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Dynamic Lateral Entry Guidance Logic

Zuojun Shen* and Ping Lu’
lowa State University, Ames, lowa 50011-2271

Lateral motion of an entry vehicle is controlled by the sign of its bank angle, determined by the entry guidance
system. The conventional technique for changing the bank sign is based on prespecified threshold values in the
heading error of the vehicle with respect to the landing site. A new automated lateral guidance logic is developed
based on the crossrange, which is found to be a more suitable parameter than the heading error for lateral guidance.
The present guidance logic determines the bank reversals by constantly evaluating information from the reference
crossrange profile, current crossrange, and estimated actual lift-to-drag ratio. Near the end of the trajectory, a
noniterative numerical predictor decides whether a final bank reversal is needed to null the heading error. This
algorithm enables the entry guidance system to fly a wide range of missions and vastly different bank-angle profiles
and provides reliable and good performance in the presence of significant aerodynamic modeling uncertainty. All
of these tasks can be accomplished without requiring manual tuning of guidance parameters or using an excessive
number of bank reversals. Extensive high-fidelity simulations with different mission scenarios and significant
dispersions are presented to demonstrate the performance of the proposed method.

I. Introduction

HE entry guidance system for a lifting entry vehicle controls

the bank angle and angle of attack during the atmospheric flight
from the entry interface at about altitude 120 km until the velocity
decreases to Mach 2-3 (Ref. 1). The guidance commands are gen-
erated by tracking a reference trajectory which is designed either in
preflight planning,! or potentially on board, as recent efforts have
attempted to achieve.>~* In the traditional approach, the reference to
be tracked represents the desired longitudinal profiles as in the case
of the shuttle, where the reference is a drag-acceleration-vs-velocity
profile that equivalently defines the range-vs-energy condition.'
Tracking the longitudinal profiles determines the magnitude of the
bank-angle command. The sign of the bank-angle command, on
the other hand, is changed to the opposite whenever the heading
error with respect to the targeted landing site exceeds a prespec-
ified threshold. This forced change of bank sign is referred to as
bank-angle reversal. The traditional approach works well when the
actual flight goes as planned in pre-mission analysis and the actual
bank-angle magnitude remains close to the reference value. When
the bank profile flown is significantly different, the bank-reversal
threshold criterion will require adjustments, typically made through
simulations. The situations where a very different bank-angle pro-
file may be necessary include entry from a different orbit, landing
at an alternate landing site, variations in entry conditions leading to
much different downrange and crossrange, and contingency entry
missions (such as on-demand entry and aborts) that are not planned.
The recent advances in trajectory-planning algorithms would po-
tentially allow on-board generation of a reference trajectory based
on the actual conditions. However, the corresponding bank-angle
profiles could be drastically different from the nominal one. Similar
situations can develop in the presence of significant aerodynamic
modeling mismatch, where flying even the nominal longitudinal
profiles may necessitate a bank-angle profile considerably different
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from the nominal bank profile. In these cases, the use of the prede-
fined bank-reversal threshold could sometimes result in a total miss
of the landing site (see the example in Sec. III.A and simulation
results in Sec. VLI.C).

Some recent research efforts employ simultaneous tracking of
longitudinal and lateral reference profiles.’ In this approach both
the sign and the magnitude of the bank angle are determined by
the tracking law, and there is no need for additional bank-reversal
logic. These features make this approach appealing when used in
conjunction with an on-board trajectory-planning algorithm. For
vehicles with medium or higher lift-to-drag (L/D) ratios, meth-
ods of this type can work satisfactorily.® But practical difficulty
arises for vehicles with low L/D values, and even for vehicles with
medium L/D ratios that have large aerodynamic modeling uncer-
tainty. The reason is that with low lifting capability, the vehicle dy-
namics simply do not simultaneously admit the reference profiles in
both longitudinal and lateral directions in the presence of trajectory
dispersions and/or aerodynamic modeling mismatch. Consequently
the vehicle cannot follow the planned longitudinal and lateral pro-
files at the same time. The manifestation of this incompatibility
is that the tracking performance will be very poor regardless of
how the tracking law is designed or tuned. The same phenomenon
will occur with vehicles that have moderate lifting capability but
significant aerodynamic-modeling mismatch (such as new test ve-
hicles). Indeed, this is probably the reason that the performance of
three-dimensional linear—quadratic regulator (LQR) tracking laws
never matches the performance achieved by longitudinal LQR-based
tracking laws, as shown in Ref. 7. In these cases it appears clear that
the guidance law should focus on tracking only the reference lon-
gitudinal profile because most of the critical trajectory parameters
such as range, energy, and path-constraint observance are only con-
cerned with longitudinal motion. The reference lateral profiles do
not have to be tightly tracked, as long as the required final heading
condition is met by choosing the proper sign of the bank angle. This
strategy would leave adequate margin for the bank angle to accom-
modate longitudinal trajectory dispersions. While the value of the
classical shuttle entry guidance principle is being “rediscovered,”
the contribution of this paper is the development of new automated
lateral entry guidance logic that fully addresses the needs and issues
raised in the preceding paragraph.

A key difference between the proposed method and the shuttle-
type bank-reversal logic is the use of current crossrange instead of
heading error in the determination of when to perform bank rever-
sals. The crossrange is found to be a nearly linear parameter more
slowly varying than the heading error, especially toward the later
part of the trajectory. A chief challenge in the design of the bank-
reversal logic is to ensure in all cases that the trajectory will not
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miss the turn and lose the chance for safe landing. Yet unnecessary
bank reversals should be avoided. To account for the profound im-
pact of large but slowly varying aerodynamic modeling errors on the
lateral motion of the entry vehicle, the bank-reversal decision also
incorporates the on-board-estimated difference between the actual
value of L/D and its modeled value. Near the end of the trajectory,
numerical integration is used to determine when a last bank reversal
is needed to guarantee small final heading error. This is a safeguard
that is responsible for the ensured high precision in the final heading
condition yielded by this method. These dynamically adjusted steps
in this lateral guidance logic contrast with the more passive shuttle-
based bank reversal logic. To ensure that the lateral guidance logic
functions as desired, the precision of the longitudinal tracking must
be good. It is found that a combined proportional-plus-integral con-
trol law that blends standard energy-scheduled gains and constant
gains provides remarkably better and more consistent longitudinal-
tracking performance than either of the individual set of gains can
achieve. Extensive numerical testing in a high-fidelity simulation
environment has been carried out to validate the proposed entry-
guidance design. The comparison of the performance with that of
the conventional approach in the same test cases offers convincing
support for the stronger capability of the current entry guidance
method.

II. Entry Guidance Problem Formulation

A. Dynamics

For entry guidance design purposes, rotating-Earth effects are not
important and can be easily compensated for by the feedback nature
of the guidance laws. Thus the three-degree-of-freedom (3DOF)
dynamics of an entry vehicle over a nonrotating spherical Earth are
described by the following dimensionless equations of motion:
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where r is the radial distance from the center of the Earth to the
vehicle, normalized by the radius of the Earth, Ry = 6,378,135 m.
With slight abuse of terminology, r is sometimes referred to as “al-
titude” in this paper. The longitude and latitude are 6 and ¢, respec-
tively. The Earth-relative velocity V is normalized by V. = /(g0 Ro)
with go =9.81 m/s?. The terms D and L are the aerodynamic drag
and lift accelerations in g; that is, D = p(V.V)?S,sCp/(2mgo) and
L=p(V,V)SCr/(2mgy), where p is the atmospheric density
and S the reference area of the vehicle, and m the mass of the
vehicle. Note that D and L are also functions of «, the angle of
attack, through the dependence of the drag and lift coefficients Cp
and C; on «. The relative flight path angle is y and o is the bank
angle. The relative-velocity azimuth angle ¥ is measured from the
north in a clockwise direction. The differentiation is with respect to
the dimensionless time t =1/./(Ro/go)-

The longitudinal state variables are r, V, and y . Note that the lon-
gitudinal state equations are decoupled from the lateral state vari-
ables, and only the magnitude of o affects the longitudinal dynamics.

B. Entry Guidance Problem
The entry guidance problem is to determine the required bank-
angle o and angle-of-attack &« commands that steer the vehicle

throughout entry flight phase. The entry flight ends at the terminal-
area-energy-management (TAEM) interface for horizontal landing.
In this paper, the term “TAEM” will be used in a generic sense so
that it refers to the termination of entry flight, regardless of whether
glide landing or parachute landing ensues. At the TAEM point, the
entry trajectory must have correct conditions. These requirements
form the terminal conditions for the entry trajectory, typically in the
form of

Iy = I'’TAEM @)
Vi = Viaem @®)
Sf = STAEM ®

where s/ is the final value of range-to-go sy, defined to be the range
from the vehicle position to a target point. For horizontal landing
this would be the center of the heading-alignment cone (HAC) near
the end of the runway. Again the term “HAC” will be cited in a
generic sense in this paper. For parachute landing, HAC will simply
mean the landing site. The coordinates of the HAC, (Oyac, ¢uac),
are known. The TAEM altitude rragm, velocity Viapm, and range
to HAC stapm are all specified for a given vehicle. In addition,
the Earth-relative velocity vector at the TAEM interface should be
pointing nearly to the HAC. Let Ay =4 — Y o5, Where ¥ os is
the azimuth angle of the great circle containing the HAC and the
vehicle at the vehicle’s current location (or the angle between the
north and the line of sight from the vehicle to the HAC when
the curvature of the Earth’s surface is ignored). The condition of
final heading alignment on A is then represented by

[AY | < AYraem (10)

for apreselected Ayrrapm > 0. This condition stipulates that the final
velocity vector should be directed at the HAC within a given toler-
ance AvYrrapm. This is an important condition for approach/landing
in the case of horizontal landing vehicles. For a vertical landing ve-
hicle, this condition is implicitly enforced by the requirement that
the vehicle arrive at the landing site (where at the last moment A
has no definition).

The entry trajectory is also constrained by a number of path con-
straints for thermal protection, load, and vehicle integrity consid-
erations. Examples of the path constraints are heat rate, normal
aerodynamic-load factor, and dynamic pressure, as expressed in the
following:

Q =< Qmax (11)
|Lcosa + Dsinal < n,,, (12)
q < Qmax (13)

where § = pV?/2, and the heat rate is represented by
0 =kJpV*" (14)

with a constant k. The values of Qmax, N> AN Gmay are all spec-
ified. Additional constraints may include those on temperatures at
various body points and on equilibrium glide conditions. Depend-
ing on the vehicle configuration and whether crew is aboard, the
body-normal load constraint (12) may be replaced by the total load
constraint,

VL2 + D? < iy (15)

A basic assumption in this paper is that a complete 3DOF refer-
ence trajectory is available, containing the histories of all six state
variables in Eqgs. (1-6) and the corresponding o and «. All of these
targeting conditions and path constraints are taken into considera-
tion in the design of the reference trajectory. The information in the
reference lateral profiles will be used in determining bank reversals.
The guidance law will track the reference longitudinal profiles. In
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particular, the primary variable to be tracked is the dimensionless
range-to-go to HAC, given in radians along a great circle:

Stogo = cos™![sin Puac Sin @ + cos pyac cos ¢ cos(Byac —0)] (16)

Because 1 deg of arc length taken along a great circle on the surface
of the spherical Earth is equal to 111.12 km (60 nm), the value
of si0g0 15 Sometimes cited in units of distance (kilometers) in the
subsequent sections for the convenience of the reader.

The independent variable used in the guidance is (the negative
of) the dimensionless specific energy, defined to be

e=1/r—V?)2 a7

Based on the time derivatives of s, and e, it can be easily shown
that with the approximation Ay =~ 0 we have

dsiogo _ cosy
de rD
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Because the derivative of sy, is dependent only on longitudinal
state variables, sogo is considered a longitudinal variable.

III. Lateral Motion

A. Conventional Bank-Reversal Logic
The conventional bank-reversal criterion is based on whether the
condition

|AW| =< Alﬁlhreshr)ld (19)

is observed. If not, the sign of the bank angle is set to the opposite of
the sign of the current heading error, and this sign is maintained un-
til Eq. (19) is again violated. The threshold value Avhreshold, Which
is usually chosen to be a piecewise constant or linear function of
the relative velocity, is designed so that when the entry trajectory
ends, the final heading condition Eq. (10) is met. The selection of a
proper AYeshold Will depend on the magnitude of the bank-angle
profile, which is determined by tracking the longitudinal profile,
and to some extent on the crossrange of the entry mission as well.
The dependence on the magnitude of the bank angle is easy to
understand: a larger bank angle results in more heading changes,
and a larger AYreshola 1S appropriate to avoid an excessive number
of bank reversals. On the other hand, a smaller magnitude of the
bank angle produces fewer changes in the heading; thus a tighter
AVYinreshola Will be necessary to ensure the final heading condition,
condition (10). When the crossrange differs significantly from mis-
sion to mission, Aveshola May also need to be adjusted even if the
longitudinal profile remains approximately the same. In all cases
the adjustments are done by inspecting the simulation results and
changing the parameters defining Avesnold accordingly.

For a fully autonomous entry guidance system that can adapt to
various mission scenarios including unplanned events, an on-board
trajectory-planning capability, along with an automated tracking-
guidance approach, will be required. Although substantial strides
have been made toward the former,> * automated bank-reversal
logic is the remaining key to the latter, because longitudinal pro-
file tracking can now be satisfactorily handled (cf. Ref. 7 and Sec. V
in this paper). In a recent effort, Ref. 8 presents a bank-reversal-
management logic that determines where to place the bank rever-
sal(s) in reference trajectory update based on the current informa-
tion. The approach taken in this paper is to provide the guidance logic
with the ability to adjust. A dynamically adjusted lateral guidance
logic could make a dramatic difference in the presence of signifi-
cant aerodynamic modeling inaccuracy, even if the vehicle is to fly a
preplanned mission. For example, when the actual lift coefficient is
less than the modeled value, the longitudinal-tracking law will use
a bank-angle profile of magnitude smaller than that of the nominal
bank angle. If this difference becomes sufficiently large, the vehicle
could lack adequate turning capability after a bank reversal that is
determined on the basis of the nominal profiles. As a result, the ve-
hicle could miss the HAC completely by making the bank reversal
too late.
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Fig. 1 Heading errors and bank angles for X-33 in the nominal case
and with a —20% dispersion in L/D.
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Fig. 2 Ground tracks and their zoom-in views for X-33 in the nominal
case and with a —20% dispersion in L/D.

Figures 1 and 2 show such an example. The vehicle model is of the
X-33, ahalf-scale prototype of a reusable launch vehicle design with
alifting-body configuration. The mission is an entry flight returning
from the International Space Station orbit and landing horizontally
at the Kennedy Space Center (KSC). The TAEM interface is defined
by the TAEM velocity Viagm corresponding to Mach 3. The range-
to-HAC at the TAEM interface, stapm, is specified to be 55.6 km
(30 nm). The heading alignment condition, Eq. (10), is enforced
within a range of Ayrrapm =5 deg. The bank-reversal threshold
AYrmeshola 18 designed to be a piecewise constant function of velocity.
The solid lines in Fig. 1 show the heading-error variation and bank
angle for the nominal case. The bank-reversal logic works well in
commanding a total of three bank reversals. The final heading error
is nearly zero. The solid lines in Fig. 2 depict the ground track
(complete and zoom-in view) of the nominal trajectory. Clearly the
ground track ends right on the circle centered at the HAC with radius
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55.6 km, and the heading of the vehicle points directly at the HAC.
Now, suppose that the actual lift coefficient of the vehicle is 90% of
the modeled value, and the drag coefficient is 110% of the nominal
value. Everything else remains unchanged, including the reference
trajectory and bank reversal logic parameters. When the vehicle
“reflies” the mission, the results are very different. The dashed line
in the first subplot of Fig. 1 shows that the terminal heading error is
in excess of 60 deg. The second subplot of Fig. 1 reveals the reason:
the magnitude of the bank angle after the first bank reversal is about
20 deg smaller than that in the nominal case. Consequently, the
vehicle does not have sufficient turning toward the HAC. Figure 2
gives the ground track of this case in dashed lines. The trajectory
this time completely misses the TAEM circle by a distance of over
40 km. Given the sizes of the TAEM condition errors, it is unlikely
that the vehicle would have had any chance of safe landing at the
KSC. For comparison, the same aerodynamically dispersed case was
also simulated with the new lateral guidance logic to be described
in this paper. The longitudinal-tracking law was not changed. The
simulation results are illustrated with the dotted line in Figs. 1 and
2. All of the TAEM conditions are met nearly perfectly, just as in the
nominal case. The reasons for the success will be discussed later. It
should be noted that no adjustments of the guidance law and lateral
logic were made specifically for this case, and all of the guidance
parameters in the proposed algorithms remain the same for all the
simulation results presented in this paper.

B. Crossrange Parameter

The heading error with respect to the HAC plays the key role
in the conventional bank-reversal criterion as given in Eq. (19). In
this paper we consider a different but related parameter x, defined
to be

X = sin™![sin(si0g0) Sin AY] (20)

where the range-to-go Sy and Ay are the same as defined in
Sec. IL.B. In an Earth-centered Earth-fixed coordinate system, let
ruac be the vector pointing from the origin to the HAC. Geometri-
cally, x is the angle between ryac and its projection on the plane
formed by the current relative velocity and position vectors. Figure 3
shows the spherical triangle by which relationship (20) is derived.
From Fig. 3 it is clear that x represents the current dimensionless
crossrange in radian. For the same reason as explained after Eq. (16),
the value of x in the subsequent discussion is cited in units of dis-
tance for the convenience of the reader. Obviously small heading
error Ay means small crossrange x . Note that y is still well defined
and is zero at Sy,go = 0, where A1) has no definition. This property of
X can be convenient for vertical landing vehicles, where stapm ~ 0
in the final range condition Eq. (9).

We have noticed that the crossrange parameter in general varies
almost linearly with respect to the range between bank reversals.
In contrast, the heading error always exhibits large and fast vari-
ation as the trajectory approaches the TAEM interface. Figure 4
shows the comparison of crossranges in km and heading errors for
three different vehicles: the X-38 (a proposed crew-rescue vehicle
for the International Space Station), X-33, and space shuttle. The
hypersonic L/D values for these vehicles range from 0.7 to 1.2.
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Fig. 3 Definition of the crossrange parameter x.
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Fig. 5 Crossranges and heading errors of X-33 in nominal and
changed L/D cases.

The trajectories are designed using the models of the vehicles in
the algorithm by Shen and Lu,? subject to respective trajectory con-
straints and entry conditions for each individual vehicle. The X-33
and X-38 trajectories are planned with one bank reversal and the
Shuttle with two reversals. The approximate piecewise linearity of
the crossrange parameter, particularly in the second half of the tra-
jectories, is evident for all the vehicles, whereas the heading error is
more volatile and very different for different vehicles/missions. In
Fig. 5 the crossranges and heading errors along three single bank-
reversal trajectories for the X-33 are plotted. These three trajectories
are generated with a nominal value of L/D for the X-33, higher L/D
(increased by 15%), and lower L/D (reduced by 15%), respectively.
In addition to the linearity of the crossranges, a proportional rela-
tionship between the crossranges and the perturbations in L/D holds
quite well in the second half of the trajectory. The heading errors
lack both characteristics.

The above observations suggest that the crossrange is a more suit-
able parameter with respect to which the bank-reversal conditions
should be evaluated. A lateral guidance logic based on  is likely to
be less sensitive to the change of mission scenarios, and the effects
of the design parameters on the final heading condition are prob-
ably more predictable. The linearity of the crossrange and its near
proportionality make the scaling of the guidance parameters in such
a lateral logic with respect to the variations in L/D more intuitive
and simpler.
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IV. Dynamically Adjusted Lateral Guidance Logic

The following discussion will assume that the reference trajec-
tory has only one bank reversal, although the method is equally ap-
plicable to a reference trajectory with multiple bank reversals. For
ensured TAEM heading precision, two bank reversals are planned in
the guidance logic even though the reference trajectory has just one
bank reversal. The lateral guidance logic has three sequential criteria
that are designed for possible bank reversals in the first and second
halves of the trajectory, respectively, plus a final correction near
TAEM if necessary. Note that although the values of range to go are
used in the following sections to separate the events and initiation of
substeps in the guidance logic, the values of velocity or energy can
easily be employed instead. Because the longitudinal-tracking law
tracks the range-versus-energy profile tightly, the values of range
and energy (velocity) have one-to-one correspondence.

We have found large aerodynamic dispersions of nearly constant
percentages (not necessarily constant in magnitude) to be signif-
icantly more difficult for the entry guidance system to cope than
rapidly varying dispersions. This is because the effects of these
types of aerodynamic modeling uncertainties persist in the same
direction throughout the entire trajectory, whereas the influence of
fast-changing modeling uncertainties of similar size with zero mean
tends to be averaged out to some extent. One of our emphases in
this development is to handle large but slowly varying aerodynamic-
modeling errors.

A. Preliminary
The lift-to-drag ratio plays an important role in the dynamic de-
termination of the bank reversals. Define the ratio

n= (L/D)est/(L/D)ref @2n

where (L/D).y is the estimated value for L/D based on the nav-
igation data, and the subscript “ref” indicates the reference value
hereafter. Given the Earth-relative velocity vector V and sensed to-
tal nongravity-acceleration vector an,y, the drag acceleration during
unpowered entry flight may be calculated by

DNav =-V. aNav/V (22)

Other forces such as those generated by the reaction control system
are usually small and thus ignored. The lift acceleration is then
computed from

(23)

— 2 _ N2
LN"W - aNi\V DNav

To filter out possible spikes in the estimation of L/D due to noise,
the computed values in Eqs. (22) and (23) are passed through a
first-order low-pass filter:

(L/D)ey = ™™ (L/D)eg " + (1 = ™4) (Lnay/ Dra) - (24)
where k represents the current guidance cycle, T > 0 is the time con-
stant of the filter, and At > 0 is the entry-guidance cycle time. The
purpose of the estimation of the actual L/D in our guidance scheme
is to detect long-term persistent aerodynamic-modeling errors. If
short-duration spurs of considerable aerodynamic uncertainty in cer-
tain flight regimes are expected, a higher-order filter may be used
to obtain an estimate of L/D averaged over a longer period.

The crossrange y defined in Eq. (20) and its variation with respect
to the range-to-go are at the center of our lateral guidance logic, the
latter being given by

dy  COSSiog sin Ay + Ay’ sin Sig0 COS A

x = ) (25)
Siogo cos X
where the prime means derivative with respect to syog,, and
Ay =
r Lsino N v? iy tand )y
— —cosysiny tan¢g |—
V2cosy cos Ay \ cosy r v LOS

(26)

The “line-of-sight” angle to the HAC is given by

sin(@uac — 6) oS Prac
Sin Smgo

YLos = sin'[ 27

and when s, < 1 it is adequate to use the following simplified
expression for the rate of Y os:

dWLOS _ tan A'(//

ds togo Stogo

Vios = (28)
It is clear from Eq. (26) that the value of Ay’ changes if the sign of
o is changed. Using this observation in Eq. (25), we conclude that
the value of x' changes at any given point of the trajectory if the
sign of o is reversed.

B. Criterion for First Bank Reversal
For convenience the trajectory is divided into two halves by the
point where the bank reversal along the reference trajectory takes
place. Denote the range at this point by Stﬁgomf’ The exact time when
the first bank reversal happens is not critical. The main function
of the first bank reversal is to cause the second bank reversal to
take place relatively close to the TAEM interface. Because of the
inevitable presence of trajectory dispersions and disturbances, the
lateral guidance logic will try to place the first bank reversal no later
than the instant when the range reaches sg;gomr. Otherwise there is a
likelihood that the vehicle will not have sufficient time to turn around
and align with the HAC, especially for missions with large initial
crossranges. On the other hand, if the first bank reversal occurs too
early, more bank reversals will subsequently occur than would oth-
erwise be required. Many factors affect the “best” choice of when to
perform the first bank reversal. Among them, we have identified that
the actual value of L/D has the most pronounced influence. Obvi-
ously the smaller the actual L/D is, compared to its nominal value,
the earlier the first bank reversal should be commanded relative to
the reference bank reversal. The simplest approach is to choose a
fixed bank reversal point defined by a specified sufficient amount of
range bias earlier than Stﬁgore . But this approach may have to be very
conservative if the vehicle is expected to fly missions with large
crossranges, and substantial aerodynamic uncertainty is probable
(that is, the first bank reversal must be commanded significantly
earlier if mission-dependent tuning is to be avoided). We take an
on-line approach here. Let Ay R, denote the heading error along
the reference trajectory at the point of bank reversal (for a refer-
ence trajectory with multiple bank reversals, the last bank-reversal
point is used). Define an “extended” reference crossrange yex for
Stogo > s£g0:
Xex = sin™" ((sin siogo 5in Ay (29)

The geometric meaning of x.x is shown in Fig. 6 by the segment R F,
where the reference trajectory for a mission of the X-33 is used, and
the reference crossrange variation is shown as a solid line. The point
R in Fig. 6 is where the reference bank reversal occurs. The mirror
image of the second half of the reference crossrange is also plotted
as a dashed line in Fig. 6 and will be used later to determine the
second bank reversal. The first bank reversal will take place when
the condition

|X | =<c |Xex|, for smgo = s[ﬁgo (30)

is violated. Thus y. serves as a range-dependent threshold, resem-
bling the criterion in Eq. (19). The coefficient ¢, is a scaling factor
dependent on the estimated L/D and the level of aerodynamic un-
certainty anticipated. Let 7.« be the expected maximum value of
n in this phase as defined in Eq. (21), and 7, the minimum value.
These parameters reflect the confidence in the aerodynamic model-
ing of the vehicle and are given values. The maximum value of ¢,
is set to 1, and its minimum value will be ¢, > 0. At any estimated
value of 1 as given in Eq. (24), ¢, is calculated according to

€1 = Cin + =2 (1 — i) 31

Nmax — Nmin
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Fig. 7 Bank-angle histories for the three trajectories in Fig. 5.

The interpretation of this condition is that when the estimated actual
L/D is lower than the nominal value, a small value of ¢; — ¢, Will
be used in the criterion (30) to force an earlier bank reversal. When
the actual L/D is higher than the nominal, a larger value of ¢; (but
no greater than 1) will be used. In this case the bank reversal will
occur when the crossrange gets close to the extended crossrange xey.

Forthe X-33, we set jmax = 1.2, jmin = 0.8. The value of ¢yin = 0.2
works for all the cases reported in this paper. Figure 6 contains two
cases with £15% variations in L/D, respectively. This criterion
found the first bank reversal for the case of weaker L/D at point C,
significantly earlier than the reference bank reversal. For stronger
L/D, the first bank reversal took place at point B, which is close to
Xex- By design the first bank reversal in this case was still a little
earlier than the reference bank reversal so a margin was left for
the second half of the trajectory. Figure 7 shows the bank-angle
histories for all three cases, including the reference. If the bank
reversal for the case of 15% reduction in L/D occurs where the
reference bank reversal happens, it will be too late to meet the final
heading condition Eq. (10).

C. Criterion for Second Bank Reversal

In the second half of the trajectory the crossrange varies more
linearly with respect to the range, as observed in Sec. III. After the
range-to-go passes beyond the point stﬁgo, the second bank-reversal
criterion is based on this approximate linearity and is aimed at
satisfying the heading alignment condition Eq. (10). Recall from
Eqgs. (25) and (26) that the slope of x changes when the sign of ¢ is
reversed. We will use the notation x’(—o) to signify this changed

reference cross range

\

bank reversal

actual crossrange
Kref

T
STAEM Sto-go

Fig. 8 Geometric illustration of the criterion for the second bank
reversal.

slope of x. Let y.r be the crossrange at the current range syog0, and
Xrer the slope of x.r at this point. When the current crossrange has
sign opposite to that of the reference crossrange, xrr and x,.; will
represent the value and slope of the mirror image of the reference
crossrange.

If the crossrange-versus-range were truly a straight line, the point
where the second bank reversal should occur is illustrated in Fig. 8.
At this point if the sign of o is reversed, the current crossrange y
and the changed slope x'(—o) should satisfy the relationship

x| = 10x"(=0)/ Xret] Xeet] (32)

This condition corresponds to the requirement that the combination
of x and its slope x’'(—o) results in zero crossrange at the TAEM
range stagm, as it is along the reference trajectory, which is equiv-
alent to Ay =0. Because the crossrange is not exactly linear, and
dispersions after the bank reversal could cause the actual trajectory
to fall short in the direction it needs to turn, the right-hand side
of Eq. (32) is multiplied by a coefficient 0 < ¢, < 1 to add a mar-
gin. Hence the second bank reversal takes place when the following
condition is violated:

x| < callx'(=0)/ Xyer] Xrerl (33)

The smaller ¢, is, the more conservative this criterion is. A more
conservative criterion ensures that the bank reversal is not too late for
all the cases but could, in some cases, command the bank reversal
too early so that additional reversals would be needed later. The
selection of ¢, should strike a balance. For the X-33 and the sizes
of aerodynamic uncertainties present in the simulations reported in
this paper (Sec. VI), and when used in conjunction with the final
bank-reversal predictor in Sec. IV.D, a constant value of ¢, =0.7
was found to be appropriate.

When the navigation-derived aerodynamic lift acceleration Lyay,
much like what is described in Eqs. (23) and (24), is deemed reliable,
it can be used in the calculation of x'(—o) in Eq. (33) to account for
the effects of the difference between the nominal and actual values
of L.

If the reference crossrange were truly linear with respect to siogo,
it would be evident from Fig. 8 that xref/ X/t = Stogo — STAEM. SO the
criterion (33) could take the alternate form of

x| < c2lx' (=) (Stogo — STAEM) (34)

This version of the second criterion does not require the data on the
reference crossrange profile. It tends to be more conservative than
Eq. (33) for the same value of ¢,. Therefore a larger ¢, may be used
in relation (34).

In some dispersed cases for a mission with large crossrange, the
first criterion in Eq. (30) may never become active in the first part
of the trajectory defined by sipe0 > stﬁgﬂ. The second criterion in
Eq. (33) will still take effect after si540 < stﬁgo, regardless of whether
the criterion in Eq. (30) was activated.
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In Fig. 6, the second bank reversal points found by criterion
Eq. (33) are at locations E and D for the trajectories of the X-33
with £15% dispersions in L/D. Notice that the crossranges are very
different for the two cases for the same vehicle and the same mission
(one flew just about half of the maximum crossrange the other had).

D. Pre-TAEM Bank-Reversal Prediction

After the bank reversal(s) determined by criteria in Egs. (30) and
(33), afinal correction on the heading may be needed near the TAEM
interface because the previous bank reversal may have overcorrected
the heading, and the vehicle is continuously subject to winds and
the same sources of dispersion. This last bank reversal should be
performed only when necessary, and the final heading precision
yielded by the last bank reversal must be within specification. To-
ward these goals, a numerical predictor method is used once the
velocity of the vehicle is below a preset value Vpe_taem > Vraem
(alternatively, a preset value of range-to-go may be used instead).
The prediction on whether a last bank reversal will be needed is
made as follows: Starting from the current condition given from the
navigation data, the equations of motion, Eqs. (1-6) are numerically
integrated with the TAEM interface, with |o'| and o provided by ex-
actly the same longitudinal-tracking laws used for guidance. But
the sign of o opposite to the current bank-angle sign is used in the
integration. This numerical integration is carried out only once in
every guidance cycle and no iterations will be involved. The sign of
the actual guidance command for ¢ remains the same in the current
guidance cycle as determined by the criterion Eq. (33), if the pre-
dicted final heading error Ay, does not change to the opposite of
the polarity of A/ in the last cycle. Thus the numerical integration
is predicting “what will happen to the final heading error if a bank
reversal is taken now.” When the predicted Ay, does change sign,
it indicates that a final bank reversal performed now would null the
final heading error. A bank reversal is commanded at this point. If
the bank angle sign remained unchanged in such a case, the TAEM
heading error would likely exceed the tolerance set in Eq. (10). It
should be stressed again that this numerical prediction is designed
only for the cases in which the previous bank reversal overcorrects
the trajectory. If this final compensation is desired to be used, it may
be advisable to set the parameter ¢, a little more conservatively in
the criterion in relation (33) or (34) so that undercorrections do not
occur in all dispersed cases.

Because the duration of the remaining flight is already relatively
short in this phase, and no repeated integrations are needed in each
guidance cycle, the numerical integrations should not pose great
difficulty for the guidance computer. The short duration also con-
tributes to the good precision of the prediction. The rate and ac-
celeration limits on the bank angle can be incorporated into the
integrations so that the effects of these limits on the bank reversal
and trajectory can be taken into account in the prediction.

For all of the simulations shown in this paper, the numerical
prediction started at Vj._taem = Vragm + 550 m/s. As can be seen
from Figs. 6 and 7, in both cases of +15% dispersions in L/D, the
numerical bank-reversal prediction resulted in a final correction, and
the final heading errors were nearly zero. In both cases the TAEM
range errors were less than 1 km.

The preceding numerical bank-reversal predictor is optional and
is intended for the cases where high final heading-alignment preci-
sion is important. The numerical predictor may be effectively turned
off by setting the activation velocity Vpre_taem = Vraem. if very high
TAEM heading precision is not required. In such a case, the criterion
(33) will be responsible for determining the second bank reversal,
and the third if necessary. In these cases it is advisable to gradually
tighten the coefficient ¢, in Eq. (33) as the vehicle approaches the
TAEM interface. A possible selection is

Vv —-VR
2= o T | 77— 5% ) (2 — C2max (35)

<VTAEM - Vrff ( )
where VK is the velocity at the bank-reversal point along the ref-
erence trajectory (or at the last bank-reversal point if multiple bank
reversals are present along the reference trajectory), 0 < ¢, < 1.0

is the maximum value for ¢;, and 0 < ¢, , (< ¢3,,) < 1.0 is the
minimum value for ¢,. For the X-33, ¢, =0.9 and ¢, ,, = 0.4 ap-
pear to be appropriate choices that will meet the TAEM heading
requirement without causing excessive bank reversals.

The lateral guidance logic developed in this paper is summarized
in the following sequential steps as the entry flight progresses:

1) Before the range-to-go reaches the point where the reference
bank reversal takes place (siogo > slﬁgo), the criterion in Eq. (30) de-
termines the bank reversal.

2) When Sog0 < S8 0, but V > Ve _1apwm, the criterion in Eq. (33)
[or Eq. (34)] is responsible for bank reversal. If criterion (33) is to be
used throughout the remaining part of the entry flight, the coefficient
¢, should be gradually tightened, as in Eq. (35).

3) If high precision in TAEM heading alignment is required, the
optional numerical bank-reversal predictor takes over to determine
whether a last bank reversal is needed to null the final heading error
when Viapm <V < Vie—tarm as the vehicle is moving closer to the
TAEM interface.

V. Longitudinal Tracking Laws

Although not stated explicitly, the working assumption for the lat-
eral guidance logic above is that the reference longitudinal profile
(range versus energy) is being tracked closely by the longitudinal
guidance law. This precision is important for the lateral guidance
logic to function correctly. It has been reported that for longitu-
dinal tracking, a linear proportional controller with time-varying
gains generated using the linear—quadratic regulator (LQR) method
works remarkably well. One set of LQR gains is sufficient for a
given vehicle, even if the vehicle may need to fly very different
missions/trajectories.” We have found that adding an integral term
to the control law can enhance the performance noticeably, particu-
larly in the presence of significant aerodynamic modeling mismatch.
For instance, for a case of 20% reduction in the actual L/D for the
X-33 as shown in Figs. 1 and 2, the TAEM range error is just 0.5 km
with the integral term in the control law, whereas the range error is
over 10 km without the integral term. When modulations of both o
and « are available for guidance, the proportional-plus-integral (PI)
tracking law takes the form of

50
u, = (;) — —K, ()% — ki (e) / Sseode  (36)
af

where 8x1on = (85(0g0, 07, 8y)T is the dispersion vector in the lon-
gitudinal state and Kp» € R?*3 and k; € R? are the feedback gains
scheduled with respect to the energy e. Rigorous theory is available
on the robustness properties of multi-input systems with this type
of controllers,” and tailored applications in aerospace control have
demonstrated the effectiveness of these controllers.!® The actual
bank angle command will have a magnitude of

lo| = |ovt| + 80 (37

where o, is capped so that |o.f| + 60, > 0. The sign of o is deter-
mined by the lateral logic discussed in Sec. IV. The gains at a fixed
e in the control law can be found by the LQR approach based on
the linearized longitudinal dynamics at that e. Rules of thumb for
designing LQR gains to track the longitudinal profile described by
Dukeman’ may still be used as guidelines.

When the modulation of « is available for entry guidance, we
have found that the following simple constant-gain guidance law
helps provide remarkably tight range control:

aac = _kaastogu - thI / astogu de (38)

The constant gains k,, and k,; are selected in a straightforward fash-
ion: suppose that for 1-km dispersion in range, an excursion of 1 deg
in « is allowed. Then k, = 1 deg/km. Because the dimensionless en-
ergy e varies from about 0.5 to nearly 1.0 along the entry trajectory,
ko; =2 deg/km corresponds to 1 deg of o increment for the in-
tegration of an average of 1-km range error. The negative signs in
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Eq. (38) simply reflect the fact that a lower angle of attack should be
used when the actual range-to-go is longer than the reference value
(i.€., 8Stog0 = Stogo — Stogog; > 0). It should not be a surprise that the
control of « regulates the range well, because the variations of «
directly affect the drag D, which in turn changes the rate of sy
through Eq. (25). The clear physical meaning of the tracking law
(38) helps explain why it is so effective in the second half of the tra-
jectory, where the aerodynamic controls have a stronger influence in
shaping the trajectory. On the other hand, this simple guidance law
can be too demanding in the early part of the entry flight where the
dynamic pressure is low, causing unnecessary control saturations
and stability issues. Therefore a logical approach is to blend ¢, in
Eq. (36) and e, in Eq. (38) together. The combined o guidance law
for longitudinal tracking is then

Sa =w(V)da, + [1 — w(V)]éc, 39)

where 0 <w(V) <1 is taken to be a velocity-dependent weighting
that is given by

w((V) =
1.0, V> Vblend
(V — Viaem)/ (Votend — Vraem), Viaem <V < Viena  (40)

The value of Vyjenq is chosen to be (somewhat arbitrarily) in the range
of 5000-7000 m/s. The control law (39) therefore gives a do that
starts with Scr, and gradually switches to §«,. as the TAEM interface
is approached.

Although the bank angle is still the chief trajectory control, the
blended control law (39) is found to contribute to very consistent
and impressive range precision at the TAEM interface. No exces-
sive o« modulations were commanded beyond what the LQR-based
PI control law (36) would call for. Another benefit is that the blend-
ing in Eq. (39) appears to considerably reduce the necessity for
high-quality gains K, and k; as in the case when only the PI control
law (36) is used. In fact, we have used the same gains K, and k;
for several vehicles with very different sizes, weights, and aerody-
namics (including those in Fig. 4). The performance is similar in all
the cases. Because the range-versus-energy profile provides the pri-
mary parameters that determine the longitudinal motion of the entry
flight, the burden of tuning the gains K, and k; is much alleviated
with the simple blended-control law (39), and the performance of
the longitudinal tracking is still ensured.

VI. Validation by Extensive Simulations

The simulation environment is a high-fidelity simulation tool de-
veloped at the NASA Marshall Space Flight Center, dubbed Mar-
shall Aerospace Vehicle Representation In C (MAVERIC). The
models of the subsystems of the X-33 are available in MAVERIC.
The mission scenarios are based on the nine orbital-entry missions
first described in Ref. 11. All of the missions are for horizontal
landing at the KSC. Table 1 lists the entry conditions of the nine
missions. These missions are divided into three groups, separated
by the steepness of the entry flight path angles and the inclinations
of the orbits from which the X-33 returns to the Earth. The first
mission in each group (AGC13, 16, and 19) represents entry flight
from the ideal deorbit opportunity. The initial crossranges are small
in these cases. The next two missions in each group are for the cases
when the deorbit maneuver takes place one orbit earlier and one
orbit later than the best opportunity, respectively. The consequence
is a large right crossrange or a large left crossrange at the entry inter-
face. These large crossranges are close to the maximum crossrange
capability of the X-33 in these cases. The negative crossranges in
Table 1 indicate left crossranges.

To demonstrate the autonomous capability of the entry guidance
system based on the guidance method presented in this paper and the
trajectory-planning algorithm in Ref. 2, all of the guidance parame-
ters were kept the same for all the simulations shown in this paper,
and no mission-dependent or case-dependent tuning was done. Ow-
ing to the lack of a control system module for the X-33 applicable in

Table 1 Entry conditions at the altitude of 121.92 km (400,000 ft)

Inclination, Crossrange,

Mission deg Vo, m/s  Range, km km Y0, deg
AGC13 51.6 7622.0 6519 59 —1.4379
AGCl14 51.6 7621.30 6554 809 —1.4380
AGCI15 51.6 7622.79 6589 —848 —1.4376
AGCl16 51.6 7625.0 8160 148 —1.2492
AGC17 51.6 7625.15 8715 883 —1.2493
AGCI18 51.6 7625.72 8197 —778 —1.2490
AGC19 28.5 7442.37 7365 274 —1.0275
AGC20 28.5 7442.07 7389 759 —1.0275
AGC21 28.5 7440.12 7626 482 —1.0278
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Fig. 9 Crossranges and heading errors along the nominal trajectories

for missions AGC19-21.

orbital-entry-flight regimes, simulations were performed in 3DOF
mode.

A. Nominal Cases

The nominal case simulations provide a quick verification of the
principles of the entry guidance design and an assessment of how
well the algorithms work in different mission scenarios. Throughout
the rest of Sec. VI, a 3DOF reference trajectory is generated on-line?
at the beginning of each simulation. All of the trajectory-path con-
straints, TAEM constraints, and control-authority constraints speci-
fiedin Ref. 11 are imposed in the trajectory planning. The entry guid-
ance algorithms described in Secs. IV and V produce the guidance
commands in bank angle and angle of attack hereafter in each guid-
ance cycle at the rate of 1 Hz. Monthly average winds are used in
the simulations based on the Global Reference Atmospheric Model
(GRAM).'? The simulation stops when the velocity has reached the
prespecified TAEM value.

All nine nominal missions were flown successfully with high pre-
cision on the imposed conditions. In particular, the TAEM condi-
tions were met with range errors less than 1.85 km (1 nm) and head-
ing errors less than 1 deg in all cases. Figures 9—11 show the results
for the three missions of AGC19-21. Figure 9 depicts the cross-
range and heading errors. Returning from a minimum-inclination
orbit achievable from the KSC, all three missions have positive
crossranges at entry interface. (In fact, mission AGC21 enters the
atmosphere at a latitude of 22.8° north, not much lower than the
28.5¢ latitude of the KSC.) The crossranges still exhibit good lin-
earity in the later part of the trajectories, whereas the heading errors
become more erratic toward the end. The histories of bank angle and
angle of attack are plotted in Fig. 10. Two bank reversals were used
to null the TAEM heading errors. It can be seen that the first bank
reversals for both AGC20 and 21 occurred quite late, an indication
that the vehicle was nearly at its crossrange capability limit in those
two cases. The altitude-versus-velocity and range-versus-specific-
energy variations are shown in Fig. 11, where the specific energy
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Table 2 Statistics on TAEM conditions (100 dispersed runs for each mission)

957

Case Parameter Target value Mean Max Min Std. deviation
AGCI13 Avy, deg Within £5 deg —0.37 0.91 —1.61 0.48
Range-to-HAC, km 55.6 56.025 58.773 53.505 1.330
Altitude, km 30.427 30.268 30.674 29.838 0.204
AGC14 Avy, deg Within £5 deg 0.81 4.4 —1.01 0.81
Range-to-HAC, km 55.6 54.674 56.898 52.777 1.036
Altitude, km 30.427 29.912 30.806 29.347 0.303
AGCI15 Avy, deg Within £5 deg 0.18 1.95 -0.72 0.41
Range-to-HAC, km 55.6 54.943 58.155 52.012 1.338
Altitude, km 30.427 30.267 30.997 29.676 0.284
AGC16 Avy, deg Within £5 deg 1.15 4.04 —1.11 0.99
Range-to-HAC, km 55.6 55.920 58.636 52.570 1.343
Altitude, km 29.431 29.787 30.321 29.363 0.211
AGC17 Ay, deg Within £5 deg —0.38 5.25 —3.67 1.14
Range-to-HAC, km 55.6 54.348 57.756 52.043 1.284
Altitude, km 29.431 29.569 30.592 28.396 0.522
AGC18 Avy, deg Within £5 deg 0.35 5.11 —-1.91 1.20
Range-to-HAC, km 55.6 54.782 57.934 52.085 1.310
Altitude, km 29.431 29.453 30.214 28.462 0.383
AGCI19 Ay, deg Within £5 deg —0.49 1.42 —2.67 0.78
Range-to-HAC, km 55.6 56.264 59.327 52.959 1.573
Altitude, km 29.431 29.526 30.146 29.049 0.227
AGC20 Ayy, deg Within £5 deg —0.82 1.30 —2.96 0.90
Range-to-HAC, km 55.6 54.282 57.554 51.991 1.381
Altitude, km 29.431 29.702 30.720 28.276 0.591
AGC21 Avry, deg Within £5 deg —-0.22 1.63 —3.57 0.83
Range-to-HAC, km 55.6 53.729 56.229 51.041 1.594
Altitude, km 29.431 29.842 30.684 28.677 0.416
140 . . . . . . .
— AGC19
5 1201 . <., AGC20 ]
g E 100l Lt AGC21 ]
M 2
| Z 60 1
40} 1
100 200 400 600 300 1000 1200 1400 ) 7000 2000 3000 4000 5000 5000 7000 8000
time (sec) V (m/s)
8000 . T
1 § 6000 1
o
<
. I.o 4000 -
5
b g 2000 g
10 s . .

. . .
0 200 400 600 800 1000 1200 1400
time (sec)

Fig. 10 Nominal bank angle and « profiles for missions AGC19-21.

used is the dimensional version of —e, with e given in Eq. (17).
Notice that the trajectories in the velocity—altitude space are very
close. The differences in the range—energy profiles are more visible
but still seem relatively minor. Yet the differences in the bank angle
profiles seen in Fig. 10 are significant. Finally, Fig. 12 contains the
heat-rate variations along the three trajectories. The imposed con-
straints on peak heat rate for the three missions is 680.935 kW/m?
(60 BTU/ft>-s). This is a remarkably stringent constraint, but the
trajectory-planning and guidance algorithms enforce it accurately
in all three cases.

B. Dispersion Testing

The built-in capability of MAVERIC allows dispersion simula-
tions with respect to uncertainties in aerodynamics, navigation data,
and vehicle mass. Random atmospheric dispersions and winds are
generated from the GRAM. The 1o uncertainties in the lift and drag
coefficients are given in tabular form as functions of Mach num-

specific energy (kmzlsecz)

Fig. 11 Nominal longitudinal profiles for missions AGC19-21.

ber and angle of attack,'® and the 30 values represent about 10%
uncertainty in C; and 6% in Cp during the entry phase. While C,,
and Cp are dispersed independently in each simulation within their
respective 30 uncertainties, the maximum dispersion in the ratio of
C./Cp is capped (in both plus and minus directions) by a Mach-
dependent limit. This limit in hypersonic regions amounts to about
an average of +6% variations in L/D at « =45 deg. If the disper-
sions AC, and/or ACp result in a variation of C; /Cp exceeding
the limit, AC, and ACp are adjusted so that the limit is maintained.

Table 2 summarizes the statistics on the TAEM conditions. For
each of the nine missions, a total of 100 dispersed trajectories were
run. For each parameter (heading error, range, and altitude), the tar-
get value, the mean for the 100 runs, the maximum and minimum
values among the 100 runs, and the standard deviation are given in
the table. A final heading error within 5 deg is considered perfect.
The small values for the means and standard deviations for Ays in
all nine missions indicate that the heading errors are all well within
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Fig. 12 Heat-rate variations along the nominal trajectories for mis-

sions AGC19-21.

this range, except for two runs where Ay, are slightly over 5 deg.
The largest TAEM range error is about 4.5 km (less than 2.5 nm), and
in most cases the range error is within 2 km. The TAEM altitudes
also have means very close to the target values and the standard
deviations are small. The precision seen in Table 2 represents a con-
siderable improvement as compared to the tracking results in Ref. 2.

C. Large Random and Multiplicative Aerodynamic Dispersions

The ability of this guidance algorithm to accommodate significant
aerodynamic modeling mismatches is further tested with increased
dispersions in C;, and Cp. Both large random dispersions and large
dispersions of constant percentages are used. In the first category,
the MAVERIC dispersion setup is modified so that the 3o aerody-
namic uncertainty is doubled. The uncertainty is still a function of
Mach number and «, but the size is doubled for the same random
seed. The allowable limit on the variations of L/D is increased to
+15% instead of £6% in the preceding section. The sizes of other
dispersions in navigation data, mass, atmosphere, and winds remain
the same. Only missions AGC13, 16, and 19 are tested, because
with the dramatically increased aerodynamic dispersions, there will
be cases in the other missions where the vehicle cannot land at the
KSC due to the large initial crossranges.

For comparison with the conventional approach, a velocity-
dependent Aveshoia(V) is carefully designed for the conventional
bank-reversal logic, Eq. (19). When combined with a proportional
LQR tracking law described in Ref. 7 for longitudinal tracking, this
guidance approach gives the same level of performance as seen in
Table 2 for the same dispersions in Sec. VI.B in missions AGC13,
16, and 19. This same guidance algorithm is also applied here when
the aerodynamic uncertainty is increased.

Again a total of 100 runs are made for each of the three mis-
sions. The performance of the new method for all three mission is
statistically the same as the results in Table 2. The conventional ap-
proach, however, renders different performances for different mis-
sions. Figures 13—15 show the comparison of the two methods in
terms of the heading errors and range errors at the TAEM interface
for the three missions. The scatter of the TAEM conditions under the
new guidance method is consistently tight in all three missions and
the errors are small without exception. In comparison, the conven-
tional approach misses the TAEM range and heading conditions very
badly in 12% and 8% of the cases, respectively, in missions AGC13
and 16. According to the scoring criteria in Ref. 6, the conventional
approach would have been judged to have failed the mission AGC13.
Even when these worst cases are removed, the zoom-in views in
Figs. 13 and 14 reveal that the new method still outperforms the con-
ventional approach by a good margin. In mission AGC19, the con-
ventional approach performs better than it does in the other two mis-
sions in that the worst cases are less severe. But the superiority of the
new method is no less evident even in this mission, as seen in Fig. 15.
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Fig. 13 Comparison of TAEM condition errors for mission AGC13
with increased aerodynamic uncertainty (100 runs).
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Fig. 14 Comparison of TAEM condition errors for mission AGC16
with increased aerodynamic uncertainty (100 runs).

The second testing category in this section is created to assess
how the guidance method handles large and persistent aerodynamic
modeling errors. To this end, the values of C, and Cp used in the sim-
ulations are perturbed by constant percentages up to 20% relative
to their nominal values C; and C7,. The dispersions are unknown to
both the trajectory planning algorithm and guidance algorithm. The
original 3¢ data in Ref. 12 for the uncertainty in C, and Cp of the
X-33 are constant (but at smaller magnitude) for Mach > 10. The
values of C and Cp, are also nearly constant in that region because
the angle of attack is almost constant (cf. Fig. 10), and the aerody-
namic coefficients are essentially independent of the Mach number
in hypersonic region. Hence constant percentage dispersions in Cy,
and Cp would be reasonable assumptions in hypersonic region when
« remains nearly constant. The same multiplicative dispersions in
C and Cp would probably be less representative when the vehicle
is close to the TAEM interface and « begins to decrease. But when
the dispersions used in the testing are sufficiently large, one can view
this setting as a “worst-case” scenario of aerodynamic uncertainty
in which the guidance algorithms are evaluated (recall that large and
nonmultiplicative aerodynamic dispersions have already been used
above, and the good performance of the present guidance algorithm
has been shown (Table 2 and Figs. 13-15).

In the presence of large constant-percentage dispersions in C,
and Cp, the new guidance algorithm and the proportional LQR
tracking law with conventional bank-reversal logic are applied to
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Table 3 Comparison of TAEM condition errors under the
new and conventional guidance approaches with constant
percentage aerodynamic dispersions (mission AGC19)

Ayry, ARange, AAltitude,
Method deg km km
Case 1: ACL/C} =—10%, ACp/C} =+10%
New -0.076 —-0.967 —0.844
Conventional 3.35 3.941 0.412
Case 2: ACL/C}[ =+10%, ACp/C},=—10%
New —-2.01 —0.348 2.186
Conventional —8.197 —10.525 —0.640
Case 3: ACL/C] =+20%, ACp/C}, =0%
New —0.083 —1.548 0.608
Conventional —5.81 —7.412 0.159
Case 4: ACL/C} =0%, ACp/C},=+20%
New —1.186 —1.856 —0.469
Conventional 3.083 5.770 0911
Case 5: ACL/C} =+20%, ACp/C}, =+20%
New 1.329 —0.806 0.399
Conventional 7.290 2.580 1.020
Case 6: ACL/C] =—20%, ACp/C}, =—20%
New —2.276 0.964 —0.164
Conventional —2.016 —2.628 —1.081
Case 7: ACL/C} =—20%, ACp/C}, =+20%
New —5.512 —2.020 —1.797
Conventional —3.873 100.601 0.221

Note: Dispersions are given following case numbers.
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Fig. 15 Comparison of TAEM condition errors for mission AGC19
with increased aerodynamic uncertainty (100 runs).

guide the vehicle. Mission AGC19 is chosen because this is the
mission where the conventional approach is seen to work the best
in the presence of larger random aerodynamic uncertainties. The
reference trajectory is generated based on the nominal aerodynamic
model. The constant-percentage dispersions are applied to C, and
Cp in MAVERIC simulations. The limit on the maximum disper-
sion of L/D is removed. Table 3 lists a comparison of the TAEM
condition errors in several test cases. The conventional approach
actually turns in acceptable performances in four out of the seven
cases, a testament to the strengths of the conventional method (al-
though the conventional approach would fail in most of those cases
in missions AGC13 and 16). The new method, however, continues
to outperform the conventional method in every case by providing
considerably smaller TAEM condition errors. Even in the most dif-
ficult situation of the last case where C, is reduced by 20% and
Cp increased simultaneously by 20%, the new method still pro-
duces a TAEM heading error of just —5.5 deg and a range error

of only 2 km, in sharp contrast to the 100-km range error under
the conventional approach. The altitude error is somewhat large in
this case, but is likely still within the recoverable margin for a safe
landing. The success under this extreme situation highlights the ca-
pability and robustness of the entry guidance method presented in
this paper.

VII. Conclusions

The goal of this work is to develop a lateral entry guidance ap-
proach that has the following traits: 1) reliability and good perfor-
mance, 2) robustness with respect to significant aerodynamic uncer-
tainty, and 3) systematic design procedure and no need for mission-
or case-dependent tuning. The lateral guidance logic presented in
this paper accomplishes the goals by determining bank reversals
according to two dynamically adjusted criteria and a bank-reversal
predictor using numerical trajectory propagation. The finding that
the crossrange is nearly linear with respect to the range and much
better behaved than the heading error sets the foundation of the
bank-reversal criteria. To account for the great influence of large
aerodynamic uncertainty, the criteria allow the estimated lift-to-drag
ratio derived from navigation data to be incorporated. The valida-
tion of the guidance algorithm is done through extensive testing in a
high-fidelity simulation environment involving a wide range of mis-
sions and significant dispersions. The results of the tests conducted
in this study show that this method outperforms the conventional
approach, with significant margins in stressful cases.

The full potential of the present entry guidance method would
be best utilized when the method is combined with an on-board
trajectory-planning algorithm to provide complete autonomy for
the entry guidance system (as is done in the simulations in this pa-
per). The method, however, is equally applicable when the reference
trajectory is preloaded.
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