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Background and Purpose

 Sea of Tranquility landing under Visual Flight Rules (VFR)
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ITERPS

A working theory to leverage current
terminal procedure design (TERPS)
criteria augmented with lunar physics in
support of the exploration of the Moon,

Mars and beyond
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ITERPS Overview
= Lunar Pr'ocedur'e‘ Innbvation
‘m Ehtry Des’c-en't Approach. and La'ndi'ng
= Procedure ’Cons't'ructi'on’ and E\(alua'tion -
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Lunatr-Procedure lnhovation

« Human factors-vetted approach / missed
approach procedures

 Scalability of Point-in-Space (PinS) safety
calculations

 Applicability to Advanced Air Mobility
procedure development & training

 Innovative fixed altitude-variable entry
PinS approach

« Dynamic approach plate with vehicle
Interoperability
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Entry Descent Approach Landing (EDAL) @

Entry Descent Landing (EDL) becomes Entry Descent Approach Landing
(EDAL). Inclusion of approach procedures will provide innovative solutions to

enable the safe execution of lunar landings:

= Construction
$ JJ!Q?J%%?J&%

= Evaluation . T & - penerCrcacel & Terminal
Final . ” Descent
] ) Targeting s bl
= Validation Burn — / QE“I? = : —' =
- = ipse A ————
¥ j s : - Radar Velocimeter—»
Execution = Altimeter >
IMU >
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EDAL Evaluation

= |Lunar coordinates for waypoints via

Selenographic coordinate system
= Satellite mapping

= Controlling obstacle identification and

hazard mitigations
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EDAL Construction @

Landing Considerations Vehicle Considerations

* Obstructions- Obstruction = Flight Characteristics- Flight
evaluation airspace analysis controls with lunar physics

* Terrain- Digital terrain elevation = Energetics- Dissipation of
data energy to arrest entry velocity &

» LiDAR- Precision survey spatial deceleration to zero-zero landing

data = Slope / Tilt Limitations

= Hazardous Conditions
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|TERPS DeS|gn

': Lunar Unlt Conver5|on :
- leed Altltude Variable Entry Approach P
=  Dynamic PinS Approach Evalu_a't,ion' ' '
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ITERPS Lunar Unit Conversion @

Apply existing PinS precision approach criteria with augmented lunar physics,
radius and vehicle handling qualities/characteristics to generate a lunar approach

plate and coding.

Distance Glidepath = Barometric distance = Vertical distance (ft or m)
= Earth radius = Moon radius
Turn Anticipation » Heading change (degree) = Vehicle limitation
Reaction and Roll = Human + avionics (GNC) = Autopilot + avionics + pilot
monitor
Deceleration = Earth gravity = Moon gravity
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EDAL Fixed.Altitude.-.Variable.Entry Approach Concept @/

Tailor glideslope intercept to any PinS zero-zero landing.

i (B

|
|
: Variable Entry
|
|
|
l -
b Vertical Angle Le 0 e PInS
i . I
Tangential Plane =
p— Moon'’s Ellipsoid (Spheroid)
—
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EDAL Fixed.Altitude.-.Variable.Entry Approach Concept @

Vertical distance between two points on glidepath
. rmoon + Alte rmoon
dyert = In

& Tmoon T Altb X tan(H)
le.edAltltude .....................................................................................

Variable Entry

tl Vertical Angle ( g o e PINS

Tangential Plane L7
Moon'’s Ellipsoid (Spheroid)
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EDAL Fixed.Altitude.-.Variable.Entry Approach Concept @

Descent angle capture

Captureg,;; — 300,
Capturey = atan( e)
dvert

Variable Entry

t‘, Vertical Angle( X @

Tangential Plane L7
Moon'’s Ellipsoid (Spheroid)
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EDAL Fixed.Altitude.-.Variable.Entry Approach Concept @

Minimum distance for descent angle capture
COS(B) (rmoon + LTPelev + 3Ooalte

w rmOOn . )
Capt n = 90 — 0 — 1 — FAS
APTUTEDmin 180 ( St [ Tmoon + Capture g, D Length

N

Variable Entry

Fixed Altitude

Vertical Angle ( g °

Tangential Plane
Moon'’s Ellipsoid (Spheroid)
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EDAL Fixed Altitude - Variable Entry Concept

End
‘ Maneuver ~. Y =R-[R X cos(a )]
Waypoint | _ o J—
— V x 6 s 7 — N "
Drr = 3600 " R x sin (a)

R
1 X RNP /
) w

; !
DTA = R X tan <— RF Center | &
2 N
);'I"I‘ Point /T L
.5 X RNP [R X cos(a)] egin
. euver
I I Waypoint
I
p = magnitude of heading change in degrees .

D,, = distance reaction and roll I
DTA = distance turn anticipation

ATT = along track tolerance
R =arc radius ‘
XTT = cross track tolerance _§
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EDAL PinS Approach

Lunar Quad-Zero PinS Approach

3800ft

Airspace Concepts Testing

* Implement and

3600ft evaluate procedures 1

* Connectivity and
additional sims with

90 Kts
§ 3200 ft(AGL)

(Example)

partners
3400ft * Human Factors test on |
Altitude AGL approach plate 3.046 FPS? :
(Radar Indicated) -0951g I
720 FPM avg i
3200ft -49.86 secs to zero-zero E

3000ft

\ —r T +—
=200ft -100ft Oft 500ft 1000ft  1500ft  2000ft 2500ft  3000ft  3500ft

2981 ft F.E

(calculated ellipsoidal

height from Moon’s core) Horizontal Distance (ft)
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|TERPS Approach PIate

_Lunar Approach PIate De5|gn

- P|Iot Training
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ITERPS Approach Plate

Basecamp, Lunar South Pole VMS-06 (NASA)

Vector LRP 36° 40.462'N 121° 45.330'W
176° TARGET GPA 18°
TERM ALT 300 ft AGL

Low Lunar Orbit: 14,000/ 18°
Fixed Altitude Variable Entry

RNP .01: Enter from LLO, decend to fixed altituded of 14,000 ft
Waypoint OHZ. At OHZ confirm approach angle, azimuth and
monitor/maintain RNP. Initiate/monitor deceleration sequence
at Waypoint BLZ to touchdown.

CONTINGENCY: Over ride automatic landing sequence and
maneuver LEFT to fixed altitude Waypoint OHZ and re-
engage landing sequence with new approach angle/azimuth.

Control

134.025 / 258.025

MLS Auto Landing Sequence RECAP New GPA
133.0/251.15 = 20°

FOR NASA SIMULATION EXERCISE ONLY 12 DEC Radius

300

= Cross-monitor pilot/autopilot performance @

@< 17° 18° 19°

= Human factors-vetted format G
= Novel fixed altitude variable entry approach

g A A g

% ELev [ 1276 e ARG bLz [ s00ft g
= Contingency management through ME N

o
dynamically-generated approach ey

Basecamp, Lunar South Pole EXPERIMENTAL Fixed Altitude Variable Entry

125EP23 LLO: 14,000/ 18°

36° 40.462'N 121° 45.330'W
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ITERPS Implementation

= Safety

» Standardized Training

\
“\\\"‘ ,,,,,

= Scalability

Development of:

>> Flight Controls & Display Systems

Envisioned Lunar Base

>>'"New Procedures
>> Crew Training

/¢ GV 4
NASA Ames Research Center Vertical Motion Simulator (VMS)
- '5‘-'»f-. : :
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Conclusion

= |nterplanetary Terminal Procedure Design
= Construction, Evaluation, Validation, and Execution
= Lunar Approach Plate

» Entry Descent “Approach™ and Landing (EDAL)
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