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Abstract

A comprehensive MATLAB based simulation environment has been developed for
the study of closed-loop atmospheric aeromaneuvering control of Martian landing
vehicles. The aeromaneuvering phase of a Mars entry begins at 125 to 250 km above
the surface, and terminates at approximately 10 km above the surface, at which point
a parachute would normally be deployed. The vehicle modeled here is based on the
Pathfinder aeroshell with a fixed offset center of gravity to generate a lift force.
Thrusters are used to control the vehicle attitude and steer the lift force vector to
achieve the guidance objectives.

The complete 6-degree-of-freedom dynamics, modeling the vehicle attitude as well
as the position and velocity dynamics, are considered. User selected environmental
models of differing complexity are available. Typical analyses include: quantification
of entry knowledge error effects on open- and closed-loop terminal errors; development
and evaluation of estimation algorithms, guidance controllers, and attitude controllers;
thrust actuation trade-off studies; and quantification of atmospheric or spacecraft
uncertainties on open- and closed-loop terminal errors. The simulation does not run
quickly enough to allow Monte-Carlo based analyses in reasonable times.
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1 Introduction

The science requirements of future Mars missions require increasing accuracy in the
specification of the landing site. Landing in small craters or ancient lake
beds——considered to be prime sites for potential exobiology—requires a target
accuracy of approximately 10 km. Retrieving samples from prior missions will require
accuracies of less than 1 km and ideally less than 100 m. This necessitates the use of
closed-loop feedback during the atmospheric entry phase. Typical mission scenarios
include a controlled atmospheric entry directly from interplanetary cruise, without
first going into orbit. Atmospheric aeromaneuvering will be used to decelerate the
vehicle and guide it to a prespecified 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 final descent, from approximately 5 km to the surface.

The Gusev crater, located at
14.5° S., 184.6° W., appears to
be the rim of an ancient lake
bed and has been proposed as
a potential site for exobiology.
Superimposed on the image
are the 3-o error ellipses for
the current Pathfinder
technology and a perfect
approach navigation scenario.
The program objectives of

10 km, and ultimately 1 km,
error radii are also shown.

This report documents a simulation environment developed to study the guidance
and control aspects of the aeromaneuvering phase of the Mars precision landing
problem. The simulation encompasses the later phases of a landing mission, beginning
at a prespecified altitude above the planet, just prior to atmospheric entry, and
terminating just above the planet surface at a point where a parachute would
normally be deployed. The initial conditions are determined by the approach
navigation, which varies with the mission requirements and is not considered here. A
complete mission would also include a parachute deceleration phase and a fully
controlled thruster maneuvering phase for ha ard avoidance and landing. These
aspects are also not considered in this version of the simulation.

The simulation contains the complete 6-degree-of-freedom dynamics, modeling the
vehicle attitude as well as the position and velocity dynamics. The level of detail goes
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as far as specifying the location and orientation of individual control thrusters on the
vehicle, as well as specifying the position of the center of gravity and its affect on the
aerodynamic coe cients.

The objective of this simulation is to provide an environment for the development
of estimation, guidance, and control algorithms for future Mars landing missions. It is
also possible to investigate the consequences of navigation or technology options on
the landing error. or example, the simulation has been used to investigate the

terminal point consequences of entry condition knowledge errors . Another analysis 1. Smith, .,

example would be an investigation into the effect of control thruster si ing on eromaneuvering ntry in

achievable target accuracy. In its current form the simulation is not su ciently fast to the artian tmosphere an

allow statistical analyses via large Monte-Carlo runs. ctuated Pathfinder ehicle
The MATLAB L environment is used as a basis for the simulation. This Study ,

allows the development of individual modules for different aspects of the simulation

.. . 1
model, thereby making it straightforward to enhance or upgrade any part of the model. RE



Simulation En ironment

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 modified relatively independently of each
other. The major program modules are:

Dynamics This contains the model of the spacecraft dynamics, expressed in a
combination of planet relative and inertial variables.

Actuation This module specifies the thruster actuation configuration and
calculates the forces and moments acting on the vehicle. The mass change is also
calculated in this module.

Sensing The inertial measurement unit IMU and other sensing functions are
modeled here. This includes the noise, bias and drift properties of the sensors.

Estimation The system states are estimated from the measurements and an
estimate of the navigation entry state.

Guidance The guidance algorithm specifies the nominal ight path from
atmospheric entry to termination close to the planet surface. It is a closed-loop
control based on the 3-DO equations and using bank angle as the actuation
variable.

Control This module handles the attitude control of the vehicle, determining
thruster firings in order to achieve the bank angle specified by the guidance
module.

ermination The parachute deploy conditions are specified here and used to
terminate the simulation.

The estimation, guidance, and control aspects have been implemented in separate
modules. This conforms to historical practice in spacecraft control work. In this
problem it is evident that a closer integration of these aspects has the potential for
significant performance improvement. It would not be di cult to modify the
simulation to integrate the estimation, guidance and control into a single module.
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The arrangement is illustrated schematically, with the connections between
modules shown.

onceptual arrangement of the
simulation modules, showing
the division between the
simulated physical system and
the Guidance, avigation and
ontrol G System.
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Entr namics
The entry dynamics model presented here has been derived from Etkin and the 6.  tkin,
notation is similar. The dynamic model includes the following features. Wiley

More

Sons., ew ork,1
An exponential atmospheric density. This is specified by a reference altitude and

a reference density.

An oblate spheroid model of the Mars surface, enabling the spacecraft location
to be based on geodetic latitude and geodetic altitude. The geodetic altitude can
also used for the altitude dependent atmosphere and speed of sound models.

The angular rotation of Mars Coriolis effects . At interplanetary cruise speeds
this term has a detectable effect of the terminal point. The dynamic effects of
the curvature of Mars are also included.

Aerodynamic forces lift, drag, side force and moments roll, pitch and yaw as
a function of angle of attack, sideslip angle, and center of gravity offset. A
ewtonian impact model has been developed to calculate these quantities
analytically . . oussalis, ., nvestigation

of the ongitudinal otion of
Mass changes in the spacecraft due to thruster firings. These do not significantly  ow- ift ntry ehicles, P

affect the entry dynamics but are important in evaluating the performance of the 3456- 6-00 , ay ,1 6.
attitude control system.

importantly, the following effects are not modeled in the equations:

The centripetal acceleration due to the rotation of Mars. This does not
contribute significantly in this problem.

The dependence of the aerodynamic coe cients on velocity or Mach number.
Ideally a more complex wind tunnel and C D based model should be used. This
would involve abandoning the analytic expressions for the aerodynamic

coe cients and going to a table lookup based scheme.

The rotation of Mars around the sun. The short duration of the entry means
that this term is not significant for this problem.

ind or higher order atmospheric effects. MarsGRAM, or a similar higher
complexity model, could be incorporated to model the atmospheric density with
greater fidelity. This has yet to be done.

igher order terms in the gravity model. The current model assumes that the
and higher terms are ero. This can be upgraded relatively easily.

lexibility or articulated components in the vehicle. The Martian landing
vehicles currently under consideration are rigid bodies. If this were not the case
the moment equations would have to include the inertia matrix derivatives.
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A Mars fixed rotating frame, denoted by with  indicating planet is assumed

to be fixed in inertial space . The origin is located at the center of the planet with the 8. This neglects the motion of
axis aligned with the rotation axis; i.e. through the orth pole. Latitude and ars around the Sun or the

longitude are denoted by and respectively, and the axis intersects the ero motion of the solar system

latitude, ero longitude point on the equator. The rotational velocity of the planet, with respect to inertial space.

about the axis, is denoted by

ars fixed rotating frame ,
and vehicle carried, local
vertical frame . Iso shown
are latitude , longitude
and planet to spacecraft radial
distance

The vehicle carried local vertical frame, , is also illustrated. The axis points
towards the planet center, points orth, and points East.
The co-ordinate transformation between and can be expressed by a 3 3
rotation matrix, . Using to denote the rotation of about the axis, . ore precisely
gives 1 0 0 ]
0 cos sin
9 L O sin cos
[ cos 0 sin
The vehicle velocity vector with respect to the planet is used to define a wind 0 1 0 ]
frame, . The axis is aligned with the velocity vector, and the axis is L sin 0 cos
aligned with a vehicle axis of symmetry. In the Mars entry vehicle considered here the [ cos sin 0
center of gravity offset defines the direction. Sén COS (1) }
The rotation matrix from to can be expressed in terms of the wind axis

Euler angles as,

where is the bank angle, is the ight path angle, and is the a imuth or
heading angle. An analogous set of Euler angles can be defined with respect to the
body frame, giving the to rotation matrix as,
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The vehicle orientation with respect to the

angle-of-attack,

, and the sideslip angle,

frame is expressed in terms of the

elationship between the body
frame, , and the wind
frame, . The center of
gravity o set is used to define
the axis. The configuration
shown has 0 and 0
the nominal ight conditions
have 0.
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The inertial and planet frames have origins at the center of the planet. The
vehicle navigation , wind , and body frame origins are at the center of
gravity of the vehicle.

>
-
> >

The dynamics are expressed in terms of a non-unique choice of state variables. The

approach taken here is to use states defined in , as they remain well defined even if
the vehicle velocity is ero

The planet relative velocity vector, , is expressed in the body frame and has
components,

or simplicity we define  as the magnitude of ;

(+ + )
The components , , , are used as state variables. Their derivatives with respect to
the body frame are given by,

0
1
— + + 0
0
+ 0
where , , are the aerodynamic forces acting on the vehicle—drag, sideforce

and lift respectively— and , , are the thruster forces acting in the ,

10. This is done to allow for a
future extension to the case
where the spacecraft may
hover with ero velocity.
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directions. The vehicle mass is denoted by  and the local acceleration due to gravity
is . The vector cross product is denoted by . The velocity vector derivative also
depends on the angular velocity of relative to an inertial frame,

where the components of are the roll, pitch and yaw rates respectively.
ote that the aerodynamic forces are specified in the wind frame—and by
convention in the negative directions—and are rotated into the body frame in the

above. The aerodynamic forces, and their dependence on , , and the center of
gravity offset, are described in detail in Section 4 page 21 .
ote also that the term must be rotated from the local vertical to the body

frame. Both and are time varying. Mass is lost as a result of thruster firings and
to model this is a state variable. The local acceleration depends on the planet
model and is described in more detail in Section 5 page 25 .

The components of are also used as state variables and their derivatives are
given by

_|_

where , , are the aerodynamic moments and , , are the applied
control moments. The individual components of the inertia matrix,

are given in Section 4 page 19 .
A spherical coordinate system is used to calculate the vehicle position with respect
to the planet.

0 0 1
1 0 0
0 1 cos 0
The body frame Euler angles ., are used to complete the set of

position and velocity state variables. The latitude and longitude derivatives are
needed to calculate the effect of the rotation of the planet in the body axes frame.
rom this, and the vehicle rotation rates, the derivatives of the orientation angles can

be calculated. To do this the angular velocity of relative relative to , , must
be calculated. Recall that is relative to inertia and the effect of the rotation of
the frame must be removed giving,
+ cos
+ sin

ow the state variable derivatives are given by,
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The final state variable is the mass. The total thrust, , is given by

+ 0+ o+ o+ o+

where , ,and  are the control thrusts in the , and directions. The roll,

pitch and yaw thrusters,in  ,are , and respectively . The derivative of the 11. Section 4 on page 1 gives

mass is therefore given by, more detailed information on
the thrusters and the control
moments that they generate.

where is the specific thrust for the engines, assuming that all are identical.

The state variables are summari ed below.

component of the planet relative velocity:
component of the planet relative velocity:
component of the planet relative velocity:

Body axis roll rate

Body axis pitch rate

Body axis yaw rate

Bank angle body frame:
light path angle body frame:
eading a imuth angle body frame:

Radial planet center to spacecraft distance
Latitude
Longitude

ehicle mass

The aerodynamic force calculations required the aerodynamic angles and these
can be calculated from the state variables by,

arctan

arcsin

The guidance algorithm uses wind frame Euler angles and these can be calculated
from the rotation matrix which is given by,

The notation denotes the row , column element of the matrix.
Observe that,

13 sin

11 cos Cos
12 cos sin
23 sin cos

33 cos cos
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and so the wind frame Euler angles can be reconstructed via

arcsin 13
12

arctan (ﬁ)

arctan (i>
33

A four quadrant arctangent operation is required to prevent angle ambiguities.
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e icle C aracteristics

The entry vehicle studied here was based on the Pathfinder—illustrated below—as
detailed aerodynamic and configuration information is available in the work of

Spencer and Braun. 1 . Spencer, . ., and
raun, . . ars Pathfinder

atmospheric entry trajectory
1412 design,
~ - .

S Paper 53 , ug

1 5.

13. raun, . ., Powell,

. W., ngelund, W. .,
1.325 Gno o, P. ., Weilmuenster,

., and itcheltree,
Six degree-of-freedom
atmospheric entry analysis for
the ars Pathfinder mission,

Paper 5 0456. an. 1 5

All dimensions in meters

—/

The choice of body axes conforms to typical atmospheric aerodynamics
conventions and agrees with the previously defined models. Early work used the mass
and inertia values from the Pathfinder mission; given by Braun . More recent
work has used the design values for the Mars Surveyor Program 2001 Landing. Both
are tabulated.

Pathfinder 2001
Mass kg 552.0 523.0

Inertias kg.m

230.0 184.0 180.0 261.6 194.4 2123
0.0 0.0 0.0 0.0 0.0 0.0

The vehicle nose has been chosen as a reference point for the specification of
physical locations on the vehicle. The vector from the reference point to the center of
gravity, in body frame coordinates, is

0483
0
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where is the lateral center of gravity offset. A non- ero value of gives a
non- ero equilibrium angle-of-attack, which in turn generates lift. The relationship
between and the equilibrium is detailed on page 23.

Up to twelve thrusters can be modeled in the simulation. Each is specified by a
location with respect to the reference point vehicle nose , a thrust direction, and a
maximum thrust value. In the current simulation eight thrusters are mounted on the
rear of the aeroshell and aligned to give decoupled roll, pitch, and yaw moments. our
thrusters are used for roll and two each are used for pitch and yaw. Position and

thrust direction vectors of the th thruster are denoted by = and  respectively.
Thruster: Location: Direction: Thrust
limit

negative roll -0.483 0 -0.994 0 -1 0 5.0
negative pitch -0.483 0 -0.994 1 0 0 5.0
positive roll -0.483  0.994 0 0 0 1 5.0
negative yaw -0.483  0.994 0 1 0 0 5.0
negative roll -0.483 0 0.994 0 1 0 5.0
positive pitch -0.483 0 0.994 1 0 0 5.0
positive roll -0.483 -0.994 0 0 0 -1 5.0
positive yaw -0.483 -0.994 0 1 0 0 5.0

The translational thruster forces are given by

1002 0102

and

001 Z

ote that in the above configuration the pitch and yaw thrusters are not perfect

couples and also generate some translational thrust . The control torques are given

Thruster locations and thrust

directions, viewed from the
rear of the spacecraft.

14. The translational forces
generated in this way are
insignificant compared to the

typical drag and lift forces and

do not have an appreciable
e ect on the trajectory.
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b

The specific impulse of each thruster is modeled as,
350 seconds

This is chosen as a typical value to give an estimate of the mass change due to
thruster firings. It does not correspond to any particular model of thruster.

The thruster locations, directions, and si es, specified here do not correspond to
the Mars 2001 mission; they have been placed approximately on the rear of the
aeroshell and aligned to give moments with respect to individual body axes. The
current thrust values for the Mars 2001 mission are given in the overview paper of

Striepe . The complete attitude control details are proprietary to 15. Striepe, S. n
Lockheed-Martin Astronautics Co. and are not yet available for incorporation into this  tmospheric Guidance
simulation. Igorithm Testbed for the

ars Surveyor Program 001
rbiter and ander,

The Pathfinder mission developed aerodynamic models for this vehicle at a ero trim ugust 1 8.
angle-of-attack. The work outlined here requires a model at trim angles over the range
-20 to 20 degrees. Boussalis describes such a model, developed from ewtonian 16. oussalis, .,
impact dynamics, and the properties of this model are outlined here. nvestigation of the
Circular symmetry of the vehicle lends itself to a more intuitive coordinate system ongitudinal otion of

for the lift yaw force coe cients. A lift direction angle, , is defined as the angle ow- ift ntry ehicles, P
of the net lift yaw force with respect to the body vertical . e will also define an 3456- 6-00 , ay ,1 6.

effective angle-of-attack , as the angle-of-attack with respect to this angular

direction cf. which is defined with respect to the vehicle vertical direction . These
definitions allow the aerodynamic coe cients to be developed as a function of alone
and, using the circular symmetry of the vehicle, applied to the general non ero

case.

efinition of e ective angle
of attack and lift vector
angle . ote that is the
angle between the velocity
vector and the axis.

































































































