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Abstract

Aerocapture is a maneuver where a spacecraft makes a single pass through a plane-
tary atmosphere, thus using aerodynamic drag to deplete enough energy to establish
a captured orbit. A new analytical predictor-corrector guidance algorithm has been
developed for the Mars aerocapture problem. This paper presents a drag-modula-
tion method where ballistic coefficient is continuously adjusted in order to control
the vehicle during the atmospheric flight phase. An analytical function for velocity
during aerocapture serves as the basis for the guidance method, and this expression
results in a closed-form control law for ballistic coefficient. Guidance periodically
updates the velocity profile so that the correct exit conditions are achieved. The bal-
listic coefficient control law utilizes the ratio of the measured and reference drag
accelerations to improve the targeting accuracy of the guidance scheme. Two differ-
ent apoapsis-targeting scenarios for Mars aerocapture are investigated in this paper.
Monte Carlo simulations demonstrate the performance and robustness of the pro-
posed guidance algorithm.

Keywords Analytical predictor-corrector - Mars aerocapture - Drag modulation

1 Introduction

Aerocapture is a maneuver where a spacecraft enters a planet’s atmosphere at a
hyperbolic speed and achieves a captured orbit after a single atmospheric pass.
Aerodynamic drag dissipates the vehicle’s energy so that the atmospheric exit
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state results in a closed orbit about the planet. Figure 1 presents a typical scenario
for Mars aerocapture. If the aerocapture maneuver is correctly planned, then the
apoapsis of the exoatmospheric transfer orbit matches the apoapsis of the target
orbit (see Fig. 1). Upon reaching apoapsis, a single impulsive AV maneuver raises
periapsis to its targeted value.

When compared to an all-propulsive maneuver for establishing the target orbit,
aerocapture saves significant propellant mass. Therefore, either more payload
mass can be delivered to the target orbit, or a smaller launch vehicle could be
used [1-3]. Aerocapture is a promising technology for future interplanetary mis-
sions due to its low-cost orbital insertion.

During the atmospheric flight phase, the spacecraft can be controlled by lift-
modulation (via bank angle and/or angle of attack) or drag-modulation systems.
For guidance designs using lift-modulation, the spacecraft’s vertical lift compo-
nent is adjusted so that the vehicle achieves the correct exit conditions. Refer-
ences [4-7] present guidance schemes that use lift-modulation for aerocapture
problems. Lu et al. [4] proposed the optimal bang-bang bank angle control for the
Earth aerocapture problem, while Webb et al. [5] investigated Mars aerocapture
problems. Both [4, 5] attempt to minimize the post-exit velocity increment AV by
employing a closed-loop numerical predictor-corrector (NPC) guidance scheme.
By definition, NPC schemes predict the atmospheric exit state by using onboard
numerical integration of the equations of motion for the atmospheric flight phase.
Hence, the control program (usually bank angle) must be parameterized and cor-
rected until the numerical integration produces the desired exit state. Lafleur [6]
investigated an apoapsis-targeting mode by seeking a constant bank angle profile
in the NPC scheme.

Transfer orbit

Atmospheric pass

Impulsive maneuver
to raise periapsis

N\

Apoapsis altitude

/

Target orbit Arrival orbit

Fig. 1 Mars aerocapture scenario
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On the other hand, analytical predictor-corrector (APC) schemes use analyti-
cal functions to predict the exit state. Cihan and Kluever [7] developed an APC
method for the Earth aerocapture problem where the bank angle is computed
from analytical functions for velocity and flight-path angle (FPA) as a function
of altitude. References [8—14] present various APC guidance methods for the
Mars aerocapture problem with lift (bank angle) modulation as the control func-
tion. Many of these methods utilize a two-phase approach, where the initial phase
involves equilibrium glide at a constant flight-path angle (FPA), and the second
phase tracked a constant altitude-rate profile to exit conditions. Rousseau [14]
developed an APC method for Mars aerocapture that was based on the predicted
energy at exit conditions.

By comparison, fewer researchers have investigated guidance designs for the bal-
listic aerocapture problem. In the ballistic scenario, the aerodynamic lift force is
zero, and altering aerodynamic drag is the only option for controlling the flight path.
Drag force can be modulated during flight by changing the reference area or drag
coefficient. Various drag-modulation aerocapture guidance designs have been devel-
oped [15-20]. Cihan and Kluever [15] proposed an APC guidance scheme that uses
continuous drag-modulation for Mars aerocapture. Recently, Peng et al. presented
two different APC guidance algorithms based on continuous drag control [16] and
the drag-switching control [17] for Mars aerocapture. In Ref. [16], Peng et al. uti-
lized piecewise linear functions to parameterize velocity during the aerocapture
maneuver. Peng et al. used three linear segments to represent velocity as a function
of flight-path angle. In Ref. [17], piecewise constant ballistic coefficients are used in
the guidance algorithm, and ballistic coefficient switching between these constant
values occurs when the analytical prediction of atmospheric exit velocity is equal to
the desired exit velocity. Putnam and Braun [18] compared the performance of drag-
modulation schemes including single-stage jettison, two-stage jettison, and contin-
uous drag control for planetary missions by using an NPC guidance system for a
hypersonic inflatable aerodynamic device (HIAD). Putnam and Braun show that the
continuous drag-modulation method provides better accuracy when compared to the
single- and two-stage jettison concepts for drag control. Han et al. [20] analyzed
the bang-bang ballistic coefficient control for Mars aerocapture. They evaluated four
different bang-bang structures for ballistic coefficient and concluded that the four
scenarios have nearly the same performance in terms of post-exit AV.

This paper presents a novel APC guidance method for Mars aerocapture.
Velocity during aerocapture is modeled by a single analytical function (a hyper-
bolic tangent function) of flight-path angle. This formulation results in a closed-
form guidance equation for the commanded ballistic coefficient that tracks the
analytic velocity equation. Our algorithm differs from the APC guidance method
proposed in Ref. [16] in several ways: 1) the guidance design in this paper is
based on a single analytic function for velocity, 2) guidance periodically updates
the analytic velocity expression in order to meet the desired boundary conditions,
and 3) a drag acceleration correction factor is included to offset the severe uncer-
tainties in Mars’ atmospheric density. Furthermore, our method is tested using the
Mars Global Reference Atmospheric Model (GRAM), whereas Peng et al. [16]
used an exponential density model with variations in scale height. We test our
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APC guidance using Monte Carlo simulations for a wide range of entry speeds
and two target orbits with very different apoapsis altitudes.

2 System Models
2.1 Equations of Motion for Drag Modulation Flight

During atmospheric flight the spacecraft’s equations of motion are

i=Vsiny (1)

. Vcosysiny

0= ——
rcos ¢ @

. Vcosycosy
b=—— 3)

V= —D —g,siny — g, cosy cos W + @*r cos ¢(sin y cos ¢ — cos y cos y sin ¢)

4)

| 1% . . ) . .

y = vl -8 cosy+g¢smycosu/+2a)Vsmu/cos¢+w r cos ¢p(cos y cos ¢p + sin y cos y sin ¢)
4)

1% 2t i . 2y . .
W= l[(M +g¢> Sy —2wV(tan y cos y cos ¢ — sin ¢) + T smwsmd)cosqﬁ)]
|4 r cos y cos y

(6)

where r is the radial distance from the center of the planet to the vehicle’s center of
mass, 6 is the longitude, ¢ is the latitude, V is the planet-relative velocity, y and y
are the flight-path and heading angles of the planet-relative velocity vector, respec-
tively, and w is Mars’ rotation rate. The aerodynamic drag acceleration D is

_ 1 »
D—zﬂpV (7

where p is the atmospheric density and f is the ballistic coefficient

m
R ®

Spacecraft mass is m, Cp, is the drag coefficient, and § is the reference area. We
assume that Mars’ atmosphere rotates with the planet so that the planet-relative
velocity V can be used to compute drag in Eq. (7). The radial and latitudinal com-
ponents of the acceleration of gravity g,and g, in Eqgs. (4-6) are
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where p is Mars’ gravitational parameter, R, is Mars’ equatorial radius, and J, is the
second zonal coefficient.

Inertial velocity is needed to compute exoatmospheric orbital maneuvers. The
spacecraft’s inertial velocity vector V; is equal to the sum of the planet-relative
velocity vector V and the transport velocity vector @ Xr.

V.=V+oXxXr

2.2 Exoatmospheric Orbital Transfer

After the spacecraft has exited the atmosphere, it can be transferred from one orbit
to another by propulsive maneuvers, which are modeled as impulsive velocity incre-
ments without change in orbital position. In order to establish a desired elliptical
orbit, one or two in-plane propulsive burns are needed during the exoatmospheric
flight phase. When the apoapsis radius of the post-aerocapture orbit is equal to the
target apoapsis radius, a single propulsive burn is required to raise periapsis and
place the spacecraft in the desired target orbit. In this scenario, the single velocity
increment AV is

1 1 1 1
AV =12 -
M<\/ra1 rpl + Ta1 \/raO rpO +ra0> (11)

where r,; and r,, are the apoapsis and periapsis radii of the desired target ellipti-
cal orbit, and r,, and r,,, are the exoatmospheric apoapsis and periapsis radii, deter-
mined by

2 2 2
re . V2. COS* Yo
r =a 1 + 1 _ exit = exit
a0 \/ ua (12)
2 y2 2
re V2 COS% Yyt
r =a 1 _ 1 _ exit -~ exit
0 \/ B (13)

In Egs. (12) and (13) 7y, Vi and 7y, are the radius, inertial velocity, and flight-
path angle at the atmospheric exit. Semimajor axis of the exoatmospheric orbit a is

determined by the total mechanical energy evaluated at the exit conditions:
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U
ag=—--
_szit + 2”/rexit (14)
If the post-aerocapture apoapsis radius does not equal the desired apoapsis, a two-
burn maneuver is needed to establish the target orbit. For both the one- or two-impulse
maneuver, the first burn is performed at apoapsis in order to raise periapsis and meet
the target r,;. Therefore, the velocity increment for the first burn is always positive.
One-half revolution after the first impulse, the vehicle reaches the target periapsis, and
a second burn is performed if the apoapsis radius needs correction (the second impulse
raises or lowers the apoapsis as needed). The sum of the velocity increments for the two
impulses is

1 1 1

1
T, p1 + 1, p1 1 + 7y

Av=\/274< r__r _Jr__1 >+\/ﬂ

oo Tp1 T g Tao  Tpo t a0

- (15)
It should be noted that the absolute value is required for the second right-hand side
term in Eq. (15) because the initial apoapsis may be greater or less than the target value.

3 Reference Aerocapture Trajectories

This study utilizes a large HIAD that could be used for the human exploration of Mars.
The deceleration device has mass m = 45,000 kg. Ballistic coefficient § is the only
control variable in this aerocapture problem, and it can be altered by inflating (to make
p smaller) or deflating the device (to make f larger). The minimum ballistic coefficient
is f_;. =100 kg/m? when the vehicle has maximum diameter d_, =18.8 m and maxi-
mum drag coefficient Cp, ., =1.62 [16, 17, 21]. The minimum diameter d,;,=7 m and
corresponding minimum drag coefficient Cp, .;, =1.46 result in the maximum ballistic
coefficient 5, =800 kg/m?.

Table 1 shows two different target elliptical orbits. The first case in Table 1 is
known as a 1-sol orbit [5, 22], and the second case is a much lower-energy target [16].
Three different nominal entry velocities were used for all cases: V,=7.2, 6.5, and
5.8 km/s. These three values span a range of entry velocities for recent Mars missions
that used a direct entry, descent, and landing (EDL) profile, such as Mars Pathfinder
(Vy="7.26 km/s [23]) and Mars Curiosity (V,=5.8 km/s, [24]).

The entry FPA angle is a free design variable for any EDL mission (entry velocity,
on the other hand, is primarily determined by the departure date and Earth-Mars geom-
etry). In this study, we determined the nominal entry flight-path angle for each entry

velocity so that the target apoapsis is achieved with a constant ballistic coefficient.

Table 1 Desired Post-

. Case Apoapsis altitude (km)  Periapsis altitude (km)
Aerocapture Target Orbits
33,793 250
2 3000 250
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Table 2 Nominal Entry Velocity

and Flight-Path Angle for Desired target orbits  Entry velocity (km/s) Entry flight-path angle (deg)

Constant-f Trajectories Case 1a 72 11.420
Case 1b 6.5 —10.864
Case Ic 5.8 -10.071
Case 2a 7.2 —11.556
Case 2b 6.5 —11.031
Case 2¢ 5.8 —10.295

Table 3 Nominal Entry States

State Value
Radius 3522 km
Longitude 5 deg
Latitude 5 deg
Inertial heading angle 20 deg

These constant-§ aerocapture paths will serve as the reference profile for the guid-
ance design. As such, it makes sense to determine the entry states for a vehicle with
a constant ballistic coefficient between f.;, and f_,.. Although the average value
(f=450 kg/m?) is an obvious first choice, it is not the best choice because the HIAD
vehicle requires extra drag margin due to loss of control authority as it approaches the
exit (vacuum) condition. Our initial guidance trials produced premature control satura-
tion at #=p;, (maximum drag) during the ascent phase as the atmosphere gets thinner
with increasing altitude. Hence, we selected f3,,,,= 350 kg/m? as the constant (nominal)
ballistic coefficient so that the reference aerocapture trajectories were biased toward
a higher drag configuration. The correct entry FPA angle was determined by simula-
tion trials involving numerical integration of Eqs. (1-6) with constant /., =350 kg/
m? and a nominal Mars-GRAM density model [25] (the nominal Mars atmosphere
was computed by the mean of a 1000 dispersed atmospheres; atmospheric dispersions
are discussed in Section 5). Entry FPA was adjusted until the apoapsis of the exoat-
mospheric orbit exactly matched the target apoapsis values shown in Table 1. Table 2
shows the combinations of nominal entry states (velocity and FPA) for Cases 1 and 2
with constant g, =350 kg/m?. For comparison, the entry flight-path angles for EDL
missions such as Mars Pathfinder (V,, =7.26 km/s) and Mars Curiosity (V, =5.8 km/s)
were — 14.1 and — 15.5 deg, respectively [23, 24] (in general, an EDL mission requires
a steeper entry angle when compared to an aerocapture maneuver). Finally, Table 3
presents the remaining entry states (radius, longitude, latitude, and heading angle) that
are common for all cases [16, 17].

Figure 2 shows the inertial velocity vs. flight-path angle profiles for the nominal
aerocapture trajectories using constant S, =350 kg/m? and the entry states from
Tables 2 and 3. Each solid curve in Fig. 2 represents the nominal trajectory determined
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by numerical integrating Eqgs. (1-6) with the nominal Mars-GRAM density model.
Note that each nominal trajectory exits Mars’ atmosphere with the correct states such
that the apoapsis meets the desired target. Figure 2 shows that Case 1 (1-sol orbit)
requires an exit velocity and FPA that is significantly greater than the low-energy target
(Case 2).

The inertial velocity of the numerically integrated trajectories in Fig. 2 can be
parameterized by a hyperbolic tangent function of flight-path angle

V = ¢y + cytanh(cyy) (16)

where c, ¢, and ¢, are constants. Here we used MATLAB’s Curve Fitting Toolbox
(cftool) to determine the coefficients ¢, ¢, and ¢, that produced the best fit with
the nominal trajectory data. The dashed-line curves in Fig. 2 show the hyperbolic
tangent function fit for each entry scenario and apoapsis target. Figure 2 shows that
the hyperbolic tangent function (16) provides a good representation of velocity as a
function of flight-path angle during the aerocapture maneuver. Our analytical aero-
capture guidance law uses Eq. (16) to predict the vehicle’s states at the atmospheric
exit.

4 Aerocapture Guidance Law

The proposed analytical guidance algorithm is developed by using a simplified version
of the equations of motion in a vertical plane. Ignoring the Mars oblateness and planet-
rotation terms in Eqgs. (4) and (5), the simplified equations for velocity and flight-path
angle are

V=-D-gsiny a7
Fig.2 Reference inertial veloc- 7.5 T T T T T T T T T T
ity vs. flight-path angle profiles T T
for constant-f aerocapture 7 Casela, 2a .
trajectories (solid lines are
numerically integrated trajecto- 6.5 1

ries, dashed lines are curve-fits Case 1b, 2b

using Eq. (16))

Case Ic, 2¢

Velocity, km/s
W
W

Sr " Case 1 |

-12 -10 -8 -6 -4 -2 0 2 4 6 8 10
Flight-path angle, deg
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2
7=%,<V7—g>cosy (18)

where Mars’ gravitational acceleration is g=u/r”. The derivative of velocity with
respect to flight-path angle is determined by dividing Egs. (17) by Eq. (18)

dV _—-D-—gsiny
W - G cos y (19)
v
where G = V*/r—g. We can take a derivative of the hyperbolic tangent function (16)
with respect to flight-path angle to obtain
dv €16

E - coshz(czy) (20)

After substituting Eq. (16) for velocity in Eq. (19), we can equate Egs. (19) and
(20) and solve for drag acceleration to yield

—Gce,c, cOS
D 162 Y

—gsiny Q1)

ref —

(co + cytanh(c,y))cosh?(c,7)

Eq. (21) is the reference drag acceleration required to track the reference veloc-
ity defined by the hyperbolic tangent function (16). Although the substitution is not
explicitly shown here, we must use Eq. (16) to compute the term G = V?/r—g in Eq.
(21). Finally, we can substitute Egs. (16) and (21) into Eq. (7) and solve for the bal-
listic coefficient to obtain

p (co+ cltanh(czy))2 22)

2D ref P

Eq. (22) is the ballistic coefficient required to track Eq. (16). Note that Eq. (22)
relies on a model of atmospheric density p, which can be uncertain. Hence, the com-
manded ballistic coefficient can be improved by incorporating a factor that accounts
for variations in atmospheric density relative to the nominal model. Here the drag
scaling factor is K, = D/D,,;, where D is the measured drag acceleration from the
vehicle’s onboard sensors. Incorporating this scale factor into Eq. (22) yields the
commanded ballistic coefficient

Bums = =2—K,p(co + cytanh (cy7))’ (23)

2Dref

Eq. (23) requires the coefficients ¢, ¢;, and ¢, to compute the ballistic coef-
ficient command. Recall that MATLAB’s cftool was used to determine these
coefficients given the nominal aerocapture trajectories shown in Fig. 2. For the
onboard guidance design, we wish to re-fit the velocity vs. FPA profile at peri-
odic guidance updates so that the boundary conditions are satisfied. Hence, in
principle, the three unknown coefficients can be determined by solving a system
of three equations based on Eq. (16). However, the hyperbolic tangent function is
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nonlinear, which complicates an onboard updating scheme because we must solve
a system of three nonlinear equations. If we assume that c, is a predefined con-
stant, then the system will become much easier to solve. Here we use the value
of coefficient ¢, from the curve-fits of the nominal trajectories (Fig. 2). At each
guidance update, the two coefficients ¢, and ¢, are determined by the velocity
and FPA at the boundary conditions (V. ¥now) @nd (V. 7, The current states
(Viows Tnow) are known and determined by the navigation system. We select the
target states (V. 7,4, at an altitude of 80 km from the nominal numerical simula-
tion with a constant ballistic coefficient, f,,,, =350 kg/m>. Table 4 presents the
targets (Vi 7o) at 80 km altitude during a nominal ascent phase. By defining
Xnow = tanh(c,7p,y) and X, = tanh(c,y,,), we create a set of two linear equations
by evaluating Eq. (16) at the boundary conditions

Vnow =Cy + C1Xnow and vtgt =Cy + Clxtgt (24)

Coefficients ¢, and c, are updated at each guidance cycle (frequency is 1 Hz).
These coefficients (along with constant coefficient c,) are used in Eqgs. (16) and
(23) to determine the commanded ballistic coefficient.

Eq. (23) provides the commanded ballistic coefficient until the current FPA
crosses the y,, threshold (nominally at 80 km altitude). For the remainder of the
ascent trajectory (from the 80-km target state to the 125-km altitude exit state),
the commanded ballistic coefficient is a constant determined by

V

ﬁcmd = ﬁnom + tgt — VTH) (25)

-
Vlgt

where gain K; = 1.5(10°) kg/m? and Vyy, is the vehicle’s velocity when it reaches the
targeted FPAy,, (the vehicle’s flight-path angle will cross y,, during the exit phase,
but it may not necessarily do so at 80 km altitude and the targeted velocity). We
determined that a sufficiently large gain K, is needed in Eq. (25) because the tar-
geted velocity at 80 km is usually quite large (see Table 4) and the velocity error is
usually less than 5 m/s. In the best-case scenario V= Vi, at the FPA threshold and
the commanded ballistic coefficient is the nominal value (350 kg/m?) for the remain-
der of the flight to atmospheric exit. For over- and under-speed conditions, the bal-

listic coefficient is adjusted (and often saturated at its minimum or maximum value)

Table 4 Nominal Velocity
and Flight-Path Angle Targets
during Ascent (80-km Altitude)

Mars target orbit ~ Velocity V, (km/s)  Flight-path angle y,, (deg)

gt

Case la 4.748 6.46
Case 1b 4.748 6.25
Case lc 4.748 5.95
Case 2a 3.972 5.77
Case 2b 3.972 5.64
Case 2¢ 3.972 5.48
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Table 5 Predefined c,

Coefficient for the Hyperbolic Desired target orbits K

Tangent Function Case 1a _20.17
Case 1b —22.45
Case lc —23.45
Case 2a —22.85
Case 2b -23.35
Case 2c —25.21

Bail::)zfsi(l)ar)nstry State Error State Distribution Dispersion
Longitude Gaussian 36=0.05 deg
Latitude Gaussian 36=0.05 deg
Inertial velocity Gaussian 36=20 m/s
Inertial flight-path angle Gaussian 30=0.1 deg
Inertial heading angle Gaussian 36=0.05 deg

in an attempt to increase or decrease drag in this region of flight where the vehicle
has very low control authority due to the thinning atmosphere above 80 km.

5 Aerocapture Guidance Performance

Monte Carlo simulations are executed to evaluate the performance and robustness
of the guidance algorithm. Because we have six different entry scenarios (two dif-
ferent post-exit target orbits and three different entry velocities; see Tables 1 and 2),
we have six different numerically integrated reference trajectories (see Fig. 2). Thus,
we need to compute six different hyperbolic tangent coefficients ¢, using cftool and
the appropriate reference velocity vs. FPA profile. Table 5 presents the coefficient
values for all six scenarios.

The Monte Carlo simulation involves dispersions in the entry states. All entry
states (except radius) are randomly dispersed about their nominal values using zero-
mean Gaussian distributions. Table 6 presents their 3¢ dispersion values. The vehi-
cle’s actual ballistic coefficient used in the numerical simulations is equal to a lagged
value of commanded ballistic coefficient with a time constant of 0.25 s. We assume
that uncertainties in the drag coefficient, HIAD area, and mass result in a random
error in ballistic coefficient with a zero mean and 3¢ dispersion of 15%. In addition,
the maximum ballistic coefficient actuation rate is limited to 30 kg/m?-s. We assume
perfect state feedback for our guidance laws. Mars-GRAM [25] was used to gener-
ate 1000 dispersed atmospheres with density dispersions and atmospheric dust opac-
ity (dusttau) randomly varied with a uniform distribution between 0.1 and 0.9. Fig. 3
shows atmospheric density variation with altitude by presenting the ratios of 1000
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Fig. 3 Dispersed Mars-GRAM 140
density variation with altitude
120 1
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dispersed density profiles relative to the mean value. Density dispersions vary with
longitude and latitude as well as altitude [7].

5.1 Numerical Results for Case 1 (1-sol Target Orbit)

The aerocapture trajectories are generated by numerically integrating Eqgs. (1-6)
using MATLAB’s ode45 solver with a maximum step size of 0.025 s. Atmospheric
density is determined by a table look-up of the dispersed atmosphere as a function
of altitude. For each case, a 1000-run Monte Carlo simulation is conducted. Fig-
ures 4, 5 and 6 and Table 7 present simulation results for the three entry scenarios
for Case 1 (the desired target is a 33,793 X250 km 1-sol orbit). Figure 4 shows that
the inertial velocity versus flight-path angle curves for each scenario converge to the

Fig.4 Velocity vs. flight-path 75
angle for the three 1000-run Case la
Monte Carlo simulations of
Case 1 r
) 6.5
E
-
26
=3
55
5 -
4.5

-2 -10 -8 -6 -4 2 0 2 4 6 8 10
Flight-path angle, deg
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Fig.5 Altitude vs. time for the
three 1000-run Monte Carlo
simulations of Case 1

Fig. 6 Ballistic coefficient vs.
time for the three 1000-run
Monte Carlo simulations of
Case 1: a) V,=7.2 km/s, b)
Vy=6.5 km/s, ¢) V;=5.8 km/s
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Table 7 Monte Carlo Statistical Results for Case 1

Case Parameter Mean Standard deviation Minimum Maximum
la Apoapsis altitude 33,799.9 km 353.2km 33,2159 km 36,697.0 km
Total AV* 13.79 m/s 1.44 m/s 12.59 m/s 26.78 m/s
1b Apoapsis altitude 33,633.9 km 210.6 km 33,077.2 km 35,830.3 km
Total AV® 13.65 m/s 0.90 m/s 12.41 m/s 22.65 m/s
1c Apoapsis altitude 33,602.2 km 135.4 km 33,012.5 km 34,003.0 km
Total AV* 13.35 m/s 0.77 m/s 12.14 m/s 16.92 m/s

“Total AV=12.63 m/s for nominal entry
Total AV=12.44 m/s for nominal entry
‘Total AV=12.14 m/s for nominal entry

targeted atmospheric exit state. For the three 1000-run Monte Carlo trials for Case
1, the exit velocity and FPA range from 4.71 to 4.73 km/s and from 8.5 to 9.0 deg,
respectively. Figure 5 shows the altitude time histories for the three Monte Carlo
simulations. The pull-up altitudes (where FPA=0) are lowest for the high-speed
entry (Case la, average pull-up altitude is 33 km) and greatest for the low-speed
entry (Case lc, average pull-up altitude is 40 km).

Figure 6 presents the ballistic coefficient time histories for the 1-sol target orbit.
Because the closed-loop ballistic coefficient computed by Eq. (23) is too low during
the initial high-altitude entry (due to low atmospheric density), the vehicle flies with
a minimum ballistic coefficient for the first 45-70 s in the Case 1 scenarios. During
the relatively dense part of the atmosphere (roughly 50 <7<280 s, see Fig. 5), the
closed-loop guidance law (23) modulates the ballistic coefficient in order to track
the updated velocity profile determined by Eq. (16) and the target boundary condi-
tions. After the current FPA exceeds the target threshold (roughly 280 <7< 325 s),
the ballistic coefficient is governed by Eq. (25) and held constant. The commanded

Fig.7 Measured/reference
drag scaling factor D/D, vs.
time for the 1000 Monte Carlo
simulations of Case la
(Vy=17.2 km/s)

0 50 100 150 200 250 300
Time, sec
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Fig. 8 Impulsive AV for the Case 1 Monte Carlo trials: periapsis raise and apoapsis correction maneu-
vers vs. apoapsis errors (blue =Case la, green=Case 1b, red=Case Ic)
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constant ballistic coefficient during the latter part of the exit phase is less than
350 kg/m? for most of 1000 trajectories in Case 1a (high-speed entry, Fig. 6a). This
strategy brings the apoapsis altitude of the post-aerocapture orbit closer to the target
apoapsis. On the other hand, for the low-speed entry (Case lc, Fig. 6¢), the constant
ballistic coefficient is larger than the nominal value in order to decrease the drag
acceleration during that latter part of the exit phase. Therefore, this increases the
exit velocity and the apoapsis altitude of the exo-atmospheric trajectory.

Figure 7 presents the evolution of the drag scaling factor K, = [A)/Dref (for Case
la) that is used in the closed-loop ballistic coefficient control law (23). The fac-
tor K, is between 0.75 and 1.25 during the dense region of the atmospheric pass
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Fig. 11 Ballistic coefficient “'= 800
vs. time for the three 1000-run
Monte Carlo simulations of
Case 2
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(again, roughly 50< 7 < 250 s), and the smallest variation in K, occurs at 7 = 140 s
where the vehicle is near its lowest altitude (pull-up). Fig. 7 shows that the scale
factor becomes divergent as the vehicle’s FPA approaches the y,threshold (at about
80-km altitude) when ¢ > 250 s. In this region where atmospheric density is thin, the
drag acceleration D, required to track the reference velocity, Eq. (21), can become
dramatically different from an achievable drag acceleration. In cases where D,
becomes unrealistically large, K, becomes small and the ballistic coefficient satu-
rates at its lower bound as shown in Fig. 6a (¢ > 250 s). For the opposite scenario
(small D), K » becomes large. However, the value of K Y has little impact on the exit
conditions at these high altitudes because drag modulation has low control authority.
When the vehicle crosses the y,, threshold (7 > 280 s), a constant commanded bal-
listic coefficient is dictated by Eq. (25) instead of Eq. (23) and hence the scale factor
K, is no longer used. Here we only show the scale factor for Case 1a; the profiles for
K, vs. time are similar for Cases 1b and 1Ic.

Table 7 summarizes the statistical results of the three 1000-run Monte Carlo
trajectories for each entry scenario for Case 1. Mean and standard deviation val-
ues of the post-aerocapture apoapsis altitude and total AV decrease with dimin-
ishing entry velocity (see Table 2 for the three entry scenarios for Case 1). The
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Table 8 Monte Carlo Statistical Results for Case 2

Case Parameter Mean Standard deviation Minimum Maximum
2a Apoapsis altitude 3008.8 km 49.85 km 2908.0 km 3257.9 km
Total AV* 49.77 m/s 3.48 m/s 45.50 m/s 72.08 m/s
2b Apoapsis altitude 3001.3 km 26.1 km 2956.7 km 3169.6 km
Total AVP 46.74 m/s 2.09 m/s 44.57 m/s 62.45 m/s
2c Apoapsis altitude 2994.7 km 14.2 km 2959.1 km 3058.4 km
Total AV* 45.25 m/s 1.01 m/s 43.59 m/s 50.01 m/s

“Total AV=45.20 m/s for nominal entry
Total AV=44.41 m/s for nominal entry
‘Total AV=43.67 m/s for nominal entry

worst mean exoatmospheric apoapsis altitude is 33,602 km (Case 1c), which is
only 191 km below the target value. The maximum exoatmospheric apoapsis
altitude out of all three 1000-run trials is 36,697 km, which is 2904 km greater
than the target apoapsis altitude. The corresponding total AV is 26.78 m/s
for this worst case. Although the standard deviations of the post-aerocapture
apoapsis altitudes appear to be large (the greatest value is 353.2 km for Case
la), they represent less than 1% error relative to the targeted apoapsis. The sin-
gle-burn AV values for each nominal entry scenario (using f,.,, =350 kg/m?)
are 12.63 m/s, 12.44 m/s, and 12.14 m/s, for Cases la-1c, respectively. Hence,
the mean AV values shown in Table 7 are about 1.2 m/s larger than the nominal
single-burn AV values.

For comparison purposes, we removed the drag scaling factor K, = lA)/Dref in
the ballistic coefficient guidance law (23) and re-ran the Monte Carlo trials.
The mean total AV increased by as much as 12% (Case la) when compared to
the results presented in Table 7. Hence, the scale factor K, plays a critical role
in enhancing the performance of the proposed guidance algorithm.

Figure 8 shows the AV impulses for the three 1000-run Monte Carlo tri-
als for Cases la, 1b, and lc. It is clear that the majority of the total AV is
comprised of the periapsis-raise burn at the post-aerocapture apoapsis. For the
high-speed entry (Case 1a), most apoapsis-correction impulses (applied at peri-
apsis) are less than 5 m/s. For the low-speed entry (Case 1c), the apoapsis-
correct impulses become smaller compared to Case 1a.

5.2 Numerical Results for Case 2 (3000-km Apoapsis Target Orbit)

Recall that Case 2 involves an exoatmospheric target orbit with apoapsis and
periapsis altitudes of 3000 km and 250 km, respectively (this is the target orbit
used by Peng et al. [16]). Relative to Case 1, it is clear that the vehicle must
extend the duration of the atmospheric flight phase in order to deplete addi-
tional energy and achieve a lower apoapsis target. Figs. 9, 10 and 11 show the
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trajectories from the three 1000-run Monte Carlo simulations for Case 2. Fig. 9
shows that all trials converge to the same targeted exit states (exit velocity is
between 3.94 and 3.98 km/s, while exit FPA is between 6.39 and 6.80 deg).
Figure 10 shows that the vehicle’s pull-up altitude for Case 2 is lower compared
to Case 1; this phenomenon is required to dissipate additional energy before
atmospheric exit. Figure 11 shows that the ballistic coefficient modulation fol-
lows a time-history profile that is similar to the profiles in Case 1 (Fig. 6). The
exception is that the constant-f values for the exit phase above 80-km exhibits
little change with entry velocity when compared to Fig. 6.

Table 8 presents the Monte Carlo statistics for Case 2. The single-impulse
AV values for the nominal entry scenarios (with constant #=350 kg/m?) are
45.20 m/s, 44.41 m/s, and 43.67 m/s for Cases 2a, 2b, and 2c, respectively.
Table 8 shows that the mean total AV value for the high-speed Monte Carlo
simulation (Case 2a) is 5 m/s greater than the nominal value; the two other
mean total AV values are only about 2 m/s greater than the corresponding nom-
inal aerocapture maneuvers. Table 8 also shows that the guidance algorithm is
able to reliably deliver the vehicle to the targeted apoapsis altitude with devia-
tions that are much smaller than those reported in Ref 16. Tables 7 and 8 show
that the aerocapture guidance exhibits better performance for the low-speed
entry trials, Cases 1c and 2c.

Figure 12 shows the impulsive AV values for the periapsis-raise and apoap-
sis-correction maneuvers. Similar to the Case 1 trials, the majority of the total
AV occurs at apoapsis for the periapsis-raise maneuver, and the magnitude of
the apoapsis-correction impulse decreases with diminishing entry velocity.

6 Conclusions

A new analytical predictor-corrector guidance system has been developed for
a ballistic Mars aerocapture maneuver. This guidance scheme employs a drag-
modulation law to track a velocity profile that is analytically defined by a
hyperbolic tangent function of flight-path angle. Our guidance design periodi-
cally updates the reference velocity profile by re-fitting the hyperbolic tangent
function to the vehicle’s current and target states. This feedback scheme reli-
ably produces the correct atmospheric exit states so that the exoatmospheric
phase achieves the target apoapsis altitude. Another key feature of the drag-
modulation guidance law is the inclusion of a factor comprised of the ratio of
measured and modeled atmospheric drag. This drag scaling factor is essential
for robust performance in the presence of Mars’ uncertain atmospheric density.
The proposed guidance system is successfully demonstrated by Monte Carlo
simulations with dispersions in the entry state, density model, and ballistic
coefficient. The simulation results reveal that the proposed guidance design is
a robust algorithm that provides near-optimal performance in terms of post-exit
impulsive AV required to establish the desired target orbit.
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