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Introduction

A B C

CUBESATS DEPLOY
ICPS deploys 10
CubeSats total

ARTEMIS |

The First Uncrewed Integrated Flight Test of NASA’s
Orion Spacecraft and Space Launch System Rocket

@ LAUNCH (11/16/22) @ PERIGEE RAISE @ INTERIM CRYOGENIC @ OUTBOUND
SLS and Orion lift off MANEUVER PROPULSION STAGE POWERED FLYBY
from pad 39B at (ICPS) SEPARATION 105.5 miles from
Kennedy Space Center. @ EARTH ORBIT AND DISPOSAL the Moon; targets DRO insertion.
Systems check with solar ICPS commits Orion to
@ JETTISON ROCKET panel adjustments. moon atTLI. @ LUNAR ORBIT INSERTION
BOOSTERS, FAIRINGS, AND Enter Distant
LAUNCH ABORT SYSTEM @ TRANS LUNAR @ OUTBOUND TRAJECTORY Retrograde Orbit. approach in middle of burn, 81 miles.
INJECTION (TLI) BURN CORRECTION BURNS
@ CORE STAGE MAIN Maneuver lasts for As necessary adjust trajectory @ DISTANT RETROGRADE ORBIT
ENGINE CUT OFF approximately 20 minutes. for lunar flyby to Distant Perform a half revolution Return Trajectory Correction
With separation. Retrograde Orbit (DRO). (6 day duration) in the orbit 43,730 burns as necessary to
miles from the surface of the Moon. aim for Earth’s atmosphere.

arth’s atmosphere.

SP DO (12/11/22
Pacific Ocean landing within view
i of the U.S. Navy recovery ship.
) RETURN TRANSIT

Artemis | — First human-rated vehicle back to the moon in fifty years

* Paperis a sampling of key Orion GNC design decisions over 17+ years
leading up to Artemis |.
e Author started on Orion in November of 2005 just prior to contract award
to Lockheed Martin in 2006.
— Early Orion simulation development (2005)
— Entry Descent and Landing (EDL) Navigation Subsystem Manager (2006)
— Navigation System Manger and MODE Team Lead (2011)
— VIO Program Lead Engineer (2016), SMI Program Lead Engineer (2020)
— Orion Spacecraft Chief Engineer / Deputy Program Chief Engineer — (2024)




Navigation — First things First

| never understood why Guidance came before Navigation in
GNC? You must know where you are (Navigation) before you
can decide where to go (Guidance) and how to get there
(Control), - right? Ok, I’'m biased. I’'m a Nav guy. On to the
story...



Navigation Architecture Upgrade — EFT-1 to Artemis | A

* Image above: Whiteboard
sketch detailing the
fundamentals of the
4-Channel architecture.

. Image right: Documentation of
Artemis | Nav implementation

* 3 -Aided channels + 1 — Inertial
propagation only channel

* 4 —Modular EKFs for all flight
phases (easy to add more as
needed)

. Sensor SOPs and FDIR + EKF
FDIR

. Source select and Altitude
select logic

IMU 1

IMU 2

EFT-1 was a great success, but due to changing political
priorities and resulting schedule pressures, the Nav code
needed an overall to handle additional hardware and be
more extensible for future missions.

Nav team held multiple TIMs to redesign the base
architecture to support future needs.

Resulted in an historic achievement captured at the end
of the last TIM on Nov 21, 2014.

| Simplified NVA Architecture
I (EKF Focused)
1

ECRV States

Three Filter Channels

EKFIOB

IMU 3
40 Hz Domain
o 1)
GPS 2
ST1
ST2
oo

1 Hz Domain




“Navigation Base” — Compromises Hurt A@

* Most spacecraft have a rigid “Nav Base” with co-located IMUs and Star Trackers (STR).
— Allows for stable alignment between sensors needed for attitude and gyro error estimation
 |IMUs are needed for the entire mission so they must be located on the Crew Module (CM).

« STRs need a sun shield to protect optics and need to penetrate the outer mold line to see
stars.

— Sun shield that could withstand the heat of entry would be very heavy
* Nav Team challenged to put the STR on the Crew Module Adaptor (CMA).

* In addition, configurators required one of the IMUs had to be located on the opposite side of
the vehicle.

*  Asuccessful design was implemented to estimate the STR-IMU alignment by processing STR
measurements while rotating the vehicle.

— Assumes reasonably stable structure between alignment maneuvers

* Later discovered that the pressure vessel deflected (ballooned) in vacuum and from
aerodynamic loading during entry —

*  Mostly impacted IMU FDIR —
had to increase thresholds

_ Simplified 2D
and persistence representation
. . of complex
*  On-orbit alignment process 3D motion,
still worked well, and the not fo scale

vehicle structure was stable
between maneuvers

e Lesson: have a "Nav Base” if
possible. MU @ @
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Return with Permanent Comm Loss — What?

Orion has a requirement to return the crew home safely to Earth
without communications with the ground. This core requirement
drives Orion to be one of the most autonomous and automated
vehicles to ever fly in space. Two primary capabilities evolved to
satisfy this requirement: Optical Navigation (OpNav) and
Onboard targeting and burn execution.



Autonomous Optical Navigation — First Time Ever A@

* In place of conventual Earth-based ground tracking navigation, OpNav is the process of computing a
bearing and range measurement to a known celestial object like a planet or moon.

* General technique demonstrated on Apollo but with humans using a sextant (star-limb meas).
* Executed in various forms for un-maned spacecraft with most of the processing done on the ground.

* Orion OpNav uses a special camera and custom image processing and lens calibration to derive the
bearing and rang to the Earth or Moon.

— Also provides backup to star tracker for inertial attitude (ground process for Artemis |, onboard for Artemis I1+)

— Successfully certified during Artemis | and demonstrated the first-ever fully autonomous Optical Navigation
capability.

Artemis | Detected Limb and OpNav solution projected over lunar image



Autonomous Onboard Targeting and
Burn Execution — Most Sophisticated Ever

Orbguid: Executive drives core Power Explicit
Guidance (PEG) with desired burn solution type.

QrbGuidruns in two execution
modes, shown in brown
boxes:

= Pre-bum computations:

+ Active burn guidance:

Without ground support, Orion must plan, target, and
execute all burns needed to get home.

Burn Plan Manager (BPM) uses Burn Plan (BP) data to ot oo s, e
drive onboard Two-Level-Targeter (TLT) to generate |t > (116 —toudpreTic) 8& bumenable == TRUE)

. . o l [runPreBurnCompsFlag ==TRUE]
targets for orbit guidance (Orbguid). -

Active Burn Guidance:
Input: State, IMU data

Pre-burn Computations:
Input: State, mode-dependent burn targets

During burn execution Orbguid provides steering

Maps targets to internal targets for active guidance. ian (via call to PEG) in the

commands to Service Module (SM) Control (CNS). b e e T o o,
Sete hurnEnable 1o TRUE f convergad, FALSE Freeze steering solution and burn cutoff

otherwise. time as approach end of burm,

Timeline Vehicle Manager (TVM) uses BP data to control
events, Solar Array Wing (SAW) positioning (CAR), and ]

FSW configuration.

Artemis | had two BPs available: one for nominal and

one for the PCL scenario. TLT: Loop 1 iterates on position, Loop 2 applies
additional constraints, repeat loops till converged
Burn Plan Manager Functional Flow ¢ Two Level Targeter is NOT: S
FETT = A Burn Plan generator g AV
Burn Plan Data Mission Control . o =
— Themmpn = A Non-Linear corrector = S ~~ 0
----- v
< > Seected bum plan . . -
{ paarters = A trajectory optimizer
—— Otherdas — X "
fe Level 1 — Compute AVs to reduce arrival position
¢ Two Level Targeter is: HTOrS o 760,
“' = A linear predictor/corrector
Burn Plan
Manager Two Level Targeter i O <—_ Adjusted patch
i TUTcompued ‘ Level 2 A point, lower AV.
Racse pacn @ r-'m UG sy sucarmeters Level 1 Iteration eve !
oI i s i chance sate ot o—
i & ooy ) ) ange patch poin
Gesuns | Targeting—| Hacarcs aget Use differential corrector - : O
,,,,,,,, - = GDOJO <«— positions and times so /
mﬁ_mﬁz i i OrbGuid . :O co;ﬂpl;le av nte:deq tto that constraints on AVs ST constraints met
BTLT converged e <« tgan:t;r] rccmtpa ch poin and other trajectory =
= sl ey sl e pafeh point parameters are met. Level 2 — Adjust patch points to reduce Al's and meet
t e e i constraints for a dispersed trajectory.
S ot P ™ > L T No
o Thue Max iterations ? ——> Trajectory constraints met ?
e e e e e A »l« Yes ° Yes Level 1 re-computes AV's so that trajectory passes

R i TLT Failure Compute bum targets through patch points.
for Orb Guid.
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Time to Come Home — Returning to Earth

After a long journey to the Moon and back, Orion returns to
Earth at incredible speed. All that energy must be dissipated
to slow the vehicle down so parachutes can be deployed,
and Orion can descend to a gentle splashdown in the Pacific
Ocean off the coast of California.

10



Skip Entry Guidance — First Ever “Real” Skip Flown

AP

* Skip entry enables Orion to return from the Moon with a — ;”f"””T“'ge‘i;;"““"°“3“'eF'ZEL_:;.:@'.
. . . 4 : ®  Landing Site
variety of Earth-Moon geometries and still land off the coast w{; ﬁ o
of San Diego, California near Naval recovery forces. %ﬁ |
— Lift vector rolled up/down to control range (with a little cross 2 _ g
range capability too) f g%
— Special Entry Interface (El) target line utilized to setup approach. % SIS T = VI R—
L H‘“',“q - :
* Early in the Orion Program there was a flyoff between NASA’s ¢ ), .
. . - . [G] ~
Numerical Skip Entry Guidance (NSEG) algorithm and ='s B >
Draper’s PredGuid algorithm. - ra
—  Flyoff turned into more a merger and in the end PredGuid was i I. e i@i 1
chosen (though performance was similar). = H(Lr:zontz?wEl Tar%ﬁt Llnew
* CM raise burn executed between CM/SM sep ... rous Depioy, ctus Gecoete Latiuse vs Longtude ronattuce @
! : : U e :
and El used to fine tune the flight path angle b e
(FPA) at El. el 1
— FPA s very critical for Orion due to mass- : |/ 2 -
optimized heat shield e Sl
2 ol =L { i | Advantage NSEG | '
E‘ ude (d=g) :
- FredGui tlll---::::T::n:::ﬂyr—'::jt"::;:::;a?lvr.-’ng'-lme 510 PredGuid ::ll--l-:t:-\r:m::;mcm.lmems r!'e i | Advantage PredGuid
— i :
5 el .
i
o 5 1 1= E ) 30 = w0 S w0 B o Tl T h CWex  iEE ENO Figure 35. Aerodynamic Delta Figure-of-Merit.

Prangt Relative Vaioeity Magnituge {kftis) Time is)

NSEG vs PredGuid Flyoff
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Touchdown Roll Control

e Orion must perform “Roll Control” or (Heading Control) under main
parachutes to ensure CM impacts the water at a certain orientation.

— Localizes impact loads to reduce structural mass and allows for seat stroke in
a specific direction (only enough room in that direction and better for crew).

 The main parachute attach point is offset to produce a hang angle so
Orion “knifes” into the water.
— Additional load reduction to save mass

* Roll Control points the vehicle in the direction of travel to slice into the
water at the proper orientation (CM +Z Body axis).

e Just prior to EFT-1, a pendulum mode was discovered if descending
under two parachutes (nominally there are three — requires a failure).

— Could produce velocity direction changes too rapid for Roll Control to
function.

— Pendulum Observer developed to track the swing and remove the added
velocity from the general direction of travel (controller can follow heading).

Pendulum Motion Under 2 Chutes

I
H
CM Aligned with the
Pendulum Plane
L)

— New control mode engaged if pendulum motion is present that orients Orion .~ [ & 0 s
. . . . . oy \
CM +Z Body perpendicular to the swing plane (if horizontal velocity belowa IR e Rl "\
4 1
threshold). ; b
. . . Impact Polar Comparison *’h... ‘I
— +Z Perpendicular to the swing plane reduces impact loads. 2w D ""'---.....--" 1
Undesired Orientation Desired Orientation g e ; — r‘ _]

150 : 40 . 30
F parachutes F parachutes / : |

+Z Body perpendicular to Swing
Plane (Alternate) moves impact
point further to the edge of the

+Z, | fewswewst | 7 Heat Shield reducing loads.

/ Vre \ T S ] g

270

Desired Impact Orientation Relative to Direction of Travel 12




Questions?
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