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Introduction

T HE science requirements of future Mars missions include in-
creasingaccuracyin the speci� cationof the landingsite. In situ

scienceor sample return missions from small craters or ancient lake
beds considered to be prime sites for potential exobiology, require
a 3- r target accuracy of 10 km or less.1 Controlled atmospheric
aeromaneuveringwill be used to decelerate the vehicle and to guide
it to a prespeci� ed terminal point above the surface. At that point
a parachute will be deployed to further decelerate the vehicle. An
engine will be used for the � nal controlled descent, from approxi-
mately 5 km to the surface.

This Note describesa simulationenvironmentdevelopedto study
the guidance,navigation, and control (GNC) aspects of the aeroma-
neuveringphase.The simulationis modular and basedon the widely
used MATLAB®/SIMULINK® environment, making it easily up-
graded or applied to other landing problems, including landing on
other planets or small bodies. A more detailed, and more mission
speci� c, Mars landing simulation is described by Streipe et al.2 The
simulation environment described here is suitable for developing
GNC algorithms, investigating the impact of the approach naviga-
tion, and performing technology tradeoff studies.

Simulation Environment
The simulation uses a modular approach with each major aspect

of the complete system dynamics handled by a separate module.
This allows the different aspects of the problem to be developed,
upgraded, and modi� ed relatively independentlyof each other. The
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major program modules, and conceptual links between each, are
illustrated in Fig. 1.

The estimation, guidance, and control aspects have been imple-
mented in separate modules, conforming to historical practice in
spacecraft control work. In this problem it is evident that a closer
integration of these aspects has the potential for signi� cant perfor-
mance improvement, and this could be relatively easily done in our
simulation.

The environment and spacecraft models are accessed through
common modules where � ags are used to specify the choice of
model, for example, geocentric or geodetic planet models, or even
alternative planets. The code for the environment and spacecraft
models is linked separately into each module in which it is used.
Separate � ags are maintained for the simulated physical system
models and the GNC models so that effects of knowledge errors
may be investigated.

Entry Dynamics
The entry dynamics model used has been derived from the work

of Etkin,3 using the assumption of a rotating planet with its center
� xed in inertial space. The vehicle state includes a full six-degree-
of-freedom model plus a variable mass (see Ref. 4 for details).

Vehicle Characteristics
Any vehiclemodel supplying the aerodynamiccoef� cients, mass

properties, and actuator con� guration in the correct format can be
accomodated.The current vehicle model is based on the Path� nder
entry vehicle (see Refs. 5 and 6 for physicaldetails) augmentedwith
attitude control thrusters and a c.m. offset to generate a lift vector.
Eight thrusters are used in the current spacecraft module giving
decoupled roll, pitch, and yaw moments.

The aerodynamic model takes into account the effect of the c.m.
offset on the pitch and yaw dynamics and allows different nomi-
nal lift/drag ratio (L / D) vehicles to be simulated easily. Boussalis7

describesa longitudinalaerodynamicmodel, developed from New-
tonian impact dynamics, and this forms the basis of the model used
in the simulation. The L / D relationship, as a function of angle of
attack a is close to linear and can be reasonably approximated by
L / D = ¡ 0.0129a deg. At j a j > 20 deg, the unprotectedrear of the
vehicle is exposed. Considering a = ¡ 18 deg as the limit gives a
maximum L / D of 0.23.

The roll, pitch, and yaw moment coef� cients, Cl , Cm , and Cn ,
respectively,are modeledby Cl =0, Cm =Cmozd Z + Cma a + Cmqq,
and Cn = ¡ Cma b + Cnrr , where b is the sideslip angle and q and r
are the pitch and yaw rates, respectively.For a nonzero value of the
z-axis c.m. offset d Z a nonzero trim value for a (denoted here by
a 0) is given by a 0 = ¡ Cmoz /Cma d Z .

Environmental Models
Atmospheric forces dominate the entry, making the aerodynamic

and atmospheric density models more important than the gravity
model. In this case a simple spherical planet gravity model is used,
g = l / R2 m/s2 , where R is the distancefrom the planet center. Both
spherical and geodetic8 models are available for target and location
de� nition.

The Mars atmospheric density q is modeled in exponential
form q = q r e ¡ b (h ¡ hr ) , where q r is the reference density q r =
7.8 £ 10 ¡ 4 kg/m3 , speci� ed at an altitude of hr =31.800 £ 103 m.
The inverse of the scale height is denoted by b and has a value
of b =10 ¡ 4 m ¡ 1 . A percentage error can be applied to the density
to evaluate the effects of density variations on the control system.
The modular nature of the simulation environment makes it possi-
ble to incorporatea higher � delity model, for example, Mars Global
Reference Atmospheric Model (MarsGRAM) at a later date.

Guidance and Control
The simulationenvironmentsupportsswitchingbetweendifferent

guidancealgorithms.The focusof the guidanceresearchhas beenon
drag-basedpredictive tracking algorithms,and two such algorithms
(from Refs. 9 and 10) are currently implemented in the simulation.

Drag-tracking algorithms are based on the observation that the
predicted range to go is given by integrating a drag/energy pro� le.
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Fig. 1 Conceptual arrangement of the simulation modules, showing the division between the simulated physical system and the GNC system.

Nominal entry and atmospheric conditions are used to develop a
nominal drag pro� le. A periodic (20-s) drag pro� le update is per-
formed to adjust the drag pro� le to null the predicted terminal point
errors resulting from entry and atmospheric uncertainty.

A drag-trackingloop, actuatedvia the bank angle,uses a discrete-
time proportional-integral-derivative(PID)controllerwith feedback
linearization11 and gain scheduling, operating at a frequency of
0.1 Hz. Side-to-side modulation of the bank angle gives control
over the cross-range error.

An attitude controller maneuvers the spacecraft via the pitch,
roll, and yaw thrusters to achieve the speci� ed bank angle. It has a
secondary objective of minimizing the off-nominal deviations in a
and b to maintaintheactual L / D as closeas possibleto that assumed
in the guidance law. The guidance algorithm leads to two distinct
operationalmodes in the attitudecontroller:bank reversalsand bank
angle tracking. Bank reversals typically switch the lift vector from
oneside to the otherwith large transitions,and the attitudecontroller
uses a bang–bang switching approach to slew the bank angle in an
approximately time-optimal fashion.

Landing Analyses
Several Mars landing issues are studied with the simulationenvi-

ronment. These are not exhaustive studies and do not take the place
of extensiveMonte Carlo analyses,but they do illustratetheutilityof
the simulation environment for initial trade studies and closed-loop
aeromaneuveringsystem design.

Lift/Drag Ratio Actuation Study
The variablec.m. offsetaerodynamicmodelgives theabilityto as-

sess the control authority as a function of L / D, without developing
high-� delity aerodynamic models for different vehicle con� gura-
tions. This trade study gives a � rst-order measure of the actuation
authority.

Figure 2 shows the achievable ground footprints for L / D values
of L / D =0.23, 0.15, and 0.08 (corresponding to a = ¡ 18, ¡ 12,
and ¡ 6 deg), with the axes centered at the ballistic trajectory target
point that is 202.7 km south and 639.2 km west of the atmospheric
entry point at latitude 22.984± north, longitude 338.904± east. The
entry conditionsare velocity7.35 km/s, � ight-pathangle ¡ 14.2 deg,
and heading angle 253.1 deg.

The actuation authority drops dramaticallyas a functionof L / D.
The maximum range extent for the L / D =0.23 case is 1054 km.

Fig. 2 Open-loop actuation authority for several L/D.

This drops to 383 km for L / D =0.15 and further to 134 km for
L / D =0.08. These values represent the maximum possible con-
trol authority and are only achieved if a � xed bank angle is held
throughout the entry.

Atmospheric Entry Navigation Knowledge Errors
Knowledge errors are critical to achievableperformancebecause,

in the base con� guration at least, there is no direct position mea-
surement available to the estimationand control system. Integrating
acceleration and velocity measurements from the inertial measure-
ment unit (IMU) gives an estimate of the position relative to the
entry point. Uncertainty in the entry point is propagatedthroughout
the duration of the � ight. An atmospheric density estimator and a
more detailed atmosphere model may be able to reduce the errors
from those shown here.

Horizontal knowledge errors, arising from arrival time and az-
imuth angle knowledge errors, cannot be corrected unless there is a
beacon or other planet relative position information available. The
azimuth errors have only a small cross-range effect on the error el-
lipse. Uncertainty in the knowledge of the arrival time will have a
potentially large effect on the downrange error (for trajectories that
are predominatelyeast–west). This is not studied in detail here, but
it is simple to work out from the rotationof the planet and the timing
knowledge error.

Knowledge errors in the velocityvectordirectionare estimated to
be 0.1 deg. For comparativepurposesa knowledge error of 0.05 deg
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Table 1 Entry knowledge error landing ellipsesa

Trajectory Entry ¡ 40% ¡ 25% Nominal +25% +40%
type error, deg density density density density density

Lifting 0.1 16.6 £ 1.5 15.5 £ 1.5 14.5 £ 1.4 13.7 £ 1.4 13.3 £ 1.4
Ballistic 0.1 7.1 £ 1.1 6.8 £ 1.0 6.3 £ 1.0 6.0 £ 1.0 5.9 £ 1.0
Lifting 0.05 8.3 £ 0.8 7.8 £ 0.7 7.2 £ 0.7 6.8 £ 0.7 6.7 £ 0.7
Ballistic 0.05 3.6 £ 0.5 3.4 £ 0.5 3.2 £ 0.5 3.0 £ 0.5 3.0 £ 0.5
aSemimajor £ semiminor axes in kilometers.

a) Lifting trajectory

b) Ballistic trajectory

Fig. 3 Error footprints for a 0.1-deg entry knowledge error.

is also considered.The effectsof the knowledgeerrors are estimated
by propagating the error to the planet surface under a variety of
atmosphericuncertaintyassumptions.The errors in thenominalend-
point that arise purely from the atmosphericuncertaintyare measur-
able and, to a large extent, correctable, by the estimator/controller.
Therefore,it is the size of the error ellipses, rather than their position
on the planet, that gives an estimate of the effect of the knowledge
error. Figure 3 illustrates the 0.1-deg knowledge error footprint for
atmospheric density variations of ¡ 40, ¡ 25, 0, +25, and +40%
with respect to nominal for lifting (L / D =0.17) and ballistic tra-
jectories. The axes are centered at the nominal target in each case.

The ballistic trajectoryshows smaller ellipsesand less of an effect
due to atmospheric uncertainty, illustrating that the effect of the
knowledgeerror is strongly in� uenced by both the vehicle L / D and
the design of the entry path. Table 1 details the error ellipse sizes
and includesa 0.05-degknowledgeerror study for comparison.The
ultimate objective is to have a total aeromaneuvering error ellipse
with a semimajor axis less than 10 km. The knowledgeerror ellipse
alone is larger than this, suggesting that a lower knowledge error at
the entry point may be necessary.

Nominal Entry: Mars Surveyor Program 2001 Landing
The simulation facility has been used in support of the Mars Sur-

veyor Program 2001 Landing. The � nal tuning has been performed
on the simulation facility described by Streipe et al.2 The Mars
2001 Landing atmosphericentry conditionsconsideredhere are lat-
itude 17.247± north, longitude 254.123± east; velocity 6.97 km/s,
� ight-path angle ¡ 14.5 deg, heading angle 100.8 deg, and altitude
125.0km. The nominal L / D =0.12 (a = ¡ 9.3 deg). The target was
chosen as the midpoint between two §nominal bank angle open-
loop trajectoriesand the terminal error in this case was 2.9 km.

Figure 4 shows the commandedand actualbankangles during the
aeromaneuvering entry. The peak dynamic pressure and maximum

Fig. 4 Nominal closed-loop trajectory, commanded and actual bank
angle.

controlauthorityoccur around300 km. The bankangle command il-
lustratesperiodsof drag tracking,as wellas bankanglesignswitches
for azimuth control. The control actuation limitations are evident in
the actual bank angle.

Conclusions
A MATLAB/SIMULINK-based simulation for Mars precision

landings has been developed.The modular nature of the simulation
environment makes it readily adaptable to other landing problems
and allows for straightforwardenhancementof the underlyingmod-
els. It has been used for L / D actuation authority and entry condi-
tion knowledge error tradeoff studies, as well as the developmentof
closed-loopguidance and control algorithms in support of the Mars
Surveyor Program 2001 Landing mission.
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Nomenclature
a, b = curve-� t constants
T = temperature, ±C
Tref = curve-� t reference temperature, ±C
j = thermal conductivity,W/m-K
j 0 = thermal conductivity at reference temperature, W/m-K

Introduction

I N situ exploration of the surface and deep atmosphere of Venus
is impeded by an environment that is hostile to scienti� c instru-

ments.Temperature,pressure,and corrosionprotectionmust bepro-
videdto ensuresurvivalof instrumentsand electronicsfor even short
durations. Previous missions to Venus, namely the Soviet Venera
landers and the U.S. Pioneer-Venus atmospheric probes, used a
combinationof titanium pressure vessels and thermal insulation for
this purpose.1,2 Recent work has investigated the possibility of us-
ing a balloon to deliver a small payload into the deep atmosphereof
Venus for surface imagingand atmosphericinvestigations.3 ¡ 6 How-
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ever, smaller payloads suffer from reduced volume-to-surface-area
ratios and therefore heat up more quickly. This disadvantage has
motivated the developmentof more ef� cient thermal insulationthat
retains the simplicity of design and operational robustness needed
in the current era of smaller and cheaper space missions. The so-
lution of using vacuum multilayer insulation (MLI) was originally
suggested in the context of a novel Venus balloon mission con-
cept capable of multiple descents into the hot lower atmosphere.7

However, concerns about the ef� ciency of MLI on small spherical
enclosures with multiple penetrationsand the dif� culty of ensuring
the necessary high vacuum under Venus atmospheric pressure and
temperature conditions led to a more robust alternative idea using
� berglass insulationwith the void space � lled with low thermal con-
ductivity xenon gas. The presentwork investigated the performance
of this xenon-� lled � berglass insulation in conjunction with a new,
low thermal conductivity internal structure. A full-scale prototype
was constructed and tested at simulated Venus surface temperature
and pressure conditions. Also, a centrifuge test was performed to
verify the ability of the structure to tolerate the expected decelera-
tion load upon entry into the Venusian atmosphere. The details of
the design and the test results are presented herein.

Prototype Design and Construction
The prototype design was guided by the mission speci� cation of

protecting15kgof payloadat Venussurfaceconditionsof 460±C and
9.2 £ 106 Pa (92 atm) pressure. Optimal performance of the cam-
era and other electroniccomponents requires a near-Earthlikestate,
namely 105 Pa pressure and 20±C temperature.To meet the mission
requirement of 1-h residence time near the surface of Venus, it was
necessaryto limit the heat � ow to thepayloadto less than 100W. The
other key design driver was the need to survive typical deceleration
loadswhen the probe enters the Venusianatmosphere from space.A
nominal value of 250 g was selected for the prototype design based
on the Pioneer-Venus experience1,2 and current mission studies.6

The prototype is based on a concentricsphere design in which the
payload is located within the inside sphere and thermal insulation
is located in the annulus between the spheres. An expanded view
of the enclosure is shown in Fig. 1, and a list of component masses
is presented in Table 1. The spherical shape was selected because
it results in the lightest structure per unit volume for withstand-
ing external buckling loads, a fact that led to its use on the earlier
Pioneer-Venus probes. As with those earlier probes, titanium alloy
Ti-6Al-4V was selected for the outer sphere because of its excel-
lent strength-to-weight ratio and its ability to tolerate the sulfuric
acid found in the clouds of Venus. The nominal diameter is 38 cm,
and the shell thickness is 0.38 cm, giving a diameter-to-thickness
ratio of 100. Given an expectedbuckling failure mode, this shell has
a computed 1.3 pressure safety factor at 460±C. For comparison,
the Pioneer-Venus probes used a slightly less conservative design
for which the diameter-to-thickness ratio ranged from 116 to 136
(Ref. 1).

The inside sphere is 30 cm in diameter with a wall thickness of
0.76mm and is constructedfromType-304stainlesssteel.The struc-
ture used to connect to the inside and outside spheres consists of
three sets of rigid Ti-6Al-4V struts. The � rst is a single, thin-walled
conicalstructurerigidlyconnectedto the spheresat their southpoles.
This aperture cone is welded to the outer sphere and has a � ange
onto which the inside sphere is bolted. It is inside of this aperture
cone that the camera window would be located in a fully functional
probe.The secondpart is an arrayof six thin-walledTi-6Al-4Vstruts
arranged around the aperture cone. These six struts are welded to
the outer sphere but have a nominal 0.5 mm gap at the inside sphere

Table 1 Mass list for prototype

Component Mass, kg

Outer sphere 10.9
Inner sphere 4.2
Simulated payload 15.6
Fiberglass insulation 1.4
Miscellaneous 1.5
Total 33.6


