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[. INTRODUCTION

The growth incommercial missions to the Lunar surface and-lcisar space has
implications for the flight dynamics activity planning and during operatior&uich missions
typically have smallebudgetsthan previous governmefed missions, ando nottypically
have a fully dedicated communication netwarld often have only a smdlight dynamics
teamduring operationRather, heytend torely on privately operated ground station networks
for communication with the spacecrafurthermore NASA is approaching the commercial
groundstationmarket for a Near Space Network to reduce the load on the Deep Space Network
for missions covering Earth proximity E® to cislunar, and cidunar to up to 2,000,000 km
from Earth which includes the Sukarth Lagrange points 1 and

Many new space organizations are trying new trackargware and techniques, both on
the ground and in orbiAs a result, ecurate orbit determination and navigation will require
mission operators to perform their own quality chegkcharacterization, and diagnostics on
tracking data.

To assist smaller budget missions in this tasie Industrial Sciences Group (ISGas
been developing a set of analytics and softwaoks fordetecting, diagnosingnd visualimg
anomalies irradiometric tracking data, known as Metric Tracking Datalgsis (MTDA).
The objective of MTDA is threefold:

1. Toreport on patterns/anomaliedracking residualandcharacterizeorrelationsvith
other variableso improve OD modelling and tuning,

2. To characterizespacecraft andround statioperformance andracking data quality,
and

3. To report to mission owners on satellighaviofanomalis affecting navigation.

A key feature of MTDA is to utilizehe parameters of Kalmafiltering used in orbit
determination(OD), such as bias and pfié residuals, agperformanceindicators of orli
determinatiormodels,ground station receivers anaisllite hardwareffecting navigation

MTDA uses modern statistical and graphical tpajsplied to the residuals and Kalman
filter parameterdp perform causal analysis of trackisgstemanomalies, characterize ground
station performace, characterize spacecraft tracking hardwarelpre-process residuals as a
quality check to assist orbit determination. It also determines correlations between tracking
data behavior and satellite and orbit parametéosrelationscan beused for residual bias
tuning andguantifyingeffects that mayantribute to anomalous tracking behavior

The use of MTDA in new space missions represents an effective application of statistics
into astrodynamics for uncertainty quantification and risk reducttas.dvailable to a wide
range of mission operatoras using the MTDA Toolkit does not require sophisticated
statistical knowledge.

The MTDA Toolkit hasbeen used bgpace Exploration Engineering (SE&S part of their
flight dynamics activities for lunarmissions: SpacelL/Beresheet and the NASA



CAPSTONELunarPhotonmission flown by Rocketab. These two missiongsedtracking
data obtained byhe Swedish Space Corporatig8SC).The MTDA Toolkit has also been
usedrecentlyon the current KoreaRathfinder Lunar Orbiter (KPLOpperatedy theKorea
Aerospace Researdhstitute (KARI), with tracking performed by the Deep Space Network
(DSN), and flight dynamiceperations supportetly SEE.

Il ORBIT DETERMINATION USING KALMAN FILTERING

Tof acilitate understanding of MTDAOGs usage,
using Kalman filtering imutlinedbelow and in Figure,lbased on

Firstly, spacecraft observatiorsith a®opplerandrange) are collected through a network
of receivers. These observatioae initially corrected using known-priori models é.g.,
hydrostatic troposphere delay, observation biases given by data providers, etc.). Then, the
prefit-residualkois formed by tle equatioro & "‘Og@wheredandware the observation and
state vectors respectively, affdis the observation matrix that transforms from sttace
into observatiorspaceThe state vectabcontainsa list of allparameters to be estimated, such
asthes pacecr aft 0s ampaedar radiatoompresswaad dag parargeteras well
as other systematitifferencesthat need to be calculated for accurat@, Quch as receiver
biases

The Kalman filter then optimally estimates values for eatdte, given the current
observations and state estimates from the previous time step, and the uncertainties of each.
Thus, as the spacecraft is tracked over time, the resulting obsenaatarsed Y thefilter to
convergethe states to theiactualvaues(e.g.,t h e s p atwespositi@nf veldcisy, drag,
etc)There are several aspects of the Kal man fi
OD1 such as process noise, propagation modelling and observation noise modelling. Failure
to propely adjust the filteimpactsits performancetesulting in inaccurate orbit estimation
and unrealistic state uncertaintiaghich may havedilow-on effects on the mission
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Figure 1. Simplified flowchart of a Kalman filter used for OD.



Figure details:
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PRIMARY DATA STREAMS

There are three primary data streams that are used in Myd&faulti prefit-residuals,
bi ases, and Ar awo areasedbg MEDA sindicaidareas ef the filtere a ms
that are poorly tuned, or anomalies that require additional investigation.

Prefit-residual

As mentioned in the previous section, trefit-residualis composed of the difference
between the observations and the states in obsensgiame (i.e., the observation you would
expectto observegiven that thestate isaccuratg Theprefit-residuat er m act s as an
signal which the filter seeks to drive to zero by absorbing it into the most appropriate states.
Thus,theprefit-residualis expectedo havea mean of zero. When the mean is offset from zero
in the same directionver many epochshis typically indicates poorly tuned process noise
(too low) as the states are too stolangingfor the filter to absorb.

Noise in theprefit-residualcan be used as a proxy for observation noise, as states typically
do not contribute significantly tprefit-residualnoise.Prefit-residualnoiseis used by MTDA
when identifying regions that produce noisy observations (e.gingnwith Sun, low
elevations, etc.) by correlating noise levels to other parameters (e.g., Sun aspect angle,
elevation angle, etc.). Known sourcegdéfit-residualnoise include:

1 Low elevationsof the spacecraft relative to the station

1 Distance to spacecraft (for rangesebvations)

1 Low relative velocity (for Doppler observations)

1 When the spacecraft @ose to inline orin-line with the Surrelative to the station

(small sun aspect angle)

Whenthe spacecrat x i t s from behind Moon (dueg to mu
After maneuvers (not due to observation noise, but rather due to a sudden change in

the true orbital parameters).

= =4

Noisecorrelation analysis assists with improving the performance of the filter in several
areas, such as:

1 Improving observation noise meld
1 Excluding observations from noisy regions



9 Helping to diagnose source of unexplained noise
1 Tuning process noise of orbital parameters to absorb maneuvers more.quickly

Bias

Astatec al | e d s bised tdichptuee €anstant or neanstant unmodelled errors in
the observationsuch as unknowtransponder delayThis is done by giving the state a low
process noise, so that it moves slowly over time, and thus absorbs residuals slowtraha
states.

Bi ases shoul d asbabtens in farbias tdriandicate mismodelling. For
example, a periodic trend in the bias might indicate that some phenoinsuaoim as antenna
offset on a rotating satellitehas not beemodelled correctly

Biases should also not lsgynificantly correlated to any other parameters or events. For
example, a spike in the bias after every maneuver would indicate incorrectly tuned process
noisei i.e.the biasabsorbghe errotoo quickly thatshouldcorrectlybe allocated to therbital
states

. METHODOLOGY & SOLUTION

The methodologies employed by ISG for MTDA grew out of previous work on
characterizing the behavior of Dopplerr@&nge residuals using data from the NASA Lunar
Reconnaissance Orbiter (LRO) mission, presented previédsije objective was to obtain
realstic models and behaviors of residuals to be used as input to mission analysis simulation
for the SpacellL/Beresheet lunar mission of 2019. In this, WAYDA was initially used to
inform trajectory design and tracking scheduling in the planning stage.

Residuals of Doppler and Range were usezhasdicator of theorbit determination model
quality (along with other metrics)he variance and behavior of residuals also indicates signal
noise that can be quantified foomparison with expected ground station to spacestate
noise.

The use of realistic tracking data performance improved the validity of the simulation
results as it includedetection and characterization of anomalies suatoagsandom jumps,
autocorrelatd trendsand outliersin thenewly develodMTDA Toolkit, for usein mission
operations additional features have been addédincluding correlation analysis and
guantiication ofthe effects of various sgecraft groundstation parametein tracking data
quality. Parameters analyzddr correlationinclude altitude, range from station, anfun
aspect angle

By performingr ik gor ous i denti fi c Btaidon ptEewndalyssiim s si f i
MTDA informs the quality of orbit determination by revealing problemsodels through
validated statistical graphidg TDA characteriesgroundstationresultsfor white noise within



and betweentracking passesand compoundvariance for comparison with nominal
expectationsMTDA performsanomaly detectionf residualdataandundertakes aabjective
struct ur eHRBnally the taok 0i d
provides an independent, validatednetric of station performance, useful fatation

statisticalanal ysi s of

certification

The datistical methods usdd the MTDA toolkitinclude Exploratory Data Analysis for
thedetermination of outliefsnoving averagéme series to measure noise within a pass, Auto
Regressive Independent Moving Average (ARIMA) techniques to quantify aut@timmnel
andwhite noiseandlinear regression for correlation between parameters.
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For each pass in thesidualtimeseries the MTDAT ookkit calculates the variation around
the mean calculated for thpas, whether it meets the criteria offigood or fibad pass
whether it is showing autocorrelation with previsesidualsandquantifiestheoutliers based
on astatistical measursuch agnterQuartileRange The tool is interactiveallowing the user

Figure 2. MTDA Workflow

Talkd gtartswith residual valuesf spacecraft observatisrsuch as azimuth
and elevation anglesogr more commonly Doppler andrange observations.Initial pre-
processings performedto analyzetracking data for outliers, quantifying drift in the Bias
applied to OrbiDetermination, classifying bad pas¢esth outliers above a certain threshold)
andsetting athreshold fomonrandomjumps in residuals. Characterizationpefrformance
by the ground station is performed for all stations used in a misM@DA quantifieswhite
noise between passeand within a pasand detestnonrandomtrends over time (a wavéke
trend for example)This function is particularly usefuas it allowdracking statioroperators
to assess performance between their various ground stations and ctiraparéormance of
asingle graindstation between different missiofsee results sectidrelow).

Report B

(Diagnostics

+ Correlations)

to zoom in on residual analysis of specific pass or time period.

To analyze white noiswithin a passthe toolusesa moving window to assedstli over
time (in much the same way as is used in jump detecflenjemovethe norrandom treds
in each passhedata isfit using ARIMA to extract the pure noise data from #hgnal re-
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utilizing the module used to detect anomalous-rasrdom signabehaior. The noise sigma
over time is also correlated with other variables such as elevation, range from statium and
aspectngle

MTDA also consides the correlation of thenoise sigma of residuals \ariation of the
residualsas opposed toorrelationswith thevalue of the residuals) against some correlation
term, giving more insight into how correlation terms affect the noise of measurenients (
contrastto how correlation terms affect the value of the measurement if6e#)intrapass
analysis for white noise uses the previously mentioned white noiseltttioks the curve
fitted white noise timeseries with any suggested correlation tesmch as satellite range
magnitudeto station.The autocorrelator modulan MTDA detects and flagy norrandom
trends for further analysis, thus sol~Ning
The passy-pass analysis unique to the toolkit allows for ifess statistical analysis of
residual behavior to confirm weak points in the tragkprocess, including correlations
between range from station and noise.

The mainbenefitsof MTDA for orbit determination andround statiordiagnosticshas
been toprovide a statistically rigorousnalysisof trackingdata anddelivering mmediate
feedback on tracking anomalidsmitations onstaffing resources irflight dynamicsteams
andgroundstationoperationss well asa high cadence of maneuvers planning and executions
meanit is unlikely there will betime and peoplsufficiently dedicded tothe typeof statistical
analysisdescibed above.Thus, extra time and cost will need to be incurred to perform
diagnostic taskMTDA seeks to solve this problem by automating the analysis and providing
easyto-interpret graphics.

IV RESULTS

We presensampleresults ofthe application of the MTDA Todit in collaboration with
flight dynamics operations of SER threelunar missionsSpacellL/Bereshegthe NASA
CAPSTONE lunar mission flown by Rockkab and theKoreanPathfinder Lunar Oiker
(KPLO), operated by the Korea Aerospace Research Institute (KAhesheet and
CAPSTONE used tracking data obtained thye Swedish Space Corporatid®SC).KPLO
hadtracking performed by the Deep Space Network (DSN).

Mission 11 SpacdL /Beresheet(2019

Spacell's Beresheet spacecraft was the first private mission to the Moon and was
undertakerby thefourth country to attempt a soft Lunar landing. On 4 April 2019, Beresheet
successfully entered Lunar Orbit, and attempted to land on the Moon on 11 April 2019

The Swedish Space Corporation (SSC) Satellite Ground Network was used to provide
TT&C communicationservices in support of the SpacelL Mission. SSC tracked SpacellL
throughout theentire mission from separation after launch, throughnar Orbit Insertion
(LOI), and until landing. The SSC ground system provided range and Doppler data that
SpacelL usetb perform orbitdeterminatiot?



ISG was contracted directly 8pacellLto performstatistical analysis of tracking daaad
simulationin the design phasand operational phase of the missfdm. the design phase
MTDAOGs statistical tariregrduad statom perfoumanealin terms ot h ar a
guantifying outliers, bad passesd occurrence of jumps in residual values by using data from
aprevious mission (NASAOGs LRO) that wused the
Beresheet.

SEEwas contracted t&pacdL to provide a range of flight dynamics servicegluding
orbit determination during the missiocBEE developda concept of operations &laptto the
challenge®f operational support from the ground stations. The challengss arainly from
the spacecraftds | ow gain antennas having a
antenna and receiving antennaabfdition,the spacecraft was spinning at a nominal rate of
1°/swhich causedhe periodicoutagesf TT & C servcesduring each pass

ISG appled the MTDA Toolkit for tracking dataduring the missiotn collaboration with
SEE. SEE used the outputs and analysis provided by the MTdkit to adjust the orbit
determination model and setting of bias values to meet these challenges. TheTdaolkiA
guantifed andgave avisual description of the drift in the bidigting residualscaused by the
rotating spacecraft and the antenna offseeFigure 3below).

Figures 3 & 4 show an interactive plot including the pamsnber start and end of epoch
and the number of datapoints for each pass is visible when hovering over their respective
boxes. The outliers of each pass are also plotted.
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Figure 3. MTDA Graphic: Beresheet mission SS@round station Dongarra, Australia; Doppler
residual bypass, showing Bias drift in posfit residuals-caused by attempting to fit an orbit to the
rotating spacecraft, with a 60°antenna boresight offsetThe orange box shows the intrapass statistics
for pass 7 in this examplé.
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Figure 4. MTDA Graphic: Beresheet mission SS@round station Dongarra, Australia; Range
residual bypass, showing Bias drift in posfit residuals-caused by attempting to fit an orlit to the
rotating spacecraft,with a 60°antenna boresight offsef].

An advantage of the interactive HTML plot is the ability to show additional statistics when
hovering over particular passes. An example is shovgure 5

i L 2
Figure 5. Interactive Hover Overlay Example showing intra-pass statistics.

Another use of the MTDAToolkit in the Beresheemmission was tdind correlations
betweenDoppler and-angeresiduas with Sun ApectAngle and range fronthe station(see
Figure 6below) The quantification of correlations allows operatorstuoe residualbiases



more rapidlyandinvestigate the causes of anomalbebaviorthat may be a function dhe
relative station spacecraft geometry.

Station AGO2 Residual with Bias correlation study - Angle

Doppler Residual with Bias (cm/s)

145 150 155 160 165 170 175 180
Angle (deg)

Figure 6. MTDA Graphic: Beresheet mission SS@round station AGO2; Indicati ng a positive
correlation betweenDoppler Residuak and Sun aspect anglégrouped by pass and shown in different
colorslas validated through Pea-vatuesraléoowaimthprigit)le ar man' s t

Mission 21 NASA CAPSTONE/Lunar Photon Flown by Rocket Lab (2022)

The Cislunar Autonomous Positioning System Technology Operations and Navigation
Experiment (CAPSTONE) is a mission funded by the NASA Small Spacecraft Technology
Programand was launad in 20220y Rocket LabThe Lunar Photon with the CAPSTONE
spacecraft wasaunched into a LoviEarth Qbit, performed several apogee raising maneuvers
and the Trangunar Injection (TLI) to place the stack onto a Reacape trajectory, and then
released the CAPSTONE spacecraft whigtversed a lovenergy Ballistic Lunar Transfer
(BLT) and was inserted intodhe ar Rect i |l i near Hal o Orbit ( NRH
include demonstrating BLT and NRHO operations to inform fundamental exploration
requirements and Gateway planning activities, as well as accelerating the infusion of the
Cislunar Autonomous Positiing System (CAPS)

Space Exploration Engineering E&) was contracted to Rocket Ldtr flight dynamics
servicedor theinitial Lunar Photon maneuver sequentlatcovered flight dynamicgom
initial orbit insertionto TLI. ISG collaborated with SEE to apply the MTDA Toolkit to
tracking datandresidual values during tisephases of themission.
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Major results from applyinghe MTDA Toolkit to CAPSTONE Doppler andange
residualsnclude detectingdistinct trends irrangeresidual data with statistically significant
correlations gee Figures 6i 8). Correlations betweemange residuals and altitudeffer
predictive preprocessing options to improve bias tuning,ahdrefore Orbit determination.
In Figures 61 8, residual behaviorwas characterizedor multiple SSC stations showing
differences in performance (white noise anmhr a n dveavelikédtime-seriestrends).

An important outcomef using the MTDA graphics and statistics was allowtimg flight
dynamics team at SEE tmprovetheir OD models by modifying the weighting used. One
example was to increasesidualbiasesat lowerelevations

The correlation results and graphics @so be used by thground station operator to
correctly diagnose/ identify what is trulyflbad pass andassist root cause analysiEhe
correlations graphics guide the Hhydtheidatimgt i veo
where to look first, before proceeding to a deeper analysisire correlation analysis will
include determining if correlations are foubetween tracking data anomalies atwtk bias
on the ground, inaccurate station location anting of oneway and tweway Doppler data.

This applicationof correlation analysiso tracking anomaliesepresents an independent
and statistically valid way to correctly attribute responsibility foad passes or other
anomalous features of trackidgta Figures7-10 below are outputs from the lunar primary
mission data of NASA CAPSTONE from low Earth onloittil TLI.

Station AGO, Pass #2, Moving Sigma vs Alt (km)
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Figure 7. MTDA Graphic (CAPSTONE mission): Correlating moving sigmaof Doppler residuals
with spacecraftaltitude, showing a strong positive correlation between the two variables
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Station AGO, Pass #2, Moving Sigma over Time (12 Sep 20)
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Figure 8. MTDA Graphic (CAPSTONE mission): Correlating moving sigma residuals with data
timestamp, showing a decrease iDoppler residual sigma over tme.

Station SSC-SEKIO1 Residual with Bias correlation study - Magnitude (km)
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Figure 9. MTDA Graphic (CAPSTONE mission): Rangeresidual vs distance from CAPSTONE to
station
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Station SSC.SSC-CLSA04, Range Residual with Bias vs Time
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Figure 10. MTDA Graphic (CAPSTONE mission): Rangeresidual vs time for a single pass, showing
a wave with period of approximately 1011 hours.

MTDA results were aggregatdd provide a summary ofperformancefor three of the
ground stations used in tracking tB&PSTONELunar Photonmission over a period of 5
days(seeTable1l bebw). Theresults can be usddr comparison with nominal or reported
station performanc&hesummary values are determined as a composite of refidoavior
for multiple tracking passes. White noise is determined using ARIMA gffértd prefit (with
bias) residualdata.

Table 1.CAPSTONE Tracking Station Performance Summariesover a 5 Day Period

Property SSGSEKIO1 SSGAUWAO1 SSGCLSA04
Passes 6 5 3

White no 372 0.93 2.94
Prefit 0 527 1.90 3.85
Prefit + 120 6.57 9.54
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Mission 31 Korean Pathfinder Lunar Orbiter (KPLO) f D a n 20230

The Korea Pathfinder Lunar Orbiter (KPLO), officially named Danuri, is the Korea
Aerospace Research Institute's (KARI) first exploratory space mission outside of Earth's orbit.
KPLO launched on August 4, 2022 on a SpadeaXon 9 rocket from Capgeanaveral

KPLO was launched on laallistic lunar trajectory which reaet the Moon in December
2022.After entering a roughly 10Rilometer circular lunar orbit{PLO will study the Mom
for at leasioneyear with its five scientific instrumentstartingin January 2023KPLO used
NASAG6s Deep Space Network (DSN) as the pri ma
and early lunar orbit phases of the mission.

Space Exploration Engineering (SEE) was contractd€iAil to assist its team iflight
dynamics services fahemission providing Independent Verification & Validation (IV&V)
That covered flight dynamics fromitial orbit insertion through lunar orib insertion, and 1
month oflunar orbitcommissioninglSG collaborated with SEE to apply the MTDA Toolkit
to trackingdataand residual values during the mission

Kalman filter coordinate systems

A feature of the orbit determination the mission washe use of two eparateKalman
filters T an Earthcenteredfilter from launch tolunar orbit insertion (LOl)and a Moon
centeredilter from 24 hours prior to LOI, througto lunar orbit. MTDA was usetth compare
the performance of eachpproach.
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Figure 11: Pairs of readings Earth-centred andMoon-centred) for DSN station D24.

Figure 11shows prefit andbiasplotsfor boththe sequential range anibtal CountPhase
(TCP) residualsprocessed wiih ODTK. ODTK's processing offCP observations is
approximately equivalent to processing Doppler observatismeach pair of plotareset to
the samegy-axis scalingwe can compare the noise levels in eaghtredEarth- andMoon
centred observationMoon-centredresultsand biasesrom late December show significantly
more variation tharcarth-centredresults Possiblefactorsaffecting the Moon datenay be
multi-patheffectsf r om t h e Moandtle srdes/uaccliracy & the Moogravity
modelused(Grail GLO660B100 x100 was used for KPL@aily momentum ofload (WOL)
events were required once KPLO inserted into lunar orbit, whichoi® than the weekly
WOLSs during the cislunar phase, and are a contributing factor to the greater data variance.

Effect on navigation ofmaneuvers and wheel offload events

Ontheway to the Moon, thrust maneuvers and momentum adjustments using reaction wheels
may cause sudden changes in bias and prefect residual Viaha¢snodelled correctlyThis
needs tdequantified to maintain the quality of orbit determination aftech eventdVTDA
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was used in the KPLO mission to confirm that there was no significant effect on bias levels
duringmaneuvemomentum offload even{seeFigure 12 below.

All Station Bias vs Time
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Figure 12: A clos-up of a WOL event showing some variation within the daily activity (in the blue
series) but notably, this variation does not exceed the noise levels seen outside of the WOL.

Future work includes comparing KPLi@aneuveresults to other missions that yséevate
ground station networks.g. CAPSTONELuna Photorand Beresheet) The crossmission
analysis will provide further insight into factors affecting private ground station performance
for future missions.

Correlations

We considered measurement of correlatiohdias and nois in Doppler and range
residuals to physical parametensluding elevation angleSunraspectangle, Earh-Moon-
satelliteangle,and range to statiohese results aref use todetectand explairanomalous
behavior, as well as confirm expected increases in noise due to explainable physical and
geometric paramete(s.g.180° Sun aspect anglecreases nois@ residual.

Figure 13below showsa general increase in prefit residual (and thus observatiore abis
low elevationsaroundl1Gi 20°. This is to be expecteds theobservatiorpasses througmore
atmospheremeaning thatnore unmodelle@tmospherieffectswill affect the observations
being madeThis is typically handled within the filter hysing an elevaticdependent noise
modelto adjustthe observation uncertaingccordingly
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Station D54, All Passes, Prefit Moving Sigma vs Elevation (deg)
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Figure 13: Moving sigma noise of Doppler residualsvs. elevation angle

Similarly, Figure 14 below showssauddenincrease in noise at a Sagect anglenear
180° due to theadiation from the Suimcreasing the noise flodrom which observation
signals need to bdetected Data from this region is typically excluded so that it does not
impact the accuracy of tlemlution

Figure 14: Moving sigma noiseof range residualsvs. elevationangle.
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