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Abstract 
 
Interest in aerocapture, a maneuver in which a spacecraft dives into the atmosphere of a planet 
for nearly propellantless capture into planetary orbit, has grown steadily in recent years. One key 
element required to execute this maneuver is an appropriate guidance algorithm for the 
atmospheric phase of flight. A popular algorithm choice has been the numerical-predictor 
corrector (NPC), which typically iterates on a time-invariant bank angle to target apoapsis of the 
desired final orbit. This paper introduces the idea of using the NPC to select the bank angle that 
instead minimizes the sum of periapsis-raise ΔV and apoapsis-cleanup ΔV, and demonstrates the 
surprising finding that the two approaches are equivalent under a certain analytic condition. This 
condition is derived and then applied to correctly predict a scenario in which apoapsis targeting 
produces a suboptimal ΔV. This scenario is simulated, and the ΔV minimization algorithm is 
shown to reduce the required ΔV by 23%. Monte Carlo simulations confirm both the scenarios of 
equivalence and non-equivalence, and an automatable procedure is outlined that a user can 
execute prior to simulating or flying a trajectory to determine whether apoapsis targeting is ΔV 
optimal or whether a ΔV minimization algorithm is required. 
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1. Introduction 
 
 Over the past decade, a consistent theme among studies for advanced robotic and human 
interplanetary missions has been the use of aerocapture to achieve planetary orbit insertion. In 
the aerocapture maneuver, an arriving spacecraft dives into the atmosphere of a planet to aero-
dynamically dissipate excess kinetic energy and capture into a target orbit. The advantage is the 
near elimination of the need to carry propellant for orbit insertion. For robotic missions, this can 
translate into hundreds of kilograms of mass reduction, which in turn permits spacecraft to carry 
greater payload, launch on a less-costly launch vehicle, or reduce transit time.1,2 

Interest in aerocapture has grown steadily in recent years. Since 2002, the NASA In-Space 
Propulsion Technology (ISPT) Project, funded by the NASA Science Mission Directorate, has 
devoted resources to developing technologies and techniques that will allow aerocapture to be 
demonstrated and validated in flight.1,3 A system study sponsored by the ISPT Project in 2003 
demonstrated that aerocapture enables certain robotic missions to Neptune, Saturn, and Jupiter 
that would be unachievable by traditional means, and that it allows the delivery of up to 280% 
more mass to other candidate destinations in the solar system.4 In 2006, the NASA Solar System 
Exploration Roadmap identified aerocapture technologies and flight validation as a high priority, 
particularly since they would enable two candidate flagship-class outer planet missions.3,5 

Outside the realm of robotic exploration, the 
most recent NASA Mars Design Reference Arch-
itecture 5.0 uses aerocapture for the deceleration 
of cargo-carrying landers on Mars arrival,6 and 
the technique has been assumed in numerous pre-
vious human Mars landing architecture studies.7-11 
Most recently, the NASA Office of the Chief 
Technologist has identified aerocapture as a 
potential crosscutting technology demonstration 
(fig. 1) for its new system-level Technology 
Demonstration Missions Program.12,13 

One key element to successful aerocapture is 
sufficient guidance during the maneuver.3 During aerocapture, a spacecraft must typically modu-
late its bank angle and thus rotate its lift vector to respond to dispersions, thereby ensuring that it 
reaches its target orbit after atmospheric exit. A variety of aerocapture guidance algorithms have 
been proposed over the past few decades (e.g., see the surveys of Refs. 14-15 and Refs. 16-26), 
although a popular choice for flight program proposals over the past two decades has been the 
Draper Laboratory PredGuid numeric predictor-corrector algorithm.2,17,27-32 When the PredGuid 
algorithm is called to command a bank angle at any point in a trajectory, it quickly iterates over 
the range of possible [time-invariant] bank angles to find the precise bank angle that allows the 
vehicle to achieve its targeted apoapsis at the end of the trajectory. At each iteration (i.e., for each 
bank angle guess), the achieved apoapsis is predicted by numerically integrating equations of 
motion; hence PredGuid is classified as a numeric predictor-corrector (NPC). 

This paper explores a basic question that arises in even the brief discussion of PredGuid 
above: Why target apoapsis? Although the minimization of apoapsis error is desired, it is desired 
because it is correlated with minimization of the ΔV needed to correct from the post-aerocapture 
orbit to the final desired orbit. However, when targeting apoapsis, it is possible that guidance will 

 

Figure 1. Artist’s concept of Mars aerocapture.13 
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select a bank angle that improves error in apoapsis at the expense of error in periapsis, resulting 
in a ΔV (and, therefore, vehicle mass) that is greater than necessary. 

The idea of targeting apoapsis is common among aerocapture guidance algorithms (in 
addition to PredGuid, see also Refs. 19-20). As a result, the discussion in this paper may be 
broadly relevant for future aerocapture guidance development. In the case of PredGuid and 
similar NPCs, this paper will show that, as expected, a guidance based on ΔV minimization is 
more ΔV-optimal than one that is based on apoapsis targeting. However, importantly (and non-
intuitively), under a certain analytic inequality condition – which may be met in a wide range of 
scenarios – the two are theoretically identical. 

 
1.1 Aerocapture Phases and ∆V Maneuvers 

Figure 2 depicts the sequence of aerocapture events and the definition of ΔV events 
commonly used in aerocapture studies. Starting on the left, an incoming vehicle arrives on 
a high-energy (e.g., hyperbolic or high-energy elliptic) orbit in the vicinity of its target planet. 
Typically, aerocapture guidance activates soon after atmospheric interface and modulates bank 
angle while the vehicle is within the substantial atmosphere. In the planar case, the atmospheric 
flight phase has the effect of decreasing the orbital energy of the spacecraft as well as changing 
the apoapsis altitude, periapsis altitude, and line of apsides of the vehicle. All orbital elements, 
including inclination, can change in the full three-dimensional case (not depicted in fig. 2). 

 

 
 
The vehicle can be modeled through simple two-body orbital mechanics on atmospheric exit. 

Under the assumption that orbit transfer time is a free parameter and that the vehicle uses high-
thrust propulsion, the following Hohmann-like burn sequence is feasible and generally near-
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optimal in terms of ΔV:* At the apoapsis (ra) of the post-aerocapture elliptical orbit, a posigrade 
tangential burn (ΔV1) is performed to raise periapsis to the desired target orbit periapsis (rpT) as 
shown on the left in figure 2. As shown in the right half of figure 2, once the vehicle reaches its 
new periapsis (rpT), it performs a second tangential burn (ΔV2) to correct its apoapsis to equal the 
target apoapsis (raT). The direction of this second burn may be either posigrade or retrograde, 
depending on whether the post-aerocapture apoapsis is below or above the target apoapsis. It can 
be shown, via the equations of two-body orbital mechanics, that the magnitudes of ΔV1 and ΔV2 
are described by the functions of post-aerocapture apoapsis (ra), post-aerocapture periapsis (rp), 
target orbit apoapsis (raT), and target orbit periapsis shown in Eq(1) and Eq(2). Note that µ repre-
sents the gravitational parameter of the planet. Note also that absolute value symbols are omitted 
from Eq(1) since perigee must always be raised (not lowered) and, thus, the apoapsis velocity of 
the transfer orbit must always be higher than that of the post-aerocapture orbit. 
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1.2 PredGuid Aerocapture Guidance and Orion Lunar Return Test Case 

The PredGuid aerocapture guidance algorithm used throughout this study has its origins 
with Higgins at the Charles Stark Draper Laboratory in 1984, and it became a leading guidance 
concept for the proposed 1992 launch of an aeroassist flight experiment (AFE) from the space 
shuttle payload bay.17,29 In 2001, the algorithm was also included in an Aerocapture Flight Test 
Experiment (AFTE) proposal for the NASA New Millennium Program ST-7 technology dem-
onstrator.2 Although neither experiment flew, the intent of each would have been to validate 
aerocapture using entry conditions similar to those that would be experienced on return from a 
geostationary orbit. While the algorithm has been modified throughout the past few decades 
(e.g., see Refs. 17 and 33), its basic operation remains straightforward: Continually during 
aerocapture, the vehicle on-board computer numerically simulates the remainder of the trajectory 
and selects the bank angle it should hold to reach the proper exit condition (e.g., the target 
apoapsis altitude). 

Most recently, the PredGuid guidance algorithm has been adapted for use in skip-entry 
scenarios for the NASA Orion crew exploration vehicle.27,28,30-32 To preserve flight heritage, 
most of the Orion entry guidance routines are adapted from the Apollo Program (see fig. 3 for 
the original Apollo skip-entry guidance phases); however, the Apollo contingency skip-entry 
capability produces unacceptably large landing location dispersions (amounting to hundreds of 

                                                 
*Because this sequence raises periapsis before correcting apoapsis, it is not necessarily ΔV-optimal. In some 
instances, less ΔV may be required if an apoapsis cleanup burn is performed as soon as the vehicle leaves the 
atmosphere, followed by the periapsis raise burn when the vehicle arrives at apoapsis. However, such a sequence is 
not always optimal, has a less straightforward ΔV computation, and poses the practical difficulty to the operator of 
performing a precise burn perhaps just a few minutes after the aerocapture maneuver. 
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kilometers in the 99.7th percentile30) when used to guide the vehicle to a target that is more than 
about 2700 nmi (5000 km) downrange.30 This problem was new to Orion, which was required to 
make a precision landing at a continental U.S. target as many as 5400 nmi (10 000 km) down-
range (corresponding to worst-case lunar return phasing).30 The solution NASA selected was to 
use PredGuid to replace the down control, up control, and ballistic guidance phases of the 
original Apollo guidance (see fig. 3).30,31 

The version of PredGuid used in 
the present study is PredGuid+A, 
which is an enhanced version of this 
most recent PredGuid implementation 
that is written in C and readapted for 
aerocapture applications. 
Modifications and enhancements 
include the following: 

 
 The PredGuid C code has been 

interfaced with the NASA Johnson 
Space Center FORTRAN-based 
Simulation to Optimize Rocket 
Trajectories (SORT).34 

 A new operational mode (Mode 6) 
allows the user to designate an 
apoapsis altitude target rather than a target landing site. The Newtonian iteration logic of the 
PredGuid predictor-corrector is left unchanged, and the quantity calculated and passed to the 
corrector at each iteration is the predicted apoapsis altitude of the vehicle instead of the 
predicted range at simulation termination. This apoapsis is predicted based on two-body orbital 
elements calculated from the position and velocity vectors at simulation termination (e.g., at 
a 600 000-ft (182.9-km)-altitude atmospheric exit). 

 An additional operational mode (Mode 7) allows the user to designate a target final orbit 
in terms of apoapsis and periapsis altitude. In this mode, PredGuid+A uses a golden section 
one-dimensional line search algorithm to select the bank angle that minimizes the sum of the 
ΔV values in Eq(1) and Eq(2). As in Mode 6, the apoapsis and periapsis radii required for 
Eq(1) and Eq(2) are computed based on two-body orbital elements from the vehicle position 
and velocity vectors at simulation termination. Differences between Mode 7 and Mode 6 are 
the primary subject of the present paper. 

 The conditions for transitioning between guidance phases (i.e., the phases in Fig. 3) for the 
new aerocapture modes are nearly identical to those of Mode 3 (the standard mode for Orion 
lunar return skip entry, which uses the PredGuid NPC during the down control, up control, 
and ballistic phases in fig. 3). The main exception to this is a new constraint that requires an 
entering hyperbolic vehicle to remain in the Apollo constant-drag phase until orbital energy 
is negative. This stems from the observation that apoapsis radii predicted by the NPC for 
hyperbolically entering vehicles can be negative, which would incorrectly be interpreted as a 
“low” miss.29 

 A second, minor phase transition modification for the aerocapture modes allows up control 
to begin once the sensible atmospheric drag is reached (and once the vehicle is no longer on a 
hyperbolic trajectory). To enable this and avoid the need to set a separate constant (normally 

 
Figure 3. Original Apollo skip-entry guidance phases.30 
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known as Q7) for the start of up control, the Q7 constant for aerocapture modes is set to the 
PredGuid current default sensible atmospheric drag level (1.6 ft/s2 [0.5 m/s2], or 0.05g). 
Entry into huntest phase from the initial roll phase is also no longer restricted by an altitude 
rate requirement of 700 fps (213.4 m/s), as it is in the Apollo algorithm. 

 The target plane for the lateral logic, which selects whether to bank to port or starboard once 
the NPC has chosen the proper cosine of the bank angle, has also been modified. The skip-
entry algorithm lateral logic previously attempted to align the trajectory plane of the vehicle 
(defined by the Earth-centric position vector and inertial velocity of the vehicle) with the 
plane containing the vehicle, landing site, and center of the Earth. In contrast, the aerocapture 
implementation (Modes 6 and 7) attempts to maintain the initial trajectory plane of the vehi-
cle. In addition, the new implementation avoids the use of a small angle assumption that 
existed in the original code.35 

 Above 400 000 ft (122 km) in altitude, the assumed atmospheric density profile of PredGuid 
is now set identical to the SORT 1976 U.S. Standard Atmosphere model. Previously, the two 
showed sharp disagreement above 400 000 ft (122 km) when viewed on a semilogarithmic 
plot, with the previous PredGuid model exhibiting a slope (C1) discontinuity at 400 000 ft 
(122 km). 

 Finally, the typical Orion lift-to-drag ratio (L/D) estimation bias of 0.90 is changed to 1.00 to 
allow the vehicle to more effectively use its L/D capability and to allow the predictor to more 
accurately estimate the vehicle atmospheric exit conditions. 

 
As a result of these modifications, the same PredGuid 

code previously used for Orion skip-entry can also be used 
for aerocapture once the user changes the input mode (to 6 or 
7) and inputs a target apoapsis (and, if applicable, periapsis) 
altitude. As an example of the ease with which this mode can 
be changed, this paper applies the new aerocapture 
capability to an Orion lunar return test case; once PredGuid 
commands the up-control phase, the vehicle now simply 
uses the NPC to target an apoapsis or minimize ΔV instead 
of targeting a range. 

The Orion lunar return case, with initial conditions 
similar in altitude, speed, and flight path angle to those of 
Ref. 35 and the verification case of Ref. 30, enters Earth’s 
atmosphere while headed north over the South Pacific 
Ocean, 4770 nmi (8840 km) distant from the normal Orion 
San Clemente landing target. Figure 4 illustrates this entry 
location as well as a representative ground track for 
aerocapture into a low-Earth orbit (LEO). Note that in this 
study, entry and activation of the guidance is defined to 
occur at 400 000 ft (121.9 km) altitude, but exit is defined at 
the 600 000-ft (182.9-km) upper extent of the PredGuid 
1976 U.S. Standard Atmosphere model, which provides 
additional confidence in the drag-free two-body apoapsis 
calculation described earlier. 

 

Figure 4. Representative ground track 
for Orion lunar return aerocapture into 

LEO. 
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The full entry state for the test case is specified in Table 1. The assumed mass of the 
Orion capsule is 19 805 lbm (8983 kg), and the hypersonic L/D is 0.27, with a hypersonic drag 
coefficient of 1.37 and a reference area of 213.8 ft2 (19.86 m2). Mach-dependent aerodynamics 
are modeled. Also, during flight, SORT limits bank rate to 15 deg/s, limits bank acceleration to 
5 deg/s2, and imposes a bank angle deadband of 1.0 deg. 

 

 
 

2. Empirical Observation: Equivalence of Apoapsis Targeting and 
∆V Minimization 

 
As described in Section 1.2., PredGuid+A has the capability to either (1) target the apoapsis 

altitude of the post-aerocapture orbit; or (2) attempt to minimize the ΔV required to maneuver 
from the post-aerocapture orbit to the final target orbit (as defined by Eqs[1] and Eq[2]). The 
former capability is the more traditional means of guidance targeting and tends to be correlated 
with ΔV minimization, while the latter capability effects ΔV minimization directly. An empirical 
comparison of these two methods follows, and a noteworthy observation is made. 

Figure 5 shows data from a sample aerocapture trajectory using the initial conditions of Table 
1 and targeting an apoapsis altitude of 229 nmi (425 km). The top left plot shows the command-
ed and actual bank angle histories; as shown, the vehicle remains in the Apollo initial roll phase 
(at a -15-deg bank angle, the maximum allowed to prevent saturation) for the first 30 sec of the 
trajectory. Once the 1.6 ft/s2 (0.5 m/s2) sensible atmospheric drag threshold is crossed, the NPC 
becomes active, commanding a bank angle of -40.4 deg. PredGuid+A commands this particular 
bank angle because its internal predictor finds that this angle will allow the vehicle to hit the 
230-nmi (426-km) apoapsis altitude target; the fact that this bank angle remains relatively 
constant for nearly one minute indicates good agreement between the PredGuid+A internal 
predictor simulation and the actual SORT simulation conditions (which are different, for 
example, because PredGuid+A does not simulate bank reversals; Mach-dependent 
aerodynamics; J3 or J4 effects; or bank rate, acceleration, and deadband limits). 

About 1:26 into the trajectory, the sign of the bank angle is flipped since the vehicle exceeds 
its lateral corridor and must execute a bank reversal. This new bank angle of similar magnitude 
but opposite sign is maintained for another 32 sec until the next bank reversal, after which rela-
tively little control authority remains and the NPC eventually again commands the maximum-lift 
-15-deg bank angle. The NPC deactivates at 3:15 when the 1.6 ft/s2 (0.5 m/s2) threshold is 
crossed again, and the previous bank angle is maintained for the remainder of the trajectory. 
Calculation of the two-body orbital elements at the end of the trajectory (at 7:29; not shown on 
these plots) shows that the vehicle hits its apoapsis target altitude to within 900 ft (270 m). 

 
 

Table 1. Initial State for Orion Lunar Return Test Case 

Initial Position  Initial Velocity 

Geodetic Altitude 400 000 ft (121.9 km) Inertial Velocity 36 150 fps (11.02 km/s) 
Geodetic Latitude 46.66992°S  Inertial Flight Path Angle -5.91 deg  
Longitude 116.5°W  Inertial Azimuth 0 deg  
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Figure 6 shows data from a sample aerocapture trajectory with initial conditions identical to 
those of figure 5 but using PredGuid+A in its ΔV minimization mode for a target circular orbit 
of 229 nmi (425 km). With the exception of a bank angle drift starting at 2:38 (at which point 
very little control authority remains, and the exit conditions are difficult to change),† the 
trajectory profiles are nearly identical. This is emphasized in figure 7, which overlays the 
commanded bank angle plots from figures 5 and 6. The two trajectories are so similar that the 
final two-body ΔV computations agree within 3.7 fps (1.1 m/s). 

Why should both ΔV minimization and apoapsis targeting, two entirely separate methods for 
choosing bank angle, produce nearly identical results? That this should happen is not intuitive. 

To investigate empirically, we consider apoapsis targeting as a starting point. At any call of 
the guidance between 0:31 and 3:15, the NPC chooses the bank angle that produces the correct 
final apoapsis altitude if the angle is held constant throughout the remainder of the flight. As 
noted earlier, for apoapsis targeting, the NPC initially chooses a bank angle of -40.4 deg. This 
also happens to be ΔV optimal because, for example, if it had chosen -40.3 deg (slightly more 
lift-up), the apoapsis cleanup burn (ΔV2) would have increased by 6.8 fps (2.1 m/s) since 
apoapsis would have been missed and the savings in the periapsis raise burn (ΔV1) would only 
have been 4.6 fps (1.4 m/s). If it had chosen -40.5 deg, both ΔV values would have increased. As 
a result, because of the relative trades between ΔV1 and ΔV2, this bank angle solution is also 
locally the minimum ΔV solution. However, this is not the case for all scenarios. 

                                                 
†While it produces a negligible impact on exit conditions, the cause for this difference in drift tendency late in the 
trajectory is not yet fully explained. It may, however, be hypothesized that slight bank angle differences early in the 
trajectory impact the direction of the final apoapsis miss, from missing low (and requiring full lift up) for the 
apoapsis targeting case to missing high (and trending toward full lift down) for the ΔV minimization case. 
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Figure 5. Nominal aerocapture trajectory to 229 nmi (425 km) LEO using apoapsis targeting. 
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3. Analytical Condition of 

Equivalence 
 
The empirical equivalence observed in 

Section 2 is not a coincidence, but is an 
analytical consequence of Eq(1) and 
Eq(2) as well as the apoapsis and 
periapsis trades available to the NPC as it 
iterates on the bank angle. This section 
investigates these analytics and identifies 
the condition that must be met to result in 
an apoapsis targeting identical to ΔV 
minimization. Importantly, this condition 
will also allow us to identify (and then 
test) scenarios in which apoapsis 
targeting and ΔV minimization are not identical and, thus, where the ΔV minimization technique 
can result in significant propellant savings. 

Figure 8 plots the predicted final apoapsis and periapsis altitudes as a function of bank angle 
that are visible to the NPC once it activates 31 sec into the trajectory of figures 5 and 6. In 
apoapsis targeting, the NPC would ignore the lower plot and select φ = 40.4 deg (the sign of the 
angle is chosen later by the lateral logic) because it achieves the desired final apoapsis altitude of 
229 nmi (425 km). If it had chosen a lower bank angle, the vehicle would have skipped out of the 
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Figure 6. Nominal aerocapture trajectory to 229 nmi (425 km) LEO using ∆V minimization. 
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Figure 7. Comparison of commanded bank angle between 
apoapsis targeting and ∆V minimization methods. 
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atmosphere earlier, and 
apoapsis would have 
been too high. If it had 
chosen a higher bank 
angle, the vehicle would 
have dived deeper into 
the atmosphere and have 
dissipated more energy, 
making apoapsis too 
low.‡ Locally near φ = 
40.4 deg, the upper plot 
of figure 8 shows that 
for every 1 deg increase 
in bank angle, achieved 
apoapsis altitude is 
lowered by 39.7 nmi 
(73.5 km). 

The lower plot of 
figure 8 becomes 
important for 
computation of ΔV as 
defined in Eq(1) and 
Eq(2). First, note that not only is simultaneous targeting of a 229-nmi (425-km) apoapsis and 
229-nmi (425-km) periapsis impossible, but targeting even a positive periapsis altitude is im-
possible (all points on this line have negative y-axis values). If apoapsis altitude is targeted with 
φ = 40.4 deg, the achieved periapsis altitude is predicted to be -123.9 nmi (-229.5 km). Locally 
near φ = 40.4 deg, for every 1-deg increase bank angle, achieved periapsis altitude is lowered by 
23.1 nmi (42.8 km). 

This leads to two important observations. First, it is clearly not ΔV-favorable to increase bank 
angle beyond 40.4 deg, since there will exist an apoapsis error and periapsis error will increase. 
This would be true regardless of the relative magnitudes of the apoapsis and periapsis 
derivatives, provided both are negative. Second, if the opposite change (a decrease) in bank angle 
is considered, a trade is involved: Every degree of decrease in bank angle will [locally] improve 
periapsis error by 23.1 nmi (42.8 km) but degrade apoapsis error by 39.7 nmi (73.5 km). This 
suggests that such a trade may not be worthwhile (and that targeting apoapsis may indeed be ΔV-
optimal), but this must be examined more thoroughly because total ΔV is not equally sensitive to 
periapsis and apoapsis altitude changes. 

 
3.1 Derivation 

To investigate the hypothesis that moving slightly to the left in bank angle in figure 8 is 
suboptimal, we start with the recognition that total ΔV is given by Eq(3), where ΔV1 and ΔV2 are 
given by Eq(1) and Eq(2). Differentiating with respect to bank angle φ yields Eq(4). 

                                                 
‡In this particular example, trajectories with bank angles above about 64 deg terminate in the vehicle impacting the 
surface of the Earth rather than skipping out of the atmosphere. 
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Next, in Eq(5) we note that by the chain rule the derivative of either ΔV1 or ΔV2 (represented 
generically by ΔVx) with respect to bank angle can be expressed in terms of four derivatives. 
Two of these derivatives, dra/dφ and drp/dφ, have already been recorded in figure 8. These deriv-
atives describe locally how apoapsis and periapsis altitudes vary with the NPC choice of bank 
angle. 
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The other derivatives in Eq(5) can be computed analytically from Eq(1) and Eq(2), and are 
given by Eq(6) through Eq(9) below (after considerable simplification). Equation (8) accounts 
for the special fact that the derivative is to be evaluated where ra = raT (i.e., where ΔV2 = 0), and 
ΔV2 can only increase if ra is changed from raT. Also, recall that the target orbit apoapsis and 
periapsis (raT and rpT, respectively) are constants for any given problem. 
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Now, for ΔV minimization to produce any benefit over apoapsis targeting, apoapsis targeting 
must not already be a ΔV minimum. If both apoapsis and periapsis altitudes are monotonically 
decreasing functions of bank angle, then, as observed earlier, increasing bank angle past the apo-
apsis target angle cannot be ΔV-optimal since both periapsis and apoapsis errors increase. If bank 
angle is decreased, it will result in a ΔV benefit only if the increase in the apoapsis cleanup 
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maneuver (ΔV2) is offset by the decrease in periapsis raise maneuver (ΔV1). Conversely, this 
implies that if Eq(10) is fulfilled when evaluated at ra = raT, then apoapsis targeting and ΔV 
minimization are equivalent: 
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The negative dφ denominator exists to indicate that the derivative is taken for decreasing φ 
only. An equivalent statement is in Eq(11): 
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Expanding Eq(11) based on the chain rule of Eq(5) yields: 
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At this point, the analytic derivatives of Eq(6) through Eq(9) and the numeric derivatives 
(e.g., from fig. 8) may be plugged in and tested. Values for the Orion test case of Section 2 are 
given in Table 2. Note that when these values are plugged into Eq(12), the left side equals 0.0077 
nmi/deg-s and the right side equals 0.0112 nmi/deg-s. The right side is greater than the left side and 
the equivalence condition is fulfilled, explaining why both the apoapsis targeting and ΔV 
minimization techniques produce the same bank angle command in the empirical observations of 
Section 2. 

 

 
3.2 Simplification 

It is possible to simplify the condition of Eq(12). First, note from Eq(9) that ΔV2 has no 
dependence on the post-aerocapture periapsis radius (i.e., ∂(ΔV2)/∂rp = 0), permitting the last 
term of Eq(12) to be dropped. Second, note that the argument in Section 3.1 assumed that apoapsis 
and periapsis altitudes are monotonically decreasing functions of bank angle. As a result, the 
perturbation represented by the derivative in Eq(10) is always in a region where ra > raT, and the 
bottom portion of Eq(8) can be used. Third, note from Table 2 that ∂(ΔV1)/∂ra is two orders of 
magnitude smaller than the other nonzero ΔV derivatives. This occurs because rp and rpT differ 
by a relatively small amount (only 10% in Table 2), and if they were equal, Eq(6) shows that 
∂(ΔV1)/∂ra would vanish. In other words, as long as the post-aerocapture periapsis radius is 

Table 2. Values for Testing the Equivalence Condition (cf. Eq[12]) on the Orion Lunar Return Test Case 

Scenario Inputs   Derivatives 

Target Apoapsis (raT) 3673.3 nmi (6803.0 km)  dra/dφ -39.7 nmi/deg (-73.5 km/deg) 
Target Periapsis (rpT) 3673.3 nmi (6803.0 km)  drp/dφ  -23.1 nmi/deg (-42.8 km/deg) 
Selected Bank Angle (φ)  40.41°   ∂(ΔV1)/∂ra -7.75×10-6 s-1  
Post-aerocapture Apoapsis (ra) 3673.3 nmi (6803.0 km)  ∂(ΔV1)/∂rp -3.19×10-4 s-1  
Post-aerocapture Periapsis (rp) 3320.0 nmi (6148.6 km)  ∂(ΔV2)/∂ra  2.81×10-4 s-1  
Gravitational Parameter (µ) 62 750 nmi³/s² (398 600 km³/s²)  ∂(ΔV2)/∂rp  0 s-1  
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comparable to the periapsis radius of the target orbit (as is often the case), ΔV1 is not particularly 
sensitive to the achieved post-aerocapture apoapsis radius. Making these simplifications, plus 
substituting raT for ra because the equivalence condition is, by definition, applied where ra = raT, 
yields Eq(13): 
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Simplifying further yields Eq(14), a requirement on the ratio between the two numerical 
derivatives that can be computed prior to a trajectory run (e.g., as in fig. 8). In the example case 
of Table 2, this ratio is -39.7/-23.1 = 1.72. The right side of Eq(14), which evaluates to 1.13 for 
the values in Table 2, indicates correctly again that the equivalence condition is satisfied (i.e., 
that 1.72 > 1.13 is true) and, in this scenario, apoapsis targeting is equivalent to ΔV 
minimization. It is worth noting that if rp ≈ rpT, then the right side of Eq(14) becomes simply the 
ratio between the target apoapsis and periapsis radii. 
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Importantly, Eq(14) now provides a tool with which to efficiently answer the question of 
whether any combinations of target periapsis and apoapsis can produce a scenario in which 
apoapsis targeting is not identical to (i.e., less optimal than) ΔV minimization. This occurs 
whenever the condition of Eq(14) is violated. 

To initiate this analysis, we first compute the (dra/dφ) / (dra/dφ) ratio on the left side of 
Eq(14) at each bank angle in figure 8. Next, to compute the right side of Eq(14) as a function of 
bank angle, we recognize that each bank angle is associated with a unique apoapsis. This apoapsis 
becomes ra in Eq(14). The periapsis (rp) in Eq(14) is the corresponding periapsis (e.g., directly 
from the lower plot of fig. 8). For periapsis altitudes comparable to the radius of the planet, the 
right side is a weak function of periapsis target (rpT); for convenience, this is selected here as 
3543.9 nmi (6563.3 km), corresponding to a 100-nmi (185-km) altitude. As a result, we now 
have both the left and right sides of Eq(14) as a function of the NPC-selected bank angle and can 
plot them as such. Since apoapsis altitude is a monotonically decreasing function of bank angle, 
the x-axis of such a plot can be easily changed to display apoapsis altitude; this is the graph 
shown in figure 9. 

Figure 9 shows how the values of the left and right sides of Eq(14) change with target 
apoapsis altitude. At apoapsis altitudes where the left-side line is higher than the right-side line 
(i.e., to the right of the red vertical line), both apoapsis targeting and ΔV minimization are equiv-
alent. Notice from the figure that the crossover for this particular scenario occurs at 188.4 nmi 
(348.9 km), which agrees with the empirical observation that a 229-nmi (425-km) apoapsis target 
results in equivalence between apoapsis targeting and ΔV minimization. However, the major 
implication of figure 9 is that target apoapses below 188.4 nmi (348.9 km) should theoretically 
benefit from a ΔV minimization algorithm. This will be tested next. 
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Before continuing, it is worth emphasizing that figure 9 can be produced in advance (or at 

least at the very first time step) of entry. All the data used to produce it was gathered from the 
initial NPC prediction of achieved apoapsis and periapsis altitudes as a function of bank angle. 
The implication of this for future development is that the most suitable technique (apoapsis 
targeting or ΔV minimization) can be easily selected prior to execution of the aerocapture 
maneuver. 

 
3.3 Verification: An Example of Non-equivalence 

As mentioned in Section 3.2, for the Orion lunar return test case, target apoapsis altitudes 
below 188.4 nmi (348.9 km) should theoretically benefit from the ΔV minimization algorithm. 
This is tested here with a target orbit of 108.1 nmi (200.3 km). 

Figure 10, which is similar to figure 7, illustrates the bank angles commanded by the two 
competing algorithms when using this new target. Unlike figure 7, the two bank angle profiles no 
longer align. As shown in Table 3, the 
apoapsis targeting technique initially 
commands a -45.4-deg bank angle, 
whereas the ΔV minimization technique 
initially commands a bank angle of -41.1 
deg. As expected, both angles are held 
approximately constant until the first 
bank reversal. As the peak deceleration 
is passed, the vehicle gradually loses 
control authority and bank angle 
commands become more sensitive to 
differences between the internal 
PredGuid predictor simulation and the 
actual SORT simulation. Both NPCs 
deactivate about 3.5 min into the 
trajectory. 
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Figure 9. Left and right sides of the simplified equivalence condition (Eq[14]) plotted as a function of 
target (and achieved) apoapsis altitude, assuming a 100-nmi (185.2-km) target periapsis altitude. 
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Figure 10. Comparison of commanded bank angle between 
apoapsis targeting and ∆V minimization for a 108.1-nmi 
(200.3-km) circular target orbit. 
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Despite the seemingly small 4.3-deg difference between the two commanded bank angles, the 
effect on the vehicle exit state is significant. As Table 3 shows, the apoapsis targeting algorithm 
does achieve the target apoapsis of 108.1 nmi (200.3 km) (the algorithm misses by just 208 ft 
[63.4 m]). The table also shows that the ΔV minimization algorithm misses the target apoapsis 
by a greater amount of 0.6 nmi (1.2 km). Thus, the apoapsis targeting technique requires virtu-
ally no apoapsis cleanup ΔV (just 0.06 fps [0.02 m/s]), while the ΔV minimization technique 
requires a 1.15 fps (0.35 m/s) burn. Much more significant, however, is the 88.8 nmi (164.5 km) 
difference in periapsis between the two algorithms. As a result, the periapsis raise burn requires a 
dramatically higher ΔV for the apoapsis targeting technique (802.62 fps [244.64 m/s]) than for 
the ΔV minimization technique (619.89 fps [188.94 m/s]). In this case, since the ΔV minimiza-
tion technique considered the ΔV trades when deciding upon bank angle, a 23% ΔV savings 
results. 

4. Monte Carlo Performance 
 
To verify the robustness of both the apoapsis targeting and ΔV minimization methods, Monte 

Carlo simulations are executed. Results of 2000-case simulations are given in figures 11 and 12. 
Input dispersions are derived primarily from early estimates for the Orion vehicle,36 with atmos-
pheric dispersions drawn from nominal small-scale perturbations of the Earth GRAM [Global 
Reference Atmosphere Model] 07 37 on February 2, 2010. Note that this is the only time in this 
study in which GRAM 07 is used as an atmosphere 
model in the SORT simulation; earlier simulation 
results are based on use of the 1976 U.S. Standard 
Atmosphere in both the PredGuid predictor and the 
SORT simulation. Implemented dispersions are 
summarized in Table 4. 

Figure 11 shows histograms of Monte Carlo 
results associated with the original 229 nmi (425 
km) circular target orbit. The upper plot shows the 
total ΔV (the sum of the periapsis raise burn and 
the apoapsis cleanup ΔV values) if the apoapsis 
targeting guidance is used, and the lower plot 
shows the total ΔV if the ΔV minimization 
guidance is used. Recall that in this scenario, the 

Table 4. Non-atmospheric Monte Carlo 
Dispersions. Variables are uniformly distributed 
except for those with a 3σ indicator, which are 

distributed normally. 

Variable Distribution Range 

Init. Longitude -116.50 ± 0.20 deg 
Init. Geodetic Latitude -46.67 ± 0.20 deg 
Init. Geodetic Altitude 400,000 ± 500 ft 
Init. Inertial Velocity 36,150 ± 90 ft/s (3σ) 
Init. Inertial Flt. Path Ang. -5.91 ± 0.01  deg (3σ)
Init. Inertial Azimuth 0.00 ± 0.05 deg 
Vehicle Mass 19804.7 ± 613.9 lbm 
Lift Coeff. Multiplier 1.00 ± 0.15 (3σ) 
Drag Coeff. Multiplier 1.00 ± 0.15 (3σ) 

Table 3. Comparison of NPC Technique Performance to 108.1-nmi (200.3-km) Orbit. 

 Apoapsis Targeting Technique ΔV Minimization Technique 

Initial NPC Bank Angle (φ)    -45.36°     -41.06°  

Post-aerocapture Apoapsis Altitude 108.1 nmi ( 200.2 km) 107.5 nmi ( 199.1 km) 
Post-aerocapture Periapsis Altitude -305.8 nmi (-566.3 km) -217.0 nmi (-401.8 km) 
Post-aerocapture Apoapsis Radius (ra) 3552.0 nmi (6578.3 km) 3551.4 nmi (6577.2 km) 
Post-aerocapture Periapsis (rp) 3138.1 nmi (5811.8 km) 3227.0 nmi (5976.3 km) 

Periapsis Raise ΔV (ΔV1) 802.62 ft/s (244.64 m/s) 619.89 ft/s (188.94 m/s) 
Apoapsis Cleanup ΔV (ΔV2) 0.06 ft/s (    0.02 m/s) 1.15 ft/s (    0.35 m/s) 

Total ΔV  802.68 ft/s (244.66 m/s) 621.04 ft/s (189.29 m/s) 
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nominal cases of figures 5 and 6 showed 
that both guidance algorithms should 
choose the same bank angle and result in 
the same exit conditions and ΔV. This is 
reflected in the Monte Carlo results: The 
mean of both distributions agree to 
within 0.7 fps (0.2 m/s, or 0.1%), and the 
standard deviations agree to within 1.0 
fps (0.3 m/s, or 1.3%). 

Figure 12 shows histograms of Monte 
Carlo results associated with the lower 
108.1-nmi (200.3-km) target circular 
orbit. In this scenario, the results show 
significant differences. The mean ΔV for 
the apoapsis targeting guidance is 204.2 
fps (62.2 m/s, or 34%) higher than for 
the ΔV minimization guidance. This is 
expected, given the nominal result from 
the non-equivalence verification of 
Section 3.3. It is also notable that the 
distribution for the ΔV minimization 
guidance is more tightly contained 
around the mean, with a standard 
deviation 24% smaller than the apoapsis 
targeting results. 

Thus, this Monte Carlo analysis 
serves to (1) confirm the observation 
made in Section 3 that apoapsis targeting 
is conditionally equivalent to ΔV 
minimization; and (2) illustrate that the 
benefits of ΔV minimization guidance in 
scenarios of non-equivalence can extend 
to both the mean and the standard 
deviation of the post-aerocapture ΔV. 

 
 
 

5. Summary and Implications 
 
This paper has explored a basic question that arises in the development of aerocapture 

numerical predictor-corrector guidance algorithms: Why target apoapsis? The more fundamental 
objective of the aerocapture maneuver is to minimize the total ΔV required to insert into the final 
target orbit. 

This paper conveys both good news and bad news for the traditional apoapsis targeting 
method. The bad news is that situations clearly exist in which apoapsis targeting results in 
excessive ΔV expenditure (e.g., see Table 3 or fig. 12). The surprising good news, however, is 
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Figure 11. Comparison of ∆V Monte Carlo outputs 
between apoapsis targeting and ∆V minimization 
for the 229.4-nmi (424.9-km) orbit. 
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that in many scenarios (for the test case 
in this paper, target apoapsis altitudes 
higher than 188.4 nmi [348.9 km]) 
apoapsis targeting is equivalent to ΔV 
minimization. More importantly, though, 
this paper has shown that the condition 
under which equivalence occurs can be 
easily evaluated prior to entry. 

 

5.1 Sample Guidance Selection 
Procedure 

By definition, ΔV minimization 
guidance should always be at least as 
ΔV-optimal as apoapsis targeting. Thus, 
from a ΔV performance perspective, ΔV 
minimization guidance should always be 
preferred. However, in order to operate, 
the ΔV minimization algorithm employs 
a one-dimensional (1-D) minimization 
technique (in this implementation, 
golden section search, although this can 
be revisited in future versions), which 
will always require more function 
evaluations than a 1-D search or 
targeting problem. Whether these 
additional function evaluations can be 
tolerated depends on the capabilities of 
on-board flight computers for future 
missions.§ In the event that a trade must 
be made between computational speed 
and ΔV performance, this paper provides 
the basis for a decision procedure. 

Figure 13 shows a five-step summary 
procedure for repeating the analysis of 
this paper for general scenarios. In Steps 
1 and 2, the problem is defined in terms of initial conditions, simulation assumptions, and a 
target final orbit. Steps 3 and 4 mirror the analysis of Section 3 by computing the apoapsis and 
periapsis altitudes and derivatives as a function of bank angle. Step 5 involves evaluating the 
equivalence condition (derived in Section 3.2) based on the derivatives and altitudes computed in 
Steps 3 and 4. It is important to reiterate that the equivalence condition derived in this paper 
assumes that apoapsis and periapsis altitude each monotonically decrease with the chosen bank 

                                                 
§A potential area for future investigation would involve verifying that the ΔV minimization guidance is still ΔV-
competitive if called less frequently, thereby reducing computational demands. 
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17 
 

angle. While this makes intuitive 
sense, it should be verified on a case-
by-case basis before using the 
condition.** 

The advantage to the procedure of 
figure 13 is that if the NPC 
simulation well reflects reality (or the 
external simulation), it can be 
conducted once by the on-board NPC 
prior to the beginning of entry or the 
beginning of an entry simulation. 
Based on the results of the procedure, 
a user or the NPC itself could choose 
whether to execute apoapsis targeting 
guidance or the more 
computationally intensive (but 
possibly lower ΔV) ΔV minimization 
guidance. 

5.2 Limitations and Future 
Work 

Strictly speaking, the main results 
of this work are applicable only to 
aerocapture guidance algorithms that 
iterate on one time-invariant bank angle. While this approach is common, it may be possible to 
improve ΔV performance by allowing the NPC to solve for a time-varying bank angle. This 
would require a corrector with a more sophisticated multidimensional search technique (and an 
increase in computational power); and if an equivalence condition exists, it would be more 
complex than in Eq(12) or Eq(14). 

A second limitation to acknowledge is the fact that because PredGuid considers lateral logic 
independently from longitudinal logic, plane change ΔV cannot be predicted or optimized even 
by the ΔV minimization guidance algorithm. In effect, the NPC’s assumption is that the lateral 
logic is sufficient to make any plane change burn unnecessary. Integrating lateral logic into the 
predictor to allow prediction of plane change ΔV may be a worthwhile area of future study. 

Additional future work involves applying the equivalence condition derived here for a wide 
variety of entry condition test cases. Additional tests for geosynchronous orbit return or AFE-like 
LEO entry conditions would be applicable to future uncrewed aerocapture tests at Earth. Test 
simulations for incoming hyperbolic trajectories at Mars are also likely, and hyperbolic test cases 
at other planets or moons may be warranted. Overall, it is hoped that the conditional equivalence 
of apoapsis targeting and ΔV minimization highlighted in this paper becomes a significant 
consideration in any future design and development of aerocapture NPC guidance. 

 

                                                 
**If the character of the graph is found not to be monotonically decreasing, a new condition can be derived based on 
logic similar to that of Section 3.2. 
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