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An atmospheric entry guidance law is developed for a range of low-lift landers consistent with those expected to
be flown in NASA’s upcoming series of Mars exploration missions. The lander flight path is controlled by bank angle
adjustments. The guidance law is a drag-based predictive tracking guidance law similar to that used by NASA’s
Space Shuttle. Modifications to the Shuttle law are introduced to accommodate the very low-lift capability of the
expected landers, as well as additional constraints due to using a fixed trim angle and a low bandwidth attitude
control system. Applying the modified guidance law to a representative entry scenario taken from the NASA Mars
Surveyor 2001 mission, Monte Carlo simulation results indicate that a lander with a maximum lift-to-drag ratio
of only 0.12 can be guided to within 10 km of a specified parachute deployment latitude/longitude point with
approximately 99% certainty. Additional dynamic pressure and Mach number constraints required for successful
parachute deployment are also shown to be satisfied with approximately 99 % certainty. Results for landers with
maximum lift-to-drag ratios of 0.18 and 0.06 are included for comparison.

Introduction

MONG the many complex and challenging future Mars mis-

sions such as sample return, in situ science, telerobotic ex-
ploration, human exploration, robotic colonization, etc., many are
likely to require an advanced guidance, navigation, and control ca-
pability for precision landing. In emerging missions, landing sites
are typically selected based on their importance to geological and
exobiologicalexploration. The need for precision landing is driven
by science objectivesto study focused sites of limited radius, where
science specimens must either be in immediate proximity of the lan-
der or must be reachable by robotic rovers deployed from the lander
base. More complex mission scenarios may require landing close
to equipment or cached samples from a previous mission or near
a previously established Mars base. Aside from helping to satisfy
these basic mission objectives, precisionlanding also helps to avoid
hazardous terrain and reduce landing risks.

As a useful point of departure, one can consider the recent Mars
Pathfinder mission, which successfully landed on the surface of
Mars on 4 July 1997. The Mars Pathfinder entry was ballistic, mean-
ing that the vehicle generated no lift nominally and that there was
no closed-loopentry guidance. Although a specific landing site was
targeted, the achieved landing site could only be guaranteed (i.e.,
to 99.7% confidence) to be inside a 299 X 45 km ellipse, when all
potentialdispersionswere considered."> Note that rather than using
worst-case numbers, targeting decisions for Pathfinder were based
on a 95% dispersion ellipse of =100 km downrange and *30 km
crossrange and that the actual landing error realized for Pathfinder
was 27 km.

Figure 1 (photograph obtained from Jet Propulsion Laboratory,
California Institute of Technology/NASA web site at http://RMET.

Received 12 February 1999; revision received 19 January 2000; accepted
for publication 21 January 2000. Copyright © 2000 by the Authors. Pub-
lished by the American Institute of Aeronautics and Astronautics, Inc., with
permission.

*Postdoctoral Researcher, Department of Mechanical and Aerospace En-
gineering. MemberAIAA.

TGraduate Student, Department of Mechanical and Aerospace Engineer-
ing. Student Member AIAA.

*Associate Professor, Department of Mechanical and Aerospace Engi-
neering. Associate Fellow ATAA.

$Senior Research Scientist, Autonomy and Control Section. Senior Mem-
ber AIAA.

620

jpl.nasa.gov/RRMET/exptech/98met/98preciseland.htm]) shows a
potential landing site located in what is believed to be an ancient
Martian lake bed. Martian lake beds are of scientific interest due to
liquid surface water they might have once held and potential indica-
tions of early life forms. The targetlandingsiteis shown in the center
of a 1-km-radius circle. For comparison purposes, the landing dis-
persion ellipse associated with the Mars Pathfinder lander is super-
imposedonFig 1. Itis seen thatthe level of precisionassociated with
the Pathfinder landing would be inadequate to deliver even the most
capable of rovers (of the 10-km class) to the desired science target.

Itis true that future Mars missions will benefit from improved ap-
proach navigation prior to atmospheric entry. However, even with
the best achievable approachnavigationavailablein the near future,
the expected dispersions associated with unguided flight in the at-
mosphere can still be expected to be on the order of 50-km radius
(cf., Fig. 1). This motivates moving away from simple ballistic en-
tries and toward more sophisticated entries using closed-loop entry
guidance.

Using a combination of closed-loop entry guidance and a low-
lift lander [having lift-to-dragratio (L/ D) between 0.6 and 0.18], a
desired NASA goalis to be able to land within a 10-km radius of the
desired target site.> With greaterlift capability and betternavigation,
landing within a 1-km circle may be achievable.

The guidance law documented in this paper is developed for a
range of low-lift landers consistent with those expected to be flown
in NASA’s upcoming sequence of Mars exploration missions. The
Mars Surveyor Program 2001 (MSP’01) mission is the first Mars
mission expected to attempt precision landing under closed-loop
entry guidance. The details of the vehicle definition and problem
statement for MSP’01, given by Striepe et al.,* are used for the
numerical results presented in this paper. The lander is defined to be
similar to the 1997 Mars Pathfinder lander, except that the internal
mass of the vehicle is distributed such that the vehicle trims at a
nonzero angle of attack and generates some lift. (Aside from the
geometric layout, the flight control system shares more in common
with the MS 1998 lander). The attitude control system is capable of
banking the vehicle aboutits velocity vector and, thus, directing the
lift for flight-pathcontrol.InFig. 2 two configurationsare considered
that differ only by their L/ D: one has an L/ D of about 0.12 and
the other has an L/ D of about 0.06. For comparison, another lander
configuration with an L/ D of about 0.18 is also considered.

We address the guidance problem of commanding the bank angle
during the atmospheric entry so that the vehicle reaches a specified



TU ET AL. 621

o
&

g km mdiu;i-

=

R A N
Pagpﬁm:ler Eanding.

0.25 T T T T T

04k oo [REPPRRR P P L e

uD
AN
/
’
\
\

4] 5 10 15 20 25 30
Mach number

Fig.2 Lander L/D vs Mach number.

parachutedeploymentcondition that includes specifications on lati-
tude and longitude as well as acceptableranges of dynamic pressure
and Mach number. A guidance law is developed that belongs to the
class of drag-based predictive tracking guidance that has evolved
through the NASA Apollo and Space Shuttle programs™® and other
developments.”~!* The advantages of this class of guidance laws
over purely predictive and purely tracking guidance laws are de-
scribed. Modifications to the Space Shuttle Orbiter entry guidance
law® are introduced to accommodate the low-lift capability and the
combination of a low bandwidth bank angle control system and a
fixed trim angle of attack that characterize the Mars landers under
consideration.

Guidance Problem Formulation
Equations of Motion
The lander is modeled as an unpowered point mass flying in a
stationary atmosphere of a nonrotating planet. The three kinematic
and three force equations for the translational motion are'’

.V i
0= cosy siny N

r cos ¢

¢ =(Vcosycosyl/r) 2)

R
7 =Vsiny 3)
V ==D—gsiny 4)
y =(1/V){Lcoso —[g —(V*/r)]cosy) 5)

7 =1/ V)[(Lsinc/cosy) + (V*/r)cosy siny tand] (6)

where 0 is the longitude, ¢ is the latitude, r is the radial distance
from the center of the Mars, V is the velocity, and y is the flight-
path angle. The heading angle is x, defined as a clockwise rotation
angle starting at due north, and o is the bank angle defined as the
angle about the velocity vector from the local vertical plane to the
lift vector. An inverse square gravitational acceleration g = p/r2,
where u =G M, is assumed. The aerodynamicdrag D and lift L
accelerations are given by

D =1pV(S/m)Cy, L=1pVX(S/m)C,  (7)

where p is the atmospheric density, S represents the vehicle refer-
encesurfacearea,and m isthe mass of the spacecraft. An exponential
atmospheric density model,

P = pr eXp[_(" - rO)/hs] (8)

is assumed, where p, is the density at the reference radius ry and &,
is the constantscale height.

Guidance Objective

The guidance objective during the hypersonic and supersonic
phases of entry is to reach a specified latitude and longitude, with an
altitude and velocity (actually dynamic pressure) compatible with
parachute deployment, at the time when the vehicle energy has de-
creased to a specified level. The parachute requirements dedicate a
feasible region in the altitude-velocity plane.

Guidance Law Design
Drag-Based Predictive Tracking Concept
We employ a drag-based predictive tracking guidance ap-
proach’~!% It is appropriate to consider energy as the independent
variable. We define the specific energy by

E =3V>+[(ulre) = (u/1)] ©
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where ry is a reference surface radius for Mars. Using Eqs. (4) and
(9), it can be shown that

E=-VD (10)

Defining range as the distance along the flight path, the predicted

range to go is
Y b dE
R, =/ Vdr =/ — an
f, E D

e /

where 7. is the current time, 7, is the terminal time, E is the current
energy, and E ; is the final energy.

Observe that the range, as a function of energy, depends only on
the drag profile D. The drag, in turn, can be controlled through the
use of the bank angle o according to the second-order dynamics,

D" =a+ bu (12)

where D" denotes the second derivative of D with respect to energy,
the term u =(L/ D) cos o acts as a control input, and a and b are
functions of the state variables that will be specified later.

The role of the longitudinal guidance law is to command the
control input u =(L/ D) cos o such that the vehicle achieves the
desiredrange to target R,. In this context, a fully predictive guidance
approachis one that uses the combined range and drag dynamics to
determine the required value of the control at each guidance update.
There are several potential problems with this approach:

1) At each time instant the control must be determined not only
at the current time, but also over the entire future flight path. This
typically causes computational bottlenecks when using general for-
mulations such as those based on optimal control theory. On the
other hand, simple formulations (e.g., taking future controls to be
constant), reduce computation but may run into state constraints
(cf., problem 2, following), or may not be of a rich enough class to
generate feasible or desirable entry trajectories.

2) State constraintson dynamic pressure, accelerations,and heat-
ing generallymake choicesof feasiblefuture paths particularlyprob-
lematic. Although state constraints are not a significant issue for the
MSP’01 Lander, they are important for the Space Shuttle® and are
likely to be necessary for future Mars landers.

3) Calculating the effect of the control inputs on the predicted
future flight path requires an accurate aerodynamic force model
that is generally not available in practice.

The drag tracking guidance approachis less prone to these prob-
lems. A detailed discussion can be found in Ref. 6 (see also more
recent generalizationsin Refs. 7 and 12). For completeness, a brief
overview is included here.

In drag tracking guidance, a drag reference trajectory D, (E) is
planned a priori as a function of energy, and a feedback controlleris
used to command the bank angle so that the actual drag D(E) tracks
D, (E) during flight. Because the controlleris acting simply to null
the error between D(E) and D, (E) in real time, the computation of
future controlsis avoided completely, thatis, overcomingproblem 1.
Ifthedragtrackingis perfect,it follows from Eq. (11) thatthe desired
range will be achieved.

It has been shown in Ref. 6 that all relevant state constraints
for entry can be represented as drag constraints and systematically
incorporated into the choice of reference trajectory D,(E). This
overcomes problem 2. Terminal conditions on altitude and dynamic
pressure required for successful parachute deployment can be han-
dled by constrainingthe final value of the drag. In particular, given a
nominal trim angle a and fixed aerodynamic and atmospheric den-
sity models, the specification of final altitude and dynamic pressure
is equivalent to the specification of drag at a final value of energy.

Note that drag causes deceleration, which is measured directly
by the accelerometers.In nulling a directly measured error, the drag
tracking approach is robust to aerodynamic modeling errors. This
overcomes problem 3.

Accordingly, drag tracking largely avoids the aforementioned
problems 1-3 and has been the preferred approach in developing
NASA’s Space Shuttle entry guidance law.

. ) R
Fig. 3 Cascade structure of Drag Range
longitudinal dynamics. — ' —
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Issues 1-3 addressproblems predominatlyrelated to guidancelaw
development. However, other important issues still remain, arising
from limited vehicle control authority and actuator constraints. A
difficulty that arises in drag tracking is that it places too much faith
in the accuracy of drag reference D, (E) and the controller’s abil-
ity to track it. For example, errors in physical models and/or entry
conditions may rendera precomputed D, ( E) difficult to fly. In addi-
tion, control errors incurred in tracking the desired drag profile (due
to actuator constraints, constraints on vehicle body rates, vehicle
lift capability, finite control bandwidth, sensor noise, environmen-
tal disturbances, etc.) can induce unacceptably large ranging errors
when integrated over time. This motivates the next scheme, which
replans D, (E) at regular intervals during the flight.

In predictive tracking guidance, the reference drag profile is ad-
justed at regular intervals using Eq. (11) so that the predicted range
equals the desired range. As indicated by the cascade structure
shown in Fig. 3, the predictionis accurate because the rangingequa-
tion Eq. (11) is purely kinematic and does not require force mod-
eling. In the predictive tracking approach, the longitudinal tracking
guidance law commands u =(L/ D) cos o (i.e., essentially the ver-
tical component of lift, scaled by the drag) to track the currentdrag
reference D, . Because cos(o) = cos(— o), the sign of the bank an-
gle can be chosen arbitrarily without impacting the longitudinal
guidance.

The role of the lateral guidance law is to command the sign of
the bank angle o, which, through Eq. (6), couples into the dynamics
and allows one to control heading to meet the desired crossrangere-
quirement. The logic for commanding the sign of the bank angle is
based on a heading error corridor. When the lift vectoris not in the
vertical plane, the heading angle changes. When the vertical plane
of motion becomes too different from the vertical plane containing
the vehicle and the target, a sign change is commanded. The attitude
control system must then rotate the vehicle about the velocity vector
for what is termed a bank reversal.

The lateral guidance concept just described has a potential weak-
ness in that the logic is independent of the longitudinal guidance
and has second priority. For example, if the longitudinal guidance
commands a 0- or 180-deg bank angle, the lateral guidance is left
with no control authority. Sufficient lateral control authority can be
ensured by constraining the bank angle so that it is bounded away
from 0 and 180 deg by some sufficient margin. This is a means
of budgeting control authority between the longitudinal and lateral
guidance, which has been successfully used in the Space Shuttle
program. Note that a combined longitudinallateral tracking guid-
ance approach has also been developed for applications where both
a and o can be controlled.”!? In the remainder of this section, we
describe a particular implementation of the drag-based predictive
tracking guidance concept for Mars precision landing. An earlier
version of this implementation was documented in a thesis."?

For the Space Shuttle Orbiter, the hypersonic L/ D is 1.50 and the
angle of attack can be adjusted within limits. Although bank angle
changes are the primary means of flight-path control, the Shuttle
guidance commands angle of attack changes during bank reversals
to maintain the desired vertical lift. The features of Mars precision
landing that drive our implementation and require some modifica-
tions relative to the Shuttle guidanceare 1) the landerhas a very low
L/ D ratio, in the range 0.06-0.18; 2) the angle of attack cannot be
adjustedto control the flight path; 3) the attitude control system uses
1-1b thrusters, which significantly limits the maximum bank angle
rate and acceleration; and 4) the atmospheric density uncertainty
along an entry trajectory can be as large as 40%.

Longitudinal Predictive Guidance Design

The longitudinal predictive guidance determines a flyable drag
reference that, based on Eq. (11), produces the desired range at a
specific terminal energy. The range to the target R, is taken to be the



TU ET AL. 623

straight-line distance from the current position to the target. This
straight-linedefinition of R, is consistentwith that for the predicted
range R, if the vehicle indeed flies a straight-line path.

In general, the need to plan a reference flight-path angle y as a
function of time can be avoided, if one is flying either near-level
flight (i.e., y =0) or a straight-line path to the target. The latter
assumption is the appropriate one for the low-lift vehicle under
consideration because y is nominally in the range from —12 to
—26 deg.

Drag Reference Initialization

With a sufficiently high L/ D, the reference drag profile is lim-
ited by vehicle constraints on dynamic pressure, accelerations, and
heating 5%° With a very low L/ D, the reference drag profile is lim-
ited by the control authority. For the latter case, we choosea constant
bank angle near 90 deg in magnitude and determine a trajectory via
open-loop simulation using nominal models that achieves the de-
sired range. With a fixed entry position, speed, and heading, the
entry flight-path angle can be adjusted to achieve the desired range.
The drag profile for this trajectory is taken as the reference drag
profile. If the nominal model is without error, then flying the refer-
ence requires a 90-deg bank angle, and all of the lifting capability
can be used to handle dispersions, that is, off-nominal conditions.
Ideally the reference trajectory should also lead to the center of the
allowablerange of parachute deploymentconditions. If the ballistic
90-deg trajectory does not achieve this, then some lift must be used
to shape the nominal trajectory. Figure 4 shows an approximationof
the boundary of the landing footprint from the nominal entry point
to parachute deployment. Conditions for parachute deployment are
given later. The boundary is obtained by constant bank angle pro-
files for the entire range of bank angles. Two particular trajectories
are shown: the solid trajectory was generated with o =90 deg and
the dotted trajectory was generated with o = —90 deg. Because the
magnitude of the bank angle is the same for both trajectories, the
drag profiles are roughly the same. By executing a bank reversal to
change the sign of o at an appropriate point along either trajectory,
final points roughly in between the endpoints of the two trajectories
can be reached. To satisfy the parachute deployment criteria, it was
determined that the best place to pick a target is in the center of the
two terminal points of £90 deg as shown in Fig. 4. Either of the
drag profiles for the two trajectories can be used as the reference.
Note that these reference drag profiles do not include bank reversal
effects. We have found that it is best not to include these because
of the large variability in where bank reversals actually occur under
off-nominal conditions. An Nth-orderpolynomial representationof
the reference drag profile D,

N
D,(E) = E C,E' (13)
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Fig.4 Landing footprint.

isusedtoreducethe storagerequirementsand enable analytic differ-
entiation. A least-squaresapproximationis used to fit the coefficients
C; to the reference drag profile.

Drag Reference Update
The referencedrag profile is updated periodically using a shaping
function to null the range error. We use the shaping function,

flx(E)] =2 —a[x(E) — 0.5)? (14)

where a is a positive constant and x is a linear function of E given
by

X(E) =(E - E)I(E; — E.) (15)

Thus, x is equal to O at the currentenergy E, and is equal to 1 at the
terminal energy E ;. Note that the maximum value of the shaping
function is 2. The updated reference drag profile is parameterized
by the single parameter 3 as

DY(E) =[1 + Bf(E)]ID,(E) (16)

where D" is the updatedreference drag profile. The predictedrange
to go is calculated by substituting Eq. (16) into Eq. (11) and inte-
grating. The difference between the predicted range to go and the
desired range to go is nulled by adjusting 8. D' is then fit using the
representation in Eq. (13) and becomes the current reference drag
profile. This process is repeated at the guidance update interval.

Presently, the time interval between guidance updates is chosen
by simulation using trial and error. Empirical evidence suggests
that a simple fixed interval is adequate, and performance does not
significantly improve when updating more often than some critical
period, for example, 20 s in the case study presented later. Nonethe-
less, more systematic methods (possibly including state-dependent
logic) for triggering guidance updates remains as a topic for future
research.

The update method just described, based on using shaping func-
tions, has the following attributes. First, it is simple because only a
single parameter f3 is adjusted. Second, the shaping function f(E)
can be carefully chosen so that modifications of D, allow the guid-
ance law to react quickly to needed changes, yet are trackablein the
sense that they are consistent with vehicle capability and lie within
the limits of available control authority. Further improvement in
the update method may be possible, and this is an area for future
investigation.

Longitudinal Tracking Guidance Design

The longitudinaltracking guidancelaw commands the bank angle
magnitude || as required to track the reference drag profile. It has
been shown’ that nominal exponential tracking, in the absence of
control saturation, can be achieved globally by feedback lineariza-
tion of the drag dynamics, whereas exponentialtracking can only be
achieved locally using Taylor linearization. Accordingly, the feed-
back linearization approachis used in the present paper. Aside from
potential performance benefits, it is also easier to implement. For
example, one does not need to determine a reference y profile or
assume it is zero. A proportional-integral-derivative (PID) law is
used to control the nominally linearized drag dynamics. A guid-
ance initiation trigger and a one-sided gain schedulingfactor can be
added to improve performance, as will be discussed.

PID with Feedback Linearization
The drag dynamics, with E as the independent variable, can be
written in the form,

D' =a+ bu an

where

u =Lcoso/D (18)
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1 [D+ gsiny]siny 1 + 2g
a = — | — -
V2D hig hs V2

V2 sin
X(—gcosy + —cosy)cosy + D’Vz(h—y - D’)
r s

2
+ D'[3D + gsiny] — W[D + gsin y]2> (19)
1 2g \cosy
=|-——-—= 20
( hs v2> V2 @0

and the first derivative of drag with respect to energy is
D' = (siny/hg) + (2/V*)[D + gsiny] @D

assuming that terms involving with derivativesof C, are negligible.
Let the drag tracking error be denoted by

AD=D-D, (22)

and the first and second derivatives with respect to energy by
AD' =D' - D,/ (23)
AD" =D" - D! (24)

To achieveclosed-looperrordynamicsof the linear time-invariant
form

AD”+k1AD’+k2AD+k3/ADdE=O (25)
where ki, k,, and k3 are constant gains, D" must satisfy
D”=D£’—k1AD’—k2AD—k3/ADdE (26)

Using Egs. (17) and (26), we obtain the tracking law
up, = (1/b)(—a + D! —k;AD' —kyAD — k32) 27)

z:/ADdE

is initialized at zero and is rezeroed at each drag update. The first
and second derivatives of D, with respectto E are given by

The integrator state

N
D =ZiC,-E"“ (28)
i=1
N
D= il —CE (29)

i=2

To compute ug viaEq. (27) and then the o command viaEq. (18),
h and p are obtained from the nominal atmospheric and gravita-
tional models, respectively,and r, V, v, and L/ D are obtained each
guidance cycle from the onboard inertial navigation system. D and
L/ D are estimated directly from inertial measurements, rather than
from Eq. (7), to avoid introducingerrors from the density and aero-
dynamic models.

It is emphasized that the closed-loop dynamics Eq. (25) are only
achievedunderideal conditionsof no mismodelingerrors or naviga-
tion errors. Some nonidealities (such as drag modeling errors) show
up as additional forcing terms on the right-hand side of Eq. (25)
that act as disturbances that would bias the tracking error. The inte-
gral term in the controlleris present to help mitigate such nonideal
factors. Other nonidealities such as actuator saturation are more
complicated. The reader is referred to Mease and Kremer,” where
the issue is treated in more detail. Realistic levels of such errors
have been injected into all simulations and will be used to evaluate
performance in this paper.

One-Sided Gain Scheduling

To accommodate the bank angle rate and acceleration limits and
the low L/D, a provision is made to include a one-sided gain
scheduling factor in the feedback control law. The gain scheduled
version of the control law ugg is

ugs =top + E(D)(upL — top) (30)

where ugp is the open-loop control, (D) is the gain scheduling
factor, and ug; is the feedback linearization control law in Eq. (27).
The open-loop control is

uop = L cos oi¢/ D 31

where o is the constant bank angle for the initial reference drag
profile.

The gain schedule is denoted as one-sided because it is used to
attenuate the control gain only during the early part of the entry
trajectory where the dynamic pressure (and, hence, the control lift)
is low. This helps to prevent bank angle saturation early on, which
reduces latency (due to bank angle turn rate and acceleration limits)
in moving to a new attitude more appropriate for the high dynamic
pressure region that follows. With this approach, the vehicle is less
likely to getcaughtat an undesirablebank angle (or in the middle of a
large maneuver), when the high dynamic pressure segmentbecomes
active.

The gain scheduling factor has the form

&D) = (D/Dmax)l7 (32)

where D, is the expected upper limit for the drag accelerationand
n is a positive constant with magnitude larger than one. The gain
scheduling factor £( D) is, thus, designed to be less than or equal to
one. The gain scheduled controllercommands the open-loopcontrol
uop when the control authority as indicatedby D/ D,y is very small
early in the entry. As D/ D,,,, increases, the controlleris transferred
smoothly to the closed-loop controller ug;.. Beyond the peak drag
the gain scheduling factor is set to one, that is, ugs =ug.. As the
dynamic pressuredrops,bank angle saturationagainbecomes likely,
but this time there is no need to interfere because the high dynamic
pressure region has already passed.

Implicit Gain Scheduling via Independent Variable

In this section, we investigate the implicit gain scheduling rela-
tionship between the time domain and the energy domain closed-
loop error dynamics. The following two equations are obtained by
applying the chain rule:

AD =AD'E (33)
AD =AD"E*+ AD'E (34)

where AD=D—D,andAD =D - D,.
Considerthe ideal case of feedbacklinearization(i.e., no mismod-
eling or navigationerrors) where the integral gain is set to zero, that

is, k3 =0. In this case, the time domain closed-loop error dynamics
are given by

AD +2¢w,AD + w2AD =0 (35)

Using Egs. (33-35), we obtain the following energy domain closed-
loop error dynamics:

AD" +20w,AD + w}AD =0 (36)

where
C=¢+(E2w,E) (37)
W =(w,/E) (38)

If the constant gains & and W, are tuned according to the energy
domainclosed-looperror dynamics, then the followingimplicitgain
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scheduling effect on time domain closed-loop error dynamics can
be derived from Egs. (37) and (38):

¢ =C—(E/2w,E?) (39)
w, =w,E (40)

From Eq. (39), we can see the gain scheduled time domain damping
ratio { is almost the same as the energy domain damping ratio
C because E2>> E. According to Eq. (40), the time domain natural
frequency w, will increase when the absolute value of energy rate
E increases, which means the controller will be more aggressive
while there is more control authority available and less aggressive
while there is less control authority. This implicit gain scheduling
effect will reduce the likelihood of control saturation.

Lateral Guidance Design

The crossrange is controlled by the sign of the bank angle. A
bank (sign) reversalis commanded whenever a dead band boundary,
given in terms of the heading error, is reached. The heading error
is defined as the angle between the line connecting the vehicle and
the target projected onto the local horizontal plane (i.e., the plane
perpendicularto the vehicle position vector) and the velocity vector
projected onto the same plane. The projectionof the velocity vector
onto the local horizontal plane is

—cos6Osingcosy — sinfsiny
Vp =V cosy | —sinfsin¢cosy + cosOsiny 41
cos ¢ cos x

The projection of the vector from the current vehicle position X, to

the target position X, is given by

cosfcos ¢
A=X,—-X,=X,—r|sinOcos¢ (42)
sin ¢

Its projection onto the local horizontal plane is given by

A —( X xA)x X (43)
"X XAl
and the heading error is given by
Vp Ap )
Ay =arccos| —— - —— (44)
(IIVPII lA Al

The arccos is specified to return an angle in the first quadrant. Next
the product

Ve Ap

L x L 45)
Vel 1A

is computed, which is also parallel to X.. However, if

\% A X.
( — X — ) (46)
Vel AR X
is equal to 1, this implies that the two parallel vectors point in
the same direction and Ay is positive, otherwise it is negative.
A symmetric heading error corridor is defined by establishing a

maximum A y as a function of the range to the target R,. When A y
reaches this boundary, a bank reversal is commanded.

Additional Guidance Features

The guidance commands to the attitude control system are started
when the drag acceleration reaches 5% of the gravitational accel-
eration. To reserve some control authority for nulling the cross-
range error, the bank angle is limited by || € [Giin, Omax] With
0 < Gmin < Omax <180 deg.

Note two other guidance features tested empirically based on
experience with the MSP’01 simulation studies: 1) An attempt was
made to low-pass filter the drag estimate to remove sensor noise and

high-frequency disturbance content (due to local atmospheric den-
sity variations) before computing the bank angle command. How-
ever, this did notimprove performance. Simulations showed there is
enough filtering in the system without this, and the additional filter
adds unwanted lag to the feedback loop. 2) Special end game logic
was tried, involving commanding o =180 deg after inadvertently
flying past the target. Although intuitively reasonable, this did not
improve on the basic guidance law.

Simulation Results and Analysis

MSP’01 Entry Simulation Testbed

Guidance law performance is assessed using the six-degree-of-
freedom (6DOF) Mars landing simulation testbed, described and
developedby Striepe et al.* and used in the MSP’01 report by Braun
et al.®> This testbed builds on the Program to Optimize Simulated
Trajectories (POST),'* with necessary modifications made to in-
clude realistic and detailed mission-specific models. These detailed
models include the gravity, planet, atmosphere, aerodynamic data,
controlsystem, inertialmeasurementunit, and mass properties mod-
els. Each of these models was carefully checked and their accuracy
validatedin a variety of tests and comparisons (cf., Ref. 4). Delivery
error and knowledge states were used consistent with a navigation
update made 5 h prior to the Mars entry interface.

Vehicle Description

As discussed in Ref. 4, the mass of the assumed Mars lan-
der is taken to be 523 kg, with nominal inertia values of /., =
261.00 kg - m?, 1,, =194.40 kg - m?, I, =212.30 kg - m?, and
I, =1, =1, =0. A different lateral c.g. offset is chosen for each
vehicle studied, consistent with achieving their desired L/ D values
of 0.18, 0.12, or 0.06, respectively, during the high-drag segment
of the entry. The actual variations of L/ D with Mach number are
shown in Fig. 2.

The attitudecontrolsystemuses thrustersto augmentthe damping
in the pitch and yaw axes and to respond to bank angle commands
from the guidance system. Only 1-1b attitude control thrusters are
expected for the MSP’01 lander; the assumed bank angle accelera-
tion & and rate & limits are 1.78 deg/s* and 20.00 deg/s.

Guidance Parameters

The nominal entry states, the target states at parachute deploy-
ment, and the guidance parameters for different lander configura-
tions are given in Table 1.

Table 1 Simulation conditions

Lander’s L/ D

Parameters 0.18 0.12 0.06
¢, deg 4.90 18.15 18.15
6,, deg 159.97 250.34 250.34
he, km 243.27 237.39 237.39
Ve, m/s 6,555.85 6,692.33 6,692.33
Ye, deg —19.84 —-17.35 —-17.35
Xe, deg 107.85 100.69 100.69
¢, deg —0.04 13.76 13.73
6;, deg 174.95 269.05 269.16
Mach limits [1.60,2.28] [1.60,2.28] [1.60,2.28]
Qbar limits [400,1,175] [400,1,175] [400, 1,175]
ki 0.42 0.42 0.42
ko 0.044 0.044 0.044
k3 0.02 0.00 0.00
Oimin» deg 17 14 13
Omax » deg 160 166 167
Dinax 170 150 150
Oref, deg 75 94 90
hg, m 10,000 10,000 10,000
a 2.83 2.83 2.83
N 6 6 6

n 7.00 0.00 2.80
Ipeaks S 140 150 150
Ay, deg 6.00 1.50 0.50
Ay,, deg 3.00 0.75 0.25
Ays,deg 1.50 0.35 0.13
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Each simulated entry is terminated at the point of parachute
deployment according to the following logic. The parachute is
deployed in the altitude range 6.50-17.00 km. If the descending
vehicle reaches the upper altitude bound with V <503.80 m/s, the
parachute is deployed. Otherwise, the parachute is deployed when
V =503.80 m/s or h =6.50 km, whichever occurs first.

The guidance law uses the parameter values shown in Table 1.
Guidance updates are made every 20 s. The value of f in the guid-
ance update law Eq. (16) is not allowed to exceed 0.05, and so the
change in D, at each update is limited to 10%.

The initial reference bank o is a constant for each lander. The
heading error corridor is specified by a maximum Ay of Ay, deg
for R, > 200 km, Ay, deg for 100 km < R, <200 km, and A x5 deg
for R, <100 km. One-sided gain scheduling and integral feedback
were found to be beneficial for some simulations studied here.

Theoretical Corridors, Expected Errors, and Achieved Corridors

Robustness will be discussed using the notion of corridors. Sen-
sitivity to two key parameters are considered: the entry flight-path
angle y,, whose nominal value is —17.35 deg (at an assumed alti-
tude of 237.39km), and a constantmultiplier ¢, on the atmospheric
density, whose nominal value is unity. For all corridor studies con-
sidered, the L/ D of the vehicle is taken to be 0.12, and simulations
are performed on the testbed described in Ref. 4.

The theoretical corridor associated with a given parameter is de-
fined as the maximum interval about its nominal value for which
precisionlanding (defined by the position at parachute deployment)
to 10-km accuracy is still achievable given the theoretical limits of
the vehicle capability. The theoretical corridor is found by using
the full lift in the vertical plane (up or down as appropriate) to off-
set perturbations. Its main use is to quantify fundamental limits on
vehicle performance independently of any choice of guidance law.

The theoretical corridor for y, is found to be [—1.50, 0.80] deg
about its nominal value of —17.35 deg. The theoretical corridor for
¢, is found to be [0.30, 5.80] (considered as a multiplicative factor)
about its nominal value of unity.

For the landing problem to be feasible (irrespective of guidance
law used), it is necessary that the theoretical corridor be larger
than the expected errors. The largest expected control error in ¥,
is [—0.23, 0.23] deg (Ref. 4). This is well within the theoretical
corridor of [—1.50, 0.80] deg. The expected worst-case knowledge
error for ¢, is altitude dependent.* In the altitude range where the
importantguidanceactionsare executed,arepresentativeworst-case
error for ¢, is [0.60, 1.40], that is, £40% of nominal. This is also
within the theoretical corridor of [0.30, 5.80].

Knowing that the problem is feasible, the next step is to assess
guidance performance. For a specified guidance law, an achieved
corridor is defined by a series of closed-loop control simulations,
where the parameter of interest is varied over a range of values
(all other variables being held fixed at their nominal values). The
achievedcorridoris then defined by the lower and upper boundaries
of the parameter beyond which a 10-km accuracy is not achievable.
Clearly, a guidance law will be robust to a particular parameter
variation if the achieved corridor is larger than that parameter’s
expected error range.

For y,, the achieved corridor (associated with drag-based pre-
dictive tracking guidance law) is found to be [—0.70, 0.40] deg,
which covers the expected error range of [—0.23, 0.23] deg. For ¢,
the achieved corridoris [0.30, 2.00], which covers its expected error
range of [0.60, 1.40]. With thisresult, the guidancelaw is empirically
found to be robust to expected variations in both entry flight-path
angle and atmospheric density. A more comprehensive robustness
evaluation, considering simultaneous errors in flight-path angle, at-
mospheric density, and many other variables, is accomplished by
Monte Carlo simulations as described next.

Monte Carlo Simulations
100-Run Case Study

A 100-run Monte Carlo study using the simulation testbed* was
first performed for each the three different values of L/ D =0.18,
0.12, and 0.06 using the drag-based predictive tracking guidance
law. Rigorously speaking, 100 runsis notalargeenoughsampleto be

Latitudinal error (km} (of 100%)

Longitudinal error (km) (of 100%)

Fig.5 Total landing errors for six-DOF 100 run (L/D = 0.18).
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Fig. 6 Total landing errors for six-DOF 100 run (L/D = 0.12).

statistically significant to a desired 95% confidence. Nevertheless,
this study is included because it provides a rough comparison of
guidance performance among all three L/ D values.

The total landing errors for each 100-run study are shown in
Figs. 5-7, for the values of L/D =0.18, 0.12, and 0.06, respec-
tively. The 100% maximum landing dispersions are 3.50, 9.30,
and 11.50 km and the rms total landing errors are 1.90, 3.30, and
4.20 km, respectively. As expected, this indicates a degradation in
performance as the vehicle maneuvering capability is reduced.

2000-Run Case Study

Next, a 2000-run Monte Carlo study was performed. The 2000-
run study is statistically significant to between 95 and 99% confi-
dence. Full details behind these simulations, including robustness
studies and comparison statistics with other state-of-the-art guid-
ance laws, can be found in the report by Braun et al.> Hence, only a
brief summary is includedhere. In this study, a desired parachutede-
ployment dynamic pressure (Qbar) range (400-1175 N/m?), Mach
numberrange (1.60-2.28)and a desired maximumdecelerationlimit
(15 Earth g) are considered as part of the performance characteriza-
tion. In each case following, 1% of the worst runs are discarded for
plotting and discussion purposes that is, eliminating 20 of the total
2000 runs.

For the L/ D =0.12 lander, the 20 discarded cases comprise 11
cases that violate the Qbar-Mach constraints and 9 cases with the
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Fig.7 Total landing errors for six-DOF 100 run (L/D = 0.06).
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Fig.8 Total landing errors for six-DOF 2000 run (L/D = 0.12).

worst total landing error. Figure 8 shows the total landing error,
where each small circle corresponds to the landing location for one
of the simulated entries. The dash-dotted large circle is the 10-km-
radiuscircle. The maximum landingerroris 14.80km. The rms total
landing error is 3.30 km.

For the L/ D =0.06 lander, the 20 discarded cases comprise 14
cases that violate the Qbar-Mach constraints and the 6 cases with
the worst total landing error. Figure 9 shows the total landing error.
The maximum landingerroris 22.80km. The rms total landing error
is 5.60 km.

If all 2000 Monte Carlo cases are considered (i.e., without dis-
cards), the original goal of achieving precision landing to within
10 km of the target (defined by point of parachute deployment)
can be achieved with approximately 99 and 94% certainties for
L/D =0.12 and 0.06, respectively, while satisfying both the Qbar
and Mach number constraints. These percentages drop to 96 and
94%, respectively, when considering trajectories that additionally
satisfy the 15-g deceleration limit.

As a useful data point, the percentages are significantly degraded
to approximately 25% if no precision guidance is used, that is, if
one flies a simple ballistic trajectory. Similarly, whereas the Qbar—
Mach number constraints for parachute deployment are satisfied
with 99% when using precision guidance, these percentagesdrop to
approximately 76% without precision guidance.
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Fig. 9 Total landing errors for six-DOF 2000 run (L/D = 0.06).

Additional simulations studying robustnessto anomalies, such as
large delivery errors, dust storms, extreme density shears, drops in
lift, accelerometer degradationfailure and thruster failure, can be
found in Ref. 3.

Conclusions

An overview of and the motivation for drag-based predictive
tracking guidance was presented. The guidance concept is appli-
cable to a wide range of low to high L/ D vehicles that must land
accurately on a planet with an uncertain atmosphere. An implemen-
tation for very low L/ D vehicles was then developed in detail and
analyzed. Monte Carlo results for a Mars landing scenario showed
that, for landers with maximum L/ D of 0.12 and 0.06, a specified
parachute deployment latitude/longitude point can be achieved to
within 10-km accuracy with approximately 99 and 94% certainty,
respectively, while satisfying dynamic pressure and Mach number
constraints needed for successful parachute deployment.

As a separate issue, the guidance law was found to be effective
at meeting imposed constraints. Approximately 99% of all trajec-
tories (regardless of L/ D) satisfied the desired dynamic pressure
and Mach number constraints. A corridor study indicated that the
guidance law is robust to expected perturbationsin entry flight-path
angle and in atmospheric density.

The performance results indicate that the drag-based predictive
tracking guidance approach, with the modifications introduced in
this paper, provides a viable guidance law for precision landing of
entry vehicles with very low-lift capability. The ability of this drag-
based guidanceapproachto accommodateheating,acceleration,and
dynamic pressure constraints is an additional attribute expected to
be important for future planetary sample return and human missions.
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