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Current NASA plans for the exploration of Mars call for a variety of unmanned
spacecraft to be sent to explore the planet, both from orbit and on its surface, before
the initiation of manned missions. Some of these unmanned precursors will be the
largest and most complex interplanetary space probes ever flown. Aerocapture, a
concept for performing orbit insertion using a controlled flight through a planetary
atmosphere to reduce a spacecraft’s velocity, has received a great deal of attention
as a means for delivering much larger payloads into Mars orbit than could be accom-
plished using solely propulsive means. This article presents a brief survey of some
of the important Issues in aerocapture navigation and guidance system design and
development. It quickly becomes apparent that this design cannot be performed
independently; it must be viewed as but one element of an aerocapture delivery
system, whose other major elements are the aerocapture vehicle itself and the Deep
Space Network (DSN) radio navigation system. Since these precursor missions will
likely be very costly, another important issue in aerocapture system design will be
ensuring a very high probability of mission success without the benefit of a test
flight program. Some methods used by the aerospace industry to develop complex,
highly reliable systems are reviewed to assess their applicability to aerocapture nav-
igation and guidance systems, and some suggestions are made for the design and
testing of these systemns, which may yield very high reliability levels.
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Navigation and Guidance for a Mars Aerocapture Mission:

l. Introduction

All of the previous unmanned space probes that have
been sent into orbit around other planets have used rocket
propulsion systems to accomplish orbit insertion. The
rocket engine and its fuel are often a significant portion
of the total mass that must be injected into the interplan-
etary trajectory needed to reach the target planet. Launch
vehicles, both those used in the past and those presently
in service, generally have very limited payload capabili-
ties for interplanetary missions, with the exception of the

Soviet Energia booster. Thus, launch vehicle limitations
have provided strong motivation in the search to find other
ways of performing orbit insertion.

The idea of using aerodynamic drag in a controlled
manner to modify the orbit of a spacecraft originated in
the early 1960s [1]. Aerocapture is just one of several
aerodynamic-maneuver concepts that have been proposed
as a means of altering the size, shape, and orientation of an
orbit. It is a trajectory-control scheme in which a space-
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craft, using some type of aerodynamic shell that allows it
to execute controlled flight in an atmosphere at hypersonic
speeds, makes one or more passes through a target planet’s
atmosphere. This passage (or passages) removes enough
energy through aerodynamic drag to “capture” the vehicle
into an elliptical orbit. After the aerocapture is completed,
a propulsive maneuver must be executed to raise the peri-
apsis (closest approach) altitude above the atmosphere, so
that the vehicle does not undergo reentry on subsequent
orbits. Aerocapture is sometimes referred to as aerobrak-
ing, a term which also encompasses the larger family of
related aerodynamic-maneuver schemes.

Preliminary studies of Mars Rover/Sample Return mis-
sions indicate that large vehicle masses of ~3000 kg will
be needed. It is highly desirable to complete these mis-
sions with as few launches as possible, since launch costs
can often be a substantial portion of the total cost of a
mission. At present, aerocapture is considered to be the
preferred method for performing Mars orbit insertion for
these missions, since it allows increases of 30 to 50 per-
cent in payload mass over that achievable with a propul-
sive orbit insertion [2]. The amount of payload increase is
not constant, but depends upon the Mars approach tra-
Jectory used by the spacecraft which, by necessity, is dif-
ferent for each Mars launch opportunity. Aerocapture is
considered to be a “mission-enabling” capability for some
types of Mars missions, but not for others. Manned mis-
sions to Mars using propulsive orbit insertion may require
a great number of launches at great cost; hence, aero-
capture may be a necessity for carrying out these mis-
sions. Unmanned Mars Sample Return (MSR) missions

- using current U.S. launch vehicles will probably also have
payload masses large enough to require the use of aero-
capture [3-5]. Unmanned Mars Rover missions, though,
using new launch vehicles such as the Titan IV/Centaur
G-Prime, could probably be carried out in a single launch
using propulsive orbit insertion at Mars [2].

ll. Aerocapture System Overview

Orbit insertion using aerocapture consists of basically
three phases. The first 1s the approach phase, in which
the spacecraft is guided along a predetermined hyperbolic
orbit toward its entry point into the target planet’s atmo-
sphere. Next is the atmospheric flight phase, during which
the vehicle uses the target planet’s atmosphere to reduce
its velocity and modify its trajectory. The third and final
phase is atmospheric exit, which occurs when the vehicle
has depleted sufficient energy to achieve the desired closed
orbit upon exiting the atmosphere [6]. The overall flight
profile is depicted in Fig. 1.
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There are actually two navigation/guidance systems
needed for aerocapture. The first system is needed in the
approach phase, when the spacecraft has not yet reached
the atmosphere. In this phase, navigation may be accom-
plished using either the Deep Space Network (DSN) radio
navigation system, some type of onboard system, or possi-
bly a combination of both. Guidance during the approach
phase must be accomplished using propulsive maneuvers
to control the trajectory. During the atmospheric flight
phase, navigation and guidance must be performed by an
onboard system designed especially for an aerodynamic ve-
hicle due to the speed at which these functions must be
performed. The aerocapture onboard navigation/guidance
system gets its initial conditions from the approach naviga-
tion system, which must deliver the vehicle to the desired
atmospheric entry point with sufficient accuracy to ensure
that the guidance system will be able to execute a suc-
cessful atmospheric passage and achieve insertion into the
desired orbit.

Atmospheric flight is accomplished using a maneuver-
able entry vehicle, or aeroshell, which contains the space-
craft and a thermal-protection system. While in the at-
mosphere, the onboard guidance system uses an inertial
or aided-inertial navigation system to determine the tra-
Jectory and executes course corrections by controlling the
lift and drag generated by the aeroshell. It also monitors
the accumulated energy loss experienced by the vehicle
due to drag and, once the accumulated loss has reached
some predetermined level, it initiates a pull-out maneuver
in which the aerocapture vehicle generates the maximum
possible lift to quickly exit the atmosphere. Once out,
the vehicle will be in an elliptical orbit about the target
planet. As mentioned earlier, the spacecraft may execute
multiple passes through the atmosphere to further reduce
its orbital energy. Shortly after leaving the atmosphere
for the final time, the spacecraft sheds the aeroshell and
reorients itself. Some time later, usually at the apoapsis
(peak altitude) of its interim elliptical orbit, it will execute
a propulsive maneuver to raise the periapsis altitude above
the atmosphere.

The protective aeroshell serves two purposes. First, it
is a heat shield which protects the spacecraft from aerody-
namic heating during the atmospheric passage. Secondly,
the aeroshell is a maneuverable lifting body which gives
the vehicle the capability to control its flight path. Fig-
ure 2 shows several shapes that are being considered for
aerocapture and aeromaneuvering vehicles, using the two
parameters that most commonly describe the aerodynamic
characteristics of these vehicles: lift-to-drag ratio (L/D),
and hypersonic ballistic coefficient [5]. In Egs. (1) and (2),
the ballistic coefficient is defined as
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where
B £ hypersonic ballistic coefficient
M = total vehicle mass
Cp £ drag coefficient, D/qA (2)
and
D = aerodynamic drag force

dynamic pressure, 1/2pV?
= atmospheric density (at current altitude)

vehicle speed relative to surrounding atmosphere

N N S
l

= vehicle reference surface area

For the purpose of conducting preliminary evaluations
of aerocapture vehicle aerodynamic characteristics, the
ballistic coefficient is generally considered to be a constant,
although it actually changes with the drag coefficient. This
means it can vary with the vehicle’s speed and angle of at-
tack (the angle between the vehicle’s longitudinal axis and
its velocity in the surrounding atmosphere). The drag co-
efficient of a given shape characterizes its ability to gener-
ate drag, while the ballistic coefficient indexes this ability
against the vehicle’s mass. As seen in Fig. 2, larger ballis-
tic coefficients are generally associated with streamlined,
low-drag shapes that begin to resemble high-speed aircraft,
while vehicles with more blunt shapes, such as the space
capsules used in manned programs, have smaller values of
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Lift-to-drag ratio is most easily expressed as the ratio
of Iift and drag coefficients

L/D = Cp/Cp 3)
where
Cr = lift coefficient, L/qA

In Eq. (3), the dynamic pressure g, and reference surface
area A, have the same meaning as in Eq. (2). An aerocap-
ture vehicle’s L/D (which for design purposes is usually
quoted as a single number that is either a maximum value
or the value achieved in some nominal flight scenario, even

though it also varies with flight conditions) is an indicator
of its overall maneuverability, which translates into flight
path control capability. Aerodynamic vehicles such as air-
craft maneuver primarily by controlling the magnitude and
direction of lift. Vehicles that can achieve large L/D ratios
are generally capable of greater flight path control than
those that only achieve smaller values of L/D. Together,
the ballistic coefficient and the reference (nominal or max-
imum) L/D ratio characterize the ability of an aerocapture
vehicle to reduce its speed and follow a desired flight path.

Studies of aerocapture vehicle requirements for Mars
missions have explored vehicles with nominal L/D ratios
ranging from 0.6 up to 2.0 and ballistic coefficients of 120
to 800 kg/m? [4-7). Figure 3 depicts a hypothetical Mars
Sample Return aerocapture vehicle (aeroshell /spacecraft)
with a mass of about 5000 kg, L/D of 1.5, and a ballistic
coefficient of about 550 kg/m? [5]. Although they possess
greater maneuverability than more blunt shapes, vehicles
with L/D of 1.5-2.0 encounter problems with the packag-
ing of the spacecraft within the aeroshell. Asseen in Fig. 3,
the narrow, streamlined shape needed to achieve an L/D
of 1.5 makes it very difficult to utilize the aeroshell’s avail-
able volume efficiently.

Aerocapture at Mars entails greater risk than at planets
with denser atmospheres, such as Earth and Venus. Mars
has a very thin, tenuous atmosphere: surface atmospheric
pressure is about 5-10 mbar, in contrast to Earth’s mean
sea level pressure of 1000 mbar [8]. The flight path within
the martian atmosphere must, by necessity, approach the
planet’s surface, possibly to altitudes below 20 km, de-
pending upon the aerocapture vehicle configuration and
guidance algorithm employed. While vehicles with larger
L/D ratios are more maneuverable than those with smaller
L/D values, they must penetrate deeper into the atmo-
sphere to develop sufficient drag and to take advantage
of their maneuver capabilities. At Mars, this considera-
tion becomes especially important, since the planet has
many natural features which rise from 10 to 26 km above
the surrounding terrain [9]. In addition to the problem of
terrain clearance, larger L/D aerocapture vehicles must,
in general, withstand relatively greater structural loads
and aerodynamic heating levels than smaller L/D vehi-
cles, which do not need to penetrate as deeply into Mars’
atmosphere.

Figure 4 shows an approximate indication of the pay-
load mass fraction (payload mass/total vehicle mass)
achieved for Mars orbit insertion with representative aero-
capture and propulsive systems. The data shown in Fig. 4
were developed by IToffman [10]. He computed these esti-
mates for aerocapture using approach trajectory parame-
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ters representing an “average” Mars approach orbit and an
aerocapture vehicle configuration similar to that shown in
Fig. 3. The propulsive system model used for comparison
was representative of the performance of rocket engines
carried by previous interplanetary space probes.

The model assumed a liquid-fuel engine that used hy-
pergolic propellants, producing a specific impulse of about
290 sec. As shown in Fig. 4, the payload mass increase
obtainable with aerocapture varies significantly with the
size of the desired final orbit. Even though Hoffman ob-
tained his results for a single Mars approach trajectory, he
noted that both aerocapture and propulsive orbit inser-
tion performance also vary over different approach trajec-
tories. Orbit insertion performance comparisons similar to
Fig. 4 were also developed for representative missions to
Venus, Earth, Saturn, Titan, Uranus, and Neptune [10].
The results indicated that the performance increases re-
alized with aerocapture, if any, varied significantly, but
that orbit insertion using aerocapture could deliver larger
payloads than propulsive systems in most of these cases.

lll. Aerocapture Navigation/Guidance
System Design Issues

As with many other aerospace systems, the design of a
Mars aerocapture system involves a number of trade-offs
balancing the requirements and needs of various subsys-
tems against one another. Performance characteristics of
the aerocapture vehicle and the approach trajectory cho-
sen for atmospheric entry at Mars can have significant im-
pact on the navigation/guidance system design. Naviga-
tion and guidance capability are, in turn, important fac-
tors influencing the design of the Mars approach trajectory
and aerocapture vehicle. In addition to cost and perfor-
mance considerations, the reliability of competing system
designs needs to be addressed in the early stages of con-
ceptual design, not after this stage has been completed.

Aerocapture navigation and guidance will be accom-
plished using three major elements—the Mars approach
navigation system, the aerocapture onboard navigation/
guidance system, and the aerocapture vehicle itself. Ta-
ble 1 presents a simple layout of the trade space between
these three elements and three important design param-
eters: the asymptotic approach velocity, V., and two of
the primary vehicle parameters, L/D and 3. The table
also lists the relative magnitudes of the most desirable de-
sign parameters for each system element. The asymptotic
approach velocity, Vo, is the magnitude of the spacecraft’s
velocity relative to Mars as it begins its approach to the
planet from a great distance away. It largely determines
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what the spacecraft’s velocity will be when it enters the
atmosphere. The values of L/D and 3, discussed in the
previous section, characterize the maneuver capability of
the aerocapture vehicle.

Table 1 illustrates the primary trade-off that must
be addressed for aerocapture systems: the conflict be-
tween approach and aerocapture navigation/guidance sys-
tem requirements and aerocapture vehicle requirements.
A spacecraft with relatively large values of L/D and § is
capable of tolerating larger navigational errors during the
approach phase and during atmospheric flight, and will
also deliver the vehicle into the desired closed orbit more
accurately than a vehicle with a relatively smaller L/D.
Also, the density profile of Mars’ atmosphere is not very
well known, and an aerocapture vehicle with a large navi-
gation/guidance safety margin would be more able to deal
with the large uncertainties in the dynamic environment
which may result. On the other hand, these vehicle char-
acteristics, while desirable for navigation and guidance,
lead to a design for a spacecraft that is very costly and
difficult to build. The problems of spacecraft packaging
within the aeroshell, structural design, and heat-shield de-
sign all become progressively more difficult as L/D is in-
creased. In addition, spacecraft subsystem reliability levels
generally become more difficult to maintain as vehicle per-
formance and complexity are increased. Thus, spacecraft
cost and reliability considerations point towards vehicle
designs that possess the minimum L/D needed to perform
aerocapture.

Navigation of the spacecraft during its approach to
Mars is perhaps the most critical task which must be per-
formed for aerocapture. The spacecraft’s flight path at
atmospheric entry must be controlled to a tolerance level
that allows the aerocapture guidance system to correct for
navigational errors. The most critical approach targeting
parameter is the initial flight-path angle at the point of
entry into Mars’ atmosphere. If the entry angle is too
shallow, the spacecraft may “skip out” of the atmosphere
without achieving a closed orbit upon exit. If entry is at
too steep an angle, the guidance system may be unable to
prevent the vehicle from crashing [11]. In addition to the
obvious risk of impact, an unexpectedly large entry an-
gle may impose structural loads and heating rates on the
aerocapture vehicle that it cannot withstand.

The navigation of deep-space probes in the past has
been done primarily using Earth-based radio tracking data
from the DSN. Modern DSN radio metric measurements
include Doppler, range and Delta Very Long Baseline In-
terferometry (AVLBI). In planetary approach navigation,
the accuracy of the DSN radio navigation system is lim-



ited primarily by uncertainty in the position and velocity
of the target planet. Since the mid-1970s, optical naviga-
tion measurements made with spacecraft onboard imaging
systems have been brought into use because they provide
direct observations of target-relative position. The explo-
ration of Mars with unmanned spacecraft may comprise
a series of missions, which may allow radio metric mea-
surements to be made between an approaching spacecraft
and an earlier spacecraft that is either in orbit or on the
surface of the planet. These types of measurements also
provide direct target-relative information. Proposals have
been made for placing a radio beacon, or even an entire
network of radio beacons, on Mars as navigation aids for
spacecraft and for performing science experiments {12].

Table 2 contains a tentative assessment of the navi-
gational performance and risk of failure for five approach
navigation system options which are presently being
weighed against one another. This table is considered
tentative because it is based on the author’s interpre-
tation of the work that has been performed to date in
this area [7,13). The author’s conclusion is that, from a
reliability standpoint, Mars approach navigation should
be carried out using Earth-based DSN radio metric data
for as much of the approach as possible. Deep Space
Network-only navigation is the most proven and reliable
option shown in Table 2. It is not yet clear whether
the DSN navigation system will be capable of delivering
the performance needed without any additional measure-
ment sources. However, the DSN navigation system will
undoubtedly play a significant role during the approach
phase, whether its purpose is to perform the entire ap-
proach navigation function or merely to initialize an on-
board navigation system which would guide the vehicle
during final approach to atmospheric entry.

Evaluation of the other options becomes even more
entangled with spacecraft design considerations. All of
the system options shown in Table 2, which make use of
spacecraft onboard measurements, are capable of meeting
preaerocapture navigation requirements for the aerocap-
ture vehicles considered to date. Each one of these options,
though, may impose added requirements on the spacecraft
in terms of additional hardware and/or software. The
accompanying increase in system complexity implies an
increase in the risk of failure. Many of the planned Mars
exploration spacecraft for which aerocapture is being con-
sidered do not currently need imaging systems. If it were
later determined that onboard optical navigation measure-
ments were needed, imaging equipment—with its associ-
ated mass, power, and cost requirements—would have to
be added solely for navigation purposes. Using onboard
ranging and Doppler measurements to a Mars orbiter or

surface beacon, if deemed essential, implies that the lead
spacecraft in Mars exploration would not be able to use
aerocapture for Mars orbit insertion, since it would have
no “pathfinder” spacecraft with which to make naviga-
tional measurements.

Onboard optical, Doppler, and range measurements can
either be transmitted back to Earth for ground processing
or processed onboard the spacecraft. An onboard data pro-
cessing capability places added computing hardware and
software requirements on the spacecraft, but provides an
advantage in that the spacecraft can quickly process ra-
dio and optical measurements for navigation. An onboard
system takes much less time than transmitting the data
back to Earth, processing it using ground-based software,
and transmitting the resulting navigational information
back to the spacecraft. This is an important consider-
ation, since optical and radio measurements may need to
be taken when the spacecraft is only a few hours away from
atmospheric entry in order to attain the needed approach
navigational accuracies. Even if optical data were to be
processed on the ground, the number of optical frames
needed to meet navigational accuracy requirements may
make it necessary to implement an onboard optical image
compression capability to reduce data volume and meet
telemetry constraints.

The trade space shown in Table 1 also contains some
implications regarding the design of the Mars approach
trajectory. It is desirable to make V,, as small as possi-
ble for several reasons. Larger values of V,, mean greater
structural loads and aerodynamic heating levels for the
aerocapture vehicle. In addition, the determination of the
flight-path angle at atmospheric entry becomes progres-
sively more difficult as V increases. This fact can be
illustrated in a fairly straightforward manner. The entry
flight-path angle is a function of the approach trajectory
parameters, the entry altitude, and the mass of Mars (6]

cosye = (B/ro[l+2u/(rVE)) (4)

where

fi>

impact parameter

re = distance from center of Mars to atmospheric entry
point

M gravitational parameter of Mars, GM
G = Universal Gravitational Constant
M

= mass of Mars
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The impact parameter, B, is commonly used by orbit
determination analysts to describe the targeting coordi-
nates of planetary flyby trajectories. A diagram of the
B-plane coordinate system is shown in Fig. 5. The B-
plane is perpendicular to the asymptote of the hyperbolic
approach trajectory. The origin of the B-plane coordinate
system is the center of mass of the target planet. The B-
vector, whose magnitude is B, lies within the B-plane and
points from the center of the target planet to the intersec-
tion of the approach asymptote and the B-plane. Asshown
in Fig. 5, the B-plane coordinate system is defined by the
orthogonal axes S, R, and T. The S-axis is parallel to the
approach asymptote, while T lies in the ecliptic plane, the
plane defined by the Earth’s orbit; R completes the triad.
Orbit determination accuracy for approach trajectories is
typically expressed in terms of the one-sigma uncertainty
in knowledge of B and the individual components of the
B-vector.

Equation (4) can be used to obtain an approximate
expression for the uncertainty in B as a function of the
uncertainty in flight-path angle

op & (0B/y)oy, = resinyl+2u/(r V)Y 0y,
(5)

Previous studies have indicated that an aerocapture ve-
hicle with L/D of about 1.5 would require an entry flight-
path angle error of about one degree or less [3-6]. Re-
cent studies of a simpler aerocapture vehicle configuration,
with an L/D of 0.6-0.7, have indicated that this vehicle
would require a flight-path angle error of 0.5 deg or less [7].
Equation (5) is plotted in Fig. 6, showing the approximate
accuracy needed to meet the flight-path angle requirement
for L/Ds of 0.7 and 1.5, as a function of V. values span-
ning the range of likely Mars approach trajectories. Note
that the required accuracy can vary by almost a factor of
two over the V,, range shown.

Computer simulations of Mars approach navigation us-
ing DSN radio metric data only, performed for a hypo-
thetical MSR mission launched in 1999, have indicated
that the navigational accuracy seen in Fig. 6 could only
be met with current DSN capability for the L/D = 1.5
vehicle, and only for V,, values of 3.0 km/sec or less. With
projected improvements in DSN tracking capability over
the next ten years, the approach navigation requirements
for a vehicle with L/D of 1.0-1.5 could probably be met
by DSN radio navigation over most of the V., range shown
in Fig. 6 [13]. The question of whether or not future DSN
improvements would enable DSN-only navigation for a ve-
hicle with an L/D of 0.7 is still subject to debate.
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The remaining major aerocapture system element is the
onboard navigation/guidance system for the atmospheric
flight phase. This system will be some type of inertial or
aided-inertial guidance system containing gyroscopes and
accelerometers and, possibly, other external sensors. The
inertial instrument technology needed for aerocapture has
already seen service in a variety of operational aerospace
vehicles, both military and civilian. The most recent ex-
ample of a space vehicle which has successfully used an
aided-inertial guidance system for controlled atmospheric
flight is the space shuttle [14,15]. Several navigation and
guidance algorithms have been developed which appear to
be capable of flying aerocapture vehicles with L/D values
in the 0.6-1.5 range [7,16,17]. Computer simulations of
aerocapture guidance have been conducted which estab-
lished the navigation-error envelope that can be tolerated
by some, but not all, of these algorithms [7]. At the present
time, there do not appear to be any insurmountable tech-
nical problems preventing the design and development of
a suitable onboard navigation/guidance system, but de-
velopment work to date is still only preliminary. While
a sizable body of theory exists in the area of aerocapture
navigation/guidance algorithms, very little of this work
has been subjected to any kind of thorough and system-
atic evaluation. There is still a great deal of work that
needs to be done to develop a set of candidate onboard
guidance system designs which are well matched to the
range of aerocapture vehicle and approach navigation sys-
tem options.

IV. Aerocapture Navigation/Guidance
System Reliability Issues

The high cost of proposed Mars Rover and Mars Sam-
ple Return missions makes it very likely that flight test-
ing of the aerocapture system will not be performed, since
test flights often consume a significant fraction of the total
resources allocated to complete these missions. Aerocap-
ture systems are a good example of what Rechtin [18] has
dubbed “ultraquality systems,” which are very complex
and must be highly reliable, yet because of cost constraints
or impracticality, cannot be rigorously tested to establish
their failure rates to a high degree of confidence. Put an-
other way, how does one establish that a Mars aerocapture
navigation/guidance system does indeed have a failure rate
of 1 in 10,000 if only five missions are planned?

Several methods have been developed by the aerospace
industry to design systems that must meet demanding re-
liability requirements. Some of the most successful for en-
gineering interplanetary space probes are progressive re-
design, failure modes and effects analysis (FMEA), and
fault-tolerance system design methods. What follows is a



discussion of the role these and other methods might play
in developing highly reliable systems for these missions.

Progressive redesign is a cyclical process of identifying
faults or problems, finding their sources and correcting
them, observing the effects of the fixes, and then repeat-
ing the identify-fix-observe process over and over again.
An important element of this cycle is the detailed doc-
umentation of the faults uncovered, the fixes applied to
them, and the results stemming from the modifications
made. For systems that are built in large enough num-
bers {e.g., automobiles and airplanes) and given enough
time, the reliability achieved through progressive redesign
usually increases gradually, to the point where it begins
approaching some peak success rate asymptotically.

Some good examples of progressive redesign in aero-
space systems are expendable launch vehicles and un-
manned space probes such as the Mariner, Viking and
Voyager series of missions. Over the past 30 years, launch
vehicle success rates have risen from about 0.5 (1 failure
in 2 launches) to a current level of about 0.94 (6 failures in
100 launches)[18]. The two Voyager spacecraft, launched
in 1977, are good examples of the benefits of cumulative
redesign efforts in interplanetary space vehicles. They
are both still in operation after 13 years in space and a
total of six planetary encounters. These two spacecraft
can trace their design lineage back through the seven mis-
sions of the Mariner program and the two orbiters built
for the Viking mission.

While there is some commonality between Mars aero-
capture navigation/guidance and similar problems, such as
space shuttle reentry guidance, there are substantial dif-
ferences as well. Many of these are due to the differences
between the atmospheres of Earth and Mars. In addition,
the unmanned Mars precursor missions that might use
aerocapture will probably be very few in number. Aero-
capture vehicles will be built using some subsystems that
may have benefitted from the use of progressive redesign
in previous spacecraft, but it will probably not be an ac-
ceptable method for increasing the overall reliability of ae-
rocapture systems.

Failure modes and effects analysis is a technique which
has been used extensively by NASA and the Department
of Defense in spacecraft design [18]. It involves detailed,
exhaustive analysis of all possible system failures and the
effects of these failures. It is typically employed in an
iterative manner, in which an FMEA is constructed, fail-
ure modes that are subsequently identified are eliminated
through design changes, and a new FAMEA is constructed.
This process is repeated until a sound design has been

achieved. Table 2 is an example of one aspect of FMEA,
establishing the relative failure risk of system elements.
Although the estimation of risk is often judgmental, a
performance-risk matrix such as that in Table 2 can be
a useful aid in making critical decisions during the early
stages of system design. At JPL, the use of FMEA can
be traced back to the Ranger missions from 1960 to 1964,
and it has been employed in the design of every spacecraft
built at JPL since then. It is a method well suited for
aerocapture systems, and will likely be an important part
of any spacecraft/aerocapture system design effort.

Fault tolerance, in the form of redundancy and the
management of redundant components, is a method com-
monly used to guard against catastrophic failures. Redun-
dancy, in particular, has been frequently employed in criti-
cal spacecraflt subsystems to eliminate single-point failures.
It is generally most effective when the redundant system
elements are independent; that is, they accomplish the
same task, but in a different way. Redundancy may be of
little value in preventing single-point failures if the redun-
dant elements backing up some primary system element
are identical to the primary element, including the pri-
mary element’s flaws. For aerocapture, an approach nav-
igation system employing independent redundancy could
be a combination of the DSN radio navigation system and
some type of onboard system. For reasons of cost, it may
be desirable to perform aerocapture with a relatively sim-
ple vehicle (L/D < 1.0), instead of a more complex vehicle
which is capable of better performance (L/D & 1.1 - 1.5).
In this situation, an onboard optical or radio approach
navigation system may be designated as the primary sys-
tem for the final approach navigation, since onboard sys-
tems are generally capable of greater accuracy than Earth-
based systems. It may be wise to choose a vehicle design
that also allows using the DSN radio navigation system as
a backup (even if the DSN is only marginally capable of
meeting the requirements) in the event of a failure or other
problem with the onboard system.

While the reliability of hardware is of great importance
in any spacecraft design, aerocapture vehicles will also in-
clude extensive software elements. The onboard naviga-
tion/guidance software, in particular, is a critical part of
an onboard aerocapture guidance system. If it does not
work properly, the aerocapture attempt will probably fail.
Monte Carlo analysis is one method that can be used to
study guidance software performance over a wide variety
of aerocapture trajectories. Although it has not been used
extensively in the past, Monte Carlo analysis has been
used to evaluate the performance and reliability of some
spacecraft navigation and guidance systems. It is carried
out by running hundreds, often thousands, of computer
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simulations of the navigation/guidance system controlling
a simulated vehicle in a simulated environment. Within
the simulation environment, the navigation/guidance sys-
tem software can be fed flight scenarios representing ex-
treme conditions to rigorously establish the system’s per-
formance envelope.

Monte Carlo analysis could be used to evaluate the on-
board navigation/guidance system using a “hardware-in-
the-loop” simulation. The actual navigation/guidance sys-
tem hardware and software, with the exception of inertial
instruments, can be connected to a computer to provide a
realistic simulation of the aerocapture vehicle flying in the
Martian atmosphere. The computer supplies the onboard
guidance system software with signals that simulate the
outputs of its gyroscopes, accelerometers, and other sen-
sors, generated by a sophisticated mathematical model of
these instruments. The navigation algorithm then uses
these input signals to compute the current trajectory of
the vehicle, just as it would in actual flight. The guidance
algorithm uses the navigation data to compute guidance
commands to control the vehicle, which are sent back to
the computer. The computer uses its model of the aero-
capture vehicle dynamics to simulate the vehicle’s response
to the guidance commands. The computer’s dynamic and
instrument models generate new instrument readings that
are sent to the flight computer, beginning a new guidance
cycle. Using Monte Carlo analysis, the onboard naviga-
tion/guidance system can be made to “fly” literally thou-
sands of aerocapture orbit insertions, all within the con-
fines of a laboratory.

Although it is a powerful system evaluation tool, Monte
Carlo analysis has some limitations in what it can and can-
not predict. By its nature, it is based on assumed models
for the physical processes being simulated. If the mod-
els are substantially incorrect, or the statistical assump-
tions regarding random processes that may be present in
the system are incorrect, then the reliability predictions
obtained are not valid. The obvious conclusion is that
Monte Carlo analysis works best for systems that are well
modeled and fairly well understood. Fortunately, there ex-
ists a sizable experience base in the modeling of spacecraft
dynamics and, to a lesser extent, the dynamics of high-
speed aerodynamic vehicles.

V. Summary and Conclusions

Aerocapture is a concept for performing orbit insertion
about a target planet in which a spacecraft, contained
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within a protective aeroshell which can maneuver aero-
dynamically, reduces its velocity by passing through the
atmosphere of the target planet, becoming “captured” into
a closed orbit. Aerocapture navigation and guidance must
be viewed in the context of an overall aerocapture system,
whose other major elements are the DSN radio navigation
system, the aerocapture vehicle, and the onboard navi-
gation/guidance system. The benefits of orbit insertion
using aerocapture versus rocket propulsion are dependent
upon the Mars approach trajectory and the size of the
final orbit which will be assumed by the spacecraft. Sys-
tem design trade-offs between approach navigation
accuracy, spacecraft cost, and aerocapture vehicle config-
uration were addressed. In addition, some ways of de-
veloping highly reliable aerocapture system designs were
discussed.

Mars preaerocapture approach navigation is an area of
some uncertainty. The work to date on this subject is of a
preliminary nature and has not yet resolved some impor-
tant questions, such as the capability of the DSN to meet
the approach navigation requirements of smaller L /D aero-
capture vehicles. Since approach navigation requirements
are a function of aerocapture guidance system and vehicle
characteristics, the design of the approach navigation sys-
tem, guidance system, and aerocapture vehicle must be an
iterative process, in which the needs of each are carefully
evaluated in terms of the cost, performance, and reliability
of the complete aerocapture system.

Aerocapture onboard navigation and guidance technol-
ogy is another area in which some important questions re-
main, such as the ability of different guidance algorithms
to function in the presence of large flight environment un-
certainties. At the present time, it appears that there are
no insurmountable technological barriers in the way of de-
veloping guidance systems for unmanned Mars exploration
spacecraft, but there is still a great of deal of work to be
done in order to bring that technology to a level of ma-
turity that can support the design of guidance systems
for actual missions. Although reliability is a significant
challenge for Mars aerocapture missions, it also does not
appear to be an insurmountable obstacle. Design and test-
ing practices such as independent redundancy, exhaustive
computer simulation (Monte Carlo analysis), and FMEA
can be used to develop aerocapture systems that meet the
reliability levels which will be demanded of these missions.
Most of these methods have been used in the past in the
development of similar systems, such as the reentry guid-
ance system for the space shuttle.
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Table 1. Aerocapture sysiem design trade space

Element

Parameter Mars approach Aerocapture onboard

L . . . Aerocapture
navigation navigation/guidance K
vehicle
system system
Voo Small Small
L/D Large Smuall
Ié] Large Small

Table 2. Tentative approach navigation options—performance matrix

Relative
Relati .

3 t:s::‘x:ozd:ion eerjr::sce risk of Remarks

Y P P failure
Earth-based DSN Marginal® Very low Mature,
radiometric data only reliable
Earth-based radiometric Good Low May require
data and onboard onboard optical
optical data (ground data
processing) compression
Onboard optical data Good Moderate Need onboard
(onboard processing) computer assets
Earth-based radiometric Excellent Low Best possible
data and onboard accuracy; need
radiometric data with orbiter/beacon
Mars orbiter/beacon though
(ground processing)
Onboard radiometric Excellent Moderate Need onboard

data with Mars orbiter/
beacon (onboard
processing)

computer assets

2 Based on current DSN capability; may improve to “good” during the time frame

proposed for Mars precursor missions (2000-2005).
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AEROSHELL

Fig. 3. Side view of a proposed spacecraft configuration for a
Mars Sample Return Mission.
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