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AEROSPACE VEHICLE ENTRY
FLIGHTPATH CONTROL

CLAIM OF PRIORITY

The present application claims priority to U.S. Provisional
Patent Application No. 63/039,433, entitled “Aecrospace
Vehicle Entry Flightpath Control,” filed Jun. 15, 2020, the

entire disclosure of which 1s hereby incorporated by refer-
ence for all purposes 1n its entirety as 1f fully set forth herein.

ORIGIN OF THE INVENTION

The mvention described herein was made in the perfor-
mance of work under a NASA contract and by (an) employ-
ee(s) of the United States Government and 1s subject to the
provisions of Public Law 96-517 (35 U.S.C. § 202) and may
be manufactured and used by or for the Government for
governmental purposes without the payment of any royalties
thereon or therefor. In accordance with 35 U.S.C. § 202, the
contractor has elected not to retain title.

FIELD OF THE INVENTION

Embodiments of the mvention generally relate to guid-
ance and control systems, and in particular, guidance and
control systems for aerospace entry vehicles.

BACKGROUND

Many state-of-the-art hypersonic atmospheric entry
vehicles return to Earth unguided, elevating the cost and risk
of vehicle recovery and limiting the types of payloads that
can be tlown. The need for precision landing of high mass
payloads on Mars or returning sensitive samples from other
planetary bodies to specific locations on Earth 1s driving the
development of an mnovative NASA technology called a
Deployable Entry Vehicle (DEV), capable of being folded
and stowed. Traditional entry vehicles for high mass mis-
sions do not scale well for launch vehicles currently avail-
able, driving the need for a solution that 1s foldable and
deployable for entry. A DEV has the potential to deliver an
equivalent science payload with a stowed diameter 3 to 4
times smaller than a rigid aeroshell.

The primary design challenge for either mechanically
deployed DEVs or intlatable DEVs 1s the integration of a
guidance and control system on a vehicle with no back shell,
while ensuring that the system meets precision targeting,
requirements. Traditional entry systems rely on small reac-
tion control thrusters mounted on the back shell for guidance
and control (G&C). These thrusters are 1nstalled at locations
that provide adequate control authority and suflicient dis-
tance between the thruster exhaust and sensitive areas on the
vehicle. In contrast, DEVs have no back shell. It would be
desirable to have a G&C system for a DEV that can feasibly
integrate with the structure while meeting packaging and
precision targeting requirements.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the mvention are illustrated by way of
example, and not by way of limitation, i the figures of the
accompanying drawings and in which like reference numer-
als refer to similar elements and in which:

FIG. 1a 1s an 1llustration of an aft perspective view of an
example of a deployable entry vehicle with a flap-based
non-propulsive control system, according to some embodi-
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2

ments. FIG. 15 1s an 1llustration of an aft perspective view
of an example of a deployable entry vehicle with a mass
movement non-propulsive control system, according to
some embodiments. FIG. 1c¢ 1s an illustration of an aft
perspective view ol an example of a deployable entry
vehicle with a rib-based reaction control system, according
to some embodiments.

FIG. 2 1s an 1llustration of a windward view of an example
of a deployable entry vehicle with a flap-based non-propul-
sive control system, according to some embodiments.

FIG. 3 1s an 1llustration of a side view of an example of
a deployable entry vehicle with a flap-based non-propulsive
control system, according to some embodiments.

FIG. 4a 1s a diagram of positions of an entry vehicle
relative to the planet center, according to some embodi-
ments. FIG. 4b 1s a diagram of orientation of a vehicle
relative to the velocity vector V of the vehicle, according to
some embodiments.

FIG. 5 1s a diagram depicting a representation of a
closed-loop system to exploit the dihedral effect to control
the bank angle of the vehicle by modulating sideslip angle,
according to some embodiments.

FIG. 6 1s a diagram showing the flap detlection angles
ranges and configuration on a deployable entry vehicle with
a flap-based non-propulsive control system, according to
some embodiments.

FIG. 7 1s a diagram showing a stowing configuration for
a deployable entry vehicle with a flap-based non-propulsive
control system, with fabric not shown, and overlaid with a
small satellite payload envelope volume 1n the At Bulkhead

Carrier (ABC) system of a Centaur Upper Stage, according
to some embodiments.

FIG. 8 1s a diagram showing varying sizes of tlap con-
figuration for a deployable entry vehicle with a flap-based
non-propulsive control system, as well as a windward view
of flaps, according to some embodiments.

FIG. 9 1s a side view of an example of a flap and a
mounting configuration of a flap on a nb for a deployable
entry vehicle with a flap-based non-propulsive control sys-
tem, according to some embodiments.

FIG. 10 1s an aft perspective view of flaps, a mounting
configuration for flaps, and an actuation configuration for
flaps for a deployable entry vehicle with a flap-based non-
propulsive control system, according to some embodiments.

FIG. 11 1s side perspective and side views of flaps at
positive and negative deflection angles, according to some
embodiments.

FIG. 12 1s a block diagram that illustrates a computer
system upon which software performing one or more of the
steps or functions discussed herein may be implemented.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

Approaches for a flightpath control system to provide
vehicle stabilization, steering, and precise targeted landing
of an atmospheric entry vehicle are presented herein.
Embodiments also provide for a control architecture that can
be used with any aerospace vehicle with a strong dihedral
cllect. In the following description, numerous speciiic
details are set forth to provide a thorough understanding of
the embodiments of the invention described herein. It will be
apparent, however, that the embodiments of the mmvention
described herein may be practiced without these specific
details. In other instances, well-known structures and
devices are shown in block diagram form or discussed at a
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high level to avoid unnecessarily obscuring teachings of
embodiments of the mnvention.

Embodiments of the 1nvention 1nvolve aerospace
vehicles, especially any aerospace vehicle with a strong
dihedral effect, and in some embodiments, atmospheric
entry vehicles. Non-limiting, illustrative examples of aero-
space vehicles include aircraft having wing dihedral; space-
craft exhibiting a strong dihedral eflect 1n launch, orbital or
sub-orbital flight, atmospheric entry, or atmospheric tlight;
and deployable blunt-body entry vehicles, including an
asymmetric deployable entry vehicle (DEV) called Adapt-
able, Deployable, Entry, and Placement Technology (AD-
EPT) vehicle, and in particular a Lifting Nano-ADEPT
(LNA).

The LNA entry system with various flightpath control
hardware configurations are described herein. According to
some embodiments, the LNA entry system 1ncludes flight-
path control hardware comprising flaps i a flap-based
non-propulsive control system having (1) a deployable rib
structure, (11) a 3-D woven carbon fabric with high tempera-
ture capability that 1s stretched over the rib structure to form
the entry body aeroshell to act as both the aeroshell structure
and thermal protection system, and (111) a flap configuration
with longitudinal flaps for independent pitch control, and
lateral flaps generating yaw moments. The flaps, which are
mounted to the shoulder of the LNA entry system’s heat-
shield, are commanded and controlled to rotate 1into or out of
the flow coming ofl the heatshield. Actively changing flap
deflection angles creates changes in the vehicle’s aerody-
namics and allows the entry vehicle to be maneuvered
without the use of thrusters.

According to some embodiments, the LNA entry system
includes tlightpath control hardware comprising moving
masses 1 a mass movement system mounted to a Deploy-
able Entry Vehicle (DEV) that uses Center of Mass (CoM)
shifting to provide entry tlightpath control. Moveable ballast
masses are mounted to several ribs of the DEV heatshield
allowing the vehicle’s CoM to be shifted away from the
vehicle’s centerline. Shifting the vehicle’s CoM 1s used to
generate lift, sideslip, or both, by changing pitch or yaw
respectively to control the vehicle’s flightpath.

Using aerodynamic forces or CoM shifting to maneuver
an entry vehicle may reduce propellant mass requirements
and result 1n a net mass savings for the vehicle. These mass
savings could potentially be used to increase the payload
mass available for NASA missions of this type.

According to some embodiments, the LNA entry system
includes thghtpath control hardware comprising thrusters 1n
a Reaction Control System (RCS) mounted to the articulat-
ing structure of the LNA entry vehicle to provide entry
tlightpath control. RCS thrusters are mounted to four ribs of
the open-back DEV heatshield structure to provide eflicient
bank angle control of the vehicle through producing changes
in the vehicle’s roll. Combining rib-mounted RCS thrusters
with a DEV 1s expected to provide greater downmass
capability than a nigid capsule sized for the same launch
vehicle. The mnnovation 1s expected increase the downmass
capability for NAS A missions where launch vehicle payload
envelope 1s a limiting factor.

Vehicle Overview

FIG. 1a 1s an 1llustration of an aft perspective view of an
example of a deployable entry vehicle, LNA vehicle 100,
with a flap-based non-propulsive control system, according,
to some embodiments. LNA vehicle 100 employs ribs 101 of
unequal lengths to form a raked-conic shape that generates
l1ift. When deployed and opened, LNA vehicle 100 has a one
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twelve ribs 101, and an open back aeroshell. Asymmetry for
l1ft generation comes from longer ribs (and fabric) on what
becomes the trailing edge side of the vehicle. The trailing
edge side ribs of the vehicle 1s approximately 16% longer
than the vehicle’s ribs on leading edge 105. A volume 106
equivalent to 12 U cubesats (20 cmx20 cmx30 cm) 1s
provided for combined payload and vehicle subsystems,
which includes capacity for the equivalent of two cubesats
of true payload. The baseline total entry mass 1s 59.4 kg
betfore entry control systems, including control surfaces such
as flaps, and associated mounting and actuation hardware,
are added.

LNA vehicle 100 includes four longitudinal tlaps, flaps 1
and 2 on trailing edge 103 and flaps 7 and 8 on leading edge
105 for independent pitch control. Four lateral tlaps 5, 6 on
port side 107 and flaps 4, 3 on starboard side 109 are for
generating yaw moments. In some embodiments, flaps 1 and
2 on trailing edge the long ribs are smaller due to overall
length constraints for stowing.

FIG. 15 includes an 1llustration of an aft perspective view
of an example of a deployable entry vehicle, LNA vehicle
200, configured with a mass movement non-propulsive
control system mounted on the same base LNA vehicle as 1n
FIG. 1a, according to some embodiments. FIG. 15 further
includes an aft view of the LNA vehicle 200 1n a stowed
position. LNA vehicle 200 includes four longitudinal mov-
ing masses 11, 12, 17, 18 with two masses 11, 12 mounted
to ribs of the trailing edge 103 and two masses 17, 18
mounted to ribs of the leading edge 105 for independent
pitch control. LNA vehicle 200 further includes four lateral
moving masses 13, 14, 15, 16, two masses 15, 16 mounted
to the ribs of port side 107 and two masses 13, 14 mounted
to the ribs of the starboard side 109 for independent yaw
control. The masses 1include threaded hole 201 for receiving
actuator lead screw 203 that 1s rotated by actuator motor 205
to generate linear movement of the mounted masses.

FIG. 1c¢ 1s an 1llustration of an aft perspective view of an
example of a deployable entry vehicle, LNA vehicle 300,
configured with a Reaction Control System (RCS) mounted
on the same base LNA vehicle as in FIG. 1a, according to
some embodiments. LNA vehicle 300 includes four rib-
mounted thrusters 301, and an RCS fuel tank and controller
module 303 contained 1n the payload area. As shown, two
pairs of thrusters are mounted on lateral ribs of the vehicle,
with thrusters 23, 24 mounted on the starboard side of the
vehicle, and thrusters 25, 26 mounted on the port side.

Some embodiments are described herein with respect to a
flap-based non-propulsive control system. Other embodi-
ments employ a moving mass. While the masses 1 a
mass-movement non-propulsive control system are placed
on the same ribs as the tlaps 1n a flap-based non-propulsive
control system, the control authority differs between all three
control systems. Additionally, the control system architec-
ture described 1n below 1s generally applicable to all three
control systems (FIG. 1a.-FIG. 1c¢).

FIG. 2 1s an 1llustration of a windward view of an example
ol a deployable entry vehicle with a tlap-based non-propul-
sive control system, according to some embodiments. The
asymmetry of the base vehicle of LNA vehicles 100, 200,
and 300 1s clearly shown here, with the varying length of
twelve ribs, especially with longer trailing edge 103 ribs
holding flaps 1, 2, and the middle length of adjacent tran-
sitional ribs. In a body reference frame coordinate system,
longitudinal flaps 1, 2, 7, 8 are approximately oriented along
the +/-7-axis, while lateral flaps 3, 4, 5, 6 are approximately
oriented along the +/-Y-axis of the vehicle’s body. FIG. 3
shows a side view of LNA vehicle 100, which shows a
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+/—X-axis through the geometric center of volume 106 for
combined vehicle and payload subsystems, through the apex
of nose cap 111.

FIG. 4a 1s a diagram of positions of LNA vehicle 100
relative to a planet center, according to some embodiments.
FIG. 45 1s a diagram of orientation of LNA vehicle 100

relative to the velocity vector V of the vehicle, according to
some embodiments. Variables used in the description herein
are as follows, including variables used in FIGS. 4a and 4b.:

a=angle of attack

B=sideslip angle

o=flap deflection angle

v=tlight path angle

o=bank angle

Y, 0, $=3-2-1 Euler angles (yaw, pitch, roll)

CoM=center of mass

C,=lift coetlicient

C=drag coeflicient

C~=side force coellicient 20

C,=rolling moment coetlicient

C, ~pitching moment coellicient

C,~vawing moment coetlicient

C,=pressure coetlicient

I_=moment of mertia with respect to the x-axis 25

[_=moment of inertia with respect to the z-axis

[ —lift force

7, M, , & =body moments (roll, pitch, yaw)
p.q.r=inertial angular velocities for roll, pitch, yaw 30
LE=leading edge

M _=Mach number

TE=trailing edge

g=dynamic pressure
Flap Control Authority 35

With reference to FIGS. 1a, 2, and 3, detlection of flaps
1 to 8 are able to provide flap control authority to LNA
vehicle 100, as shown 1n the aerodynamic moments found
for the flaps. Specifically, a subset of these aerodynamic
moments are presented at the trim angle of attack and 40
sideslip and the same Mach number and dynamic pressure
points shown for the base aeroshell. To determine the
acrodynamic moments for the flaps, for a particular angle of
attack, Mach number, sideslip angle, and dynamic pressure,
the flaps are individually deflected from 20 degrees 1nto the 45
flow to —45 degrees out of the flow, as 1llustrated 1n FIG. 11.
This process 1s repeated for diflerent points within the Mach
and dynamic pressure operating regime ol the vehicle, while
varying sideslip and angle of attack.

Since the vehicle 1s symmetric about the longitudinal x-z 50
plane, only the tabs on one side of the vehicle are demon-
strated for brevity. Results showed that detlecting the lon-
gitudinal control surfaces, flaps 7 and 2, into the flow
generates primarily positive and negative pitching moments,
respectively. These surfaces also generate secondary yaw 55
moments as expected, when detlected individually into the
flow and without their longitudinal counterparts on the other
side of the vehicle, flaps 8 and 1. Furthermore, they generate
roll moments of significantly smaller magmtudes than the
pitch or yaw moments. 60

The lateral control surfaces, flaps 3 and 4, primarily
induce yvaw moments when deflected with secondary pitch
moments generated. Flaps 3 and 4 can also create roll
moments larger than their longitudinal counterparts 2 and 7,
as expected. This induced roll 1s small 1n comparison to the 65
primary yaw moments induced by deflecting the lateral tabs.
Since the flap deflections are primarily 1n line with the roll
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axis of the vehicle, deflecting the tabs does not induce much
roll except for the limited dihedral coupling that can also be
seen 1n the base aeroshell.

Because the control surfaces can eflfectively induce pitch
and yaw moments on LNA vehicle 100, deflection of flaps
in the described configuration allows LNA vehicle 100 to
track a guidance trajectory based on angle of attack using
generated pitch moments and sideslip modulation using
generated yaw moments. The strong dihedral coupling on

the base aeroshell induced roll moments beyond the roll
control authority of the flaps. This limits the magmtude of
the sideslip for this guidance method and prompted the
disclosed invention. Further, in addition to following guid-
ance commands by modulating aerodynamic forces and
moments, flaps can also be used to stabilize the vehicle
during flight.

Mass Movement Control Authority

With reference to FIG. 15, linear translation of masses 11
to 18 are able to provide control authority to LNA vehicle
200, as shown 1n the aerodynamic moments found when the
center ol gravity 1s changed. Specifically, a subset of these
acrodynamic moments are presented at the trim angle of
attack and sideslip, and the same Mach number and dynamic
pressure points shown for the base aeroshell.

Since the vehicle 1s symmetric about the longitudinal x-z
plane, only the masses on one side of the vehicle are
demonstrated for brevity. Results showed that linearly trans-
lating the longitudinal masses, masses 17 and 12, into the
flow generates primarily positive and negative pitching
moments, respectively. These masses also generate second-
ary yaw moments as expected, when linearly translated
across the rib, individually, without their longitudinal coun-
terparts on the other side of the vehicle, masses 18 and 11.
Furthermore, they generate roll moments of significantly
smaller magnitudes than the pitch or yaw moments.

The lateral controls, masses 13 and 14, primarily induce
yaw moments when detlected with secondary pitch moments
generated. Masses 13 and 14 can also create roll moments
larger than their longitudinal counterparts 12 and 17, as
expected. This induced roll 1s small in comparison to the
primary yaw moments mduced by deflecting the lateral
masses. Since the translated mass distances are primarily in
line with the roll axis of the vehicle, translating the masses
does not induce much roll except for the limited dihedral
coupling that can also be seen 1n the base aeroshell.

In this particular vehicle 200 as shown, the lateral masses
have a travel distance of +/-69 mm to provide a Center of
Mass shiit of +/-7 mm. Longitudinal masses 17 and 18 have
a travel distance of +/—69 mm, while the longitudinal masses
11 and 12 have a travel distance of +/-112 mm, resulting 1n
a longitudinal Center of Mass of +/-9 mm. The travel
distances can be adapted to other vehicles’ configurations as
needed.

Because the masses can induce pitch and yaw moments
on LNA vehicle 200, mass movement in the described
configuration allows LNA vehicle 200 to track a guidance
trajectory based on angle of attack using generated pitch
moments and sideslip modulation using generated yaw
moments. The strong dihedral coupling on the base aeroshell
induced roll moments beyond the roll control authority of
the flaps. This limits the magnitude of the sideslip for this
guidance method and prompted the disclosed invention.
Further, in addition using moving masses to follow guidance
commands by modulating aerodynamic forces and
moments, masses can be used to stabilize the vehicle during

flight.
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RCS Control

With reference to FIG. 1¢, according to some embodi-
ments, RCS thrusters are used to roll the asymmetric lifting
vehicle to the desired bank angle and thus follow the desired
trajectory by controlling the orientation of the vehicle’s lift
vector.

The four thrusters are mounted on the lateral ribs 23, 24,
25, 26, as shown 1n FIG. 1c¢. These thrusters cam fire 1n pairs
and can independently generate 1 Newton thrust magni-
tudes. Additionally, each thruster provides a minimum pulse
of 0.015 seconds and a total mmpulse of 5240
Newton*seconds for a Hydrazine propellant

The thrusters are designed to provide roll control to
change the vehicle’s orientation and track bank angle guid-
ance commands. Acting as opposing pairs, firing a pair of
thrusters located on one side of the x-z plane will roll the
vehicle 1n one direction and change the bank angle while
firing the opposite thruster pair rolls the vehicle 1n the other
direction and generates a bank reversal.

Control System Overview

Embodiments of the invention are directed towards soft-
ware that executes upon physical hardware. The software of
an embodiment 1s collectively referred to as flightpath
control software. Flightpath control software of an embodi-
ment may be composed of any number of functional com-
ponents, or modules, which each perform one or more
functions discussed herein. Embodiments may be imple-
mented as a singular unit of software or a collection of
modules designed to operate together as a functional whole.

In an embodiment, flightpath control soiftware may
include one or more guidance components, controller com-
ponents and tlight hardware control components.

In some embodiments, the gwdance component 1s
directed towards generating guidance commands that con-
trol the longitudinal forces for modulating angle of attack
(c) and lateral forces for modulating sideslip angle (3) 1n an
uncoupled manner. In some embodiments, the guidance
component 1s directed towards generating guidance com-
mands for controlling the bank angle o of the vehicle. In
some embodiments, the guidance component generates a
commanded angle of attack a_, a commanded sideslip angle
B, and a commanded bank angle o, that are received and
achieved by the controller component.

Dual controller components are directed towards moni-
toring the output of the dynamics 1n the state of movement
of the vehicle from vehicle sensor systems, which estimate
or determine the vehicle’s state values, such as p, g, r, @, {3,
and 0. One of the controller components 1s an 1ner loop
controller component, which receives inertial angular
velocities of roll (p), pitch (q), and yaw (r) expressed in a
body-fixed coordinate system, and the vehicle’s angle of
attack (a), sideslip angle (3) from the sensor system 1n an
inner feedback loop. The mner loop controller component
tracks the commanded angle of attack o, received from the
guidance component, and a commanded sideslip angle 3_
received from the other controller component, and compares
them to the p, q, r, o, and P received from the system, and
generates a control actuator action, such as flap detlection or
mass movement, to the flightpath hardware control compo-
nent that controls the actuators for the thghtpath control
hardware.

The second controller component 1s an outer loop con-
troller component, which receives p, q, r, and the system’s
bank angle o from the system sensors 1n an outer feedback
loop. The second controller component receives a com-
manded bank angle o_. from guidance component and, using
the feedback of the system’s current bank angle, commands

10

15

20

25

30

35

40

45

50

55

60

65

8

the approprnate sideslip angle [3 . to the inner loop controller,
which indirectly induces a roll moment through dihedral
cilect of the moving vehicle.

The flightpath hardware control component of an embodi-
ment 1s directed towards recerving mput from the controller
component to control the system, applying the control input.
For modeling 1n a simulation, the dynamics of the system
can be expressed as a function of the controlled vehicle state
and control mput for the controller components.

FIG. § 1s a diagram depicting a representation of a
closed-loop system to exploit the dihedral effect to control
the bank angle of the vehicle by modulating sideslip angle,
according to some embodiments. The core concept of the
dual 1nner-and-outer control loops 1s to exploit the aerody-
namic properties of the main vehicle body of having a
dihedral effect that induces roll from sideslip to control the
bank angle. Since the acrodynamic forces acting on the body
are large, exploiting these forces for control should enable
faster bank accelerations than could be practically achieved
through typical control strategies. This also enables vehicle
designs with fewer control actuators, since roll-specific
actuators are not required to regulate bank angle.

Previous typical control strategies rely on the attitude of
the vehicle beimng fully actuated or over-actuated to regulate
roll, pitch, and yaw. For example, standard piloted aircraft
with control surfaces have aileron(s) to control roll,
rudder(s) and vertical stabilizer(s) to control yaw, and eleva-
tor(s) to control pitch. There 1s typically coupling in the
different channels, such as in the lateral channel with the
alleron and rudder to turn and yaw the vehicle. This aero-
dynamic coupling, in addition to the kinematic coupling that
can exist 1 certain flight conditions and variability 1n
control surface eflectiveness, 1s generally undesirable and
results 1n limited maneuverability. On the other hand, inten-
tionally and strategically coupling yaw and roll can be used
to achieve enhanced maneuverability.

With reference to FIG. 5, closed-loop control system 500
can exploit the dihedral effect to control the bank angle of
the wvehicle by modulating sideslip by inducing yaw
moments. In this approach, control system 500 includes an
iner loop 501 and an outer loop 503. In inner loop 501,
control actuators 515 that primarily induce pitch and yaw
moments are used to follow angle of attack commands 505
from the guidance component, including regulation about a
constant angle of attack command 505 and an angle of
sideslip command 523 from outer control loop 503. Outer
control loop 503 responds to bank angle commands 519
from the guidance component by commanding a sideslip
angle 523, which induces a roll moment through the dihedral
ellect to achieve the commanded bank angle 519. Note that
iner loop 301 does not need to regulate angle of attack a_
if the system design does not require it, such as for a
longitudinally stable entry vehicle.

According to some embodiments, a process 1s executed
by the system to control the tlightpath of LNA vehicle 100.
For a particular entry state, including target location, entry
flight path angle (FPA) envelope based on aerodynamic
loading and heat rate to avoid the vehicle from skipping out
or burning up, respectively, the guidance component com-
mands an angle of attack o . and a bank angle o .. The angle
of attack command o 1s received by inner-loop controller
507, which compares the commanded angle of attack a_
with the system feedback 517 p, q, r, &, and p, and generates
a control input u 515, which leads to control actuator action
in the vehicle, such as flap deflection to induce pitch and yaw
moments. The dynamics X of the state of the vehicle which
depends on the controlled vehicle state a and control mput
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u, and measurements of state components produce values
517 forp, g, 1, &, and P as feedback for inner-loop controller
507.

Inner-loop controller component 508 also receives input
from outer loop controller component 521 1n the form of a 5
commanded sideslip angle 3. 523. In this process, the
guidance component commands an angle of attack o._ and a
bank angle o_. The bank angle command o.. 1s received by
the outer-loop controller 521, which compares the com-
manded bank angle o with system feedback 524 p, q, r, o 10
from the state component system 508, and generates sideslip
angle command 3. 523 for inner-loop controller 507 to
adjust sideslip, which can be used to exploit the dihedral
ellect 1n the vehicle to induce the necessary change 1n bank
angle o. 15
Flap Control Mechanisms and Integration

FIG. 6 1s a diagram showing the flap deflection angles
ranges and configuration on a deployable entry vehicle with
a tlap-based non-propulsive control system, according to
some embodiments. As shown, the leading edge flap 8 1s 20
deflected aft as a —=20° deflection out of the flow, and the
trailing edge flap 1 1s deflected windward as a 20° deflection
into the flow, according to some embodiments. In some
embodiments, the leading edge flap 8 1s detlected atft up to
as a —45° detlection out of the flow. In nominal thght, all 25
flaps can be configured to deflect —45° out of the flow. For
notional maximum lift, trailing edge flaps 1, 2 are deflected
20° deflection into the flow, while the other tabs are
deflected —45° out of the flow. When stowed, tab angles are
set to 0° to be 1n line with the ribs. 30

FIG. 7 1s a diagram showing a stowing configuration for
LNA entry vehicle 100, with fabric not shown, and overlaid
with a small satellite payload envelope volume 701 1n the
Alt Bulkhead Carrier (ABC) system of a Centaur Upper
Stage, according to some embodiments. In some embodi- 35
ments, LNA Vehicle 100 1s configured to {it mnto the sec-
ondary payload space 1n the ABC system for a Centaur
Upper Stage. Details on ABC system can be found in Burdis,

G., The Atlas V Aft Bulkhead Carvier—Reqguivements for the
Small Satellite Design, 24" Annual AIAA/USU Conference 40
on Small Satellites, 2010, incorporated by reference herein.
In embodiments of the invention using the base LNA entry
vehicle, the s1zing constraints of secondary payload space of
the ABC system creates a limit for the maximum size of
adjacent flaps. The payload space and the rib length also 45
places constraints on the maximum flap length. However,
one of ordinary skill in the art will understand that the scope
of the invention 1s not limited to the ABC system constraints,
and appropriate dimensions for the flaps can be used 1n other
vehicle configurations. 50

FIG. 8 1s a diagram showing varying sizes of tlap con-
figuration for LNA entry vehicle 100, as well as a windward
view of tlaps, according to some embodiments. As shown,
flap 1 1s configured with a short tab 801 that 1s used with a
longer rib on the trailing edge 103 of LNA entry vehicle 100. 55
Flap 5§ 1s configured with long tab 803 while they are
mounted to shorter standard ribs on the leading edge. 3 tlaps
5, 6 (P for indicating sideslip control) are also configured
with long tab 803.

FIG. 9 1s a side view of an example of a flap and a 60
geometric configuration of a flap on a rib for a deployable
entry vehicle with a flap-based non-propulsive control sys-
tem, according to some embodiments. Tab 801, shown
without the mnner bracket and fastening mechanism, hinges
about rib tip shoulder radius 903 to provide a smooth 65
transition tlow between the outer surface of the rib and the
outer surface of the flap. The end 901 of the tlap 1s contoured
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to nest with the rnib tip shoulder radius 903. In some
embodiments, the outer surface of the tlap 1s tangential to the
curve of the nib tip shoulder radius 903 1n negative detlec-
tions out of the flow.

FIGS. 10 and 11 illustrate aft perspective views of flaps,
showing a mounting configuration for flaps, and an actuation
configuration for flaps for a deployable entry vehicle with a
flap-based non-propulsive control system, according to
some embodiments. In some embodiments, tab actuation
assembly includes a linear actuator 1005 that extends or
retracts connecting linkage rod 1003. Connecting linkage
rod 1003 1s fastened to a crank bracket structure 1001 of the
flap by a linkage pin 1101, which passes through both an
inner portion of the bracket structure and the connecting
linkage rod to form a crank hinge. The bracket structure
1001 extends beyond flap end 901 and includes a connecting,
barrel. A hinge pin 1103 passes through rib tip hinging hole
and connecting barrel to form a hinge point 1007 for the flap.
FIG. 11 further illustrates the deflection range of the flaps,
showing a —45° out of the flow and a 20° detlection into the
flow.

Mass Movement Control Mechanisms and Integration

With further reference to FIG. 15, mass movement non-
propulsive control system uses sliding mass blocks, such as
masses 15 and 16, along the aeroshell ribs to shiit the vehicle
center-of-mass (CoM) and change the angle of attack of the
vehicle. Due to the nib layout, it 1s necessary to group the
masses 1n pairs in order to maintain symmetry and stability
about the vehicle’s pitch and yaw axes. In order to maximize
the available control forces, mass movement control system
uses e1ght moving mass blocks, according to some embodi-
ments.

The layout included Tungsten mass blocks to be driven
along the extended portions of the ribs. The shape and form
factor of the mass blocks maximize mass travel distance
while still fitting within the packaging constraints associated
with the stowable/deployable structure.

The design uses an actuator layout that 1s very similar to
flap control system, with motors 205 mounted to the 1inner-
most part of the eight ribs supporting the moving masses.
Lead screws 203 driven by the motors provide the linear
motion of the masses. The rib structure can double as the
linear shide/guides for the mass blocks. Internal control
components such as motor drives and batteries were 1den-
tical to the flap control system.

Reaction Control System Mechamisms and Integration

With further reference to FIG. 1¢, the RCS thrusters are
located outboard on the aeroshell structure for increased roll
torque and employs a Hydrazine Propellant system with a
larger propellant tank to provide the necessary total impulse.

Thus, four 1.0 Newton thrusters were mounted on the
back side of the lateral facing ribs. Thruster nozzles were
located 0.4 m from the vehicle central axis in order to
provide the desired amount of roll torque. Some minor
modifications to the rib design and deployment system are
required to accommodate the rib mounted thrusters, and
implementation of hinged propellant lines are expected.
Payload enclosure packaging of the propellant tank, con-
troller and batteries feasibly fit within the available payload
volume.

Implementing Mechanisms for Components

FIG. 12 1s a block diagram that illustrates a computer
system 1200 upon which software performing one or more
of the steps or functions discussed herein may be imple-
mented. The computer system 1200 shown 1n FIG. 12 may
be commercial-ofl-the-shelf (COTS) computer system or
special purpose hardware.
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In an embodiment, computer system 1200 includes pro-
cessor 1204, main memory 1206, ROM 1208, storage device
1210, and communication interface 1218. Computer system
1200 includes at least one processor 1204 for processing
information. Computer system 1200 also includes a main °
memory 1206, such as a random-access memory (RAM) or
other dynamic storage device, for storing information and
instructions to be executed by processor 1204. Main
memory 1206 also may be used for storing temporary
variables or other intermediate information during execution
of 1structions to be executed by processor 1204. Computer
system 1200 further includes a read only memory (ROM)
1208 or other static storage device for storing static infor-
mation and instructions for processor 1204. A storage device
1210, such as a magnetic disk or optical disk, 1s provided for
storing information and instructions.

Embodiments of the mvention may perform any of the
actions described herein by computer system 1200 1n
response to processor 1204 executing one or more sequences 20
ol one or more instructions contained 1n main memory 1206.
Such 1nstructions may be read mnto main memory 1206 from
another machine-readable medium, such as storage device
1210. Execution of the sequences of instructions contained
in main memory 1206 causes processor 1204 to perform the 25
process steps described herein. In alternative embodiments,
hard-wired circuitry may be used in place of or in combi-
nation with software instructions to implement embodi-
ments of the invention. Thus, embodiments of the invention
are not limited to any specific combination of hardware 30
circuitry and soitware.

The term ‘“non-transitory computer-readable storage
medium” as used herein refers to any non-transitory tangible
medium that participates 1n storing instructions which may
be provided to processor 1204 for execution. Note that 35
transitory signals are not included within the scope of a
non-transitory computer-readable storage medium. A non-
transitory computer-readable storage medium may take

many forms, including but not limited to, non-volatile media
and volatile media. Non-volatile media includes, for 40
example, optical or magnetic disks, such as storage device
1210. Volatile media includes dynamic memory, such as
main memory 1206. Non-limiting, illustrative examples of
computer-readable media include, for example, a floppy
disk, a flexible disk, hard disk, magnetic tape, or any other 45
magnetic medium, a CD-ROM, any other optical medium, a
RAM, a PROM, and EPROM, a FLASH-EPROM, any other
memory chip or cartridge, or any other medium from which

a computer can read.

Various forms of computer-readable media may be 50
involved 1n carrying one or more sequences ol one or more
istructions to processor 1204 for execution. For example,
the 1nstructions may initially be carried on a magnetic disk
of a remote computer. The remote computer can load the
instructions into i1ts dynamic memory and send the instruc- 55
tions over a network link 1220 to computer system 1200.

Communication interface 1218 provides a two-way data
communication coupling to a network link 1220 that is
connected to a local network. For example, communication
interface 1218 may be an integrated services digital network 60
(ISDN) card or a modem to provide a data communication
connection to a corresponding type of telephone line. As
another example, communication interface 1218 may be a
local area network (LAN) card to provide a data communi-
cation connection to a compatible LAN. Wireless links may 65
also be implemented. In any such implementation, commu-
nication interface 1218 sends and receives electrical, elec-
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tromagnetic, or optical signals that carry digital data streams
representing various types ol information.

Network link 1220 typically provides data communica-
tion through one or more networks to other data devices. For
example, network link 1220 may provide a connection
through a local network to a host computer or to data
equipment operated by an Internet Service Provider (ISP).

Computer system 1200 can send messages and receive
data, including program code, through the network(s), net-
work link 1220 and communication interface 1218. For
example, a server might transmit a requested code for an
application program through the Internet, a local ISP, a local
network, subsequently to communication interface 1218.
The received code may be executed by processor 1204 as 1t
1s received, and/or stored in storage device 1210, or other
non-volatile storage for later execution.

In the foregoing specification, embodiments of the mven-
tion have been described with reference to numerous spe-
cific details that may vary from implementation to 1mple-
mentation. Thus, the sole and exclusive indicator of what 1s
the mvention, and 1s intended by the applicants to be the
invention, 1s the set of claims that 1ssue from this applica-
tion, in the specific form 1 which such claims i1ssue,
including any subsequent correction. Any definitions
expressly set forth herein for terms contained 1n such claims
shall govern the meaning of such terms as used 1n the claims.
Hence, no limitation, element, property, feature, advantage,
or attribute that 1s not expressly recited 1n a claim should
limit the scope of such claim in any way. The specification
and drawings are, accordingly, to be regarded 1n an 1llus-
trative rather than a restrictive sense.

What 1s claimed 1s:
1. A system for controlling a flightpath of a flight vehicle,
comprising;
a guidance component configured to provide an angle-of-
attack command to an mner loop controller component,
and a bank-angle command to an outer loop controller
component;
the inner loop controller component configured to receive
first feedback on the flight vehicle’s current state, said
first feedback including angular velocities about roll,
pitch and yaw axes, and angle of attack and sideslip
angle of the flight vehicle;
the outer loop controller component configured to receive
second feedback on the flight vehicle’s current state,
saild second feedback including angular velocities
about roll, pitch and yvaw axes, and bank angle of the
tlight vehicle;
wherein:
the outer loop controller component uses the second
teedback, 1n conjunction with the bank-angle com-
mand, to produce a sideslip angle command to
provide to the inner loop controller,

the mner loop controller component uses the first
feedback, 1n conjunction with the sideslip angle
command, to produce a control mput to a flightpath
hardware control component, and

the flightpath hardware control component commands
changes to position of one or more thghtpath control
hardware to induce yaw moments to change current
sideslip angle of the vehicle.

2. The system of claim 1, wherein inducing yaw moment
turther induces a roll moment for that changes current bank
angle of the vehicle.

3. The system of claim 1, wherein the inner loop com-
ponent further uses the angle-of-attack command to produce
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the control imnput for inducing pitch moment that changes
current angle-of-attack of the vehicle.
4. The system of claim 1, wherein the tlightpath control

hardware include a plurality of flaps hinged at the end one
or more ribs of the vehicle.

5. The system of claim 4, wherein a leading pair the
plurality of flaps are positioned approximately at a leading
edge of the vehicle.

6. The system of claim 4, wherein a trailing pair the
plurality of flaps are positioned approximately at a trailing
edge of the vehicle.

7. The system of claim 4, wherein a leading pair the
plurality of tlaps are positioned approximately at a leading,
edge of the vehicle, wherein a trailing pair the plurality of
tflaps are positioned approximately at a trailing edge of the
vehicle, and the leading pair has a longer length than the
trailing pair.

8. The system of claim 4, wherein flaps of the plurality of
flaps are positioned in longitudinal positions to induce

10

15

changes 1n the angle of attack of the vehicle when deflected. »g

9. The system of claim 4, wherein tlaps of the plurality of
flaps are positioned 1n lateral positions to induce changes 1n
the sideslip angle of the vehicle when deflected.

10. The system of claim 1, wherein the flightpath control
hardware includes a plurality of masses positioned to move

along one or more ribs of the vehicle.
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11. The system of claim 10, wherein a leading pair of the
plurality of masses are positioned on the leading edge ribs of
the vehicle.

12. The system of claim 10, wherein a trailing pair of the
plurality of masses are positioned on the trailing edge ribs of
the vehicle.

13. The system of claim 10, wherein masses of the
plurality of flaps are positioned 1n longitudinal positions to
induce changes 1n the angle of attack of the vehicle when
moved along the ribs.

14. The system of claim 10, wherein masses of the
plurality of flaps are positioned 1n lateral positions to induce
changes 1n the sideslip angle of the vehicle when moved
along the ribs.

15. The system of claim 1, wherein flightpath hardware
control component commands one or more thrusters posi-

tioned on one or more ribs of the vehicle to fire to induce a
rolling movement 1n the vehicle.

16. The system of claim 135, wherein a pair of thrusters are

installed on lateral ribs on both a port side and a starboard
side of the vehicle.

17. The system of claim 4, wherein a flap’s outer control
surface 1s configured to be tangential to the rib tip radius
contour when detlected at an out-of-the-flow angle.
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