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Aerocapture serves as an enabling technology for time and propellant-efficient atmos-
pheric planetary exploration. To progress this technology beyond simulation, guidance
algorithms for aerocapture require maturation to flight-implementable code for future
technology demonstrations. In this work, we expand the Fully Numerical Predictor-
corrector Aerocapture Guidance (FNPAG) algorithm for use in an Earth-based aerocapture
demonstration. In addition to longitudinal targeting, a lateral targeting strategy is chosen
and assessed using a novel bank maneuver strategy selection algorithm developed in this
work. Sensitivity analyses and implementation tradeoffs of FNPAG are explored for planned
Geostationary Transfer Orbit (GTO) and lunar return mission designs.
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I1. Introduction

Aerocapture guidance computes commands for a successful orbital insertion maneuver that utilizes at-

mospheric aerodynamic forces to achieve a desired orbit. The advantages of aerocapture over traditional
all-propulsive systems include reduced mission durations, higher payload mass allowances, and reduced
propellant consumption [1], [2], [3], [4], [5], [6]. With the 2023 Planetary Decadal Survey identifying
Ice Giants, Uranus and Neptune, as top flagship class destinations, aerocapture serves as an enabling
technology for exploration and scientific discovery for atmospheric outer planets [7]. While aerocapture
represents a promising exploration technology, it must first be demonstrated in a low-risk mission to advance
technology readiness and validate simulated performance metrics. In this work, we develop and test a
guidance algorithm for the aerocapture Earth demonstration design detailed in (Dutta et al., 2026) [8]. Fully
Numerical Predictor-corrector Aerocapture Guidance (FNPAG) with bank angle control balances heritage,
from bank-controlled Earth and Mars guided reentry missions, with the predictive capabilities of an onboard
predictor-corrector [9], [10], [11]. The FNPAG algorithm iteratively solves for the optimal switching time
and bank angle control policy using knowledge of the bang-bang solution profile. In this paper, we extend
FNPAG to include the lateral targeting algorithm detailed in (Smith, 2016) [12]. Given a deterministic
number of bank reversals and an allowable cross-range error, a geometrically contracting algorithm was
formulated to reduce lateral error. Of significant interest is the extension of Smith’s lateral error algorithm
from entry to the aerocapture guidance algorithm described in this work. From the analysis in this paper,
several challenges were identified and addressed in our final algorithm; wedge angle-based lateral error
exhibited bi-modal behaviors when paired with the FNPAG-derived control policy, a solution for lateral
error edges cases needed to be formulated, and FNPAG exhibited a root-finding singularity resulting from
ambiguity in the bank reversal rate. The developed guidance algorithm in this work utilizes inclination-
based lateral targeting and solves for both the bank angle and the bank angle rate in the FNPAG corrector.
Algorithmic parameters for the guidance algorithm are systematically selected from a series of Monte Carlo
sensitivity analyses in the flight mechanics simulation software framework, Genesis [13]. Genesis is a new
flight mechanics simulation developed by NASA in the Julia programming language and is available in the
NASA software catalog [14].

II1. Methods

A. Earth-based Aerocapture

In this work, we detail the guidance algorithm for the Earth aerocapture demonstration mission, Aero-
capture to Reliably Reduce Inertial Velocity with Aerodynamics and Lift (ARRIVAL). The planned NASA
mission includes a SmallSat-scale vehicle, with geostationary transfer orbit (GTO) and Lunar return mission
design options [8]. For the GTO mission, the spacecraft will perform a periapsis lowering maneuver from an
elliptic orbit about Earth and then release the aeroshell to target an atmospheric entry interface (EI) of 125 km
in altitude. The Fully Numerical Predictor-corrector Aerocapture Guidance (FNPAG) guidance algorithm
is used to actively target the desired orbit apoapsis altitude and inclination. After exiting the atmosphere,
the SmallSat exists in an elliptic orbit within the Earth’s atmosphere. Similarly, a Lunar return trajectory
departs from a Near Rectilinear Halo Orbit (NRHO), travels back to Earth, and following a cruise stage
separation, performs the GTO mission concept of operations (CONOPS).

B. FNPAG Guidance
The FNPAG algorithm utilizes onboard models and online root finding to compute the bang-bang bank
angle profile required to reach a desired apoapsis altitude. In addition to apopasis altitude targeting, a lateral



channel is often adopted in FNPAG to target a specific wedge angle, using the lateral targeting logic in
(Smith, 2016) [12]. In this work, we evaluate the choice of the wedge angle for lateral targeting and discover
aerocapture edge cases, where lateral error does not decrease monotonically, causing solution divergence.
We propose the use of the inclination angle for lateral targeting, with the new architecture detailed in this
section.

The top-level flow of FNPAG is illustrated in Fig. 1, where the navigated state ( the radius, longitude,
declination, planet-relative velocity magnitude, planet-relative planetocentric flight path angle, and planet-
relative planetocentric azimuth) is used to update the lift and drag estimators and the lift and drag estimates
are used in the predictor and corrector. The guidance loop shown is called at a fixed rate by the flight
software, with the bank angle profile from Fig. 2.
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Fig.1 Top-level FNPAG logic.

. t
Fig. 2 FNPAG uses a bang-bang bank-angle profile during phase 1.

During pre-entry, the commanded bank angle is set to a user-defined value and the lateral logic is not active.

Once a sensed accelation threshold a;,,..no1q 1S Met, the bank angle guidance algorithm initiates, consisting

of two phases: 1) The predictor utilizes a bang-bang bank profile, (o, 0,) in Fig. 2, specified by the user,



and the corrector solves for the switching time, ¢, such that the predicted apoapsis altitude is equal to the

desired target and 2) The predictor utilizes a constant bank angle profile and the corrector now solves for the

bank command that achieves the desired target apoapsis altitude. phase 2 is triggered when the switching

time, estimated in phase 1, is reached. Once both the flight path angle is positive and the sensed acceleration

is below the threshold, phase 2 is exited and the last computed value is used as the bank angle command post-

exit. Fig. 3 shows the transitions between the Pre-Entry, phase 1, phase 2, and Post-Exit guidance phases.
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Fig. 3 FNPAG proceeds through several phases as the spacecraft flies through the atmosphere.



1) Lateral Logic:

In this work, a lateral logic algorithm, originally developed by [12] for entry guidance, was extended for
this aerocapture guidance application. This logic is used in both phase 1 and phase 2 of FNPAG to determine
if the vehicle should perform a bank reversal to hit the lateral target within a user-specified tolerance x ;. Both
the wedge angle and inclination angle are explored in this work for use as the lateral targeting parameter.
The lateral parameter K is computed according to Eq. (1):

t
k=X )
Xt
where Xx(t) is the current lateral error, X ; is the desired final lateral error, and n is the desired number of
bank reversals [12]. If K increases, apoapsis altitude error approaches the zero-bank reversal limiting case.
While too small of a K may affect longitudinal channel performance, increasing K may result in a non-
deterministic number of bank reversals.

2) Phase 1 Overview:

In phase 1 of the FNPAG guidance algorithm, the user-defined bank angle command o4 is used by
the targeting algorithm to compute the switching time to enter phase 2. If the switching time has already
occurred, phase 2 is initiated. Otherwise, the switching time is chosen to be either the current bank angle-
based switching time or the switching time after performing a bank reversal, based on the bank reversal
lateral logic.

When then phase 1 targeting algorithm is called, Algorithm 1, the lift-up and lift-down solutions are
computed and the associated switching time for either case is returned if the final apoapsis radius is predicted
to be above or under the target. Otherwise, when the solution is between the targeting bounds, bisection
search is used to determine the optimal switching time to enable the predicted trajectory to hit the apoapsis
altitude target. The bisection search algorithm uses the bisection method and converges once a user-specified
bank angle accuracy ¢ is reached. While the time complexity for the bisection search algorithm, used by
the corrector, is O(log %), the corrector calls the predictor at each step, which also influences the time
complexity.

Algorithm 1 Corrector

% procedure corrector(predictor, below_bound, above_bound)
3: > Run the predictor for the lift-up bound

§ lift_up_solution < predictor(above_bound)

Z if is_below_target(lift_up_solution) then

9: return lift_up_solution

ﬁ > Run the predictor for the lift-down bound

%g lift_down_solution <+ predictor(below_bound)

17:  if lis_below_min_altitude(lift_down_solution) and is_above_target(lift_down_solution) then

%(9): return lift down_solution
21:  end

22: > Run bisection search to find the optimal solution to reach the desired radius of apoapsis

%g_l return bisection_search(predictor)
26: end

The predictor steps through the trajectory’s time history until either atmospheric exit, a high amount of
energy loss, or reentry occurs. In the predictor algorithm, the Dormand-Prince 5(4) (DP5) integrator is used
for each integration step until one of the exit conditions are reached. Dependant on the number of adaptive
steps taken by the integrator, IV, the time complexity of the predictor is O( Nsteps). Since each iteration

steps?



of the corrector calls the predictor, the full predictor-corrector time complexity is O( N, log 1), where
the scaling is linear in the number of integration steps and logarithmic in the corrector tolerance.

3) Phase 2 Overview: In phase 2, the bank angle o4 is now the optimization variable, rather than
the switching time. When considering the vehicle’s control, two different maneuver strategies could be
used to reach the same commanded bank angle: a positive rate strategy and a negative rate strategy.
The ShorterTimeStrategy selects the rate based on the direction that takes the shortest time to reach the
desired bank angle. A new contribution of this work is the implementation of a targeting algorithm that
optimizes over the maneuver strategy, as well as the commanded bank angle. If the initial bank angle
o, 1s between a user-defined minimum and maximum bound, the vehicle’s state is considered as not
currently completing a bank reversal. Otherwise, it is assumed that a bank reversal is currently occurring
and the maneuver strategy is held fixed until the reversal is complete. While the fixed maneuver strategy
targeting uses the bisection search-based corrector to solve for the commanded bank angle once, the
phase2_targeting choose_maneuver_strategy algorithm solves the targeting problem twice, once for each
maneuver strategy.

Algorithm 2 iterates through the PositiveRateStrategy and NegativeRateStrategy options and computes
the corrector-computed solution for each. If there are two solution roots, both bank angle commands approx-
imately hit the apoapsis altitude target, then the solution that is closest to 90 degrees is used. Otherwise,
the bank command and associated strategy are chosen from the solution that results in the lowest targeting
error.

Algorithm 2 Phase 2 Targeting Choose Maneuver Strategy

1: procedure
phase2_targeting_choose maneuver_strategy(predictor, below_bound, above_bound)

2 > Compute the optimal bank commands for each maneuver strategy

g for (i, M) in enumerate(PositiveRateStrategy, NegativeRateStrategy) do
g solutions[i] < corrector(predictor , M)

9: end

10: . . . . . .

g: > Determine if both solutions hit the apoapsis altitude target

H if distance_from_target(solutions) ~ 0 then

%g > Choose the solution that has a bank command closest to 90 degrees
%g Oemds M < argmin(angle error( solutions , 90 deg))

19:  end

%(1): else

%% > Choose the solution that is closest to hitting the target

%451 Oemds M < argmin(distance_from_target(solutions))

26: end

27:  returno., , M

28: end

The phase2 targeting fixed maneuver strategy algorithm similarly runs the corrector, but only performs
this step once for the input maneuver strategy. Note that both the fixed maneuver strategy and the choose
maneuver strategy phase 2 targeting algorithms have the same time complexity, O(NSteps log %), since the
corrector is only run twice for choosing the maneuver strategy.

4) Lift and Drag Acceleration Estimators:

The lift and drag acceleration estimators compare the sensed lift or drag acceleration a4 and the
onboard model of the lift or drag acceleration a,;,,q,01q t0 determine a scale factor for the onboard model
that aligns it with the sensed value. The scale factor is then passed through a first-order filter, to prevent the



bank command from trying to track higher frequency noise in the sensed acceleration. The two estimators
have the same structure. The logic flow of an estimator is shown in Fig. 4.
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Fig. 4 Logic flow of an estimator
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The first-order filter is of the form
Ha,i-i—l = ﬁﬁ;a,i + (1 - /B)ﬁa,unfiltered : (3)
The filter gain, §, is computed as
dt
s=on(-7). @

where dt is the change in time and 7 is a user-defined filter time constant.

5) Planet Model:

The planet model includes a gravity model, surface model, and planet orientation. The gravity model is a
simple J2 model. The user provides both the gravitational parameter, p, and an unnormalized J2 coefficient,
J2. The surface is modeled as a bi-axial ellipsoid. The user provides both the equatorial and polar radii.
The planet orientation model only includes the rotation of the planet around its +Z axis, R,. The planet
orientation at the current time is provided to FNPAG, and the predictor updates the planet rotation by a
delta-rotation computed from the user-provided planet rotation rate, {2, as

AR = R,(QAt). (5)
6) Atmosphere Model:

The atmosphere model computes the local atmospheric density as a function of planetodetic altitude. It
is based on a curve fit of the form

1 + c3h + csh? + c;h3 + coh? ©)
1+ cyh + cyh? 4 cgh® + cgh* '

where ¢ = [¢;, ¢y, ...Cg| are coefficients and h is planetodetic altitude in units of km. For efficiency, it is
actually computed using Horner’s method as

¢; + h(cs + h(cs + h(cr + hey)))
1+ h(cy + h(cy + h(cg + heg)))

Inp =

Inp= (7)
7) Aerodynamics Model:

The aerodynamics model is a symmetric formulation in the missile frame. The user provides tables for
the missile frame C}, and Cp, as functions of «,. The coefficients are linearly interpolated. The coefficients
are rotated from the missile frame to the freestream-relative velocity frame in the equations of motion.

8) State Vector:

The state vector consists of the radius, longitude, declination, planet-relative velocity magnitude,
planet-relative planetocentric flight path angle, and planet-relative planetocentric azimuth. The state vector



quantities are in the Planetocentric North East Down (PCNED) coordinate frame, illustrated in Fig. 38 and
Fig. 39 in the Appendix.

The equations of motion assume a spherical planet shape. Only the atmosphere model uses an bi-axial
ellipsoid planet model. Both dimensional and nondimensional representations of the state vector are used
at various points throughout the algorithm. To nondimensionalize a state vector, the quantities are divided

by the following reference scales:
R
time scale = | =2,
90

length scale = R , (8)

velocity scale = v/ Ryg, ,

acceleration scale = g,
where R, is the equatorial radius of the planet and g, is the gravitational acceleration at the equatorial radius,

which can be computed as

M
= —, 9
90 R% ()

where p is the gravitational parameter of the planet. Angles are already nondimensional.

C. Genesis Guidance Simulation

The flight mechanics simulation software framework, Genesis [13], was utilized to simulate the Earth
aerocapture mission designs. The simulation starts from Entry Interface (EI)-10 minutes and ends when
the vehicle exits the atmosphere. In this section, we detail the models and assumptions used in the Genesis
aerocapture simulation.

IV. Results

The FNPAG algorithm with inclination targeting was utilized in a Geostationary Transfer Orbit (GTO)
mission design, implemented in the Genesis software framework, to assess the guidance performance for
an Earth-based aerocapture demonstration. A sensitivity analysis was conducted for each FNPAG hyperpa-
rameter to assess the impact of guidance parameters selection on performance and to determine the best
parameter selection for the GTO mission design. Table 1 details the vehicle parameters, entry parameters,
and target parameters for the baseline GTO mission used in this work, where the atmospheric entry interface
(AEI) point is defined as the state at 300 km geodetic altitude. For consistency and targeting purposes,
the trajectory simulation is intialized at the point 10 minutes prior to EI (EI-10). See [15] for additional
information on the vehicle and mission design, as well as Monte Carlo results for the lunar return mission
designs.

Table 1 Vehicle and mission design parameters.

Parameter AEI Value EI Value
Mass 180 kg

L/D 0.26

Inertial Velocity 10.1 km/s  10.3 km/s
Geodetic Altitude 300 km 125 km
FPA —9.91deg —5.06deg
Inclination Target 28.5deg

Target Apoapsis Altitude 500 km

The Earth semulation setup uses the Earth GRAM atmosphere model, with the MET Model as the Ther-
mosphere model. All atmosphere parameters and Earth parameters for the Genesis simulations are shown
in Table 2.



Table 2 Earth simulation settings.

Parameter Value
Equatorial Radius 6378137 m
Polar Radius 6356752 m
J2 1.082E-3
Rotation Rate 7.292E-5 rad/s
Gravitational Constant 3.986E14 m?/s?
Atmosphere Model Earth GRAM Suite v2.1
Thermosphere Model MET Model
Daily 10.7-cm flux 120 sfu
Mean 10.7-cm flux 120 sfu
Geomagnetic Index 16

The FNPAG parameters are defined in Table 3. Before phase 1, an initial bank angle of 0 degrees is
commanded, then a phase 1 bank angle magnitude of 15 deg and a phase 2 bank angle of 90 degrees is used.
The guidance and esimator rates are defined and a deterministic number of bank reversals is specified. Five
reversals are chosen to ensure the desired lateral error tolerance of 0.1 deg is met.
Table 3 FNPAG parameters.

Parameter Value

Initial Bank Angle Magnitude Odeg

Phase 1 Bank Angle Magnitude 15deg

Phase 2 Bank Angle Magnitude 90 deg

Guidance Rate 2 Hz
Guidance Trigger 0.1G’s
Estimator Time Constant 5s
Lateral Error Tolerance 0.1 deg
Number of Bank Reversals 5

Fig. 5 and Fig. 6 show the nominal trajectory produced by guiding the spacecraft with FNPAG, using the
default set of parameters and initial conditions. Five bank reversal are performed, with the first, fourth, and
fifth reversals going through lift down and the other two reversals going through lift up. Around 50 seconds
are spent in phase 1 before switching to phase 2 in the FNPAG algorithm. Additionally, the inclination angle
error is decreasing at each timestep and flips sign when a reversal occurs. Lastly, the altitude of apoapsis is
converging steadily to the 500 km target altitude.
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A. Sensitivity Studies

Each analysis consists of 3000 Monte Carlo (MC) runs for the GTO case, with varying guidance
parameters. The number of reversals, guidance rate, gravity trigger, estimator time constant, initial bank
angle, and bank angle 2 parameters were changed over a set of MC runs to analyze the effect of each
parameter. The 30, where o is the distribution’s standard deviation, parameter dispersion settings are shown
in Table 4. The state, maneuver, aecrodynamics, mass, and atmospheric density are perturbed using expected
30 values for a real demonstration scenario.

Table 4 Monte Carlo dispersion settings.

Parameter Dispersion (30)
Position 1 km
Velocity 0.2 m/s
Atmosphere 2.0
Maneuver Magnitude 0.1+ 1%
Maneuver Direction ldeg
Axial Aerodynamics Force Multiplier/Adder 1
Normal Aerodynamics Force Multiplier/Adder 1

Side Aerodynamics Force Multiplier/Adder 1

Mass Multiplier +10%

1) Baseline:

The baseline Monte Carlo analysis uses the parameters and vehicle settings in Table 1, Table 2, and
Table 3 with the dispersions specified in Table 4. The 3000 solutions are shown in the following figures.
In Fig. 7, the 500 km uncorrected apoapsis altitude is actively targeted by the FNPAG algorithm, while the
0 km uncorrected periapsis altitude is a general reference for the desired final periapsis. Most of the 3000
solutions are within 450 km of the target apoapsis altitude and the few outliers represent density gradient
cases that cannot be recovered by the FNPAG guidance algorithm.
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o
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o
L

-100

-200

Uncorrected Periapsis Altitude [km]

300 400 500 600 700
Uncorrected Apoapsis Altitude [km]

Fig. 7 Altitude targeting errors for the baseline GTO case.
Fig. 8 shows the tradeoff between phase 1 duration and the inertial flight path angle (FPA) at EI. As the
magnitude of the entry FPA decreases, the phase 1 duration generally decreases. This behavior is expected
since steeper FPAs result in shorter flight times and a quicker switch to phase 2, as an effect.
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Planetocentric Inertial Flight-Path Angle at EI [°]

Fig. 8 Phase 1 duration vs. inertal flight path angle for the baseline GTO case.



The cumulative density functions (CDFs) in Fig. 9 show the CDFs for in-plane, periapsis raise, and apoapsis
clean up delta V. Both the in-plane and apoapsis clean up delta Vs have most cases that are very close in
value, where the CDF quickly reaches approximately 1. The periapsis raise delta V has a larger variation
among runs, with most cases ranging from 125 m/s to 150 m/s.
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0 200 400
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Fig. 9 Delta velocity, AV, cumulative density functions (CDFs) for the baseline GTO case.

Fig. 10 show how the in-plane delta V varies with entry FPA, periapsis altitude vs. the periapsis delta V, and
apoapsis altitude vs. the apoapsis clean up delta V. The in-plane delta V spikes up when a high magnitude
FPA is used and is relatively constant for the other entry FPAs. There is one outlier case where in-plane
delta V is over 600 m/s at a low magnitude FPA. There is an approximately linear relationship between the
periapsis raise delta V and the periapsis altitude reached at the end of the trajectory, as expected. Apoapsis
clean up is similar, where the linear relationship switches when under or above the target apoapsis altitude.
Since FNPAG is actively targeting the 500 km apoapsis, this is an expected result.
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Fig. 10 Delta velocity, AV, plots for the baseline GTO case.
2) Number of Reversals:

To analyze the impact of the user-specified number of bank reversals on the guidance algorithm perfor-
mance, the 3000 MC runs were completed for 0 reversals, 3 reversals, and 4 reversals, compared to the
baseline case of 5 reversals. Eq. (1) shows that increasing the number of bank reversals decreases the lateral
parameter K. In the 0 reversal case, the lateral logic is not used and only longitudinal targeting is considered
by FNPAG. In Fig. 11, the 0 reversal case has the most accurate targeting, with the accuracy decreasing as
the number of reversals decreases. This behavior is expected since performing reversals requires a balancing
of longitudinal and lateral targeting, where the 0 reversal case is only targeting the apoapsis altitude. While
the 3 and 4 reversal cases had a larger range of apoapsis altitude errors, the 5 reversal case has more apoapsis
altitude error cases around 100 km greater than the apoapsis altitude target.
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Fig. 11 Altitude targeting errors for the bank reversal cases.



In Fig. 12, it is evident that the the phase 1 duration does not significantly change based on the number of
bank reversals. Since bank reversals only occur in phase 2 of the guidance algorithm, the phase 1 duration
is not affected.
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Fig. 12 Phase 1 duration vs. inertal flight path angle for the bank reversal cases.
The CDF delta V plots in Fig. 13 show that the 0 reversal case bounds the minimum in-plane, periapsis,
and apoapsis clean up delta Vs. Interestingly, the 5 reversal case has more lower delta V cases for in-plane
and periapsis raise delta V, when compared to the 3-4 reversal cases. This result reveals that prioritizing the
lateral channel, with more bank reversals, can improve delta V over the trajectory.
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Fig. 13 Delta velocity, AV, cumulative density functions (CDFs) for the bank reversal cases.
In Fig. 14, a higher number of large in-plane delta V cases occur when the number of bank reversals is
increased. These higher delta V cases are expected since performing bank reversals can result in in-plane
errors which need corrections using delta V. In contrast, the outlier high periapsis raise delta V cases include
the zero reversal case using slightly higher delta V, at low periapsis altitudes. Finally, the zero reversal case
dominates for low apoapsis clean up delta V. The reversal cases have more outlier cases of higher apoapsis
clean up delta Vs, as the targeted apoapsis altitude of 500 km is either overshot or undershot.
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Fig. 14 Delta velocity, AV, plots for the bank reversal cases.
Table 5 shows the summary table for the total delta V and apoapsis altitude error. The zero reversal case has
both the lowest delta V and the smallest apoapsis altitude error. As in the previous figures, the 5 reversal case
has a lower mean delta V and the 99 percentile delta Vs are close for all reversal cases. Both the mean and 99
percentile apoapsis altitude errors increase monotonically as the number of bank reversals increase. When
selecting the number of bank reversals parameter, there exists a tradeoff between lateral, or inclination, and
longitudinal, or apoapsis altitude, targeting accuracy. Delta V, instead, is roughly constant, but could be
reduced for a non-zero number of reversals, as the number of bank reversals increases.

Table 5 Delta V and apopasis altitude error for the number of bank reversals.

Bank Reversals Mean Delta V. 99%-tile Delta V. Mean Apoapsis

99%-tile Apoapsis

[m/s] [m/s] Altitude Error Altitude Error
[km] [km]
0 136.7 149.0 5.858 26.78
3 140.5 157.3 6.376 34.46
4 140.2 155.9 7.265 46.97
5* 139.7 156.0 8.575 53.43

x Baseline value.
3) Guidance Rate:

Guidance rates of 1 Hz and 5 Hz were compared with the 2 Hz baseline guidance rate to assess the
necessity of frequently calling the FNPAG guidance algorithm. In Fig. 15, increasing the frequency of calling
guidance retracts some of the outlier large apoapsis altitude error cases. The 1 Hz guidance rate cases are

the most concentrated around the apoapsis altitude target.
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Fig. 15 Altitude targeting errors for the guidance rate cases
Similar to the bank reversal parameter, the guidance call rate does not affect the phase 1 duration since the
duration of phase 1 does not depend on the rate at which guidance is called. All cases generally decrease in
phase 1 duration as the planetocentric inertal FPA decreases in magnitude.

150 o o
= .
% 1004 . r=1Hz _
Ll =
g K -g.,‘.’ ! r=2 Hz (baseline)
e r=5Hz
2 50
©
T
0 * oo amem s00 o oo .
-5.4 -5.1 -4.8

Planetocentric Inertial Flight-Path Angle at EI [°]
Fig. 16 Phase 1 duration vs. inertal flight path angle for the guidance rate cases.

From the CDFs in Fig. 17, the differences in delta V between each case are very slight. For the in-plane and
periapsis raise delta V, the 5 Hz case results in the lowest delta V.
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Fig. 17 Delta velocity, AV, cumulative density functions (CDFs) for the guidance rate cases.



In Fig. 18, the higher delta V outlier cases for the 2 Hz and 5 Hz guidance call rates are reduced when the
guidance call rate is reduced to 1 Hz. At the lowest guidance call rate of 5 Hz, in-plane delta Vs can reach
up to 400 m/s, which may put a fuel-limited mission more at risk.
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Fig. 18 Delta velocity, AV, plots for the guidance rate cases.
The delta V and apoapsis altitude targeting results are summarized in Table 6 for the guidance rate parameter.
An additional case, 0.5 Hz, is included in the table to provide a wider bound of guidance rates. Even with
the addition of the 0.5 Hz case, the 1 Hz guidance rate dominates in both delta V and apoapsis altitude error.
The delta Vs are very close in value for all cases while the apoapsis altitude errors vary by more than 1
km. The lower apoapsis altitude errors for the 1 Hz case may indicate that calling FNPAG too frequently
degrades targeting performance.
Table 6 Delta V and apopasis altitude error for the guidance rate.

Guidance Rate Mean Delta V. 99%-tile Delta V. Mean Apoapsis 99%-tile Apoapsis

[Hz] [m/s] [m/s] Altitude Error Altitude Error
[km] [km]

0.5 1394 155.2 7.579 48.35

1 139.4 155.1 7.386 47.59

2% 139.7 156.0 8.575 53.43

5 139.7 156.8 8.859 48.35

* Baseline value.

4) Gravity Trigger:

The gravity trigger was reduced to 0.01g, and increased to 0.5g,, compared to the baseline of 0.1g,
to analyze the effect of altering the percentage of Earth’s gravity to trigger the guidance algorithm. The
gravity trigger sets the estimators’ threshold, shown in Fig. 3 and Fig. 4. From the targeting errors in Fig. 19
increasing the gravity trigger threshold reduces the periapsis altitude corridor and increases the apoapsis
altitude error. Outlier large apoapsis altitude error cases occur for each gravity load trigger.
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Fig. 19 Altitude targeting errors for the gravity rate trigger cases.
As expected, the phase 1 duration is directly dependant on the gravity load trigger. As the gravity load trigger
increases, the phase 1 duration for varying intertial FPAs decreases. This result is expected since the pre-
entry phase would last for longer if a4 15 increased. Once a FPA of about —4.9 deg is reached, all cases
collapse to the skip phase 1 case. This transition happens at a higher magnitude FPA for the 0.5¢g, case.
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Fig. 20 Phase 1 duration vs. inertal flight path angle for the gravity rate trigger cases.
The gravity load trigger also significantly changes the delta V in Fig. 21. A smaller gravity trigger value
reduces the in-plane, periapsis raise, and apoapsis clean up delta Vs, with the large gravity load trigger
of 0.5g, showing a significant increase in in-plane and apoapsis clean up delta Vs. Since the gravity load
trigger affects the phase 1 and phase 2 durations, the predictor corrector process would be called for a longer
or shorter time based on this parameter.
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Fig. 21 Delta velocity, AV, cumulative density functions (CDFs) for the gravity rate trigger cases.



The delta velocities for the gravity rate trigger, in Fig. 22, are relatively close in value between all cases.
The larger gravity load trigger has more large delta V outlier cases at low magnitude FPAs.
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Fig. 22 Delta velocity, AV, plots for the gravity rate trigger cases.
In Table 7, the lowest gravity rate trigger, 0.01g,, has the smallest delta V and apoapsis altitude error. For
triggers less than 0.1g,, there is not a significant effect on delta V, but apoapsis altitude error can change by
more than a few kilometers. Overall, using too high of a gravity rate trigger can increase mean delta V and
significantly increase the mean apoapsis altitude error, by over 20 km.

Table 7 Delta V and apopasis altitude error for the gravity trigger.

Gravity Trigger Mean Delta V. 99%-tile Delta V. Mean Apoapsis 99%-tile Apoapsis

[m/s] [m/s] Altitude Error Altitude Error
[km] [km]
0.01g, 139.3 155.5 7.607 47.97
0.1g; 139.7 156.0 8.575 53.43
0.5¢, 144.7 159.1 30.37 72.67

x Baseline value.

5) Estimator Time Constant:

The time constant used for calling the estimator in FNPAG was adjusted from the 5 second baseline
case to determine the effect on delta V and apoapsis altitude error. Eq. (4) shows this user-specified filter
time constant, which is used to compute the filter gain 8. Generally, increasing 7 increases the gain for the
filtered scale factor and subsequently decreases the gain for the unfiltered scale factor. In Fig. 23, outlier
high apoapsis altitude errors exist for all time constant values, with more outliers existing for the 5 second
baseline case.
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The phase 1 duration between cases roughly matches for all cases except for around the threshold of skipping
phase 1, from Fig. 24. The larger time constants have a narrower range of phase 1 durations around the
flight path angle of —5 deg.

150 . e
o)
g . T=1s
g 100 oy T=>5s (baseline)
a T T T=10s
$ 501
T
0 . ceoamm soe o oo .
-5.4 -5.1 -48

Planetocentric Inertial Flight-Path Angle at EI [°]

Fig. 24 Phase 1 duration vs. inertal flight path angle for the estimator time constant cases.
Similar to the previous figure, Fig. 25 shows that the delta Vs are all very close for varying estimator values.
There is a slight reduction in delta V for smaller time constants.
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Fig. 25 Delta velocity, AV, cumulative density functions (CDFs) for the estimator time constant
cases.



The outliers in Fig. 26 make up the largest differences between each estimator time constant. As in Fig. 23,
the 5 second baseline case has a larger number of outlier high delta V values but some of the highest delta
Vs include the 10 second and 1 second cases.
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Fig. 26 Delta velocity, AV, plots for the estimator time constant cases.
From Table 8, the delta Vs for all cases are very close in value and the mean apoapsis altitude errors are less
than 1 km. As seen in the previous figures, the 99 percentile errors for the 5 second case are slightly larger
than the other cases. For the 1 second vs. the 10 second cases, there is a tradeoff of a low 99 percentile delta
V for the 10 second time consant and a low 99 percentile apoapsis altitude error for the 1 second case.

Table 8 Delta V and apopasis altitude error for the estimator time constant.

Estimator Time Mean Delta V. 99%-tile Delta V. Mean Apoapsis 99%-tile Apoapsis

Constant [m/s] [m/s] Altitude Error Altitude Error
[s] [km] [km]
1 1394 156.6 8.332 48.41
5* 139.7 156.0 8.575 53.43
10 139.9 155.6 8.629 49.96

* Baseline value.

6) Initial Bank Angle:

The initial bank angle was varied to determine the sensitivity of the trajectory from this initial condition.
This initial bank angle is the bank angle commanded during pre-entry, before phase 1 is reached. Based
on Fig. 27, the outlier cases with high apoapsis altitude errors, that overshoot the apoapsis altitude target,
primarily occur for the 0 deg case. The largest undershoot errors occur the most for the 165 deg case.

Therefore, as expected, the edge cases can bias the trajectory towards overshooting or undershooting the
longitudinal target.
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Changing the initial bank angle shifts the phase 1 duration vs. the inertial FPA up or down, and slightly left
or right, in Fig. 28. A higher initial bank angle increases the phase 1 duration likely due to the high bank
angle causing a more lofted trajectory, where the vehicle spends more time in phase 1.
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Fig. 28 Phase 1 duration vs. inertal flight path angle for the initial bank angle.
The delta V CDFs in Fig. 29 show the 165 deg case using the most delta V for the in-plane and periapsis
raise, potentially due to a longer phase 1. Both the 0 deg and 90 deg cases are very close in delta V.
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Fig. 29 Delta velocity, AV, cumulative density functions (CDFs) for the initial bank angle.



From Fig. 30, the 165 deg case uses more in-plane delta V for high magnitude FPAs and the 0 deg case has
the largest in-plane delta V errors for low magnitude FPAs. Similar to Fig. 27, the 0 deg baseline case has
the largest apoapsis clean up delta Vs for overshooting the target and the 165 deg case has the largest delta
Vs for undershooting the target.
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Fig. 30 Delta velocity, AV, plots for the initial bank angle.
The overall delta V and apoapsis altitude error metrics in Table 9 show the 0 deg case performing best for
delta V, tying with the 90 deg case for mean delta V. Additionally, the 90 deg case has the lowest mean
apoapsis altitude error and the 165 deg case has the lowest 99 percentile apoapsis altitude error.
Table 9 Delta V and apopasis altitude error for the initial bank angle.

Initial Bank Angle Mean Delta V. 99%-tile Delta V. Mean Apoapsis 99%-tile Apoapsis

[deg] [m/s] [m/s] Altitude Error Altitude Error
[km] [km]
0* 139.7 156.0 8.575 53.43
90 139.7 156.2 7.731 46.81
165 140.5 161.0 8.041 43.90
* Baseline value.
7) Bank Angle 2:

The bank angle for phase 2 was varied to minimize delta V and the apoapsis altitude error. Adjusting the
phase 2 bank angle significantly alters the apoapsis altitude error, contracting the overall error as bank angle
2 increases. Conversely, increasing bank angle 2 increases the number of outlier cases with large apoapsis
altitude errors. These extreme cases may stem from operating at the edge of the corridor.
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Fig. 31 Altitude targeting errors for the bank angle 2 cases.
From Fig. 32, as the phase 2 bank angle increases, the phase 1 duration increases and phase 1 is skipped at
a lower magnitude FPA. This behavior is exaggerated at small phase 1 durations.
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Fig. 32 Phase 1 duration vs. inertal flight path angle for the bank angle 2 cases.
The most significant delta V effect from the phase 2 bank angle is the periapsis raise delta V in Fig. 33. The
110 deg case uses the least delta V and the 90 deg case uses the most delta V.
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Fig. 33 Delta velocity, AV, cumulative density functions (CDFs) for the bank angle 2 cases.



In Fig. 34, the 110 deg case has the largest in-plane delta V values, some of which occur in the middle of the
FPA corridor. There are similar outliers for the 110 deg case for the apoapsis clean up delta V. Therefore,
there may exist a tradeoff for the bank angle 2 parameter for periapsis raise delta V and both the in-plane
and apoapsis clean up delta Vs.
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Fig. 34 Delta velocity, AV, plots for the bank angle 2 cases.
From Table 10, there exists a tradeoff between a high vs. low bank angle 2 magnitude and the delta V and
apoapsis altitude errors. The 110 deg bank angle has the lowest mean delta V and the 80 deg bank angle has
the lowest mean apoapsis altitude error. Notably, the 110 deg bank angle 2 has a very large 99 percentile
apoapsis altitude error, matching the large set of outliers seen in Fig. 31.
Table 10 Delta V and apopasis altitude error for bank angle 2.

Bank Angle 2 Mean Delta V. 99%-tile Delta V. Mean Apoapsis 99%-tile Apoapsis

[deg] [m/s] [m/s] Altitude Error Altitude Error
[km] [km]

80 138.1 154.9 8.195 48.76

90* 139.7 156.0 8.575 53.43

100 135.9 152.6 8.311 40.85

110 135.5 160.4 11.14 111.8

* Baseline value.

B. Lateral Targeting Analysis

1) Impact of the Lateral Parameter Choice:

While the entry implementation of [12] uses crossrange as the lateral target parameter, the aerocapture
scenario requires a parameter that identifies the lateral orbit parameter. Previous literature has primarily used
wedge angle as the lateral target [16], [17]. In this work, we have discovered instances of non-convergence
for the lateral logic algorithm when the wedge angle is used. This issue stems from the wedge angle not
being monotonic in decreasing error. Instead, we propose the use of inclination angle for lateral targeting,



which is monotonic in decreasing lateral error. Fig. 35 shows the difference in convergence between the
wedge angle and the inclination angle-based lateral targeting.
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Fig. 35 Wedge angle error compared to inclination error for aerocapture.
Since the wedge angle implementation jumps across the zero degree case, convergence never occurs and the
lateral logic algorithm stops before completing all n reversals. When the inclination angle is used instead
the error no longer exibits jumps in behavior, guaranteeing the monotonic convergence of the lateral logic
in Eq. (1).

2) Lateral Corridor Analysis:

Table 11 shows the computed lateral corridor by banking the vehicle at =90 degrees and at 90 degrees
and taking the sum. Due to the Earth’s rotation, the corridor for banking 90 deg vs. —90 deg is not equal. For
the setup of the GTO case, banking —90 deg has a larger corridor by a little less than 1 degree. The 7.309 deg
lateral corridor informs the targeting logic to ensure the desired lateral targeting error is reachable, given a
set of initial conditions.

9

Table 11 Lateral Corridor for the GTO scenario.

Lateral Corridor Bank —90 deg Bank 90 deg
[deg] Inclination Change Inclination Change
(if — io) iy — i)
[deg] [deg]
7.309 3.277 —4.031

3) Sensitivity Analysis:

Fig. 36 shows the estimated apoapsis altitude error CDF for five Monte Carlo runs, each with different
lateral parameters, K. Larger K values represent higher inclination range capabilities for the vehicle, and
subsequently, result in lower apoapsis altitude errors; results for these cases closely match the 0 bank reversal
bounding case.
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Fig. 36 Estimated CDF for apoapsis altitude error as a function of the lateral control parameter, K.

C. Bank Reversal Strategy Analysis
Fig. 37 shows the histagram of the maneuver strategies for 3 reversals, 4 reversals, and 5 reversals, where
—1 indicates the reversal is through lift down and 1 indicates that the reversal is through lift up. The nominal



trajectory for the 5 reversal case is overlaid to show an example of the most frequently occurring maneuver
strategy over time. The maneuver strategy sequence of reversing through lift down, reversing through lift
up, and then reversing through lift down is the most frequently occurring strategy for the test cases of 3
through 5 reversals. Still, strategies that do not follow that policy do occur and require the additional root-
finding procedure outlined in this work, Algorithm 2, to solve for the optimal strategy sequence.

2) Liftup
3) Lift down

50 F e e B e e e R e e et e B B B S B B e e s e B s S
Mean maneuver strategy: — e
1) Lift down et
Pl

— Command
200 |

Trun
— Direcsn |

150

Bank Angle [

\

Frequency (Count)

1

Time fs)

50

-1 =through lift down
1 =through lift up

APV RNDAD DDA N DD DR D DD DD D DD RDDDRNDD DN DD
R R I I I I R S L I e N S A S P PN
P O N A T i P O P T P Tl A A
KN N W N Rl R G - A A \ DA
SR e 0 O LT AT A Y e P Y e e o Y

OO T VR e e O

Maneuver Sequence

Fig. 37 Histagram of the maneuver strategies used for S00 FNPAG runs commanding between 3
and S reversals.

V. Conclusions
In this work, the FNPAG algorithm was augmented to include inclination-based lateral guidance, with
a specified direction for each reversal. A set of sensitivity analyses were completed for the set of FNPAG
hyperparameters and the lateral algorithm was evaluated for reachability and parameter choice. Overall,
FNPAG performed well for the Geostationary Transfer Orbit case, reaching desired delta V ranges and
hitting the apoapsis altitude target.

VI. Appendix
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