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Optimal Update Scheme for Drag Reference Profiles
in an Entry Guidance

W. Grimm* and J. G. van der Meulen’
University of Stuttgart, 70550 Stuttgart, Germany

and

A. J. Roenneke*
Astrium, 28361 Bremen, Germany

Entry guidance with an optimal update scheme for the drag reference profile is presented. The guidance is
designed for entry in the neighborhood of a specified nominal flight path. To account for off-nominal conditions,
the nominal flight path is modified onboard to obtain a reference trajectory for the subsequent guidance cycle. The
reference trajectory is adapted to the actual position and velocity. In particular, it provides the range required to
reach the target. The reference trajectory is defined as the solution of a variational problem with the objective to
stay as close as possible to the nominal entry path. With an appropriate representation of the reference trajectory,
the variational problem reduces to an unconstrained quadratic program. This allows for a direct, closed-form
solution suitable for onboard application. Rigid-body simulations with model perturbations and modified entry
conditions demonstrate the performance of the guidance.

Nomenclature
D = drag force
e = specific energy
f(e) = weight-to-dragratio, W,/ D(e)
g = gravitational acceleration
h = altitude
M = moment vector of a cubic spline function
m = vehicle mass
Rean = radius of Earth
s = range to target along ground track
\%4 = velocity (Earth relative)
w = weight
w(e) = weighting function
y = array of function values of a cubic spline function
Subscripts
f = final value, value at the target point
ini = value at the beginning of a trajectory update cycle
nom = value of the nominal trajectory
ref = value of the reference trajectory
sea = value at sea level, for example, gsea, Wiea
Superscript

’

differentiation with respect to energy

L

HE entry guidance of the space shuttle' provides the ba-
sic scheme for most of the entry guidance methods that are
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discussedtoday. The firststepis to designa nominal trajectory before
the actual mission, which is stored as a drag profile in the guidance
software. For range control, the nominal drag profile is modified
onboard. The onboard update will be called reference trajectory in
the sequel. The entry vehicle follows the reference trajectory with
a drag tracking controller, which determines the magnitude of the
commanded bank angle. The sign of the bank angle is determined
to reduce the lateral target miss.

The contribution of the present paper is an online optimization
scheme for shaping the reference trajectory. Therefore, the paper
focuses on this componentof the entry guidance. The space shuttle
guidance' provides nonlinear, analytical formulas for the onboard
computation of the reference trajectory. Another way to define the
reference trajectory is a uniform scaling of the nominal drag pro-
file to obtain the required range to the target? Lu® and Lu and
Hanson* represent the reference trajectory as a piecewise linear
drag-vs-energy profile. The entry-path constraints (heat flux, load
factor, and dynamic pressureconstraints)can be regarded as bounds
on the drag profile. Therefore, they can be incorporatedin the op-
timization process for the drag reference profile.>* Several authors
propose online trajectory planning by using different methods for
real-time integration and optimization with explicit consideration
of path constraints.’~® This allows for an online computation of
the nominal trajectory supposing a high-performanceonboard com-
puter. Dukeman® shows that range control can also be performed
with linear control theory. To this end, the range-to-gois included
as a state variablein a control designmodel and tracked with a linear
quadratic regulator controller.

The presentguidance schemeis based on conceptsof Roenneke.!®
Roenneke'® uses a variational approach to update the reference tra-
jectory in the form of drag vs energy. It is optimal in the sense that
it maximizes the ranging authority within the entry corridor. Addi-
tionally, it starts at the actual vehicle state and provides the required
range-to-go. The resulting variational problem is reduced to a non-
linear program via discretization and is iteratively solved onboard.
The main contribution of the present paper is as follows. Under cer-
tain technical restrictions, the nonlinear program for the reference
trajectory reduces to an unconstrained quadratic program. This al-
lows for a direct solution without any iterative procedures and, thus,
avoids the usual problems of real-time optimization: computational
effort and reliable convergence.

To complete the guidance algorithm, the referencetrajectory gen-
erator is combined with nonlinear drag tracking controP!"!> and
a traditional bank reversal logic.! A departure of a capsule-type
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vehicle from the International Space Station (ISS) orbit to Captieux,
France, serves as the test case. The nominal entry flight has been
computed with the trajectory optimization software ASTOS.'? The
associated drag-vs-energy profile plays the role of the nominal tra-
jectory. The performance of the guidance is verified in six-degrees-
of-freedom simulations over an oblate Earth. Preliminary results
have been published in previous papers.'* '3

II. Vehicle Model and Reference Mission

The referencemission is an entry flight from the circularISS orbit
(400-km altitude, 51.58-deg inclination) to Captieux, France (44.4°
N, 0.4° W). The reference vehicleis a small, unmanned capsule with
a lift-to-drag ratio of approximately 0.4 (Table 1). For attitude con-
trol during entry, a reaction control system (RCS) of four thrusters,
each with a maximum thrust of 10 N, is used, resulting in a control
torque of approximately 47 N - m per axis.!® Because of the lim-
ited aerodynamicperformance of the vehicle, the accessiblelanding
area from nominal entry conditions is about 1000 km downrange
and 150 km crossrange.!®

The simulation of the guided entry flight phase starts at the
perimeter of the atmosphere at 120-km altitude and is terminated
at the drogue chute release conditions at 25-km altitude and ap-
proximately Mach 1.5. In the next flight phase, target approach and
landingis performed by means of a controllableparafoil system.! %13

To compute the reference mission, the so-called entry corridor is
defined as follows. The heat flux and accelerationlimit representthe
upper boundaries, the lower boundary is given by the equilibrium
glide path (Fig. 1). The equilibrium glide-path constraintrepresents
a controllability limit and is computed with a bank angle margin of
30 deg during hypersonic flight. With the entry corridor defined, the
nominal flight path is an optimal trajectory in the following sense.
The objective is to keep the nominal drag-vs-velocity profile as
close as possibleto the centerline of the entry corridor. This is a first
approach to get a nominal trajectory with a sufficient margin to all

Table1 Model constants of the entry vehicle

Variable Value
Mass 100 kg
Lift-to-drag ratio 0.38
Maximum permitted heat flux 1.2 MJ/m?
Maximum permitted acceleration 5S¢

Lox 6.08 kg - m?
Iyy 11.39kg- m?
I.. 9.98 kg - m?
Li-=1. —3.28kg-m?
Maximum RCS torque in x direction 5.7N-m
Maximum RCS torque in y direction 44N-m
Maximum RCS torque in z direction 3.8N-m

50 T I .
H nominal drag profile
________ heat flux constraint

................ load factor constraint
_______ equilibrium glide 1
[ —- centerline

drag acceleration [m/sz]

4000 6000 8000
velocity [m/s]

0 2000

Fig. 1 Nominaltrajectory and entry corridor in the drag acceleration
vs velocity diagram.

Table 2 Variation of the entry conditions due to the variation
of the deorbit impulse

Cases 1, 2,
and 5 Case 3 Case 4

Quantity (nominal) (AV =-2m/s) (AV =42 m/s)
Declination, deg 50.5766 50.8960 50.2713
Longitude, deg —52.2374 —49.9413 —54.4313
Altitude, km 120 120 120
Velocity, m/s 7602.19 7604.10 7600.28
Flight-path angle, deg ~ —1.5778 —1.5303 —1.6240
Heading angle, deg 77.6434 77.6434 77.6434

path constraints. In case of small disturbances, the path constraints
will not be violated. The optimal control problem for the nominal
trajectory is solved by use of the software package ASTOS.!?

In the optimization, the deorbit phase is modeled as an impulsive
maneuver followed by a Keplerian arc. This allows the optimization
of the following deorbit parameters: the magnitude of the deorbit
impulse, the longitude of the ascending node of the ISS orbit, and
the true anomly. The resultingentry conditionsare shown in Table 2.

Figure 1 shows the optimal entry trajectoryin the drag-vs-velocity
plane. After an initial transition, it follows closely the centerline of
the entry corridor as desired by the chosen optimization criterion.

III. Guidance Algorithm

The optimal trajectory shown in Fig. 1 is used as the nominal tra-
jectory for the guidance design. The onboard guidance strategy is to
compute the reference trajectory command by adapting the nominal
trajectory to off-nominal conditions in target range, aerodynamic
performance, or atmospheric dispersions. The reference trajectory
is computed so that it is as close as possible to the nominal trajectory
subjectto the constraintthat it covers the required range to the target
and accounts for the current vehicle state. The reference trajectory
is represented as a drag-vs-energy profile and is updated regularly
onboard. To track the reference trajectory command, a nonlinear
path controlleris used based on nonlinear dynamic inversion.>!!12
The controller output is the absolute value || of the bank angle. A
conventionalbank reversal logic' determines the sign of 4 to coun-
teract the lateral target miss with a specified deadband. The task
of the attitude controller is to adjust the actual bank angle to the
guidance command. The attitude controllerused in the simulations
is taken from Ref. 17 and has been configured for the capsule.

A. Range Estimate Based on the Drag Profile

The reference trajectory is represented as a drag-vs-energy
profile. This is an established approach on the design of entry
guidance2~>10.11.18 [ et e be specific energy defined as follows:

e = [VZ/(Z ) gsea)] + [REarlh/(REarlh + h)] “h (1)

The specific energy has units of length and is also referred to as
energy height’ Def. (1) correlates with an inverse-square model of
gravity for a spherical Earth given as

8 = 8sea* [REarlh/(REarlh + h)]2 2)

For flight over a spherical, nonrotating Earth, the energy rate of
change becomes'*:!!

€=[V D/(mgsea)] (3)

Given the drag-vs-energy profile, the range s to the target along the
ground track can be estimated as>'!

€ini . €ini W
s = / L Dgsea de = / —ga de (@)

ef ef

where the subscript ini refers to the current state, which represents
the initial state of the remaining flight and thus the initial condition
of the reference trajectory and subscript f denotes the end of the
hypersonic entry phase.
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B. Variational Problem for the Reference Trajectory

The reference trajectory command calculated by the onboard
guidance is a direct solution of a variational trajectory optimiza-
tion problem'® as detailed as follows. Define the nominal and the
reference trajectories as a function of W,/D vs e:

fref(e) = Wsea/Dref(e)s fnom (e) = Wsea/Dnom (e)
Af(e) = frel’(e) - fnom(e) (5)

The performance criterion for the onboard optimization is chosen
to minimize the deviation from the nominal trajectory'”

eini A 2
I frer] = / LSty -de (6)

L, w©

subject to boundary conditions to be detailed. The integrand in
Eq. (6) represents a penalty term for the deviation from the nomi-
nal trajectory in a least-square sense, and w is a positive weighting
function, the selection of which is explained in the next section.
Because the reference trajectory shall be smooth and nonoscillat-
ing, an additional penalty term is introducedto restrict the curvature
of the reference trajectory. AM is an array of Af” values taken at
specified energy nodes (see next section). C is a positive definite
matrix. Thus,

€ini 2
I[frs]l = / % - de + % - AMTCAM (7
ef

It is sufficient to select C to be a multiple of the unity matrix. The
penalty term in Eq. (7) resembles the regularization technique in
Refs. 3 and 4. Performance index (7) is minimized subject to the
following boundary conditions, as shown in Ref. 10:

1) The initial conditions of the reference trajectory, €;,i, frer(€ini)»
and f,,;(ein;) correspond to the actual values of the vehicle at the
time the guidance algorithm is called. The values are derived from
measurements.

2) The terminal point of the reference trajectory, e, and fic(ey),
correspondto the desired terminal state of the vehicle (V, =450 m/s
and iy =25 km).

3) Also f(e) satifies the range matching condition (4).

Item 1 is a refinement compared to the shuttle guidance. Be-
cause the reference trajectory accounts for the current state there is
a smooth transition onto the commanded drag profile instead of a
sudden jump. o

The parameter f, (ciy) involves the drag rate D. D is estimated
using a closed-formexpression that assumes a constantdrag coeffi-
cient and a locally exponential atmosphere, simplifications, which
are established since the design of the shuttle guidance.

The guidancedoes notexplicitly accountfor path constraintssuch
as heating, dynamic pressure, or load factor constraints. Rather,
it relies on the margin along the nominal trajectory. Because the
performance index (7) minimizes the deviation from the nominal
trajectory, violation of the path constraints occurs in extremely off-
nominal situations, only. All path constraints can be represented as
lower and upper bounds in the drag-vs-energy plot. Therefore, they
could be incorporatedin the preceding formulation by adding upper
and lower bounds on f¢(e).

C. Spline Approximation of the Reference Trajectory

Numerically, fi.t(€), fiom(€), and Af (e) are representedas cubic
splines over a partition,

ey =ey<e << e = ey ®)

of the energy interval[e , ¢;, ] to be covered on the remaining flight.
The lower bound e is the specified terminal energy, and the upper
bounde;,; is the energy value at the moment the guidance algorithm
is called. Cubic splines are known for undesired oscillations. They
are damped by the penalty term on the curvature in the augmented
performance index (7).

The parameters frer(€), fuom(€), and Af (e) are essentially deter-
mined by their values at the nodes (8):

fref(ei) = Yref,is fnom (&) = Yuom,i

Af(ei) = AYi = Yret.i — Ynom.i )

The data y,om ; are taken from the nominal trajectory data set. There-
fore, they representknown inputs to optimizationproblem(7), which
is to be solved for the parameters yyer; .

In between each two nodes of partition (8), the cubic splines
are cubic polynomials, whose coefficients do not only require the
function values (9) but also second derivatives such as

Mref = (Mref,Os ceey Mref,n)T
with M. ; = f..;(e;). Similarly, the array M, of the nominal tra-
jectory is defined, and the difference

AM:Mref_Mnom (10)

contains the second derivativesof Af (e). AM is just the vector that
defines the penalty term on the curvature in Eq. (7).

The nominal trajectory is defined as a natural cubic spline char-
acterized by the properties

Mnom,O = Mnom,n =0 (11)

Because of the properties of a cubic spline, there is a linear re-
lation between the function values and the second derivatives
at the nodes.'” In the case of the nominal trajectory, M., and
Ynom = Ynom.0s - - - » Ynom.n) " satisfy a linear relation of the form

Bnom . Mnom = Cnom * Ynom (12)

The matrices Bom and Cpon may be taken from standardliteratureon
numerical mathematics'®; they only depend on partition (8). B,op, is
a tridiagonal, symmetric, positive definite matrix. Therefore, Myom
is uniquely determined by Eq. (12) and is assumed to be known in
the sequel. Here, y,om and My, provide the complete information
to set up the spline function f,,,(e).

For e € [e;, e; 1], the nominal trajectory fuom (€) is a cubic poly-
nomial of the form

fnom (6) = anom,j + bnom,j (e - ej) + Cnom,j (e - 6_,-)2 + dnom,j (e - 6_,-)3

(13)
with coefficients depending on y o, and M op:
_ _ Mnom,j
Anom,j = Ynom,j» Chom,j — T
ynom,j+l - ynom,j 2- Mnom,j+l + Mnom,j
bnom i = - ) hi+l
Ny hj+l 6 .
Mn m, j - Mn m, j
dnom,j = W (14)
SR

with hj+ 1=€j+1—6€;.

The spline function f.¢(e) is set up in a similar way. Just replace
the ()nom variables by the analogous (), variablesin Eqgs. (13) and
(14).

The spline function f,.¢(e) is characterizedby an equation system
similar to Eq. (12). It is more complicated due to the boundary
conditions 1-3 of optimization problem (7). Conditions 1 and 2
determine the function values at the bounds:

Yref,0 = fref(eo)s Yrefn = fref(en) (15)

with given data yero and yrr,. Because of the bounds (15), the
remaining unknowns are the interior values,

5 _ T
Yret = (yref,ls R yref,n—l)
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The natural spline conditions (11) are replaced as follows. Item 1 in
the preceding section specifies the slope at e,,:

Vet = Jrer(€n) (16)
with y’

wer.n 21ven. Condition 3 refers to the range matching condition
4). Expressed with f.¢(e), it becomes
P

s = / ” Jrer(e) de a7

Because frr(e) is linear in y.r and M, [see Egs. (13) and (14)],
boundary conditions (16) and (17) are linear in y,; and M., too.
Together with the standard interpolation conditions in Ref. 19 they
constitute a linear relation of the form

Bref'Mref = Cref 'jref"_Dref * Zref (18)
where z,.; contains the given boundary values:

Zref = (yref,Os Yref,n» yr/er,y,s S)T (19)

The matrices By, Cyf, and D¢ only depend on partition (8) and,
therefore, are known in advance. B, is a regular matrix, but not a
symmetric one.

D. Computation of the Reference Trajectory

The reference trajectory is the solution of optimization problem
(7) with constraints 1-3. With the spline modeling in the preceding
section, problem (7) reduces to the following nonlinear program:
Minimize objective function (7) with respectto the parameters M,
and y,.¢ subject to equality constraint (18).

The weighting function w (e) in problem (7) is defined as a piece-
wise constant function:

w(e) =wj; = fnom(e_i)2s e;<e<ejy (20)

Hence, the relative deviation from the nominal trajectory is inte-
grated in Egs. (6) and (7). Because of Eq. (20), performance index
(7) can be written as

n—1

I fur] = Z

1
+ o AMTCAM (21)

/ [fref(e) fnom (6)] de

where fir(e) is linear in M, and y.r [see Eqs. (13) and (14)].
Therefore,objectivefunction(21)is quadraticin M s and y ;. When
M, is eliminated with Eq. (18), objective function (21) becomes a
quadratic function in y,.; alone:

I fret]l = F rer) = % '.;’rTer ‘A 'yrer+uT

The quantities A, u, and v are known in advance because they only
dependon partition(8), the weighting factors (20), and the boundary
values (19).

The minimum of function (22) with respect to y,.r is easily iden-
tified by setting VF =0:

) )_}ref +v (22)

VF:A'.;’ref—'_u:O:yref:_Ail'u (23)

Because performance index (7) is an integral over a squared func-
tion, it is positive. Therefore, matrix A will be positive definite as
well. Hence, A can be inverted, and the optimal solution is unique.
Withy,s obtained, the second derivativesM, s can be computed from
Eq. (18). This completes the definition of the reference trajectoryin
the form of Egs. (13) and (14).

As outlined in Sec. III.B. path constraints would pose upper and
lower limits on f.;(e) and, hence, on the discreterepresentationy ;.
This would change the unconstrained quadratic program (22) to a
constrained one with constraints of the form

Yrefmin = Yref = Yref. max

This extension would be similar to Ref. 3.

The present guidance design essentially follows the concept of
Roenneke,'” who provides the variational problem for the reference
trajectory stated in Sec. II1.B. Roenneke!® also introduces the cubic
spline modeling of the weight-to-drag history (5) of the reference
trajectory. The present approach and Roenneke'® agree up to this
point, but differ in the numerical solution of the variational prob-
lem. Roenneke!® treats both the abscissas and the function values
of the spline as optimizable parameters. This leads to a nonlinear
program, which is solved iteratively.Real-time integrationis used to
evaluate a performance index of type (6). Optimizable nodes on the
energy axis have the favorable effect that the curvature properties
of the reference trajectory change uniformly from one update to the
next. The entry trajectory can be modeled as a spline with only two
sections and one intermediate node to be optimized.'” In the present
guidance scheme, partition (8) is fixed relative to the bounds of the
energy interval; this is the essential difference with Ref. 10. The
appeal of the presented discretizationis that the variational problem
reduces to an unconstrained quadratic program in the remaining
unknowns. The solution is determined by a linear equation sys-
tem; there is no iterative procedure with an inevitable convergence
risk. The drawback is that the curvature of the reference trajec-
tory develops somewhat irregularly on the updates. An additional
penalty term on the curvature is necessary to suppress undesired
oscillations.

E. Entry Phases

Some factors limit the application of the guidance algorithm.

1) The guidance algorithm depends on the drag measurement. At
the entry interface, the bias of the accelerometer (used to measure
the drag deceleration) is larger than the actual deceleration. The
guidance is activated as soon as the drag deceleration has reached a
value 10 times the bias. For the assumed measurement device, the
minimum drag decelerationis 0.03 m/s?.

2) According to Eq. (5), the reference trajectory is defined as an
energy-dependent weight-to-drag ratio. At the entry interface, the
weight-to-drag ratio is of the order of 1000 because of the small
drag, and it decreases to the order of unity thereafter. When the
guidance is initiated at D/m =0.03 m/s?, the weight-to-drag ra-
tio still is 333. Because of the well-known overshoot property of
splines, it does not make sense to interpolate a set of data where the
first function value is of the order of 1000 and the other values are
of the order of unity. Apart from just overshooting, the weight-
to-drag ratio could even become negative, which is physically
impossible.

3) As the distance to the target shrinks to zero, the curvature of the
reference trajectory increases because the reference trajectory tries
to match the reference range with the range-to-go. As a result, there
could be saturation of the commanded bank angle, which means
physically that the commanded bank angle would be either O or
+180 deg.

To account for all of these effects the following phase structure
is introduced.

1) Phase 1: As long as the drag decelerationis below 0.03 m/s?,
the commandedbank angle is set to 0 deg. This agrees with the bank
angle of the nominal trajectory near the entry interface.

2) Phase 2: As soon as the drag deceleration has exceeded
0.03 m/s?, guidance is initiated. However, to avoid the numerical
problems described earlier, the nominal trajectory is represented as
the drag profile D,,,(e) and tracked until the weight-to-drag ratio
has dropped to a value of one.

3) Phase 3: As soon as the weight-to-drag ratio is smaller than
one, the guidance concept presented earlier applies to its full extent,
including the update of the reference trajectory at intervals of 30 s.

4) Phase 4: Finally, as soon as specific energy is less than 500 km,
the update of the reference trajectory is terminated, and the last
referencetrajectoryis tracked. Later, as soon as velocity drops below
1000 m/s, thecommandedbank angleis setto 0 deg, to letthe capsule
enter the parafoil phase with a lift-up attitude.

The switching criteria are checked every 30 s. In phase 3, these
instants coincide with the reference trajectory updates.
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IV. Simulation Results in Six Degrees of Freedom

A. Simulation Model

Discrete-time simulations with a high-fidelity simulation
program'“!> were carried out to validate the guidance algorithm.
The attitude command of the guidance serves as input to the attitude
controller.!” The drag tracking controller s called each second; the
samplingperiodof the attitudecontrolis 0.1 s. The attitudecontroller
generates a torque command that is converted into thruster com-
mands. The thruster commands are generated with pulse-amplitude
modulation instead of pulse-width modulation. The resultis a con-
stant, intermediate thrust level over the whole 0.1-s sample period.
The intermediate value may be regarded as the mean value of an
appropriate pulse sequence.

The desired landing site is Captieux, France (44.4° N, 0.4° W).
To provide enough range in the parafoil phase, the atmospheric
guidance does not aim at Captieux itself, but rather at an artificial
target, which is shiftedbackwardin flightdirectionabout 15 km. The
simulation ends as soon as either the final velocity (V =450 m/s)
or the final altitude (h =25 km) is reached. The results presented
are obtained with “ideal navigation,” that is, there is no difference
between the actual and measured values.

B. Nominal and Perturbed Cases

To test the robustness of the guidance algorithm, some perturba-
tions of the nominal scenariohave been simulated as well. Five cases
are presented.Case 1 is the simulation of the nominal mission, which
starts at the initial conditions of the ASTOS optimization (Table 2).
These initial conditions also apply to case 2 with perturbed aero-
dynamic coefficients. The perturbations consist of a 10% decrease
of |c.| and a 10% increase of |c,|. Because of the negative angle of
attack, this resultsin a higher L /D ratio. For Mach numbers greater
than 10, the gainin L /D is about 14% from 0.383 to 0.437.

Possible AV errors of the tangential deorbit impulse are as-
sumed to be limited to &2 m/s. Case 3 belongs to the lower limit
AV =—2 m/s, and case 4 is the entry flight for AV =42 m/s.
Table 2 presents the entry conditions for all cases. Velocity, flight-
path angle, and heading angle refer to the Earth relative velocity
vector. The assumptionis thata AV variation mainly causes an in-
plane error, which does not affect the heading. However, the AV
variation does change both velocity and flight-path angle at the en-
try interface at 120-km altitude. For the variation AV =+2 m/s,
the range-to-go increases about 170 km at the entry interface. The
variation AV = —2 m/s has the opposite effect.

Case 5 is an example with perturbed air density with a standard
deviation 0. =30% where o. refers to the relative deviation from
standard atmosphere. This is accomplished by multiplying air den-
sity everywhere in the equations of motion with the factor (1 4 z),
where z is a zero-mean, first-order Markov process with the standard
deviationo.:

E(z) =0,

p— p-(142), E(z%) = Var(z) = 6> = 0.09

To this end, the simulation model is augmented with the differential
equation,

z=—(/T)+w, z(0) =0
where w is a white noise input with the constant power spec-
trum g > 0. Note that z(¢) is an exponentially correlated random

variable 2° The correlationbetween z values at two differentinstants
t; and 1, is given by

(q-T/2)-exp(—|ty =12|/T)

The correlation time 7 is set to 250 s. The power spectrum g is
determined by the relation

02=(q-T)/2=0.09
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Fig. 3 Actual and commanded bank angle under nominal conditions.

C. Results

Figure 2 shows the drag command and the drag response of the
guided vehiclein a six-degree-of-freedam simulationundernominal
conditions. During phase 2 up to about 390 s, the drag command
is taken from the nominal trajectory. There is a persistent error of
about 0.5 m/s? in drag tracking. The error is partially due to control
saturation indicated by pteom =0 until # =240 s (Fig. 3). The bank
angle of the nominal trajectory is nearly zero in the first 250 s, which
means a lack of control margin. Phase 3 beginsat t = 390 s, with the
first update of the reference trajectory. Note that the reference drag
profile always starts at the current drag value (Sec. III.B). There
are five further updates at time intervals of 30 s. At each update,
the drag command is smooth and continuous, as required by the
guidance constraints. This also guarantees a smooth bank angle
command history and good bank angle tracking (Fig. 3). During
phase 3, the vehicle sufficiently tracks the drag command, resulting
in a final target miss of 4 km (Table 3). A total of three bank reversals
are necessary to achieve sufficient crossrange control. The effect of
the bank reversals is hardly visible in the drag history. This was
expected because of the low L /D ratio of the vehicle.

The last update of the reference drag profile occurs at t ~ 540 s
(Fig. 2). This indicates the transitionto phase 4, where the reference
drag profile remains unchanged. At the end of phase 4, the bank
command is set to zero to achieve a lift-up attitude at the begin-
ning of the parafoil phase. The final segment with pic, =0 starts
att ~ 640 s. It is visiblein Fig. 2 at the instant where drag tracking
terminates.

Figures 4 and 5 show simulation results for the off-nominal cases
in the drag and altitude vs velocity domains, respectively.In case 2,
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Table 3 Final data of the simulations

Case 1 Case 2 (perturbed Case 3 Case 4 Case 5
Quantity (nominal) aerodynamics) (AV =-2m/s) (AV =42m/s) (perturbed density)
Final declination, deg 44.412 44.475 44.475 44.673 44.408
Final longitude, deg —0.561 —0.667 —-0.610 —0.682 —0.556
Final altitude, km 25.9 25.3 25.3 25.3 25.4
Final velocity, m/s 464 643 596 550 675
Final flight-path angle, deg —18 —26 -23 -23 -19
Final heading angle, deg 122 94 122 136 127
Miss distance, km 4.0 7.8 4.1 26.5 4.9
55 hoat fix Constraint\ fails to track the commanded drag. This explains the miss distance
50 - of 26.5 km at the end.
/ ‘\\ load factor constraint In all cases, the vehicle has difficulties in tracking the nominal
45 VA \\ == drag profile precisely in phase 2 (Fig. 2 for the nominal case 1). The
_40 - 4 actual drag is always higher than the nominal one for V > 6 km/s
% . P mmam”gpmmn\ (Fig.4). The undesireddecelerationin the high-speedregime causes
% / o — a range error, which is successfully corrected by a reduction of the
230 pa < nominal drag level in the remaining flight (cases 1, 2, 4, and 5). This
3 o5 i SN R T \ \ is mostobviousin case 5. The random perturbationof the air density
g A\ a2 N \ issuchthatthe flightis close to the heatflux limitup to V = 5.6 km/s.
g20 ot = Lo BN Also, the intensity of the perturbationis beyondrealistic magnitude.
g Jy T i NN ’ y p yond g
® sk P : s The results call for a refinement of the nominal drag profile. A
sob|— — — ~ perturbed air density N dra}g level abov? the centerline o.f the corridor might improve the
_______ perturbed aerodynamics \% guidance. Sufficient control margin throughoutthe whole trajectory
si|——-—-- AV =-2m/s is mandatory.
T - ‘AV =+2ms : equilibrium glide pati Figure 4 shows that the path constraints may be violated in off-
% 2000 4000 6000 8000 nominal situations. If the range-to-go is distinctly shorter than the

velocity [m/s]

Fig. 4 Drag acceleration vs velocity for nominal and perturbed cases.
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Fig. 5 Altitude vs velocity for nominal and perturbed cases.

the capsule flies a trajectory that is close to the nominal case 1 in
spite of the variation of the aerodynamics. In case 3, the effect of
—2-m/s offset on the nominal deorbit impulse is a shorter range to
the target at entry interface (about 170 km). Moreover, the flight path
at the entry interface is about 0.05 deg flatter than in the nominal
case 1. The range error is compensated by a shift of the commanded
drag trajectory to higher drag levels. The equivalentshift in altitude
can be seenin Fig. 5. Case 4 represents the opposite of case 3. If the
nominal deorbit impulse is increased about 2 m/s, the distance to
the target at entry interfacebecomes about 170 km longer compared
to nominal conditions. The entry flight-path angle is about 0.04 deg
steeper. The range error is compensated for by a shift of the drag
command to lower drag levels. The lifting capability of the vehicle
is not sufficient to maintain the corresponding altitude throughout
the flight. The drag is distinctly below the equilibrium glide path
for a large velocity interval. There is an interval with pen, =0 of
about 100-s duration in phase 4. During this period, the capsule

nominal one (case 3) the load factor exceedsits limit. In the opposite
case (case 4) the corrected drag level is below the equilibrium glide
limit. This is more critical in terms of landing accuracy because
controllability may be lost. In both cases, however, the modified
drag profile precisely compensates the range error.

V. Conclusions

The present paper describes an update scheme for reference drag
profiles within an entry guidance algorithm. The reference drag pro-
file is the solution of a variational problem. The objectiveis to cover
the required range to the target along a trajectory that is as close as
possibleto a precalculatedpath (nominal trajectory). The numerical
discretization reduces the variational problem to an unconstrained
quadratic program, the coefficients of which can be evaluated in
closed form. This helps to reduce CPU time and facilitates real-
time application. Because of the use of cubic splines, a penalty term
on the curvature is required to obtain a smooth profile. Smoothing
would also be enhanced by movable discretization gridpoints. This,
however, would create a general nonquadraticoptimizationproblem
with all implications for onboard calculation.

The update scheme does not explicitly account for path con-
straintssuch as heating,load factor, or dynamic pressureconstraints.
It is supposed that the nominal trajectory provides sufficient margin
to the constraints. Path constraints could be introduced as bounds
on the unknown parameters of the quadratic program.

The optimizeddrag profile starts at the current state of the vehicle.
Thus, a sudden drag error on tracking the profile is avoided. This is
arefinement over the shuttle guidance, for instance. In the presented
simulations, perturbations on the deorbitimpulse, the acrodynamic
coefficients, and air density are successfully compensated.

In the present scheme, range correction begins as soon as drag
acceleration exceeds gravitational acceleration. A failure to track
the nominal drag profile in the preceding flight phase causesa range
error, which must be compensated by a significant variation of the
nominal drag profile on the remaining flight. Future work will ad-
dressimprovementof the guidanceimmediately after the entry inter-
face. In particular, sufficient control margin is necessary throughout
the nominal trajectory.

The versatility of the approach, for example, its application to
planetary entry and return missions to Earth, and its robustness
to varying initial and boundary conditions are subjects of future
studies.
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