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Abstract: The James Webb Space Telescope (JWST) is designed to studgnsaver
fundamental astrophysical questidngm an orbit abouthe SunEarthYMoon L2 libration point

1.5 million kmawayfrom Earth.This paper describes the results of an orbit determination (OD)
analysis of the JWST mission emphasizing the challenges specific to this mission in various
mission phasesthree midcourse orrection (MCC) maneuverduring launch andearly orbit
phaseand transfer orbit phasere required for the spacecraft to reach.L Phese three MCC
maneuvers are MCQa at Launch+12 hours, MGCb at L+2.5 days and MG at L+30 days.
Accurate ODsolutions are needed to support MCC maneuvanmpng. A preliminary analys

shows that OD performance with the given assumptions is adequate to support MCC maneuver
planning. Duringthe nominal science operatignphase,the mission requires better than 2
cm/seovelocity estimatioperformancdo support stationkeeping maneuver plannifige major
challengeto accurate JWST OD during the nominal science phaseltsfrom the unusually

large solar radiation pressureforce acting on the huge sunshiel@ther challenges are
stationkeeping maneuseat 2tdayintervals to keep JWSih orbit around L2,frequent attitude
reorientations to align the JWST telescope with its targets and frequent maneuvers to unload
momenturraccumulated in the reaction wheelonte Carlo analysis shows thtte proposed

OD approach can produce solutions that meet the mission requirements.
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1. Introduction

The James Webb Space Telescope (JW@ichis a scientific successor of the Hubble Space
Telescope and the Spitzer Space Telescapelesigned to study and answer fundamental
astrophysical questions ranging from the formation of the universe to the origin of planetary
systems. JWST is being dewpkd by the National Aeronautics and Space Administration
(NASA), the European Space Agen(y¥SA) and the Canadian Space Agen@SA). The
project is working towarslan October2018 launch.

JWST will be placed in an orbit abotite SunEarthiMoon (SEM) L2 libration point whichis
located about 1.5 million km from Earth (four times the distance to the Moon) on the opposite
side of the Sun from the Earth. The maximum distance from the tattle JWST orbiwill be
aboutl1.8 million km.

Theupdatedorhit determination ©D) performancessessmerior JWSThas not beempublished
since the originalWST navigation concept paper in 20Q03. This papeiprovides an updated
assessmerdf the OD performance amdiscusses thenethods applied fothe different mission
phases. Section 2 addresseslthench andearly orbit phase (LEOP) rad transfer orbit phase
Section 3 addresses the nominal science opesgpioase



2. Launch and Early Orbit Phase (LEOP) and Transfer Orbit Phase

As part of theflight dynamics supporfor the JWST mission, @ initial assessment of the OD
performanceduring the LEOP and transfer orbit phasas completedusing the covariance
analysis methadThe results presentdtereare consideredpreliminary. Further analysidased
on more rigorous modelingill be performed in the future.

Orbit solutionsduring the LEOP and transfer orbit phase required to sygort mid-course
correction(MCC) maneuvers expected at Launch«L? hours for MCEla, L+2.5 days for
MCC-1b, andL+30 days for MCG2. For MCGCla, theOD performance is evaluated L+12
hours, usingthe L+8 hours epochas a data cutff. For MCG1b and MCG2, the OD
performance is evaluateat the maneuver time usingnaOD solution based on tracking data
collected fo 12 hoursstartingl.5days prior to the maneuver.

2.1 Performance Assessmentlethod

The main assetsupporting JWSTorbit determination are the Deep Space Network (DSN) 34
meterBeam Waveguide (BWGantennas from Canberra, Madrid and Goldstoriéneir antenna
identificationnumbers are Deep Space Station (BD3&)Canberra), DSS4 (Madrid) and DSS

24 (Goldstone)These assetwill provide Sbandtwo-way range and range rateneasurements
using tle JWST omndirectional antenna®uring LEOR theranging campaign is expected to
start 45 minutes after separatiofelemetry and command support will be provided by the
Tracking and Data Relay Satellit¢SDRS) and the ESA Malindi ground station during the
LEOP, but no tracking data will be availablerfr these assets.

The OD performance assessment metHod these phasesisal FreeFlye® software that
simulatel range and range rate measuremants processk simulatedmeasurementssing an
Iterative Batch Least Squares estimafbhe resulting solutiorwas then propagated to the
desired epoch and compared with the referd@rajectory The orbit propagators for reference
trajectory propagation and in the batch filtsed a RungeKutta 8(9) integrator and an EGM96,
4x4 geopotential modelhe gravity force fromthe Sun and the Moowas included during the
propagation

For LEOP OD analysis that supports M@ planning, the initial epoch was an epoch after
separation from the launch vehicle and ithéial states were obtained fromthe powered flight
ephemeris provided by the launch vehiak@nufacturerArianespace, in their 2010 reled2¢.
Theseinitial states werebased on the assumption that thenchepochis October £, 2018 at
11:45UTC. The initial state vector and its associated standawiatiors are summarized in
Table 2.1(off-diagonalterms of the covariance matr@xe not shown in this papédwut the actual
computationtook them into account.) Alinitial stateswere defined in Cartesian enents and
the reference frameas Mean 0fJ2000 Earth Equator.

For the transfer orbit phase OD analysis that suppd@€-1b and MCG2, the initial state
were obtainedfrom the referencemission ephemeris fé. The reference ephemeris filgas
generated bpropagating the state from separation dimulating nominal MC@a and MCC
1b maneuvers. MCQ was not includedin the reference ephemeris generati@cause the goal



was to assess the performance one day before it happemesto the lack of initial state
covarianceinformation, very largestandard deviations and zero r@ations between the states
wereassumedor the present analysi$his way, more weightvas givento the measurements as
opposed to the initial statdable 2.2summarizes the initial conditisrusedto estimate the
navigation solution to support MGCb. Table 2.3summnarizes the same informatidor MCC-2.

Table 2.1nitial conditions for OD to support MGCa

EPOCH (UTC) State(km, km/s) 1-G (km, km/s)
X =-4173.09 Uy = 58.75
Y =-6944.95 Oy = 22.285
o Z=-538.18 0z =6.371
Oct 01 2018 12:13:51.557 VX =553 Gy = 0.009
VY =-8.120 Ovy = 0.06
VZ =-0.972 l?lvz =0.08
Table 2.2nitial conditions for OD to support MGCb
EPOCH (UTC) State(km, km/s) 1-G (km, km/s)
X =158222.18 Uy = 200
Y =-35826.90 0y = 200
. Z=-9272.235 0z = 200
Oct 02 2018 03:15:07.300 VX= 208 G = 0.1
VY = -0.001 l?lvy =0.1
VZ =-0.073 Oyz = 0.1
Table 2.3Initial conditions for OD to support MG
EPOCH (UTC) State(km, km/s) 1-G (km, km/s)
X =1327098.182 Ux = 200
Y = 2803®.000 gy = 200
. Z =9696.150 0z = 200
Oct 29 2018 11:45:07.300 VX =015 Cux = 0.1
VY =0.144 &VY =0.1
VZ =0.0%6 Ovz = 0.1

The next step issimulating the range and range rate measurements simulate these
measurements, tHaeeFlye® softwarewas used, anthereference ephemeris file and a contact
analysis file(described below) were used as inputs

The contact analysissed for this analysis a report consistent with the reference ephemeris and
defines when there is contact with a particutacking asset. This contact analysis taketo
account the linef-sight between the spacecraft and the asset, the spacecraft asirtddee
omnidirectionalantenna8physcal location on the spacecraihd their field of view. During
LEOP,the firstcontact with a@racking assetvas Canberra, followed by Madrid. Howeyéhnere

was no contact with Goldstone during the first eight hoAtso, the contact time interals for
Madrid and Canbernaerenot contiguous. More preciselyetweeraunch and the first hour and



fifty minutes, and approximatelyuring thirty minutes starting &tve hours and twenty minutes
after launch, theravas no contact wih the DSN assets During the 12-hour tracking period
before MCG1b, Canberra and Goldstorneere the two main tracking assets visibdgth a 13
minutes contact with Madrid at the beginning of the tracking period. Durinttheurtracking
period before MLC-2, Canberra and Madridierethe two main tracking assets visilslad there
wasno Goldstone contact throughdbe tracking period

The measuremerdimulation processvas based on a number assumptions.tlwas assumed
that the sampling rate for all assetss 60 seconds and that trackivgs provided continuously
during the contact time. Alsdhe simulated measurementere biasfree and no ionospheric
effect was simulatedHowever,Gaussiamoisewasaddedto the simulatedange and range rate
measurementsvith a standard deviatiorthat was consistent with the weeklyacking data
assessmergerfomed bythe Goddard Space Flight Cent€$FQ Flight DynamicsFacility for
ea%h DSN assetable 2.4 listshe values usedvhichwerebased on the weekly report on April
22" 2013.

Table 2.4DSN Measurement Standard Deviations
DSN Antenna

Canberra DSS4

Madrid DSS54

Goldstone DS24

Range (m)

3.548

6.49

2.458

Range Rate (més)

0.051

0.044

0.088

The simulatedmeasurementwere processeith an lterative Batclh.east Squares OD routine that
was configured to estimate th®D solution at the desired epoch. The next section shows the
results obtained by applying this method.

2.2ResUts

Errors and he propagated standard deviation values for MGC MCG1b and MCG2 are
shown inTables 2.5 through 2.7The standard deviations weobtained from propagating the
batch navigation solution covariance to thgo&h of interest. The errors weobtained by
comparing the OD solutions with the reference ephemeris.

Table 2.5Errors and sandard deviations at L+12 hours to support MGC

Parameter Error 1-0 Unit
X -0.052 0.370 km
Y -0.1%6 1.005 km
Z -0.196 1.168 km
RSS Posion 0.250 1.585 km
VX -0.006 0.220 cm/sec
VY -0.260 1.722 cm/sec
VZ -0.28 1.497 cm/sec
RSS Vebcity 0.38 2.292 cm/sec




Table 2.6Errors and ®ndard deviations at L+1.5 days to support MGQLC

Parameter Error 1-0 Unit
X 0.024 0.138 km
Y 0.200 1.052 km
Z -0.068 1.051 km
RSS Posion 0.213 1.493 km
VX 2.910 0.097 cm/sec
VY 0.436 0.617 cm/sec
VZ -0.10 0.618 cm/sec
RSS Vebcity 2.94%6 0.879 cm/sec
Table 2.7Errors and &andard deviations and errors at L+29 days to support#CC
Parameter Error 1-0 Unit
X -0.013 1.580 km
Y 0.0% 7.2 km
Z 0.646 6.200 km
RSS Posion 0.646 9.692 km
VX 0.0m 1234 cm/sec
VY -0.057 5.720 cm/sec
VZ 0.410 4,108 cm/sec
RSS Vebcity 0.414 7.150 cm/sec

The magnitude of the root sum squared $RBosition standard deviation svan the ordeof 1
km for MCC-1a and MCGLb and 9 km for MC&. The velocity standard deviation sabout 2
cm/sec for MCGla, 1 cm/sec for MCQb and 7 cm/sec for MGE. Inthefuture analysis, more
attention will be paidd MCC-2, where the performance svaignificanty worse than the OD for
MCC-1la and MCGLlb. As for the errors, in all three cases, the RSS differefioes the
reference ephemeris wdess than 1 km in position and at the cm/sec level for velocity.

Mid-course correctionralysisreported in [3jusingthese resultshows that the ODperformance
values abovaresufficientto supprt the MCC maneuveslanning

3. Orbit Determination Analysis for the Science Operatios Phase

JWSTwill have a largesunshield with a maximum effective solar radiatpyassure (SRP) area

of ~163 m” The purpose of the sunshield is to protect the JWST optical system from infrared
sources, including the Sun, Earth, and Moon and spaceasftlectronics. Thiarge SRP force
acting on the huge sunshield poses the majaltastge to accurate JWST OD during the nominal
scienceoperatiors phase when JWST is orbiting SuBarth/Moon L2 Other challenges are
frequent attitude reorientations to align the JWST telescope with its targets and frequent
maneuvers to unloaaccumulated momentum in the reaction wheels.

For JWST mission, there is no position determination requirement for deterministiEveb.
though here are position prediction requirements, those will not be discussed in thislpaper.



terms of the velocityleterminatiorrequirementthe JWST maneuver planning team imposes 2
cm/sec velocity determination requirement to meet the mission lifetime goal of 10.5 Aears.
largevelocity determination error at the time of stationkeepi8f) maneuver design will silt

in a larger actuabK maneuver error, which will lead to more fuel consumptionSkrand an
overall shorter mission lifetimeThe SK maneuver planning time is 24 hours before SK
maneuver executionThe point of interest (POI) for velocitdetermination performance
assessment i hours earlier than the planning time, whicl2&hours before SK maneuver
execution

Orbit Determination Took K& (ODTK) version 6.2.0 4] was used to simulate and process
measurementd he extended Kalmaniter (EKF) waschoseras a navigation filteoverthe least
square batch estimation algorithm becaaets capability to solve through th@momentum
unloading (MU) maneuversand SK maneuversas well as its capaltly to model theSRP
coefficientas a vaying quantity Monte Carlo(MC) analysis method vgaused to assess the OD
performance.

3.1Reference Trajectoryand Filter Setup

Fig. 3.1(next pagexshows the referencetrajectoryin rotating libration poin{RLP) coordinate
framecentered at SEM LZThis ephemeris was generatgging a single trajectorfyom the SK
analysis [$. The initial epoch wadarch 20,2019 12:00:00.000TC, which assumed to be
after all commissioning activitiegnd thereference ephemeruration was 14 monthghe
orbit box sizewasfrom -0.315x10° km t0 0.150<10° km in the x-direction, from-0.730x10° km
to 0.730x10° km in the y-direction and from0.456x10° km to 0.355x10° km in the z-direction
in theRLP frame.

Total of 19 SK were executed every 21 dewth the first maneuver after about 40 days from the
initial epoch Table 3.1 lists the number U maneuvers (MU) betweeBK maneuvers. The
magnitudes 06K maneuvers varied between 4.92 cm/sec and 15.89 cm/sec and the magnitudes
of MU maneuvers variedetween 0.22 cm/sec and 0.60 cm/sec. &énformation provided to

the filter was deviated with 20% magnitude error ardegreedirection error to simulates/
knowledge error during real operation. The devia®dinformation was provided to the filter,

and the filter was set to estimate manewércorrections tacompensatéor thea/ knowledge

error.

The attitude profile of JWST was randomly generated with the following characteristics: Attitude
changes at fixed intervals of 6 hours and orientatiomniformly distributed within the limits
allowed by the mission to make sure that JWST instruments remain in the sunshield&Egbade.
though theidentical attitude profile was used in the filter, the effect of the attitude knowledge
error was simulated byeviating the solar radiation pressumedel

NASA G S F CSwlar Presure and Aerodynamic Drag (SPADol [5] was used to model the

solar radiation pressure. SPAD is a ray tracing modeling tool for solar pressure and
aerodynamics force and torque upon arbitrarily shaped objects in space. The SPAD model for
JWST was validated against the SRP model peavioy the spacecraft manufacturer, Northrop



Grumman Aerospace Systems. A SPAD plugin developed by NASA provides @ Witk the
SRP force corresponding to the JWST attitude. The SRP force computed by the plugin is a
multiplication of a value from SPAD modeith coefficient of solar radiation pressure (Cr).

@ V-7 Plane View = IERES

RLP Y-RLP Z _
plane looking into
Earth/MoonSun

direction

@ ¥-Z Plane View = |[= ] =

RLP X-RLP Z
plane lookingat
theside of the

@ -V Plane View = |[= ] =

RLP X-RLP Y
plane looking
down the orbit

Figure 3.1Reference trajectory iRLP frame(Yellow line is theSEM line)

Table 3.1 Number of MU maneuvdrstween the SK maneuvers
SK ID 213|456 |7|8|9|10|11|12|13|14|15|16|17|18
#ofMU| 4 | 3| 3| 3| 5|44 4|44, 6|6|5|2|3|2|1]|2

[EEN

In the filtering process, correction of the Cr from nominal value was modeled as a second order
GaussMarkov stochastic process and estimated. In propagating the reference trajectory, the
undeviated SPAD table was used while the SPAD table used in fidsr deviated by a
predefined noise to simulate error in SRBdeling Two sets of noise, as summarized in Table



3.2, were injected into SPAD table to simul#te effect ofSRP modeling erroin magnitude
and direction This error simulates also the effettattitude error Table 3.3 lists the force model
parameters used for reference trajectory propagation and in the navigation filter.

Table 3.2 Test cases

SRP Model Error (40) Tracking Schedule
Case 1 1% magnitude andeHirection error Two 3-hourcontacts
Case 2 1% magnitude andeHirection error Two 30-minute contacts
Case 3 5% magnitude andeslirection error Two 3-hour contacts
Case 4 5% magnitude andeslirection error Two 30-minute contacts

Table 33 Force model parameters

Referencdrajectory Filter
Third body Sun, Moon Sun,Moon
Geopotential field EGM96,21x21 EGMO96, 8x8
Integrator RK 7/8, variable step RK 7/8, 5 min step

20% mag andepointing

SK/MU maneuvers truth 5
error (u)
SRP UndeviatedSPAD table Deviated SPAD table (refer
to Table 3.4
Nominal=1) + Second orde
Cr Constant1 Gauss Markov process with

=1, halflife=360 minutes

3.2Measurement Simulationand Filter Setup

The same ground tracking assets assumed in Section 2, nhelBlyN 34 meter antennas at the
Canberra, Goldstone and Madgobund stationswvere assumed as tracking facilities. According
to the current tracking plan, there will be two tracking passes each day, on&didstone
(Northern hemisphere and the other fromMadrid (Northern hemisphere Every three day
Canberraracking (®uthernhemisphergwill replace one of the two daily passé&sacking from
both Northern andSouthern hemispheseis important sincghe improvedtracking geometry
enablesbetter OD perfamance.Table 3.2(above)lists thetracking scenarios assuméd the
current study Cass 1 and 3used3-hour contacts for a total 0 hous of daily tracking, and
Casa 2 and 4 use80-minutecontacts for d@otal of 1 hourof daily tracking.

Range and rangeate tracking data were simulated using OD&KIt was assumed that éh
sampling rate for all asseits 60 seconds and that tracking is provided continuously during the
contact timeTable 34 summarizegparameter values thatere used tsimulateinstrument and
environmenral error effectson tracking datalonosphere effest werenot simulated since the
model data providely ODTK® did not cover the year 2019 time perididwas assumed that
transponder bias isalibratedthrough prelaunch tegtg. The residualtranspondebias due to
temperaturerariationswasmodekdin ODTK® as a secondrder Gauss Markov process

For each Monte Carlo run, the following parameters were varied randomly: initial states,
transponder delay, measorent bias with white noise, troposphere bias, measurement time bias



and SPAD table error. The navigation filter was set to solve for the following parameters: three
position components, three velocity components, Cr correction, MU and SK maradver
vectors, range and range rate biases.

Table3.4 Measurement erranodelparameters

Measurement Simulation Filter
Troposphere SCFmodel in ODTK® Not modeled
lonosphere Not modeled Not modeled
Estimate range bias n/a Yes
Range bias 1m 0 m (initial)
Range biasi 15 m 30m
Range bias half life 1440 min 60 min
Range white noisé 15 m 30m
Estimate rangeate bias n/a Yes
Rangerate bias 0 cm/®c 0 cm/=c(initial)
Rangerate biad] 0.1 cm/ec 0.2 cm/gc
Rangerate bias half life 1440 min 60 min
Rangerate white noisé 0.1 cm/gc 0.2 cm/gc
Estimate transponder bias n/a No
Transponder bias 0 nancsec n/a
Transponder bia$ 110 rancsec n/a
Transponder bias half life 1440 min n/a

. . Random walk with 40 =
Measurement time bias n/a
0.001 sec

3.3Results

A Monte Carlo simulation wasin 30 timedor each of four caseshown in Table 3. Figures
3.2 through 3.5on the next two pageshow filter performance as a function of timmeradial,
in-track and crostrack frame (RIC)The navigatiorfilter makesthe initial convergenceybthe
time of the first SK maneuver, whi¢tappenedbout 40 days after the initial epoch

The effect ofSK maneuvers are clearly seinthese plotas the covariance increases at the time
of maneuver executioim both position and velocity error plots although the covariance increase
is more apparent in velocity error plot&locity errors inall threedirections lecome large right
after SK maneuversas shownwith large blue spikesbut convergewithin 20 daysafter SK
maneuverexecution beforethe maneuver planning time for the n&K maneuverThere is no
noticeablefilter performance degradation at the tsyed MU maneuver execution showirlgat

the navigatiorfilter was effectively tuned to handMU maneuvers.

It was noticed that position and velocity errordwril ~ May period around 30 ~ 60 and 395 ~
425 days in the figures) is bigger tharrorsin the other period. This pattern has one year
frequency and more apparent in position error pl&igen thoughit was suspected that the
spacecraft and the ground stations have disadvantageous geometry for OD in thistlseason,
authors could ot prove this hypothesis desisly. More investigation will be done on this topic



involving more than one refence ephemeris to test various geometry between the spacecraft
and the ground stations.
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Figure 3.6 shows filter tuning quality in the estimation consistency plots. The quantities being
plotted in these plots are errors normalized by state estimatmertainty computed by the filter:
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