The NLP chooses optimal values
of the control parameters at 15 nodes as in the preceding section. The
same spline methods are used as before to interpolate the control
parameters.

The two sets of initial orbital elements outlined in Table 2 are used
with an added initial inclination of 30 deg. The trajectory is started at
the atmospheric entry time and ends after one period corresponding
to the initial orbital elements. The first set, with a maximum heating
rate of 511 W/cm?, has an optimal solution as shown in Figs. 7-10.
The atmospheric controls vary as in the plane change trajectories
shown previously. However, the thrust angles do not vary as before.
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Fig. 7 Time history of the coefficient of lift: Qmax =511.
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Fig. 8 Time history of the bank angle: Qpax = 511.
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Fig. 9 Time history of the in-plane thrust angle: Qmax =511.

This is due to the drag term during the atmosphere pass creating
an eccentricity change and lowering the periapse. The thrust must
correct the periapse change outside of the atmosphere as well as add
an additional change in the inclination. The aeroassisted solution
gives a Ai = —0.8763 deg, which is 32.2% less inclination change
than in the thrust-only case. This is due to the thrust required to
correct the periapse after the atmosphere pass because the thrust is
off during the atmosphere pass and cannot cancel the drag term.
For the same initial elements but with no maximum heating rate
constraint, the optimal solution is similar to the planar case. The pa-
rameter C; is chosen to be 1.0 for the atmospheric portion of the tra-
jectory, and the bank angle and thrust angles have time histories sim-
ilar to those of the constrained case, yielding a Ai = —0.9880 deg

Table 5 Result comparison: me =533

Case Ae Ai, deg Aeg, km?/s? Am, kg

Unconstrained —0.0326 —0.9880 —0.2012 —0.0132
Constrained —0.0313 —0.8768 —0.1929 —0.0132
Thrust only 0.0019 —1.2925 0.0118 —0.0140

Table 6 Result comparison: Qpax = 238.6

Case Ae Ai,deg Ae, km?/s2  Am, kg

Unconstrained —0.0153 —0.4220 —0.0940 —0.0072
Constrained —0.0147 —-0.4062 —0.0901 —0.0072
Thrust only 0.0007 —0.4860 0.0046  —0.0088
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Fig. 10 Time history of the out-of-plane thrust angle: Omay = 511.
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Fig. 11 Time history of the coefficient of lift: Qmax =232.8.

and a maximum heating rate of 533 W/cm?. This is an improvement
over the constrained case, as shown in Table 5.

The second set of initial orbital elements has an optimal solu-
tion, with a maximum heating rate of 232.8 W/cm?, as shown in
Figs. 11-14. A similar control history occurs as before, yielding a
Ai =—0.4062 deg. The reduction in inclination change is due to
the same reasons as mentioned previously but is much closer to the
thrust-only case solution due to the size of the initial orbit and the
shortened period.

Again, for the same initial elements but with no maximum heating
rate constraint, the optimal solution is similar to that of the preceding
unconstrained case. This gives a Ai = —0.4220 deg, whichis a slight
improvement over the constrained case but is still less than the thrust-
only case while achieving a maximum heating rate of 238.6 W/cm?.
Table 6 compares these results with those of the thrust-only case.

The formulation of the problem was sensitive to the initial guess
of the control parameters given to the NLP. Using results obtained
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Fig. 12 Time history of the bank angle: Qmax = 232.8.
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Fig. 13 Time history of the in-plane thrust angle: Qmax =232.8.
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Fig. 14 Time history of the out-of-plane thrust angle: Qmax =232.8.

from preceding runs as a starting point decreased the computational
time required to find the optimal solution. The software could be
modified to allow a greater variety of orbit transfers and cost func-
tions. The difficulty lies in predicting when the atmosphere control
parameters are needed and when the thrust control parameters are
needed. Multiple atmospheric passes as well as initial orbital ele-
ments outside of the atmosphere are possible, but a priori knowledge
of the number of atmospheric passes required to complete the mis-
sion objectives is needed.

Conclusions

The results of optimal low-thrust aeroassisted spacecraft trajecto-
ries around the planet Mars were presented. First, optimal trajecto-
ries were determined to lower the eccentricity of the initial elliptical

orbit. As expected, these trajectories achieved a smaller final eccen-
tricity than when only thrusters were used, showing the advantages
in performing aeroassist maneuvers in combination with SEP. Sec-
ond, optimal trajectories were determined for a plane change. Us-
ing atmospheric perturbations for purely a plane change resulted in
lower performance than thrusting alone. This was due to the reduc-
tion of eccentricity that occurred during the atmospheric portion of
the trajectory and the constraints imposed on the final periapse re-
maining unchanged from its initial value. Outside of the atmosphere
the thrust vector raised the final periapse to the initial periapse but
in doing so reduced its effectiveness for inclination change.
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