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Introduction (1/4)

® NASA Goddard Spaceflight Center (GSFC)

o Flight Dynamics Engineer in the Spacecraft
Navigation and Mission Design Branch

® NASA GSFC Missions (2009 — Present)
o JWST (Deputy Flight Dynamics Lead)

o SEXTANT: X-Ray Pulsar Navigation Tech Demo
(Navigation, Filter Design, Operations)

o ARTEMIS: 2 spacecraft Lunar Libration Orbiters
(Trajectory Design, Operations)

o MMS: 4 spacecraft Elliptical Formation Flying
Mission (Trajectory Design)

® University of Maryland B.S. and M.S. in 2010 and
2015, respectively

o Space Systems Laboratory Researcher Alumni




GSFC Navigation and Mission Design Branch (2/4)

® The branch answers the following:

o Whatis the spacecraft trajectory that fulfills mission
requirements? How is that trajectory supported?

o How does the project monitor and track that .' : | I

FLIGHT OYMAMICSE FACLITY

spacecraft during its mission?
® Involved on all levels of spacecraft design
o Concept design / proposals
o Launch and early orbit operations
o Closeout decommissioning

® Exercises a wide range of technical and
administrative backgrounds
o Aerospace, Mechanical, Electrical Engineering
o Math, Physics, Computer Science
o Systems Engineering, Business Administration

o Any background involved in a NASA spacecraft
mission helps!

Further information found at;
https://www.youtube.com/watch?v=8UUQAgLO3go

https://etd.gsfc.nasa.gov/590/code595.php
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ISEE-3 Sun-Earth L1 Halo
SOHO Sun-Earth L1 Halo
WIND Sun-Earth L1 Halo

WMAP Sun-Earth L2 Lissajous

DSCOVR Sun-Earth L1 Halo

ARTEMIS Earth-Moon L1/L2 Libration
Orbit
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JWST Summary

James Webb Space Telescope (JWST) is a deployable infrared telescope.

. European Space Agency-supplied
Ari P 5 ':’h th Ig yh tp P t ?:?egnr:‘taed Optical Telescope
Kr|ane I;m ¢ g aunch site a Science Element (OTE)
ourou, French Guiana Module (ISIM)
+  Science orbit design is a Sun- \

Earth/Moon L2 libration point orbit

. Perform Three Mid Course Correction
(MCC) chemical thruster maneuvers to
science orbit

Cold Space-facing Side

/ Sunshield

- Station Keeping (SK) at orbit fora 5
year science mission, with
consumables for a 10 year mission

Spacecraft Bus /

Warm Sun-facing Side

End of the The assen.'\bly Birth of stars Planetary (1] W. Yu; K. Richon; “lames
dark ages: of galaxies and proto- systems and Webb Space Telescope
First light and planetary the origin of Launch Window Trade
Analysis” (ISSFD2014)

reionization systems life
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Describe hardware (sensitivity of instruments require the space-facing side to stay away from the sun throughout the entire JWST mission.
L2 libration point orbit image (Cassie)


JWST Mission Overview
Communications Coverage Provided —

For all Critical Events

Observatory Deployments
-Solar Array

-High Gain/ Medium Antennas
-Sunshield

-Optical Telescope Element

Ariane 5 Upper
Stage Injects JWST
Into Direct Transfer

Trajectory ,ﬁg—@§ $ 3
i N S-Band TIm Link, Cmd Link, Ranging
Ariane 5

3 Launch
) System
4l S-Band TIm Link, Ranging

Deep Space Network
Space Telescope Science Institute
NASCOM Science & Operations Center

Observatory — Upper Stage
Separation

e L2 Point

. L2 Orbit
L2 Transfer : J/
Trajectory

Ka-Band Science Link
S-Band Tim Link, Cmd, Ranging
Nominal 4 Hour Contact Every 12 Hours

Communications
Services for Launch
(TDRS, ESA/Malindi)

Bl £ (254

[
|

i‘u

Ariane PPF S5
GSFC Flight Dynamics Facility

[2] Greenhouse, M.. “The James Webb Space Telescope: Mission overview and status.” 2011
2nd International Conference on Space Technology (2011): 1-4.
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https://www.google.com/search?q=jwst+mission+overview+menzel&rlz=1C1GCEA_enUS811US811&source=lnms&tbm=isch&sa=X&ved=2ahUKEwimjNbEgoPxAhXQHM0KHYCUBxUQ_AUoAnoECAEQBA&biw=1494&bih=572#imgrc=dAOjT83AeahiJM
The overall mission is summarized here.

The ground segment consists of the Science & Operations Center, at the Space Telescope Science Institute, the Flight Dynamics Facility at GSFC, the Deep Space Network and the NASCOM network. It also uses the ESA Malindi ground stations and TDRS for early operations communications.

The Launch Segment consists fot eh Ariane 5 Launcher and its launch site integration facilities.  The Ariane 5 will put the JWST observatory into a direct inject trajectory toward the Earth SunL2 point.  During the Launch Phase (after fairing jettison) TLM is communicated thru TDRSS and Malindi.

After separation the observatory begins its deployment pahse and is in constant communicatons with th e DSN

Following the deployment phase, the observatory cools down to operating cryogenic temperatures.  The OTE is aligned and phased using the NIRCam instrument.

Finally the observatory settles into its operational orbit around the L2 point and begins its nominal operational mission.  


JWST Orbit Frame Definition and Requirements

Requirement Requirements Driver(s)
MCC Maneuver Direction Science
Available MCC Maneuver AV for Nominal Injection Mass & Propulsion
Lunar / Earth Eclipse Power & Thermal
Rotating Libration Point (RLP) Size Requirements Science & Communication

RLP Y Dimension

“*
I |

!

RLP Z Dimension

_

— RLP X Dimension

[1] W. Yu; K. Richon; “James Webb Space Telescope Launch Window Trade Analysis” (ISSFD2014)



JWST Trajectory Design

JWST will be launched from French Guiana with a launch window opening in late
October 2021.
The mission outline after the launch using chemical thrusters:

MCC1-a +12.5 hours
after launch
MCC1-b +2.5 days after
launch
Sunshield +5 days after
deployment | launch
MCC2 +29 days after
launch
Station Every 21 days
Keeping during mission
lifetime

RLP-Y [km]

«10%

MCC1-a  MCC1b ¢
\‘_’——(\\ SEL2

Sunshield MCC2
deployment

14 12 10 -8 6 4 2 0 2 4
RLP-X [km] x10°

[3] T. Rashied; B. Stringer; J. Petersen “Mid-Course Correction Analysis for James Webb Space Telescope” (AAS 19-816)
[4] ). Petersen “L2 Station Keeping Maneuver Strategy for the James Webb Space Telescope” (AAS 19-806)
[5] A. Farres “Solar Radiation Pressure Effects on the Orbital Motion at SEL2 for the James Webb Space Telescope” (AAS 19-657)
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Maneuver Design: Launch and Early Operations
MCC1a, MCC1b, MCC2

) @ Current maneuver planning for JWST T S
\ focuses on refining a mature project design FrecFiyer Plot
with a fast turnaround for launch operations e

o Refine known libration orbits for a v/ L .
predefined launch vehicle flight sy ‘/‘,5/“ (. |
trajectory !{;:J,;-

o Design a mission design robust to g ,'r:’,%/ |\
operations (hardware updates, operation  |% s # .»l |
contingencies, etc.) mo e == |

® Goal is to achieve L2 solution for a given e w

launch opportunity with minimum fuel use 00000 N

o Initial bisection method bounds the total | """ %k .
system energy with the current launch — \ ‘)
profile to achieve L2 oA
o Diffe rential Correction Within the bounds -800000.000 -700000.000 -600000.000 -500000.000 -1]3?90;)2&0-?2%5“IBO:f[Jg]O?kg-IOJU -200000.000 -100000.000 0.000 100000.000

——— JWST.RLP_L2Position[1] (km)

used to refine the solution for minimum
delta-V for all MCC maneuvers

11



Maneuver Design: Station Keeping (SK) at the L2 Orbit

L2 libration orbits require station keeping
maneuvers

JWST has other known uncertainties that
need active maintenance. Examples below:

o Momentum unloads
o Orbit determination uncertainty

To control these factors, station keeping
maneuvers are planned every 21 days

Basic steps

o Step 1: Determine maneuver direction
(sun/anti-sun maneuver)

o Step 2: Determine maneuver
magnitude with differential correction

Step 1: Find SK Maneuver Direction
Concept Visual (Not an Orbit)

Sunward Maneuver

[ T

“,  Natural
“'1 Movement

Sunward Anti-Sunward

Anti-Sunward Maneuver

ov, @

Natural .

Mavemeant /|
b

Sunward Anti-Sunward

In the Circular Restricted 3 Body Problem, the L2
equilibrium point is an unstable equilibrium, i.e. the state
will exponentially diverge from the L2 point.

12



Maneuver Design: SK Step 2
Differential Correction Process (1/2)

RLP XY Targeting
08/06,/2020
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Target Perpendicular RLP-X Axis Crossings
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For the CR3BP model, calculating the initial condition at the start that results in a perpendicular crossing half a period later was sufficient to fully construct the periodic orbit thanks to the Mirror Theorem.
Within the full force model (planetary ephemeris and non-conservative SRP forces), the mirror theorem no longer applies.
To solve this, the perpendicular crossing constraint is enforced further down stream, typically after 1.5 or 2.0 periods (3 or 4 crossings of the RLP-X axis).
The methodology starts with finding the maneuver magnitude (for a fixed maneuver direction) that results in achieving a perpendicular crossing at the second crossing of the RLP-X axis (RLP-Y = 0).
The delta-v magnitude solution that achieves two crossing is used as the seed for the delta-v magnitude required to achieve three crossings of the RLP-X axis. Likewise, the solution for achieving three crossings is used as the initial condition to achieve four crossings of the RLP-X axis. 
Three crossings is usually sufficient for the SEM system.
Intermediate crossings are no longer perpendicular, but that is ok as the constraint is force at the end state which ensures staying in the periodic orbit.



Maneuver Design: SK Step 2
Differential Correction Process (2/2)
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Process continues for multiple crossings, dependent on sensitivity of L2 orbit targeting
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Driving Design Impacts to JWST Trajectory Design

1. Expanded Launch Window Capability Integrated Optical Telescope
2. Attitude restrictions on the JWST et Element (OTE)
Observator Module (ISIM)
y ~_

1. Restricted thruster fire directions for
both MCC and Stationkeeping

2. Overburn analysis and mitigation
3. Solar Radiation Pressure Modeling

Cold Space-facing Side

/ Sunshield

Spacecraft Bus /

Warm Sun-facing Side

JWST Requirements need to enforce the thermal requirements
of the cold and warm facing sides for the mission lifetime.
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Example Launch Window Using 14t January 2021

The type of orbit JWST will be inserted into depends on the time of the
day and day of the year it is launched.

44ban 2021 11:30 145Fan 2021 11:50

Y (km) 108
44gFan 2021 12:40

Y (km) s10®

14pPan 2021 12:20 14pPan 2021 12:30

0 1
Y (km) 108

d44pFan 2021 12:50

O

Z (km)
Z (km)
Z (km)
Z (km)

O

0

Y (km) 106
14gfan 2021 13:10

Y (km) x10°
14afan 2021 13:30

Y (km) 108
14afan 2021 13:40

Y (km) x10°
14aFan 2021 13:20

0 1
Y (km) 108

14gfan 2021 13:50

0

Y (km) 108
[1] W. Yu; K. Richon; “James Webb Space Telescope Launch Window Trade Analysis” (ISSFD2014)
[6] J. Brown; J. Petersen; B. Villac; W. Yu “Seasonal Variations of the James Webb Space Telescope Orbital Dynamics” (AAS15-802)

[7] W. Yu; K. Richon; “Libration Point Orbit Eclipse Avoidance Maneuver Study for the James Webb Space Telescope Mission”(AAS19-705)
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Example Launch Window using 14t" January 2021

The type of orbit JWST will be inserted into depends on the time of the
day and day of the year it is launched.

The science orbit is required to not
exceed =832,000km in the RLPY
and £=520,000km in the RLPZ and

to avoid Earth and Moon shadows
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[1] W. Yu; K. Richon; “James Webb Space Telescope Launch Window Trade Analysis” (ISSFD2014)

[6] J. Brown; J. Petersen; B. Villac; W. Yu “Seasonal Variations of the James Webb Space Telescope Orbital Dynamics” (AAS15-802)
[7] W. Yu; K. Richon; “Libration Point Orbit Eclipse Avoidance Maneuver Study for the James Webb Space Telescope Mission”(AAS19-705)

- 0 1
Y (km) 108

17



Variations of the James Webb

[6] J. Brown; J. Petersen; B.
Space Telescope Orbital
Dynamics” (AAS15-802)

Villac; W. Yu “Seasonal
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We want to understand underlying mechanisms


o 4
s © = 2 > 5
O | . - Ye
<956 N,mru © ==
f...%wn% ﬂVa.“e S 8¢
OC8 »n © © S5 =2 =
—~ © o naaa-_“ VN
(p] /)] ae - — o &
O 9 aocw TE = S
= c O .= 0 = O oo
s 00X C Bma ~ L8
QcT¥ Tw 0l g
® O .= Y— O n 3
u— = C = O & cC - <
eoo O e -~ O
Sn tavo c S
UOdCy eur._u..u Wm
o2 cg O POTEEZE_ $¢
= (O @© n @ (4] .2
S506E22 £2J56E B
O — 9, 3
>=090.£ o o X v O+

-aALIIEIIEIEEE-EI-EEI-EEoglsﬁ
000 & I000000000000000A00aI = dOa0
-aﬂtIIIIIIIIIIIEI-IIIIEﬁsg..ﬁ
000 S [0000000000000000000! S 000
EEBn:EEEEEEEEEEEEEEEEE-:Q--
[0/[0/000I[0I[0/[0[010/0/[0]0[00[[A[0[AI0[0 000001000 ~
[ e e e e e e e e e e e e e e e e e e e e e e e frerediee)
[ e e e e el e e e e e e e e e e e e e e e e e frelte)ire]
@E@EEEEEEEEEEEEEEEEEEEEEEEEEEE
@@5 LGFBTOTT0101101[01[ Q][O OOkl 0l QI[0][01[01[0/[Gl[A[03lI00l
.as@@@@.@@ggnn@nnnsas.....asss
a@@@@@@@@ﬁmg@@@@@@-zsgavgsﬁss
0[O QIO QIAIOIAQl — QIoIAQIoQQIOI@ QIS0
ORI QIO QI QNGO wnwn QIAIOIQIQIGIOIQLAA O MBI o OO
@@555@55@@@@@5asﬁ@s-sa@@mmg@@E
[01[01[01(Q1.Q1[01 6/ QI[OIOTTNRNO[ I 0IC Ol OO QINOICIGIC —— OICLE
[Q[IQ/QQIa/ 06 0IaIA0IQQ0IQQONAQQIQQICIMIIA
EICICIE e N e e e e e e e e e JCe e (e i senvenirentes’se e e e NG
:EEE@@@@@@anL§§§-§--@@§§§§@§-

in Orbit Geometry (2/2)

EEEEE..:EEEE 5 i@..: m 3 E@EE © QII

CKO

EEE:ugE=z:E§§§I-Ic—aQEIII:a-II
EEE;|;EEE=_EEIIIIc—BQQEIIﬁQ-II
1RI0I0I0]4.....0I0[0
0/0/0I00000
100000000 -
EEIIIIIE

Example Launch Variation

1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
3

19q0100 ui Aeq youneq

000MNY0000000000000U0000N0U0T~

Space Telescope Orbital Dynamics”

(AAS15-802)

Q

N

D.w.

EEE@HJ:E:EEE@IEIIcmkgngImh-II@

19

Launch Epoch (UTC)


Presenter
Presentation Notes


We want to understand underlying mechanisms


Attitude Restrictions of the JWST Observatory (2/2)

Sun-Spacecraft Line
A

4—: Roll
: SUNLIGHT

SIUNILIGHT

JWST attitude can be defined in terms of the Sun angles.

These angles are limited to: [-53°,0°] for Sun-Pitch, [-5°,5°] for Sun-Roll and [-180°,180° for Sun-Yaw.

This limits thruster directions to be away from the Sun which impacts all maneuver designs.

[5] A. Farres “Solar Radiation Pressure Effects on the Orbital Motion at SEL2 for the James Webb Space Telescope” (AAS 19-657)
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JWST Trajectory Design (Attitude Restriction Impact)

The JWST thrusters cannot thrust directly back towards the Sun.
The outbound MCC maneuvers must be scaled down in order to avoid any overburn

scenarios.
MCC1-a Perform 93% +12.5 hours
after launch
MCC1-b Perform 93% | +2.5 days after
launch
Sunshield SRP startsto | +5 days after
deployment | play a role launch
MCC2 Perform 100% | +29 days after
(15t station keeping launch
maneuver)
Station Perform 100% | Every 21 days
Keeping during mission
lifetime

RLP-Y [km]

«10%

MCC1-a  MCC1b ¢
\‘_’——(\\ SEL2

Sunshield MCC2
deployment

14 12 -10 8 6 4 2 0 2 4
RLP-X [km]

[3] T. Rashied; B. Stringer; J. Petersen “Mid-Course Correction Analysis for James Webb Space Telescope” (AAS 19-816)
[4] ). Petersen “L2 Station Keeping Maneuver Strategy for the James Webb Space Telescope” (AAS 19-806)
[5] A. Farres “Solar Radiation Pressure Effects on the Orbital Motion at SEL2 for the James Webb Space Telescope” (AAS 19-657)
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How Relevant is SRP?

* The SRP perturbation on JWST at SEL2 is almost 2 orders of magnitude
larger than the gravitational perturbations of Venus and Jupiter.

* Due to the sunshield high reflectivity the SRP acceleration direction varies
with the attitude, making it hard to predict its effect on the orbit.

Earths Accelerations affecting JWST
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Earth gravity

Mercury gravity

Venus gravity

Mars gravity Jupiter gravity

Saturn gravity

Uranus gravity Neptune gravity

Pluto gravity Moon gravity

Sun gravity

Ceres gravity

Vesta gravity

Pallas gravity ——— Hygiea gravity

[5] A. Farres “Solar Radiation Pressure Effects on the Orbital Motion at SEL2 for the James Webb Space Telescope” (AAS 19-657)
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SRP Modeling for JWST

1.8

N
w
I

-
=
]

SRP accsleration [km/s?]
o P
1

1-= : .' ? il
S50 40 T 50 40 A

th Moon 5
Pitch [deg] Roll [deg] Pitch [deg]

Venus

« The Flight Dynamics team uses a polynomial curve fit provided by the sunshield analysts
to have a high-fidelity model for the SRP acceleration.

« The SRP acceleration magnitude varies between 2.05x107'% and 1.15x107° km/s?, while
the offset angle with respect to the Sun-telescope line can vary up to 24 degrees.

[5] A. Farres “Solar Radiation Pressure Effects on the Orbital Motion at SEL2 for the James Webb Space Telescope” (AAS 19-657)

Roll [deg]
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Summary

® JWST Mission Design
o Early Operations
» Fixed launch profile from an Ariane V from the launch site in French Guiana
= Direct Injection to L2 with 3 maneuvers
» Designed to achieve the L2 orbit by targeting the required orbit energy
« MCC1a — Staging maneuver to achieve L2
« MCC1b — Maneuver to correct for maneuver/statistical errors from 1a
« MCC2 — L2 libration orbit insertion post deployment
= Station Keeping
« Designed every 21 days alongside momentum unloads to maintain L2 orbit
* Minimize fuel use and maintain the L2 orbit
® Driving Impacts on JWST trajectory design
o Large family of libration orbits allowed to maximize launch opportunities
o Large sunshield drives increased SRP modeling dependent on the observation schedule
o JWST Attitude restrictions limits thruster directions and magnitude
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Example JWST 10 year Trajectory
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