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Abstract

A control logic is presented for use in a bank reversal guidance algorithm for
aerocapture at Mars. Bank angle magnitude is used to control apoapsis altitude, and bank
reversals are used to control inclination angle. Bank reversals are cornmanded when the
inclination deviation from a reference exceeds a preset limit and the current direction would

increase the deviation. A method for determining bank reversal boundaries is presented.

Additionally, a guidance law is developed to determine the best bank direction (through full

lift up or full Lift down) for each bank reversal to maximize the periapsis altitude of the final
orblt. The advantage of the maximum periapsis altitude is the lower velocity change required
to c1rculanze the orbit. Another advantage is the reduced decay rate of the resulting orbit
‘that increases mission safety in the event that the periapsis raise maneuver cannot be
immediately performed.

For application to a complete numerical simulation, an angular motlon model is also
developed. This model is used to simulate rigid body rotations, with finite anorular rates and
accelerations, without solving the rotational equations of motion. This algorithm is included
in a three degree-of-freedom simulation to approximate the behav10r of a six degree-of-
freedom simulation.

These developments are brought together with a bank reversal guidance algorithm to
create a complete aerocapture simulation. The control logic is tested for robustness and
effectiveness. The results show that the control law is easily applicable to an aerocapture

problem, and does increase the final periapsis altitude over other control methods.
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1 Introduction
the National Aeronautics and Space Administration (NASA), and space agencies around the

The exploration of Mars continues to be a high priority for the scientific community,
World.  As the missions to Mars become more massive and more complex, advanced

|

technologies and new approaches must be utilized to assure the success and contain the costs
of the entire Mars program. When the time comes to send humans to the red planet,
will most certainly be required to make such an ambitious mission

1.1 Background of Aeroassist Maneuvers
Aeroassist maneuvers are any in which a spacecraft travels through the atmosphere of

a planet for the purpose of using the forces created by the atmosphere acting on the body for
some net gain. ‘The ‘chronicle of Mars aeroassist began with the Viking mussions of 1976,
when each of the two landers left parking orbits and entered the atmospherze. The resulting
drag exerted onto the landers helped slow them to a speed for a safe parachute depioyment
and soft landing (Reference 1). In 1997, the Mérs Pathfinder mission employed a similar
technique by performing a direct entry into the atmosphere from a hyperbolic arrival
trajectory. This eliminated the requirement of a propuléive (using chemical rockets) velocity
change (AV) to slow the spacecraft enough to be captured into a pé.rking orbit (Reference 2).
Aeroassist maneuvers for orbiting spacecraft at Mars were first demonstrated by Mars

Global Surveyor (MGS) in 1997. Upon arrival at Mars, a propulsive AV was performed to

change the MGS orbit from hyperbolic to elliptic. Once captured into a Mars orbit, the

spacecraft passed through the upper atmosphere riear the periapsis of eéich orbit. The drag
exerted on the spacecraft removed some orbital energy and reduced the eccentricity of the

orbit during each pass. This aerobraking was continued until the desired circular parking
orbit W_a.é achieved, greatly reducing the amount of fuel that would have otherwise been

required for the same orbit (Reference 3).

Acrocapture is a combination of both direct entry and aerobraking that has not yet
been demonstrated, but has potential for additional fuel mass savings for future missions. In

this maneuvér, a spacecraft would enter the atmosphere directly from the hyperbolic arrival



trajectory. Instead of becoming completely captured in the atmosphere and continuing down
to the surface as in direct entry, the spacecraft would exit the atmosphere again similar to
aerobraking. The goal is to use atmospheric drag to remove enough energy that when the
spacecraft exits the atmosphere it will be in the desired elliptic orbit. A small propulsive AV
would then be performed at apoapsis to raise the periapsis out of the atmosphere or

circularize the orbit.

1.2 Spacecraft Guidance Routines

Any -unpilofed vehicle at Mars requires an autonomous guidance algorithm to
accurately reach a targeted final state at the end of a trajectory. In the case of Mars
exploration, this includes precision landing at a predetermined site, or achieving the desired
orbit following aerocapture. The guidance algorithm commands changes to the vehicle
orientation to assure that the taroet state is reached. The guidance system collects
information about the current state of the vehicle from the navigation system and sends
commands to the control system. .

For aeroassist maneuvers, guidance algorithms make use of the aerodynamic forces
exerted onto the vehicle. In nonballistic trajectories, these forces may be represented by
orthogonal vectors lift and drag (assuming the spacecraft produces no net sideforce). By
changing the relative orientation of the vehicle, the direction of these force vectors may be
adjusted to alter the motion of the spacecraft to modify the trajectory. For aerocapture, drag
is essential to removing orbital energy while lift becomes the major control force for
targeting the desired exit state.

Many different approaches to the guidance prbblem have been studied and

 demonstrated to work for a variety of aeroassist maneuvers. ‘One such method is a numerical

predlctor-corrector This algorithm contains the essential models (veh;cle, gravity, and-
atmospheric) on board the spacecraft to numerically integrate the equations of motion in real
time and predict the remaining portion of the trajectory. Comparisons are then made with the

target state, and control commands are sent to correct any error. This approach has the
advantage of being very robust, but can be complicated and computationally expensive

(Reference 4).
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Another type of guidance algorithm uses a predetermined nominal trajectory as a
reference to target a desired final state. Control forces may be used to attempt to return to the
target when off nominal conditions cause deviations. An example of this is the guidance
algorithm used for Earth reentry of the Apollo missions. Many derivatives of the Apolio
algorithm exist, including aerocapture versions. Terminal control theory is used to target the
final state upon atmospheric exit. The advantage of the Apollo derived method is its relative
simplicity, however the results are heavily dependent on the selection of the reference

nomunal trajectory (Reference 5).

1.3 Application of Guid_ance to Aerocapture '

A proven robust method for Martian aerocapture guidance is a bank reversal
algorithm (Reference 5). This approach controls the spacecraft orientation about a singlé
axis. For this study it is assumed that the aerodynamic moments on the vehicle balance such
that the angle of attack (o) and sideslip angle (B) are constant. This leaves bank angle (¢) as
the control parameter. Because bank angle is measured about the velocity vector, and the lift
vector is perpendicular to the velocity vector, changing bank angle results in a change in the
lift vector direction. Bank changes may be achieved with onboard reaction jets, reaction
wheel, or some other method.

Targeting to a desired final orbit during an aerocapture maneuver means achieving
certain predetermined orbital parameters upon atmospheric exit. Given bank control only, it
is possible to target apoapsis altitude (h,) and inclination angle (i) of the resulﬁn_g orbit. .For

any bank angle, the lift vector may be divided into a component along the position vector

measured from the center of the planet to the vehicle (“vertical”) and orthogonal to both the

position vector and the velocity vector '(“ou:t of plane”). The magnitude of the vertical

component affects apoapsis altitude, while the magnitude of the out of plane componenf

affects inclination angle. The apoapsis altitude is a reflection of the orbital energy. For a

given.initial flight path angle, the vertical component of lift controls how deep the vehicle |

will go into the atmosphere, in turn affeéting how much drag is exerted (and how much
ergy is rem ) mp f

energy is removed). The out of plane component of lift changes inclination by rotating the

angular momentum vector.
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The bank reversal scheme focuses on commanding changes in the bank angle to
adjust the vertical component of lift for targeting the apoapsis. The out of plane component
of lift then causes the vehicle to drift from the desired inclination angle. When the deviation
becomes too great, a bank reversal is performed. By reversing the sign of the bank angle the
out of plane component points in the opposite direction, resulting in a reduction of the
inclination angle deviation, while the vertical component remains unchanged. By defining an
inclination angle corridor, the deviations at which bank reversals are performed gradually
reduce over the length of the trajectory such that the final deviation in inclination angle
becomes acceptable.

Any control actuation for vehicle orientation will have a limit on the angular
acceleration. Many control systems also have a rate limits. Both rate and acceleration limits
are included in the bank angle control used in this study. The conclusions remain the same if
the rate limit constraint is lifted. . |

With these constraints, a bank reversal will take some finite time during which the lift
vector will not be pointed in the nominal direction. While the vertical component of Lft is
mainly used to control the final apoapsis altitude, it also has an affect on the periapsis altitude
(hp). Because the final periapsis altitude following aerocapture can never be abbve the
atmosphere, a propulsive AV must be performed at the first apoapsis. To minimize the
required AV for minimum fuel requirements, it is desirable to maximize the final periapsis
altitude. While performing a bank reversal there are two options for which direction to bank,
through zero degrees (“lift up”) or through 180 degrees (“lift down™”). The final periapsis
altitude may be increased by simple banking differenf directions during certain portions of
the trajeétory. |

-An: additional advantage of a higher periapsis relates to mission robustnéss. For

example, if a malfunction caused the circularization burn not to execute following

aerocapture, a higher periapsis altitude reduces the orbit decay rate. If the periapsis is high
enough, several orbits may be survivable, allowing several more chances at circularization.
A safe periapsis altitude is unique to each mission depending on vehicle and mission design
as well as robustness criteria. However, it is doubtful that such a high periapsis altitude can

be achieved with aeromaneuvering alone.
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2 Angular Motion Simulation

Trajectory simulations are performed by numerically integrating the equations of
motion with respect to time. A six degree-of-freedom (6-DOF) simulation integrates both the
translational .and rotational equations, while a three degree-of-freedom (3-DOF) simulation
integrates the translational equations only. It is less comﬁ)utationally expensive to perform a
3-DOF simulation than a 6-DOF simulation due to the reduced number of equations to be
integrated. Because the assumption is made in this study that the angle of attack and sideslip
angle will remain constant, it is not necessary to evaluate the rotational equations in the
simulations. A 3-DOF simulation can be used to demonstrate the methods, while a 6-DOF
simulation could be used for final verification. The remaining rotational parameter, bank

angle, is commanded rather than solved for. Therefore, only a 3-DOF simulation is

performed for this study.

The relative vehicle orientation is important in determining the correct aerodyné.mic
coefficients and the direction of the fofces action on the vehicle. The bank angle is assumed
to be controlled by the reaction control system (RCS) and subject to finite maximum rates
and accelerations. Simply commanding a new bank angle in a 3-DOF simulation will result
in instantaneous bank angle changes. While this assumption provides advantages for
analytical analysis, it is not ~r'ep.resentative of actual vehicle motions. A bank dynamics
model may be included in the simulation to limit the bank rate and acceleration to preset
values. This has the effect of including realistic angular motion to a 3-DOF simulation

without adding much computational complexity.

21 Method Development

The model controls the bank angle provided to the rest of the simulatioﬁ, but does not
simply set the bank angle to the command angle. Instead, the bank acceleration is
commanded and a new bank angle and bank rate are calculated from the acceleration.
Because the simulation is solved over discrete time steps, the correct acceleration cannot be
calculated directly from the continuous time rotational motion equations. It is assumed that
the bank acceleration is constant throughout one time step and may be instantaneously

changed from one time step to the next.
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When a bank change command is given, rotation toward the command angle 1s started
by setting the acceleration to the maximum allowable value in the proper direction. This
acceleration is held constant until the maximum allowable bank rate is reached or the
command angle changes. Setting the acceleration to zero at any time will result in the bank
angle continuing to change at a constant rate.

The discrete time steps cause difficulties in properly commanding a deceleration to
stop at the commanded bank ‘angle without overshooting. To set the cormrect deceleration
command, the bank angle through which the vehicle would travel before reaching zero bank |
rate (stopping), given the maximum deceleration, is constantly monitored. The stopping
angle is then calculated as the current bank angle plus the stopping distance. Because of the
discrete time steps, this is always done one time step in advance to prevent an overshoot of
the commanded bank angle. For example, if the maximum acceleration is commanded, to be
held constant, the final bank'angle may stop short of the command bank angle. But if the
maximum acceleration is commanded one time step later, it may overshoot. Therefore, the
stopping angle is predicted in each time step if the maximum acceleration were commanded
starting one time step later.

An illustration how the discrete time motion compares to continuous time motion is

shown in Figure 2.1.

80 . . : ;
C
2 60 L ~—— Continuous Time M otion
@ ~—4— Descrete Time Motion
> a0 L — - Stopping Prediction i
< i
4
o L .
S 20
m
0 ! : 1
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® ———4
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é L \ _______

©
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Figufe 2.1: Bank Dynamics Model Compared to Continuous Time Motion
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Figure 2.1 illustrates the motion for a 60 degree bank change command (1ssued at
time=2 sec) with a maximum bank rate of 3.5 deg/sec and a maximum bank acceleration of
1 deg/sec’. Each time interval is 1 sec in length. Because the continuous time accelerations
change in between time steps, the dynamics model must calculate accelerations one mterval
in advance. It can be seen ‘how the deceleration to the command angle begins early to
prevent an overshoot, and the deceleration rate is adjusted to meet the command angle. The
dotted lines represent how the stopping angle is continuously monitored throughout the
motion. |

The predicted stopping distance is found from the following constant acceleration

rotational motion equations:

le+80)-9()= 0o + 2 e
Jo+0)-d0)=gn ()
Because stopping is defined by bank rate reducing to zero, the change in bank rate is
simple the opposite of the current bank rate (Ag = ~¢). By solving Equation 2.2 for At and

substituting the result into Equation 2.1, the stopping distance is found to be:

Ag = sign[gzi(r)]g.—(’) (2.3)

To project one time step ahead, assuming no change in the acceleration, Equations 2.1
and 2.2 are used where the time interval is equal to the duration of a single time step
(At=dt). The stopping angle, given a maximum deceleration beginning one time step later,

is then predicted by:

B =40+ 90+ 0 + signlf)+ 4] <">+¢¢<f>df @4

If this predicted stoppmo ancrle overshoots the command angle, then the max1mumv

bank deceleratlon is commanded. Because the prediction was made one time step in
advance, commanding the maximum deceleration in the current time step (to be held constant
until the rate reaches zero) will insure an undershoot. If the bank command changes then the

aeceleration is caleulate based on the new command angle,

culate

<

A tolerance margin is assumed near the commanded bank angle within which the

prediction is not needed. This margin is the distance that could be traveled in a single time

7
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step, starting from rest, for a maximum acceleration. It is calculated by Equation?2.1 -

assuming the bank rate is zero (¢ = 0) and the time interval is equal to the duration of one

time step (At = dt).

Once the deceleration has begun, the stopping angle is still constantly monitored to
calculate adjustments to the deceleration rate for convergence to the command angle. The
maximum deceleration is commanded whenever the predicted stopping angle overshoots the
commanded angle. If the stopping angle is predicted to undershoot the command angle, then
the deceleration command is reducéd such that a zero bank rate should be achieved at the
commanded bank angle  The non-maximum deceleration rate is found by solving

Equation 2.2 for At, substltutlng it into Equatlon 2.1 and solving for the deceleration. The

resulting equatlon is as follows

50
or = 204, —4(t)] @3

For all other cases, the bank acceleration is calculated as follows:

o —Bl0) o
Pom = & (2.6)

2.2 Flow of Bank Dynamics Model

It is assumed that the bank angle will be considered between —180 and +180 degrees
only. All angles calculated outside these limits are adjusted by multiples (if necessary) of
360 degrees such that they will remain within the bounds.

A flow chart of the model is provided in Appendix A. The bank dynamics model first
calculates the predicted stopping angle and the tolerance margin by Equation 2.4 and A
Equation 2.1 respectively. Next, the required bank angle change is calculated. The general
method is to calculate the difference between the current bank angle and the commanded
bank angle as follows:

54 = 4., —4(1) 2.7)

Equation 2.7 is modified to account for the desired bank direction. This is done by
adding or subtracting 360 degrees depending on the sign of the bank angle change and

desired direction. In the case where the bank angle is close to the command bank angle
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(within 5 degrees for example) the commanded direction is ignored and Equation 2.7 is used
in its unchanged form for preventing overshoots caused by command angle changes.
Next, the desired bank rate is calculated by dividing Equation 2.7 by one time

interval (dt). The equation is as follows:.

; _99
¢m-dr (2.8)

This is the equivalent of attempting to reach the commanded bank angle in a single time step.
The commanded rate is then limited such that it does not exceed the maximum allowable
rate. \

Next, the predictéd stopping angle is monitored for an overshoot. To check for a
predicted ovérshoot is complicated due to the +180 degree discontinuity. If it indicates an
overshoot, and the command angle has not changed, the deceleration rate is calculated.

The commanded acceleration rate 1s calculated by Equation2.6 unless the
deceleration has begun. Notice that this, similar to the rate equation, is equivalent to
attempting to reach the commanded rate in a single time step. It too is limited such that it
will not exceed the maximum allowable value set by the user. If the deceleration has started
and the predicted stopping angle overshoots the comman.d angle, then an acceleration rate 18
commanded to begin stopping the motion using Equation 2.6 where the command rate is zero

(;zic,n: 0). Otherwise, if the deceleration has started and the predicted stopping angle

undershoots the command angle, then a smaller acceleration rate is commanded using
Equation 2.5. Similar to the adjustment made to the rate command, this equation is mo‘diﬁed
to account for the +180 degree discontinuity and is as fo-llows: 7
" .
B = ;;%9 . @9)
where the angle difference of the denominator is gi\)en by 'Equation 2.7 and has already been

modified.

Once the acceleration command is calculated and limited, the new bank angle is

calculated by Equation 2.1. Finally the new bank rate is calculated by Equation 2.2. In both

 cases, the time interval is equal to the duration of one time step (At = dt).
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2.3 Application to Simulation

When the bank dynamics model is included in the aerocapture simulation, the effects
are most noticeable when bank reversals are performed. When the guidance algorithm is
comrﬁanding slight adjustments to the bank angle to account for deviations from the nominal
trajectory, the motions are small enough that the rates rarely reach the allowable limits. For
bank reversals, however, large angular distances are traversed and it becomes apparent that
the motion resembles the results of solving the rotational equations.

Before including the bank dynamics | rﬁodel into the simulation it was tested to
identify and resolve any unexpected behavior. A series of bank angle commands were tested
for various bank direction commands, and the angle was monitored for overshoots and how
closely it followed the commands. This was performed for assorted rate and acceleration

limits. A sample test case is shown in Figure 2.2.
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Figure 2.2: Sample Bank Dynamic Model Test Case
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3 Simulation Development

- To develop, analyze, and evaluate the guidance algorithm bank reversal control logic,
an existing, universal, computer based simulation was utilized. The Program to Optimize
Simulated Trajectories (POST) is used to solve the general equations of motion to generate
vehicle trajectories near an arbitrary, oblate planet. Propuisive aerodynamic, and
gravitational forces acting on the vehicle are included depending on the specific simulation.
Thy ve’*uv is considered as a point mass for 3-DOF simulations. A targeting and

optimization routine may be employed to determine the value of any number of independent

parameters needed to meet certain constraints (Reference 6).

3.1 POST General Simulation Solutions

It is possible to solve a wide range of very complicated problems using POST due to
flexibility in input structure.  Problem specific information may be input in a variety of
different reference frames and the program will internally convert everything into a common’
reference frame.  For example, vehicle characteristics .hke orientation,- aerodynamic
coefficients, and propulsive forces may be input in a body fixed coordinate frame. All
reference frame dependent data is converted to a planet centered inertial frame in which the
equations of motion are integrated.

The translational equations of motion in the inertial coordinate system are directly
derived from Newton’s second law of motion. These equations, from Reference 6, are as

follows:
F=V o (3.1)

V=BG, +a,)+z (3.2)

where the thrust acceleration and the aerodynamic acceleration are represented in the body

frame, and IB is a transformation matrix from the inertial frame to the body frame.

The equations of motion represent the basic dynamics universal to every POST
simulation. Problem specific information altere these equations by different position and
velocity initial conditions and” thro 1gh different acceleration values. The POST input
structure provides a means for this information to be collected by the dynamics solver. The

tflow of the complete POST simulation solution is represented in Figure 3.1 (Reference 7).
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Figure 3.1: Flow Diagram of POST 3-DOF Simulation (Reference 7)

The bank angle control variable is provided to the simulation, but is not directly
included in the integration. Tt is included indirectly, however, by influencing the direction of

the aerodynamic forces. All of the supporting models define a unique simulation.

3.2 Mars Aerocapture Specific Simulation Input

For this study, the current reference human mission architecture is used to develop the
simulation. The simulation then is built upon realistic data of a potential vehicle and
mission.  Architecture information and vehicle data are obtained from Reference 8 and
Reference 9, including arrival conditions such as positfon and velocity relative to a Mars
centered inertial coordinate system. Detailed aerodynamic coefficients (Reference 10)
dependent upon Mach number (M), angle of attack (o), and sideslip angle (B) are used for
aerodynamic force calculations.

The’ Mars version of 3-DOF POST contains specific Mars gravity and atmospheric

information and is used for the simulation solutions. The production version contains options

for existing atmospheric and gravitational models. The Mars gravity model used for this
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study consists of the gravitational parameter (W) and tt}e second zonal harmonic coefficient
(I2) to account for planet oblateness. FEquatorial and polar radii are input as well for
calculating geodetic parameters. Also, the rotation rate (Q) of the planet is included for
transformations to a surface fixed reference frame needed for calculations dependent on
vehicle longitude and latitude. These data are obtained from Reference 11.

The atmospheric model used is the Mars Global Reference Atmospheric Model
(Mars-GRAM). Mars-GRAM is a commonly used model for Mars trajectory simulations
using POST. It is derived from data collected by the Mariner and Viking missions. Local
and seasonal variations are accounted for: therefore the data is dependent on longitude,
latitude, and time (Reference 1.2). An arrival date of the first of July, 2014, corresponding to
the first opportunity for the reference human mission (Reference 8), 1s used: A
representation of the vehicle aerodynamic characteristics is shown in Figure 5.2. The

significant information needed to create this specific simulation is provided in Table 3.1.
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Figure 3.2: Illustration of Vehicle Aerodynamic Chamcteri&tics
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Table 3.1: Reference Mars Mission Specific Simulation Data

Equatorial Radius e 3,393.94 km
Polar Radius Tpolar 3,376.78 km

'| Gravitational Parameter 1 4.28282868534¢e13 m/sec’
Rotation Rate Q 7.088218e-5 rad/sec
Second Zonal Harmonic Ja ~1.9595e-3 ~
Arrival Julian Date JD 2456839.5 yr
Vehicle Mass m 85,000 kg
Reference Area ' Srer _ 84.3 m*
Reference Length Lref 23.0 m
Lift to Drag Ratio L/D 0.5126 ~
Angle of Attack ‘ o 45.0 deg
Sideslip Angle B 0.0 : deg
Entry Velocity \% 5900 m/s
Entry Longitude Long 0.0 deg
Entry Latitude Lat -15.15 deg
Entry Altitude h 129,000 m
Maximum Mach Number M 34 L~
Minimum Mach Number M 16 ~

The prehmmary nature of a human mission to Mars and the associated data, is not a

_ factor in the overall results of this study. The results examined here seek to define and

document general trends that may be encountered in any Mars aerocapture maneuver.
Discovery of these trends fits with the advanced concepts sure to be exploited in a human
mission. The use of this data adds to the legitimacy of the simulation. To verify that no
sromﬁcant errors have been made in the generation of the essential elernents of the basic
simulation, the results have been compared with those provided in Reference 9. Because
minimum data is included in Reference 9, general comparisons were made between the

trajectories and similar trends were observed.
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4  Bank Reversal Control Logic

Bank reversal céntrol logic is commonly applied to aeroassist problems because it
provides control for two dependent parameters (inclination and apoapsis altifude) through
one independent parameter, bank angle. This requires the spacecraft control system to
monitor and control the vehicle orientation about a single axis only, while the orientation
about the remaining two axes stays constant. Control of an aerodynamic angle, such as bank
angle, considers the relétive orientation of fhe body-fixed stability axes. Lift produced by the
vehicle can be used as the control force for precision targeting. The proposed ellipsied
configuration for the reference human mission is a relatively high lift to drag ratio (I/D)
configuration compared to previous atmospheric entry vehicles (Reference 9). This provides
adequate control authority for precision targeting.

The aerodynamic forces acting on the vehicle considered in this study are depicted in
Figure 4.1. Note that the illustrated flight path angle (y) represents a negative value. The
vehicle configuration and mass distribution is designed such that the aerodynamic moments
balance to a constant angle of attack providing the desired I/D. The drag force removes
kinetic energy by acting opposite the relative velocity vector. The magnitude of the drag

force is strongly dependent on the density (p) of the atmosphere, which is primarily a

- function of altitude. The vertical component of the lift vector is used to control the

magnitude of the drag force by controlling how deep into the atmosphere the vehicle will fly.

Longitudinal
Body Axis

~

Lift Force

Drag Force

o Local Horizontal
o \"Y SSee : l g

Relative Atmosphert

Velocity

Figure 4.1: Aerodynamic Forces Acting on High L/D Vehicle
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Bank angle is measured about the x-axis of the stability coordinate system. In this
system, the x-axis coincides with the velocity vector; therefore a change in bank angle has no
direct influence on the direction of the velocity or drag vectors. A transformation matrix
from the body fixed stability axes to a local vertical local horizontal (LVLH) system is used
to find the components of the lift force. Both the flight path angle (y) and bank angle (¢)
must be considered.

The out of plane force component is the portion of the lift force not contained in the
orbital plane and as a result causes the inclination angle to change. The magnitude of the out
of plane force component is not directly available to the control system as an independent
parameter becaﬁse the bank angle is controlled to adjust the vertical component for apoapsis
targeting. However the sign of the bank angle may be independently controlled to change the

direction of the out of plane force component for inclination targeting.

4.1 Aerocapture Simulation Boundary Condition Definition

The initial state of the vehicle strongly influences the bank angle profile needed to
reach the desired final state. The initial flight path angle (y) defines the vertical component
of the initial velocity vector and affects the altitude of closest -approach. For a vgiven
longitude and latitude the initial azimuth angle (a,) deﬁnes the initial inclination of the orbit.
If no out of plane force is applied to the vehicle, the inclination will remain nearly constant
throughout the trajectory except for small drifts toward smaller inclination angles due to
rotation of the planet atmosphere (Reference 5).

These two independent irﬁtial parameters are studied to define a range of values in
which the desired trajectory may be flown. The smallest and largest initial flight path angles
poss1ble with the control authority to st111 target the desired apoap51s altitude,” define the
entry corridor. If zero bank angle is held constant throughout the trajectory (full lift up), the
initial flight path angle must be steep to target apoapsis. Conversely, if a bank angle of 180
degrees (full lift down) is held constant, the initial flight path angle must be shallower to
target the same apoapsis altitude. Likewise, an initial azimuth angle must be chosen to
account for the inchnatid drift produced by out of plane forces.

A diagram of a general approach and aerocapture trajectory is shown in F igure 4.2.
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Figure 4.2: Diagram of General Aerocapture Trajectory

Initial conditions are defined at the edge of the sensible atmosphere (h = 190 km).
The simulation calculates the trajectory between atmospheric entry and exit. The orbital
elements at atmospheric exit may be used to propagate the final orbit. A target exit apoapsis
altitude of 600 km and inclination angle of 45 degrees is chosen for this study.

To define the entry corridor, a constant lift up or lift down orientation is specified,
and the initial flight path and azimuth angles are varied until rhé final apoapsis and
inclination targets are reached. To expedite this process, the targeting/optimization feature of
POST was used. The projected gradient method included in POST will vary a set of
independent control parameters from an initial guess until a set of dependent constraints are
met. A complete description of this process is available in Reference 6. This feature has
been used extensively throughout this study for iterating on independent input parameters to
find trajectories with the desired resilts. ,

In this case, the control parameters are initial inclination and azimuth angles, while
the constraints are that the final apoapsis altitude and inclination angle must be within a
specified tolerance of the target values. Because apoapsis altitude is not defined for the non-
elliptic portions of the trajectory, it may not be used directly as a constraint. Instead, the
constraint is defined as either orbital energy or apoapsis altitude depending on the orbit type.
This defines the apoapsis altitude as an equality constraint.during the elliptic portion of the
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trajectory, and the energy as an inequality constraint everywhere else in the trajectory to
drive the energy toward that of an elliptic orbit. Once the boundary conditions of the initial

values are defined, average values may be used to develop the reference nominal trajectories.

4.2 Definition of Bank Reversal Boundaries

For trajectories in which a out of plane force is produced, the direction of the force
must be changed to offset the induced inclination drift. As a reference, a ballistic entry
trajectory (zero lift) was simulated. The initial azimuth angle was chosen to meet the target
inclination, and the history of the inclination angle throughout the trajectory was recorded.
As expected, a drift of about one degree toward lower inclination was present. This
reference was used to monitor inclination drift from nominal caused by the out of plane force
component of lift.

A nominal bank angle of 90 degrees was chosen for this study. It was found that the
final peﬁapsis altitude is very sensitive to the magnitude and direction of the vertical
component of lift. By choosing a nominal orientation with no vertical component, it is
assured that the bank reversals performed in the trade studies have the only affect on final
periapsis altitude and not the selection of a nominal angle. Because this orientation produces
so much lift in the out of plane direction, the vehicle will diverge from the reference
inclination rapidly. When the deviation between the inclination angle and the reference
inclination angle becomes too large, a bank reversal is performed. By reversing the direction
of the out of plane force, the inclination will then COnverg.e back toward the reference angle.

The direction the inclination angle changes due to the direction of the out of plane
force is dependent on whether the vehicle is ascending or descending in the orbit. The initial
state used in this study describes the ascending portion of the orbit. For all simulations, a
positive bank angle producing an out of plane force will result in decreasing the inclination
angle, while a negative bank angle will cause the inclination angle to increase.

The initial bank angle in all simulations performed in this study is positive. Three
reversal scenarios where examined to determine which yielded the highest final periapsis
altitude. Inclination boundaries were defined to simulate trajectories containing one, two,

and three bank reversals.
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4.2.1 One Bank Reversal

The simplest trajectory examined requires only a single bank reversal. The reference
inclination history 4s included in the simulation to be used in calculations. The POST
targeting feature is provided with the final apoapsis altitude and inclination as constraints.
The initial azimuth angle is the same as that in the reference ballistic trajectory, and the
control parameters are the initial flight path angle and the time of fhe bank angle reversal.

The bank angle is held constant at 90 degrees until the deviation between the
inclination angle and the reference inclination (Ai) reaches some value, and then the bank
angle is switched to ~90 degrees. The magnitude of the maximum allowable deviation is
chosen by the targeting routine to meet the final inclination constraint. A history of key

parameters for this trajectory is shown in F igure 4.3.
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Figure 4.3: Single Bank Reversal Referénce Trajectory

Notice that the bank angle instantaneously switches sign. Throughout this study,

simulations allowing instantaneous bank angle changes have been continuously referred to as
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a reference for those using the realistic bank dynamics. Figure 4.3 represents one of the

many reference trajectories.

4.2.2 Two Bank Reversals

The simulation of a trajectory containing two bank reversals is similar to that for a
single reversal. The targeting routine is used to iterate the magnitude of the inclination
deviation at the first reversal to reach the final inclination. The magnitude of the inclination
deviation at the second reversal is defined as a ratio of the inclination deviation at the first
revervsalv

For example, the inclination will deviate from the nominal until the magnitude of the

deviation reaches the value calculated by the targeting routine. A reversal will be performed,

“and the inclination angle will return toward the nominal angle. The deviation will decrease

until the inclination crosses the nominal. The magnitude of the deviation is allowed to
increase from there until is reaches a value equal to a multiple of the first maximum deviation
value. Following the second reversal, the inclination deviation will decrease to zero at the
termination of the trajectory. The deviation ratio is defined by the user for trade studies and
iterations. |

Because the nominal bank angle is 90 degrees, and the reversals are performed
instantaneously, the selection of the deviation ratio has little affect on the final state in terms
of periapsis altitude. The affects of bank reversals on periapsis altitude become more
noticeable as the simulation becomes more realistic.

A history of key parameters for this trajectory is shown in Figure 4.4.
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Figure 4.4: Double Bank Reversal Reference T rajectory

4.2.3 Three Bank Reversals

The simulation of the three-bank-reversal trajectory is an extension of the previous
one for two reversals. For this case, a second inclination deviation ratio is defined as that of
the second inclination deviation limit to that of the third. A history of key parameters for this

trajectory is shown in Figure 4.5. , |
Comparisons between Figures 4.3, 4.4, and 4.5 show very little difference in the final

periapsis altitude. This is to be expected since no vertical component of lift is present in any
of the trajectories. Therefore the periapsis altitude cannot be controlled. It is expected that
the final periapsis altitude be nearly the same as the altitude of closest approach. For a flyby

of a planet where no atmosphere is encountered, this would be true. However, atmospheric

drag has the effect of reducing the periapsis altitude as well as the apoapsis altitude. The

goal of using a reversal direction control logic is to counter that trend or even reverse it.
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By studying bank reversals in terms of deviation magnitudes and ratios, complete

control is assured over exactly when those reversals take place. This is ideal for defining
nominal trajectories, but becomes too complicated for realistic off nominal applications.
With the ideal reversal scenarios defined, polynomials may be fit through the points where
reversals occur. The lines will then define a set of boundaries converging toward the target
inclination angle. These boundaries are included in the guidance algorithm. Whenever the

inclination exceeds one of the limits, a reversal is commanded.
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Figure 4.5: Triple Bank Reversal Reference Trajectory

Each of the three reversal scenarios was repeated with realistic bank dynamics once a
reversal direction logic was defined. This allowed for the selection of a scenario and
inclination deviation ratios to maximize the periapsis altitude. A discussion of this is

provided in Section 5.3.1.

VN
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5 Bank Direction Control Logic

Employing the bank reversal control method to an aerocapture problem presents
another option for a control strategy that may be exploited with minimal added complexity to
the controller. Because a nominal bank angle of 90 degrees is assumed, a bank reversal
always requires a roll through 180 degrees of rotation. Bank direction is examined here
because it has significant affect on the final state of the vehicle, but requires the same level of
complexity and RCS propellant. .

A general observation that flying full lit down at the end of the trajectory can
increase the periapsis altitude has ‘lbe‘en documented. This is achieved by reducing the flight
path angle at afméspheric exit (Reference 5). The same trend was observed in thé
simulations conducted for this study. The objectivé then becomes to identify the affects of
lift up and lift down forces, applied at different points in the trajectory, on the final periapsis

location given the same apoapsis target. -

5.1 Bank Direction Trade Study

The initial approach to identifying a trend was to simulate a trajectory with a single
bank reversal similar to that discussed in Section 4.2.1. However, this time the angular
motion model was included to simulate realistic bank dynamics. The POST targeting routine
was configured to target the final inclination angle and apoapsis altifude while controlling the
initial flight path and azimuth angles. This provided appropriate targeting while leaving the
bank direction and reversal location available for user specification. '

A series of trajectories were simulated for bank reversals at various points in the
trajectory. At each reversal location, the bank switch'was executed by rolling thé lift vector
both lift 1ip (through 0 degrees) and lift down (through 180 degrees). In every case, the final -
state reaches the same apoapsis and inclination. An example of one trajectory with a lift up
roll 1s shown in Figure 5.1. Figure 5.2 shows the correspondiﬁg trajectory with a lift down

roll.
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Figure 5.1: Sample Bank Direction Trade Study Trajectory (Bank Through 0 deg)
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Figure 5.2: Sample Bank Direction Trade Study T rajectory (Bank Though 180 deg)
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Notice the apparent discontinuity in the bank angle representation of Figure 5.2. This
is due to the numerical representation of the +180 degree bounded bank angle assumed for all
algorithms included in this study. Also notice the difference in the periapsis of the two
trajectories resulting from the different control methods is represented. Figure 5.2 shows an
increase of nearly 11 km over Figure 5.1 and approximately 4 km over the instantaneous
reversal cases presented in Section 4.2.

The data for each of these trajectories was collected and tabulated to establish trends.
Specifically, the final periapsis altitude was examined as a function of the reversal time and

direction. A graphical representation of this is provided in Figure 5.3.

-100

-120

Final Periapsis Altitude (km)

-140 ..... R . T S L T e 2

160 ; ; ¥ : : : : :
0 50 100 150 200 250 300 350 400 450 500
Reversal Time (sec)

Figure 5.3: Bank Reversal Direction and Location Affects on Periapsis Alfitude

The plot indicates that a roll performed lift up in the beginning portions of the
trajectory increases the ﬁnal periapsis altitude, while the final periapsis decreasesv if it is
performed toward the end of the trajectory. Additionally, the opposite is true for rolls
performed through lift down. Tms indicates that performing bank reversals by rolling lift up

at the beginning and lift down at the end of the trajectory should increase the final periapsis
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-altitude. Notice that the trajectories represented in Figures 5.1 and 5.2 contain reversals that

occur in what could be defined as toward the end of the trajectory according to Figure 5.1.
Indeed, the periapsis altitude is higher for the case rolling lift down.

While this trend agrees with previous thought (that lift down forces near atmospheric
exit increase the apoapsis altitude), it does not fully define a relationship between periapsis
altitude and the vertical component of lift. Significantly missing from this trade study is the
definition of when exactly the benefits switch from lift up forces to lift down forces. Also
the differing initial flight path angles between corresponding trajectoﬁes means a direct

commparison may not be entirely applicable.

5.2 Bank Direction Logic Development

To fully understand and define a relationship, a mathematical representation of the
sensitivity of the periapsis altitude to vertical forces was sought. It is assumed that the
duration in which the vertical components of lift are present during a bank reversal is short in
comparison to the total period of an orbit. This allows the effect of these vertical forces to be
compared to impulse accelerations applied to the simulation for verification of the resulting

relationship.

5.2.1 Theory Development

To develop a relationship between the periapsis and forces along the direction of lift,

the orbital equations for conic sections were considered (Reference 13). The body fixed

~coordinate system used considers axes along the velocity vector and along the lift vector

(orthogonal to velocity). A répresentation 1s provided in Figure 5.4.

Vehicle Position
Vector (7)

Figure 5.4: Illustration of Body Fixed Coordinate Systems
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Unit vectors are represented by & with subscripts denoting direction. The
development begins with the equation for periapsis radius:
7, :a(l—e) (5.1)
The standard convention is considered where the semi-major axis (a) is positive for elliptic
orbits and negative for hyperbolic orbits. Taking the differential of Equation 5.1 yields:
&r, =da(l—e)—ade (5.2)
Because forces applied, as a unit impulse in the lift direction (2 . ), perpendicular to velocity
do not change the energy, the differential of the semi-major axis is zero (a = 0), and
Equation 5.2 simplifies to:
or, =—ade (5.3)
Next, the specific angular momentum equation is considered:
% :/Ja(l—ez) (54
Similarly taking the differential of this equation due to a unit impulse in the lift direction
results in:
2h6h = pball - e )- 2 e de (5.5)

Again, using 8a = 0, Equation 5.5 is simplified to:

Sh :—%& (5.6)

To form a relationship between the periapsis radius and the specific angular
momentum, Equation 5.6 is combined with Equation 5.3 to eliminate the differential of
eccentricity (6e). The result is as follows:

' h

or, =—0oh 5.7
Le | _

Next, the spéciﬁc angular momentum vector as the cross product of the ‘position and
velocity vectors is considered:
h=FxV (5.8)
Considering the same impulse perpendicular to. the velocity vector and in the orbit plane
results in the differential of Equation 5.8 as follows:

Sh=6F xV+FxV (5.9)
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Because an impulse does not change position, the differential of the position vector is zero
(or =0) and Equation 5.9 simplifies to:
Sh=Fx6V (510
where the differential of the velocity vector is due to an impulse in the lift direction.
It is convenient to represent the differential of the velocity vector in component form
relative to the coordinate frames depicted in Figure 5.4. The result is as follows: |
SV = 8V cosye, — 6V sin 4, (5.11)
Substituting this result into Equation 5.10 results in:
Sh =1V sin e, (5.12)
Substituting the magnitude of the resulting vector into Equation 5.7 results in the relationship
between the periapsis radius and a unit impulse in the lift direction. The equation is as

follows;

or, :——Lh—sin75V « (5.13)
pe

5.2.2 Reversal Direction Criteria

Examination of Equation 5.13 yielded an interesting observation. The magnitude of
the position vector (1), the specific angular momentum (#2), the gravitational parameter (L),
and the eccentricity (e) are all positive definite for all types of orbits. Therefore, the sign of
the flight path angle determines if a lift up force increases or decreases the periapsis radius.

If a lift up force (positive impulse) is applied while the flight path angle is negative,
the result of Equation 5.13 is positive and the periapsis radius will increase. A lift down
force will have the same effect if the ﬂight path angle is positive. Noting that the flight path
aﬁgle is negative at the beginning of the trajectory and positive at the end Of the trajectory,
this result confirms the trend presented in Section 5.1. Furthermore, a switching point is
clearly defined to determine which reversal direction is more beneficial. A control logic may
be developed to command bank reversals through lift up when the flight path angle is
negative, and reversals through lift down when it is positive. | |

The point at which the flight path angle changes sign from negative to positive

corresponds to the point in the trajectory of closest approach to the planet. In other words,
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this is the point where the magnitude of the position vector is minimum. This minimum
occurs when the rate of change of the magnitude of .the position vector switches from
decreasing to increasing (or 7 changes sign from negative to positive). Any of these
parameters may be used to define the reversal direction.

Further examination of Equation 5.13 also demonstrates the effectiveness of forces in

the lift direction to increase the periapsis radius. At the point where flight path angle is zero,

the result of Equation 5.13 becomes zero, and lift forces will not change periapsis. Away

from this point, the flight path angle and the magnitude of the position vector both increase,
while the angular momentum and eccentricity change only slightly. This indicates that lift
forces are most effective when applied away from the point of closest approach, but not so

far that the atmospheric density becomes too low and little lift is produced.

5.2.3 Application to Simulation

To further study the bank reversal direction logic, simulations were performed to test
the findings. For comparison, these simulations contained a sensitivity analysis. The
sensitivity analysis was used to confirm the bank direction logic. Additional simulétions
contain directly applied impulses to observe the expected behavior.

With the direction logic defined, some trade studies were performed to test the
effectiveness of the control law. Options for application to a nominal trajectory were also

explored. This led to the selection of a final nominal trajectory for use in the complete

- simulation.

5:2.3.1 Gauss’ Variational Equations

A derivation of a periapsis sensitivity equation begins with a set of equations
representing the affect of perturbations on the orbital elements of a body in orbit about a
planet. Gauss developed a general form of these equations. The two of Gauss’ variational

equations of interest, found on Page 488 in Reference 14, are:

2
da_2a (esinfar +£as] (5.14)
f Lo\ Hd
(714 AN 4 /
de 1 . .
E:;{psmfar +[(p+r)cosf+re]as , (5.15)
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where the perturbation acceleration is represented by components (a; and a,) in the body
fixed RSW coordinate system This is a body fixed reference frame composed of unit
vectors in the radial direction from the center of the planet to the vehicle (R), perpendicular
to the radius vector in the orbital plane in the direction of the velocity vector (S), and normal
to the orbital plane completing a right hand system (W) (Reference 6). A representation is
provided in Figure 5.4. This reference frame was used to develop the periapsis sensitivity
equation because the variational equation calculations contained in POST are relative to the
RSW frame.

The results of these equations are available in component form throughout the
trajectory as standard POST output. They are represented as sensitivities to unit
accelerations in each of the directions. For simplicity, time derivatives are represented by the

dot notation. The available equations are:

%r = ZZZ esin f (5.16)
./ 2a’p

'%J_ hr G17
%r :%sinf (5‘-187)
%s':-}l;[(p +r)cosf+re] (5.19)

5.2.3.2 Periapsis Specific Sensitivity Equation

To make use of Equations 5.16 through 5.19, one of the equations for conic sections
(Equation 5.1) is used to derive the sensitivity of the periapsis to unit accelerations:

r,=a(l-e) (5.20)

Taking the time derivative of Equation 5.20 results in:

dr, da de
2 =""(@-e)-a—= 5.21
5 (1-e)—a— (21
which may be represented as:
7, =a(l-e)-aé (5.22)
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From Equation 5.22 the sensitivity of the rate of change of the periapsis radius due to a unit

acceleration in each of the directions of interest may be represented by:

)2 o 24 (523)
(fp as) - (%Sjﬂ‘ - "( %) (5.24)

Finally, the sensitivity of the rate of change of the periapsis radius due to a unit acceleration

and

in the lift up direction is calculated by simple geometry as:

V(A Jor (A e

The sensitivity 1s eésily calculated by using the resulté of Equations 5.16 through 5.19 in
Equations 5.23 and 5.24, and those results in Equation 5.25. This represents how much the
periapsis rate (m/s) is affected by an applied acceleration (m/s%).

The sign of the result of Equation 5.25 is of interest. A positive result indicates that
an acceleration in the lift up direét-ion will increase the rate of change of the perapsis
location. This would lead to a larger final periapsis radius.” Conversely, if the sensitivity is
-negative, a Iift up acceleration will lead to a lower final periapsis. It was expected that the
sign of Equation 5.25 would corfespond to the findings presented in Section 5.2.2.

A POST subroutine was developed to calculate the sensitivity equations and some
sample trajectories were simulated. An example of the sensitivities is presented in
Figure 5.5. No bank reversals were performed during this trajedory so that no vertical

components of lift are present to affect the sensitivities.
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Figure 5.5: Periapsis Sensitivities for a Samplé Trajectory

The total sensitivity is positive at the beginning of the trajectory, negative at the end,
and changes sign exactly once. In each case, the sign of the total sensitivity switches from
positive to negative precisely at the point in the trajectory of closest approach. This directly
correlates to the results presented in Section 5.2.2 and confirm what was previously
observed. |

Figure 5.5 also illustrates how the magnitude of the sensitivity increases away from
the point ‘of closest approach. This indicates that vertical lift forces are more effective at
changing the periapsis when applied farther away from this point as expected from the
theory. However, atmospheric density decreases rapidly with altitude reducing the amount of

Iift that can be produced.

More understanding may be achieved by looking more closely at the components of

components of the sensitivity are positive, and the flight path angle is negative

(approximately —10 deg). Because the cosine of any angle between +90 degrees is positive,
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and the sine of a negative angle is always negative, each term of Equation 5.25 is positive
resulting in a positive sum. After the point of closest approach the flight path angle is
positive, where both the sine and cosine are positive. From Figure 5.5 it is seen that the
sensitivity due to accelerations in the radial direction has become negative, while the other
remains positive. »Looking back at Equation 5.25 shows that the positive second term is

subtracted from the negative first term resulting in a negative result.

5.2.3.3 Verification of Control Logic

To confirm the control logic, additional simulations were conducted. These
simulations were performed similar to the trade study simulations discussed in Section 5.1 of -
‘this report. However, the bank dynamics model was not included and instantaneous bank
reversals were performed. Impulse accelerations were added in the lift up or lift down
directions at the time of bank reversal to model a finite roll. This provided greater control of
the applied forces for understanding how they affected the sensitivity equations as well as an
immediate response easily visible in the results.

Trajectories were calculated with bank reversals occurring at various locations and
impulses added in both lift up and down directions. Throughout each trajectory the periapsis
radius was calculated and monitored. This represents the osculating value of the periapsis
radius, not the final value. In other words,- this would be the periapsis of the resulting orbit if
the atmosphere where to disappear. The final periapsis is calculated at atmospheric exit, and
therefore is the periapsis of the final orbit.

The first cases tested were those with impulses appﬁed in the proper direction for
increasing the periapsis altitude. Lift up impulses were applied at bank reversals occurring
‘while the total sensitivity is positive. An example trajectory is shown in Figure 5.6.
Similarly, lift down impulses were api)lied at bank reversals occurring Wi]ile the sensitivity is
negative. An example of these trajectories is shown in Figure 5.7. Each case reaches a final

orbit with the same apoapsis and inclination.
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Figure 5.7: Lift Down Impulse Applied With a Negative Sensitivity
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In each case, the impulse force has the effect of instantaneously increasing the
osculating periapsis radius. The end result is a higher final periapsis as expected. As an
additional verification, these simulations were repeated with the impulses applied in the
opposite directions. Where the sensitivity is positive, a lift down impulse was applied. The
results of one of these tests is provided in Figure 5.8. Alsé, Figure 5.9 shows a case in which

a lift up impulse was applied where the sensitivity is negative.
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Figure 5.8: Lift Down Impulse Applied With a Positive Sensitivity
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ngure 5.9: Lift Up Impulse Applied With a Negative Sensitivity

' As expected, this had the inverse effect. In each case, the osculating periapsis radius
decreased where the reversal occurred. This resulted in a lower final periapsis. These results
confirm what was expected by the theory and better define what was observed by the

sensitivity analysis and trade study. A summary of the results is presented in Table 5.1.

Table 5.1: Summary of Control Law Test Results

Impﬁlse Direction | Time Applied | Sensitivity Sign | Final Periapsis Altitude
Lift Up 140 ‘-sec Positive -8.3 km
Lift Down 220 sec Negative 34km -
Lift Down 160 sec Positive : -2.3 km
Lift Up 210 sec Negative | -14.8 km
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One result of concern is the low final periapsis altitude of the first test case
(Figure 5.6). The periapsis history clearly shows an increase at the point where the impulse
is applied, yet the final value is lower than the third test case (Figure 5.8) in which the
impulse is incorrectly applied. An explanation could come from the fact that the first test
case begins with the steepest initial flight path angle of all the cases. This is required to
account for the lift up impulse while targeting the same apoapsis. From Figure 5.6 it can be
seen that this causes the initial periapsis to be lower. This lower starting point causes the

final value to be lower despite the increase gained by the impulse.

5.2.3.4 Control Law Effectiveness

With the bank reversal direction logic defined, it is of interest to study the possible
gains of employing the technique. For a spacecraft flyby trajectory of a planet with no
atmosphére encountered, the periapsis altitude of the orbit after the flyby is simple the
altitude at closest approach. In fact, the osculating periapsis history is simply a straight line
throughout the trajectory tangent to the altitude at its minimum. For trajectories where an
atmosphere 1s encountered, the periapsis almost always decreases from the initial value. It is
possible for it to increase if lift is applied in the right direction at the proper times. This is

indeed the case for the two trajectofies simulated to define the entry corridor (full lift up and

full it down). How the periapsis altitude changes throughout each is shown in Figures 5.9

and 5.10 respectively.
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Figure 5.11: Effect of Full Lift Down Trajectory on Periapsis Altitude

Because the lift forces act in opposite directions for these two trajectories, each must
have a unique initial flight path angle to target the same apoapsis. This will define the value
of the initial periapsis altitude. Figure 5.10 illustrates how the full lift up trajectory begins
with a steeper flight path and therefore a lower periapsis. The osculating periapsis rises
while the sensitivity is positive, due to the up component of lift, until the point of closest

approach. Here the periapsis altitude is equal to the actual instantaneous altitude. The
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periapsis then decreases for the remainder of the trajectory because of the negative
sensitivity.

The opposite behavior is apparent in Figure 5.11. A shallower initial flight path angle
is required because of the lift down force, resulting in a higher initial periapsis. While the
sensitivity is positive, this Ith down force causes the periapsis to reduce. At the point of
closest approach, the periapsis altitude is again eqﬁal to the actual altitude. The lift down
force then results in increasing the periapsis because of the negative sensitivity throughout
the rest of the trajectory.

Another interesting study is the examination of the best possible and worst possible
control methods in terms of maximizing the periapsis. The best case would be to fly full lift
up while the sensitivity is positive, and switch to full lift down while the sensitivity is
negative. This would have the effect of continuously increase the periapsis. Figure 5.12
represents this trajectory. The opposite control logic would then be the worst case. A

trajectory using the opposite logic is summarized by Figure 5.13.
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Figure 5.13: Effect of Worst Case Lift Control on Periapsis Altitude

As expected, the periap.sis rises continuously throughout the whole of the best case
trajectory. In addition, the final periapsis is the highest of all the example test cases. It is not
significantly higher, however, than the full lift down trajectory. The shallow initial flight
path of the lift down trajectory creates the advantage of a much higher initial periapsis, so the
final value is large despite the loss. The advantage of the best case scenario over the full lift
up trajectory is significant. These two observations suggest that the final periapsis is more
sensitive to the lift direction during the final segment of the trajectory than the initial portion. -
This/can also be seen in the sensitivity histories presented in Section 5.2.3.2. In every case,
the magnitude of the sensitivity is muchhlarger toward the end of the trajectory than at the
beginning.

The worse case trajectory affirms the trend. The periapsis altitude continuously
decreases through the trajectory. The final value is low, though not as low as that of the full
lift up trajectory. This is still considered the worst case in terms of bank profile relative to
the sensitivity, even though it did not produce the lowest periapsis. A similar argument may

be made that the steep initial flight path of the lift up trajectory causes a disadvantage by
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resulting in a much lower initial periapsis altitude. This is similar to the behavior observed in
Section 5.2.3 4.

Another scenario was examined to design the nominal bank angle to increase the
periapsis altitude at all times, not just during reversals. For inclination control, only the out
of plane force component of lift is important. This leaves two possible bank angles that
provide the same out of plane component. For example 60 degrees and 120 degrees bank
angle would both have the same affect on inclination, but would yield completely different
results in apoapsis and periapsis. A nominal trajectory was devised that targets the proper
apoapsis while fixing the bank angle such that the vertical component of lift works with the
sensitivity to further increase the periapsis. In other words, rather than bank reversals always
occurring between +60 degrees bank angle, a nominal bank angle magnitude is chosen as
+60 or £120 degrees for different portions of the trajectory depending on which provides a
more beneficial vertical component while not affecting the out of plane component.

Preliminaryr studies of this method show significant advantages over the +90 degree
nominal bank angle trajectory. A trajectory was ‘devised to begin with a 60 degree nominal
bank angle. The first reversal occurrs just prior to the point of closest épproach. To take
advantage of the sensitivity change, the reversal is commanded to continue until reaching a

bank angle of —120 degrees. For the remainder of the trajectory, all reversals occurred

between +120 degrees. This trajectory is represented by Figure 5.14.
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Figure 5.14: Trajectory With Nominal Vertical Lift Component |

The much higher periapsis altitude achieved is possible by applying vertical
components of lift throughout the entire trajectory. This preliminary result is encouraging for
future applications of the control logic. However, this method appears to exhibit some of the
sensitivity to initial conditions similar to those for the best case scenario presented in
Figure 5.12. A discussion of this phenomenon is provided in Section 5.2.3.5. This is another
reason why onIy the +90 degree nominal bank angle trajectory was examined fully in this
study.

Notice that the osculating periapsis is always equal to the actual altitude at the point
of closest approach m cach example scenario. This is similar to the behavior expected from a
planeta/ry flyby in which no atmosphere is encountered.

Overall, these results confirm the control logic defined by the theory. A summary of
these results is provided in Table 5.2. Additionélly, a case with full out of plane force is
included for comparison. The results are taken from those presented in Section 4.2.1 to

examine the effect of no vertical component of life being present. Three of the test cases
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resulted in final periapsis altitudes higher than the point of closest approach. This shows that
the atmosphere can be used to increase the periapsis altitude over the initial value set by the

approach conditions. An illustration of the results is presented in Figure 5.15.

Table 5.2: Summary of Control Law Example Scenarios

Bank Scenario Initial Flight Path Angle | Final Periapsis Altitude
Full Lift Up -13.98 deg -423 km

Full Lift Down -9.83 deg 53 km

Best Case -10.79 deg 55 km

Worst Case -9.84 deg 28 km

60/120 Bank Case. -11.05 deg _ 44 km

Full Out of Plane Force -10.79 deg -5 km

Periapsis Altitude (km)

Figure 5.15: Results of Control Law Example Scenarios
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5.2.3.5 Disadvantages of Directly Applied Control Law

Ideally, an actually mission would be designed to fly the best case trajectory for
maximum benefit. Several difficulties arise if this logic were to be directly appﬁed to a
guidance algorithm. The most noticeable is that lit up and Iift down only orientations
provide no out of plane force for inclination control, Existing guidance algorithms limit the
bank angle range so that lift up and down commands are never issued to retain inclination
control /(Reference 5). A guidance algorithm trying to follow this logic would loose
inclination control when targeting apoapsis, and lose apoapsis control when targeting
inclination.

Another disadvantage is that the vertical component of lift cannot be adjusted to
account for off nominal conditions such as density variations. It was found that the trajectory
is extremely sensitive to the initial flight path angle, so much so, that accountmg for
uncertainties becomes impossible. For example, a variation of just 0.0l degrees can mean
the difference between entering too steep and impacting the surface, and entering shallow
ehough to exceed the target apoapsis By 4,000 kilometers. This was true for both the best
case scenario and the 60/120 degree bank angle cases discussed in the previous section. '

To illustrate this behavior, a series of trajectories, following the best case logic, were
simulated for various initial flight path angles. The results are presented in Figure 5.16.
From this, the sensitivity of the final apoapsis altitude to flight path angle can be seen. It is

clear that any error in the arrival state could have drastic effects.
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Because of these difficulties, using the example scenarios presented in Section 5.2.3.4
as a basis for a guidance algorithm is not feasible. However, applying the knowledge gained
to a roll reversal algorithm is uncomplicated and advantageous. The periapsis sensitivity
may be considered when choosing nominal trajectories and bank commands as well as

commanding bank reversal directions.

5.3 Application to Vehicle Controlier

Applying this control logic to a bank reversal guidance algorithm requires only minor
modifications. Whenever a reversal command is given, a check of the bank direction criteria
must be made, and a direction must be commanded. As mentioned, because a 90 degree
nominal bank angle was chosen for this study, all reversals require 180 degrees of movement.
This eliminates the concern that one direction might require motion through a greater angular
distance than the other direction.

The selection of a direction criteria presents many options, because the sensitivity
changes sign at a point when many parameters have discernible values. Depending on
available spacecraft instruments, different switching criteria may be used. For this study it is
convenient to make use of the fact that the sensitivity changes sign at the same point as the
flight path angle, which could be used if the vehicle orientation is accurately known from
onboard instruments such as gyros. This is also the same point where the rate of change of
the position vector magnitude changes sign. This criterion could be used for vehicles with

radar altimeters if the planet topography is known.

5.3.1 Final Inclination Bbundary Definition

With more about the bank control deﬁnéd, it becomes possible to define the
inclination boundaries to be included in the bank reversal guidance algorithm. The
simulations used for this were modified trajectories similar to those discussed in Section 4.2.
The simulation was the same in that the POST targeting routine was used to search for the
initial azimuth and flight path angles to target apoapsis and inclination. The first inclination
deviation and ratios were also included as control variables. The initial values were varied

manually to study different scenarios for maximizing the periapsis. Additionally, the bank
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dynamics model was included, as well as the control law for commanding bank directions at

each reversal.
For the single reversal case, there is a unique solution for a given initial state.

Therefore, no manual iterations could be made. The resulting trajectory is represented by

Figure 5.17.
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Figure 5.17: Single Bank Reversal Nominal T rajectory

The bank reversal occurs just after the point of closest approach, and a lift down
reversal is commanded. So near to the logic switching point, the periapsis sensitivity
magnitude is small and the reversal has only a slight affect on the final periapsis altitude.

The two reversal scenario provides more flexibility in selecting the reversal criteria.
There is no unique solution because many combinations of inclination deviations and
deviation ratios provide satisfactory results. The initial conditions set in the POST targeting
routine may be varied until a trajectory with a high periapsis and steadily reducing inclination
deviations is found. It is desired that the maximum deviation from the reference inclination

is convergent throughout the trajectory. A sample trajectory is represented in Figure 5.18.
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Figure 5.18: Double Bank Reversal Nominal T rajectory

800

The final periapsis of this trajectory is slightly higher than that of the ‘previous
trajectory. This is likely due to the additional opportunity to apply vertical lift components

through the second reversal in combination with the reversals occurring farther from the

logic switching point where the sensitivity magnitudes are larger.

The three reversal scenario yielded much better results. The greater flexibility in

choosing reversal criteria let to more opportunities to employ the advantages of the

sensitivities. This trajectory is represented by Figure 5.19.
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Figure 5.19: Triple Bank Reversal Nominal T rajectory

The three reversal scenario resulted in the highest periapsis of all the cases examined
due to the additional opportunities to apply vertical lift components for each additional
reversal and the greater sensitivity magnitudes at each reversal. This scenario was chosen for
the nominal trajectory because of the periapsis advantage, and the well defined reversal
points convergent toward the nomina). ] ‘

The points at which each of the reversals took place were recorded. From these
pdints, it is possible to define boundaries for an inclination deadband. The boundaries were
defined by fitting polynomials through the reversal points. The inclination deviation ratios
were chosen by iteration so that the boundary polynomials would be smooth and
symmetrically convergent to the target inclination angle. It is convenient to define these
inclination polynomials in terms of orbital energy because it is an available parameter within

the guidance algorithm and less susceptible to off nominal conditions than other parameters

(such as time). The chosen equations are as follows:
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Upper boundary: i=260328> +743378+503414 (5.26)
Lower boundary: i=-2.05078% —5.85598 +40.7711 (5.27)

where the inclination result is in degrees and the nondimensional parameter is found by

normalizing orbital energy as follows:

s=2%, (5.28)
P .
These polynomials become part of the guidance algorithm and determine when a bank

reversal command is issued.

5.3.2 Application to Nominal Simulation

Development of the inclination boundary polynomials and the nominal trajectory
were performed simultaneously in an iterative process. The end result is the definition of an
entry state (flight path angle and azimuth angle), bank reversal conditions (inclination
deadband), and reversal direction logic that combine to result in the target final state. A
robust nominal trajectory is desired so that off nominal conditions and entry state dispersions
can be corrected by the guidance algorithm. Avoiding control issues such as those discussed
in Section 5.2.3.5 is important. In addition, a trajectory with bank reversals in both directions
was desired to demonstrate the reversal control law. The chosen nominal trajectory is shown

in Figure 5.20.
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Examining the inclination and bank angle plots demonstrates where bank reversals
are commanded and in which direction they are performed. It can be seen how one reversal
occurs through lift up before the point of closest approach, and two occur lift down after the
point of closest approach. Two reversals occurring later in the trajectory take advantage of
the increased effectiveness to increase the periapsis due to the larger sensitivity magnitude.
Also noticeable is the affect of each reversal on the osculating periapsis altitude. The
osculating periapsis steadily increases through the duration of each reversal. This represents
the expected and desired behavior.

To test the feasibility of applying this nominal trajectory to an actual mission, some
common mission constraints were considered. For the nominal trajectory presented in Figure
5.20, the maximum sensed acceleration calculated in the simulation is slightly over two times
the acceleration due to gravity at sea level on Earth (2 g’s). It is believed that this is an
acceptable level for most all Mars mission types.

In this study it is assumed that the aerodynamic heat rate and total heating of the
nominal trajectory are acceptable given currently available thermal protection materials.

Often the thermal protection system is designed to withstand the heat loads produced by the

design trajectory. This is considered to be true for this study.

5.4 Application to Apolio Algorithm

To demonstrate how these findings may be applied to an actual mission, they were
included in an existing aerocapture terminal point guidance algodthﬁ (Reference 5). This is
a proven, robust guidance routine based on the Apollo entry guidance algorithm. With a
complete guidance routine included in the simulation, POST targeting is not utilized.
Consequently, simulation parameters are no longer vared to reach specified targets, and
POST is used only to integrate the equations of motion to determine the trajectory. The
guidance algorithm is used for adjusting the control parameter to meet the desired result.

The algorithm applies the optimum control methods described in Reference 15 for
fixed terminal time confi;luous systems. The objective is to define a control function, u(t),
for a set of non-linear differential equations described by (from Reference 15):

%= flx()u(r) 1] (5.29)

where the initial conditions, x(t,), are known.
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The control function must satisfy Equation 5.29 while being used to maximize or

minimize a performance index given by:
T=olxlt, ), ]+ jL [x(e), u(z), Jar (5.30)

where L is the Lagrangian of the system.

In this case, the objective is to minimize the performance index defined as the AV
required to circularize the orbit. The minimum of the performance index is found by
considering the differential of Equation 5.30 due to differential changes in the control
function. The minimum occurs where this differential is zero.

A set of influence coefficients, A1), are introduced for convenience. There is an
influence coefficient corresponding to each term of the state vector, x(t). These represent the
affect of each component of the state on the performance index. They are defined to
eliminate terms from the differential of the performance index such that the result is zero.
The system is then simplified to a two-point boundary-value problem in terms of the
influence coefficients. A detailed description of the theory can be found in Reference 15.

The influence coefficients are found by integrating backward along the nominal
trajectory as a reference (Section 5.3.2). The equations for aerocapture problems, from

Reference 5, are as follows:

s=0 (531

P cosy(OR (1) + [ 2D() }1 ()

dt 40

[L(r)cow(r) [ 1 g ]°°57(’)J4r (©)-sin 7 ()4, () (5.32)

mV*(t) r, +ht) V2(t)

CZ =V (t)sin y (1), 1)+ gcosy(t)a, (t)
+ II » Z(;tl)(t) Vi )) sin y (¢ )J (t) V(t)cos y(t)/?, (t) (5.33)
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dk, :[_D(’)sz(t) [L(f)c"s?’(f) Vlt)cosy )]/1 (?) (5.34)

dr  \mh(t) mh (W (z) (+h(t))2

u

i, L(z)
—Zz’z‘_ 4 ( )mV(t)

(5.35)

A set of feedback control gains is defined to simplify the control function. The gains
are function of the influence coefficients and some reference parameters. They are calculated
by the following equations from Reference 5:
mh, ()4, ()

D’(e)
2, (&)
Gy =
V" cosy”(e)
G, =1,(¢) (5.38)
G, =2,(¢) (5.39)

G, =- (5.36)

(5.37)

These gains, along with trajectory specific parameters, are then included in the
algorithm. Throughout the simulation, bank angle commandé are calculated by the algorithm
to correct for deviations in the actual state from the nominal state. Deviations from nominal
of the velocity, altitude rate, and drag acceleration are considered. The bank angle control
command is then calculated by the following equation from Reference 5- |
cosg, =cosg” —G%{cg Ve)-v( ]+G [ ~ie)+a, [D}ff) 2;1@} (5.40)
where the starred terms represent values from the reference nominal trajectory, and K is
called an overcontrol factor.

The overcontrol factor is available to the user for manually adj‘usting the gains. This
is a multiple on all of the gains to increase or decrease the maghitude of the control
command. This provides a means for tuning the algorithm for optifnal performance for the

specific problem.
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A detailed description of the algorithm derivation may be found in Reference 5. For
this study, it has been assumed that the Apollo algorithm receives perfect navigation
information since the exact vehicle position and velocity are provided. For an actual
application, this will not be the case and errors in the final state will be slightly greater.
) The algorithm controls the bank angle while all other parameters are simulated by
POST. A bank angle command and direction are output from the algorithm and passed to the
bank dynamics routine. The bank angle is then provided to the rest of the simulation. The
algorithm was modified by including the inclination deadband boundary polynomials to be
used as bank reversal criteria. The bank direction control logic was also included for
determining the command bank direction. A flow diagram on the controller is included in
Appendix B.

The final result is a simulation intended to model an actual mission. Starting from a

given initial state, the equations of motion are integrated until atmospheric exit. Any

~ deviation from the nominal atmosphere or initial conditions must be corrected by the

guidance algorithm to achieve the desired final state.
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6 Results

With the complete simulation assembled a series of trajectories were calculated for
various conditions. By changing certain parameters, off nominal scenarios can be examined.

The intent is to test the robustness of the guidance and control laws for situations that might

be encountered during an actual mission.

The first simulation performed is simply the nominal case. It is important to be sure

that the guidance routine follows the nominal trajectory to check for any implementation

errors which might cause a deviation. Simulation results are presented in Figure 6.1.

The simulation with all nominal conditions does closely follow the POST targeted
nominal trajectory. The only exception is some irregular bank angle commands toward

atmospheric exit. This results from the guidance algorithm calculating commands where

Time {sec)

Figure 6.1: Full Simulation with Nominal Conditions

there is too little control authority left due to the low density atmosphere.
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A related result is seen by the lift up commands occurring near atmospheric exit
(where the bank angle becomes zero). This is an undesirable trend since lift down forces
increase the periapsis in this portion of the trajectory. When the nominal trajectory is
integrated to calculate the influence coefficients, the low density in this region results in little
control authority and small influence coefficients. As a result, the control gains approach
zero. This causes the lift up commands to be issued. They have very little affect, however,
since the aerodynamic forces as so small by this time. ’

Also illustrated are the times active guidance is initiated and terminated, The Apollo
algorithm is used to calculate and issue bank commands only when the sensed acceleration
on the vehicle is greater than 0.03 g’s. This prevents ineffective commands from being
issued when the vehicle is not in the atmosphere. '

Next, several off nominal casés were simulated. Because it was previous observed
that the trajectory is particularly sensitive to the initial ﬂight path angle, this parameter was
varied 0.5 degrees. Modern navigation systems are capable of finding the entry state with
much higher degrees of accuracy; therefore this represents a significant error. Each of these

cases is presented in Figure 6.2 and Figure 6.3.
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Figure 6.2: Full Simulation with -0.5 Degree Flight Path Angle Error
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Figure 6.3: Full Sim.ulation with +0.5 Degree Flight Path Angle Error

In each of the off nominal simulations, the target conditions were met with acceptable
accuracy. How the error is compensated is easily visible in the bank angle histories. In
Figure 6.2, for example, the bank angle is first decreased from nominal. This creates a lift up
component to counter the steep flight path. As the vehicle converges back toward the
nominal trajectory, the bank angle returns toward the norninai with the decreasing error. The
large initial bank angle command is representative of the reduced effectiveness at the
beginning of the trajectory where the atmosphere is still thm As the vehicle enters more
dense regions, the bank angle command may be reduced toward nominal while still
producing the same vertical lift component. Similar behavior may be observed in Figure 6.3,
where a lift down component of lift, created by the increased bank angle magnitude, drives

the trajectory steeper to counter the shallow initial state.

It is also possible that there could be errors in the initial azimuth angle of the vehicle.
This would lead to inclination errors. This parameter was -also varied +0.5 degrees
representing a significantly large error. The representations of the resulting simulations are

presented in Figure 6.4 and Figure 6.5.
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In both cases the inclination boundaries successtully commanded reversals to drive
the inclination angle toward the desired final value. The reversals occurring at different time
had effects on other parameters causing errors in the apoapsis altitude. The guidance
algorithm issued bank angle commands to overcome these errors. This can be seen as the
bank angle departs from nominal.

Another potential source for error exists in the initial velocity. While it was found
that decreases in the velocity could be easily corrected by commanding bank angles for lift
up forces, increases in velocity were not Aas eaSily overcome. Full lift down commands were
not as effective’ at removing the excess energy. To simulate these scenarios, an initial
velocity error of +20 m/s was introduced. The resulting trajectories are shown in Figure 6.6

and Figure 6.7.
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Figure 6.6: Full Simulation with +20 m/s Velocity Error
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Figure 6.7: Full Simulation with -20 m/s Velocity Error

Both of these cases exhibit reasonable convergence to the desired exit state. All of
the off nominal test cases presented thus far show that the guidance algorithm is capable of
overcoming errors in the initial position and velocity of the vehicle.

Errors in the initial state are not the only errors likely to be encountered however.
The atmospheric density at Mars is widely varying, and may deviate from mean conditions
due to many kinds of conditions such as dust storms or weather conditions. To examine this
possibility, slightly more and less dense Mars-GRAM atmospheric models were included to
study the effects on the trajectory. The Mars-GRAM mean density previously used is an
average of the atmospheric data contained in the model. For a less dense model, density
values one standard deviation, or root-mean-square, less than the mean (-~1-c) were used.
This is approximately a 16% variation from the mean at altitudes near the point of closest
approach in this study. Similarly, the higher density model uses values one standard
deviation greater than the mean (+1-6). The variation is approximately 19% higher than the

mean at the same altitudes. These results are provided in Figure 6.8 and Figure 6.9.
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Figure 6.8: Full Simulation with Low Density Atmosphere
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Again, each of these simulations exhibited reasonable convergence to the targe{
conditions. Unlike the two examples with flight path angle errors, deviations from the
nominal trajectory are not immediately apparent. As the vehicle traverses through the
atmosphere, the density variations cause gradual deviations from nominal. Therefore, small
bank commands away from nominal are command for long durations all along the trajectory.
These become more visible toward the end of the trajectory when commands become larger
due to the decreased effectiveness in the upper atmosphere.

Another possible source of error are the vehicle characteristics themselves. Because
of fuel usage, the mass of the vehicle at atmospheric entry is not precisely known. A source

of greater error can be the aerodynamic coefficients. To simulate these possible errors, a

+10% deviation on the ballistic coefficient (% A) and lift acceleration coefficient
D

(% A) was examined. The results of this study are presented in Figure 6.10 and
f ;

Figure 6.11.
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Figure 6.10: Full Simulation with +10% Ballistic Coefficient Error
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Figure 6.11: Full Simulation with —10% Ballistic Coefficient Error

Each of these test cases exits the atmosphere reasonably near the desired exit state.
The test case results indicate that the robustness of the Apollo algorithm is not compromised
by the addition of the bank direction control logic. The largest error in the final apoapsis
altitude is only about 5.8% from the 600 km target for the cases studied. This indicates that
the control law may be applicable to guidance routines and actual missions. Due to the high
degree of non-linearity of this problem, however, it is possible that the combined affects of
more than one of these errors occurring simultaneously would result invgréate; errors in the
final state. | \ '

A summary of all of the full simulation resuits is presented in Table 6.1. An

illustration of the results is provided in Figure 6.12.
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Tabdle 6.1: Summary of Full Simulation Test Cases

Test Case Final Inclination Final Apoapsis Final Periapsis
Angle Altitude Altitude
Nominal 44.9 609 -2.37
-0.5 deg Flight Path Angle 44.9 615 -5.24
+0.5 deg Flight Path Angle 449 597 3.43
+0.5 deg Azimuth Angle 44.9 - 609 -2.40
-0.5 deg Azimuth Angle 45.0 T 610 -2.44
+20 m/s Velocity 44.9 609 -2.23
-20 m/s Velocity 44.9 610 -2.71
Low Density Atmosphere 44.7 611 -1.93
High Density Atmosphere 44.6 635 -8.82
+10% Ballistic Coefficient 44.9 615 -7.86
-10% Ballistic Coefficient 44.9 614 -0.32
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7 Conclusions

A control law was developed to designate the bank direction for use in a bank
reversal aerocapture guidance algorithm to maximize the periapsis altitude of the final orbit.
In addition, a method for defining inclination boundaries for bank reversals was examined.
Also, to generate a 3-DOF simulation that more closely approximates a 6-DOF simulation,
an angular motion algorithm was created. |

A trade study in which bank reversals were performed in different diréctions during
various portions of the aerocapture trajectory showed that the periapsis was higher when a
reversal conducted through lift up occurred in the first part of the trajectory and when a
reversal conducted through lift down occurred in the later part of the trajectory. This trend
was confirmed by examining the orbital equations. The theory proved that lift up
accelerations increased the periapsis in the portion of the trajectory before the point of closest
approach, and lift down accelerations produced the same results in the trajectory following
the point of closest approach. Furthermore, a sensitivity analysis included in the simulations
showed the affects of lift up or lift down accelerations on the periapsis agreed with the
theory.

All of the findings came together to form a complete simulation including a bank
reversal guidance algorithm. A series of varying scenarios were explored in both nominal
trajectories and the complete simulation to confirm the control law. In general the expected
behavior was observed in the periapsis histories. In some cases, however, the final periapsis
altitude did not follow the expected trend. It was found that this represented the extreme
sensitivity of the final periapsis to the initial flight path angle.

Various test cases were examined using the complete simulations. It was found that
the control law could be ihtegrated into a guidance algorithm without adversely affecting the
reliability of that algorithm. The affect of small changes in the bank angle from nominal
(held for relatively long times) on the final periapsis proved significant. This is a significant
factor in the full simulation when bank angle changes are‘required for apoapsis targeting.

The control method applied in this study did increase the periapsis of the final orbit,
but it did not result in an increase of more than a few tens of kilometers. It is believed this is
due to selecting the 90 degree nominal bank angle. This constraint greatly reduces the

potential for gains available from the control method. While it proved convenient for
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studying the affect of the vertical component of lift on the periapsis altitude, it did not fully
exploit the capabilities of the control method because only the brief bank reversals had any
influence.

An alternative nominal trajectory was examined with a nominal bank angle chosen to
produce vertical components of lift for increasing the perniapsis altitude. It is believed there is
potential for greater advantages by using a similar approach. This method was not fully
explored in the study due to the sensitivity to initial conditions and other‘ reasons aimed at
concentrating on bank reversal affects only.

Overall, the control law developed shows that the final periapsis altitude following an
aerocapture pass is increased by:

(1) A positive vertical component of lift while descending (flight path angle is

negative)

(2) A negative vertical component of lift while ascending (flight path angle is

positive)
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8 Future Work

There is more that could be explored before realizing the full potential of exploiting
what was discovered by the theory. The 90 degree nominal bank angle assumption, while
valuable for this study, is not necessary for any actual application. There exists the
likelihood of another nominal bank angle providing equally sufficient control authority while
resulting in better results in terms of a higher periapsis.

It was discovered that the final periapsis altitude is extremely sensitive to a small
vertical componént of lift if it exists for a long duration. A scheme could be developed to
design the nominal bank angle to increase the periapsis altitude at all times, not just during
reversals. One such scenario was examined with encouraging results in terms of periapsis
altitude. However, the sensitivity of the trajectory to off nominal conditions ‘made it not
applicable to this study. This method and other p0551b1e techniques do deserve future
attention to realize gains such as those suggested here.

Additional modifications could be made to the Apollo algorithm to use more of the
potential of these ﬁndings/: Instead of allowing lift up commands to be issued near
atmospheric exit, it is possible to force lift down commands for additional periapsis- gain.
Also, the inclination corridor could be modified to force a reversal early in the trajectory
when the sensitivity magnitude is large. This method must consider that the amount of lift
produced may be low due to low density at high altitudes. Trade studies could identify the
best combination of high density and high sensitivity magnitude for maximum effectiveness.

It is also quite possible that an altogether original guidance algorithm could be
developed using these discoveries. There is no reason that the nominal bank angle must be a
constant other than simplicity. Prospective nominal trajectories can take on almost any form.
It is almost certain that some exist with superior results if the theory is properly employed.

Additional trade studies could be performed to apply this control method to an
aerobraking orbit. During each pass through the atmosphere, drag could be used to lower the
ai)oapsis as usual, while lift could be used to increase the periapsis. This could be used to fly
deeper into the atmosphere and reduce the adjustment AV required to set up for the next pass.

Other uses and advantages might be discovered if this method is applied to a 6-DOF

simulation containing a RCS model. .
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